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ABSTRACT

Background: Diabetes mellitus has become a global health menace and the management cost to
both developed and developing countries is biting hard on the economy. Diabetes mellitus is
primarily caused by hyperglycaemia and research has confirmed the strong link of obesity as a
precursor of type 2 diabetes. Hyperglycaemia is a major and an independent risk factor of
cardiovascular disease (CVD) and atherosclerosis in diabetes. Obesity is also associated with
cardiovascular disease which is one of the diabetic complications. Stress which is one the
predisposing factor of obesity generates a vicious cycle leading to the release of high level of
inflammatory adipokines and this is the link between obesity and CVD. Adipokines are believed
to have a role in diabetic complications. This research intends to understand the role some specified

adipokines plays in insulin secretions and beta cell failure.

Glycation is a common and spontaneous reaction of proteins or lipids becoming glycated after
exposure to sugars, occurring in vivo without the controlling action of an enzyme. Deglycation is
an enzyme-mediated pathway and fructoseamine-3-kinase (FN3K) is believed to be one of the
major enzymes. FN3K is known to play a protective role in the development of vascular
complications in diabetes patients. In the absence of deglycation or deglycating enzymes,
advanced glycation endproducts (AGEs) are formed. This research work employed 1-deoxy-1-
morpholino fructose (DMF) a major enzyme which can prevent deglycation to show the

importance of deglycation in beta cell and FN3K role in insulin secretion.

Method: This research work analysed glycoprotein acetylation (GlycA) a known inflammatory
marker that tracks systemic inflammation and cardiovascular risk. The investigation of the
potential role of inflammation in the GGap using a novel (and putatively better than existing

measures such as CRP) marker of inflammation, GlycA was carried out. A total of 54 diabetic
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patients were used for this research work and divided into 2 groups. GGap negative (G0) = 34 and
GGap positive (G1) = 20. 1H- Nuclear Magnetic Resonance (NMR) was used to analyse the
samples and measuring the different peaks. Glycoscale was used for glycoproteins while liposcale

was used for lipoproteins.

Laboratory analyses were carried out to ascertain the pathophysiological role of adipokines in
inducing insulin secretion. The laboratory analysis includes assessment of insulin secretion from
MING6 and BRIN-BD11 cells, effects of WISP1 on beta cells viability, effects of some adipokines
(WISP1, eNAMPT/Visfatin, sFRP4) on insulin secretions/release from pancreatic beta cell. To
this end, MIN6 cells were cultured in low and high glucose media, treated with different
concentrations of adipokines, and tested for insulin secretion, beta cell failure and cell viability.
Using insulin ELISA assay, the concentrations of insulin release/secretions was measured while

cell viability was determined by using prestoleblue.

Results: Visfatin/eNAMPT exhibited a dose dependant insulin response at high concentrations.
WISP1 acute effects (incubating cells for 48hours) shows a dose-dependent outcome on insulin
secretions and a reduced effects at high concentrations. Chronic effects of WISP1 (incubation of
cells for over 72 hours) shows increase acute GSIS over 72hr period independent of glucose or

WISP1 concentrations (P-value = 0.0025).

With low glucose, MING cell viability decreases over 72 hours while at high glucose, cells didn’t
appear to have proliferated much over 72 hours. sFRP4 had an increased effect at higher glucose

levels.

The introduction of FN3K inhibitor in the presence of high glucose led to a drastic fall in insulin

release with P value = 0.005.



GlycA and GlycB but not GlycF concentrations were elevated in the Positive GGap group
(p<0.001). BMI was higher in positive GGap indicating its link to diabetes and its complications.
VLDL was higher in cholesterol and triglyceride in positive GGap patients while HDL was lower

in cholesterol and triglyceride in positive GGap patients (p<0.001).

Conclusion: This research has been able to show that the selected adipokines are able to induce
insulin secretion. GGap positive patients are more susceptible to diabetes complications. GlycA
and GlycB but not GlycF shows to be potent biomarker of inflammation. Lipoproteins particles of
GGap positive patients are more exposed to diabetes complications. Lipoprotein particle

measurement may be useful in patients at risk of CVD.
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CHAPTER ONE
INTRODUCTION/LITERATURE REVIEW
1.0 DIABETES MELLITUS: AETIOLOGY AND EPIDEMIOLOGY

Diabetes mellitus (DM) is a metabolic disease characterised by insufficient production of insulin
or inability to make use of the insulin produced by the body, resulting in problems regulating blood
sugar. It was estimated that 422 million people had diabetes in 2014, representing 8.5% of adult
worldwide according to World Health Organisation (WHO), (Danna ef al, 2016). Diabetes is one
of the biggest global health problems of the 21* century, International Diabetes Federation (IDF)
(Teo et al, 2021). The prevalence of diabetes globally is of 1 in 11 adults as of 2015 and these
numbers are estimated to further increase, especially in the urban population. This result in more
medical and economic challenges, added on top of the 12% global health expenditure presently
spent on diabetes (Badescu et al, 2016). The global health expenditure for diabetes cost about $966

billion dollars which is a 316% increase from the last 15 years (IDF, 2021).

Diabetes has become one of the most severe and common prolonged diseases of present times,
producing life threatening, disabling, and costly complications thereby, reducing life expectancy
(Xu et al, 2022). The global prevalence of diabetes had reached pandemic proportions with the 9
edition of the IDF reporting a prevalence of 9% (463 million adults) in 2019. The rising prevalence
of diabetes has been attributed principally to the ageing of populations. However, decreasing
mortality among those with diabetes due to improving medical care as well as increases in diabetes
incidence in some countries resulting from increasing prevalence of diabetes risk factors,
especially obesity, are also important drivers of higher prevalence (Sun et al, 2021). The 10"

edition IDF diabetes Atlas estimates that in 2021 there are 537 million people living with diabetes
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worldwide. Overall, the global prevalence of diabetes is now estimated to be over 10% of the world
population. Among income groups, the highest prevalence was observed in the middle-income
countries compared to the previous 9" IDF. Diabetes Atlas edition, we report an overall 12.9%
increase in diabetes prevalence, with prevalence increasing in many world regions (Sun et al,
2021). Future projections suggest that by 2045 that the number of people with diabetes would have
increased by 46% (700 million), and majority of the cases will be in middle-income countries (Sun

etal,2021).

Unsurprisingly, countries with large populations such as China, India, Pakistan, and the USA
contribute the most to the total number of people with diabetes (Teo, et al, 2022). About 60% of
Asian people (139.9 million) in China lives with diabetes whilst about 65 million people with
diabetes lives in India. These finding has earned Asia as the epicentre of diabetes (Yusufi et al,
2023). IDF suggests that in 2021 more than 1 in 10 adults (20 — 79 years) lived with diabetes
globally. According to Diabetes.co.uk, 2022, above 4.8 million people have diabetes in the UK
while over 130 million adults have diabetes/prediabetes in the United State (Centre for disease
control, 2022). With aging and better diabetes treatment paradoxically increasing prevalence
through decreased mortality, a strong need exists for the implementation of effective intervention
strategies and policies that aim to stall the increase in the number of people developing diabetes

and its complications (Sun et a/, 2021).

Comparing countries by population size, the prevalence of diabetes in China has increased from
0.9% in 1980 to 11.6% in 2010, i.e., more than lin 10 people in China have diabetes, with over
100 million adults having the disease, a figure higher than in any other country according to a
national survey (Sun et al/, 2016; Wan et al, 2016). According to the research carried out by Su et
al, 2022, looking at the trends in diabetes mortality in China between 1987-2019, the incidence
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and prevalence of diabetes in China is believed to have changed extremely. There is a rapid growth
of mortality rate of diabetes in rural settlements which has bridged the urban-rural gap. The burden
of death and disability associated to diabetes and its complications will continue to rise just as
China’s population ages (Su et al, 2022). The trends in the diabetes incidence and mortality in
India from 1990-2019 shows a decreased in younger age but increased in older age group (Jha et
al, 2021). In 2019, with 77 million of diabetic adults individual and with the effect still rising
rapidly over the years, India is termed as the diabetes capital of the world (Jha e al, 2021). Diabetes
prevalence in Romania is of 11.6% while prediabetes one is of 16.5% (Badescu et al, 2016) and

35.9% of adult population has diabetes in Korea according to a 2015 survey (Yang et al, 2016).

There are two main types of diabetes namely type 1 and type 2 diabetes mellitus (Siddiqui et al,
2013). There are other forms of diabetes such as gestational diabetes, maturity onset diabetes of
the young (MODY), neonatal diabetes, latent autoimmune diabetes in adults (LADA), type 3¢
diabetes, Steroid-induced diabetes, and cystic fibrosis diabetes (Diabetes UK). Diabetes is a major
source of morbidity, mortality, and economic cost to society (Singh et al/, 2019). People with
diabetes are at risk of developing acute metabolic complications such as diabetic complications
such as diabetic ketoacidosis, non-hyperglycaemic hyperosmolar coma, and hypoglycaemia (Lotfy
et al, 2017). Diabetics are also at increased risk for chronic complications such as coronary heart
disease, retinopathy, kidney and neurological disease, and foot ulcers (Mezil and Abed, 2021).
Various factors influence the development of diabetes (Rhee et al/, 2017). Insulin resistance
develops as a result of obesity and physical inactivity that serve as substrates for genetic
susceptibility. Because diet affects the amount of insulin needed to reach target glycaemic goals,
diet, especially carbohydrate intake, can contribute to the pathology of diabetes (Chaudhury ef al,

2017). Dietary carbohydrates have the most influence on postprandial blood glucose and are a
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major determinant of meal-related insulin requirements (Tiwari et a/, 2013). One Diabetes Control
and Complications Trial (DCCT) follow-up study found that when closely controlled for 6.5 years
of blood sugar regulation in the early stages of type 1 diabetes (T1D), the effect persisted to the
point that progression and the development of microvascular complications is delayed for at least
8 years after the end of the original study and the occurrence of cardiovascular events was delayed

by 11 years (Rhee et al, 2017).

Currently, diabetes is the 7 leading cause of disability worldwide making its management and
complications a high priority for healthcare systems worldwide (Sartorius, 2022). A preventive
public health effort at societal and global scales is the best way to address the epidemic levels of
diabetes and its complications (Danna et al, 2016). DM also increases the risk of future
cardiovascular disease accounting for the leading cause of death in most high-income and
developing countries, with significant evidence that it is changing into an epidemic in many low

and middle-income countries (Bener et al, 2016).

Diabetes has been regarded as a risk factor for periodontitis traditionally, but this is not the case
recently as it has become evident that it is not merely the diagnosis diabetes that is important, but
rather the elevated blood glucose levels (hyperglycaemia) that is pivotal (Monje et al, 2017).
Diabetes is a well-established independent risk factor for cardiovascular diseases (CVD).
Compared with non-diabetic individuals, diabetic patients have 2 to 4 times increased risk for
stroke and death from heart disease. Hyperglycaemia cannot entirely account for the high

cardiovascular risk in diabetic patients (Wu et al, 2014).
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1.1 Types of Diabetes

Type 1 Diabetes Mellitus (T1DM) is an autoimmune diabetes which is a chronic disease
characterised by insulin deficiency due to pancreatic beta-cell destruction leading to
hyperglycaemia (Ilonen et al, 2019). Although symptoms usually occur during childhood or
adolescence but sometimes can be seen much later. Amongst factors responsible in the
development of TIDM are multiple genetic and environmental risk factors (Lindbladh ez a/, 2020).
The environmental trigger and genetic factors also determine the type of autoantibody that is seen
first. No cure is known at present, so patients depend on lifelong insulin treatment (Vallianou et

al, 2021).

Type 2 diabetes mellitus (T2DM) is a group of disorders of carbohydrate metabolism characterised
by hyperglycaemia, which is primarily caused by an inadequate response to insulin (Ozougwu et
al, 2013). The feature of Type 2 diabetes mellitus (T2DM), which is one of the most common
complex metabolic disorders, are insulin resistance in the peripheral tissues, including liver,
adipose, and muscle, along with progressive -cell dysfunction, which results in hyperglycaemia
(Xiao et al, 2019). A direct correlation between blood D-glucose and HbA 1c¢ has been known for
a long time, and both are known predictors of diabetes complications. On the other hand, D-ribose
has so far not been considered a potential risk factor in the development of T2DM (Chen ef al,

2017).

One in 11 adults has diabetes worldwide (90% of them have type 2 diabetes mellitus (T2DM)) and
Asia is the epicentre of this global T2DM epidemic (Zheng et al, 2018). The global pandemic of
T2DM is mainly caused by overweight and obesity, a sedentary lifestyle and increased

consumption of unhealthy diets high in red and processed meats, refined grains, and beverages
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(Cheng et al, 2016). It is very important to break the cross-generational diabetes cycle of diabetes
by implementing effective strategies to prevent gestational diabetes from having a global impact
(McCance, 2015). Cardiovascular complications are the leading cause of morbidity and mortality
among patients with T2DM and patients in Asia with diabetes mellitus are highly prevalent kidney
diseases (Dal Canto et al, 2019). Diet and lifestyle modifications are effective in preventing T2DM
in high-risk individuals as demonstrated by major clinal trials. T2DM management strategies
including lifestyle modifications, social support and ensuring medication adherence are key to
reducing the incidence of diabetes mellitus complications (Zheng et al, 2018). T2DM patients
mostly have some level of overweight or obesity which has also been connected to insulin
resistance and defects in insulin secretion. These modifications facilitate the appearance and
worsening of diabetes so reducing the caloric intake is a must and a major course to take in other
to achieve weight reduction in addition to a proper distribution of macro and micronutrients

(Marin-Penalver et al, 2016).

Gestational diabetes Mellitus (GDM) is a condition in which instinctive hyperglycaemia occurs
during pregnancy and if often common (Johns et a/, 2018). There is about 60% reduction in insulin
sensitivity during gestation which is a predisposing baseline insulin resistance. When this is further
exacerbated and combine with beta cell dysfunction, leads to hyperglycaemia and it is therefore
referred to as gestational diabetes mellitus (Catalano, 2014). In 2017 the International Diabetes
Federation (IDF) estimates 14% of pregnancies globally are affected by GDM which represent 18
million births annually (Plows ef a/, 2018). Although GDM normally reverses back to normal after
delivery, it could have long-lasting health consequences in the mother and child. Overweight or
obesity, micronutrient deficiencies, advanced maternal age, western diet, and family history of

insulin resistance or diabetes are the risk factors associated with GDM (Johns et al, 2018). There
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are many management strategies for example, insulin and lifestyle interventions but there is no
known cure yet and no effective prevention approach reason not far from poorly defined molecular

mechanisms underlying GDM (Plows et al, 2018).

Maturity-onset diabetes of the young (MODY) is a group of inherited disorders of non-
autoimmune diabetes mellitus which is usually present in adolescence or young adulthood
(McDonald and Ellard, 2013). This type of diabetes was devised to show the mixed clinical
presentation of the juvenile-onset and maturity onset diabetes (Naylor and del Gaudio, 2018). Its
characteristics include early onset, autosomal dominant mode of inheritance and a primary defect
in pancreatic -cell function (Kim, 2015). Prevalence of MODY is believed to account for at least
1-3% of all diabetes (Naylor and del Gaudio, 2018). Diagnosis of MODY can be by direct
sequencing with up to 100% sensitivity. Due to overlapping clinical features of MODY with both
types of diabetes, about 80% of patients in the UK are wrongly diagnosed with TIDM and T2DM
(Kim, 2015). Rapid MODY diagnosis is vital for patients and their family members since it can

provide individualised treatment and prognosis predictions (Kim, 2015).

According to Chen et al, 2017, D-ribose may play a role in diabetes due to the following reasons:
the ribosylation of proteins such as alpha-synuclein, Tau protein, and bovine serum
albumin (BSA) occurs much more rapidly than glycation with D-glucose, due to a D-ribose
glycation. The formation of AGEs in the reaction of proteins with D-ribose is also much quicker
than the cytotoxicity of the ribosylation products is higher than that of the glycated products (Chen
et al, 2019) a high level of D-ribose may be one of the important risk factors for the formation of
HbAlc in the development of diabetes; and decreasing the concentration of D-ribose

with benfotiamine results in a decrease in glycated haemoglobin (Javed et al, 2020).
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Consequently, the role of an increase in D-ribose and the subsequent ribosylation of proteins in the

progression of T2DM should not be neglected (Chen et al, 2017).

1.2 DIABETES AND HYPERGLYAEMIA

Hyperglycaemia (dysglycaemia) refers to the elevation in blood glucose levels regardless of the
classification and categorisation such as pre-diabetes, gestational diabetes, type 1 diabetes, type 2
diabetes, and maturity-onset diabetes of the young (MODY) or surgically provoked diabetes
(Monje et al, 2017). This is usually when the blood sugar level is above 7 mmol/L before meal
and 8.5mmol/L 2 hours after a meal (Mouri and Badireddy, 2022). Whether or not it results in
diabetes mellitus, it leads to high morbidity and mortality rate and high cost of management
(Pasquel et al, 2021). Despite every cell in the body of people with diabetes is exposed to
abnormally high glucose concentrations, hyperglycaemia selectively damage some cell types and
not others (B Arden and Sivaprasad, 2011). The targeting of specific cell types by generalised
hyperglycaemia reflects the failure of those cells to downregulate their uptake of glucose when
extracellular glucose concentrations are elevated (Rdder et al, 2016). Cells that are not directly
susceptible to direct hyperglycaemic damage show an inverse relationship between extracellular
glucose concentrations and glucose transport (Giacco et al, 2011). In contrast, vascular endothelial
cells, major targets of hyperglycaemic damage, show no significant change in glucose transport
rate when glucose concentration is elevated, resulting in intracellular hyperglycaemia (Giacco et

al, 2010).

This role of hyperglycaemia has been established in 2016 by large-scale prospective studies for
both type 1 and 2 diabetes, the Diabetes Control and Complications Trial/European Diploma in

Intensive Care Medicine (DCCT/EDIC), and the UK Prospective Diabetes Study (UKPDS) (Eckel
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et al, 2021). However, further analysis of the DCCT data shows that although intensive therapy
reduced the risk of sustained retinopathy progression by 73% compared to standard treatment,
haemoglobin (Hb)A1c and duration of diabetes (glycaemic exposure) explained only ~11% of the
variation in retinopathy risk for the entire study population (Neumiller ez al, 2017). This suggest
that the remaining 89% of the variation in risk is presumably explained by aspects of glycaemia
not captured by HbA1c (William et a/, 2009). Similar data have been reported by the Steno-2 study

(Gaede et al, 2008).

Acute hyperglycaemia has been shown to reduce endothelium-dependent vasodilation, insulin
secretion in addition to promoting the release of inflammatory proteins (Fain, 2016). The
contribution of hyperglycaemia alone confers the risk of developing endothelial dysfunction and
insulin resistance (Laakso and Kuusisto, 2014). Insulin resistance can be a pathophysiological
phenomenon as transient adaptation to puberty, dehydration, infections, several drugs, and
smoking (Hanson and Gluckman, 2014). Meanwhile, insulin resistance as observed in obesity and
type 2 diabetes mellitus results from a complex interaction of environmental and inherited factors
and progresses chronically (Kaul ef al, 2015). Insulin resistance is when your body’s cells do not
respond properly to the insulin that your body makes or the insulin you inject as a medication

(Diabetes UK, 2022).

Chronic hyperglycaemia is a manifestation of all types of diabetes as well as the development of
diabetes-specific microangiopathy in the retina, glomeruli, and peripheral nerves (Davey et al,
2014). Due to microvascular disease, diabetes is a major cause of blindness, end-stage renal
disease, and various debilitating neurological diseases (Ighodaro and Adeosun, 2018). Chronic
hyperglycaemia is associated with long-term damage, dysfunction, and impairment of the normal
functioning of various organs, especially the eyes, kidneys, nerves, heart, and blood vessels.
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(Tiwari et al, 2013). Diabetes is also associated with macrovascular disease due to rapid
atherosclerosis affecting the arteries that supply blood to the heart, brain, and lower extremities

(Nathan et al, 2009).
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Figure 1: Diagram representing endothelial dysfunction due to hyperglycaemia as explained

above (Meza et al, 2019).

1.2.1 Reactive Oxygen Species (ROS) and Oxidative Stress

Reactive oxygen species (ROS) are reactive chemicals that result from oxidative metabolism and
the cellular response to foreign invasion (Bardaweel, et al/, 2018). ROS can act by targeting
molecules that modulate transcription factors and epigenetic signalling pathways, thereby
regulating cell survival and death (Mittler, 2017). Cellular ROS levels are always unstable within
the physiological redox range. The redox state of the cell, which regulates basic biological

processes such as cell proliferation/differentiation, metabolic homeostasis, and immune responses,
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is very important (Bellanti et al, 2020). Oxidative stress arises as a result of ROS generation
exceeding ROS clearance, thereby placing the redox state outside the physiological redox range
(Tiwari et al, 2013). Oxidative stress, when sustained, leads to cell, tissue, and organ damage, and
this 1s associated with the pathogenesis of cancer, diabetes, cardiovascular disease,
neurodegenerative diseases, diseases of the reproductive system and the aging process (Rahal et
al, 2014; Wei et al, 2019). Oxidative stress in T2DM is an important pathological state caused by
hyperglycaemia and generation of reactive oxygen species (ROS). In an insulin-sensitive tissue
like liver, a rise in ROS elicits a chain reaction between free-radicals and membrane-bound free-
fatty acids (FFAs). This in turn, results in the formation of noxious lipid peroxidation products
such as hydroxynonenal (HNE) and MDA, which provoke the release of pro-inflammatory
cytokines. A reduced integral antioxidant defence system in the liver is seen when there is an
increase in hepatic lipid peroxidation. Oxidative stress plays a role in apoptosis and tissue
degeneration (Dong et al, 2019). ROS types can be divided into free radicals and non-radicals.
Examples of free radicals are nitric oxide (NO), the superoxide radical anion (O2—), the hydroxyl
radical (OH) (Ozougwu, 2016). Protein, lipid, and DNA oxidation, which can lead to cytotoxicity
and/or cell death, can be caused by oxidative stress, but can also lead to modification of protein
cysteine residues, impairing redox signalling within different cellular Signal transduction

pathways enabled (Zhang et al, 2022).

1.3 THE ROLE OF HYPERGLYCAEMIA IN THE DEVELOPMENT OF DIABETIC

COMPLICATIONS.

In general, the negative effects of hyperglycaemia are separated into two groups namely
macrovascular complications (coronary artery disease, peripheral arterial disease, and stroke) and
microvascular complications (diabetic nephropathy, neuropathy, and retinopathy) (Fowler, 2008).
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All forms of diabetes are characterized by hyperglycaemia, a relative or absolute lack of insulin
action, and the development of diabetes-specific pathology in the retina, renal glomerulus, and
peripheral nerve (Blair, 2016). Diabetes is also associated with accelerated atherosclerotic disease
affecting arteries that supply the heart, brain, and lower extremities. In addition, diabetic

cardiomyopathy is a major diabetic complication (Giacco et al, 2010, Inzucchi et al, 2012).

Diabetic accelerated lower extremity arterial disease in conjunction with neuropathy accounts for
60% of all nontraumatic amputations in the United States (Long and Dagogo-Jack, 2011). Diabetes
and impaired glucose tolerance increase cardiovascular disease (CVD) risk 3 to 8-fold. Thus, more
than 30% of patients hospitalized with acute myocardial infarction have diabetes, and 35% have
impaired glucose tolerance (Bartnik ef al, 2004). Finally, new blood vessel growth in response to
ischemia is impaired in diabetes, resulting in decreased collateral vessel formation in ischemic
hearts and in non-healing foot ulcers (Qadura et al/, 2018). Hyperglycaemia causes tissue damage
through 5 major mechanisms: (1) increased flux of glucose and other sugars through the polyol
pathway; (2) increased intracellular formation of AGEs (advanced glycation end products); (3)
increased expression of the receptor for AGEs and its activating ligands; (4) activation of protein
kinase (PK) C isoforms; and (5) over activity of the hexosamine pathway (Laakso 1999, Giacco et

al, 2010).

Several lines of evidence indicate that all five mechanisms are activated by a single upstream
event: mitochondrial overproduction of reactive oxygen species (ROS) (Giacco et al, 2010). In the
diabetic microvasculature, this is a consequence of intracellular hyperglycaemia. In the diabetic
macrovasculature and in the heart, in contrast, this appears to be a consequence of increased
oxidation of fatty acids, resulting in part from pathway-specific insulin resistance (Bensellam et
al, 2012).
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Generally, diabetic microvascular complications are caused by prolonged exposure to high glucose
levels. The extent of diabetic tissue damage is also determined by genetic determinants of
individual susceptibility and, as with atherosclerosis, by the presence of such independent
accelerating factors as hypertension and dyslipidaemia (Inzucchi et al, 2015). Diabetes-specific
microvascular disease is a leading cause of blindness, kidney failure, and nerve damage (Tiwari et
al, 2013). Understanding the mechanism that combines endothelial function with metabolic
function may improve the treatment of various vascular complications associated with type 2
diabetes mellitus (T2DM) (Barnes, 2010). T2DM damages blood vessels throughout the body,
putting patients at increased risk for other chronic conditions such as diabetic kidney disease and
diabetic retinopathy. Aberrations in endothelial function often precede many of the abnormalities
seen in T2DM and cardiovascular disease (CVD). Diabetes is associated with endothelial cell (EC)
dysfunction and reduced neovascularisation in response to tissue ischemia, processes that are
essential for wound healing and prevention of cardiovascular ischemia (Loomans et al, 2004). A
growing body of evidence indicates that neovascularisation does not exclusively rely on
proliferation of local ECs but also involves bone marrow—derived circulating stem cells (Monnier
et al, 2006). Vascular endothelium is an active endocrine organ involved in the regulation of
vascular tone and maintenance of vascular homeostasis. This monolayer of tissue lines the inner
lining of blood vessels, thereby positioning endothelial cells in direct contact with the flowing
blood and resulting in shear stress (Kriiger-Genge et al, 2019). Exposure of endothelial cells to
shear stress results in mechanical signal transduction for tight control of lumen size. The delivery
of circulating molecules such as insulin and glucose to skeletal muscle fibres is regulated by

endothelial cells (Li et al, 2005). Skeletal muscle accounts for about 80% of insulin-stimulated
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glucose, and the haemodynamic forces resulting from shear stress increase the vasodilator action

of insulin (Meza et al, 2019).

The endothelium is an important factor in mediating the links between vascular function and
metabolic requirements. Endothelial injury is characterised by phenotypic changes, inflammation,
altered permeability as well as decreased endothelium-dependent dilation. Endothelial dysfunction
is a predictor of future cardiovascular events and insulin resistance (Meza et a/, 2019). These cells
can be cultured from the circulating mononuclear cell (MNC) fraction and are commonly referred
to as endothelial progenitor cells (EPCs) because they exhibit characteristic endothelial surface
markers and properties (Loomans et al, 2004). Moreover, a number of studies have shown that
injected EPCs home to sites of ischemia, incorporate into the newly formed capillaries, and
augment neovascularisation (Balaji et al, 2013). Consequently, if EPCs are critical to endothelial
maintenance and repair, EPC dysfunction could contribute to the pathogenesis of ischemic
vascular disease (Li et al, 2010). Indeed, studies have demonstrated that, in patients with
cardiovascular risk factors, the number of EPCs that can be isolated from peripheral blood is
reduced and EPC function is impaired (Wils ef al, 2017). It was recently reported that a strong
inverse correlation exists between the number of EPCs and the subjects’ combined Framingham
risk factor score (Aragona et al, 2016). In addition, measurements of flow-mediated brachial-artery
reactivity also revealed a significant relation between endothelial function and the number of
EPCs, supporting a role for EPCs in the maintenance of endothelial integrity (Loomans et al,

2004).

The major cause of death and complications in patients with type 2 diabetes is cardiovascular
disease. More than 60% of all patients with type 2 diabetes die of cardiovascular disease, and an

even greater percentage have serious complications (Hirshberg et al, 2011). The prevalence of
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vascular disease, hypertension, dyslipidaemia, and other abnormalities is very high, and the
consequences of these abnormalities are burdensome to patients, their families, and society
(Evarson-Rose, 2011). Hyperglycaemia of diabetes is associated with increased glycation of free
amino groups in proteins. Approximately 50% of plasma protein is the protein albumin, which is
a major contributor to plasma osmolality and aids in the transport of lipids and steroid hormones
(Pocroxa ef al, 2021). Globulin makes up 35% of plasma proteins and is used in the transport of
ions, hormones and lipids that contribute to immune function (Xiao et al, 2011). Fibrinogen is
required for blood clotting and can be converted to insoluble fibrin accounting for 4%. Regulatory

proteins such as enzymes, proenzymes and hormones make up less than 1% of plasma proteins

(Singh et al, 2014).

Interventions such as lifestyle changes, control of blood pressure and lipids, and antiplatelet
therapy can reduce the development, progression, and complications associated with T2DM (de
Boer et al, 2020). Blood glucose control may reduce microvascular complications, but not
cardiovascular complications (Valencia and Florez, 2017). Even with microvascular
complications, blood-pressure control has a greater effect than glucose control. In patients with
advanced type 2 diabetes, the unanswered question is whether glucose control independently

reduces cardiovascular complications (Duckworth et a/, 2009).

Figure 2 shows how genetic individual susceptibility like hypertension, hyperlipaemia etc and
genetic determinants of individual susceptibility resulting from hyperglycaemia result in diabetic

tissue damage.
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Figure 2: General features of hyperglycaemia-induced tissue damage, adapted from Giacco and
Brownlee, 2010.
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Figure 3: Model of ischemia-induced neovascularisation in normal and high glucose (Giacco and
Brownlee, 2010).

Figure 3 shows how reduced blood flow in normal glucose and high glucose leads to

neovascularisation.

All types of diabetes are represented by chronic hyperglycaemia and the development of diabetes-
specific microangiopathy in the retina, glomeruli, and peripheral nerves (Mauricio et al, 2020).
Due to microvascular disease, diabetes is a major cause of blindness, end-stage renal disease, and
various debilitating neurological diseases (Faselis et al, 2020). Diabetes is also associated with
macrovascular disease due to rapid atherosclerosis affecting the arteries that supply blood to the
heart, brain, and lower extremities (Nathan et al, 2009). As a result, patients with diabetes have a
much higher risk of heart attack, stroke, and amputation. Large prospective clinical studies show
a strong relationship between blood glucose and diabetic microvascular complications in type 1

and 2 diabetes (Zoungas et al, 2017). Both hyperglycaemia and insulin resistance appear to play
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an important role in the pathogenesis of macrovascular complications as seen in figure 3

(Brownlee, 2010).

Hyperglycaemia is associated with an increase in cytokine production mediated by oxidative
mechanisms (Luc et al, 2019). Thus, the excess production of reactive oxygen species (ROS),
together with the interaction of advanced glycation end-products (AGEs) with their receptors
(RAGEs) on endothelium, leads to cytokine production by endothelial cells (Yan et al, 2008).
Overproduction of cytokines is also associated with endothelial dysfunction, a diabetes-specific
microvascular disease of the retina, glomeruli, and blood vessels with similar pathophysiological
features (Akhil, 2010). In the early stages of diabetes, increased intracellular glucose leads to blood
flow abnormalities and increased vascular permeability. This reflects the decreased activity of
vasodilators such as nitric oxide, increased activity of vasoconstrictors such as angiotensin II and
endothelin 1, and the expansion of permeability factors such as vascular endothelial growth factor
(VEGF). (Bensellam et al, 2012). Quantitative and qualitative abnormalities of the extracellular
matrix contribute to irreversible increased vascular permeability (Chronopoulos et a/, 2010). Over
time, loss of microvascular cells occurs, partly due to apoptotic cell death, and there is progressive
capillary occlusion due to both extracellular matrix overproduction (Al-Kharashi, 2018). This is
caused by growth factors such as transforming growth factor-f (TGF-B) and deposition of
extravascular circulating acid-Schiff plasma proteins (Fournet ef a/, 2018). Hyperglycaemia can
also reduce the production of nutritional factors for endothelial cells and neurons (Hammes, 2018).
Together, these changes lead to hypoxic-induced oedema, ischemia, and neovascularization in the
retina, proteinuria, mesenchymal matrix enlargement, and glomerular fibrosis in the kidney, and
axonal degeneration. multifocal peripheral nerves (Mrugacz et al, 2021). The pathogenesis of

atherosclerosis in nondiabetic subjects has been extensively described in recent reviews and begins
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with endothelial dysfunction (Al-Hamodi et al, 2014). In diabetic arteries, endothelial dysfunction
appears to be associated with both insulin resistance specific to the phosphatidylinositol-3-OH
kinase pathway and hyperglycaemia (Van et al, 2006). Pathway-selective insulin resistance leads
to decreased endothelial production of the anti-atherogenic molecule nitric oxide and increased
vascular smooth muscle cell proliferation and plasminogen activator inhibitor-1 (PAI-1)
production via the Ras—Raf—» MEK kinase—>mitogen-activated protein kinase (MAP)
pathway (Muniyappa and Sowers, 2013). Hyperglycaemia itself inhibits nitric oxide production in
arterial endothelial cells and stimulates PAI-1 production (Brownlee, 2010). There is a >10% risk
reduction in major macrovascular and microvascular events resulting from intensive T2DM

treatment (Henning, 2018).

1.3.1 Mechanisms of Damage from Hyperglycaemia.

The DCCT study conclusively demonstrated that the relative risks of developing diabetic
complications increased with increasing haemoglobin (Hb) mean Alc levels (DCCT/EDIC
research group, 2014). A relationship between chronic hyperglycaemia levels and diabetic
microvascular and macrovascular disease in patients with type 2 diabetes has also been established
in several studies (van Wijngaarden et al, 2017). Hyperglycaemia is the most important
precipitating factor in the pathogenesis of diabetic complications (Nishikawa et a/, 2000). Among
the wide range of molecules produced by endothelial cells, nitric oxide (NO) can be considered
essential to mediate the various actions of the endothelium (Meza et al, 2019). The effect of
hyperglycaemia on endothelial cells is very similar to that of inflammatory initiators (Funk et al,
2012). Endothelial cells exposed to hyperglycaemic cell culture media show decreased NO
production with enhanced NF-kB activation, inflammatory gene expression, and leukocyte
recruitment (Funk et al/, 2011). Reactive oxygen species (ROS) generated by hyperglycaemia
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contribute to the development and progression of diabetic vascular complications and are
associated with endothelial dysfunction (Sun et al, 2013). Intracellular hyperglycaemia causes
tissue damage through mechanisms that can be divided into two categories (Giri et al, 2018). One
category of mechanisms involves repeated acute changes in cellular metabolism that are reversible
when euglycemia is restored (Taylor, 2013). Another category of mechanisms involves cumulative
changes in long-lived macromolecules that persist despite recovery of euglycemia (Grohova et al,
2019). These mechanisms are influenced by genetic determinants of susceptibility or resistance to
hyperglycaemic damage (Nishikawa et al, 2000). A healthy endothelium modulates vasculature
homeostasis in response to physical and chemical stimuli through the secretion of vasoactive
molecules that act in an autocrine, paracrine, or endocrine manner (Meza et al, 2019). These
endothelial-derived factors control a number of physiological outcomes, including vascular tone,
diameter, vascular smooth muscle cell (VSMC) proliferation, platelet activation, and leukocyte
adhesion (Méndez-Barbero et al, 2021). The endothelium is considered a powerful predictor of
cardiovascular health and elucidation of healthy physiological mechanisms, and therefore provides
a basis for clinical strategies to treat cardiometabolic diseases (Meza et al/, 2019). Four main
hypotheses about how hyperglycaemia causes diabetic complications to have generated a wealth
of data as well as several clinical studies based on specific inhibitors of these mechanisms. The
four hypotheses are: increased flux from the polyol pathway; increased formation of advanced
glycation end products (AGESs); activation of protein kinase C (PKC) isoforms; and increased flux
from the hexosamine pathway. Until recently, there was no unified hypothesis linking these four

mechanisms (Brownlee, 2001)

1.3.2 Four ways Hyperglycaemia Causes Diabetic Complications

1.3.2.1 Activation of protein kinase ¢ (PKC)
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PKC involves 12 isoforms and belongs to a family of serine or threonine kinases. Hyperglycaemia
increases intracellular reactive oxygen species (ROS) and lipid peroxidation (Noh and King,
2007). In a hyperglycaemic environment, oxidative stress (OS) is increased, and reactive aldehydes
are subsequently detoxified. However, in contrast to the normal state, increased intracellular
glucose levels lead to increased metabolism of glucose to polyalcohol sorbitol, while reducing
nicotinamide adenine dinucleotide phosphate (NADPH) and glutathione (Dymkowska et al, 2014).
In cells in which aldose reductase activity is sufficient to deplete glutathione, the oxidative stress
induced by hyperglycaemia is increased. Sorbitol is oxidized to fructose by the enzyme sorbitol
dehydrogenase (SDH). In cells with elevated sorbitol dehydrogenase activity, can lead to an

increase in NADH (Ramana et al, 2005).

NAD" in its normal state, may increase de novo diacylglycerol (DAG) synthesis by inhibiting the
oxidation of triose phosphate, thereby activating PKC (Nishikawa et al, 2000). The PKC family
includes at least eleven isoforms, nine of which are activated by the lipid second messenger DAG.
Intracellular hyperglycaemia increases the amount of DAG in cultured microvascular cells and in
the retina and glomeruli of diabetic animals (Madonna and Caterina, 2011). Hyperglycaemia may
also indirectly activate PKC isoforms through ligation of AGE receptors and through increased
activity of the polyol pathway, possibly by increasing reactive oxygen species. Abnormal PKC
activation is associated with decreased glomerular nitric oxide production due to experimental
diabetes and decreased nitric oxide production in smooth muscle cells due to hyperglycaemia
(Kizub et al, 2014). PKC activation also inhibits insulin-stimulated expression of endothelial nitric
oxide synthase (eNOS) (an enzyme responsible for the synthesis of NO) and messenger RNA in

cultured endothelial cells (Brownlee, 2001).
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1.3.2.2 Increased polyol pathway flux

Aldose reductase (alditol:NAD(P)" 1-oxidoreductase, EC 1.1.1.21) is the number one enzyme in
the polyol pathway. The polyol pathway comprises of two reactions catalysed by two different
enzymes (Sengiil et al, 2018). It is a cytosolic substance, monomeric oxidoreductase that catalyses
the NADPH-dependent reduction of a variety of carbonyl compounds, including glucose (Dunlop,
2000; Brownlee, 2001). Aldose reductase which is the rate-limiting reaction has a low affinity
(high K,») for glucose and at the normal glucose concentrations found in non-diabetic individuals,
glucose metabolism by this pathway accounts for a very small proportion of the total amount of
glucose used (Elimam ef al, 2017). But in a hyperglycaemic environment, an increase in
intracellular glucose leads to an increase in its enzymatic conversion to polyalcohol sorbitol while
also reducing NADPH (Rabbani and Thornalley, 2018). In the polyol pathway, sorbitol is oxidized

to fructose by the enzyme sorbitol dehydrogenase, NAD+ is reduced to NADH (Brownlee, 2001).

Several mechanisms have been proposed to explain the potential adverse effects of
hyperglycaemia-induced hyperglycaemia in polyol pathway flux (Javed et al/, 2015). These include
sorbitol-induced osmotic stress, decreased (Na+K+) ATPase activity, increased intracellular
NADH/NAD+, and decreased intracellular NADPH. Sorbitol does not readily diffuse across cell
membranes, and this was originally thought to lead to osmotic damage to microvascular cells
(Rabbani and Thornalley, 2018). Another early suggestion is that increasing flux via the polyol
pathway reduces ATPase (Na+K+) activity (Garg and Gupta, 2022). Although this depletion was
initially attributed to a polyol pathway-related impairment in phosphatidylinositol synthesis, it has
recently been shown to be due to PKC activation (Safi et al, 2014). Activation of PKC by
hyperglycaemia increases the activity of cellular phospholipase A2, which increases the
production of two inhibitors (Na+K+) ATPase- arachidonate and prostaglandin E (PGE). (Giacco
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et al, 2010). In vivo polyol pathway inhibition studies have yielded inconsistent results (Dodda
and Ciddi, 2014). In a 5-year study in dogs, aldose reductase inhibition prevented diabetic
neuropathy, but did not prevent retinopathy or thickening of capillary basement membranes in the
retina, kidneys, and muscles (Setter ef al, 2003). Several negative clinical trials have questioned
the relevance of this mechanism in humans (Lorenzi, 2007). The positive effect of aldose reductase
inhibition on diabetic neuropathy has, however, been confirmed in humans in a rigorous multi-
dose, placebo-controlled trial with the potent aldose reductase inhibitor zenarestat (Brownlee,

2001).

1.3.2.3 Increased intracellular formation of advance glycation end-products.

AGE:s can arise from autooxidation of glucose to glyoxal, decomposition of the Amadori products
to 3-deoxyglucosone, and fragmentation of glyceraldehyde-3-phosphate to methylglyoxal (Vistoli
et al, 2013). These reactive dicarbonyls react with amino groups of protein to form AGE:s.
Methylglyoxal and glyoxal are detoxified by the glyoxalase system (Nishikawa et al, 2000). AGEs
are produced by the Maillard reaction and are found in increased amounts in diabetic retinal vessels
and renal glomeruli (Brownlee, 2001). Reducing sugars, such as glucose, react non-enzymatically
with protein amino groups to produce Schiff bases, which rearrange to Amadori compounds (Liu,
2013). These Amadori adducts undergo very slow, irreversible dehydration and condensation
reactions, ultimately producing AGEs, which are yellow-brown, fluorescent substances (Kuerban,
2018). AGEs are produced not only from glucose, but also from glucose degradation products such
as glyoxal, methylglyoxal and 3-deoxyglucosone, and from dicardonyl compounds produced by
autoxidation of a-hydroxyaldehydes such as glyceraldehyde and glycolaldehyde is generated
(Papachristoforou et al, 2020). In chronic hyperglycaemia, AGEs are actively produced and
accumulate in the circulating blood and various tissues, leading to vascular complications of

43



diabetes (Chawla and Tripathi, 2019). AGEs are endogenously produced by oxidative stress and
hyperglycaemia, but they can also be ingested exogenously from the diet. About 6% to 7% of his
AGEs from diet are known to reside in the body over time which accelerate the expression of
receptors for advanced glycation end products (RANGEs) (Zhang et al, 2020). Persistent
activation of the AGE-RAGE system is thought to produce long-term metabolic memory or legacy
effects (Reddy et al, 2015). In endothelial cells, recognition of AGEs by RAGE promotes the
production of intracellular oxidative stress and activation of factor NF-kB induces the secretion of
various cytokines and growth factors, induces the expression of adhesion factors, and triggers an
inflammatory response (Tobon-Velasco ef a/, 2014). In diabetic patients, RAGE expression is
accelerated in atherosclerotic lesions in proportion to the deterioration of glycaemic control (Rhee
et al, 2018). AGEs may promote oxidative stress, thereby increasing the expression of transcription
factors, pro-inflammatory cytokines, inflammatory cytokines, and acute-phase proteins (Xu ef al,
2018). Furthermore, accumulation of AGEs and binding to RAGEs can lead to metabolic

disturbances, inflammation, and oxidative stress (Beereka et a/, 2021).

1.3.2.4 Hexosamine pathway

Through the hexosamine pathway, only a little portion (about 1-3%) of glucose is metabolised in
a normal glucose condition. Intracellular glucose levels elevation can result in an increased flux
through the hexosamine pathway (Kitada et a/, 2010). The rate limiting enzyme, glutamine-
fructose-6-phosphate amidotransferase (GFAT), converts fructose-6-phosphate which is a
glycolysis intermediate to glucosamine-6-phosphate (Walter, 2013). Uridine diphosphate N-
acetylglucosamine (UDP-GIcNAc) is the major end product and is also a substrate for the
subsequent O-linked GlcNAc modification of target proteins at serine and threonine residues

(Chatham et al, 2021). The O-GlcNAc transferase (OGT) vigorously add O-GIcNAc but it is
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removed by O-GlcNAcase (OGA) to serine and threonine residues of nucleocytoplasmic proteins.
Through the O-GlcNAc modification at serine 1177 in endothelial cells, hyperglycaemia could
inhibit endothelial nitric oxide synthase (eNOS) activity (Qin et al, 2017). Hyperglycaemia is
known to cause a 4-fold increase in O-GlcNAcylation of the transcription factor Spl which
mediates hyperglycaemia-induced activation of the PAI-1 promoter in vascular smooth muscle
cells and TGF-B1 and PAI-1 in arterial endothelial cells (Thomas, 2018). GFAT activity in aortic
smooth muscle cells is increased by hyperglycaemia and it also increases O-GlcNAc modification

of several proteins in the cell (Giacco and Brownlee, 2010).
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Figure 4: The diagram above illustrates the different mechanism through which hyperglycaemia

leads to diabetes complications as discussed in the four pathways above (Kitada et a/, 2010).
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1.4 GLYCATION

Glycation is a non-enzymatic process mainly dictated by the glucose concentration and has long been
considered as irreversible, although some findings were suggesting the existence of intracellular
deglycation mechanisms. Kinases are used to deglycate proteins under physiological conditions (Dunmore

et al, 2017 and Avemaria et al, 2015). Glycation is a common and spontaneous reaction which occurs
in vivo. About 5% of total haemoglobin in normo-glycaemic subjects has a fructosamine bound to
the amino terminus of its B-chains (HbAlc) as seen in figure 5 (Kohzuma et al, 2021; Van
Schaftingen et al, 2012). It is well known that HbAlc represents an important tool for the clinical
management of diabetes and evidence confirms its important role as a retrospective indication of
the quality of glycaemic control (Avemaria et al, 2015). Glycation occurs as a result of the well-
known reaction of carbohydrate moieties with amino groups of proteins known since 1910 as the
Maillard, or more specifically when involving glucose, as the Schiff reaction. The almadori
product of the Schiff reaction undergoes slow but reversible rearrangement to form the Amadori
ketoamine product as shown in figure 9 and figure 10 (Sharma et al, 2020). The ketoamine is then
slowly converted to advance glycation end-products which comprise a wide range of chemical

moieties which contribute to the development of diabetes complications (Nayak et al, 2019).

Human serum albumin is a single-chain polypeptide consisting of 585 amino acid residues with a
molecular weight of 66,460kDa (Yu et al, 2021). In the progression of T2DM, glyco-oxidation of
proteins has been implicated and human serum albumin is the protein prone to glyco-oxidation
(Luna et al, 2021). It is attacked by sugars and methylglyoxal which is a strong glycating enzyme
and may have serious effect on its structure and successive role in diabetes (Mir et al, 2016).
Proteins appears to be the first seen target by the glucose molecules which is circulating at

increased level in diabetic individual (Pessin ef al, 2000). The nonenzymatic reaction involving
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proteins (fructose) and sugars (glucose) results in glycated proteins, depending on the amount or
quantity of glucose molecule condensed on the protein, would display, or produce different

functionality (Lapolla et al, 2013).

Glycation of protein is known to be involved in a variety of biological processes example of which
are receptor interaction, immune response, protein secretion and transport (Fournet et al, 2018).
This involvement affects protein properties such as solubility, stability, and folding which differ
between individuals, but remarkably stable per person except in disease state or change in lifestyle

(Clerc et al, 2016).

One particular protein may have multiple sites of glycation, of which its glycoforms may vary by
site occupancy and occupying glycan structure (Woods, 2018). Multiple parameters determine the
biosynthetic pathways leading up to the variety of glycans and may also be influenced by other
factors including genetic regulation, the availability of nucleotide sugars, the time spent in the
endoplasmic reticulum and Golgi apparatus, and also the accessibility of a specific glycation site

(Clerc et al, 2016).

The major plasma glycoproteins are as follows; Alpha-1-acid glycoprotein (P02763; P19652),
Alpha-1-antitrypsin (P01009), Alpha-1B-glycoprotein (P04217), Alpha-2-HS-glycoprotein
(P02765), Alpha-2-macroglobulin (P01023), Antithrombin-111 (P01008), Apolipoprotein B-100
(P04114), Apolipoprotein D (P05090), Apolipoprotein F (Q13790), Beta-2-glycoprotein 1
(P02749), Ceruloplasmin (P00450), Fibrinogen (P02671; P02675; P02679), Haptoglobin
(P00738), Hemopexin (P02790), Histidine-rich glycoprotein (P04196), Kininogen-1 (P01042),
Serotransferrin ~ (P02787), Vitronectin (P04004), Zinc-alpha-2-glycoprotein  (P25311),

Immunoglobulin A (P01876; P01877), Immunoglobulin D (P01880), Immunoglobulin E
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(P01854), Immunoglobulin G (P01857; P01859; P01860) and Immunoglobulin M (P01871) (Clerc

et al,2016).

Miyazawa et al, 2010 found out that Pyridoxal 5'-phosphate and Pyridoxal are the most effective
inhibitors of lipid glycation of which phosphatidylethanolamine-pyridoxal 5’-phosphate adduct is
measurable in human red blood cells. This suggest that a potential clinical marker can be developed
for glycaemic control and also to avoid the pathogenesis of diabetic complications. Protein
glycation level can give account for the long-term diabetic complications which also can be used
as biomarkers, prognostic instruments, and as secure points for treatment targeting (Lapolla ef al,

2013; Clerc et al, 2016).

AGE which stands for advance glycation end-products are products of nonenzymatic reactions that
occur between reducing sugars and proteins (Seigi et al, 2021). RAGE (stands for receptor for
advanced glycation end-products) belongs to the immunoglobulin superfamily of cell surface
proteins encoded in the Class 111 region of the major histocompatibility complex. AGE-RAGE
interactions may promote abnormal signaling pathways and genes overexpression (Dariya et al,
2020). Oxidative stress accelerated by AGE-RAGE inactivates nitric oxide and subsequently
induces an inflammatory response or exacerbates the propensity to thrombosis leading to the
progression of arteriosclerosis. In endothelial cells, the AGE-RAGE system promotes the
expression of genes that are components of the reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and accelerates the generation of oxidative stress by activating
oxidative stress (Chen et al, 2022). Membrane transport of small GTPase 1 of the Rac family
(Racl) causes endothelial cell dysfunction (Rhee et al/, 2018). AGEs promote the production of
vascular endothelial growth factor (VEGF) in endothelial cells, which subsequently induce
pathological angiogenesis. VEGF is known to be involved in increasing atheroma in
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atherosclerotic lesions. This suggests that the AGE-RAGE system, through the production of
VEGF, activates angiogenesis in atheroma and exacerbates inflammation in plague, possibly
through haemorrhage or increased atherosclerotic plaque (Finch, 2007). In addition, the AGE-
RAGE system inhibits prostacyclin (PG12) production in endothelial cells and promotes de novo
synthesis of the plasminogen activator inhibitor-1, thereby inhibiting fibrinolytic activity and thus
contribute to the stabilization of thrombosis (Yamagishi and Matsui, 2011). The reduction of
circulating adenosine monophosphate production by the AGE-RAGE system is associated with a
propensity to thrombosis (Robson ef al, 2018). AGEs are known to not only promote platelet
aggregation but also promote blood clotting through the production of tissue factors (Kaur et al,
2018). Propensity to thrombosis induced by AGEs is implicated as a cause of acute coronary
syndromes, such as unstable angina or acute myocardial infarction due to atherosclerotic plaque

rupture and subsequent thrombus formation. in coronary arteries (Rhee et a/, 2018).

Glycation gap (GGap) is the difference between HbA 1c, and other measures of glycaemia obtained
from fasting plasma glucose (FPG) and fructosamine or glycated albumin as predicted (Wang et
al, 2022). Negative Glycation Gap represent a situation where the HbAlc is lesser than the value
estimated from fructosamine whilst Positive Glycation Gap is when the HbA1c is more than the
value predicted by fructosamine (Nayak et al, 2013). It can be a useful tool to alert clinicians to
patients with unstable glycaemic control or when different pre-analytical conditions may affect
measurement consistency. glycated albumin (GA) or glycated haemoglobin (HbAlc) (Renata et
al, 2016). Inter-individual differences in protein turnover may contribute, and it is more likely that
the amount of glucose the protein is exposed to and the rate of glycation/deglycation may explain

the differences in Glycation Gap (GGap) (Wang et al, 2022).
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Glycoprotein acetylation (GlycA) is a composite and accurate measure of system inflammation
and is reduced in individuals at risk for the development of T2DM. Increased GlycA is associated
with incidence of T2DM and CVD and with vascular disease in patients with rheumatoid arthritis
(RA) and psoriasis. Diet, and/or exercise-induced GlycA reductions may reflect a reduced risk of
developing T2DM and diabetes-associated cardiometabolic complications for a number of
inflammatory conditions (Bartlett et a/, 20017). GlycA, a marker of systemic inflammation, is
associated with incident T2DM in a general population of both men and women. GlycA may
provide complementary and possibly superior information to high sensitive C-reactive protein
(hsCRP) for the prediction of future T2DM (Bartlett ez al, 2017). GlycA is unique in that it is an
NMR signal derived from residues within the carbohydrate sidechains of multiple acute phase
reactions. Not only are the synthesis and secretions of these proteins increased during
inflammation, but their glycans structures are dynamically altered (Fuertes-Martin et al, 2020).
For example, the carbohydrate side-chains of a 1-acid glycoprotein, one of the acute phase
glycoproteins captured in the GlycA signal, become highly branched and contain additional

GLCNAC residues in the context of chronic inflammation and cancer (Connelly et al, 2016).
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Figure 5: above shows the attachment of fructosamine to glucose in red blood cells (Kohzuma et

al, 2021).

1.4.1 Glycation and Diabetic Complications

Serum AGE levels are known to be an independent risk factor for endothelial dysfunction in
patients with T2D (Ding et al, 2021). Serum AGE levels are also known to be associated with left
diastolic dysfunction and vascular hardening in T1D patients (Salazar ef al, 2021). RAGE has three
splice variants namely full-length RAGE, N-terminal variant containing no AGE binding domain,
soluble receptor for advanced glycation end product (SRAGE), and C-terminal slice variant which
does not contain transmembrane and effector domains (Zeni et al, 2017). The physiological
function of SRAGE has not been fully described, but it is known to be induced by cleavage of
RAGE on the cell surface and is known to reflect injury to endothelial cells. However, sSRAGE is

known to modulate the AGE-RAGE system as a full-time RAGE antagonist (Rhee et al, 2018).

The AGE reaction may also be called the browning reaction, a change in the browning of foods
that can be a measure of their AGE content (Lund ef a/, 2017). In general, it is known that large
amounts of AGEs are produced when meat or fatty foods are heated or cooked to high
temperatures. On the other hand, AGEs are not produced in significant quantities when foods are
slowly steamed or heated with a lot of water for a long time (Rhee et a/, 2018). Foods high in
protein and fat, mainly of animal origin, cooked at high heat and dry, such as baking, broiling,
frying and roasting, tend to be the highest source of AGEs, while Low-fat foods and high-
carbohydrate foods tend to be relatively low in AGEs (Sharma et al, 2015). AGEs in foods are
generated not only by the Maillard reaction but also by the interaction between lipids and oxidized

proteins, reactions that can generate AGEs such as carboxymethyllysine (Uribarri ef al, 2015).
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Food cooking, processing and preservation is the result of the Maillard reaction, non-enzymatic
browning, between the carbonyl group of the reducing sugar and the primary amine group, forming
food AGEs (Xiang et al, 2021). With dietary and circulating free AGE concentrations being
strongly correlated with dietary AGEs absorbed from the gastrointestinal tract (Sebekova et al,
2019). This have effects on their health, rendering naturally occurring AGEs to be a good marker
for dietary AGEs while plasma protein-bound AGEs better represent endogenously produced
AGEs (Bettiga et al, 2019). Low molecular weight AGEs are absorbed more efficiently than

protein bound AGEs because modification of AGE inhibits proteolysis (Sergi ef al, 2021).

Consuming AGE:s in the diet is likely to increase the risk of pancreatic cancer in men. However,
women who consumed a diet rich in CML AGEs (N-(carboxymethyllysine) had no increased risk

of pancreatic cancer (Wada et al, 2022).

Besides endogenous AGEs, dietary AGEs contribute significantly to the body's AGE pool (Gary-
Sevilla et al, 2021). It assumes that if the amount of AGEs in the diet is reduced, any chronic
diseases, such as diabetes and cardiovascular disease, can be improved or even cured (Zhu et al,
2018). For this reason, much attention has recently been paid to the identification and
quantification of AGE products in foods consumed. Some of the knowledge found in the literature
regarding the formation of AGEs in food, their gastrointestinal absorption, and their toxic effects
was reviewed (Abate ef al, 2015). Since modern diets are largely processed by heat, they are more
likely to contain high levels of glycation end products (AGEs). AGEs are a complex and
heterogeneous group of compounds known as brown, fluorescent crosslinkers such as pentosidine,
non-fluorescent crosslinking products such as methylglyoxal-lysine (MOLD) or non-fluorescent
dimer, no crosslinking. narcotics such as carboxymethyllysine (CML) and pyraline (a pyrrole
aldehyde) (Sharma et al, 2015). Activation of RAGE is not only implicated in the promotion of
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oxidative stress by activating NAPDH oxidase which enhances ROS production with ROS
promoting AGE formation but also activation of inflammatory pathways (Tarafdar and Pula,
2018). In addition, ROS enhances the inflammatory response by activating NF-kB, which upon
activation migrates to the nucleus and induces both the expression of inflammatory mediators and

up-regulates RAGE, thereby establishing positive feedback (Sergi et al, 2021).

In both health and disease state, modern diet is an important contributor to the circulating AGE
pool (Gill et al, 2019). It is further postulated that continuous exposure to these exogenous pro-
oxidant substances gradually wear down native defences, preparing the stage for abnormally high
OS and inflammation, which are the precursors of disease (Prabha, 2020). This scenario seems to
be reversible simply by following a very simple dietary intervention, the low-AGE diet, which has
been shown to be a feasible, effective, and safe intervention in different populations and countries

(Uribarri et al, 2015).

AGEs accumulate at a much higher rate in individuals with diabetes than in those without diabetes
(Peppa et al, 2003). In a study involving tissue AGE levels, Makita et al, (1991) reported
significantly higher AGE levels in arterial wall collagen from diabetics compared with samples
from those without. diabetes. In addition to this study, another group reported that the AGE levels
found in the renal tissue of diabetic patients with end-stage renal disease were approximately twice

the levels of AGEs from diabetic patients without renal disease (Yamagishi and Matsul, 2010).

Pentosidine is a biomarker of AGEs that form continuously under normal circumstances and more
rapidly under various stressful situations, for example oxidative stress and hyperglycaemia (Dyer
et al, 1991). Yoshida et al, (2005) observed that serum pentosidine concentrations were

significantly higher in diabetic patients than in non-diabetic subjects. Furthermore, in diabetic
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patients with cardiovascular disease, serum pentosidine concentrations were significantly higher
than in those without cardiovascular disease (Kerkeni et al, 2014). This serum pentosidine

concentration correlates with arterial wall stiffness in diabetic patients (Kerkeni et al, 2014).

The findings of Koyama et al. (2007) studied 141 patients with heart failure and 18 controls. This
study reported that serum pentosidine concentrations were higher in patients with heart failure
compared with those without (p <0.001). This suggests that serum pentosidine could be considered
an important risk factor in predicting heart failure in relation to heart failure severity. Similarly,
Lapolla et al. (2007) examined the association between AGEs, malondialdehyde, potential total
reactive antioxidants (TRAP) and vitamin E in type 2 diabetic patients with and without the
disease. peripheral arteries. They found that levels of AGEs, pentosidine, and malondialdehyde
were significantly higher in patients with peripheral artery disease than in patients without the

disease and compared with control subjects.

As previously mentioned, many studies have examined the association between AGEs and
diabetes-related macrovascular and microvascular complications in order to understand how AGE
levels correlate with the development of diabetes-related cardiovascular complications (Huang et
al, 2017). Obayashi et al. (1996) reported the presence of AGEs in atheromatous lesions located
in the coronary arteries of patients with diabetes. They suggested that AGEs might accelerate the
development of atherosclerosis, as reported in patients diagnosed with diabetes. In support of this
result, Yeboah et al. (2004) showed that serum AGE levels in patients with type 2 diabetes can be
considered as a biomarker to detect the severity of coronary artery atherosclerosis. In addition,
Kiuchi et al. (2001) on the demonstration of higher levels of AGE in type 2 diabetics with
obstructive coronary artery disease compared to diabetics without obstructive coronary artery

disease. A correlation between AGE levels and the degree of coronary arteriosclerosis has also
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been observed in patients with obstructive coronary disease (Kosmopoulos et al, 2019). In
addition, it has been reported that elevated serum AGE levels in patients undergoing percutaneous
coronary intervention served as an independent risk marker for restenosis in patients with diabetes

(Choi et al, 2005).

Figure 6 below describes the physiological mechanisms of hyperglycaemia leading to diabetic
complications. Here we see hyperglycaemia (high blood sugar) the driving force triggering
glycation, oxidative stress, and endothelial dysfunction. This leads to increase arterial stiffness
(which can also result from age, smoking, and atherosclerosis) bringing about increase in central
blood pressure (this can also result from endothelial dysfunction) and thereby leading to increased

chances of various diabetic complications such as CVD, CHD, TOD and increase mortality rate.
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Figure 6: Pathophysiological Mechanisms that Associate Hyperglycaemia, Endothelial
Dysfunction, Arterial Stiffness and Cardiovascular Diseases (Kaur et al, 2018).

Peripheral vascular disease (PVD) is a common and severe complication of diabetes mellitus (DM)
and is characterised by a high prevalence, early development, and rapid progression (Punia ef al,
2022). In diabetes, there is also an impaired collateralisation of vascular ischemic beds but
mechanisms that hinder ischemia induced neovascularisation in diabetes remain ambiguous
(Avogaro et al, 2008). Emerging evidence indicates that bone marrow-derived endothelial
progenitor cells (EPCs) take part in postnatal neovascularization (Rana et al, 2018). The EPCs co-
express surface markers of both hematopoietic stem cells (CD34 and CD133) and endothelial cells
[VEGF-R2, also known as Kinase insert Domain Receptor (KDR)] (Lin et al, 2014). The EPCs
express endothelial phenotype in culture, promote in vivo re-endothelisation, and can be
incorporated into new vessels in animal models of hind limb ischemia (Shen et al, 2015). The

EPCs are reduced in the presence of risk factors for coronary artery disease (CAD), endothelial
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dysfunction, hypercholesterolemia, smoking, and chronic renal failure (Chopra et al, 2018).
Lambiase et al. (2004), have shown that poor coronary collateral development is associated with
reduced numbers of circulating EPCs. Thus, depletion of circulating EPCs may contribute to both
endothelial dysfunctions, as an early event in the atherogenic process, and poor collateralization,
as a late event leading to clinical manifestations of atherosclerosis and cardiovascular disease
progression (Leal et al, 2019). Recently, circulating EPC reduction and dysfunction have been
reported in both type 1 and type 2 diabetic patients: these alterations are likely to be involved in
the pathogenesis of vascular complications of DM, but there are no data on this topic currently

available in the literature (Nandula et al, 2021).

1.4.1.1 AGEs and Diabetic Retinopathy

The leading cause of blindness in individuals between the ages of 30 and 70 years is retinopathy
which is a serious microvascular problem of diabetes (Sasongko et al, 2017). It is characterised by
increased proliferation of blood vessels, vascular occlusion, angiogenesis, loss of pericytes from
retinal capillaries, microaneurysms, haemorrhages increased retinal capillary permeability,
thickening of the capillary basement membrane and infarction affecting the retina of the eye (Singh
et al, 2014). Diabetic retinopathy could be due to the death of various lens proteins and retinal
cells of the eyes due to AGEs accumulation. The RAGE receptors in the lens are bind to by AGEs
and this results to the activation of the signalling pathway, causing oxidative stress and the release
of some hormones, cytokines, and adhesive molecules (Vadakedath and Kandi, 2018). RAGE
blockade, a potential clinical application includes the decreased progression of diabetic retinopathy
as upregulation of RAGE leads to pro-inflammatory responses by retinal Muller glia cells. The
role of AGE:s in the progression of diabetic retinopathy, which leads to dysfunction and death of

various retinal cells, cannot be overstated (Xu et al/, 2018). Many components of the AGE-RAGE
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axis including signal transduction, ligand formation, and terminators may represent promising
targets for treatments for diabetic retinopathy (Jangde et a/, 2020). Preclinical and clinical studies
suggest that AGEs and MGOs affect various aspects of diabetic retinopathy. MGO detoxification
has recently been evaluated to reduce AGE accumulation, which in turn may prevent the formation
of important retinal nerve and vascular lesions. The AGE-RAGE interaction appears to play a key
role in the persistent inflammation, neurodegeneration, and retinal microvascular dysfunction that
occur in diabetic retinopathy (Shen et al, 2020). Several reports have shown that increased
formation of AGEs in the vitreous may be involved in the development of diabetic retinopathy by
inducing the production of BFGF (basal fibroblast growth factor) by the Miiller cells of the retina

(Singh et al, 2014).

1.4.1.2 AGEs in Diabetic cataract

The loss of the normal transparency of the crystalline lens as a result of an opacity (lens opacity
or crystalline opacity) is called cataract (Gupta ef al, 2014). AGEs play a central role in the loss of
vitreous transparency, i.e., the development of cataracts. Cataracts are the main cause of blindness
in developed and developing countries and cataract progression is increased in patients with
diabetes mellitus (Cicinelli ef al, 2023). The ocular lens protein glycation is considered as one of
the mechanisms of diabetic cataract formation, which is the main cause of blindness, so the
identification of risk factors for the prevention and treatment of blindness is important (Li ef al,
2014; Vadakedath and Kandi, 2018). Recent findings have shown that AGEs play an important
role in degenerative changes in the vitreous and that an approach to consuming foods low in AGEs
may be beneficial in delaying cataract formation. Crystals (Lim et a/, 2020). Several reports have
revealed that AGEs accumulate in the vitreous and cause visual impairment and cataracts
(Bejarano and Taylor, 2019). In the lens, AGE causes irreversible changes in structural proteins,
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leading to the synthesis of vitreous proteins and the formation of high-molecular-weight
aggregates that scatter light and interfere. Vision (Singh et al, 2014). It has been shown that AGEs,
by altering the surface charge of proteins, lead to conformational changes which, in turn, can
influence protein-protein and protein-water interactions and ultimately lead to a decrease in the
degree of solubility. transparency of the vitreous (Kumar et al, 2007). The rate of AGEs
accumulation is related to the severity of diabetic cataract. Increased glucose levels in the aqueous
humour may induce glycation of lens proteins, a process resulting in the generation of superoxide
radicals and in the formation of AGEs (Lopez-Contreras et al, 2020). Interaction of AGE with

RAGE in the epithelium of the lens further increased the O, — and H>O» generation (Perez-

Garmendia et al, 2020). In addition to increased levels of free radicals, diabetic lenses show an
impaired antioxidant capacity, increasing their susceptibility to oxidative stress (Singh et al, 2014).
Liu et al. (2017) suggested that nuclear factor (erythroid-derived 2)-like 2 (Nrf2) inducers may
reduce the oxidative stress of the lens and therefore could be a hopeful therapeutic target for

cataract treatment.

1.4.1.3. AGEs in Diabetic Nephropathy

Diabetic nephropathy (DN) is defined as a progressive decline in glomerular filtration rate,
accompanied by proteinuria and other end-organ complications such as retinopathy (Sagoo and
Gnudi, 2018). Diabetic nephropathy progresses to end-stage renal disease via a number of stages
including normal albuminuria, incipient diabetic nephropathy, micro albuminuria and finally end-
stage renal disease (Singh et al, 2014). DN also referred to as diabetic kidney disease is known by
the presence of urine albumin excretion of pathological amounts, diabetic glomerular lesions, and
absence of glomerular filtration rate (GFR) in diabetics. DN becoming the most common cause of

end-stage renal disease (ESRD) in most countries is as a result of the prevalence of diabetes (Lim,
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2014). The formation of AGEs has been attributed to the pathological link between
hyperglycaemia and development of diabetic nephropathy. The formation of AGEs also triggers
the production of inflammatory cytokines, chemokines, adhesive molecules, and growth factors
which may be involved in the pathogenesis of diabetic nephropathy (Vadakedath and Kandi,
2018). Progression to end stage renal disease is enhanced by hyperglycaemia, hypertension, and
proteinuria, which are all common in diabetes (Maclsaac et al, 2014). Renal disease in diabetic
patients is characterized by haemodynamic (hyperfiltration and hyperperfusion) as well as
structural abnormalities (glomerulosclerosis, alterations in tubulointerstitium including interstitial
fibrosis) and metabolic changes (Liu et al, 2017). Within glomeruli, there is thickening of
basement membranes, mesangial expansion and hypertrophy and glomerular epithelial cell
(podocyte) loss (Anil Kumar et a/, 2014). Disease progression is also seen in the tubulointerstitial
compartment causing expansion of tubular basement membranes, tubular atrophy, interstitial
fibrosis, and arteriosclerosis (Agarwal and Nath, 2020). It has been reported that AGE-RAGE axis
plays an important role in diabetic nephropathy (Wu et a/, 2021). Pravastatin has been shown to
exert beneficial effects on tubular damage in diabetic nephropathy by inhibiting the AGEs-induced
apoptosis and asymmetric dimethylarginine (ADMA) generation tubular cells via suppression of
RAGE expression (Ishibashi et al/, 2012). It is suggested that AGEs play an important role in the
pathogenesis of diabetic nephropathy through interacting with RAGE, which activate a series of
intracellular signalling pathways (Singh et al, 2014). Treatment of DN involves control of
metabolic and haemolytic abnormalities adequately. This involves proper blood glucose lowering
and control of hypertension (antihypertensives) which helps in the reductions of proteinuria or

preservation of GFR, or both (Lim, 2014).
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1.4.1.4 AGE:s in Diabetic Neuropathy

Diabetic neuropathy is a serious complication, affecting both autonomic and peripheral nerves
(Deli et al, 2014). Diabetic patients with neuropathy present variable symptoms and physical
findings, ranging from asymptomatic loss of tendon reflex to severe painful neuropathy (Smith
and Singleton, 2012). Diabetic neuropathy also causes urinary incontinence, diarrhoea, and
constipation, impairing the quality of life of diabetic patients (Kurniawan et a/, 2019). Damage of
the peripheral nerves (polyneuropathy) or damage of a nerve due to injury (mononeuropathy) is a
common diabetic neuropathic complication. Diabetic neuropathy results from the glycation of
cytoskeletal proteins, structural or functional changes to nerve fibres (Vadakedath and Kandi,
2018). Habib and Brannagan in 2010 stated that tight glycaemic control is one of the treatments to
manage diabetic neuropathy. Studies have revealed that the AGE-RAGE axis plays an important
role in the pathogenesis of diabetic foot involvement in diabetic neuropathy (Juranek et a/, 2022).
The formation of reactive dicarbonyl-induced AGEs has been recognized to play an important role
in the pathogenesis of sensory neuronal injury (Singh ef a/, 2014). Nitric oxide (NO), a vasodilator
mediator, is reported to be deactivated by AGE (Chen et al, 2018). In addition, AGEs affect the
expression level of NO synthase, thereby reducing nerve blood flow and causing hypoxia in
peripheral nerves (Liu ef al, 2015). Since RAGE 1is expressed in endothelial cells of perivascular
and endothelial vessels, the interaction between AGEs and RAGE on endothelial cells is thought
to play a role in the development of peripheral neuropathy (Egana-Gorrofio ef a/, 2020). Binding
of AGEs to RAGE in endothelial cells has been shown to activate NF-B and activate transcription
factors protein-1 (AP-1) to increase expression of the vascular cell adhesion molecule-1. and
cytokines such as tumour necrosis factor and interleukin 6 (Fukami et a/, 2014). It was concluded

that the formation and accumulation of AGEs in the peripheral nerves suggests the development
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of diabetic neuropathy, directly by affecting structural and functional proteins and indirectly by

activates AGE receptors (Singh et al, 2014).

1.4.1.5 AGEs in Diabetic Cardiomyopathy

Diabetic cardiomyopathy is characterised by myocellular hypertrophy and myocardial fibrosis,
resulting in diastolic dysfunction, and has a high incidence of heart failure in diabetes (Bodiga et
al, 2014). Diastolic dysfunction is present in 50~60% of type 2 diabetics and is almost present in
diabetics with microalbuminuria who later progress to systolic dysfunction. Diastolic dysfunction
is related to HbAlc levels and the most likely reason for this is accumulation of AGE in the
myocardium (Chen ef al, 2023). AGEs can contribute to the development of heart failure in two
ways: AGEs can influence the physiological properties of proteins in the ECM and by inducing
cross-linking (Deluyker et al, 2016). AGEs can also cause intracellular changes in vascular and
myocardial tissue through interaction with AGE receptors (Neviere et al, 2016). The diabetic
myocyte is subject to a number of metabolic changes that may contribute to contractile
dysfunction. Glucose uptake is limited by depletion of glucose transporters, and glucose oxidation
is inhibited by high free fatty acid circulation, potentially reducing ATP availability and thus

contractile function (Singh et a/, 2014).

1.4.1.6 Diabetic hepatopathy

The liver plays an important role in regulating carbohydrate metabolism under both physiological
and pathological conditions (Bechmann et al, 2012). In type 2 diabetes mellitus, insulin resistance
causes hyperglycaemia in the liver and in turn further affects glucose uptake or utilization (Mu et
al, 2019. Diabetes mellitus and its complications, especially complications related to the liver have

been linked to a low-grade chronic inflammatory response according to recent research (Pereira
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and Alvarez, 2014). Diabetes mellitus is associated also to a variety of liver alterations such as
abnormal glycogen synthesis, fibrosis, cirrhosis, acute liver disease and liver hepatitis (Tilg et al,
2017). Liver integrity and function can be negatively affected by the over production of fatty acids
in the liver and hyperglycaemia thereby contributing to morbidity and mortality in people with
diabetes mellitus (Oguntibeju, 2019). Diabetes mellitus (DM) and liver disease have a direct
relationship and the joint prevalence of co-morbidity is higher than that associated with an
individual condition (Liu and Lu, 2014). Hepatic complications of DM are not easily noticeable.
A clinical link between DM and liver diseases such as non-alcoholic steatohepatitis (NASH), non-
alcoholic fatty liver disease (NAFLD), liver cirrhosis and metastatic hepatocellular carcinoma
have been made known by pre-clinical and epidemiological evidence (Tuttolomondo et al, 2015).
Non-alcoholic fatty liver disease is a common co-morbidity in approximately 70% of patients with
T2DM. This explains the persistent occurrence of obesity and insulin resistance in diabetes (Dong
et al, 2019). The liver is known to be one of the most susceptible organs to oxidative stress due to
hyperglycaemia leading to liver damage (Mohamed et al, 2016). Oxidative stress and
inflammatory cytokines that contribute to the pathogenesis and progression of diabetes affect the
liver (Li et al, 2016). According to Oguntibeju 2019, the most common cause of liver disease in
the United States today is diabetes, and various types of liver disease such as acute liver failure,
cirrhosis, and hepatocellular carcinoma can be seen in patients with type 2 diabetes mellitus and

type 1 diabetes (T1DM)

1.4.1.7 Diabetic Autonomic Neuropathy

Autonomic neuropathy, which was once considered to be the Cinderella of diabetes complications,
is now of age (Vinik and Erbas, 2013). The entire human body is supplied by the autonomic
nervous system which is also involved in the regulation of every single organ in the body (Park,
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2023). Everything from abnormalities in pupillary function to gastroparesis, intestinal dysmotility,
diabetic diarrhoea, genitourinary dysfunction, amongst others are as a result of anxiety from
autonomic function (Bell, 2023). Becoming very clear now is that before the advent of severe
pathological damage to the autonomic nervous system, there may be an imbalance between the
two major arms, namely the sympathetic and parasympathetic nerve fibers (Vinik et al, 2013).
These supplies the heart and blood vessels, resulting in abnormalities in heart rate control and
vascular dynamics. Daily activities of individuals with diabetes can be affected by dysfunction
which can lead to potentially life-threatening outcomes (Balcioglu and Miiderrisoglu, 2015).
Glycaemic control intensification in the presence of autonomic dysfunction (especially if it is
combined with peripheral neuropathy) increases the possibility of sudden_death and is a warning
for aggressive glycaemic control (Vinik ef al, 2013). Moreover, in patients with diabetes, a
decrease in the bioavailability of NO, which acts as a potent vasodilator, was seen, in addition to
an increase in the secretion of vasoconstrictor endothelin-1 (Koh ez a/, 2005). This decrease in the
bioavailability of NO in diabetic patients might be due to insulin deficiency or resistance in
endothelial cells, plus hyperglycaemia was proven to inhibit NO production in arterial endothelial
cells (Williams ef al, 1998). The commonest cause of an autonomic neuropathy in the developed
world is diabetes mellitus (Freeman, 2014). These group of symptoms and signs affecting
cardiovascular, urogenital, gastrointestinal, pupillomotor, thermoregulatory,
and sudomotor systems are caused by diabetic autonomic neuropathy (Tentolouris and
Tentolouris, 2021). Several distinct or separate syndromes associated with diabetes
cause autonomic dysfunction (Spallone, 2019). Generalised diabetic autonomic neuropathy,
autonomic neuropathy associated with the prediabetic state, treatment-induced painful and

autonomic neuropathy, and transient hypoglycaemia-associated autonomic neuropathy are the
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most prevalent of autonomic dysfunction (Hohler ez al, 2023). The most problematic and disabling
features of diabetic_peripheral neuropathy which result in a significant proportion of the mortality
and morbidity associated with the disease are products from these autonomic manifestations of

diabetes (Freeman, 2014).

1.4.2 Haemoglobin Glycation Index (HGI) And Glycation Gap (GGap)

Diagnosis of diabetes has traditionally relied on blood glucose levels, but now, glycated
haemoglobin Alc (HbAlc) as a long-term (approximately 3 months) glycaemic indicator as an
essential requirement for the diagnosis and management of diabetes (Parrinello and Selvin, 2014).
However, some conditions such as haemolysis and other blood disorders, kidney disease, and iron
deficiency affect HbAlc independently of blood sugar levels (Copur et al, 2020). Studies have
confirmed the difference between HbAlc, and other measures of blood glucose found in a
significant proportion (nearly 40%) of people with diabetes (Wang et al, 2022). HbAlc is not
suitable for assessing a person's glycaemic status in all situations, therefore, the overt use of HbAlc
as a diagnostic and therapeutic guide may lead to potential clinical errors (Nayak et al, 2019).
Recently, the haemoglobin glycation index (HGI) and glycation gap (GGap) were introduced to
provide an individual link between HbAlc, and other measures of blood glucose derived from
fasting plasma glucose (FPG) and fructosamine/glycated albumin (GA) (Zhang et al, 2020).
Among them, GA, which is not affected by changes in erythrocyte lifespan, is considered a good
surrogate indicator of glycaemic control (Tseng, 2023). Several studies have shown that a higher
HGI in a diabetic patient is associated with a higher risk of macrovascular and microvascular
complications (Chen and Luo, 2023). The higher the HGI, the higher the risk of developing
coronary artery calcification (Klein et al, 2021). Few studies have shown a positive association of

GGap with nephropathy and retinopathy in patients with type 2 diabetes (Wu et al, 2022).
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Measurement of HGI and GGap is therefore important for clinicians to enable individualised
treatment and to avoid harm from blunt application of HbAlc (Nayak et al, 2019) So far, studies
on HGI and GGap have been conducted mainly in diabetic patients, especially with type 2 diabetic
patients, and there are few clinical or epidemiological studies on GGap from GA. The association

of HGI and GGap with CVD in the general population remains unclear (Wang et al, 2022).

1.4.2.1 Derivation/calculation of haemoglobin glycation index (HGI) and glycation Gap (GGap)

Some researchers used fructosamine in estimating or calculating GGap while others use glycated
albumin and, in both ways, GGap was significantly associated with BMI, diabetes and its

complications.

To estimate the discrepancy between HbAlc and other blood glucose measurements, HbAlc and
FBG values were used to define HGI, and HbA1c and GA values were used to define GGap (Joung
et al, 2020). In recent research where researchers analysed the association of FPG-derived HGI
and GA-derived GGap with CVD. GGap was found to be significantly and positively associated
with the CVD prevalence in adults in general. Furthermore, the high GGap/low HbA1c group was
associated with increased CVD compared to the low GGap/high HbAlc group (Wang et al, 2022).
GGap was generally positively associated with the CVD in adults, and this association was
independent of many conventional risk factors, including the HbAlc. HGI, which reflects the
difference between observed HbA1c and FPG-predicted HbAlc, was first proposed by Hempe and
colleagues (Wang et al, 2022). A study showed that high HGI was associated with the risk of
complications in his type 2 diabetic, and this association may be mediated by his HbAlc (Li et al,
2021). The DEVOTE study found that HGI failed to predict adverse cardiovascular events in his
type 2 diabetic patient when HbA 1¢ was included in the statistical model (Klein et a/, 2021). GGap

is primarily attributed to the gradient of nonenzymatic glycation of proteins between the plasma
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and intracellular compartments, with several unrecognized factors differentially altering the
forward or reverse rate of nonenzymatic glycation (Wang et al, 2022). AGEs are known to activate
inflammatory signals, increase oxidative stress, ultimately damage arterial endothelial cells, and

promote atherosclerosis by promoting lipid oxidation (Hu et al, 2020).

GGap is the difference between the HbAlc and Fructosamine predicted FHbAlc. FHbAlc was
calculated from the simultaneously measured Fructosamine standardized to the HbA 1¢ distribution

as follows: FHbA1c = ((Fructosamine — mean Fructosamine)/SD Fructosamine) x SD HbAlc) +

mean HbAlc (Nayak et al, 2019).

1.4.2.2 Glycation and the maillard reaction

L.C. Maillard in the early 1900s was the first to study the non-enzymatic reaction of the amino
groups of biological amines with reducing sugars, leading to the formation of protein-protein
cross-links (Popova et al, 2014). Glycation is the result of the covalent bonding of a sugar
molecule, e.g., glucose or fructose, to a protein or lipid molecule, without the controlling action of
an enzyme (Ahmed et al, 2014). Glycosylation on the other hand is the enzyme-mediated ATP-
dependent bonding of sugars to protein or lipid molecules at specified site on the target molecule
(Liddy et al, 2013). Deglycation is an enzyme-mediated pathway and fructoseamine-3-kinase

(FN3K) is believed to be one of the major deglycation enzymes (Minoru et a/, 2005).

Factors that influence erythrocyte survival and regulate intracellular glucose concentrations have
been shown. Glucose is the most important free sugar in the body and the least reactive of the other
reducing sugars (Tessier, 2010). Nevertheless, glucose reacts with free a- or g-amino groups of

amino acids, peptides, or proteins that form a Schiff base (Djellouli ef al, 2020). This is unstable
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and undergoes a rearrangement process to form a ketoamine product called the Amadori product

(Popova et al, 2014). This process is described in three phases below:

Level 1): It participates in the formation of a glycoprotein complex called the Amadori

rearrangement. This is considered as the precursor of all later compounds.

Level 2): This stage involves the formation of several intermediate compounds. Some of them are
very reactive whilst some are not. Reactive compounds continue to participate in the reaction and

proceed to the third and final stage.

Level 3): Reaction products formed in the previous step polymerise to form AGEs (Alderawi,

2018, Popova et al, 2014).

1.4.2.3 Picture/structures showing glycation and Millard reaction.

Glucose

Glycated Hemoglobin

, A red blood cell lives for approx » Glucose naturally binds to
120 days hemoglobin

» Hemoglobin is contained in the , This binding creates glycated
red blood cell hemoglobin ( HbAlc%

o Glucose (sugar) enters in the
bloodstream and the red blood cell

Figure 7: Formation of Glycated haemoglobin (Timothy Warlow Jr, 2015)
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Figure 11 Early stage (Reversible) and AGE formation (Irreversible) (Singh et al, 2014)

1.4.2.4 Deglycating enzymes

Deglycation is the removal of sugars from proteins by FN3K, a known kinase that has been
reported to be directly involved in phosphorylation of bound sugars and protein destabilisation

(Beeraka et al, 2021).

The discovery of fructosamine-3-kinase (FN3K), a protein distantly related to aminoglycoside
kinases and distantly related to protein kinases, began with the identification of fructose-3-
phosphate in human and animal tissues (Motshwari, 2018). Fructose-3-kinase phosphorylates

fructosamine with a Km in the micromolar range (Alderawi, 2017). The enzyme has been purified
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from human erythrocytes and its cDNA cloned (Avemaria et al, 2015). "Basic amino acids such
as lysine and arginine are phosphorylated by FN3K to mediate deglycation (Beeraka ef al, 2021).
FN3K mediates the phosphorylation of fructoseridine residues on glycated proteins, resulting in
the formation of protein-bound fructolysine-3-phosphate in human tissues (Schhaftingen et al,
2012). FN3Ks are actively involved in promoting cell signalling to mitigate oxidative stress,
promote cellular repair, and exhibit antitoxin defence mechanisms with pronounced transcriptional
regulation (Beeraka et a/, 2021). In human erythrocytes, FN3K mediates the phosphorylation of
sorbitol or fructose to produce sorbitol-3-phosphate and fructose-3-phosphate, respectively
(Alderawi, 2017). Therefore, both FN3K and FN3K-RP have unique substrate specificities to
phosphorylate protein-bound ketosamines (Avemaria et al, 2015). FN3K activity can be recycled
in the deglycation pathway to mitigate AGE formation during metabolic diseases (Beeraka ef al,
2021). FN3K is abundant in both eukaryotes and prokaryotes as it contains one copy of the FN3K
gene. However, mammalian cells are composed of her two copies of the gene encoding FN3K and
FN3K-related protein (FN3K-RP) (Naseem, 2019). FN3K is highly conserved in various
organisms and maintains cellular homeostasis by mitigating AGE-mediated oxidative stress
(Chaudhuri ef al, 2018). Prospective studies should focus on elucidating the fundamental role and
regulation of FN3K in multiple cellular functions and disease models (Schhaftingen et a/, 2012).
FN3K is found more frequently in liver, heart, kidney, brain, skeletal muscle and relatively
frequently in erythrocyte (Alderawi, 2017). FN3K consists of 309 amino acids and is encoded by
chromosome 17q25.3 of the human genome (Motshwari, 2018). FN3K and fructosamine-3-kinase-
related protein (FN3KRP) isoforms are found in eukaryotes such as mammals, birds, amphibians,

fish, and nematodes (Beisswenger, 2009). Several studies have shown an important role for FN3K
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in protein glycation and the accumulation of AGEs in several types of cancer. (Beeraka et al,

2021).

Three group of enzymes which are capable to reverse the Amadori formation have been discovered

to date.

First includes oxidases, which were first reported in Cornebacterium sp. and Aspergillus sp. These
flavin adenine dinucleotide (FAD)-containing enzymes were found to deglycate fructosyl amino

acids into glucosone and the primary amine under formation of H>O» (Popova et al, 2014).

A second group was discovered by Van Shaftingen and co-workers who cloned and fully
characterised the enzyme fructosamine 3-kinase. This enzyme phosphorylates with high affirnity
both low molecular mass and protein bound fructosamines, leading to the formation of
fructosamine 3-phosphates which are unstable and spontaneously decompose into inorganic

phosphate and 3-deoxyglucosone (Collard ef al, 2004, Popova et al, 2014).

FN3K is present in many tissues including skeletal muscle and heart, where the intracellular
glucose concentration is more than 10-fold lower than that in plasma. Fructosamine-6-phosphates,
which are more powerful glycating agents than glucose result from the reaction of amines with
Glu-6-P, but they are not substrates for FN3K (Van Schaftingen ef al/, 2012). Magnesium-
dependent phosphatase (MDP-1) converts fructosamine-6-phosphates to fructosamines (Popova et

al, 2014).

A third group was reported by Van Shaftingen and co-workers who found that fructoselysine can
maintain the growth of Escherichia coli. These findings proposed the presence of a whole set of
genes (a bacterial operon) which controls the uptake and metabolism of fructoselysine (Popova et
al, 2014).
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1.4.2.5 FN3K Inhibitors

DMF (1-deoxy-1-morpholinofructosamine), a cell permeable substrate and competitive inhibitor
of FN3K has provided evidence that this enzyme remove fructosamine residues from haemoglobin

in erythrocytes (Collard et al, 2004).

Collard et al, 2004 states that NMR analysis indicated that 1-deoxy-1-morpholinopsicose (DMP,
a substrate for FN3K and FN3K-RP) also penetrate erythrocytes and converted into the
corresponding 3-phospho-derivative. FN3K-RP phosphorylate intracellular, protein-bound
psicosamines and ribulosamines, thus leading to deglycation (Conner et al, 2004 and 2005, Collard

et al, 2004).

1.4.2.6 Clinical Importance of Glycoproteins

N-glycans and O-glycans play an important role in glycoprotein functions involved in cell
recognition signals and various pathological situations, thus they are powerful and reliable
biomarkers. reliability of various diseases (Guo et al, 2022). Given the large number of biological
processes in which glycans are involved, it is not surprising that defects in glycan synthesis can be
a direct cause of many diseases and thus a hallmark of disease (Smith and Bertozzi, 2021). It was
not until the 1980s that NMR began to attract great interest in the search for clinically relevant
signs, including APP (Wishart, 2019). It is important to note that most serum glycoproteins have
N-linked sugars and, less often, O-linked sugars in their structure (Yang et al, 2017). As more and
more information about protein glycation emerges, it becomes increasingly clear that glycation is
tightly regulated and that protein-binding glycans are of paramount physiological importance

(Fuertes-Martin et al, 2018).

The most clinically important and most studied glycoproteins are the membrane glycoproteins,

whose glycans, called glycocalyxes, play an important role in the immune response (Stambuk et
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al, 2021). Human plasma glycoproteins belong to the large APP family, which is characterised by
an increase or decrease in their concentration (positive or negative acute phase proteins,
respectively) by up to 25% in inflammatory disorders (Roy et al, 2017). Most of these APPs are
glycosylated proteins secreted by hepatocytes (Kuscuoglu et al, 2018). Changes in the
glycosylation of these proteins indicate cellular changes in a large number of diseases, which is
why they can be considered diagnostic markers of disease (Silsirivanit, 2019). Multiple alterations
in serum protein glycosylation have been reported for inflammatory diseases (Fuertes-Martin et

al, 2020).

1.4.3 Glycoprotein Acetylation (GlycA)

GlycA, a marker of systemic inflammation, was found to be connected with incident T2DM 1in a
general population of both men and women (Connelly ef al, 2016). GlycA may also give
corresponding and maybe interesting information to hsCRP (C-reactive protein) for the likelihood
of future T2DM (Brunoni et al, 2020). Not only are the synthesis and secretions of these proteins
increased during inflammation, but their glycans structures are dynamically altered (Groux-
Degroote et al, 2020). For example, the carbohydrate side-chains of a 1-acid glycoprotein, one of
the acute phase glycoproteins captured in the GlycA signal, become highly branched and contain
additional GLCNACc residues in the context of chronic inflammation and cancer (Margery et al,

2015).

GlycA is a new composite measure of systemic inflammation and a forecaster of many
inflammatory diseases, measured through nuclear magnetic resonance (NMR), whose signal arises
from N-acetyl glucosamine residues on the glycans of acute-phase proteins (APPs) (Bartlett ef al,
20017). GlycA receives contributions from glycoproteins which are involved in the so-purported

‘acute-phase response’ to exogenous insults, including infections and physical injury (Ritchie et
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al, 2015). This is a broad set of systemic biochemical and physiological changes, primarily driven
by cytokine production of inflammatory cells, which occurs immediately after the insult (Turner
et al, 2014). With the exception of transferrin, the circulating concentrations of the proteins that

constitute the GlycA signal are known to increase during the acute-phase response (Ritchie et al,

2015).

Proton nuclear magnetic resonance (NMR) spectroscopy has the ability to detect signals from
circulating glycoproteins (Unione et al, 2021). NMR-based glycoprotein biomarker, labelled
GlycA, which shows both the protein levels and enhanced glycosylation states of the most
abundantly expressed acute-phase proteins, has been shown to predict the development of CVD as

well as the progression of type 2 diabetes mellitus (T2DM) in women (Dullaart et a/, 2015).

Specific glycan structures of acute-phase proteins are enzymatically modified under chronic
inflammatory conditions suggesting that GlycA, which represent an integrated plasma
glycoprotein biomarker, reflects a pro-inflammation state beyond associations with the
individually captured protein (Gruppen et al, 2015). NMR-based risk score, and a-1-acid
glycoprotein (GlycA NMR signal), may predict all cause and CVD mortality. The relationships of
GlycA and hs-CRP with the leptin/adiponectin ratio are independent from BMI which agrees with
the hypothesis that abnormalities in adipose tissue function could contribute to a pro-inflammatory

state (Dullaart et a/, 2015).

Although GlycA is understood to mark the acute-phase response, it has also been shown to be
elevated in patients with a diverse range of inflammation-linked chronic conditions, including
rheumatoid arthritis, hypertension, obesity, and metabolic disorders. Evidence is now evolving to

suggest that elevated CRP is not a universal feature of chronic inflammation. Importantly, GlycA,
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a composite marker of multiple molecular species, has been shown to predict risk of all-cause

mortality and cardiovascular disease (CVD), even when adjusted for CRP (Ritchie et al, 2015).

GlycA is a biomarker for cardiometabolic disease risk which is also associated with CVD
(Connelly et al, 2017). It measures CVD risk independently of CRP and may be a marker of a
different inflammatory process. GlycA concentrations are higher in patients with inflammatory
autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus (SLE), and
psoriasis. It is also associated with disease activity and coronary atherosclerosis in RA as well as

active vascular inflammation in psoriasis (Bartlett et a/, 20017).

Inflammatory processes are characterised by enhanced acute phase protein secretion and
glycosylation. There is a positive relationship of GlycA with high-sensitive C-reactive protein (hs-
CRP) but with cardiometabolic risk factors are still limited (Dullaart et a/, 2015). GlycA is elevated
in several chronic inflammatory diseases and associated with disease incidence. It is elevated in
patients with various autoimmune diseases and is associated with disease activity and coronary
atherosclerosis in rheumatoid arthritis patients (Connelly et al, 2016). In the Women’s Health
Study (WHS), PREVEND study and the JUPITER trial, GlycA was associated with incident CVD
events, independent of traditional risk factors. GlycA was also found to predict incident T2DM in
a large population of healthy women. These data raise the possibility that GlycA provides added

value for the evaluation of CVD and diabetes risk (Connelly et al, 2016; Gruppen ef al, 2019).
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Figure 12: GlycA association with chronic inflammation (Ritchie et al, 2015)

Low grade inflammation is known to trigger the development of IR and loss of B-cell function,
both of which are proposed to be implicated in the pathogenesis of T2DM (Zetterale ef al, 2020).
Accumulating evidence suggests that carbohydrate metabolism and the immune system are
intricately linked (Delmastro-Greenwood and Piganelli, 2013). Nutritional excess leads to
enhanced systemic inflammation via multiple mechanisms including obesity and ensuing adipose
tissue inflammation and alterations in the intestinal microbiome (Reilly and Saltiel, 2017). In turn,
tissue and circulating inflammatory mediators may be casually implicated in the development of

IR and B-cell dysfunction, factors that are key for the progression to T2DM (Margery et al, 2015).

Insulin-secreting pancreatic beta-cells may likely undergo strong intracellular protein glycation at
elevated glucose concentrations because of high glucose permeability (Maulucci et al, 2016). They

may, however, be partly protected from the glucotoxic alterations of their survival and function by
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fructosamine-3-kinase (FN3K), a ubiquitous enzyme that initiates deglycation of intracellular

proteins (Pascal et al, 2010).

NMR can also provide quantifications of serum glycoprotein acetylation as well as lipoprotein
parameters, which are a synthetic inflammatory biomarker that predicts CV events in other patient
populations (Ritchie ef a/, 2015). It has been hinted that neutrophils are an important source of two
major proteins that contribute to GlycA signaling, the acid glycoprotein al and haptoglobin,
although GlycA represents the aggregate NMR signaling of several acetylated glycoproteins
(Scott, 2019). chemical. High GlycA has also been shown to be associated with neutrophil activity.
Inflammatory pathways produce acetylated glycoproteins that may play a role in promoting

atherogenesis, a marker of GlycA with markers of inflammation and plague (Purmalek et al, 2019).

Glycans are complex oligosaccharides which does not only play a fundamental role in human
health but also contribute to the development of many complex inflammatory diseases (Singh,
2019). Glycoprotein acetylation which is a novel nuclear NMR biomarker measured in blood
serum or plasma, summarises the NMR signal coming from the glycan groups of certain acute-
phase glycoproteins (mainly oa-l-acid glycoprotein, haptoglobin, o-1-antichymotrypsin, and
transferrin). GlycA has been intensively researched in CVD and was found to be wholesomely
connected with atherosclerosis and risk of future CVD (Mostashari et a/, 2023). Wholesome links
with both CVD and diabetes in large cohorts have resulted in the sum up that GlycA summarises

the summative risk resulting from multiple inflammatory pathways (Otvos et al, 2015).

The GlycA advantage over CRP likely comes from its greater stability, due to its composite nature
as a summary measure of glycan signal coming from several acute-phase proteins (Menzel ef al,

2021). Circulating the true set point for biological homeostasis of CPR requires 33 concurrent
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measurements, whereas for the GlycA only a single measurement is required as showed by various
research (Rodriguez-Carrio et al, 2020). GlycA has proved to be a stable and sensitive marker for
chronic inflammatory rheumatoid arthritis in contrast to CRP (Mehta et al, 2020). Seeing that
patients prefer regular blood instead of regular stool sampling, replacing CRP with another
serological biomarker in patients who cannot be biochemically monitored using CRP might be a
better alternative than a faecal biomarker (Singh et a/, 2023). Several metabolic biomarkers such
as amino acid levels, glycolysis and fatty acid metabolites, and an extensive lipoprotein profile are

quantified by GlycA also (Dierckx ef al, 2019).

Although the role of glycans in the pathogenic mechanism is still not fully understood, plasma
levels of glycosylation have been implicated in various diseases, most of which have a marked
inflammatory component (Theodoratou et al, 2014). Plasma glycoproteins belong to the APP
family, the concentration of which is increased in the presence of an inflammatory process
(Dungan et al, 2015). To a large extent, they can be considered diagnostic markers of disease. It is
important to note that the 1H-NMR technique is a quantitative technique for measuring the overall
state of glycation, but it does not identify exactly which proteins are involved (Silva et al, 2020).
What all results had in common was an increase in GlycA levels or circulating levels of N-acetyl
glycoprotein compared with the control group (Fuertes-Martin et al, 2020). The GlycB variable
was found to be associated with these parameters but less strongly. Although CRP has been the
most studied inflammatory biomarker since ancient times, it has been shown to fluctuate for a
variety of reasons (Dungan et al, 2015). These associations give room for the following questions.
The first is that the two markers may follow separate inflammatory pathways as several studies
have reported different behaviour between GlycA and hsCRP. The second is that GlycA can

integrate more inflammatory pathways by global signalling of certain proteins and thus, better
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capture systemic inflammation levels. However, regardless of their possibly distinct inflammatory

origin, GlycA has clear advantages over CRP (Fuertes-Martin et al, 2020).

While hsCRP needs to be measured multiple times on consecutive days to determine
cardiovascular disease risk, GlycA only needs one measurement (Brunoni et al, 2020). On the
other hand, in previous studies ensures high reliability of GlycA because its measurements are
similar in serum and plasma samples, during fasting and non-fasting, as well as after short-term or
long-term storage for example, there is a lower intra-individual level of GlycA variability than

hsCRP (Otvos et al, 2015).

1.5 INFLAMMATION AND DIABETIC COMPLICATIONS

Inflammation is a section of the body's defence mechanism through which the innate immune
system recognises and responds to harmful and foreign stimuli and begins the healing process
(Antonelli and Kushner, 2017). Inflammation can be classified into two main groups, which is
acute and chronic. There is also subacute inflammation which is in between acute and chronic
inflammation and can persist for 2 to 6 weeks. Acute inflammation refers to a situation where the
tissue damage is due to trauma, microbial invasion, or noxious compounds. It begins rapidly and
becomes severe in a short time; however, symptoms may persist for a few days. Chronic
inflammation on the other hand is referred to as slow, but long-term inflammation lasting for
prolonged periods ranging from several months to years. The extent and effects of chronic
inflammation depends on the cause of the injury and the ability of the body to repair and overcome

the damage (Pahwa et al, 2021).

Inflammatory stimulation of cytokines can also lead to inducible nitric oxide (iNOS) (one of the

reactive oxygen and nitrogen metabolite responsible for metabolising enzymes) induction (Zamora
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et al, 2000). Overproduction of nitric oxide also seems to contribute to impaired insulin action in
muscle cells and B-cell function in obesity (Bahadoran et al, 2020). Inhibition of iNOS prevents
the attenuation of insulin signalling in muscle caused by a high-fat diet. Thus, induction of
suppressor of cytokine signalling (SOCS) and iNOS proteins represent complementary and
potentially important mechanisms that contribute to cytokine-mediated insulin resistance
(Dragone et al, 2014). It is likely that additional mechanisms linking inflammation to insulin

resistance remain unexplored (Gacia et al, 2010).

1.5.1 Inflammatory Marker

Endothelial function does more than just provide a smooth, non-sticky lining for blood vessels
(Tariq et al, 2020). The properties of the endothelium, especially its secretion, not only keep the
endothelium itself healthy, lubricious and "free of stickiness", but also regulate the function of
smooth muscle in the vessel wall, platelet activity, and leukocytes within the vessel (Kriiger-Genge
et al, 2019). The endothelium plays a role in maintaining vascular tone while regulating vascular
responsiveness to various challenges (stresses), 2, modulating platelet aggregation and plasma
coagulability, thereby regulating the thrombotic process; 3, regulation of fibrinolysis and
dissolution of formed intravascular thrombin; 4, regulation of leukocyte adhesion, activation and

chemokines; hence regulation of inflammation (Kim et al, 2017).

Inflammation as a major mediator of atherogenesis may also adversely affect other endothelial
functions (Tousoulis et al/, 2008). Studies have shown that endothelial inflammation and a wide
range of other functions are in turn regulated by ambient glucose levels, insulin, insulin-resistant
states, and diabetes (Bakker et a/, 2009). Inflammation is thought to play a role in the pathogenesis
of T2DM, also increased concentrations of interleukin 6 (IL-6) and high-sensitive C-reactive

protein (hs-CRP) have been associated with an increased risk of T2DM (Nkinda et a/, 2019).
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Elevated plasminogen activator inhibitor type 1 (PAI-1) has also been found to be a predictor of

the development of T2DM (Kim et al, 2017).

1.5.2 The role of adipokines in diabetes-induced inflammation

Adipokines, secreted by adipose tissue, are required for a number of physiological and metabolic
processes (Balistreri et al, 2010). Despite the potential importance of these agents as putative
mediators of metabolic disorders, little is known about their implications in gestational diabetes
mellitus (GDM) and macrosomia (Caputo et al, 2020). It has been shown that adiponectin and
TNF-a produce opposite effects on insulin signaling, with TNF-a inhibiting and adiponectin

increasing tyrosine phosphorylation of the insulin receptor (Barchetta et al, 2017).

Adipocytokines are a group of biologically active molecules derived from the adipose tissue, with
an increasingly recognised role in glucose metabolism and inflammatory disease states (Karampela
et al, 2019). Adipocytokines have been implicated in various glucoregulatory processes such as
insulin sensitivity, insulin secretion, and inflammation. The role of adipocytokines in glucose
metabolism has been abundantly explored in the context of type 1 and type 2 diabetes mellitus.
Studies to date have typically investigated adipocytokines as predictors of acute pancreatitis
severity and a recent study highlighted a significant association between leptin and persistent

hyperglycaemia in acute pancreatitis (Gillies et al, 2016).

Interleukin-6 (IL-6) is a cytokine with diverse physiological and pathological functions, including
an established role in glucose metabolism (Pedersen et al, 2007). Extensive research has been
undertaken to determine how adipocytokines such as IL-6 affect glucose metabolism in type 1 and
type 2 diabetes mellitus (Libby ef al, 2012). Findings however, evolved as controversial, with IL-

6 shown to have beneficial effects in skeletal muscle through enhanced glucose metabolism and
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clearance, yet appearing to have a proinflammatory action in adipose and hepatic tissue. Research
surrounding the role of IL-6 in glucose metabolism maintains that diabetic patients present with
elevated serum IL-6 concentrations compared to non-diabetic patients (Murahorschi et al, 2014).
Several literatures support an increased risk of developing type 2 diabetes mellitus with raised IL-
6 concentrations and a positive correlation between IL-6 and HbA 1c, a known marker of chronic
hyperglycaemia and the development of diabetes mellitus, with further long-term inflammatory

and clinical implications also associated with IL-6 (Gillies et a/, 2016).

Omentin is a novel adipokine known to prevents TNFa-induced endothelial cell COX2 expression
and also causes endothelial nitric oxide synthase. It is mostly found in visceral fat tissues and

places like the heart, lungs, ovary, and placenta (Shibata et a/, 2012).

Secreted frizzled-related protein 5 (SFRPS5) is known to have anti-inflammatory effects in adipose
tissue and in macrophages which are mediated through the inhibition of Wnt5a/JNK signaling,
which eventually inhibits macrophage TNFa, IL-1p, and CCL2-MCP1 synthesis (Cho et a/, 2018).
It belongs to the SFRP family, and it’s known to have insulin-sensitizing effects. It is a secreted
protein produced by many tissues in the heart, liver, pancreatic islets, and mononuclear blood cells

(Carstensen-Kirberg et al, 2017).

Apelin is an endogenous peptide, commonly known as a ligand of the orphan G protein-coupled
receptor APJ (De Falco et al, 2002). It is mostly found in the lung, testis, and uterus. Apelinergic
system might play a role in hypertension, cardiac contraction, heart failure, T2DM, and obesity.
Signal transduction pathways-PI3K/Akt, extracellular signal-regulated kinase (ERK), MAPK, and
endothelial nitric oxide synthase (eNOS) might be anticipated as mechanisms underlying the

preventive effects of apelinergic system in CVDs (Castan-Laurell ef al, 2011).
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Table 1.1 shows a summary of different adipokines and their functions.

Adipokines Functions

Anti-inflammatory These are adipokines with substance or properties that fight against inflammation.
Adipokines

Adiponectin It has anti-inflammatory properties proven to inhibit inflammation by way of blocking NF-

kB activation and reducing cytokines such as TNFaq, IL-6, and IL-18.

C1q/TNF-related
protein (CTRPs)

It inhibits TLR4 activation. Also inhibits inflammation in lipid-loaded hepatocytes and
increases insulin sensitivity.

Omentin

It prevents TNFa-induced endothelial cell COX2 expression and causes endothelial nitric
oxide synthase (Shibata et a/, 2012).

Secreted frizzled-related
protein 5 (SFRPY)

SFRP5 have anti-inflammatory effects in adipose tissue and in macrophages. It’s known to
have insulin-sensitizing effects.

Apelin

It might play a role in hypertension, cardiac contraction, heart failure, T2DM, and obesity.

sFRP4

Interact with FZDs and Wnts, act as soluble modulators, change Wnt signals by contending
with FZDs to bind Wnts. associates with the development of beta cell dysfunction. It
contributes to lipid accumulation in the liver, sFRP4 selectively inhibits the insulin
signalling pathway.

Pro-inflammatory
Adipokines

These adipokines can cause inflammation and they play a crucial role in immune system
modulation. The production of most adipokines is upregulated in the obese state, and these
pro-inflammatory proteins typically function to promote obesity-linked metabolic diseases
(Ouchi et al, 2011).

Leptin

It initiates intracellular signaling, activates the tyrosine kinase, the latent transcription
factor and PI3K pathways, then activate the innate immune response. Leptin may improve
the production of several proinflammatory cytokines, chemokines and CCL2/MCP-1, and
the lipid mediators and leukotriene in peripheral blood monocytes and resident tissue
macrophages. Leptin induces the production of reactive oxygen intermediates in
macrophages, neutrophils, and endothelial cells and potentiate IFNy-induced expression of
nitric oxide synthase. It enhances platelet aggregation and promotes leukocyte—endothelial
cell interactions. It enhances Ti1 and Tu17 responses, prevent T-cell apoptosis.

Resistin

Resistin influences insulin homeostasis.

Chemerin

Chemerin functions as chemo-attractant for cells of the innate immune system. It prevents
macrophages from polarizing into an anti-inflammatory phenotype.

Retinol binding protein
4 (RBP4)

It transports retinol from the liver to the peripheral tissues, linked in the development of
insulin resistance, contribute to inflammation. It inhibits insulin in skeletal muscle cells
leading to insulin resistance.

Lipocalin 2 (LCN2) LCN2 binds and transports hydrophobic molecules. Plays an essential role in host defence
against bacterial infections by sequestering iron. It serves as protective factor in the CNS
in response to systemic inflammation.

Adipsin Adipsin plays pivotal roles in models of ischemia reperfusion and sepsis. It is a key link

between fat cells, obesity and beta cell function.

WISP1 (Wntl-inducible

Regulates adipogenesis and-low grade inflammation in obesity. It plays a vital modulatory

signalling pathway | role in cell growth. Play a key role in the pathogenesis of polycystic ovarian syndrome
protein-1) (PCOS). It impairs insulin signalling in muscle and liver cells.
Visfatin Function in the immune system, a growth factor for early B cells, binds and activates insulin

receptor. It has an enzymatic nicotinamide phosphoribosyltransferase (Nampt) function.
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Resistin is a polypeptide produced and released by adipocytes with a molecular weight of 11.3
kDa and 108 amino acids, including 11 cysteines, in rodents and mainly by macrophages,
monocytes, and pre-adipocytes in humans (Farkhondeh ez a/, 2020). Resistin in mouse and human
share 46.7% genomic DNA homology, 64.4% mRNA sequence resemblance, and 59% amino
acid’s identity (Li et al, 2021). Resistin is known to influence insulin homeostasis, but the
association between its serum levels and T2DM, insulin resistance, or obesity is unclear. An
increase in resistin levels correlating with these pathologies is still questionable (Acquarone ef al,

2019).

Chemerin is found in a number of tissues like liver, pancreas, and lung and has been demonstrated
to function as chemo-attractant for cells of the innate immune system. The presence of chemerin
was found to prevent macrophages from polarizing into an anti-inflammatory phenotype resulting
in impaired expression of Arginase-1 and IL-10 (Bozaoglu et a/, 2007). The chemokine-like
receptor 1 (CMKLRI1) is a receptor for chemerin and highly expressed in adipose tissue. Mice
deficient in CMKLR1 was found to develope DSS-induced colitis in a delayed time course,

although presented with a related disease activity (Weidinger et al, 2018).

Retinol binding protein 4 (RBP4) is a member of the lipocalin family of proteins that transports
retinol from the liver to the peripheral tissues. RBP4 is produced by the liver, adipose tissue, and
macrophages known to be linked in the development of insulin resistance (Broch et al, 2010).
RBP4 may contribute to inflammation by activating adipose tissue antigen-presenting cells that
promote Tu1-cell polarization. The signal pathways stimulated by insulin in skeletal muscle cells
is inhibited by circulating RBP4, which leads to the development of insulin resistance (Majerczyk

et al, 2016).
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Lipocalin 2 (LCN2) is also referred to as neutrophil gelatinase-associated lipocalin, which binds
and transports hydrophobic molecules, such as retinoids, arachidonic acid, LTB4, platelet-
activating factor, and steroids (Abella et al/, 2015). LCN2 also plays an essential role in host
defence against bacterial infections by sequestering iron (Asimakopoulou et al, 2016). It is
believed to serve as a effective protective factor in the CNS in response to systemic inflammation

(Kang et al, 2018).

In 1987 Adipsin also known as complment factor D was identify as an adipokine. It is one of the
major proteins of adipose cells, but in contradiction decline in many animal models of obesity and
diabetes (Lo et al, 2014). Adipsin has been shown to play pivotal roles in models of ischemia
reperfusion and sepsis. Adipsin is a major link between fat cells, obesity and beta cell function

(Ouchi et al, 2011).

Adiponectin was one of the earlier adipokines identified and, unlike many others, has beneficial
effects improving insulin sensitivity and vascular function, thus being both anti-diabetic and anti-
atherogenic (Chehab, 2014). Increased adiposity is associated with decreased adiponectin
secretion, apparently because hypertrophic adipocytes release less of the adipokine (Maury and
Brichard, 2010). Adiponectin has been suggested to circulate primarily as a multimeric (trimeric,
hexameric and high molecular weight) associated of full-length adiponectin and is locally
proteolytically cleaved to a globular (trimeric) form in which the collagen-like amino-terminal
domain is released (Watt, 2010). Adiponectin receptors (AdipoRs) are widely expressed, and two
forms have been cloned that exhibit 67% homology (Simon and James, 2013). Adiponectin has
been shown to enhance insulin sensitivity, although its mechanism of action remains unclear

(Ategbo et al, 2006).
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Adiponectin is the foremost and most abundant adipokine seen in human serum, with
concentrations normally in the pg/mL range (Boutari ef al, 2016). It is predominantly produced by
bone marrow adipose tissue (BMAT), unlike other adipokines, which are found in greatest
quantities in visceral and subcutaneous adipose tissue (SCAT). The serum level of adiponectin
increases during calorie restriction, aging, estrogen deficiency, TIDM, and treatment with
thiazolidinediones, while obesity, T2DM, oxidative stress, and cigarette-smoke exposure decrease
serum adiponectin levels (Castela et al, 2023). Specifically, the high-molecular-weight complex
has anti-inflammatory properties proven to inhibit inflammation by way of blocking NF-xB
activation and reducing cytokines such as TNFa, IL-6, and IL-18. (Mancuso, 2016). Adiponectin
is a protein which is encoded by the ADIPOQ gene in humans. It is implicated in regulating glucose
level as well as fatty acid breakdown. The level of adiponectin decreases as the BMI (body mass
index) increases which correlate negatively with insulin resistance (IR) high in obese people

(Minoru et al, 2005).

C1q/TNF-related protein (CTRPs) are structurally comparable to adiponectin, and a minimum of
15 isoforms have been described. CTRPs is known to reduce cytokine production in human
monocytes and adipocytes which is stimulated with lipopolysaccharide and free fatty acids by
inhibiting TLR4 activation. Additionally, CTRPs inhibits inflammation in lipid-loaded
hepatocytes and increases insulin sensitivity (Li ef a/, 2017). Clinical observations also support a
relationship between adiponectin levels and obesity-linked metabolic dysfunction (Engin, 2017).
Adiponectin uniqueness is expressed at the highest levels by the functional adipocytes that are
found in lean organisms, but its expression is down regulated in dysfunctional adipocytes that are

associated with obesity (Ouchi ef al, 2011).
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Tumour necrosis factor o (TNF-a) is a pro-inflammatory cytokine with a well-established role in
the immune system-mediated induction of B-cell death in type 1 diabetes (Jose, 2014). It is an
adipokine, whose high circulating levels in obesity have been implicated in the induction of insulin
resistance (Balsan et al, 2015). There is also evidence of TNF-a effects on the B-cell, which may
further contribute to type 2 diabetes (although one review asserts that the elevation in TNF-a in
obese humans and animals does not reach levels concomitant with those known to deleteriously

affect B-cell function or survival (Simon and James, 2013).

Leptin is a protein whose genes are precisely expressed in adipose cells. It can be used as a
sensitive chemical marker for the diagnosis of obesity and obesity-related diseases which is usually
significantly raised. Leptin was primarily identified as a satiety factor and the best known
proinflammatory adipokine. It increases in proportion to white adipose tissue mass and was first
called a satiety hormone (Friedman, 2014). Leptin is principally produced by adipocytes and
secreted into the blood stream. It is an appetite suppressant agent, and it exerts its effects by
interacting with neuropeptide Y, MSH, and the melanocortin-4 receptor in the hypothalamus (Goit

et al,2022).

Leptin production from the obese gene which was identified in ob/ob mice by positional cloning
was found to regulates feeding behaviour through the CNS (central nervous system) (Obradovic
et al, 2021). It has also shown to be effective at improving metabolic dysfunction in patients with
lipodystrophy or congenital leptin deficiency (Aratjo-Vilar ef al, 2019)). However, leptin levels
in the blood positively correlate with adipose mass, indicating the occurrence of leptin resistance,
and obese individuals have high levels of leptin without the expected anorexic response (Ouchi et
al, 2011). Leptin upregulates proinflammatory cytokines such as TNF-a and IL-6 which are
associated with IR and T2DM. On the other hand, adiponectin has anti-inflammatory properties
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and downregulates the expression and release of a number of proinflammatory immune mediators

(Patricio et al, 2014).

Leptin and adiponectin play key roles in adipocyte differentiation and inflammation. The
leptin/adiponectin ratio is a determinant of insulin resistance (IR) in non-diabetic individuals,
highlighting the contribution of adipose tissue dysfunction to the pathogenesis of diminished
insulin action (Castela ef a/, 2023). A high leptin/adiponectin ratio may confer increased intima
media thickness and predict CVD (Dullaart et al, 2015). Elevated leptin concentrations during
diabetic pregnancy may be a result of its secretion by the adipocytes in the presence of elevated
estrogen and placenta (Wojcik et al, 2014). Leptin acting as a signal for sufficient energy supply
is persistently increased in women with GDM after delivery and associated with hyperglycaemia

and insulin resistance (Ategbo et al, 2006).

The long form of the leptin receptor is expressed by almost all immune cells. It initiates
intracellular signaling which activates the tyrosine kinase JAK2, the latent transcription factor
STAT3, MAPK, ERK1/2, and PI3K pathways which then activate the innate immune response
(Yuan et al, 2022). Leptin believed to directly improve the production of several proinflammatory
cytokines, such as IL-6, IL-12, IL-18, and TNFa, the chemokines IL-8 and CCL2/MCP-1, and the
lipid mediators PGE,, cysteinyl leukotrienes (cysLTs), and leukotriene B4 (LTB4) in peripheral
blood monocytes and resident tissue macrophages in mice and humans (Mancuso, 2016). Leptin
can also induce the production of reactive oxygen intermediates in macrophages, neutrophils, and
endothelial cells and potentiate [IFNy-induced expression of nitric oxide synthase (Procaccini et al,
2012). Amongst things enhanced by leptin are platelet aggregation and promotes leukocyte—

endothelial cell interactions by increasing the expression of adhesion molecules on myeloid cells
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and vascular endothelial cells. Leptin also enhances Tul and Tul7 responses, which can also

prevent T-cell apoptosis (Mancuso, 2016).

WISP1 (Wntl-inducible signaling pathway protein-1, also known as CCN4) is a member of the
secreted extracellular matrix-associated proteins of the CCN family and a target gene of the
Wingless-type (WNT) signaling pathway (Klimontov et al/, 2020). Growing evidence links the
WNT signalling pathway to the regulation of adipogenesis and-low grade inflammation in obesity
(Veronica et al, 2015). WISP1 is said to be positively associated with blood glucose in the OGTT
and circulating haem oxygenase-1 but negatively associated with adiponectin levels. Also, it has a
compound relationship with several of proliferative and protective pathways (Kenneth Maiese

2016).

WISP1 also is intricated in a broad spectrum of biological functions and pathological processes.
During organ development and under diseased conditions, such as fibrosis, cancer, and
inflammatory diseases, WISP1 is usually expressed and recently, it has been proposed as a novel
adipokine (Murahovschi et al, 2015). It can be found in several normal tissues including heart,

kidney, lung, pancreas, placenta, ovary, small intestine, and spleen (Ferrand et a/, 2017).

It is also highly expressed in both visceral adipose tissue (VAT) and subcutaneous adipose tissue
(SAT) which is released by fully differentiated human adipocytes and stimulates cytokine
responses in AT associated macrophages (Barchetta et al/, 2017). Quite a number of tissues
including osteoblasts, cardiomyocytes, hepatocytes, neuronal cells, colon, lungs, myocytes, as well
as by adipocytes produces WISP1. It plays a vital modulatory role in cell growth rather than a
structural role. Levels of WISP1in the circulation are a marker of systemic and tissue inflammation

that are raised with other inflammatory response markers (Barchetta et al, 2017).
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Under conditions of excessive caloric intake, adipose tissue (AT) undergoes structural and
functional rearrangement characterised by hypertrophy and hyperplasia of adipocytes; insufficient
neovascularisation; aberrant fibrogenesis; and migration and activation of macrophages, natural
killers, and lymphocytes (Barchetta et al, 2017). Thus, the over-production of pro-inflammatory
adipokines, such as tumour necrosis factor (TNF)-a, IL-1B, IL-6, and IL-8, along with reduced AT
capability of storing free fatty acids and the resultant aberrant efflux of free fatty acids into the

circulation, lead to insulin resistance and its related diseases (Ilaria et al, 2017).

Wntl-inducible signalling pathway proteinl (WISP1 or Cyr61/CTGF/NOV) is an extracellular
matrix-associated protein belonging to the Cyr61/CTGF/NOV family, which includes
matricellular proteins operating at the border between cells and extracellular matrix and exerts
regulatory actions on several cellular responses (Barchetta et al, 2017). Thus, WISP1 is involved
in a broad spectrum of biological functions and pathological processes. It is mainly expressed
during organ development and under diseased conditions, such as fibrosis, cancer, and

inflammatory diseases; and has recently been proposed as a novel adipokine (Maiese, 2016).

WISP1 is widely expressed in visceral (VAT) and subcutaneous (SAT) human AT (Horbelt, et al,
2017). It is released by fully differentiated human adipocytes and stimulates cytokine responses in
AT-associated macrophages. Circulating WISP1 concentration correlates with its expression in
AT, which therefore represents a major source of this adipokine in humans (Murahovschi et al,
2015). Among the many cell types on which it exerts proliferative effects, WISP1 has induced
proliferation of mesenchymal stem cells and, thus, AT expansion, in experimental models of
visceral obesity (Ilaria et al, 2017). Gulcin ef al, 2017 demonstrated that there is a relationship
between WISP1 and metabolic parameters of gestational diabetes mellitus (GDM). WISP1 and
betatrophin may play a key role in the pathogenesis of polycystic ovarian syndrome (PCOS).
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Circulating WISP1 levels and WISP1 expression in VAT are increased in obesity independent of
glycaemic status. WISP1 impaired insulin signaling in muscle and liver cells and serum
WISP1/CCN4 levels may be used as a suitable biomarker of obesity (Horbit ez al, 2018; Christoper

et al, 2018).

WISP1 (Wntl-inducible signaling pathway protein-1, also known as CCN4) is a member of the
connective tissue growth factor/cysteine-rich 61/nephroblastoma overexpression (CCN) family
(Tanaka et al, 2001). The CCN family consists of six members, Cyr61/CCN1, CTGF/CCN2,
NOV/CCN3, WISP1/CCN4, WISP2/CCN5 and WISP3/CCN6, named CCN1-6 based on the
unified nomenclature (Horbit et al, 2018). Three of these proteins, WISP1-3, were first identified
in C57MG cells, a mouse mammary epithelial cell line that expresses Wnt-1, and subsequently
identified as Wnt-1-inducible genes (Ferrand ef al, 2017). WISP1/CCN4 (hereafter referred to as
WISP1) is both an intracellular and a secreted protein found in the extracellular matrix (ECM) and,
like many other matrix cellular proteins, is a cell-mediated protein that is involved in cell
proliferation, differentiation, etc. (Christoper et al, 2018). Response can be adjusted and survival
of WISPI is expressed in a variety of normal tissues including heart, kidney, lung, pancreas,
placenta, ovary, small intestine, and spleen (Tsai et al, 2017). Interestingly, increased WISP1
expression has also been observed in various cancers such as hepatocellular carcinoma, colon
adenocarcinoma, lung cancer, breast cancer and cholangiocarcinoma (Feng and Jia, 2016). The
Wht signalling pathway plays an important role in keeping cells in an undifferentiated state. Wnt
proteins are secreted signalling factors that influence cell fate and differentiation, including
adipogenesis, myogenesis, and breast development (Nathalie et a/, 2016). Upon activation of Wnt
signalling, GSK-3p is inhibited and B-catenin accumulates in the nucleus, where it binds to the

TCF-LEF transcription factor and then activates Wnt target genes (Liu ef al, 2022). Wnt-1 protein
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has been described as an inhibitor of adipocyte differentiation. Interestingly, ectopic expression of
Wnt-1 in mouse 3T3-L1 preadipocytes induces the expression of multiple downstream genes,
including WISP1, suggesting a potential role of WISP1 in adipocyte differentiation (Maiese,
2016). Adipogenesis is characterized by dynamic changes in gene expression. It is well established
that both peroxisome proliferator-activated receptor y (PPARy) and CCAAT/enhancer binding
protein (C/EBP) function as key regulators of adipogenesis PPARs are members of a nuclear
receptor family that includes a subset of three homologous genes (Smith et al/, 2018) Of these,
PPARYy function primarily as a key regulator of adipocyte differentiation and metabolism (Yuan
et al, 2016). After ligand-mediated activation, PPARy receptors bind to PPARy-responsive
elements (PPREs), thereby promoting target gene expression (Ferrand et al, 2017). Forced
expression of PPARY can convert fibroblasts into adipocytes, whereas a dominant-negative PPARy
mutant in cultured preadipocytes inhibits adipogenesis PPARYy is a pharmacological target of

thiazolidinedione (TZD) drugs that act as potent insulin sensitisers (Nathalie et al/, 2016).

Visfatin, previously known as a pre-B cell colony-enhancing factor (PBEF), also has a function in
the immune system, in which it was described as a growth factor for early B cells. Visfatin/PBEF
binds and activates the insulin receptor in different insulin-sensitive cells in vitro and treating mice
with recombinant visfatin/PBEF elicited insulin-like effects also in vivo (Mayi et al, 2010).
Visfatin/PBEF was recently identified as a protein highly expressed in VAT, compared with SC
adipose tissue (SAT) and hepatocytes could also be a fundamental source (Garten ef al, 2010).
Visfatin, is defined by 3 different properties it possesses, which are as follows; it was first referred
to as an adipokine secreted by visceral fat which impersonate the effects of insulin (Moreno-Aliaga
et al, 2010). It was initially identified as a secreted growth factor that improves B-cell precursor

maturation, called pre-B-cell colony-enhancing factor (PBEF) (Lu et al, 2009). It was later shown
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that visfatin also has an enzymatic nicotinamide phosphoribosyltransferase (Nampt) function,
which is required for the synthesis of NAD, an important cofactor necessary for cell metabolism

(Jacques et al, 2012).

The names visfatin, PBEF, and eNAMPT are used to refer to the same protein. Visfatin which is
the most common name was designated in 2005, meaning visceral fat-enriched adipocytokine.
Visfatin also has features of cytokines and is universally formed in several tissues and various cells
including synovial fibroblasts, articular chondrocytes, or monocyte. This reinforcing the
assumption that visfatin plays vital roles in various pathophysiological processes (Wang et al,
2021). Visfatin was found to be overexpressed in several inflammatory diseases, example include
atherosclerosis, rheumatoid arthritis, or osteoarthritis (OA). This indicate that it could be a viable
target for treating OA. It is also believed to be involved in obesity associated low-grade
inflammation state and metabolic syndrome (Jacques et al, 2012). visfatin is capable of exerting
proinflammatory action through regulating IR pathway activity and by initiating Nampt enzymatic
activity. Visfatin could play a functional interplay between these obesity-related factors insulin
and leptin, which promotes it expression in primary human adipocytes or adipose tissue culture
through a negative feedback mechanism (Wang ef al, 2021). Visfatin also has the ability to
stimulates insulin secretion, increases insulin sensitivity as well as glucose uptake by muscle cells
and adipocytes. Among its capabilities is the robust proinflammatory function, activates

leukocytes and cytokines, and increases adiposity (Kuryszko et a/, 2016).

Plasma glucose decreased by visfatin/PBEF treatment, while heterozygous visfatin/PBEF
knockout mice had higher plasma glucose than wild-type littermates. In 3T3-L1 adipocytes,
visfatin/PBEF expression is up-regulated by differentiation and dexamethasone and down-

regulated by GH, isoproterenol, forskolin, and cholera toxin. Insulin has no effect on visfatin/PBEF
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mRNA. Furthermore, visfatin/PBEF is upregulated by peroxisomal proliferative-activated
receptor agonist (PPAR) and PPAR in obese mice along with improved glycaemic control and
lipid profile, due to which suggests that PPAR and PPAR agonists may act, at least in part, by
upregulating visfatin/PBEF expression (Mayi et al, 2010). A recent human study in a large
population reported that plasma visfatin/PBEF was directly correlated with body mass index
(BMI) and body fat content only in men and did not find found different expression between
visceral fat and sc (Olszanecka-Glinianowicz et al, 2011). Visfatin/PBEF is a candidate for
establishing the link between excess visceral fat, insulin resistance, and metabolic syndrome.
However, it is not known whether lipid substrate transfection and induction of insulin resistance
can affect circulating levels of visfatin/PBEF and its expression in adipose tissue (Mayi et al,
2010). The association between visceral adipose tissue (VAT) accumulation and insulin resistance
is well established in obesity and type 2 diabetes mellitus(T2DM), and visceral fat and insulin
resistance are closely associated with increased cardiovascular risk. (Olszanecka-Glinianowicz et

al, 2011; Mayi et al, 2010).

Secreted Frizzed Related Protein (sFRP4) is a member of the active regulator of the wingless-like
(Wnt) signalling pathway, and it is also one of the adipokines that show impaired visceral adipose
tissue (VAT) expression and secretion changes in obese subjects and in patients with nonalcoholic
liver disease. (NALD) (Baldane et a/, 2018). In vitro studies suggest a direct effect of sFRP4 on
insulin secretion by beta cells, whereas little is known about the metabolic effects of sFRP4 in
target tissues of insulin action, such as liver. sFRP4 expression is increased in VAT of obese men
and is associated with insulin resistance and triglycerides (Anand et a/, 2016). Wnt pathways are

generally classified as canonical B-catenin-dependent pathways and non-canonical B-catenin-
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dependent pathways (Bukhari et al/, 2019). sFRP4 is an activity modulator of the canonical Wnt
signalling pathway, which promotes beta-catenin stability and stimulates gene expression through
interaction with T-cell factor transcription factors. (Hoffman et al, 2014). Activation of Wnt
signalling is initiated by binding of Wnt ligands to disturbed receptors, while inactivation is
regulated by binding of sFRPs, including sFRP4, to Wnt ligands. Wnt ligands secrete cysteine-
rich glycoproteins of approximately 340—400 amino acids with signal peptides at their N-terminus
(Mahdi et al, 2012).

As many as 19 different Wnt ligands have been identified that can bind to at least 10 different
Frizzled (FZD) receptors. It can be assumed that the difference in tissue distribution of the Wnt
ligand and the Frizzled receptor causes the differences in sSFRP4 signalling between hepatocytes
and muscle cells (Baldane ef al, 2018). Wnt-mediated signalling is activated by the binding of
these ligands to FZD receptors. Wnt ligands and receptors play an important role in development,
differentiation, determination of tissue polarity, control of cell movement, and patterning of the
central nervous system (Bukhari et al, 2019). Brain/Wnt inhibitory factors (WIF) and secretory
dysregulation-associated proteins (SFRP) bind directly to Wnt proteins as well as to FDZ receptors
and block canonical and non-canonical pathways. Bukhari ez al, 2019). In addition to the effect of
sFRP4 on adipogenesis found in hepatocytes from healthy transfected C57B16 mouse hepatocytes,
indirect effects of sSFRP4 may also contribute to lipid accumulation in the liver. Other tissues, such
as liver, pancreas, and skeletal muscle, also secrete and/or express sFRP4. According to an in vitro
hepatocyte study, it was shown that sSFRP4 selectively inhibits the insulin signalling pathway that
regulates glucose metabolism but enhances DNL stimulation. DNL could be further enhanced by
increased glycolysis in sFRP4-treated myotubes. During the development of type 2 diabetes and

fatty liver disease, sFRP4 may be an attractive target for attenuating the pathophysiological
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changes that occur during the development of type 2 diabetes and fatty liver disease. (Horbelt et
al, 2019).

Five members of SFRP were identified for their antagonistic effects on mammalian Wnt signalling
cascades and named SFRPI1-5. Each SFRP has different binding specificity for different Wnt
ligands. Another study described different functions of SFRP protein in Wnt ubiquitination, Wnt
signalling enhancement and Wnt independence (Bukhari et al, 2019). During embryonic
development, such as growth, proliferation, and cell differentiation, wing-uncoupled integrated
site (Wnt) signalling is one of the evolutionarily conserved pathways for the regulation of function.
Difference. Modulation of SFRPs in various diseases, including cancer and diabetes, has been
reported by various studies. Wnt diffusion is enhanced by SFRP molecules, thus, SFRP may act
as a positive modulator of Wnt signalling. Wnt signalling can also be activated by diffusion of
Wnt8 and Wntl1, which is supported by sFRP molecules (Bukhari ef al, 2014).

sFRP4 is the largest member of sFRP, which is quite distinct from other members of the family
due to the presence of six conserved cysteine residues linked together by disulfide bridges. The
sFRP4 protein contains 346 amino acids with an expected molecular weight of about 39.9 kDa and
an actual weight of 50-55 kDa. sFRP4 is secreted by the cell into the extracellular matrix where it
is bound to the plasma membrane (Brix et a/, 2016). sFRP4 is produced in the nucleus, accumulates
and transforms in the endoplasmic reticulum in the perinuclear region, and migrates to the cell
membrane via vesicles for secretion. The perinuclear region also contains oligomeric aggregates
of sFRP4. Intracellular localization and secretion of sFRP4 is modulated by Wnt3a. Wnt signaling
is strongly regulated by a feedback mechanism through the expression of various components of

the Wnt pathway (Anand et a/, 2016).
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sFRP4 are secreted glycoproteins, which contain a characteristic cysteine rich domain (CRD) that
has properties to potentially interact with FZDs and Wnts. Signal sequence and CRD constitute
the N-terminus while the C-terminal consists of a hydrophilic heparin binding domain. The sFRPs
act as soluble modulators and are thought to change Wnt signals by contending with FZDs to bind
Whnts (Bukhari et a/, 2019). In obesity and type 2 diabetes, circulating levels of sFRP4 are raised
and are associated with the development of beta cell dysfunction. Hormones called adipokines,
from adipose tissue and alterations in adipokine secretion are altered by obesity and have been
linked to the inhibition of insulin action in peripheral tissues like the liver and skeletal muscle, but
also to the development of diabetes associated complications like non-alcoholic fatty liver disease

(NAFLD) (Bukhari et al, 2014).

After eating, blood glucose levels rise, triggering insulin secretion by pancreatic B-cells in the islets
of Langerhans, which stimulates glucose uptake by skeletal muscle and adipose tissue (Bergmann
et al, 2014). Chronic, low-grade islet inflammation in response to metabolic stress leads to T2DM.
Patients with T2DM are also commonly found to have elevated levels of inflammatory cytokines,
including C-reactive protein (CRP), interleukin 6 (IL-6), and IL-1P, which can trigger an
inflammatory innate immune response that leads to its inflammation of islets mechanism. In
addition, several inflammatory mediators, including IL-6, tumour necrosis factor-o (TNF-a), IL-
1B, and IL-1-dependent cytokines, are released from pancreatic islets in response to
hyperglycaemia (Hoffman et a/, 2014). Similarly, many components of the Wnt signaling pathway
are involved in glucose and lipid metabolism and play critical roles in the development of
metabolic disorders, including diabetes. T2DM is involved in adipogenesis and insulin signaling
through the dysregulation of Wnt signaling. Wnts inhibit preadipocytes and therefore

preadipocytes are maintained in an undifferentiated state (Baldane ef a/, 2018). Wnt ligands,
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including sFRP4, are produced by mature adipocytes with anti-inflammatory and insulin-
sensitising properties. Approximately 300 adipokines are secreted by human white adipose tissue
(WAT), and most of them show altered expression in obesity and induce low-grade chronic
inflammation and impaired insulin sensitivity (Bukhari et al, 2019). Wnt proteins are involved in
cell differentiation and function in various tissues, including WAT (Mahdi et al, 2012). People
with high blood levels of sFRP -4 are five times more likely to develop diabetes in the next few
years. sFRP-4 is a regulator of insulin exocytosis in mouse and human islet cells. sFRP-4 and DPP-
4 levels may be predictive markers of atherosclerosis in patients with diabetes (Senigigit et al,
2019). Table 1.1 provides a summary of the functions of key adipokines that are involved in

hyperglycaemia-induced inflammation.

1.5.3 Inflammation, Obesity and Diabetes

Diabesity is referred to the collective adverse health problems of obesity and diabetes mellitus
(Zhang et al, 2023). In other words, it is the pathological interlink between T2DM and
obesity/overweigh (Pappachan ef al, 2018). The dual epidemic of obesity and T2DM globally is
an important public health issue. A sixfold increase in the number of adults with obesity in 40
years has been projected (Patil er al, 2023). Obesity increases morbidity and mortality with a
negative impact on the quality of life. This impact poses a global health threat to health systems in
all economies (Mohajan et al/, 2023). The strongest risk factor for developing diabetes is known to
be increased in adiposity (Eibl ez a/, 2018). The optimal implementation of effective therapies that
prevent atherosclerosis progression, cardiac remodelling and the resulting ischaemic heart disease,
and heart failure is the early detection of the effects of diabesity on the cardiovascular system (Ng

et al, 2021).
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It is confirmed from numerous numbers of clinical trials that there is a link between being
overweight and the higher risk for the development of T2DM (Wimalawansa, 2018). Abdominal
fat accumulation singularly, deteriorates insulin resistance, therefore act as a strong, independent
risk factor of developing T2DM (Paniagua). Free fatty acids (FFA), which are often elevated in
obese individuals, are implicated as an important causal link between obesity, insulin resistance,
and T2D (Rachek, 2014). Infusion of AGF in humans and rodents rapidly induces
hyperinsulinemia and insulin resistance in both skeletal muscle and liver. This is thought to be due
to multiple mechanisms, including competition for glucose utilisation, hepatic gluconeogenesis,
and glucose production (Abdul-Waheb et al, 2014). Obesity is at epidemic levels throughout the

world, which is now treated as one of the main lifestyle diseases (Saad et a/, 2022).

Just over a decade ago, the first molecular link between inflammation and obesity - TNF-a - was
identified when it was discovered that this inflammatory cytokine was overexpressed in adipose
tissue from adipose tissue obesity in rodents (Kahles et al, 2014). As in mice, TNF-a is
overproduced in adipose and muscle tissue of obese humans (Tzanavari et al, 2010). Application
of recombinant TNF-a to cultured cells or whole animals mitigated insulin action, and obese mice
lacking functional TNF-a or TNF receptors improved insulin sensitivity compared with their wild-
type counterparts (Wellen and Hotamisligil, 2005). Therefore, especially in experimental models,
it is clear that overproduction of TNF-a in adipose tissue is an important feature of obesity and it

contributes significantly to insulin resistance (Biondi- Zoccai et al, 2003).

However, it is clear that obesity is characterised by a broad inflammatory response and that many
inflammatory mediators exhibit expression patterns and/or impact insulin action in a manner
similar to TNF-a during obesity, in animals ranging from mice and cats to humans (Wellen and

Hotamisligil, 2005). Transcriptional profiling studies suggest that inflammation and stress
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response genes are among the most upregulated in the adipose tissue of obese animals (Gustafson

et al,2010).

In addition to inflammatory cytokines that regulate metabolic homeostasis, molecules typical of
adipocytes, with well-established metabolic functions, can modulate the immune response (Kawai
et al, 2021). Leptin is one of the hormones that play an important role in adaptive and innate
immunity, and mice and humans lacking leptin function show impaired immunity (Pérez-Pérez et
al, 2020). Decreased leptin levels may be responsible, at least in part, for hunger-related
immunosuppression, as administration of leptin has been shown to reverse immunosuppression in
rats starved for 48 hours (Hurley, 2018). Adiponectin, resistin and visfatin are also examples of
immunoactivity molecules induced in adipocytes (Ouchi ef al/, 2011). Finally, lipids themselves
are also involved in the coordinated regulation of inflammation and metabolism. High plasma lipid
levels are characteristic of obesity, infections, and other inflammatory conditions (Jung and Choi,
2014). Hyperlipidaemia in obese individuals is partly responsible for the induction of insulin
resistance in peripheral tissues and dyslipidaemia, and also contributes to the development of
atherosclerosis (Libby et al, 2013). Macrophages are the link between inflammation and
metabolism. The high degree of coordination of inflammatory and metabolic processes is
evidenced by the overlap in biology and function of macrophages and adipocytes in obesity (Engin,
2017). Macrophages express many, if not the majority, of "adipocyte" gene products such as
adipocytes/macrophages FABP aP2 (also known as FABP4) and PPARY, whereas adipocytes have
can express many "macrophage" proteins such as TNF-a, IL-6 and MMP (Garcia et al, 2010). The
functional abilities of these two cell types also overlap and macrophages can take up or/and store
lipids to become atherosclerotic foam cells (Volobueva et al, 2018). Preadipocytes can under

certain conditions exhibit phagocytic and antimicrobial properties and even appear to have the
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ability to differentiate into macrophages in the appropriate environment, suggesting a potential
immunological role for preadipocytes (Mraz and Haluzik, 2014). In addition, macrophages and
adipocytes colocalize in obese adipose tissue (Wellen and Hotamisligil, 2005). The recent finding
that obesity is characterised by the accumulation of macrophages in white adipose tissue adds
another dimension to our understanding of the development of adipose tissue inflammation in
obesity (Herrada et al, 2021). It is likely that macrophages in adipose tissue contribute to the
production of inflammatory mediators, either alone or in conjunction with adipocytes, suggesting
a potentially important role of macrophages in promoting insulin resistance in adipose tissue
(Barchetta et al, 2017). However, no direct evidence has been offered to establish this connection
thus far. In terms of the immune response, integration between macrophages and adipocytes makes
sense, given that both cell types participate in the innate immune response (Michailidou et al,
2022). Macrophages in their role as immune cells by killing pathogens and secreting inflammatory
cytokines and chemokines; and adipocytes by releasing lipids that may modulate the inflammatory
state or participate in neutralization of pathogens (Gilles et al, 2016). While it is not yet known
whether macrophages are drawn to adipose tissue in other inflammatory conditions, it is
conceivable that macrophage accumulation in adipose tissue is a feature not only of obesity, but

of other inflammatory states as well (Dandona P, 2002).

It is apparent that obesity is associated with a state of chronic, low-grade inflammation, particularly
in white adipose tissue (Castro et al, 2017). In recent years, much has been learned about the
intracellular signalling pathways activated by inflammatory and stress responses and how these
pathways intersect and inhibit insulin signalling (Verdile et al, 2015). Insulin affects cells through
binding to its receptor on the surface of insulin-responsive cells (Danna et al, 2016). The stimulated

insulin receptor phosphorylates itself and several substrates, including members of the insulin
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receptor substrate (IRS) family, thus initiating downstream signalling events (Boucher et al, 2014).
The inhibition of signalling downstream of the insulin receptor is a primary mechanism through
which inflammatory signalling leads to insulin resistance (Libby et a/, 2012). Exposure of cells to
TNF-a or elevated levels of free fatty acids stimulates inhibitory phosphorylation of serine residues
of IRS-1 (Copps and White, 2012). This phosphorylation reduces both tyrosine phosphorylation
of IRS-1 in response to insulin and the ability of IRS-1 to associate with the insulin receptor and

thereby inhibits downstream signalling and insulin action (Wellen and Hotamisligil, 2005).

Recently it has become clear that inflammatory signalling pathways can also become activated by
metabolic stresses originating from inside the cell as well as by extracellular signalling molecules
(Forrester et al, 2018). It has been demonstrated that obesity overloads the functional capacity of
the endothelial reticulum (ER), and that this ER stress leads to the activation of inflammatory
signalling pathways and thus contributes to insulin resistance (Barchetta ef a/, 2017). Additionally,
increased glucose metabolism can lead to a rise in mitochondrial production of ROS. ROS
production is elevated in obesity, which causes enhanced activation of inflammatory pathways

(Murahorschi et al, 2014).

Several serine/threonine kinases are activated by inflammatory or stressful stimuli and contribute
to inhibition of insulin signalling, including JNK (c-Jun N terminal), inhibitor of NF-xB kinase
(IKK), and protein kinase C (PKC) (Yung and Giacca, 2020). Again, the activation of these kinases
in obesity highlights the overlap of metabolic and immune pathways (Tanti ef a/, 2013). These
same kinases, particularly IKK and JNK, that are activated in the innate immune response by Toll-
like receptor (TLR) signalling in response to LPS, peptidoglycan, double-stranded RNA, and other
microbial products (Verhelst ef al, 2013). Hence it is likely that components of TLR signalling
pathways will also exhibit strong metabolic activities (Yan et al, 2008).
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The 3 members of the INK group of serine/threonine kinases, JNK 1, 2, and 3, belong to the MAPK
family and regulate multiple activities in development and cell function (Chen et al, 2021). They
act largely through their ability to control transcription by phosphorylating activator protein—I
(AP-1) proteins, including c-Jun and JunB (Kappelmann et a/, 2014). JNK has recently emerged
as a central metabolic regulator, playing an important role in the development of insulin resistance
in obesity (Murahorschi et a/, 2015). In response to stimuli such as ER stress, cytokines, and fatty
acids, JNK is activated, which then binds to and phosphorylates IRS-1 on Ser307, impairing insulin
action. In obesity, JNK activity is increased in liver, muscle, and adipose tissue, while loss of INK1
prevents the development of insulin resistance and diabetes in genetic and dietary models of
obesity diet in rats (Wellen and Hotamisligil, 2005). Modulation of JNK1 in the liver in adult
animals also confers systemic effects on glucose metabolism, highlighting the importance of this
pathway in the liver. The contribution of the JNK pathway in adipose, muscle, or other tissues to
systemic insulin resistance is currently unclear. In addition, a mutation in the JNK-interacting
protein-1 (JIP1), a protein that binds to JNK and regulates its activity, has been identified in
humans with diabetes (Danna ef al, 2016). The phenotype of the JIP1 loss-of-function model is
very similar to the murine JNK1-deficiency phenotype, with decreased JNK activity and increased
insulin sensitivity. Interestingly, the JNK2 isoform plays an important non-necessary role in
atherosclerosis, but apparently not in type 2 diabetes. Recent studies in mice demonstrate that JINK
inhibition in diabetes or established atherosclerosis may be a possible treatment for these diseases

in humans (Barchetta et al, 2017).

PKC and IKK are two other inflammatory kinases that play an important role in counteracting
insulin action, especially in response to lipid metabolites, are IKK and PKC-6 (Hotamisligil, 2017).

Lipid infusion has been shown to increase levels of intracellular fatty acid metabolism, such as

105



diacylglycerol (DAG) and fatty acyl CoAs (Consitt et al, 2009) This increase correlates with
activation of PKC-0 and increased phosphorylation of Ser307 by IRS-1. PKC-0 can alter insulin
activity by activating another serine/threonine kinase, IKKf or JNK (Nandipati et al, 2017). Other
PKC isoforms have also been reported to activate lipids and may also be involved in the inhibition

of insulin signaling (Kathryn et al, 2005).

IKK can affect insulin signaling through at least two pathways. First, it can directly phosphorylate
IRS-1 on serine residues (Perkins, 2007). Second, it can inhibit NF-xB (IkB) phosphorylation,
thereby activating NF-kB, a transcription factor that, among other targets, stimulates the
production of many inflammatory mediators, including TNF-o and IL-6 (Liu ef al, 2017). Mice
heterozygous for IKKp are partially protected against insulin resistance induced by lipid infusion,
a high-fat diet, or genetic obesity (Garcia et al, 2010). In addition, inhibition of IKKf in human
diabetics by high-dose aspirin treatment also enhances insulin signaling, although at this dose it is
unclear whether other kinases involved are also affected. Enjoy (Wieser et al, 2013). Recent
studies have also begun to elucidate the importance of IKKs in individual tissues or cell types in
the development of insulin resistance (Sethi and Hotamisligil, 2021). Activation of IKK in
hepatocytes and marrow appears to contribute to obesity-induced insulin resistance, although this
pathway may not be as important as muscle (Duncan ef al, 2003). In addition to the
serine/threonine kinase cascades, other pathways contribute to inflammatory insulin resistance.
For example, at least 3 SOCS (suppressors of cytokine signaling) family members, SOCS1-3 and
6, have been implicated in cytokine-mediated inhibition of insulin signaling (Suchy et al, 2013).
These molecules appear to inhibit insulin signaling by interfering with IRS-1 and IRS-2 tyrosine
phosphorylation or by targeting IRS-1 and IRS-2 for proteosomal degradation (Fritsche et al,

2011). SOCS3 has also been shown to modulate central leptin activity and both whole-body
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reduction of SOCS3 and neural disruption of SOCS3 resulting in resistance to regimen-induced

obesity, high fat intake and insulin resistance (Ouchi et al, 2011).

The role of lipids in metabolic diseases is complex. As discussed above, hyperlipidemia leads to
increased uptake of fatty acids by muscle cells and the production of fatty acid metabolites that
stimulate inflammatory episodes and inhibit insulin signaling (Chen ef al, 2021). On the other
hand, intracellular lipids may also be anti-inflammatory (Teng et al, 2020). The ligands for the
hepatic X receptor (LXR) and the PPAR family of nuclear hormone receptors are oxysterols and
fatty acids, respectively, and activation of these transcription factors inhibits the expression of
inflammatory genes in macrophages and adipocytes, largely due to inhibition of NF-«B (Gustafson
et al,2010). LXR function is also regulated by the innate immune pathway. TLR signaling inhibits
LXR activity in macrophages, increases cholesterol accumulation, and explains, at least in part,
the precancerous effect of infection (Kolliniati et al, 2022). Interestingly, despite the inhibitory
effect of TLR signaling on LXR cholesterol metabolism, LXR appears to be required for the full
response of macrophages to infection. In the absence of LXR, macrophages undergo accelerated
apoptosis and are therefore unable to respond appropriately to infection (Noelia and Castrillo,

2011).

The ligand-free PPARS also appears to have an inflammatory function, mediated at least in part
by its association with transcriptional repressor 6 (BCL-6) B-cell lymphoma (Wellen and
Hotamisligil, 2005). The activity of these lipid ligands is affected by cytosolic FABP. Animals
lacking ap2 and mall adipocyte/macrophage FABP were strongly protected against type 2 diabetes
and atherosclerosis, a phenotype reminiscent of thiazolidinedione-treated rats and humans (Babaev
et al, 2011). One mechanism for this phenotype is likely related to the availability of endogenous
ligands for receptors that stimulate lipid storage in adipocytes and the blocking of inflammatory
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pathways in macrophages (Gustafson et al, 2016). Collectively, it appears that the composition of
the cellular environment, and association with target signaling pathways are important in
determining whether lipids promote or prevent the condition of inflammation and insulin
resistance (Khodabandehloo et al, 2016). Accumulation of cholesterol in macrophages promotes
atherosclerosis and lipids in muscle and liver promote insulin resistance (Prieur et al/, 2010).
Meanwhile, as seen in FABP-deficient mice treated with TZDs, if lipids are forced to stay in
adipose tissue, insulin resistance against obesity may be reduced (Lee et al, 2018). Thus, lipids
and their targets clearly play both metabolic and inflammatory roles; however, the functions they
perform depend on several factors (Duncan et al, 2003). To corroborate genetic evidence in mice
that lose inflammatory mediators or signaling molecules that would prevent insulin resistance,
pharmacological targeting of inflammatory pathways also enhances insulin action (Zatterale et al,
2020). Effective treatment has been demonstrated with both inflammatory kinase inhibitors and
related transcription factor agonists (Patterson et al, 2014). As discussed above, salicylates
promote insulin signaling by inhibiting the influx of inflammatory kinases in cells. Through
inhibition of IKK and possibly other kinases, salicylates can enhance glucose metabolism in obese
rats and diabetic humans (Luo et al, 2015). Targeting JNK using a synthesis inhibitor and/or
peptide inhibitor has been shown to enhance insulin action in obese mice and reduce
atherosclerosis in a deficient rodent model. insulin. apoE. These results directly demonstrate the

therapeutic potential of JNK inhibitors for diabetes (Kathryn et al, 2005).

Synthetic ligands have been produced to all 3 PPAR isoforms as well as LXR-a, though only
PPARYy and PPARa ligands have been approved for clinical treatment (Tanaka ef al, 2017). TZDs,
high-affinity ligands of PPARy, which are given clinically as insulin-sensitizing agents, likely

improve insulin action through multiple mechanisms, including both activating lipid metabolism
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and reducing production of inflammatory mediators such as TNF-a (Ahmadian et al, 2013).
Synthetic PPARa ligands, fibrates, are used to treat hyperlipidaemia (Choi et al, 2014). These
drugs appear to work predominantly through stimulation of fatty acid oxidation, though they also
have anti-inflammatory actions that contribute to their effects (van Diepen et al, 2013). LXR
ligands have been demonstrated to improve glucose metabolism in experimental animals, and it
remains to be seen whether suppression of inflammation contributes to this action (Wellen and

Hotamisligil, 2005).

In targeting inflammation for the treatment of insulin resistance and diabetes, finding inhibitors
for each of the inflammatory mediators may not be a maximally effective strategy, because of the
other redundant components. may be sufficient to further spread inflammatory pathways (Esser et
al, 2015). For example, targeting individual inflammatory cytokines may not be very effective,
whereas targeting the inflammatory kinases JNK and IKK produces potent antidiabetic effects
because these factors integrate signaling from many inflammatory mediators (Sethi and
Hotamisligil, 2021). On the other hand, if a more central process or mediator can be identified,
this could provide an even more compelling goal (Libby et a/, 2012). The ER stress pathway is
likely one of these central processes, in which this pathway is likely to activate both JNK and IKK;
therefore, inhibition of the ER stress response through chaperone addition or other mechanisms
could potentially disable these two branches of the inflammatory response and rescue insulin
action (Reverendo et al/, 2019). A decrease in Expression of this molecule in the liver leads to
increased ER stress and insulin resistance (Duncan et al, 2003). Looking at the facts, it's pretty
clear that obesity promotes both low-grade chronic inflammation and insulin resistance. However,
even without obesity, infusing animals with inflammatory cytokines or lipids can induce insulin

resistance (Kojta et al, 2020). In addition, people with other chronic inflammatory diseases have a
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higher risk of diabetes; for example, about one-third of patients with chronic hepatitis C develop
type 2 diabetes, and elevated TNF-a levels are associated with this association (Danna et al, 2016).
Rheumatoid arthritis also predisposes patients to diabetes and cardiovascular disease in particular,
and some evidence points to a link between pneumonia and the risk of cardiovascular disease and
diabetes (Murahorschi et al, 2014). Finally, knockdown of inflammatory mediators or components
of the pathway, such as TNF-a, JNK and IKK, protects against insulin resistance in a mouse model
of obesity and human treatment. with drugs that target these pathways, such as salicylates, improve
insulin sensitivity (Zatterale ef al, 2020). Therefore, the available evidence strongly suggests that
type 2 diabetes is an inflammatory disease, and that inflammation is a major cause of insulin
resistance, hyperglycaemia, and obesity-associated hyperlipidaemia. is not a simple consequence

(Dandona P, 2002).

One mechanism, based on emerging data, that appears to be of particular importance is the
activation of inflammatory pathways by ER stress (Almanza et al, 2019). Obesity creates
conditions that increase the need for the ER. This is particularly the case for adipose tissue, which
undergoes severe changes in tissue structure, increases protein and lipid synthesis, and disrupts the
intracellular flow of energy and nutrients (Kahn ef al, 2019). In cultured cells and whole animals,
ER stress leads to JNK activation and thus contributes to insulin resistance. Interestingly, ER stress
also activates IKK and thus may represent a common mechanism for the activation of these two

important signaling pathways (Kathryn et al 2005).

A second mechanism that may be involved in the initiation of inflammation in obesity is oxidative
stress (Colak and Pap, 2021). Due to increased glucose transport to adipose tissue, endothelial cells
are able to absorb increasing amounts of glucose through their constitutive glucose transporters

(Duncan et al, 2003). Increased glucose uptake by endothelial cells under hyperglycaemic
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conditions leads to overproduction of ROS in mitochondria, causing oxidative damage and
activation of inflammatory signaling cascades within endothelial cells (Teodoro et al, 2019).
Endothelial damage in adipose tissue can attract inflammatory cells such as macrophages to this
site and exacerbate local inflammation (Chen et al, 2021). Hyperglycaemia also stimulates ROS
production in adipocytes, leading to increased production of proinflammatory cytokines (Bondi-
Zoccai et al, 2003). Perhaps the stresses of obesity are similar to those caused by infections that
cause the body to respond to obesity in the same way as it does to an infection. For example, in
infection and obesity, intracellular stress pathways such as the JNK and IKK-NF-«B pathways are

activated.

On the other hand, the inflammatory response to obesity is not just an unwanted by-product, but
rather a homeostatic mechanism to prevent the body from reaching a point where excessive fat
accumulation impairs its ability to function or reduced fitness (Libby et al, 2012). Lipid storage
and fat accumulation require anabolic processes, exemplified by insulin action, while
inflammation stimulates catabolism, including lipolysis of adipocytes (Schwartsburd, 2019). It is
conceivable that mechanisms such as activation of catabolism through inflammation (and thus
resistance to anabolic signals) could be an attempt to maintain body weight within acceptable

limits (Murahorschi et al, 2015).
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Figure 13: Relationship between Inflammation, obesity, and diabetes (Zhao et al, 2019)

1.6 DIABETES AND LIPID PROFILE

Lipid profile consist of five different types of lipids which are total cholesterol, low-density

lipoprotein cholesterol (LDL-C), very low-density lipoprotein (VLDL) cholesterol, high-density

lipoprotein (HDL) cholesterol, and triglycerides (Amigo et al, 2021). The main risk factors for

cardiovascular disease are diabetes mellitus, race, family history of heart disease, high blood

pressure, high blood cholesterol, lack of exercise, smoking, and obesity/overweight (Grundy et al,

1999). According to the American Heart Association (2016), people with diabetes are at high risk

of CVD because diabetics, particularly those with type 2 diabetes, may also have other CVD risk

factors. These include high blood pressure, abnormal cholesterol and triglyceride levels, obesity,

112



and lack of exercise (Gallagher et al, 2010). Nathan et al, (2005) found that hyperglycaemia
increases the risk of heart attack, stroke, angina, and coronary artery disease in adult diabetics.
Furthermore, Betsy, (2008) mentioned that hyperglycaemia as a symptom of diabetes is a
contributing factor to myocardial damage after ischemic events. Recently, strategies for the
management of vascular complications associated with diabetes have moved away from a
glucocentric approach to address additional risk factors that contribute to the development and
progression of atherosclerosis (Yun and Ko, 2021). A common pattern of lipid abnormalities,
known as diabetic dyslipidaemia, includes hypertriglyceridemia, reduced high-density lipoprotein
(HDL) cholesterol, and a shift toward small, dense, low-density lipoprotein (LDL) cholesterol (Wu

etal,2014).

Hypertriglyceridaemia is considered the dominant lipid abnormality in insulin resistance and plays
a pivotal role in determining the characteristic lipid profile of diabetic dyslipidaemia (Thambiah
and Lai, 2021). Elevated triglyceride levels are the result of increased production and decreased
clearance of triglyceride-rich lipoproteins in both fasting and non-fasting states (Keirns et al,
2021). Increased production of very low-density lipoprotein (VLDL), the main transporter of
fasting triglycerides, is a prominent feature of insulin resistance (Wu et al, 2014). Insulin is
involved in all stages of VLDL production and secretion (Sparks et al, 2012). In adipose tissues,
insulin suppresses lipolysis by inhibiting the activity of hormone sensitivity lipase, which catalyses
the mobilisation of free fatty acids from stored triglycerides (Carpentier, 2021). Insulin regulates
the amount of circulating free fatty acids, which acts as substrates and regulatory factors for VLDL
and assembly and secretion (Wu et al, 2014). Increased oxidative stress, disruption of protein

kinase C signalling and increase advanced glycation end-products that result in vascular
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inflammation, vasoconstriction, thrombosis and atherogenesis are caused by hyperglycaemia,

insulin resistance and excess fatty acids (Henning, 2018).

The Metabolic Syndrome:
Pulmonary Vascular Consequences
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Figure 14: Pulmonary vascular stress the centre of metabolic syndrome (Robbins et al,
2009).
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1.6.1 Diabetic Dyslipidemia

A very common metabolic abnormality associated with diabetes is dyslipidaemia, characterized
by a spectrum of quantitative and qualitative changes in lipids and lipoproteins (Mallol et al, 2013).
Both insulin resistance and hyperglycaemia have also been implicated in the pathogenesis of
diabetic dyslipidaemia (Beverly and Budoff, 2020). Insulin resistance as well as the resultant fatty
acids increase are understood to be responsible for the abnormal TRL metabolism in T2DM
(Perona, 2017). For example, inhibition of the transcription factor FoxO1 by insulin induced Akt
activation represses expression of microsomal triglyceride transfer protein (MTP), thereby

inhibiting lipidation of APOB and secretion of VLDL (Henkel et al, 2012). In parallel, insulin
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promotes hepatic clearance of circulating APOB particles via the LDL receptor (LDLR), LDLR-
related protein 1 (LRP1), and syndecan, in part by suppressing APOC3, an apolipoprotein that
prevents clearance of TRLs (Kothari and Bornfeldt, 2020). Hyperglycaemia appears to cause
increased levels of atherogenic cholesterol-enriched apolipoprotein B-containing residual particles
by decreasing expression of the heparan sulfate proteoglycan perlecan in hepatocytes (Takechi,
2010). Associations of atherosclerosis and atherosclerosis risk factors with glycemia have been
demonstrated across a wide range of glucose tolerance, from normal to diabetic. Postprandial
hyperglycaemia may be a better predictor of atherosclerosis than fasting plasma glucose or

haemoglobin Alc (Monnier ef al, 2006).

Serum lipids are also strongly affected by insulin and hyperglycaemia due to deficiency in insulin
actions leading to diabetes (Tangvarasittichai, 2015). Irrespective of insulin deficiency or insulin
resistance, serum lipid abnormalities (dyslipidaemia) are commonly seen in diabetic populations
(Fatima et al, 2020). The underlying pathophysiology of diabetic dyslipidaemia is complex and
still not well understood (Martin-Timoén et al/, 2018). Hypertriglyceridemia, low HDL-cholesterol,
and a predominance of small dense LDL can be detected years before the clinical diagnosis of
T2DM in insulin-resistant, prediabetic individuals with normal glucose concentrations (Wu and
Parhofer, 2014). Hyperglycaemia alone cannot fully explain the lipid changes and insulin
resistance is believed to be the main trigger for diabetic dyslipidaemia (Jung and Choi, 2014).
Research findings have it on a good note that low-density lipoprotein (LDL)-cholesterol (C) is the
most important risk factor for atherosclerotic cardiovascular disease (CVD) such as coronary

arterial disease (Hirano, 2018).

The risk of cardiovascular disease, a leading cause of death in industrialised countries, is increased

by abnormal levels of blood lipids such as: High levels of LDL cholesterol (LDL-C) and low levels
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of HDL cholesterol (HDL-C) concentration (Nunes ef al, 2011). The European Atherosclerosis
and Cardiology Societies and the National Cholesterol Education Program, through their 3rd report
of the Adult Treatment Panel, identified LDL-C and non-HDL-C as the primary and secondary
endpoints, respectively, of cholesterol-lowering therapies to reduce cardiovascular risk (Catapano
et al,2011). LDL-C lowering therapy has been shown to reduce the rate of cardiovascular events
in patients with and without cardiometabolic risk (CMR) (Rosenson et al/, 2010). As a result, a
large number of patients on treatment, as well as those who are undiagnosed, may experience
cardiovascular events whether or not they have normal LDL-C levels (Mortensen et al, 2022).
Patients with diabetes and metabolic syndrome are more likely to suffer from cardiovascular
events. These pathologies share a common phenotype characterised by high triglyceride levels,
predominance of dense small LDL particles, and low HDL levels (Vekic et al, 2022). In individuals
with this phenotype, LDL-C has been shown to be a poor predictor of cardiovascular risk, so
standard lipid panels measuring cholesterol or lipoprotein triglyceride levels are unlikely to be
sufficient to predict CVD risk (Ramasamy, 2018). The risk associated with Type 2 diabetes (T2D)
leading to increased cardiovascular disease (CVD) risk is maybe partly due to Diabetic
dyslipidaemia — a condition classified by increased plasma triglyceride-rich lipoprotein (TRL)

levels, smaller and denser LDL particles, and decreased HDL cholesterol (Huh et al, 2022).

To fill this gap, advanced lipoprotein tests (ALT) that allow in-depth characterization of
lipoprotein particles across a range of additional parameters, such as particle size and number,
have been proposed to improve CVD risk assessment and to guide lipid reduction therapy (Mollol

et al, 2015).

NMR spectroscopy is a technique that allows the analysis of lipoprotein particles. In short,
depending on particle size, the methyl radicals of lipids in lipoprotein particles resonate at slightly
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different frequencies, with smaller particles resonating at lower frequencies (Ma and Gao, 2021).
Thus, lipoproteins can be quantified by dissociating the core lipid methyl signal into individual

signals or by using methyl shell-wide statistical methods to estimate lipid concentrations (Mollol

et al, 2015).

1.7 JUSTIFICATION FOR THE STUDY

As previously discussed, many adipokines are thought to have a role in the pathophysiology of
obesity-associated type 2 diabetes by inducing insulin resistance and more particularly, in many
instances, by negative effects on pancreatic beta-cells. Adipokines are also thought to play a
significant role in diabetic complications, particularly in light of the pro-inflammatory actions of
the majority. This is significant since previous research by the Wolverhampton Diabetes Research
Group has demonstrated an increase in the plasma concentration ratio of the pro-inflammatory
adipokine leptin relative to the anti-inflammatory adipokine adiponectin (L/A ratio) in diabetic
patients with a positive GGap compared with negative GGap, and consistent with the higher
incidence of diabetic complications in the former group (Majebi, 2015). Naseem, 2019 looked into
defining the molecular, genetic and transcriptomic mechanisms underlying the variation in
glycation gap between individuals The selected adipokines in this research are already known for
their various roles in beta cell function and failure. Nevertheless, there is a need to further

investigate their role in insulin secretion/release.
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1.8 AIMS AND OBJECTIVES

The major aim of this research is therefore to:

Further investigate the role of adipokines in diabetes and diabetic complications with
particular emphasis on the part played by novel and established adipokines in beta-cell
failure.

To investigate the role of FN3K inhibitor in insulin secretion in beta cell.

To investigate the role of inflammation in the GGap in type 2 diabetes.

The objectives of the project were focused on.

establishing the effect of specific novel and existing adipokines (WISP-1, Visfatin, and
sFRP4) on beta cell function and insulin release.

the effect of inhibition of FN3K {previously shown by us (Wolverhampton Diabetes
Research Group) to play a role in the GGap and which is expressed in the beta-cell} on
insulin release.

Further set out was to investigate the potential role of inflammation in the GGap using a

novel (and putatively better than existing measures such as CRP) marker of inflammation,

GlycA.
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CHAPTER TWO
MATERIALS AND METHODS
2.1 Procedures and equipment (In vitro Studies)
2.1.1 Cell lines and cell culture

MIN-6 cells, obtained from the stock at the Diabetic Research Group stored in the liquid nitrogen
room at the University of Wolverhampton, were used for all in vitro tests. The passage number for
MING cell line was 4 and that of BRIN-BD 11 was 14. MING6 cell line was obtain from mouse
pancreatic beta cells whilst BRIN-BD 11 was obtained from rat pancreatic beta cell. Both cell lines
were chosen to be used for this research because they exhibit morphological characteristics of
pancreatic beta cells. Cells were cultured in Dulbecco’s Modified Eagle’s Medium which was
supplied by Sigma supplemented with 4500mg/L glucose, L-glutamine, sodium pyruvate, and
sodium bicarbonate, liquid, sterile-filtered, cell culture tested, Penicillin/Streptomycin, foetal
bovine serum and 2- mercaptoethanol (a reducing agent which prevent toxic levels of oxygen
radicals). The culture medium was made up of the following concentrations, DMEM containing
25mM glucose (500ml), 15% foetal bovine serum (75ml), 75mg/1 penicillin/ 50mg/I streptomycin
(5ml), Sul/l B-mercaptoethanol (2.5ul stock). BRIN-BD 11 cells were also used for the assessment
of insulin secretion. BRIN-BD11 cells were cultured using RPMI1640 made with 11.1mM glucose
and supplemented with 10% foetal bovine serum and 1% of 100 U/ml penicillin and 0.1 mg/ml
streptomycin. All cells were maintained in an incubator conditioned with 5% CO; and 95% air.
Cells were sub-cultured every 3 to 4 days or retrieved and seeded in 24-well plates for experiments.
Whilst MING6 has 48 hours doubling time, BRIN-BD 11 has 20 hours doubling time and both cell

lines were checked regularly for mycoplasma testing.
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2.1.2 Assessment of insulin secretion from MING6 cells

For insulin secretion assays, cells were seeded at a density of 100,000 cells per well and allowed
to attach overnight in DMEM media. Incubation of cells for insulin secretion was carried out using
Krebes-Hepes buffer (KHB, pH 7.40), which was made up 119mM sodium chloride (NaCl), 4.6
mM potassium chloride (KCI), 2mM calcium chloride (CaCly), ImM magnesium sulphate
(MgS04), 0.4mM monobasic potassium phosphate (KH2PO4), 25mM sodium hydrogen carbonate
(NaHCO3), 0.15mM sodium hydrogen phosphate (NaHPO4), 20mM Hepes, and 0.05% bovine

serum albumin (BSA).

On the day of experiment, confluent cells (80-90%) were initially pre-incubated with KHB
containing 0.2 mM glucose for 2 hours for insulin secretion. This is subsequently followed by
incubation of cells for 1 hour with graded concentrations of FN3K inhibitor called 1-deoxy-1-
morpholinofructose (DMF) (0.2mM to 30mM), novel adipokine (WISP1, 0.1 to 1.0ng/ml), sFRP4
(0 to 100ng/ml), and eNAMPT/Visfatin (0.1 to 10ng/ml). Incubation was carried out at low (2mM)
glucose, and high (20mM) glucose. To assess chronic effects of adipokines (WISP1), media were
removed from wells of attached cells and replaced with high glucose media in the presence of
WISP1 (0.1ng/ml) and further incubated for 48 hours. Treated and untreated cells were then
incubated with KHB buffer containing low (2mM) or high (20mM) glucose as previously
described to assess the impact of pre-treatment on insulin secretion. Cell supernatants were
retrieved from all incubations and stored at -20°C until used for the measurement of insulin
concentrations (ELISA ASSAY). During the treatment of cells with different adipokines, 0 glucose
was used as negative control whilst high glucose was used as positive control. Each sample was

replicated, and the experiment carried out 3 different times.
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2.1.3 Assessment of insulin secretion from BRIN-BD11 cells

Effects of adipokines were also assessed using BRIN-BD11 clonal pancreatic cells. Incubation and
treatment of cells with different agents were carried out as described for MIN6. However, pre-
incubation of BRIN-BD11 cells were for minutes while acute incubation with test agents was for
20 minutes. This is consistent with previous protocols for the use of BRIN-BD11 cells for insulin

secretion studies (Davies et al, 2001).

2.1.4 Insulin ELISA

ELISA (which stands for enzyme-linked immunosorbent assay) is a technique to detect the
presence of antigens in biological samples. An ELISA, like other types of immunoassays, relies

on antibodies to detect a target antigen using highly specific antibody-antigen interactions.

The measurement of insulin concentration in cell supernatants was carried out using commercially
available ultrasensitive insulin ELISA kits from Mercodia (Sylveniusgatan 8A, Uppsala, Uppland,
75322, Sweden). All assays were carried out using the procedure recommended by the
manufacturer. Prior to assays and as recommended by the manufacturer, all reagents and samples
were brought to room temperature. 10ul of calibrators, controls, and samples were added, 100u1
of enzyme conjugate was added to each well, then incubated for 2 hours on a plate shaker. After
which, plate was washed with buffer, substrate added and incubated for 15 minutes. Then stop
solution was added and measurement taken. A calibration curve was also constructed using
calibrators with known insulin concentrations supplied by the manufacturer. All measurements
were carried out manually and prolong soaking was avoided as recommended. Optical density was
read at 450 nm and results calculated. Readings were taken within 30 minutes of carrying out

assay.
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2.1.5 Effects of WISP1 on beta cells viability

Prestoblue was used to assess beta cell viability in this study. Prestorblue indicates cell viability
by using the reducing power of living cells to quantitatively measure the proliferation of cells.
When added to cells, the PrestoBlue® reagent is modified by the reducing environment of the
viable cell and turns red in colour, becoming highly fluorescent. In order to determine the effects
of WISP1 on beta cells viability, MIN6 cells were prepared as already described above and
incubated for 2 days. Using a 96 well plate, 100ul of cell suspension from a trypsinised confluent
flask was added to each well. WISP1 with varying concentrations (0.1 to 10ng/ml) were also
treated as described above. 10ul of prestoblue was added to each well and incubated for 10 minutes
at 37 °C to measure cell viability and media was changed to WISP1 containing media. In different
dilutions range, WISP1 concentrations were incubated for 72 hours, and aliquot samples were
taken and frozen at -20°C for insulin assay. Cell viability was measured again with prestoblue to
examine the difference between measuring without WISP1 and with WISP1. Cell viability was
measured using fluorescence (540-570nm) excitation or (580-610nm) emission as a more sensitive
than absorbance and a preferred method of detection. Cell viability was not done for other

adipokines because of time constraint and cytotoxicity tests were not carried out as well.
2.2 Human Sample Studies
2.2.1 Recruitment of Participants

Participants were diabetic patients attending clinic at New Cross Hospital, Wolverhampton. Their
serum blood samples have been collected and used by my predecessor who worked on Genetics
and transcriptomic (GGap) studies. These serum samples were stored in freezer at -80 degrees

until ready to be used. Out of the 184 selected patients with positive and negative GGap, used for

123



the previous study, I selected 54 samples, both positive (n=20) and negative (n=34) GGap for my
research. The clinical data (type of diabetes, age, BMI, duration of diabetes, ethnicity, blood
pressure, smoking, CVD risk, gender, etc) was accessed from records from my predecessor. The
GGap, HbA 1c and fructosamine of the samples were already calculated and determined as well as
the demographic and other baseline scale by my predecessor. The GGap was calculated as the
difference between the true HbAlc and the fructosamine derived standardised predicted F HbAlc

(GGap = HbAlc—F HbAIlc) (Nayak et al, 2019).

2.2.2 Ethical Approval

This was obtained by my predecessor since this research is analysing the samples already collected.

The reference is quoted below adapted from previous work.

The UK National Health Service Research Ethical Committee (ref. no. 11/WM/0224) approved
the genetic and transcriptomic studies. The study was also approved by the University Life

Sciences Ethics Committee (Naseem, 2019).

2.2.3 Sample handling and preparation

Serum and plasma fractions were collected from blood samples that had undergone different
biochemical procedures after collection. In the case of serum, clotting factors (i.e., fibrinogen) and
blood cells are removed by centrifugation, while plasma is usually obtained from blood samples
with the addition of an anticoagulant (i.e., heparin). or EDTA). These agents produce intense peaks
(EDTA) or overlapping signals (heparin) in the NMR spectrum, so for some NMR applications,
serum may be preferred over plasma. However, the metabolic profiles detected in plasma and
serum by NMR were comparable, although the EDTA signal complicates the plasma spectral

profile. A major advantage of NMR in plasma and/or serum studies is that measurements can often
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be performed with minimal sample preparation. Typically, in biological fluid NMR experiments,
samples require only the addition of phosphate buffer in a small amount of decolorized solvent
and an internal standard for stoichiometric reference and standardization. quantity (Fuertes-Martin

et al, 2020).

2.2.4 Sample storage

For the analysis of lipoproteins and other plasma/serum metabolites, certain preservation issues
must be considered. Samples can be stored under good refrigeration for several days at 2—4 C and
up to 7 days at below 4 °C. They can be successfully stored at -20°C for a moderate amount of
time (up to 1-2 months), but some enzymes, such as plasma esterases, can still be active at this
temperature. Therefore, for longer storage times, —70 or —80 °C is required. For the purpose of this
research, the samples were stored at—80 °C. Regarding stability, several studies reported high
levels of stability of glycoproteins measured by NMR in samples frozen and stored for more than

10 years (Fuertes-Martin et a/, 2020).

2.2.5 Profile of glycoproteins using 1H NMR spectroscopy

Blood samples were shipped on dry ice to the Biosfer Teslab facilities (Reus, Spain) for

glycoproteins and lipoprotein testing using the glycoscale and liposcale test respectively.

GlycA was analysed using a software called Glycoscale while lipoproteins were analysed using
liposcale. After the preparation of samples, it was placed in the automatic sampler and the exact
quantity of sample taken into the machine which is then processed as programmed. Before 1H-
NMR analysis, 200 pl of serum was diluted with 50 pl of deuterated water and 300 pl of 50 mM

phosphate buffer (PBS) at pH 7.4. 1H-NMR spectra were recorded at 310 K on a Bruker Avance

125



IIT 600 spectrometer (Bruker BioSciences Espafiola S.A., Rivas Vaciamadrid, Madrid, Spain)
operating at a proton frequency of 600.20 MHz (14.1 T). The Bruker Avance 111 600 (magnetic
strength) spectrometer operating at a proton frequency of 600.20 MHz (14.1 T) was used because

it was bigger and can accommodate more samples.

The region of the 1H-NMR spectrum where the glycoproteins resonate (2.15-1.90 ppm) were
analysed using several analytical functions according to a previously published procedure
(Fuertes-Marti et al, 2018). For each function, we determined the total area (proportional to
concentration), height, position, and bandwidth. The area of GlycA provided the concentration of
acetyl groups of protein-bond N-acetylglucosamine and N-acetylgalactosamine, and the area of
GlycB those of N- acetylneuraminic acid. GlycF area arises from the concentration of the acetyl
groups of N-acetylglucosamine, N-acetylgalactosamine and N-acetylneuraminic acid unbound to
proteins (free fraction). H/W ratios of GlycA and GlycB were also reported, being a parameter
associated to the aggregation state of the sugar-protein bonds, height was calculated as the
difference from baseline to maximum of the corresponding NMR peaks and the width value

corresponds to the peak width at half height (Fuertes-Martin et a/, 2018).

2.2.6 Lipoprotein analysis

250-pl aliquot of plasma were shipped on dry ice to Biosfer Teslab (Reus, Spain) for lipoprotein
analysis by using the Liposcale Test. This is an advanced lipoprotein test based on 2D NMR
diffusion-ordered spectroscopy which enables exhaustive analysis of lipoprotein particles. The
methyl signal was deconvoluted by using 9 lorentzian functions to determine the lipid
concentration of the large, medium, and small subclasses of the main lipoprotein classes (VLDL,

LDL and HDL), and their size associated diffusion coefficients. Then combined the lipid
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concentration with their associated particle volume in order to quantify the number of particles
required to transport the measured lipid concentration of each lipoprotein subclass. The lipid
composition and the mean size for each particle class was determined and the particle

concentration of the 9 subclasses (large, medium, and small VLDL, LDL, and HDL-P).

Finally, weighted average VLDL, LDL and HDL particle sizes were calculated from various
subclass concentrations by summing the known diameter of each subclass multiplied by its relative
percentage of subclass particle number. The variation coefficients for particle number were

between 2% and 4%, and for the particle sizes were lower than 0.3% (Fuertes-Martin et al, 2020)

2.3 STATISTICAL ANALYSIS

For in vitro studies, all experiments were carried out with n=3. Therefore, results were expressed
as mean * Standard Error of Mean. To assess statistical significance, data were compared using
One Way ANOVA followed by Dunnett’s post hoc test and normality of data checked. Statistical

significance was established at P<0.05.

For the human studies, the total number of samples were 54 divided into 2 groups of negative and
positive GGap. Using SPSS 26, sample (clinical data) were analysed based on age, BMI, type of
diabetes, duration of diabetes, gender, ethnicity, smoking status, systolic blood pressure, total
cholesterol, HDL cholesterol, cholesterol/HDL cholesterol ratio and results were expressed as

mean + Standard Error of Mean. Statistical significance was established at P<0.05.

GGap data were also analysed using SPSS 26 based on GlycA, GlycB, GlycF, H/'W GlycA, H/W
GlycB and results were expressed as mean + Standard Error of Mean. Statistical significance was

established at P<0.05.
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CHAPTER THREE
3.0 EFFECT OF SELECTED ADIPOKINES ON INSULIN SECRETION/RELEASE AND
THE EFFECT OF WISP1 ON CELL VIABILITY

The importance and relevance of adipokines in diabetes pathogenesis and treatment has been over
emphasised for over two decades by so many researchers (Liu ef al, 2014). To date more research
has still been carried out to uncover more adipokines that are clinically useful and elucidate more
involvement of the already existing adipokines (Schreiner and Genes, 2021). It is of good note that
unravelling the clinical importance of adipokines to diabetes pathogenesis will bring a lasting
solution to some diseases and thereby cutting clinical and economic cost and improving life (Kim
et al, 2019). Adipokines could reduce the insulin sensitivity of tissues thereby inducing
inflammation and the development of atherosclerosis, diabetes, diabetic foot, and psoriasis (Zorena
et al, 2020). Adipose tissue, skeletal muscle, and heart are the endocrine organs mainly secrets

adipokines both in normal and pathological conditions (Sabbatini et al, 2014)

Adipokines have been strongly linked to diabetes and its related complications and known to play
a key role as biomarkers for diagnosis and predictions, and also as therapeutic targets (Kim et al,
2019). The organs mainly affected by diabetes pathogenesis connect and exert corresponding
effects on each other to be able to sustain energy balance. This connection is made possible by
secretory peptides or proteins from metabolic organs of which that from adipose tissues are

referred to as adipokines (Kim et a/, 2019).

Adipokines such as adiponectin, leptin, resistin, ghrelin, and visfatin have been implicated in the
pathogenesis of Nonalcoholic fatty liver disease (NAFLD) (Qiu et al, 2019). NAFLD and T2DM
are shown to regularly collaborate and act in synergy to raise the risk adverse clinical outcomes.

The risk of T2DM is approximately double with the association of NAFLD irrespective of obesity
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and other metabolic factors (Targher et al, 2021). NAFLD aggravates hepatic and peripheral
insulin resistance, influences to atherogenic dyslipidaemia, and causes the systemic release of pro-
inflammatory cytokines and hepatokines which can advance the development of T2DM (Ferguson
and Finck, 2021). Adiponectin and leptin have also been implicated in obesity. A reduction in
circulating levels of adiponectin leads to a reduced insulin sensitivity effects in the liver and
muscle, thereby resulting in insulin resistance (IR) and hyperglycaemia (Stumvoll et al, 2005).
Overweight is a predisposing factor to CVD, T2DM, and some common cancers e.g., colon cancer,
postmenopausal breast cancer, renal cancer, oesophageal adenocarcinoma, and endometrial cancer
(Scully et al, 2021). In obesity, adipose tissue expands and releases anti-inflammatory adipokines
like adiponectin and pro-inflammatory adipokines like leptin, resistin, visfatin, and chemerin
(Zelechowska et al, 2020). Chronic low-grade inflammation driven by obesity, characterised by
IR and hyperinsulinemia leads to increase levels of insulin-like growth factor-1 (IGF-1) and
initiation of transcriptions factors like nuclear factor kappa-B (NF-Kb), a promoter of

carcinogenesis (Dalamaga, 2013).

So much effort has been made to develop strategies against new therapeutic targets such as
adipokines, multiligand receptor, and inflammatory mediators (Francisco et a/, 2018). The control
of bioactive levels of leptin by high-affinity leptin-binding molecules, monoclonal humanised
antibodies blocking leptin receptors, administration of leptin receptor antagonists, or miRNAs
targeting leptin, are possible feasible therapeutic options (Gonzalez-Rodriguez et al, 2022).
Adipokines and their signalling pathways has been proposed to represent innovative therapeutic
strategies for inflammatory disorders (Wang et al/, 2017). However, more awareness into the
pathophysiological role of adipokines in the immune system and other metabolic disorders will be

important for the development of novel therapeutic approach (Francisco et al/, 2018). There are
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developing and hopeful strategies that could influence endocrinological function of adipose tissue,
skeletal muscle, and heart. These include caloric restriction, prebiotic supplementation, omega-3
polyunsaturated fatty acid (3-n PUFA), and polyphenols (Senesi et al, 2020). Further insights
suggest that some proteins (C-C chemokine motif ligand, Growth differentiation factor-15, and
Insulin-like growth-factor binding protein-6) could serve as biomarkers for the therapeutic success
of conventional and surgical strategies, targeting morbid obesity, and or metabolic syndrome

(Schmid et al, 2022).

WISP1 recently recognised as a novel adipokine is mainly expressed when organs are developing
and during disease circumstances (Ferrand et al, 2017). It has been implicated in many diseases
like visceral obesity, polycystic ovarian syndrome (PCOS), fibrosis, cancer, inflammatory
diseases. It can be found in the liver, heart, spleen, colon, lungs, muscles etc (Barchetta et al, 2017).
The effect of WISP1 on insulin secretion/release was tested to justify its role in beta-cell failure.
Because insulin secretion is very vital to cells in order to drive normal body metabolic functions

and prevent hyperglycaemia.

Visfatin/eNAMPT: Visfatin exhibits a proinflammatory properties and it is raised in patients with
insulin resistance. The level of visfatin also correlate with the severity of hepatic steatosis and
fibrosis (Boutari et al, 2016). This adipokine was tested since it has been implicated in many
diseases state as well as diabetes. Since this research was centred around diabetes and its
complications (possible effect of adipokines), visfatin was tested to see the role it plays in insulin

release or secretion as a proinflammatory adipokine.

sFRP4 is an adipokine that is also expressed in visceral adipose tissue thereby exert changes in

obese and nonalcoholic liver disease (NALD) patients (Su and Peng, 2020). It is found in the liver,
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pancreas, skeletal muscle etc. Apart from its role in adipogenesis, it is also implicated in lipid
accumulation in the liver (Horbelt et al, 2019). This adipokine was tested because of its
implications in selectively inhibiting the insulin signalling pathway which is known to regulate

glucose metabolism.

3.1 Summary of Methods

In this research, MIN6 cell and BRIN-BDI11 cell lines were used for all cell based invitro
experiments. MING cells were chosen because it is previously established and confirmed to be a
source of pancreatic beta cells (Davies et al, 2001). It is from mouse, and it is observed to stably
maintains its GSIS (Miyazaki ef al, 2021). It was readily available and easy to obtain. BRIN-BD11
cells was chosen because it is confirmed as a good source of pancreatic beta cells. It is a clonal
glucose-responsive insulin-secreting cell line that is responsive to an array of pharmacological
modulators of insulin secretion (Mel et al, 2010). It was also readily available and accessible.
Preparation and treatment of MIN6 and BRIN-BD11 cell lines are similar and straight forward

(Thompson et al, 2014).

During the experiments, various concentrations of the adipokines were tested in other to known at
which concentration they perform best. If adipokines properties are affected by varying
concentrations. In this research, concentrations ranging from 0.1 to 1.0ng/ml was used because the
original/stock supply was 20pug powder which was dissolved in PBS or KHB-Low glucose to make
a volume of 2.0ml. (Deng et al, 2019; Chaing et al/, 2015). The experiments were carried out at
both low and high glucose concentrations in other to confirm how adipokines perform at low and
high glucose concentrations. Low glucose concentration used in this research was between 0.1 -

2mM whilst 20mM was considered high glucose. We also tested acute and chronic (after 48 hours)
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effects of adipokines on beta cell secretions. Details of the preparation and treatment of cells for

the experiments can be seen in the methodology section.

3.2 RESULTS FROM CELL CULTURE

3.2.1 Effects of FN3K inhibition on insulin secretion from MING6 Cells

From the experiment it is observed that at the lowest glucose concentration 0.2mM, the effect of
FN3K no inhibitor was noticed and basal insulin release from MING6 cells was 8ug/ml as shown in
Figure 16. The introduction of FN3K inhibitor (1-deoxy-1-morpholino-fructose) was evident in
the presence of glucose concentration SmM up to 15mM led to a drastic fall in insulin release, but
this effect started to decline as glucose concentration increases to 20mM as seen in the figure

below. This suggest that FN3K triggers insulin secretion across different glucose concentrations.
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Figure 16 shows the effects of inhibition of FN3K on insulin secretion with high and low glucose.
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3.2.2 Effects of Visfatin/eNAMPT on insulin release from MING6 cells

In the figure below, it was observed that visfatin concentration at Ong/ml had no effect on insulin
release. When the concentration was increased from 0.1ng/ml to 1.0ng/ml, insulin secretion effect
was observed in a U shape pattern, meaning insulin secretion decreased initially at decreased
visfatin concentrations reaching a minimum before increasing as visfatin concentrations increases.
Though it is statistically not significant (P=0.77, 0.22), it could mean that visfatin is more likely

to behave like a monomer (binding with other molecules) in high concentration that dimer.
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Figure 17 shows U shape effect of visfatin on insulin release with low and high glucose. Values
are mean + SEM with n=3
eNAMPT likely to be more monomer than dimer at high concs. P=0.77, 0.22
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3.2.3 Effects of eNAMPT on insulin release from BRIN-BD11 cells

In the figure below, there appear not to be any significant effect of visfatin irrespective of the
concentrations (0 — 1.0ng/ml) in the presence of low glucose on insulin release using BRIN-BD11
cells. This was proven using ANOVA Statistical test (P value= 0.32). On the other hand, there is

a possible effect of visfatin on insulin secretion at high glucose concentrations (P value = 0.033).
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Figure 18 shows no significant effect eNAMPT/Visfatin on insulin release using ANOVA (Statistical test).
Values are mean + SEM with n=3.

3.2.4 Acute effects of WISP1 on insulin secretion from MING6 cells

WISPI1, dose-dependently stimulated insulin release from MING6 cells. This was observed
predominantly when cells were treated acutely for 1 hour at low glucose (2 mM) and 0.1 ng/mL

as shown below. WISP1 with a smaller effect at high concentrations of the adipokine.
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Nevertheless, when MING6 cells were incubated acutely with WISP1 for 1 hour at high (20 mM)
glucose, inhibition of insulin secretion was observed at 0.1 ng/ml WISP1 with reduced inhibition

at higher WISP1. This appears to be another acute, dose-dependent effect as seen in figure 4.4.
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Figure 19 Acute effect of WISPI on insulin release from MING cells at low (2 mmol/L and high
(20 mmol/L) glucose concentrations (shown as mean+SE, n=3).

3.2.5 Chronic effects of WISP1 on insulin secretion from MING6 cells

When MING6 cells were incubated chronically with WISP1 for 48 hours, stimulation of insulin
release occurred at low and high WISP1 concentrations, even when the glucose concentration was
only 2mM as seen in the figure below. At 0.1ng/ml WISP1 concentration, the secretion of insulin

was at its peak with increase in glucose concentration of 20mM.

135



450.000

400.000

300.000
250.000 [
200.000
150.000
100.000
50.000 l
vooo ] £ ]
2 5 10 20

Glucose Concentration /mM

w
wn
o
o
o
o

Calculated Mean Insulin Secretion / pg/L

0 ng/mL WISP1 0.1 ng/mL WISP1 MW 1.0 ng/mL WISP1

Figure 20 This graph shows the chronic effects of WISPI on acute GSIS- so high chronic concs of
WISP1 increase acute GSIS over 48hr period (shown as mean+SE, n=3).

3.2.6 Effects of WISP1 on insulin release from BRIN-BD11 cells

The figure below shows that there was no secretion of insulin from BRIN-BDI11 at low or high
glucose concentrations. As observed in the graph below, increase in the concentrations of glucose
from 2 — 20mM and WISP1 from 0.1ng/ml to Ing/ml showed a significant difference or effect

statistically with P-value = 0.0025, 0.005 respectively.
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Figure 21: Effect of WISPI on insulin release from BRIN-BD11 cells at low and high glucose
concentration. Values are mean £ SEM with n=3. P-value = 0.0025, 0.005

3.2.7 Effect of WISP1 on cell viability in MING6 cells

The figure below shows how cell viability responded in the presence of low and high glucose
concentrations. Cells appears to have started proliferating at increased glucose concentrations
Ing/ml, but this proliferation was not proportional to the period of incubation (72 hours). A

decrease in insulin secretion or proliferation was noted after 72 hours of incubation.
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Figure 22: Effects of WISPI on cell viability in MING cells. Cells were treated for a period of 72
hours. Values are mean £SEM with n = 3.

3.2.8 Effects of sFRP4 on insulin release from MING6 cells
Inferences from the graph below, sFRP4 has a dose dependent effect, in both low and high glucose
samples. Glucose concentration seems at first place to be negligible in effect (could see whether

the change in insulin secretion is greater or smaller between concentrations of sSFRP4). Generally,
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seems to be that the more sFRP4 the MING cells are incubated with, the more insulin that the cells
release. This effect is more apparent when comparing HG AKO and HG AK1, compared to LG
AKO and LG AK1, so potentially sFRP4 has an increased effect at higher glucose levels. However,
between HG AK1, HG AK2, HG AK3, the differences are very smell. Between LG AKI1, LG
AK2, LG AKS3, there is a more apparent difference between LG AK2 and LG AK3. Where LG =

Low glucose, HG = High glucose, and AK = Adipokine.
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Figure 23 Acute effect of SFRP4 on insulin release at low (2mmol/l) and high (20mmol/l) glucose
concentration (shown as mean +SE, n=3) on MING6 after incubation with sFRP4 for 24 hours.

3.3 Discussion

In this research, some cell experiments was carried out which include; effects of FN3K inhibitor
on insulin secretion from MING6 cells, effects of eNAMPT on insulin release from MING6 cells,

effects of eNAMPT on insulin release from BRIN-BDI11 cells, acute effects of WISP1 on insulin
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secretion from MING cells, chronic effects of WISP1 on insulin secretion from MING6 cells, effects
of WISP1 on insulin release from BRIN-BDI11 cells, effects of sSFRP4 on insulin release from

MING cells, and effect of WISP1 on cell viability in MING6 cells.

This study found out that FN3K inhibitor when introduced in the presence of low glucose, had no
significant effects on insulin release as well as when FN3K inhibitor is not introduced (low
glucose). When cells were incubated in the presence of high glucose, there was a significant release
of insulin but when FN3K inhibitor was introduced, there was a significant reduction in the release
of insulin. From the experiment, FN3K triggers insulin secretion across different glucose
concentrations. It was observed that the introduction of the inhibitor (DMF) resulted to a drastic
fall in the secretion or release of insulin. This inhibitor has been able to alter or stop the activities
of FN3K which is a deglycating enzyme, giving room for more glycation to occur. This
observation support already existing claim that FN3K protects against glycation damage by high
glucose. Fructosamine 3-kinase (FN3K) is an enzyme involved in the protein deglycation process
by fructosyl phosphorylation, returning amino acid residues to their pristine state with 3-
deoxyglucosone (3-DG) and inorganic phosphate as by-products (Sartore et al, 2020). 3-DG is a
very reactive electrophile that is even more potent at generating AGEs than glucose; therefore,
inhibitors specific to FN3K have been suggested as a means to suppress 3-DG formation (Tsai et
al, 2006). The ability of FN3K to convert protein-bound fructosamines into unstable 3-phospho
derivatives suggested that it could act as a protein repair enzyme, responsible for deglycation of
intracellular proteins (Da-Cunha et al, 2006). As the role of FN3K is inhibited, glycation occurs
and when sustained result in advanced glycation end-products (AGE) which increases the risk of
CVD comorbidity and mortality (Alderawi et al/, 2020). FN3K functions intracellularly by

catalysing ATP-dependent removal of D-fructoselysines from proteins, resulting in the Maillard
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reaction flux from glucose to AGE’s (Szwergold, 2021). In attempt to knockout or isolate FN3K,
a closely related protein called fructoseamine-3-kinase related protein (FN3KRP) copurified with
it which does not phosphorylate D-fructoselysines but several others (non-physiological)
substrates (Beeraka et al, 2021). FN3K activity is attributed to its ability to deglycate a principal
regulator of oxidative stress called Nrf2 in cells (Beeraka et al, 2021). Sartore et al, 2020, show
that patients carrying the beneficial allele for the polymorphisms of the FN3K gene have less
serious microangiopathy and macroangiopathy indicating a protective role of this genotype against
the onset of diabetic complications. FN3K genetic variability have been linked to its enzymatic
activity and glycated haemoglobin (HbA1c) levels by many researchers (Sartore et al, 2020). AGE
accumulation and binding to RAGE can lead to metabolic disturbances, inflammation, and
oxidative stress. The excess production of reactive oxygen species (ROS), together with the
interaction of advanced glycation end-products (AGEs) with their receptors (RAGEs) on
endothelium, leads to cytokine production by endothelial cells (Chen et al, 2016). As the
endothelium become affected by the accumulation of AGEs, it alters adipokines activities and
subsequent cytokine release. Hence, the interest in looking at the selected adipokines. The
endothelial layer mediates several vascular protective effects such as vasodilation and inhibition
of smooth muscle cell growth and suppression of inflammation through nitric oxide (NO)
(Vanhoutte et al, 2017). Any defect in NO production can lead to endothelial dysfunction and

atherosclerosis (Feldman et al, 2000).
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From the visfatin experiment using MING6 cells, a U shape insulin response was observed at low
and high glucose concentrations. This implies that visfatin could be more monomer than dimer in
high concentrations. Being monomer means it can bind with other similar molecules to form a
larger one, example of such is glucose. Visfatin exists in two forms, intracellular iNAMPT) and
extracellular (eNAMPT) forms. The former plays a regulatory role in NAD" biosynthesis whilst
the latter is associated with many hormone-like signaling pathways and intracellular signaling
cascades (Dakroub et al, 2021). When visfatin was originally discorvered, it shown to act as an
immune modulating cytokine stimulating the release of many inflammatory mediators (Wu et al,
2020). It appears to induce MCP-1 production and matrix metalloproteinases expression. It elicits
the activation of many inflammatory signaling pathways including NF-kB, mitogen-activated
protein kinase (MAPK), and phosphatidylinositol 3 kinase (PI3K) (Behranvand et al, 2022). NF-
kB regulates the synthesis of key receptors in immune recognition, like major histocompatibility
complex (MHC), and cytokines essential to provoke immune reactions, proliferation, and
differentiation of lymphocytes. NF-kB is a major regulator of cell adhesion, migration, invasion,
metastasis, angiogenesis, and many other processes (Panahi et al, 2016). The dysregulation of NF-
kB signaling cascade is able to modify the regulation of these processes and may likely affect a
large number of genes. Thereby altering several inflammatory molecules promoting
atherosclerosis vasculo-pathology, cardiovasculo-metabolic disorders, -cell destruction in type 1
diabetes (Szekanecz et al, 2016). eNAMPT does not exert insulin-mimetic effects in vitro or in
vivo but rather exhibits strong NAD biosynthetic activity. NAMPT-mediated systemic NAD
biosynthesis is crucial for B cell function, suggesting a vital structure for the regulation of glucose
homeostasis (Pavlova ef al, 2015). Visfatin is believed to employ insulin-mimetic effects in

cultured cells and bring down plasma glucose levels in mice by binding to and activating the insulin
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receptor. Nevertheless, the physiological relevance of visfatin remains contentious (Revollo et al,
2007). There is a need to further investigate the precise and exact mechanisms underlying visfatin's

biological effects (Dakroub et al, 2021).

Using BRIN-BD11 cells was able to show a possible effect of visfatin on insulin release at high
glucose concentrations. Kuryszko et al, 2016 believes that visfatin is capable of stimulating insulin
release, increase it activities, and increase glucose uptake. Just like visfatin, WISP1 is also

implicated in cell adhesion, survival, proliferation, differentiation, and migration (Tao et al, 2020).

Acute effect of WISP1 on insulin secretion using MIN6 cells shows that the adipokine dose
dependently stimulates insulin secretion even at low glucose concentrations but reduced effect at
higher adipokine concentrations. It further showed insulin secretion inhibition at higher glucose
concentrations but reduces when the concentration of WISP1 is increased. On the other hand,
chronic effect shows the insulin secreting ability of WISP1 regardless of the concentrations of
glucose or adipokines. Many researchers have shown that WISP1 impairs insulin sensitivity,
interfere with insulin signalling, and promote inflammation (Mirr ef al, 2021). In subcutaneous
and visceral adipose tissue WISP1 mRNA expression, correlate with macrophage infiltration and
also associated with IL-18 which is a strong proinflammatory cytokine (Mirr and Owecki, 2021).
Evidence shows that WIPS1 adipokine impairs glucose homeostasis and induces diabetes mellitus.
In obesity, circulating WISP1 levels and WISP1 expression in VAT are raised irrespective of
glycaemic or diabetes status. Additionally, WISP1 impaired insulin signalling in muscle and liver
cells (Yaribeygi et al, 2019). WISP1 may play a role in linking obesity to inflammation and insulin
resistance and could be a novel therapeutic target for obesity. The visceral fat from obese subjects
overexpressed WISP1 a novel adipokine considerably and speculate insulin resistance and adipose
tissue inflammation (Murahovschi ef a/, 2015). The mechanisms of WISP1 action seems impairing
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insulin sensitivity which involves inhibition of glycogen synthesis, interfering with insulin
signalling, and promotion of the inflammatory state. WISP1 ability to promote human beta cell

proliferation makes it a potential candidate for therapeutic use (Mirr and Owecki, 2021).

The adipokine sFRP4 in this research also shows a dose dependent effect whether in low or high
glucose concentrations. However, sFRP4 has an increased effect at higher glucose levels or
concentrations which shows its ability to stimulate insulin secretion in hyperglycaemic state.
Although, this has some similarities and in agreement with some previous research. Previous
research showed that SFRP4 enhances the effect of insulin and its levels increased before the onset
of T2DM (Ullah et al, 2020). Analysis of sFRP4 in embryonic pancreas of mice using polymerase
chain reaction (PCR) shows that throughout development, sFRP4 expression was extremely low
but at postnatal 7 day peak of expression was observed (Bukhari et a/, 2019). The association of
sFRP4 with B cell dysfunction in diabetes is strongly associated to expression in pancreatic islets
(Shrewastwa et al, 2023). Unlike WISP1, it is a Wnt antagonist which inhibits Wnt signaling
pathway and may therefore leads to its raised expression in 3 cells of diabetic individuals. Just like
visfatin and WISP1, sFRP4 is associated with obesity and T2DM. Mature adipocytes produces
Whnt ligands and sFRP4 with insulin sensitising and anti-inflammatory properties (Liu ef a/, 2018).
The overexpression of sFRP4 leads to the elevation in lipid accumulation and its expression in
adipose tissue of obese people is increased which is associated to insulin resistance (Bukhari et al,
2019). sFRP4 was investigated as a biomarker of pancreatic islet dysfunction in T2DM and was
suggested to be useful in predicting the early risk especially in people who are apparently healthy
(Shrewastwa et al, 2022). It may be interesting to target SFRP4 to mitigate pathophysiological
changes that occur during diabetes mellitus development of type 2 diabetes and fatty liver disease

(Horbelt et al, 2019). The levels of sFRP4 are seen to be high in diseases which results in less
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insulin production, thereby leading to reduced carbohydrate metabolism. The in-silico approach
was used to discover some potential inhibitors against sSFRP4. This could pave a way for diabetes
mellitus cures in the future by reducing the expression of sFRP4 and increasing insulin production.
Using the inhibitors cyclothiazide, clopamide and perindopril to inhibit sFRP4, it could lead to
possible treatment of T2D (Bukhari et al, 2014). sFRP4 an inflammatory mediator which causes
dysfunction of B-cells and reduces secretion of insulin in humans but do not have any effect on -

cells viability or insulin content (Bukhari et al, 2019).

The cell viability test shows that more viable cells proliferate at increase in glucose concentration
but not with extended period of incubation. At prolong incubation period, the viable cells
proliferation decline. This could be attributed to cell death (apoptosis) due to prolong incubation.
The control (low glucose) sample after 72 hours of incubation has the least viable cells. This could
be because of the prolong incubation in which the cells would have been depleted of glucose, an
essential nutrient for cell growth. Deficiency of WISP1 has been shown to provoke
lipopolysaccharide-induced adipocyte apoptosis (Liu et al, 2022). It is also believed that the
adipokine (WISP1) cytotoxicity may also have contributed to the cell death leading to the
reduction in cell viability at prolong incubation. The cell viability of other adipokines (sFRP4 and

Visfatin) were not tested due to time contrail.

3.4 Conclusion

This research shows that FN3K (a vital protein which helps prevent glycation and diabetes
complications) is able to induce insulin secretion in the presence of glucose irrespective of the
concentration. This research indicates that FN3K inhibitor (DMF) is capable of preventing the

glycation of proteins (supporting already existing record) or action of FN3K thereby allowing
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protein glycation. This will thereafter lead to insulin resistance, hyperglycaemia and finally T2DM.
This research also shows that adipokines like visfatin, WISPI, sFRP4 are all important and are
capable of participating in insulin secretion. The ability to secrete insulin is very important in
diabetes treatment and management. It could also help as therapeutic target and avoid diabetes
complications. Amongst the findings is that with increase in glucose concentration, more viable
cell proliferates. This is very important because viable cells are required for insulin secretion or

release and also to maintained healthy cells, organs, and tissues.
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CHAPTER FOUR
4.0 ANALYSIS OF GLYCOPROTEIN ACETYLATION (GlycA) IN PATIENTS
BLOOD SAMPLE

4.1 Introduction

The diagnostic utility of glycoprotein acetylation (GlycA) as a biomarker of many diseases,
including type 2 diabetes, is emerging (Amigo et al, 2021). Consistent with this observation is the
report that GlycA is also a strong indicator of severe and prolonged infection and associated
mortality (Shah ef al/, 2023)). GlycA is a protein and inflammatory biomarker that has been linked
with T2DM irrespective of gender orientation. GlycA as a biomarker of system inflammation,
quantifies both the protein concentrations and glycosylation states of various acute phase proteins
(Mehta et al, 2020). The synthesis and secretions of GlycA are raised during inflammation or
physical injury and their glycan are altered vigorously (Amigo6 et al, 2021). Both subclinical
atherosclerosis and CVD have been linked to GlycA and high levels are found in individuals with
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and psoriasis (Tibuakuu et al,
2019). GlycA levels are higher in acute and chronic phase inflammation where reactants and
proteins experience circulating concentration and glycosylation pattern changes, and these changes

are displayed in the GlycA NMR signal (Mehta et al, 2020).

Other than the NMR, there are other techniques used to measure or determine glycoproteins.
Amongst these techniques are lectin analysis, DNA sequencing equipment-fluorophore assisted
carbohydrate electrophoresis (DSA-FACE), chromatographic methods [high performance liquid
chromatography (HPLC) , or hydrophilic interaction liquid chromatography (HILIC), MALDI-
TOF analysis of tryptic glycopeptides, electrophoresis, mass spectrometry (MS), glycoblotting

method (combination of BlotGlycoABC bead and MALDI-TOF MS) to detect abnormal
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glycosylation patterns in the whole serum glycoproteins. Recently enzyme-linked immunosorbent
assays (ELISAs), electrochemiluminescence immunoassay (ECLIA), Luminnex-based assays,
radioimmunoassay (RIA), and nephelometric assays, was used (Fuertes-Martin et a/, 2020). In
recent years, nuclear magnetic resonance (NMR) has played a major role as an analytical tool for
biological fluid metabolism studies, especially for serum and plasma samples. A clear example of
this is its application to lipoprotein determination. Unlike other techniques, NMR can reproducibly
and efficiently quantify metabolites, so it is widely used in large epidemiological studies and has

begun to be put into practice. routine clinical practice (Fuertes-Martin et a/, 2020).

Cholesterol and triglycerides are the lipids measured as total plasma values in lipid profiles, are
significant for most cells. Cholesterol is a fundamental component of cell membranes, which also
acts as precursor for bile acids and steroid hormones (Nordestaard and Varbo, 2014). They are
taken up via the intestine when newly synthesised and will remain in the body unless it is converted
to steroid hormones, lost through skin cell detachment, or secreted via bile because it cannot be

broken down by human cells (Nordestgaard, 2017).

Triglycerides are significant as source of energy and act as an energy reserve after storage, as well
as for insulation against cold weather (Nordestgaard, 2017). The enzyme lipoprotein lipase helps
to degrade triglycerides in very low density lipoprotein (VLDL) in fat and muscle tissue, and the
cholesterol-rich intermediate density lipoprotein (IDL) particle is formed (Shabana et a/, 2020).
With the help of the triglyceride-degrading enzyme hepatic lipase, some IDL particles are cleared
by liver cells, while others are converted to low density lipoprotein (LDL) particles. LDL particles
are taken up via the LDL receptor in the liver and other tissues (Nordestaard and Varbo, 2014).
There is weaker and weaker evidence to support the thought that High density lipoprotein (HDL)

particles are significant in atherosclerosis and cardiovascular disease (Shabana ef a/, 2020).
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Lipoprotein abnormalities are noted to be prevalent in obesity and heart diseases. Due to the
increasing incidences of obesity, insulin resistance, and type 2 diabetes, knowing/lowering

triglyceride levels is very important (Scordo and Pickett, 2017).

It was necessary to conduct a human study in this research work because it will help in finding out
the various glycated proteins, the extent of glycation, and the potential damage. It is also important
in that it could reveal novel inflammatory marker that could be useful therapeutic targets in the
treatment and management of diabetes as well as its complications. The in vitro cell culture work
which looked into different adipokines roles in insulin secretion or inhibition that could help in
insulin resistance which is the foundational problem in T2DM and metabolic disorders. Both in
vitro and human study were carried out to identify any potential therapeutic target for the proper
management and prevention of diabetes and its complications. The relationship of the cell culture
work to human cell work is that adipokines and GlycA are both implicated in inflammation which
is implicated in the development of insulin resistance and beta cell failure, a strong link to T2DM

and other metabolic complications.

Based on these, investigations conducted in this study was aimed at determining the level of
glycoprotein acetylation in patients with type 2 diabetes. Moreover, the impact of glycation gap

on lipid profiles of type 2 patients recruited for this study will be assessed.

GlycA measurement is very important to this research work to achieve one of the major aims and
objectives. To measure GlycA in order to elucidate the role of inflammation in the GGap in T2DM
patients. As an inflammatory marker, that could detect and measure the circulating glycoproteins
early in the GGap samples (positive and negative) which will then give a direction on the

implication in diabetes and its complications.
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To measure lipoproteins of GGap of type 2 diabetes patients. Lipoproteins were measured to

ascertain the potential risk of GGap samples with type 2 diabetes patients to its complications.

4.2 SUMMARY OF METHODS

4.2.1 Participants selection and sample collection

Selection of suitable patients for the study was critical after ethical approval. All simultaneous
HbAIc and fructosamine values measured over 10 years were identified from laboratory records
at New Cross Hospital Wolverhampton people with diabetes. From amongst those with at least 3
estimations, whose average G-gap was either <= -0.5 or >=+0.5, that were confirmed as having a
long-term over 10 years consistent negative or positive G-gap status and who were alive (n=1663),
150 each of G-gap negative or positive subjects were invited by post to participate according to
the ethical committee approved research protocol of whom in total 54 patients were collected from
the attendees with complete data. Pregnant women, participants with creatinine>200 pmol/L, with
known haemoglobinopathy, or those with an unusual electrophoretic pattern on HbAlc testing
were excluded from this study. No other demographic or clinical selection criteria were used. The
54 selected patients had 2 pairs of simultaneous estimations of HbAlc and fructosamine and 3
calculated G-gaps that were consistently greater than +0.5% or lower than -0.5% in a positive or

negative direction respectively.

4.2.2 Blood collection and storage

Venous blood was collected from all volunteers (refer to section 2.1.2) by venepuncture into
heparin-based S-Monovette system (9 ml, Sarstedt), EDTA coated blood collection tubes (sterile

9 ml, Vacutainer, Becton Dickinson, UK) and Tempus Blood RNA tubes (Thermo Fisher
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Scientific). Plasma was separated by centrifugation (2000g for 10 minutes at 4°C), aliquoted into

200ul aliquots and stored at -80°C until needed.

4.2.3 Sample analysis procedure

GlycA and lipoproteins were analysed at Biosfer Teslab, Reus Spain. Specifically, GlycA was
analysed using a software called Glycoscale while lipoproteins were analysed using liposcale.
After the preparation of samples, it was placed in the automatic sampler and the exact quantity of
sample taken into the machine which is then processed as programmed. The Bruker Avance 111
600 (magnetic strength) spectrometer operating at a proton frequency of 600.20 MHz (14.1 T) was
used because it was bigger and can accommodate more samples. The area, height, position, and
bandwidth are determined from the peaks generated by the NMR machine for GlycA (Fuertes-
Martin, et al). For lipoproteins, the lipid content, size, and particle number are analysed to
determine the large, medium, and small subclasses of the main lipoprotein classes (Mallol et al,
2015). 1H-NMR measures GlycA by picking up the signals from glycan groups which is usually
a-1-acid glycoprotein, haptoglobin, a-1-antichymotrypsin, and transferrin (Dierckx et al, 2019).
There are 3 principal parameters in an NMR spectrum: the chemical shift, the coupling, and the
relaxation. A proton has a positive charge and a property called spin. A moving charge create a
magnetic field meaning that protons can generate their own magnetic fields and have a random
orientation (Derome, 2013). Protons in samples applied to a magnetic field may go the opposite
way (beta spin), they may align with external magnetic field also. Anytime the nuclei align with
magnetic field, it is called alpha spin and majority of the nuclei with high energy state are in alpha
state because it is more stable and have lower energy. It requires more energy to move against the
applied magnetic field and the difference in energy represent the difference in alpha and beta spin
states. When the right energy is applied, alpha spin state can flip to beta spin state and when it flips
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back to alpha spin state, it emits radio frequency energy. When it continuous flipping back and
forth, it’s in resonance, bringing about NMR (Akitt and Mann, 2017). This is the summary of the
chemistry behind 1H-NMR spectroscopy which was used to measure GlycA and lipoproteins. This
was how we were able to ascertain the role of inflammation in the GGap of diabetic patients. A

summary of the procedure followed for the entire analysis is presented in Figure 24
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Figure 24: Summary of the analysis of GlycA and lipoproteins (Amigo et al, 2021)

4.2.4: Statistical analysis

All data analysis were conducted using Microsoft Excel and GraphPad Prism version 11.0. Briefly,
values obtained were expressed as mean = SEM. Groups of data were compared by One Way

ANOVA followed by Bonferroni post hoc test. Statistical significance was taken at P<0.05.
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4.3 Results

4.3.1 Participants’ Anthropometric Profile

A summary of participants’ profile is presented in Table 4.1. Data presented in the table indicated
that majority of participants recruited were male (72.2%, n = 39) and the mean age of participants
was (61.95 £ 2.2). The analysis also indicated that 62.9% (n = 34) of participants live with type 2
diabetes while 72.2% (n = 39), 72.2% (n = 39), and 43% (n = 79.63) are from white ethnic origin,
non-smokers and have significant cardiovascular risk. Mean values for Body Mass Index (31.2 +
1.7), systolic blood pressure (134.5 + 3), Framingham 10-year CHD risk (22.4 + 4), Total
cholesterol (4.16 £ 1), HDL cholesterol (3.5 £+ 0.2), Creatinine (88 + 37), eGFR (77.5 £ 6), and

urinary ACR (9.7 £ 11) were also computed for the cohort.
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Table 4.1: Summary of anthropometric and clinical data of selected participants

Parameter

Frequency (n, %)

only)

Gender (n, % male) n =39, 68.5%
Age (years) 59 - 64
Ethnicity (n, % white) n =39, 68.5%
Body mass index (kg/m2) 31.2 kg/m2
Type diabetes (n, % type 2) n =34, 62.9%
Duration of diabetes (years) 16.2yrs
Systolic blood pressure (mmHg) 134.5
Smoking status (n, % never) n=39, 79.6%
Cardiovascular risk status (n, % primary) n=43,20.4%
Framingham 10 year CHD risk (%) (primary group | 41.5%

Total cholesterol (mmol / 1)

4.15 (mmol/1)

HDL cholesterol (mmol /1)

1.2 (mmol/l)

Creatinine (umol /1)

88 (umol /1)

e¢GFR (ml / min) 77.5 (ml / min)
Urinary ACR (mg / mmol) 9.7 (mg /mmol)
Retinopathy status (n, % none) n=21,61.1%
Any micro or macrovascular complication 39

Cholesterol / HDL cholesterol ratio 3.5:1

4.3.2 Prevalence of GGAP and the association of GGAP with anthropometric parameters

The analysis conducted in this study indicated that the majority of participants selected for this
study are GGAP negative (63%, n = 34). Data indicating the association between GGap and clinical
as well as anthropometric data are presented in Table 4.2. The analysis of the data indicated that

the prevalence of type 2 diabetes is significantly higher (P<0.001) among GGap positive (90%)
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compared to GGap negative patients. However, no significant association was observed between
GGap and many other parameters presented in Table 4.2 except BMI (higher in GGap positive, p
<0.001), HDL cholesterol (higher in GGap negative, p < 0.001), and total cholesterol/HDL ratio

(higher in GGap positive, p < 0.01) (Table 4.2).

Table 4.2: Association between GGap and clinical data

GGap
Statistical

Clinical data Negative Positive significance
GGap category (n, %) 34 (63%) | 20(37%)
Type diabetes (n, % type 2) 16 (47%) 18 (90%) | p<0.01
Duration of diabetes (years) 24.1£12.0 | 19.1£9.7 | ns
Age (years) 59.0+14.4 1 649+122 | ns
Gender (n, % male) 27 (79%) 12 (60%) ns
Ethnicity (n, % white) 25 (74%) 14 (70%) | ns
Body mass index (kg/m2) 27.6+4.3 |34.8+6.0 | p<0.001
Systolic blood pressure (mmHg) 137+ 16 132+ 13 ns
Smoking status (n, % never) 26 (77%) 13 (65%) | ns
Cardiovascular risk status (n, % primary) 27 (79%) 16 (80%) | ns
Framingham 10 year CHD risk (%) (primary group only) | 10.4+83 [ 12.0£4.3 | ns
Total cholesterol (mmol /1) 4.42+ 0.8 3.9+0.9 ns
F=4.04, p=0.05) HDL cholesterol (mmol / 1) 1.4+04 1.0£0.2 p<0.001
Cholesterol / HDL cholesterol ratio 3.1+0.9 39+1.1 p<0.01
Creatinine (umol /1) 91 +£68 85+31 ns
eGFR (ml / min) 76 £ 32 79 £26 ns
urinary ACR (mg / mmol) 11.2+34.1 | 82+23.1 |ns
Retinopathy status (n, % none) 10 (29%) 11 (55%) ns
Any micro or macrovascular complication 26 (77%) 13 (65%) | ns
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4.3.3 Analysis of GGAP and haemoglobin glycation

The analysis of the role of GGap on indicators of glycation is presented in Table 4.3. Results
presented in the table shows that the number of HbAlc/Fructosamine estimations was not
significant different in both GGap negative and positive groups. Time span (period in which
HbAlc/Fructosamine was measured) was not significant in both groups, GGap negative and
positive groups. However, the mean HbAlc DCCT (%) in GGap negative group (7.7 £ 1.0) was
observed to be significantly lower (p < 0.001) in negative GGap group compared with positive
GGap group (9.4 = 1.2). However, higher mean fructosamine levels (1.2-fold, p < 0.001) and
fructosamine: HbAlc ratio (1.2-fold, p <0.001) were observed in the negative GGap group. GGap

(negative 3.1 - negative 1.0 and (positive 1.1 — positive 2.3) were all significant p<0.001.

Table 4.3: Effects of GGap on indicators of glycation

Indicators GGap Groups
Statistical
Negative Positive Significance
Number of HbAlc /
Fructosamine
estimations 54+2.5(3-13) 54+2.5(3-10) ns
Time span (months) | 72 +36 65+ 35 ns
Mean HbAlc DCCT
% 7.7+1.0 94+£12 p<0.001
Mean Fructosamine | 357 &+ 50 208 £43 p<0.001
Mean F_HbAlc 93+1.2 8.0x+1.0 p<0.001
-1.6+£ 0.5 1.5+03
Mean GGap (range) (negative 3.1 | (positive 1.1 —
- negative 1.0) positive 2.3) p<0.001
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4.3.4 Analysis of glycoprotein levels in GGap negative and GGap positive participants

Results of the analysis of the levels of GlycA, Glyc B and Glyc F in selected participants is
presented in Figure 25. The analysis revealed that the average mean GlycA level across all
participants (621.8 + 13.6 umol/L) is similar to the level observed for participants in the GGap
negative (581.7 £ 14.39 umol/L). However, the value observed for the GGap positive group is
10.9% (p < 0.01) and 18.6% (p < 0.001) higher compared to the combined and GGap negative
groups (Figure 25). For GlycB, the value obtained for the negative GGap group (330.5 = 7.2
umol/L) is lower by 7.8% (p < 0.05) compared to the group and by 21.0% (p < 0.001) compared
with the GGap positive group. However, for GlycF, values obtained across all the groups are
similar. Average mean GlycF level across all participants was (216.4 + 6.6) which is similar to

participants in GGap negative (208.6 = 7.0) and GGap positive (229.7 + 12.9) groups. (Figure 25).
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Figure 25: Serum levels of the height:width ratio for Glyc A (A) and Glyc B (B) peaks.
Values are presented as mean + SEM. p <0.05, 10.9% (p < 0.01) compared to combined
group 18.6% (p <0.001) compared to the GGap negative group.
The analysis of the height: width ratio of peaks observed for GlycA and GlycB (Figure 26) also
indicated that the value for GGap positive groups is significantly higher than the value for the

combined group (p < 0.05) and the GGap negative group (p < 0.001).
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Figure 26: Serum levels of the height:width ratio for Glyc A (A) and Glyc B (B) peaks. Values

are presented as mean = SEM. p <0.05, (7.8%) p < 0.01 compared to combined group (21.0%) p
<0.001 compared to the GGap negative group.
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4.3.5 Analysis of lipoprotein levels in GGap negative and GGap positive participants

The analysis of the impact of GGap on levels of cholesterol and triglycerides selected patients
were also analysed in this study. For cholesterol, the distribution of participants based on whether
their cholesterol level is within or above the normal range was initially computed. Results of the

analysis is presented in Table 4.4.

Table 4.4: Distribution of participants based on their cholesterol levels.

Type of Level All (n =54) | GGap Negative | GGap Positive
cholesterol category (n=34) (n=20)
Frequency Frequency (%) | Frequency (%)
(%)
VLDL Normal 49 (90.7) 33(97.1) 16 (80.0)
High 509.3) 1(2.9) 4 (20.0)
IDL Normal 50 (92.6) 33(97.1) 17 (85.0)
High 4(7.4) 1(2.9) 3 (15.0)
LDL Normal 53 (98.1) 34 (100) 19 (95.0)
High 1(1.9) 0 (0.0) 1(5.0)
HDL Normal 44 (81.5) 24 (70.6) 20 (100.0)
High 10 (18.5) 10 (29.4) 0 (0.0)

Key: Normal Range: VLDL = 2-30 mg/dL, LDL = <130 mg/dL, HDL = 35-65 mg/dL, IDL = <15
mg/dL

Data presented in Table 4.4 indicate that majority of combined participants (90.7%), GGap
negative (97.1%) and GGap positive (80.0%) had normal VLDL cholestoreol. A similar trend was
observed for all types of cholesterol. However, a higher percentage of GGap positive participants
had higher VLDL (20%) and IDL (15%). Only 1 GGap positive participant had high LDL while
none was observed in the negative GGap group. However, significantly higher number of negative

GGap participants (29.4) had HDL cholesterol.

The size of cholesterol molecules was also analysed in this study. The measurement strategy
employed in this study is shown in Figure 27. The analysis revealed that majority of the VLDL in

across the combined group, the GGap negative and GGap positive are small particles (Figure 27A).
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In the combined group, the concentration of medium sized particles was 3.7-fold (p < 0.001)
compared to large sized particles, and the concentration of small sized molecules was 8.4-fold (p
< 0.001) and 30.9-fold (p < 0.001) higher compared to medium-sized and large-sized particles.

The trend observed for negative and positive GGap groups are similar (Figure 27A).
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Figure 27: Measurement strategy for cholesterol particle size.

The majority of LDL in across the combined group, the GGap negative and GGap positive are
small particles (Figure 4.4B). In the combined group, the concentration of medium sized particles
was 1.6-fold (p < 0.001) compared to large sized particles, and the concentration of small sized
molecules was 2.1-fold (p <0.001) and 3.3-fold (p <0.001) higher compared to medium-sized and
large-sized particles. The trend observed for negative and positive GGap groups are similar (Figure

27B). Also, the majority of HDL in across the combined group, the GGap negative and GGap
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positive are small particles (Figure 27C). In the combined group, the concentration of medium
sized particles was 38.2-fold (p < 0.001) compared to large sized particles, and the concentration
of small sized molecules was 1.7-fold (p < 0.001) and 63.8-fold (p < 0.001) higher compared to

medium-sized and large-sized particles. The trend observed for negative and positive GGap groups

are similar (Figure 27C).
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Figure 28: Analysis of the particle size of VLDL, LDL and HDL cholesterol. (3.3-fold) p
<0.001compared to large particle and (2.1-fold) p < 0.001 compared to the medium particles.
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For triglycerides, the distribution of participants based on whether their triglyceride level is

within or above the normal range was initially computed. Results of the analysis is presented in

Table 4.5

Table 4.5: Distribution of participants based on their triglyceride levels.

Type of Level All (n =54) | GGap Negative | GGap Positive
cholesterol category (n=34) (n=20)
Frequency Frequency (%) | Frequency (%)
(Y0)
VLDL Normal 43 (79.6) 29 (85.3) 14 (50.0)
High 11 (20.4) 5(14.7) 6 (30.0)
IDL Normal 36 (66.7) 26 (74.5) 10 (50.0)
High 18 (33.3) 8(23.5) 10 (50.0)
LDL Normal 53 (98.1) 34 (100) 19 (95.0)
High 1(1.9) 0 (0.0) 1(5.0)
HDL Normal 4(7.4) 3 (8.8) 1(5.0)
High 50 (92.6) 31(91.2) 19 (95.0)

Key: Normal Range: VLDL = <98 mg/dL, LDL = <19 mg/dL, HDL = <12 mg/dL, IDL = <12 mg/dL
Data from the above table shows that a high percentage of the patients have normal VLDL
cholesterol (79.6%). There is not much difference in their GGap (negative - n=5, positive -
n=6). A very high percentage of the patient LDL is normal (98.1%) and 95 % of GGap
positive patients have normal LDL. The percentage of patients with normal HDL is very
low (7.4%) while 92.6% was high. There was not much percentage difference between
GGap negative (91.2) and positive (95.0) patient. Traditionally, it is believed that LDL-C
being bad cholesterol should be high and HDL should be normal/close to normal to show
proper management. Higher HDL (which can be harmful rather than protective against
CVD) could be from certain medications used by patients or genetic mutation (Franczyk et
al, 2021). Judging from table 4.5, the patients are not at risk of CVD or metabolic syndrome
due to normal LDL-C whether GGap negative (100%) or GGap positive (95%). But recent

research has shown that smaller and denser LDL particles are self-determining indicator of
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patients at risk of CVD as a result of their higher susceptibility to oxidation, and

permeability in the endothelium of arterial walls (Talebi et al, 2020).

4.4 Discussion
From the results above it was found out that the positive and negative GGap groups differ
significantly in their type of diabetes, especially type 2 diabetes which was significantly excess in
the positive GGap group as well as their BMI which was higher. Though the relationship between
GGap and BMI Has been established but this research has shown more about the class of GGap
(positive). This suggests that the GGap positive diabetic patients have less deglycation and the
corresponding BMI is a further agreement and confirmation of its link to diabetes and its
complications. As shown in the table 1 above, other clinical variables were not significant, e.g.,
age, duration of diabetes, gender, ethnicity, systolic blood pressure, smoking, retinopathy status,
total cholesterol, any micro or macrovascular complication, cardiovascular risk status, creatinine,
eGFR, urinary ACR. This suggests that irrespective of the GGap group, the mentioned clinical
variables were not statistically significant. Observation from the results shows a lower HDL
cholesterol which is known as the good cholesterol, and a higher cholesterol/HDL cholesterol
ratio in the Positive GGap group. Despite the good cholesterol was low in the positive GGap group,
but in combination with the total cholesterol, it became high. Statistically, there was no significant
difference in macrovascular complications prevalence, or in primary macrovascular risk, and
microvascular retinopathy or renal status. But this could be an indication that, the GGap positive
group are susceptible to dyslipidaemia or other lipids complications. Puig-Juve et al, 2022 believes
GlycA is highly associated with myocardial dysfunction in TIDM and suggest that diabetic

dyslipidaemia could also be a contributor. Nayak et al. (2019) proved the relationship of GGap
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with retinopathy and nephropathy. Memarian et a/, 2021 showed the association of nephropathy
and retinopathy to T2DM.

GlycA and GlycB concentrations are seen to be elevated but GlycF was not, in the positive GGap
group. This suggest that GlycF which is the unbound portion of the glycans may be less relevant
as an inflammatory marker compared to GlycA and GlycB. 1H-NMR detect signals from
glycoproteins circulating in the blood indicating that GlycA is more important follow by GlycB.
This finding is in alliance with existing data like, Seres-Noriega et al, 2020 Carmona-Maurici et
al, 2020 Fuertes-Martin et al, 2020 and Amigo et al, 2021. Connelly ef al. (2017) looking at a
population of men and women, found out that GlycA is significantly correlated with T2DM and
also independent of hsCRP. GlycA independently predict T2DM even after adjusting for
conventional diabetes risk factors. Akinkuolie et al, 2013 also agree that GlycA is strongly
associated with diabetes (though in women), suggesting it to play a novel part of protein glycans
in diabetes development. Dugan et a/, 2015 did not find GlycA a significant predictor of glucose
control but found that GlycA was associated with increased IL-6 and CRP, lower haemoglobin and
GFR.

This research has been able to show that GlycA is elevated in GGap positive diabetic patients as
well as the BMI of GGap positive patients were higher compared to GGap negative diabetic
patients. GGap positive group was significantly correlated with T2DM. This agrees with the
research carried out by Nayak ef al, 2019 and Wang et al, 2022 were they found out that GGap
was positively associated with T2DM patients. Both positive and negative GGap group were
significantly associated with the type of diabetes. Our findings that GGap varies significantly with
demographic characteristics and important clinical outcomes agrees with Nayak et al, 2019. GlycA

was significantly associated with mean HbAlc, fructosamine, FHbAlc, and GGap individually
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but not combined HbAIlc/fructosamine estimations. GlycA and GlycB were found to be
significantly correlated with GGap and types of diabetes confirms it as an inflammatory marker
and a potential or possibly better marker. Some researchers have carried out some work on GGap
in relation to diabetes, but this is the first time of looking at GlycA as a marker in the GGap of
diabetes patients. Our findings are very interesting and intriguing as we were the first to link GlycA

and GlycB (glycoproteins) as a better biomarker in the GGap of diabetic patients.

Lipoprotein analysis shows that cholesterol, very low-density lipoprotein-C (VLDL-C),
intermediate density lipoprotein-C (IDL-C), low density lipoprotein-c (LDL-C), and high-density
lipoprotein-C (HDL-C) all together did not significantly corelate with the GGap. VLDL-C and
HDL-C were significantly corelated with GGap. VLDL-Particles (large, medium, and small) were
significantly corrected with both negative and positive GGap. Large LDL-Particles and medium
HDL-Particles were significantly correlated with both positive and negative GGap. LDL-Z and
HDL-Z were also significantly correlated with both negative and positive GGap. Despite
administering LDL-C lowering therapy which has shown to reduce the rate of CVD events, CVD
events remain prevalent among individuals with low or normal LDL-C (Amigo et al, 2021). CVD
risk which may not be apparent from LDL-C concentrations could be associated with higher
concentrations of atherogenic lipoproteins (Puig-Jove et al, 2022). According to Subramanian and
Gundry, 2022, apolipoprotein that are glycosylated have been firmly linked with lipoprotein-
associated diseases like dyslipidaemia, CVD, stroke, obesity, cancer, T2DM, and neurological
disorders. Puig-Juve et al, 2022 suggested that triglyceride-rich lipoproteins (TGRLs) perform a
key role in the subclinical myocardial dysfunction in TIDM development. Decreased levels of
LDL-C are associated with congenital defects of glycosylation. A general characteristic of

rheumatoid arthritis (RA) is an altered lipoprotein function (Rodriguez-Carrio et al, 2020).
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In as much as measuring GlycA was important to this research work, it came with a lot of
challenges which include, NMR machine not readily available in the place where this research was
carried out, the logistics of carrying or transporting the samples to the place of measurement, the

legal requirements, and the financial involvement.

4.5 Conclusion

GlycA is correlated with BMI and type 2 diabetic patients with positive GGap. Both negative and
positive GGap are associated with diabetes irrespective of the type. GlycA appears to be a better

inflammatory marker than GlycB and the traditional HbAlc.

Although total cholesterol measurement did not correlate with GGap, VLDL-C and HDL-C did
which may be indicative of CVD. Measurement of the particles size indicate that VLDL-P (large,
medium and small) and LDL-P significantly correlated with both positive and negative GGap.
Measurement of particle diameter, LDL-Z and HDL-Z correlated significantly with both positive
and negative GGap. This is an indication that measuring lipoprotein particles (size and diameter)
could give a more insight in patient at risk of CVD and general health condition. There is also a
strong indication that measuring GGap in patients with lipid abnormalities could be very helpful

as a guide for clinicians and other healthcare scientist/practitioners.
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CHAPTER FIVE

GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATION

5.1 Introduction

Diabetes being the pivotal/centre point of this research work, its link with adipokines, and thereafter its
complications will be summarised here. Other preceding chapters will be summarised, then conclusion and
recommendations will follow. This research work was carried out to uncover the relationship of the GGap
to diabetes and its complications, and the possible role or involvement of adipokines. This research work
has been able to establish the relationship or connection between GGap and diabetes and its complications

with the help of an inflammatory biomarker called GlycA.

5.2 Discussion

Before now, in the recent past, hsCRP was used to determine the inflammatory state and the risk of CVD.
Here are some of the reasons GlycA is preferrable to hsCRP; GlycA shows both the protein level and the
glycosylation states. It does not only mark acute phase response, but it is also linked with chronic
diseases e.g., in RA it measures CVD risk independent of hsCRP. It is possible to measure serum
glycoproteins acetylation quantifications as well as lipoprotein indices using |H-NMR. It is more stable,
consistent, sensitive, powerful, and reliable. It requires just a single measurement compared to hsCRP
which requires many measurements. Patients prefer regular blood to regular stool sampling making
serological marker replacing faecal biomarker. It is preferred in patients who cannot be monitored
biochemically using faecal samples. hsCRP is known to fluctuate due to unstable parameters involve.
GlycA can integrate more inflammatory pathways making it more accountable. The reasons listed above

have been confirmed by some other researchers amongst whom are Connelly et al, 2017; Fuertes-Martin
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et al, 2020; Gruppen et al, 2015.The use of GlycA to access GGap in this research work confirmed what

have been said by others and also shows new findings which open doors for further research.

With the knowledge that glycation leads to AGEs and thereby cause distortion in adipose tissue resulting
in IR (hyperglycaemia) which is the root cause of diabetes and its complications. There was a need to use
an inhibitor of glycation enzyme called 1-DMF to confirm the secretion or release of insulin. The
application of the inhibiting enzyme produced a crash in insulin secretions or release. This research has
been able to establish the fact without the presence of the FN3K (a deglycation enzyme), glycation of
proteins will accumulate to form AGEs and thereby leads to diabetes and its complications. Protein
deglycation catalysed by FN3K is a process of restoring proteins to their original structure and function
prior to the Maillard modification. Once glycated, some protein residues remain glycated until the protein
is turned over, because of inaccessibility or low affinity to FN3K. In this research, we were able to show
the importance and potency of FN3K inhibitor in protein deglycation. Our research confirmed that FN3K
inhibitor 1-deoxy-1-morpholinofructosamine (DMF) is capable of stopping the deglycation proteins
thereby, allowing the reaction to proceed to AGE formation. From our result, we noticed that FN3K acts
in its maximum capacity in the presence of high glucose. This is a confirmation that there is more glycation
in the presence of more glucose. FN3K protects beta-cells against glycation damage and when this role is
defeated, the progression of AGE continues which then leads to IR, the release of adipokines and cytokines
from adipose tissues. This suggest that FN3K is capable of protecting beta-cells against glycation damage
thereby adverting diabetes complications. This is also in agreement with Collard et al, 2004 who showed
evidence that DMF removes fructosamine residues from haemoglobin in erythrocytes. It is also observed
that at higher concentration of glucose, insulin secretion begins to diminish. According to Pascal et a/,
(2010), FN3K is neither needed for the maintenance of -cell survival and function when the condition is

under control nor involved in protection against B-cell glucotoxicity notwithstanding its ability to reduce
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the glycation of intracellular islet proteins. FN3K and FN3K-RP (related protein) is believed to have effect
on the glycation cascade in vivo with potential positive and negative effects (Hellwig et al, 2013). AGEs
may be a key factor in the development of metabolic memory in diabetic complications because AGEs are
irreversibly produced and accumulated in the body, depending on the extent and timing of their adjustment

in blood sugar (Rhee et al, 2017).

Although Ross et al. (2018) proposed that atherosclerosis is an inflammatory response of the arterial wall
to injury more than four decades ago, it is only recently that inflammation has become widely accepted as
a mechanism (central mechanism), perhaps the ultimate common pathway leading to the atherosclerotic
process. Therefore, high cholesterol, hypertension, high blood sugar, smoking, lack of estrogen, and
obesity can all be triggers for inflammation (Ruiz-Nunez ef al, 2013). These metabolic disorders induce
chronic inflammation unlike endotoxins and bacterial infections, which cause acute inflammation
(Lassenius et al, 2011). Endotoxins and inflammatory cytokines induce a cascade of events that ultimately
lead to increased expression of adhesion molecules on the endothelial layer and their respective ligands on
leukocytes (Paresh, 2002). During acute inflammation, polymorphonuclear leukocytes adhere to the
endothelium, whereas in chronic inflammation, monocytes are predominant (Ward, 2010). This chronic
inflammatory process is initiated by adhesion of monocytes to the endothelial surface via adhesion
molecules expressed on the endothelium (Van Gils et al/, 2009). Normal endothelium expresses these
molecules in limited quantities. During inflammatory processes, the total expression and turnover of
adhesion molecules are markedly increased (Golias et al, 2007). Activated/inflamed monocytes and
endothelial cells also increase secretion of chemokines such as monocyte chemotactic protein-1 (MCP-1),
which attracts monocytes to the site of inflammation (Libby, 2012). Injury and inflammation lead to
increased expression of three key adhesion molecules: P-selectin, intercellular adhesion molecule-1

(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Wateridge, 2005). P-selectin binds
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monocytes weekly and transiently and allows them to slowly roll over the endothelial layer; ICAM-1 firmly
binds retarded monocytes and also activates monocytes through this binding; VCAM-1 mediates the
migration of monocytes into the subendothelial layer through the endothelial interstitial spaces generated
by matrix metalloproteinase (MMP) activity (Libby et al, 2010). Activated monocytes produce superoxide
radicals, which cause oxidative damage to low-density lipoprotein (LDL) particles (Khatana et al, 2020).
Oxidized LDL is then internalized by the scavenging receptor, CD36, on the surface of monocytes (Di

Pietro et al, 2016).

In order to ascertain the role of adipokines on diabetes and its complications, we incubated MIN6 cells in
high and low glucose media concentrations. The media was treated with different concentrations of
adipokine (WISP1). Another cell line called BRIN BDI11 was also used to see the effect of
eNAMPT/visfatin on insulin release at low and high glucose concentrations. Another adipokine called
sFRP4 was also tested to ascertain their effects in insulin secretions or release. This work yielded a positive
result as it was able to establish a relationship between adipokines and diabetes. All adipokines tested,
showed in one way or the other their effects or role in insulin secretions or release. Abdul-Waheb et al
(2014) in their research were able to secrete insulin from the skin of the frog Rana palustris were pseudin-
2 stimulates insulin secretion from BRIN-BD11 cells through a mechanism involving Ca**-independent
pathways. Pseudin-2 was identified as a peptide that may have potential for developing as a therapeutically
beneficial insulinotropic agent for the treatment of type 2 diabetes (Abdul-Waheb et al, 2014). Ethanol
extract of A. squamosa leaves (EEAS) possesses antidiabetic activity by enhancing insulin secretion both
in vitro in clonal pancreatic BRIN BD11 B-cells and in isolated mouse islets, as well as in vivo in high-fat-
fed (HFF) obese rats (Ansari et al, 2022). Scullion et al. (2012) in their research showed reason why BRIN-
BDI11 cells can become less responsive to stimulation of insulin release at physiological glucose

concentrations. Increased hexokinase activity after exposure of the cells to homocysteine (HC) self-
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sufficient from the presence of alloxan (Alx) can be taken as the de-differentiating effect of HC, describing

why Higher hexokinase activity allows survival of the cells of this tissue culture line.

Using the adipokine eNAMPT/visfatin on a MING6 cell line shows a U shape effect at certain concentrations
of glucose indicating that eNAMPT is likely to be more monomer (ability to combine with other molecules
to form a larger one) than dimer at high concentrations. Visfatin/NAMPT seems to be a unique molecule
with clinical importance, with a potential promising of a diagnostic, prognostic, and therapeutic effects in
many cardiovascular and metabolic disorders. The development of sensitive immunoassays with broader
detection ranges to detect serum visfatin precisely may be essential to explain those contentious
observations and unravel any possible correlation. The levels of plasma visfatin are not certainly accurate
representatives of the tissue activity (Dakroub et al, 2020). eNAMPT/visfatin is capable of inhibiting IGF-
1 function by activating the extracellular signal-regulated kinase (ERK)/mitogen activated protein kinase
(MAPK) pathway without IGF-1 receptor activation, suggesting a novel mechanism for IGF-1 resistance
in OA. eNAMPT mimics insulin function after binding to the insulin receptor (Yammani et al, 2012).
Adipose tissue which is the natural source of eNampt/visfatin/PBEF could regulate B-cell function via
secretion of eNampt and extracellular biosynthesis of nicotinamide mononucleotide (NMN) (Rabe et al,
2008). Nampt/visfatin which is an adipokine can be secreted due to cellular stress. In cellular inflammatory
response Nampt might contribute positively but the loss of iNampt or the presence of eNampt/visfatin

overwhelms the cell viability. (Lin ef al, 2015).

WISP1 appears to have a significant effect on insulin release. WISP1 may play a role in linking obesity
to inflammation and insulin resistance and could be a novel therapeutic target for obesity. The visceral fat
from obese subjects overexpressed WISP1 a novel adipokine considerably and speculate insulin resistance

and adipose tissue inflammation. Changes in weight regulate circulating WISP1 levels as well as WISP1
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expression in adipose tissue (Murahovschi et al, 2015). WISP1 can be considered as one of the essential
adipokines involved in glucose homeostasis. Increasing evidence supports the hypothesis that WISP1 plays
a role in the complex domain, including excess body weight, impaired insulin sensitivity, and ultimately
type 2 diabetes. Circulating levels of WISP1 are higher in obese than normal-weight subjects and are
secreted by differentiated human adipocytes. The ability of WISP-1 to induce a pro-inflammatory state has
been demonstrated, which may be one of the mechanisms that enhance endocrine dysfunction in adipose
tissue. Furthermore, WISP-1 expression in adipocytes is negatively correlated with insulin sensitivity

(Horbelt et al, 2018).

WISP-1 mechanisms of action that impairs insulin sensitivity include inhibiting glycogen synthesis,
interfering with insulin signaling, and promoting the inflammatory state. Here are two conflicting reports
on the relationship between WISP-1 circulating levels and type 2 diabetes that need clarification. WISP-1
promotes human beta cell proliferation, making it a candidate for future therapeutic applications. However,
the mitogenic, profibrotic and angiogenic potential of WISP-1 in various tissues carries the risk of adverse

effects (Mirr ef al, 2021).

sFRP4 appears to have a significant effect on insulin release, albeit in the opposite way compared to

previous studies.

Adipose tissue is not the only source of systemic sFRP4, it is also expressed or secreted in other tissues
such as liver, pancreas and skeletal muscle and selectively inhibits sFRP4 signaling insulin, which
stimulates the Regulates glucose metabolism while enhancing DNL stimulation. The effect of insulin is
further enhanced by sFRP4, and its levels increase even before the onset of type 2 diabetes. It may be
interesting to target sSFRP4 to mitigate pathophysiological changes that occur during diabetes mellitus

development of type 2 diabetes and fatty liver disease (Horbelt ez al, 2019). According to Brix et al. (2016),
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the type of diabetes does not matter because sFRP4 is significantly elevated in patients with different types
of diabetes, i.e. this protein is generally involved in islet cell dysfunction and possibly in subclinical
inflammation. Getting a standardised assays for the necessary studies to further evaluate the role of sSFRP4
in diabetes will arrest these differences. In well-treated patients with coronary artery disease higher sFRP4
concentrations are associated with T2DM and the metabolic syndrome. sFRP4 concentrations though a
novel marker of impaired glucose and triglyceride metabolism, it does not predict cardiovascular outcome
in patients with steady coronary artery disease (Hoffmann et a/, 2014). When expressed above average
levels, secreted frizzled-related protein 4 (sFRP4) is known to cause five times more risk of diabetes. The
levels of sFRP4 are seen to be high in diseases which results in less insulin production, thereby leading to
reduced carbohydrate metabolism. The in-silico approach was used to discover some potential inhibitors
against SFRP4. This could pave a way for diabetes mellitus cures in the future by reducing the expression
of sSFRP4 and increasing insulin production. Using the inhibitors cyclothiazide, clopamide and perindopril
to inhibit sSFRP4, it could lead to possible treatment of T2D (Bukhari et al, 2014). Anand et al. (2016) in
their research found that increased sFRP4 levels were positively correlated with fasting glucose, 2hr
postprandial glucose, glycated haemoglobin, and HOMA-IR and inversely correlated with ODI (oral
disposition index). Raised sFRP4 could be a good marker of B-cell dysfunction and insulin resistance.
sFRP4 in serum has been found to be associated with raised fasting glucose and reduced disposition index.
Nevertheless, it was also associated with impaired insulin sensitivity, signifying that the protein could have
excess of metabolic effects and could be released from numerous tissues involved in glucose homeostasis.
These findings mark the protein as a possible biomarker for the low-grade islet inflammation that is
commonly seen in T2D. This could be useful for early disease detection in combination with glucose and
other biomarkers. sFRP4 could possibly be a therapeutic target for specific treatment of islet dysfunction

(Mahdi et al,2012)
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5.3 Contribution to knowledge

This research work has been able to show that FN3K is capable of inducing the secretion of insulin. It is
very important in preventing glycation of proteins thereby preventing AGEs formation and the resulting
diabetes and its complications. FN3K is associated with the GGap of diabetic patients and could be a
therapeutic target. This work has also been able to show that adipokines have effects in insulin secretions
or release (novel adipokine, WISP1 and others like, visfatin and sFRP4) and thereby plays a role in diabetes
and its complications. And finally, GGap is significantly correlated with diabetes (positive GGap higher
with T2DM) and GlycA a better biomarker of inflammatory response and its usefulness in linking GGap
to diabetes and its complications. IH-NMR was also used to show the relevant of GlycA and GlycB to
GGap in diabetic patients. It also measures the lipoproteins and show the significant of measuring
lipoprotein particles which could reveal patients who are at risk of CVD. Both positive and negative GGap
are significantly correlated with lipoprotein particles size and diameter. Overall, this is the first research
work that has looked into the use of glycoproteins analysis to establish a relationship between GGap and
diabetes and its complications. This is also the first research work to show the role or effects of adipokines

in diabetes and its complications. This work has exposed more areas of interest for further studies.

5.4 Recommendation
GlycA should be a conventional diagnostic requirement for diabetic patients. Lipoprotein analysis

should be carried out for patients with diabetes and its complicated.

This may require carrying out in a larger population because the sample size for this research work
was relatively small (54 samples). In that case the beauty and sensitivity of this work will be

confirmed and much appreciated.
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5.5 Conclusion

WISP1 appears to have a significant effect on insulin release. WISP1 may play a role in linking
obesity to inflammation and insulin resistance and could be a novel therapeutic target for obesity.
Knowing the importance of FN3K, it could be a useful tool to look out for in order to avoid AGEs
and diabetes complications. GGap is significantly correlated with diabetes and GlycA is linked
with it as well as diabetes. GlycA and GlycB are potent inflammatory markers, but GlycA is more
potent. IH-NMR is capable of analysing glycoproteins and lipoproteins and revealing important
diagnostic information like measurement of lipid particles that could reveal CVD risk. This could
help not only as target areas for treatments but for early and accurate diagnosis, disease treatment
and proper management. It could also help to guide the clinicians in their judgment and prognosis.
All these will lead to a reduce infection, diabetes and its complication, cost of treatment and

management, and above all reduce morbidity and mortality rate.

176



REFERENCE

Abdul-Wahed, A., Gautier-Stein, A., Casteras, S., Soty, M., Roussel, D., Romestaing, C., Guillou, H.,
Tourette, J.A., Pleche, N., Zitoun, C. and Gri, B., 2014. A link between hepatic glucose production and
peripheral energy metabolism via hepatokines. Molecular metabolism, 3(5), pp.531-543.

Abella, V., Scotece, M., Conde, J., Gémez, R., Lois, A., Pino, J., Gémez-Reino, J.J., Lago, F., Mobasheri,
A. and Gualillo, O., 2015. The potential of lipocalin-2/NGAL as biomarker for inflammatory and metabolic
diseases. Biomarkers, 20(8), pp.565-571.

Acquarone, E., Monacelli, F., Borghi, R., Nencioni, A. and Odetti, P., 2019. Resistin: A
reappraisal. Mechanisms of ageing and development, 178, pp.46-63.

Agarwal, A. and Nath, K.A., 2020. Pathophysiology of Chronic Kidney Disease Progression: Organ and
Cellular Considerations. In Chronic Renal Disease (pp. 263-278). Academic Press.

Ahmad, S., Khan, M.S., Akhter, F., Khan, M.S., Khan, A., Ashraf, J.M., Pandey, R.P. and Shahab, U.,
2014. Glycoxidation of biological macromolecules: a critical approach to halt the menace of
glycation. Glycobiology, 24(11), pp.979-990.

Ahmadian, M., Suh, J.M., Hah, N., Liddle, C., Atkins, A.R., Downes, M. and Evans, R.M., 2013. PPARy
signaling and metabolism: the good, the bad and the future. Nature medicine, 19(5), pp.557-566.

Akhil, P.C., 2010. Study of Microalbuminuria and Retinopathy in Pre-diabetes (Doctoral dissertation,
Coimbatore Medical College, Coimbatore).

Akinkuolie, A.O., Pradhan, A.D., Ridker, P.M. and Mora, S., 2013. Novel protein glycan derived biomarker
is associated with incident diabetes.

Antonelli, M. and Kushner, I., 2017. It's time to redefine inflammation. The FASEB Journal, 31(5), pp.1787-
1791.

Akinkuolie, A.O., Pradhan, A.D., Buring, J.E., Ridker, P.M. and Mora, S., 2015. Novel protein glycan side-
chain biomarker and risk of incident type 2 diabetes mellitus. Arteriosclerosis, thrombosis, and vascular
biology, 35(6), pp.1544-1550.

Al-Kharashi, A.S., 2018. Role of oxidative stress, inflammation, hypoxia and angiogenesis in the
development of diabetic retinopathy. Saudi journal of ophthalmology, 32(4), pp.318-323.

Alderawi, A., Caramori, G., Baker, E.H., Hitchings, A.W., Rahman, |., Rossios, C., Adcock, I., Casolari, P.,
Papi, A., Ortega, V.E. and Curtis, J.L., 2020. FN3K expression in COPD: A potential comorbidity factor for
cardiovascular disease. BMJ Open Respiratory Research, 7(1), p.e000714.

Alderawi, A.S., 2017. The Role of a Deglycating Enzyme ‘Fructosamine-3-Kinase’in Diabetes and COPD.

Amigo, N., Fuertes-Martin, R., Malo, A.l., Plana, N., Ibarretxe, D., Girona, J., Correig, X. and Masana, L.,
2021. Glycoprotein profile measured by a 1H-nuclear magnetic resonance based on approach in patients
with diabetes: a new robust method to assess inflammation. Life, 11(12), p.1407.

American Diabetes Association, 2014. Diagnosis and classification of diabetes mellitus. Diabetes
care, 37(Supplement_1), pp.S81-S90.

177



Anand, K., Vidyasagar, S., Lasrado, 1., Pandey, G.K., Amutha, A., Ranjani, H., Anjana, R.M., Mohan, V.
and Gokulakrishnan, K., 2016. Secreted frizzled-related protein 4 (SFRP4): A novel biomarker of B-cell
dysfunction and insulin resistance in individuals with prediabetes and type 2 diabetes. Diabetes care, 39(9),
pp.c147-e148.

Anil Kumar, P., Welsh, G.1., Saleem, M.A. and Menon, R.K., 2014. Molecular and cellular events
mediating glomerular podocyte dysfunction and depletion in diabetes mellitus. Frontiers in
endocrinology, 5, p.151.

Aragona, C.O., Imbalzano, E., Mamone, F., Cairo, V., Lo Gullo, A., D’Ascola, A., Sardo, M.A., Scuruchi,
M., Basile, G., Saitta, A. and Mandraffino, G., 2016. Endothelial progenitor cells for diagnosis and prognosis
in cardiovascular disease. Stem cells international, 2016.

Araujo-Vilar, D. and Santini, F., 2019. Diagnosis and treatment of lipodystrophy: a step-by-step
approach. Journal of endocrinological investigation, 42, pp.61-73.

Asimakopoulou, A., Weiskirchen, S. and Weiskirchen, R., 2016. Lipocalin 2 (LCN2) expression in hepatic
malfunction and therapy. Frontiers in physiology, 7, p.430.

Ategbo, J.M., Grissa, O., Yessoufou, A., Hichami, A., Dramane, K.L., Moutairou, K., Miled, A., Grissa,
A., Jerbi, M., Tabka, Z. and Khan, N.A., 2006. Modulation of adipokines and cytokines in gestational
diabetes and macrosomia. The Journal of Clinical Endocrinology & Metabolism, 91(10), pp.4137-4143.

Avemaria, F., Carrera, P., Lapolla, A., Sartore, G., Chilelli, N.C., Paleari, R., Ambrosi, A., Ferrari, M. and
Mosca, A. (2015) Possible role of fructosamine 3-kinase genotyping for the management of diabetic

patients. Clinical Chemistry and Laboratory Medicine (CCLM) [online], 53(9), pp. 1315-1320.

Avogaro, A., de Kreutzenberg, S.V. and Fadini, G., 2008. Endothelial dysfunction: causes and
consequences in patients with diabetes mellitus. Diabetes research and clinical practice, 82, pp.S94-
S101.

B Arden, G. and Sivaprasad, S., 2011. Hypoxia and oxidative stress in the causation of diabetic
retinopathy. Current diabetes reviews, 7(5), pp.291-304.

Babaev, V.R., Runner, R.P., Fan, D., Ding, L., Zhang, Y., Tao, H., Erbay, E., Gérgun, C.Z., Fazio, S.,
Hotamisligil, G.S. and Linton, M.F., 2011. Macrophage Mal1 deficiency suppresses atherosclerosis in low-
density lipoprotein receptor—null mice by activating peroxisome proliferator-activated receptor-y—regulated
genes. Arteriosclerosis, thrombosis, and vascular biology, 31(6), pp.1283-1290.

Badescu, S.V., Tataru, C., Kobylinska, L., Georgescu, E.L., Zahiu, D.M., Zagrean, A.M. and Zagrean, L.,
2016. The association between Diabetes mellitus and Depression. Journal of Medicine & Life, 9(2).

Balaji, S., King, A., Crombleholme, T.M. and Keswani, S.G., 2013. The role of endothelial progenitor cells
in postnatal vasculogenesis: implications for therapeutic neovascularization and wound healing. Advances
in wound care, 2(6), pp.283-295.

Balsan, G.A., Vieira, J.L.D.C., Oliveira, A.M.D. and Portal, V.L., 2015. Relationship between adiponectin,
obesity and insulin resistance. Revista da Associacdo Médica Brasileira, 61, pp.72-80.

Badimon, L. and Vilahur, G., 2014. Thrombosis formation on atherosclerotic lesions and plaque
rupture. Journal of internal medicine, 276(6), pp.618-632.

Bahadoran, Z., Mirmiran, P. and Ghasemi, A., 2020. Role of nitric oxide in insulin secretion and glucose
metabolism. Trends in Endocrinology & Metabolism, 31(2), pp.118-130.

178



Bakker, W., Eringa, E.C., Sipkema, P. and van Hinsbergh, V.W., 2009. Endothelial dysfunction and
diabetes: roles of hyperglycemia, impaired insulin signaling and obesity. Cell and tissue research, 335(1),
pp.165-189.

Balcioglu, A.S. and Muderrisoglu, H., 2015. Diabetes and cardiac autonomic neuropathy: clinical
manifestations, cardiovascular consequences, diagnosis and treatment. World journal of diabetes, 6(1),
p.80.

Baldane, S., Ipekci, S.H., Ekin, A., Abusoglu, S., Unlu, A. and Kebapcilar, L., 2018. Evaluation of
fractalkine (FKN) and secreted frizzled-related protein 4 (SFRP-4) serum levels in patients with prediabetes
and type 2 diabetes. Bratislavske lekarske listy, 119(2), pp.112-115.

Barchetta, 1., Cimini, F.A., Capoccia, D., De Gioannis, R., Porzia, A., Mainiero, F., Di Martino, M.,
Bertoccini, L., De Bernardinis, M., Leonetti, F. and Baroni, M.G., 2017. WISP1 is a marker of systemic
and adipose tissue inflammation in dysmetabolic subjects with or without type 2 diabetes. Journal of the
Endocrine Society, 1(6), pp.660-670.

Bardaweel, S.K., Gul, M., Alzweiri, M., Ishaqat, A., ALSalamat, H.A. and Bashatwah, R.M., 2018. Reactive
oxygen species: The dual role in physiological and pathological conditions of the human body. The
Eurasian journal of medicine, 50(3), p.193.

Barnes, P.J., 2016. Inflammatory mechanisms in patients with chronic obstructive pulmonary
disease. Journal of Allergy and Clinical Immunology, 138(1), pp.16-27.

Bartlett, D.B., Slentz, C.A., Connelly, M.A., Piner, L.W., Willis, L.H., Bateman, L.A., Granville, E.O.,
Bales, C.W., Huffman, K.M. and Kraus, W.E. (2017) Association of the Composite Inflammatory
Biomarker GlycA, with Exercise-Induced Changes in Body Habitus in Men and Women with Prediabetes.
Oxidative Medicine and Cellular Longevity [online], 2017.

Bartnik, M., Ryden, L., Ferrari, R., Malmberg, K., Pyérala, K., Simoons, M., Standl, E., Soler-Soler, J. and
Onrvik, J., 2004. The prevalence of abnormal glucose regulation in patients with coronary artery disease
across Europe: The Euro Heart Survey on diabetes and the heart. European heart journal, 25(21), pp.1880-
1890.

Batterham, R.L. and Cummings, D.E., 2016. Mechanisms of diabetes improvement following
bariatric/metabolic surgery. Diabetes care, 39(6), pp.893-901.

Bechmann, L.P., Hannivoort, R.A., Gerken, G., Hotamisligil, G.S., Trauner, M. and Canbay, A., 2012. The
interaction of hepatic lipid and glucose metabolism in liver diseases. Journal of hepatology, 56(4), pp.952-
964.

Beeraka, N.M., Bovilla, V.R., Doreswamy, S.H., Puttalingaiah, S., Srinivasan, A. and Madhunapantula,
S.V,, 2021. The taming of nuclear factor erythroid-2-related factor-2 (Nrf2) deglycation by fructosamine-3-
kinase (FN3K)-inhibitors-a novel strategy to combat cancers. Cancers, 13(2), p.281.

Behranvand, N., Nasri, F., Zolfaghari Emameh, R., Khani, P., Hosseini, A., Garssen, J. and Falak, R.,
2022. Chemotherapy: A double-edged sword in cancer treatment. Cancer immunology,
immunotherapy, 71(3), pp.507-526.

Beisswenger, P.J., 2009. Endogenous Toxins and Susceptibility or Resistance to Diabetic
Complications. Endogenous Toxins: Targets for Disease Treatment and Prevention, pp.557-576.

179



Bejarano, E. and Taylor, A., 2019. Too sweet: Problems of protein glycation in the eye. Experimental eye
research, 178, pp.255-262.

Bell, D.S., 2023. Detecting and treating the protean manifestations of diabetic autonomic
neuropathy. Diabetes, Obesity and Metabolism, 25(5), pp.1162-1173.

Bellanti, F., Pannone, G., Tartaglia, N. and Serviddio, G., 2020. Redox control of the immune response in
the hepatic progenitor cell niche. Frontiers in cell and developmental biology, 8, p.295.

Bener, A., Al-Hamagq, A.O., Kurtulus, E.M., Abdullatef, W.K. and Zirie, M., 2016. The role of vitamin D,
obesity and physical exercise in regulation of glycemia in Type 2 Diabetes Mellitus patients. Diabetes &
Metabolic Syndrome: Clinical Research & Reviews.

Bensellam, M., Laybutt, D.R. and Jonas, J.C., 2012. The molecular mechanisms of pancreatic B-cell
glucotoxicity: recent findings and future research directions. Molecular and cellular endocrinology, 364(1-
2), pp-1-27.
Bergmann, K. and Sypniewska, G., 2014. Secreted frizzled-related protein 4 (SFRP4) and fractalkine
(CX3CL1)—Potential new biomarkers for B-cell dysfunction and diabetes. Clinical biochemistry, 47(7-8),
pp.529-532.

Bettiga, A., Fiorio, F., Di Marco, F., Trevisani, F., Romani, A., Porrini, E., Salonia, A., Montorsi, F. and
Vago, R., 2019. The modern western diet rich in advanced glycation end-products (AGEs): An overview of
its impact on obesity and early progression of renal pathology. Nutrients, 11(8), p.1748.

Beverly, J.K. and Budoff, M.J., 2020. Atherosclerosis: Pathophysiology of insulin resistance,
hyperglycemia, hyperlipidemia, and inflammation. Journal of diabetes, 12(2), pp.102-104.

Bhat, S., Mary, S., Giri, A.P. and Kulkarni, M.J., 2017. Advanced glycation end products (AGEs) in diabetic
complications. Mechanisms of vascular defects in diabetes mellitus, pp.423-449.

Biondi-Zoccai, G.G., Abbate, A., Liuzzo, G. and Biasucci, L.M., 2003. Atherothrombosis, inflammation,
and diabetes. Journal of the American College of Cardiology, 41(7), pp.1071-1077.

Blair, M., 2016. Diabetes mellitus review. Urologic nursing, 36(1).

Bodiga, V.L., Eda, S.R. and Bodiga, S., 2014. Advanced glycation end products: role in pathology of
diabetic cardiomyopathy. Heart failure reviews, 19, pp.49-63.

Bosevski, M., Stojanovska, L. and Apostolopoulos, V., 2015. Inflammatory biomarkers: impact for diabetes

and diabetic vascular disease. Acta biochimica et biophysica Sinica, 47(12), pp.1029-1031.

Boutari, C., Tziomalos, K. and Athyros, V.G., 2016. The adipokines in the pathogenesis and treatment of
nonalcoholic fatty liver disease. Hippokratia, 20(4), p.259.

Bozaoglu, K., Bolton, K., McMillan, J., Zimmet, P., Jowett, J., Collier, G., Walder, K. and Segal, D., 2007.
Chemerin is a novel adipokine associated with obesity and metabolic syndrome. Endocrinology, 148(10),
pp.4687-4694.

Brix, J.M., Krzizek, E.C., Hoebaus, C., Ludvik, B., Schernthaner, G. and Schernthaner, G.H., 2016.

Secreted frizzled-related protein 4 (SFRP4) is elevated in patients with diabetes mellitus. Hormone and
Metabolic Research, 48(05), pp.345-348.

180



Broch, M., Ramirez, R., Auguet, M., Alcaide, M., Aguilar, C., Garcia-Espana, A. and Richart, C., 2010.
Macrophages are novel sites of expression and regulation of retinol binding protein-4 (RBP4). Physiol
Res, 59(2), pp.299-303.

Brownlee, M., 2001. Biochemistry and molecular cell biology of diabetic complications. Nature,
414(6865), p.813.

Brunoni, A.R., Salum, G.A., Hoffmann, M.S., Goulart, A.C., Barreto, S.M., Canhada, S., Carvalho, A.F.,
Koyanagi, A., Calice-Silva, V., Lotufo, P.A. and Santos, I.S., 2020. Prospective associations between
hsCRP and GlycA inflammatory biomarkers and depression: The Brazilian longitudinal study of adult
health (ELSA-Brasil). Journal of Affective Disorders, 271, pp.39-48.

Bukhari, S.A., Shamshari, W.A., Ur-Rahman, M., Zia-Ul-Haq, M. and Jaafar, H.Z., 2014. Computer aided
screening of secreted frizzled-related protein 4 (SFRP4): a potential control for diabetes mellitus.
Molecules, 19(7), pp.10129-10136.

Bukhari, S.A., Shamshari, W.A., Zia-Ul-Haq, M. and Jaafar, H.Z., 2014. Computer aided screening of secreted
frizzled-related protein 4 (SFRP4): a potential control for diabetes mellitus. Molecules, 19(7), pp.10129-10136.

Bukhari, S.A., Yasmin, A., Zahoor, M.A., Mustafa, G., Sarfraz, |. and Rasul, A., 2019. Secreted frizzled-
related protein 4 and its implication in obesity and type-2 diabetes. IUBMB life, 71(11), pp.1701-1710.

C Tobon-Velasco, J., Cuevas, E. and A Torres-Ramos, M., 2014. Receptor for AGEs (RAGE) as mediator
of NF-kB pathway activation in neuroinflammation and oxidative stress. CNS & Neurological Disorders-
Drug Targets (Formerly Current Drug Targets-CNS & Neurological Disorders), 13(9), pp.1615-1626.

Carmona-Maurici, J., Amigé, N., Cuello, E., Bermudez, M., Baena-Fustegueras, J.A., Peinado-Onsurbe, J.
and Pardina, E., 2020. Bariatric surgery decreases oxidative stress and protein glycosylation in patients
with morbid obesity. European Journal of Clinical Investigation, 50(11), p.e13320.

Carpentier, A.C., 2021. 100th anniversary of the discovery of insulin perspective: insulin and adipose
tissue fatty acid metabolism. American Journal of Physiology-Endocrinology and Metabolism, 320(4),
pp.E653-E670.

Carstensen-Kirberg, M., Kannenberg, J.M., Huth, C., Meisinger, C., Koenig, W., Heier, M., Peters, A.,
Rathmann, W., Roden, M., Herder, C. and Thorand, B., 2017. Inverse associations between serum levels
of secreted frizzled-related protein-5 (SFRP5) and multiple cardiometabolic risk factors: KORA F4
study. Cardiovascular Diabetology, 16(1), pp.1-10.

Castela, I., Morais, J., Barreiros-Mota, |., Silvestre, M.P., Marques, C., Rodrigues, C., Ismael, S., Araujo,
J.R., Angelo-Dias, M., Martins, C. and Borrego, L.M., 2023. Decreased adiponectin/leptin ratio relates to
insulin resistance in adults with obesity. American Journal of Physiology-Endocrinology and
Metabolism, 324(2), pp.E115-E119.

Castro, A.M., Macedo-De la Concha, L.E. and Pantoja-Meléndez, C.A., 2017. Low-grade inflammation
and its relation to obesity and chronic degenerative diseases. Revista Médica del Hospital General de
Mexico, 80(2), pp.101-105.

Catalano, P.M., 2014. Trying to understand gestational diabetes. Diabetic Medicine, 31(3), pp.273-281.
Catapano, A.L., Reiner, Z., De Backer, G., Graham, |., Taskinen, M.R., Wiklund, O., Agewall, S., Alegria,
E., Chapman, M.J., Durrington, P. and Erdine, S., 2011. ESC/EAS Guidelines for the management of

dyslipidaemias: the Task Force for the management of dyslipidaemias of the European Society of
Cardiology (ESC) and the European Atherosclerosis Society (EAS). Atherosclerosis, 217(1), pp.3-46.

181



Chatham, J.C., Zhang, J. and Wende, A.R., 2021. Role of O-linked N-acetylglucosamine protein
modification in cellular (patho) physiology. Physiological reviews, 101(2), pp.427-493.

Chaudhury, A., Duvoor, C., Reddy Dendi, V.S., Kraleti, S., Chada, A., Ravilla, R., Marco, A., Shekhawat,
N.S., Montales, M.T., Kuriakose, K. and Sasapu, A., 2017. Clinical review of antidiabetic drugs: implications
for type 2 diabetes mellitus management. Frontiers in endocrinology, 8, p.6.

Chaudhuri, J., Bains, Y., Guha, S., Kahn, A, Hall, D., Bose, N., Gugliucci, A. and Kapahi, P., 2018. The
role of advanced glycation end products in aging and metabolic diseases: bridging association and
causality. Cell metabolism, 28(3), pp.337-352.

Chawla, D. and Tripathi, A.K., 2019. Role of advanced glycation end products (AGEs) and its receptor
(RAGE)-mediated diabetic vascular complications. Integr. Food Nutr. Metab, 6(5), pp.1-6.

Chen, C.Y., Zhang, J.Q., Li, L., Guo, M.M., He, Y.F., Dong, Y.M., Meng, H. and Yi, F., 2022. Advanced
glycation end products in the skin: Molecular mechanisms, methods of measurement, and inhibitory
pathways. Frontiers in Medicine, 9, p.837222.

Chen, J., Jing, J., Yu, S., Song, M., Tan, H., Cui, B. and Huang, L., 2016. Advanced glycation
endproducts induce apoptosis of endothelial progenitor cells by activating receptor RAGE and NADPH
oxidase/JNK signaling axis. American journal of translational research, 8(5), p.2169.

Chen, J.Y., Ye, Z.X., Wang, X.F., Chang, J., Yang, M.W., Zhong, H.H., Hong, F.F. and Yang, S.L., 2018.
Nitric oxide bioavailability dysfunction involves in atherosclerosis. Biomedicine & Pharmacotherapy, 97,
pp.423-428.

Chen, J., Ye, C., Wan, C., Li, G., Peng, L., Peng, Y. and Fang, R., 2021. The roles of c-jun N-terminal
kinase (JNK) in infectious diseases. International Journal of Molecular Sciences, 22(17), p.9640.

Chen, K., Guo, J., Zhang, T., Gu, J., Li, H. and Wang, J., 2021. The role of dyslipidemia in colitis-
associated colorectal cancer. Journal of Oncology, 2021, pp.1-13.

Chen, R. and Luo, L., 2023. Progress in the Study of Glycosylated Haemoglobin Variability Index in
Relation to Chronic Complications of Diabetes Mellitus. International Journal of Biology and Life
Sciences, 3(2), pp.1-3.

Chen, Y.Y., Wu, T.T., Ho, C.Y., Yeh, T.C., Sun, G.C., Tseng, C.J. and Cheng, P.W., 2022. Blocking of
SGLT2 to eliminate NADPH-induced oxidative stress in lenses of animals with fructose-induced diabetes
mellitus. International Journal of Molecular Sciences, 23(13), p.7142.

Chen, Y., Yu, L., Wang, Y., Wei, Y., Xu, Y., He, T. and He, R., 2019. d-Ribose contributes to the glycation
of serum protein. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1865(9), pp.2285-2292.

Chen, Y., Zhang, Y., Wang, Y., Ta, S., Shi, M., Zhou, Y., Li, M., Fu, J., Wang, L., Liu, X. and Lu, Z., 2023.
Assessment of subclinical left ventricular systolic dysfunction in patients with type 2 diabetes:
Relationship with HbA1c and microvascular complications. Journal of Diabetes, 15(3), pp.264-274.

Cheng, T.L., Johnson, S.B. and Goodman, E., 2016. Breaking the intergenerational cycle of disadvantage:
the three generation approach. Pediatrics, 137(6).

Chiang, K.C., Yeh, C.N., Chung, L.C., Feng, T.H., Sun, C.C., Chen, M.F., Jan, Y.Y., Yeh, T.S., Chen, S.C.
and Juang, H.H., 2015. WNT-1 inducible signaling pathway protein-1 enhances growth and tumorigenesis
in human breast cancer. Scientific reports, 5(1), pp.1-12.

182



Cho, Y.K., Kang, Y.M,, Lee, S.E,, Lee, Y.L., Seol, S.M., Lee, W.J., Park, J.Y. and Jung, C.H., 2018. Effect
of SFRP5 (Secreted Frizzled—Related protein 5) on the WNT5A (wingless-type family member 5a)-induced
endothelial dysfunction and its relevance with arterial stiffness in human subjects. Arteriosclerosis,
thrombosis, and vascular biology, 38(6), pp.1358-1367.

Choi, S.S., Park, J. and Choi, J.H., 2014. Revisiting PPARYy as a target for the treatment of metabolic
disorders. BMB reports, 47(11), p.599.

Chopra, H.H.M.K., Hung, M.K., Kwong, D.L., Zhang, C.F. and Pow, E.H.N., 2018. Insights into endothelial
progenitor cells: origin, classification, potentials, and prospects. Stem cells international, 2018.

Chronopoulos, A., Tang, A., Beglova, E., Trackman, P.C. and Roy, S., 2010. High glucose increases lysyl
oxidase expression and activity in retinal endothelial cells: mechanism for compromised extracellular matrix
barrier function. Diabetes, 59(12), pp.3159-3166.

Chu, A.J., 2011. Tissue factor, blood coagulation, and beyond: an overview. International journal of
inflammation, 2011.

Cicinelli, M.V., Buchan, J.C., Nicholson, M., Varadaraj, V. and Khanna, R.C., 2023. Cataracts. The
Lancet, 401(10374), pp.377-389.

Cimmino, G., Ciccarelli, G. and Golino, P., 2015, September. Role of tissue factor in the coagulation
network. In Seminars in Thrombosis and Hemostasis (pp. 708-717). Thieme Medical Publishers.

Clerc, F., Reiding, K.R., Jansen, B.C., Kammeijer, G.S., Bondt, A. and Wuhrer, M., 2016. Human plasma
protein N-glycosylation. Glycoconjugate journal, 33(3), pp.309-343.

Cohen, G., Riahi, Y., Alpert, E., Gruzman, A. and Sasson, S., 2007. The roles of hyperglycaemia and
oxidative stress in the rise and collapse of the natural protective mechanism against vascular endothelial
cell dysfunction in diabetes. Archives of physiology and biochemistry, 113(4-5), pp.259-267.

Cohen, R.M., Snieder, H., Lindsell, C.J., Beyan, H., Hawa, M.1., Blinko, S., Edwards, R., Spector, T.D. and
Leslie, R.D.G., 2006. Evidence for independent heritability of the glycation gap (glycosylation gap) fraction
of HbAlc in nondiabetic twins. Diabetes care, 29(8), pp.1739-1743.

Connelly, M.A., Gruppen, E.G., Wolak-Dinsmore, J., Matyus, S.P., Riphagen, 1.J., Shalaurova, |., Bakker,
S.J., Otvos, J.D. and Dullaart, R.P., 2016. GlycA, a marker of acute phase glycoproteins, and the risk of
incident type 2 diabetes mellitus: PREVEND study. Clinica Chimica Acta, 452, pp.10-17.

Connelly, M.A., Otvos, J.D., Shalaurova, 1., Playford, M.P. and Mehta, N.N., 2017. GlycA, a novel
biomarker of systemic inflammation and cardiovascular disease risk. Journal of translational
medicine, 15(1), pp.1-5.

Consitt, L.A., Bell, J.A. and Houmard, J.A., 2009. Intramuscular lipid metabolism, insulin action, and
obesity. IUBMB life, 61(1), pp.47-55.

Copur, S., Onal, E.M., Afsar, B., Ortiz, A., van Raalte, D.H., Cherney, D.Z., Rossing, P. and Kanbay, M.,
2020. Diabetes mellitus in chronic kidney disease: biomarkers beyond HbA1c to estimate glycemic control
and diabetes-dependent morbidity and mortality. Journal of Diabetes and its Complications, 34(11),
p.107707.

183



Cosson, E., Banu, 1., Cussac-Pillegand, C., Chen, Q., Chiheb, S., Jaber, Y., Nguyen, M.T., Charnaux, N.
and Valensi, P., 2013. Glycation gap is associated with macroproteinuria but not with other complications
in patients with type 2 diabetes. Diabetes Care, p.DC_121780.

Dariya, B. and Nagaraju, G.P., 2020. Advanced glycation end products in diabetes, cancer and

da-Cunha, M.V, Jacquemin, P., Delpierre, G., Godfraind, C., Théate, 1., Vertommen, D., Clotman, F., Lemaigre, F.,
Devuyst, O. and Van Schaftingen, E., 2006. Increased protein glycation in fructosamine 3-kinase-deficient
mice. Biochemical journal, 399(2), pp.257-264.

Dakroub, A., A. Nasser, S., Younis, N., Bhagani, H., Al-Dhaheri, Y., Pintus, G., Eid, A.A., El-Yazbi, A.F. and Eid,
A.H., 2020. Visfatin: A possible role in cardiovasculo-metabolic disorders. Cells, 9(11), p.2444.

Dakroub, A., Nasser, S.A., Kobeissy, F., Yassine, H.M., Orekhov, A., Sharifi-Rad, J., Iratni, R., El-Yazbi,
A.F. and Eid, A.H., 2021. Visfatin: an emerging adipocytokine bridging the gap in the evolution of
cardiovascular diseases. Journal of Cellular Physiology, 236(9), pp.6282-6296.

Dal Canto, E., Ceriello, A., Rydén, L., Ferrini, M., Hansen, T.B., Schnell, O., Standl, E. and Beulens, J.W.,
2019. Diabetes as a cardiovascular risk factor: An overview of global trends of macro and micro vascular
complications. European journal of preventive cardiology, 26(2_suppl), pp.25-32.

Dandona, P., 2002. Endothelium, inflammation, and diabetes. Current diabetes reports, 2(4), pp.311-315.

Danna, S.M., Graham, E., Burns, R.J., Deschénes, S.S. and Schmitz, N., 2016. Association between
Review. PloS one, 11(8), p.e0160809.

Davey, G.C., Patil, S.B., O’Loughlin, A. and O’Brien, T., 2014. Mesenchymal stem cell-based treatment for
microvascular and secondary complications of diabetes mellitus. Frontiers in endocrinology, 5, p.86.

Davies, E.L., Abdel-Wahab, Y.H., Flatt, P.R. and Bailey, C.J., 2001. Functional enhancement of
electrofusion-derived BRIN-BD11 insulin-secreting cells after implantation into diabetic mice. International
Journal of experimental diabetes research, 2(1), pp.29-36.

DCCT/EDIC research group, 2014. Effect of intensive diabetes treatment on albuminuria in type 1
diabetes: long-term follow-up of the Diabetes Control and Complications Trial and Epidemiology of
Diabetes Interventions and Complications study. The lancet Diabetes & endocrinology, 2(10), pp.793-800.

de Boer, I.H., Caramori, M.L., Chan, J.C., Heerspink, H.J., Hurst, C., Khunti, K., Liew, A., Michos, E.D.,
Navaneethan, S.D., Olowu, W.A. and Sadusky, T., 2020. KDIGO 2020 clinical practice guideline for
diabetes management in chronic kidney disease. Kidney international, 98(4), pp.S1-S115.

De Haan, J.B. and Cooper, M.E., 2011. Targeted antioxidant therapies in hyperglycemia-mediated
endothelial dysfunction. Frontiers in Bioscience-Scholar, 3(2), pp.709-729.

Deli, G., Bosnyak, E., Pusch, G., Komoly, S. and Feher, G., 2014. Diabetic neuropathies: diagnosis and
management. Neuroendocrinology, 98(4), pp.267-280.

Delmastro-Greenwood, M.M. and Piganelli, J.D., 2013. Changing the energy of an immune
response. American journal of clinical and experimental immunology, 2(1), p.30.

184



Deluyker, D., Ferferieva, V., Noben, J.P., Swennen, Q., Bronckaers, A., Lambrichts, I., Rigo, J.M. and Bito,
V., 2016. Cross-linking versus RAGE: How do high molecular weight advanced glycation products induce
cardiac dysfunction?. International Journal of Cardiology, 210, pp.100-108.

Derome, A.E., 2013. Modern NMR techniques for chemistry research. Elsevier.

D'Elia, J.A., Bayliss, G., Gleason, R.E. and Weinrauch, L.A., 2016. Cardiovascular-renal complications
and the possible role of plasminogen activator inhibitor: a review. Clinical kidney journal, 9(5), pp.705-
712.

phytochemical therapy. Drug Discovery Today, 25(9), pp.1614-1623.

Deng, W., Fernandez, A., McLaughlin, S.L. and Klinke, D.J., 2019. WNT1-inducible signaling pathway
protein 1 (WISP1/CCN4) stimulates melanoma invasion and metastasis by promoting the epithelial—
mesenchymal transition. Journal of Biological Chemistry, 294(14), pp.5261-5280.

Di Pietro, N., Formoso, G. and Pandolfi, A., 2016. Physiology and pathophysiology of oxLDL uptake by
vascular wall cells in atherosclerosis. Vascular pharmacology, 84, pp.1-7.

Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and
Complications (EDIC) Study Research Group, 2016. Intensive diabetes treatment and cardiovascular
outcomes in type 1 diabetes: the DCCT/EDIC study 30-year follow-up. Diabetes care, 39(5), pp.686-693.

Diabetes UK, 2022.

Dierckx, T., Verstockt, B., Vermeire, S. and van Weyenbergh, J., 2019. GlycA, a nuclear magnetic resonance
spectroscopy measure for protein glycosylation, is a viable biomarker for disease activity in IBD. Journal of Crohn's
and Colitis, 13(3), pp-389-394.

Dilworth, L., Facey, A. and Omoruyi, F., 2021. Diabetes mellitus and its metabolic complications: the role
of adipose tissues. International journal of molecular sciences, 22(14), p.7644.

Ding, Y., Zhou, Y., Ling, P., Feng, X., Luo, S., Zheng, X., Little, P.J., Xu, S. and Weng, J., 2021. Metformin
in cardiovascular diabetology: a focused review of its impact on endothelial function. Theranostics, 11(19),
p.9376.

Djellouli, M., Lépez-Caballero, M.E., Arancibia, M.Y., Karam, N. and Martinez-Alvarez, O., 2020.
Antioxidant and antimicrobial enhancement by reaction of protein hydrolysates derived from shrimp by-
products with glucosamine. Waste and Biomass Valorization, 11, pp.2491-2505.

Dodda, D. and Ciddi, V., 2014. Plants used in the management of diabetic complications. Indian Journal of
Pharmaceutical Sciences, 76(2), p.97.

Dragone, T., Cianciulli, A., Calvello, R., Porro, C., Trotta, T. and Panaro, M.A., 2014. Resveratrol
counteracts lipopolysaccharide-mediated microglial inflammation by modulating a SOCS-1 dependent
signaling pathway. Toxicology in Vitro, 28(6), pp.1126-1135.

Duckworth, W., Abraira, C., Moritz, T., Reda, D., Emanuele, N., Reaven, P.D., Zieve, F.J., Marks, J., Davis,
S.N., Hayward, R. and Warren, S.R., 2009. Glucose control and vascular complications in veterans with
type 2 diabetes. New England Journal of Medicine, 360(2), pp.129-139.

Dullaart, R.P., Gruppen, E.G., Connelly, M.A., Otvos, J.D. and Lefrandt, J.D. (2015) GlycA, a biomarker
of inflammatory glycoproteins, is more closely related to the leptin/adiponectin ratio than to glucose
tolerance status. Clinical biochemistry [online], 48(12), pp. 811-814.

185



Duncan, B.B., Schmidt, M.I., Pankow, J.S., Ballantyne, C.M., Couper, D., Vigo, A., Hoogeveen, R.,
Folsom, A.R. and Heiss, G., 2003. Low-grade systemic inflammation and the development of type 2
diabetes: the atherosclerosis risk in communities’ study. Diabetes, 52(7), pp.1799-1805.

Dungan, K., Binkley, P. and Osei, K., 2015. GlycA is a novel marker of inflammation among non-critically
ill hospitalized patients with type 2 diabetes. Inflammation, 38, pp.1357-1363.

Dunlop, M., 2000. Aldose reductase and the role of the polyol pathway in diabetic nephropathy. Kidney
international, 58, pp.S3-S12.

Dunmore, S.J. and Brown, J.E., 2013. The role of adipokines in b-cell failure of type 2 diabetes. J
Endocrinol, 216(1), pp.37-45.

Dunmore, S.J., Al-Derawi, A.S., Nayak, A.U., Narshi, A., Nevill, A.M., Hellwig, A., Majebi, A., Kirkham, P., Brown,
J.E. and Singh, B.M., 2018. Evidence that differences in fructosamine-3-kinase activity may be associated with the
glycation gap in human diabetes. Diabetes, 67(1), pp.131-136.

Dymkowska, D., Drabarek, B., Podszywatow-Bartnicka, P., Szczepanowska, J. and Zabtocki, K., 2014.
Hyperglycaemia modifies energy metabolism and reactive oxygen species formation in endothelial cells in
vitro. Archives of biochemistry and biophysics, 542, pp.7-13.

Eckel, R.H., Bornfeldt, K.E. and Goldberg, I.J., 2021. Cardiovascular disease in diabetes, beyond
glucose. Cell metabolism, 33(8), pp.1519-1545.

Egana-Gorrofio, L., Lépez-Diez, R., Yepuri, G., Ramirez, L.S., Reverdatto, S., Gugger, P.F., Shekhtman,
A., Ramasamy, R. and Schmidt, A.M., 2020. Receptor for advanced glycation end products (RAGE) and
mechanisms and therapeutic opportunities in diabetes and cardiovascular disease: insights from human
subjects and animal models. Frontiers in cardiovascular medicine, p.37.

Elimam, D.M.A., uddin Ibrahim, A.S., Liou, G.I. and Badria, F.A.E.A.E., 2017. Olive and ginkgo extracts as
potential cataract therapy with differential inhibitory activity on aldose reductase. drug discoveries &
therapeutics, 11(1), pp.41-46.

Engin, A., 2017. Adiponectin-resistance in obesity. Obesity and lipotoxicity, pp.415-441.

Engin, A.B., 2017. Adipocyte-macrophage cross-talk in obesity. Obesity and lipotoxicity, pp.327-343.

Everson-Rose, S.A. and Lewis, T.T., 2005. Psychosocial factors and cardiovascular diseases. Annu. Rev.
Public Health, 26, pp.469-500.

Fadini, G.P., Miorin, M., Facco, M., Bonamico, S., Baesso, I., Grego, F., Menegolo, M., de Kreutzenberg,
S.V., Tiengo, A., Agostini, C. and Avogaro, A., 2005. Circulating endothelial progenitor cells are reduced
in peripheral vascular complications of type 2 diabetes mellitus. Journal of the American College of
Cardiology, 45(9), pp.1449-1457.

Fain, J.N., 2010. Release of inflammatory mediators by human adipose tissue is enhanced in obesity and
primarily by the nonfat cells: a review. Mediators of inflammation, 2010.

Farkhondeh, T., Llorens, S., Pourbagher-Shahri, A.M., Ashrafizadeh, M., Talebi, M., Shakibaei,
M. and Samarghandian, S., 2020. An overview of the role of adipokines in cardiometabolic
diseases. Molecules, 25(21), p.5218.

186



Fatima, F., Ahsan, N., Nasim, A. and Alam, F., 2020. Association of fetuin-A with dyslipidemia and insulin
resistance in type-ll Diabetics of Pakistani population. Pakistan journal of medical sciences, 36(2), p.64.

Faselis, C., Katsimardou, A., Imprialos, K., Deligkaris, P., Kallistratos, M. and Dimitriadis, K., 2020.
Microvascular complications of type 2 diabetes mellitus. Current vascular pharmacology, 18(2), pp.117-
124.

Feng, M. and Jia, S., 2016. Dual effect of WISP-1 in diverse pathological processes. Chinese Journal of
Cancer Research, 28(6), p.553.

Ferguson, D. and Finck, B.N., 2021. Emerging therapeutic approaches for the treatment of NAFLD and
type 2 diabetes mellitus. Nature Reviews Endocrinology, 17(8), pp.484-495.

Ferrand, N., Béreziat, V., Moldes, M., Zaoui, M., Larsen, A.K. and Sabbah, M., 2017. WISP1/CCN4
inhibits adipocyte differentiation through repression of PPARY activity. Scientific reports, 7(1), p.1749.

Finch, C.E., 2007. Infections, Inflammogens, and Drugs. The biology of human longevity, p.113.

Fishman, S.L., Sonmez, H., Basman, C., Singh, V. and Poretsky, L., 2018. The role of advanced glycation
end-products in the development of coronary artery disease in patients with and without diabetes mellitus:
a review. Molecular Medicine, 24, pp.1-12.

Forbes, J.M. and Cooper, M.E., 2013. Mechanisms of diabetic complications. Physiological reviews, 93(1),
pp.137-188.

Forrester, S.J., Kikuchi, D.S., Hernandes, M.S., Xu, Q. and Griendling, K.K., 2018. Reactive oxygen species
in metabolic and inflammatory signaling. Circulation research, 122(6), pp.877-902.

Fournet, M., Bonté, F. and Desmouliére, A., 2018. Glycation damage: a possible hub for major
pathophysiological disorders and aging. Aging and disease, 9(5), p.880.

Francisco, V., Pino, J., Gonzalez-Gay, M.A., Mera, A., Lago, F., Gbmez, R., Mobasheri, A. and Gualillo, O.,
2018. Adipokines and inflammation: is it a question of weight?. British journal of pharmacology, 175(10),
pp.1569-1579.

Franczyk, B., Rysz, J., tawinski, J., Rysz-Gérzynska, M. and Gluba-Brzézka, A., 2021. Is a high HDL-
cholesterol level always beneficial?. Biomedicines, 9(9), p.1083.

Freeman, R., 2014. Diabetic autonomic neuropathy. Handbook of clinical neurology, 126, pp.63-79.
Friedman, J., 2014. Leptin at 20: an overview. J Endocrinol, 223(1), pp.T1-8.

FRIEDRICH, K., MULLER, A., GASCH, J., ALBRING, K., ABERGER, F., MORIGGL, R., NIVARTHI, H.
and KHEMERI, M., 2019. Interplay of transcription factors STAT3, STAT1 and AP-1 mediates activity of
the matrix metallo-proteinase-1 promoter in colorectal carcinoma cells. Neoplasma, 66(3).

Fritsche, L., Neukamm, S.S., Lehmann, R., Kremmer, E., Hennige, A.M., Hunder-Gugel, A., Schenk, M.,
Haring, H.U., Schleicher, E.D. and Weigert, C., 2011. Insulin-induced serine phosphorylation of IRS-2 via
ERK1/2 and mTOR: studies on the function of Ser675 and Ser907. American Journal of Physiology-
Endocrinology and Metabolism, 300(5), pp.E824-E836.

Fuertes-Martin, R., Correig, X., Vallvé, J.C. and Amigd, N., 2020. Human serum/plasma glycoprotein

analysis by TH-NMR, an emerging method of inflammatory assessment. Journal of clinical medicine, 9(2),
p.354.

187



Fuertes-Martin, R., Moncayo, S., Insenser, M., Martinez-Garcia, M.A., Luque-Ramirez, M., Grau, N.A.,
Blanchar, X.C. and Escobar-Morreale, H.F., 2019. Glycoprotein A and B height-to-width ratios as obesity-
independent novel biomarkers of low-grade chronic inflammation in women with polycystic ovary syndrome
(PCQOS). Journal of proteome research, 18(11), pp.4038-4045.

Fuertes-Martin, R., Taverner, D., Vallvé, J.C., Paredes, S., Masana, L., Correig Blanchar, X. and Amigo
Grau, N., 2018. Characterization of 1H NMR plasma glycoproteins as a new strategy to identify
inflammatory patterns in rheumatoid arthritis. Journal of proteome research, 17(11), pp.3730-3739.

Fukami, K., Yamagishi, S.l. and Okuda, S., 2014. Role of AGEs-RAGE system in cardiovascular
disease. Current pharmaceutical design, 20(14), pp.2395-2402.

Funk, S.D., Yurdagul, A. and Orr, A.W., 2012. Hyperglycemia and endothelial dysfunction in
atherosclerosis: lessons from type 1 diabetes. International journal of vascular medicine, 2012.

Gaede, P., Valentine, W.J., Palmer, A.J., Tucker, D.M., Lammert, M., Parving, H.H. and Pedersen, O.,
2008. Cost-effectiveness of intensified versus conventional multifactorial intervention in type 2 diabetes:
results and projections from the Steno-2 study. Diabetes care, 31(8), pp.1510-1515.

Gallagher, E.J., LeRoith, D. and Karnieli, E., 2010. Insulin resistance in obesity as the underlying cause
for the metabolic syndrome. Mount Sinai Journal of Medicine: A Journal of Translational and Personalized
Medicine, 77(5), pp.511-523.

Garay-Sevilla, M.E., Rojas, A., Portero-Otin, M. and Uribarri, J., 2021. Dietary AGEs as exogenous
boosters of inflammation. Nutrients, 13(8), p.2802.

Garcia, C., Feve, B., Ferre, P., Halimi, S., Baizri, H., Bordier, L., Guiu, G., Dupuy, O., Bauduceau, B. and
Mayaudon, H., 2010. Diabetes and inflammation: fundamental aspects and clinical implications. Diabetes
& metabolism, 36(5), pp.327-338.

Garg, S.S. and Gupta, J., 2022. Polyol pathway and redox balance in diabetes. Pharmacological Research,
p.106326.

Garten, A., Petzold, S., Barnikol-Oettler, A., Koérner, A., Thasler, W.E., Kratzsch, J., Kiess, W. and
Gebhardt, R., 2010. Nicotinamide phosphoribosyltransferase (NAMPT/PBEF/visfatin) is constitutively
released from human hepatocytes. Biochemical and biophysical research communications, 391(1), pp.376-
381.

Giacco, F. and Brownlee, M., 2010. Oxidative stress and diabetic complications. Circulation research,
107(9), pp.1058-1070.

Giacco, F. and Brownlee, M., 2011. Mechanisms of hyperglycemic damage in diabetes. Atlas of Diabetes:
Fourth Edition, pp.217-231.

Gill, V., Kumar, V., Singh, K., Kumar, A. and Kim, J.J., 2019. Advanced glycation end products (AGEs) may
be a striking link between modern diet and health. Biomolecules, 9(12), p.888.

Gillies, N., Pendharkar, S.A., Asrani, V.M., Mathew, J., Windsor, J.A. and Petrov, M.S., 2016. Interleukin-
6 is associated with chronic hyperglycemia and insulin resistance in patients after acute pancreatitis.
Pancreatology, 16(5), pp.748-755.

188



Giri, B., Dey, S., Das, T., Sarkar, M., Banerjee, J. and Dash, S.K., 2018. Chronic hyperglycemia mediated
physiological alteration and metabolic distortion leads to organ dysfunction, infection, cancer progression
and other pathophysiological consequences: an update on glucose toxicity. Biomedicine &
Pharmacotherapy, 107, pp.306-328.

Goit, R.K., Taylor, AW. and Lo, A.C.Y., 2022. The central melanocortin system as a treatment target for
obesity and diabetes: A brief overview. European journal of pharmacology, 924, p.174956.

Golias, C.H., Tsoutsi, E., Matziridis, A., Makridis, P., Batistatou, A. and Charalabopoulos, K., 2007.
Leukocyte and endothelial cell adhesion molecules in inflammation focusing on inflammatory heart
disease. In vivo, 21(5), pp.757-769.

Gonzalez-Rodriguez, M., Ruiz-Fernandez, C., Cordero-Barreal, A., Eldjoudi, D.A., Pino, J., Farrag, Y. and
Gualillo, O., 2022. Adipokines as targets in musculoskeletal immune and inflammatory diseases. Drug
Discovery Today, p.103352.

Graves, D.T., Ding, Z. and Yang, Y., 2020. The impact of diabetes on periodontal
diseases. Periodontology 2000, 82(1), pp.214-224.

Grohova, A., Dafova, K., Spisek, R. and Palova-Jelinkova, L., 2019. Cell based therapy for type 1
diabetes: Should we take hyperglycemia into account?. Frontiers in immunology, 10, p.79.

Groux-Degroote, S., Cavdarli, S., Uchimura, K., Allain, F. and Delannoy, P., 2020. Glycosylation changes
in inflammatory diseases. Advances in Protein Chemistry and Structural Biology, 119, pp.111-156.

Grover, S.P. and Mackman, N., 2018. Tissue factor: an essential mediator of hemostasis and trigger of
thrombosis. Arteriosclerosis, thrombosis, and vascular biology, 38(4), pp.709-725.

Gruppen, E.G., Connelly, M.A., Otvos, J.D., Bakker, S.J. and Dullaart, R.P., 2015. A novel protein glycan
biomarker and LCAT activity in metabolic syndrome. European journal of clinical investigation, 45(8),
pp.850-859.

Gruppen, E.G., Riphagen, 1.J., Connelly, M.A., Otvos, J.D., Bakker, S.J. and Dullaart, R.P., 2015. GlycA,

a pro-inflammatory glycoprotein biomarker, and incident cardiovascular disease: relationship with C-
reactive protein and renal function. PloS one, 10(9), p.e0139057.

Guo, Y., Jia, W., Yang, J. and Zhan, X., 2022. Cancer glycomics offers potential biomarkers and therapeutic
targets in the framework of 3P medicine. Frontiers in Endocrinology, 13, p.970489.

Gupta, V.B., Rajagopala, M. and Ravishankar, B., 2014. Etiopathogenesis of cataract: an
appraisal. Indian journal of ophthalmology, 62(2), p.103.

Gustafson, B., 2010. Adipose tissue, inflammation and atherosclerosis. Journal of atherosclerosis and
thrombosis, 17(4), pp.332-341.
Hartge, M.M., Unger, T. and Kintscher, U., 2007. The endothelium and vascular inflammation in diabetes.

Diabetes and Vascular Disease Research, 4(2), pp.84-88.

Hammes, H.P., 2018. Diabetic retinopathy: hyperglycaemia, oxidative stress and
beyond. Diabetologia, 61(1), pp.29-38.

Hanson, M.A. and Gluckman, P.D., 2014. Early developmental conditioning of later health and disease:
physiology or pathophysiology?. Physiological reviews, 94(4), pp.1027-1076.

189



Haukedal, H. and Freude, K.K., 2021. Implications of glycosylation in Alzheimer’s disease. Frontiers in

Neuroscience, 14, p.625348.

Hellwig, A., Scherber, A., Koehler, C., Hanefeld, M. and Henle, T., 2014. A new HPLC-based assay for the
measurement of fructosamine-3-kinase (FN3K) and FN3K-related protein activity in human erythrocytes. Clinical

Chemistry and Laboratory Medicine, 52(1), pp.93-101.

Hemmingsen, B., Lund, S.S., Gluud, C., Vaag, A., Almdal, T.P. and Wetterslev, J., 2013. Targeting
intensive glycaemic control versus targeting conventional glycaemic control for type 2 diabetes
mellitus. Cochrane Database of Systematic Reviews, (11).

Henao-Pabon, G., 2020. A Cellulose-Based Biological Sensor for the Quantitative Determination of
Glucose and Glycated Hemoglobin (HbA1c) (Doctoral dissertation, The University of Texas at El Paso).

Henkel, J., Frede, K., Schanze, N., Vogel, H., Schirmann, A., Spruss, A., Bergheim, I. and Puschel, G.P.,
2012. Stimulation of fat accumulation in hepatocytes by PGE2-dependent repression of hepatic lipolysis,
B-oxidation and VLDL-synthesis. Laboratory investigation, 92(11), pp.1597-1606.

Herrada, A.A., Olate-Briones, A., Rojas, A., Liu, C., Escobedo, N. and Piesche, M., 2021. Adipose tissue
macrophages as a therapeutic target in obesity-associated diseases. Obesity Reviews, 22(6), p.e13200.

Hirshberg, B. and Raz, I., 2011. Impact of the US Food and Drug Administration cardiovascular assessment
requirements on the development of novel antidiabetes drugs. Diabetes Care, 34(Suppl 2), p.S101.

Hoffmann, M.M., Werner, C., Bohm, M., Laufs, U. and Winkler, K., 2014. Association of secreted frizzled-
related protein 4 (SFRP4) with type 2 diabetes in patients with stable coronary artery disease.
Cardiovascular diabetology, 13(1), p.155.

Hohler, A.D., Vaou, O.E. and Ho, D.S., 2023. Diabetes and the Autonomic Nervous Systems. In Diabetes

and Cardiovascular Disease (pp. 577-600). Cham: Springer International Publishing.

Horbelt, T., Knebel, B., Fahlbusch, P., Barbosa, D., de Wiza, D.H., Van de Velde, F., Van Nieuwenhove, Y., Lapauw,
B., Thoresen, G.H., Al-Hasani, H. and Miiller-Wieland, D., 2019. The adipokine sFRP4 induces insulin resistance and
lipogenesis in the liver. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1865(10), pp.2671-2684.

Horbelt, T., Tacke, C., Markova, M., Herzfeld de Wiza, D., Van de Velde, F., Bekaert, M., Van
Nieuwenhove, Y., Hornemann, S., Rédiger, M., Seebeck, N. and Fried|, E., 2018. The novel adipokine
WISP1 associates with insulin resistance and impairs insulin action in human myotubes and mouse
hepatocytes. Diabetologia, 61, pp.2054-2065.

Hotamisligil, G.S., 2017. Inflammation, metaflammation and immunometabolic
disorders. Nature, 542(7640), pp.177-185.

Hu, R., Wang, M.Q., Ni, S.H., Wang, M., Liu, L.Y., You, H.Y., Wu, X.H., Wang, Y.J., Lu, L. and Wei, L.B.,
2020. Salidroside ameliorates endothelial inflammation and oxidative stress by regulating the AMPK/NF -
kB/NLRP3 signaling pathway in AGEs-induced HUVECSs. European Journal of Pharmacology, 867,
p.172797.

190



Huang, D., Refaat, M., Mohammedi, K., Jayyousi, A., Al Suwaidi, J. and Abi Khalil, C., 2017.
Macrovascular complications in patients with diabetes and prediabetes. BioMed research
international, 2017.

Huh, J.H., Han, K.D., Cho, Y.K,, Roh, E., Kang, J.G., Lee, S.J. and Ihm, S.H., 2022. Remnant cholesterol
and the risk of cardiovascular disease in type 2 diabetes: a nationwide longitudinal cohort
study. Cardiovascular Diabetology, 21(1), pp.1-10.

Ighodaro, O. and Adeosun, A., 2018. Vascular complications in diabetes mellitus. kidney, 4, pp.16-19.

Inoue, M., Machata, E., Yano, M., Taniyama, M. and Suzuki, S. (2005) Correlation between the
adiponectin-leptin ratio and parameters of insulin resistance in patients with type 2 diabetes. Metabolism
[online], 54(3), pp. 281-286.

Inzucchi, S.E., Bergenstal, R.M., Buse, J.B., Diamant, M., Ferrannini, E., Nauck, M., Peters, A.L., Tsapas,
A., Wender, R. and Matthews, D.R., 2012. Management of hyperglycemia 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 care, 35(6), pp.1364-1379.

Inzucchi, S.E., Bergenstal, R.M., Buse, J.B., Diamant, M., Ferrannini, E., Nauck, M., Peters, A.L., Tsapas,
A., Wender, R. and Matthews, D.R., 2015. Management of hyperglycemia in type 2 diabetes, 2015: a
patient-centered approach: update to a position statement of the American Diabetes Association and the
European Association for the Study of Diabetes. Diabetes care, 38(1), pp.140-149.

Ishibashi, Y., Yamagishi, S.I., Matsui, T., Ohta, K., Tanoue, R., Takeuchi, M., Ueda, S., Nakamura, K.l. and
Okuda, S., 2012. Pravastatin inhibits advanced glycation end products (AGEs)-induced proximal tubular
cell apoptosis and injury by reducing receptor for AGEs (RAGE) level. Metabolism, 61(8), pp.1067-1072.

Jacques, C., Holzenberger, M., Mladenovic, Z., Salvat, C., Pecchi, E., Berenbaum, F. and Gosset, M.,
2012. Proinflammatory actions of visfatin/nicotinamide phosphoribosyltransferase (Nampt) involve
regulation of insulin signaling pathway and Nampt enzymatic activity. Journal of Biological
Chemistry, 287(18), pp.15100-15108.

Jafar, N., Edriss, H. and Nugent, K., 2016. The effect of short-term hyperglycemia on the innate immune
system. The American journal of the medical sciences, 351(2), pp.201-211.

Jakus, V. and Rietbrock, N., 2004. Advanced glycation end-products and the progress of diabetic vascular
complications. Physiological research, 53(2), pp.131-142.

Jangde, N., Ray, R. and Rai, V., 2020. RAGE and its ligands: from pathogenesis to therapeutics. Critical
reviews in biochemistry and molecular biology, 55(6), pp.555-575.

Javed, M., Ahmad, M.l., Javed, H. and Naseem, S., 2020. D-ribose and pathogenesis of Alzheimer’s
disease. Molecular Biology Reports, 47, pp.2289-2299.

Javed, S., Alam, U. and Malik, R.A., 2015. Burning through the pain: treatments for diabetic
neuropathy. Diabetes, Obesity and Metabolism, 17(12), pp.1115-1125.

Jeyarajah, E.J., Cromwell, W.C. and Otvos, J.D., 2006. Lipoprotein particle analysis by nuclear magnetic resonance
spectroscopy. Clinics in laboratory medicine, 26(4), pp.847-870.

191



Jha, R.P., Shri, N., Patel, P., Dhamnetiya, D., Bhattacharyya, K. and Singh, M., 2021. Trends in the diabetes
incidence and mortality in India from 1990 to 2019: a joinpoint and age-period-cohort analysis. Journal of
Diabetes & Metabolic Disorders, 20, pp.1725-1740.

Johns, E.C., Denison, F.C., Norman, J.E. and Reynolds, R.M., 2018. Gestational diabetes mellitus:
mechanisms, treatment, and complications. Trends in Endocrinology & Metabolism, 29(11), pp.743-754.

Jose, R.J., 2014. Molecular analysis of innate immunity in type 1 diabetes (Doctoral dissertation, James
Cook University).

Joung, H.N., Kwon, H.S., Baek, K.H., Song, K.H. and Kim, M.K., 2020. Consistency of the glycation gap
with the hemoglobin glycation index derived from a continuous glucose monitoring system. Endocrinology
and Metabolism, 35(2), pp.377-383.

Jung, U.J. and Choi, M.S., 2014. Obesity and its metabolic complications: the role of adipokines and the
relationship between obesity, inflammation, insulin resistance, dyslipidemia and nonalcoholic fatty liver
disease. International journal of molecular sciences, 15(4), pp.6184-6223.

Juranek, J., Mukherjee, K., Kordas, B., Zatecki, M., Korytko, A., Zglejc-Waszak, K., Szuszkiewicz, J. and
Banach, M., 2022. Role of RAGE in the Pathogenesis of Neurological Disorders. Neuroscience
bulletin, 38(10), pp.1248-1262.

Kahles, F., Findeisen, H.M. and Bruemmer, D., 2014. Osteopontin: A novel regulator at the cross roads of
inflammation, obesity and diabetes. Molecular metabolism, 3(4), pp.384-393.

Kappelmann, M., Bosserhoff, A. and Kuphal, S., 2014. AP-1/c-Jun transcription factors: regulation and
function in malignant melanoma. European journal of cell biology, 93(1-2), pp.76-81.

Kang, S.S., Ren, Y., Liu, C.C., Kurti, A., Baker, K.E., Bu, G., Asmann, Y. and Fryer, J.D., 2018. Lipocalin-
2 protects the brain during inflammatory conditions. Molecular psychiatry, 23(2), pp.344-350.

Karampela, I., Christodoulatos, G.S. and Dalamaga, M., 2019. The role of adipose tissue and adipokines
in sepsis: inflammatory and metabolic considerations, and the obesity paradox. Current obesity reports, 8,
pp.434-457.

Kaul, K., Apostolopoulou, M. and Roden, M., 2015. Insulin resistance in type 1 diabetes
mellitus. Metabolism, 64(12), pp.1629-1639.

Kaur, R., Kaur, M. and Singh, J., 2018. Endothelial dysfunction and platelet hyperactivity in type 2 diabetes
mellitus: molecular insights and therapeutic strategies. Cardiovascular diabetology, 17(1), pp.1-17.

Kawai, T., Autieri, M.V. and Scalia, R., 2021. Adipose tissue inflammation and metabolic dysfunction in
obesity. American Journal of Physiology-Cell Physiology, 320(3), pp.C375-C391.

Keirns, B.H., Sciarrillo, C.M., Koemel, N.A. and Emerson, S.R., 2021. Fasting, non-fasting and
postprandial triglycerides for screening cardiometabolic risk. Journal of nutritional science, 10, p.e75.

Kerkeni, M., Weiss, |.S., Jaisson, S., Dandana, A., Addad, F., Gillery, P. and Hammami, M., 2014. Increased
serum concentrations of pentosidine are related to presence and severity of coronary artery
disease. Thrombosis research, 134(3), pp.633-638.

Khan, M.N., 2019. Advanced Glycation End Products: Origins and Role in Aging. Encyclopedia of
Biomedical Gerontology, p.16.

192



Khatana, C., Saini, N.K., Chakrabarti, S., Saini, V., Sharma, A., Saini, R.V. and Saini, A.K., 2020.
Mechanistic insights into the oxidized low-density lipoprotein-induced atherosclerosis. Oxidative medicine
and cellular longevity, 2020.

Khodabandehloo, H., Gorgani-Firuzjaee, S., Panahi, G. and Meshkani, R., 2016. Molecular and cellular
mechanisms linking inflammation to insulin resistance and B-cell dysfunction. Translational
Research, 167(1), pp.228-256.

Kim, K.J., Choi, J., Bae, J.H., Kim, K.J., Yoo, H.J., Seo, J.A.,, Kim, N.H., Choi, K.M., Baik, S.H., Kim, S.G.
and Kim, N.H., 2021. Time to reach target glycosylated hemoglobin is associated with long-term durable
glycemic control and risk of diabetic complications in patients with newly diagnosed type 2 diabetes
mellitus: a 6-year observational study. Diabetes & Metabolism Journal, 45(3), pp.368-378.

Kim, S.H., 2015. Maturity-onset diabetes of the young: what do clinicians need to know?. Diabetes &
metabolism journal, 39(6), pp.468-477.

Kim, W.K., Bae, K.H., Lee, S.C. and Oh, K.J., 2019. The latest insights into adipokines in diabetes. Journal
of clinical medicine, 8(11), p.1874.

Kitada, M., Zhang, Z., Mima, A. and King, G.L., 2010. Molecular mechanisms of diabetic vascular
complications. Journal of diabetes investigation, 1(3), pp.77-89.

Kizub, I.V., Klymenko, K.I. and Soloviev, A.l., 2014. Protein kinase C in enhanced vascular tone in
diabetes mellitus. International journal of cardiology, 174(2), pp.230-242.

Klein, K.R., Franek, E., Marso, S., Pieber, T.R., Pratley, R.E., Gowda, A., Kvist, K. and Buse, J.B., 2021.
Hemoglobin glycation index, calculated from a single fasting glucose value, as a prediction tool for severe
hypoglycemia and major adverse cardiovascular events in DEVOTE. BMJ Open Diabetes Research and
Care, 9(2), p.e002339.

Klimontov, V.V., Bulumbaeva, D.M., Fazullina, O.N., Lykov, A.P., Bgatova, N.P., Orlov, N.B., Konenkov,
V.1., Pfeiffer, A.F., Pivovarova-Ramich, O. and Rudovich, N., 2020. Circulating Wnt1-inducible signaling
pathway protein-1 (WISP-1/CCN4) is a novel biomarker of adiposity in subjects with type 2

diabetes. Journal of Cell Communication and Signaling, 14, pp.101-109.

Kohzuma, T., Tao, X. and Koga, M., 2021. Glycated albumin as biomarker: Evidence and its
outcomes. Journal of Diabetes and its Complications, 35(11), p.108040.

Kolliniati, O., leronymaki, E., Vergadi, E. and Tsatsanis, C., 2022. Metabolic regulation of macrophage
activation. Journal of Innate Immunity, 14(1), pp.51-68.

Kosmopoulos, M., Drekolias, D., Zavras, P.D., Piperi, C. and Papavassiliou, A.G., 2019. Impact of
advanced glycation end products (AGEs) signaling in coronary artery disease. Biochimica et Biophysica
Acta (BBA)-Molecular Basis of Disease, 1865(3), pp.611-619.

Kothari, V. and Bornfeldt, K.E., 2020. A New Treatment Strategy for Diabetic Dyslipidemia?. Diabetes, 69(10),
pp-2061-2063.

Kruger-Genge, A., Blocki, A., Franke, R.P. and Jung, F., 2019. Vascular endothelial cell biology: an
update. International journal of molecular sciences, 20(18), p.4411.

Kuerban, A., 2018. Identification of Natural Compounds that Inhibit Protein Glycation in Diabetic
Rats (Doctoral dissertation, KING ABDULAZIZ UNIVERSITY JEDDAH).

193



Kumar, P.A., Kumar, M.S. and Reddy, G.B., 2007. Effect of glycation on a-crystallin structure and
chaperone-like function. Biochemical Journal, 408(2), pp.251-258.

Kurniawan, A.H., Suwandi, B.H. and Kholili, U., 2019. Diabetic gastroenteropathy: a complication of
diabetes mellitus. Acta Med Indones, 51(3), pp.263-271.

Kuryszko, J., Slawuta, P. and Sapikowski, G., 2016. Secretory function of adipose tissue. Polish journal of
veterinary sciences, 19(2).

Kuscuoglu, D., Janciauskiene, S., Hamesch, K., Haybaeck, J., Trautwein, C. and Strnad, P., 2018. Liver—
master and servant of serum proteome. Journal of Hepatology, 69(2), pp.512-524.

Laakso, M. and Kuusisto, J., 2014. Insulin resistance and hyperglycaemia in cardiovascular disease
development. Nature Reviews Endocrinology, 10(5), pp.293-302.

Lambiase, P.D., Edwards, R.J., Anthopoulos, P., Rahman, S., Meng, Y.G., Bucknall, C.A., Redwood, S.R.,
Pearson, J.D. and Marber, M.S., 2004. Circulating humoral factors and endothelial progenitor cells in
patients with differing coronary collateral support. circulation, 109(24), pp.2986-2992.

Lapolla, A., Molin, L. and Traldi, P., 2013. Protein glycation in diabetes as determined by mass
spectrometry. International journal of endocrinology, 2013.

Lassenius, M.1., Pietildinen, K.H., Kaartinen, K., Pussinen, P.J., Syrjanen, J., Forsblom, C., Pérsti, .,
Rissanen, A., Kaprio, J., Mustonen, J. and Groop, P.H., 2011. Bacterial endotoxin activity in human serum
is associated with dyslipidemia, insulin resistance, obesity, and chronic inflammation. Diabetes

care, 34(8), pp.1809-1815.

Leal, V., Ribeiro, C.F., Oliveiros, B., Antonio, N. and Silva, S., 2019. Intrinsic vascular repair by endothelial
progenitor cells in acute coronary syndromes: an update overview. Stem cell reviews and reports, 15,
pp.35-47.

Lee, G.S., Pan, Y., Scanlon, M.J., Porter, C.J. and Nicolazzo, J.A., 2018. Fatty acid—binding protein 5
mediates the uptake of fatty acids, but not drugs, into human brain endothelial cells. Journal of
pharmaceutical sciences, 107(4), pp.1185-1193.

Li Calzi, S., Neu, M.B., Shaw, L.C. and Grant, M.B., 2010. Endothelial progenitor dysfunction in the
pathogenesis of diabetic retinopathy: treatment concept to correct diabetes-associated deficits. EPMA
Journal, 1, pp.88-100.

Li, D. and Wu, M., 2021. Pattern recognition receptors in health and diseases. Signal transduction and
targeted therapy, 6(1), p.291.

Li, L., Wan, X.H. and Zhao, G.H., 2014. Meta-analysis of the risk of cataract in type 2 diabetes. BMC
ophthalmology, 14(1), pp.1-8.

Li, S., Hong, M., Tan, H.Y., Wang, N. and Feng, Y., 2016. Insights into the role and interdependence of
oxidative stress and inflammation in liver diseases. Oxidative medicine and cellular longevity, 2016.

Li, Y.S.J., Haga, J.H. and Chien, S., 2005. Molecular basis of the effects of shear stress on vascular

endothelial cells. Journal of biomechanics, 38(10), pp.1949-1971.

Li, Y., Wright, G.L. and Peterson, J.M., 2017. C1q/TNF-related protein 3 (CTRP3) function and
regulation. Comprehensive Physiology, 7(3), p.863.

194



Li, Y., Yang, Q., Cai, D., Guo, H., Fang, J., Cui, H., Gou, L., Deng, J., Wang, Z. and Zuo, Z., 2021. Resistin,
a novel host defense peptide of innate immunity. Frontiers in Immunology, 12, p.699807.

Li, Z., Gao, Y., Jia, Y. and Chen, S., 2021. Correlation between hemoglobin glycosylation index and nerve
conduction velocity in patients with type 2 diabetes mellitus. Diabetes, Metabolic Syndrome and Obesity,
pp.4757-4765.

Liao, H., Hyman, M.C., Lawrence, D.A. and Pinsky, D.J., 2007. Molecular regulation of the PAI-1 gene by
hypoxia: contributions of Egr-1, HIF-1 a, and C/EBPa. The FASEB Journal, 21(3), pp.935-949.

Libby, P., 2012. Inflammation in atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology, 32(9),
pp.2045-2051.

Libby, P., Okamoto, Y., Rocha, V.Z. and Folco, E., 2010. Inflammation in atherosclerosis: transition from
theory to practice. Circulation journal, 74(2), pp.213-220.

Libby, P., Tabas, I., Fredman, G. and Fisher, E.A., 2014. Inflammation and its resolution as determinants
of acute coronary syndromes. Circulation research, 114(12), pp.1867-1879.

Lim, A.K., 2014. Diabetic nephropathy—complications and treatment. International journal of nephrology and
renovascular disease, 7, p.361.

Lim, J.C., Caballero Arredondo, M., Braakhuis, A.J. and Donaldson, P.J., 2020. Vitamin C and the lens:
New insights into delaying the onset of cataract. Nutrients, 12(10), p.3142.

Lin, R.Z., Moreno-Luna, R. and Melero-Martin, J.M., 2014. Vascular Stem Cell Therapy. Stem Cells and
Cell Therapy, pp.49-69.

Lin, Y.C., Wu, H.C., Liao, C.C., Chou, Y.C., Pan, S.F. and Chiu, C.M., 2015. Secretion of one adipokine
Nampt/Visfatin suppresses the inflammatory stress-induced NF-kB activity and affects Nampt-dependent cell viability
in Huh-7 cells. Mediators of inflammation, 2015.

Lindbladh, 1., Svard, A.A. and Lernmark, A., 2020. Autoimmune (type 1) diabetes. In The Autoimmune
Diseases (pp. 769-787). Academic Press.

Liu, H. and Lu, H.Y., 2014. Nonalcoholic fatty liver disease and cardiovascular disease. World journal of

gastroenterology: WJG, 20(26), p.8407.

Liu, H., Li, J., Zhao, F., Wang, H., Qu, Y. and Mu, D., 2015. Nitric oxide synthase in hypoxic or ischemic

brain injury. Reviews in the Neurosciences, 26(1), pp.105-117.

Liu, J., Xiao, Q., Xiao, J., Niu, C., Li, Y., Zhang, X., Zhou, Z., Shu, G. and Yin, G., 2022. Wnt/B-catenin
signalling: function, biological mechanisms, and therapeutic opportunities. Signal transduction and targeted

therapy, 7(1), p.3.

Liu, L.B., Chen, X.D., Zhou, X.Y. and Zhu, Q., 2018. The Wnt antagonist and secreted frizzled-related
protein 5: implications on lipid metabolism, inflammation, and type 2 diabetes mellitus. Bioscience
reports, 38(4), p.BSR20180011.

195



Liu, L., Xu, S., Li, P. and Li, L., 2022. A novel adipokine WISP1 attenuates lipopolysaccharide-induced cell
injury in 3T3-L1 adipocytes by regulating the PI3K/Akt pathway. Obesity Research & Clinical

Practice, 16(2), pp.122-129.

Liu, T., Zhang, L., Joo, D. and Sun, S.C., 2017. NF-kB signaling in inflammation. Signal transduction and

targeted therapy, 2(1), pp.1-9.

Liu, W., 2013. An in vitro study on the non-enzymatic glycation of melamine and serum albumin by reducing

sugars. University of Rhode Island.

Liu, X.F., Hao, J.L., Xie, T., Malik, T.H., Lu, C.B., Liu, C., Shu, C., Lu, C.W. and Zhou, D.D., 2017. Nrf2
as a target for prevention of age-related and diabetic cataracts by against oxidative stress. Aging cell, 16(5),
pp.934-942.

Liu, Y. and Sweeney, G., 2014. Adiponectin action in skeletal muscle. Best practice & research Clinical
endocrinology & metabolism, 28(1), pp.33-41.

Liu, Z.Z., Bullen, A., Li, Y. and Singh, P., 2017. Renal oxygenation in the pathophysiology of chronic
kidney disease. Frontiers in physiology, 8, p.385.

Lo, J.C., Ljubicic, S., Leibiger, B., Kern, M., Leibiger, I.B., Moede, T., Kelly, M.E., Bhowmick, D.C., Murano,
I., Cohen, P. and Banks, A.S., 2014. Adipsin is an adipokine that improves [ cell function in
diabetes. Cell, 1568(1), pp.41-53.

Long, A.N. and Dagogo-Jack, S., 2011. Comorbidities of diabetes and hypertension: mechanisms and
approach to target organ protection. The journal of clinical hypertension, 13(4), pp.244-251.

Loomans, C.J., de Koning, E.J., Staal, F.J., Rookmaaker, M.B., Verseyden, C., de Boer, H.C., Verhaar,
M.C., Braam, B., Rabelink, T.J. and van Zonneveld, A.J., 2004. Endothelial progenitor cell dysfunction: a
novel concept in the pathogenesis of vascular complications of type 1 diabetes. Diabetes, 53(1), pp.195-
199.

Lopez-Contreras, A.K., Martinez-Ruiz, M.G., Olvera-Montafio, C., Robles-Rivera, R.R., Arévalo-Simental,

D.E., Castellanos-Gonzalez, J.A., Hernandez-Chavez, A., Huerta-Olvera, S.G., Cardona-Mufioz, E.G. and
Rodriguez-Carrizalez, A.D., 2020. Importance of the use of oxidative stress biomarkers and inflammatory

profile in aqueous and vitreous humor in diabetic retinopathy. Antioxidants, 9(9), p.891.

Lorenzi, M., 2007. The polyol pathway as a mechanism for diabetic retinopathy: attractive, elusive, and
resilient. Journal of Diabetes Research, 2007.

Lotfy, M., Adeghate, J., Kalasz, H., Singh, J. and Adeghate, E., 2017. Chronic complications of diabetes
mellitus: a mini review. Current diabetes reviews, 13(1), pp.3-10.

196



Lu, L.F.,, Yang, S.S., Wang, C.P., Hung, W.C., Yu, T.H., Chiu, C.A., Chung, F.M., Shin, S.J. and Lee, Y.J.,
2009. Elevated visfatin/pre-B-cell colony-enhancing factor plasma concentration in ischemic
stroke. Journal of Stroke and Cerebrovascular Diseases, 18(5), pp.354-359.

Luc, K., Schramm-Luc, A., Guzik, T.J. and Mikolajczyk, T.P., 2019. Oxidative stress and inflammatory
markers in prediabetes and diabetes. Journal of Physiology & Pharmacology, 70(6).

Luitse, M.J., Biessels, G.J., Rutten, G.E. and Kappelle, L.J., 2012. Diabetes, hyperglycaemia, and acute
ischaemic stroke. The Lancet Neurology, 11(3), pp.261-271.

Luna, C., Arjona, A., Duefias, C. and Estevez, M., 2021. Allysine and a-aminoadipic acid as markers of the
glyco-oxidative damage to human serum albumin under pathological glucose
concentrations. Antioxidants, 10(3), p.474.

Lund, M.N. and Ray, C.A., 2017. Control of Maillard reactions in foods: Strategies and chemical
mechanisms. Journal of agricultural and food chemistry, 65(23), pp.4537-4552.

Luo, C., Yang, H., Tang, C., Yao, G., Kong, L., He, H. and Zhou, Y., 2015. Kaempferol alleviates insulin
resistance via hepatic IKK/NF-kB signal in type 2 diabetic rats. International Immunopharmacology, 28(1),
pp.744-750.

Ma, S., Xia, M. and Gao, X., 2021. Biomarker discovery in atherosclerotic diseases using quantitative
nuclear magnetic resonance metabolomics. Frontiers in Cardiovascular Medicine, 8, p.681444.

Maclsaac, R.J., Ekinci, E.l. and Jerums, G., 2014. Markers of and risk factors for the development and
progression of diabetic kidney disease. American journal of kidney diseases, 63(2), pp.S39-S62.

Madonna, R. and De Caterina, R., 2011. Cellular and molecular mechanisms of vascular injury in
diabetes—part I: pathways of vascular disease in diabetes. Vascular pharmacology, 54(3-6), pp.68-74.

Magliano, D.J. and Boyko, E.J., 2022. IDF diabetes atlas.

Mahdi, T., Hinzelmann, S., Salehi, A., Muhammed, S.J., Reinbothe, T.M., Tang, Y., Axelsson, A.S., Zhou,
Y., Jing, X., Almgren, P. and Krus, U., 2012. Secreted frizzled-related protein 4 reduces insulin secretion
and is overexpressed in type 2 diabetes. Cell metabolism, 16(5), pp.625-633.

Maiese, K., 2016. Picking a bone with WISP1 (CCN4): new strategies against degenerative joint disease.
Journal of translational science, 1(3), p.83.

Malo, A.l., Peraire, J., Ruiz-Mateos, E., Masip, J., Amigd, N., Alcami, J., Moreno, S., Girona, J., Garcia-
Pardo, G., Reig, R. and Vidal, F., 2021. Evolution of Serum acute-phase glycoproteins assessed by 1H-
NMR in HIV elite controllers. Frontiers in Immunology, 12, p.730691.

Malo, A.L, Rull, A., Girona, J., Domingo, P., Fuertes-Martin, R., Amigo, N., Rodriguez-Borjabad, C., Martinez-
Micaelo, N., Leal, M., Peraire, J. and Correig, X., 2020. Glycoprotein profile Assessed by 1H-NMR as a global
inflammation marker in patients with HI'V infection. A prospective study. Journal of clinical medicine, 9(5), p.1344.

Malo, A.l., Girona, J., Ibarretxe, D., Rodriguez-Borjabad, C., Amigo, N., Plana, N. and Masana, L., 2021.

Serum glycoproteins A and B assessed by 1TH-NMR in familial
hypercholesterolemia. Atherosclerosis, 330, pp.1-7.

197



Mallol, R., Amigo, N., Rodriguez, M. A., Heras, M., Vinaixa, M., Plana, N., ... & Correig, X.
(2015). Liposcale: a novel advanced lipoprotein test based on 2D diffusion-ordered 1H NMR
spectroscopy. Journal of lipid research, 56(3), 737-746.

Mallol, R., Rodriguez, M.A., Brezmes, J., Masana, L. and Correig, X., 2013. Human serum/plasma
lipoprotein analysis by NMR: application to the study of diabetic dyslipidemia. Prog Nucl Magn Reson
Spectrosc, 70, pp.1-24.

Majerczyk, M., Olszanecka-Glinianowicz, M., Puzianowska-Kuznicka, M. and Chudek, J., 2016. Retinol-
binding protein 4 (RBP4) as the causative factor and marker of vascular injury related to insulin
resistance. Advances in Hygiene and Experimental Medicine, 70, pp.1267-1275.

Mancuso, P., 2016. The role of adipokines in chronic inflammation. ImmunoTargets and therapy,
pp.47-56.

Martin-Timon, |., Sevillano-Collantes, C., Segura-Galindo, A. and del Cafiizo-Gémez, F.J., 2014. Type 2
diabetes and cardiovascular disease: have all risk factors the same strength?. World journal of
diabetes, 5(4), p.444.

Maulucci, G., Daniel, B., Cohen, O., Avrahami, Y. and Sasson, S., 2016. Hormetic and regulatory effects
of lipid peroxidation mediators in pancreatic beta cells. Molecular aspects of medicine, 49, pp.49-77.

Mauricio, D., Alonso, N. and Gratacods, M., 2020. Chronic diabetes complications: the need to move beyond
classical concepts. Trends in Endocrinology & Metabolism, 31(4), pp.287-295.

Maury, E. and Brichard, S.M., 2010. Adipokine dysregulation, adipose tissue inflammation and metabolic
syndrome. Molecular and cellular endocrinology, 314(1), pp.1-16.

Mayi, T.H., Duhem, C., Copin, C., Bouhlel, M.A., Rigamonti, E., Pattou, F., Staels, B. and Chinetti-
Gbaguidi, G., 2010. Visfatin is induced by peroxisome proliferator-activated receptor gamma in human
macrophages. The FEBS journal, 277(16), pp.3308-3320.

McCance, D.R., 2015. Diabetes in pregnancy. Best practice & research Clinical obstetrics &
gynaecology, 29(5), pp.685-699.

McDonald, T.J. and Ellard, S., 2013. Maturity onset diabetes of the young: identification and
diagnosis. Annals of clinical biochemistry, 50(5), pp.403-415.

Mehta, N.N., Dey, A.K., Maddineni, R., Kraus, W.E. and Huffman, K.M., 2020. GlycA measured by NMR
spectroscopy is associated with disease activity and cardiovascular disease risk in chronic inflammatory
diseases. American Journal of Preventive Cardiology, 4, p.100120.

Mel, M., Karim, M.LLA., Yusuf, S.A.M., Hashim, Y.Z.H.Y. and Ahmad Nor, Y., 2010. Comparing BRIN-BD11
culture producing insulin using different type of microcarriers. Cytotechnology, 62, pp.423-430.

Memarian, E., M't Hart, L., Slieker, R.C., Lemmers, R.F., Van Der Heijden, A.A., Rutters, F., Nijpels, G.,
Schoep, E., Lieverse, A.G., Sijbrands, E.J. and Wuhrer, M., 2021. Plasma protein N-glycosylation is
associated with cardiovascular disease, nephropathy, and retinopathy in type 2 diabetes. BMJ Open
Diabetes Research and Care, 9(1), p.e002345.

198



Méndez-Barbero, N., Gutiérrez-Mufioz, C. and Blanco-Colio, L.M., 2021. Cellular crosstalk between
endothelial and smooth muscle cells in vascular wall remodeling. International Journal of Molecular
Sciences, 22(14), p.7284.

Menzel, A., Samouda, H., Dohet, F., Loap, S., Ellulu, M.S. and Bohn, T., 2021. Common and novel markers
for measuring inflammation and oxidative stress ex vivo in research and clinical practice—which to use
regarding disease outcomes?. Antioxidants, 10(3), p.414.

Meza, C.A., La Favor, J.D., Kim, D.H. and Hickner, R.C., 2019. Endothelial dysfunction: is there a
hyperglycemia-induced imbalance of NOX and NOS?. International journal of molecular sciences, 20(15),
p.3775.

Michailidou, Z., Gomez-Salazar, M. and Alexaki, V.I., 2022. Innate immune cells in the adipose tissue in
health and metabolic disease. Journal of innate immunity, 14(1), pp.4-30.

Mir, A.R., Habib, S., Siddiqui, S.S. and Ali, A., 2016. Neo-epitopes on methylglyoxal modified human serum albumin
lead to aggressive autoimmune response in diabetes. International journal of biological macromolecules, 86, pp.799-
809.

Mirr, M. and Owecki, M., 2021. An update to the WISP-1/CCN4 role in obesity, insulin resistance and

diabetes. Medicina, 57(2), p.100.

Mittler, R., 2017. ROS are good. Trends in plant science, 22(1), pp.11-19.

Miyazaki, S., Tashiro, F., Tsuchiya, T., Sasaki, K. and Miyazaki, J.l., 2021. Establishment of a long-term
stable B-cell line and its application to analyze the effect of Gcg expression on insulin secretion. Scientific
reports, 11(1), p.477.

Miyazawa, T., Nakagawa, K., Shimasaki, S. and Nagai, R., 2012. Lipid glycation and protein glycation in
diabetes and atherosclerosis. Amino Acids, 42(4), pp.1163-1170.

Mohamed, J., Nafizah, A.N., Zariyantey, A.H. and Budin, S., 2016. Mechanisms of diabetes-induced liver
damage: the role of oxidative stress and inflammation. Sultan gaboos university medical journal, 16(2),
p.e132.

Monnier, L., Mas, E., Ginet, C., Michel, F., Villon, L., Cristol, J.P. and Colette, C., 2006. Activation of
oxidative stress by acute glucose fluctuations compared with sustained chronic hyperglycemia in patients
with type 2 diabetes. Jama, 295(14), pp.1681-1687.

Moreno-Aliaga, M.J., Lorente-Cebrian, S. and Martinez, J.A., 2010. Regulation of adipokine secretion by
n-3 fatty acids. Proceedings of the Nutrition Society, 69(3), pp.324-332.

Mori, K., Kitazawa, R., Kondo, T., Mori, M., Hamada, Y., Nishida, M., Minami, Y., Haraguchi, R.,
Takahashi, Y. and Kitazawa, S., 2014. Diabetic osteopenia by decreased PB-catenin signaling is partly
induced by epigenetic derepression of sSFRP-4 gene. PLos one, 9(7).

Mortensen, M.B., Cainzos-Achirica, M., Steffensen, F.H., Batker, H.E., Jensen, J.M., Sand, N.P.R.,
Maeng, M., Bruun, J.M., Blaha, M.J., Sgrensen, H.T. and Pareek, M., 2022. Association of coronary
plaque with low-density lipoprotein cholesterol levels and rates of cardiovascular disease events among
symptomatic adults. JAMA Network Open, 5(2), pp.e2148139-2148139.

199



Mossberg, K.E., Pournaras, D.J., Welbourn, R., le Roux, C.W. and Brogren, H., 2017. Differential response
of plasma plasminogen activator inhibitor 1 after weight loss surgery in patients with or without type 2
diabetes. Surgery for Obesity and Related Diseases, 13(1), pp.53-57.

Motshwari, D.D., 2018. The effect of fructosamine 3 kinase (FN3K) genotypes on the glycation gap in
type 2 diabetic and non-diabetic mixed ancestry population of South Africa (Doctoral dissertation,
Stellenbosch: Stellenbosch University).

Mouri, M. and Badireddy, M., 2022. Hyperglycemia. In StatPearls [Internet]. StatPearls Publishing.
Mraz, M. and Haluzik, M., 2014. The role of adipose tissue immune cells in obesity and low-grade
inflammation. Journal of Endocrinology, 222(3), pp.R113-R127.

Mu, W., Cheng, X.F., Liu, Y., Lv, Q.Z., Liu, G.L., Zhang, J.G. and Li, X.Y., 2019. Potential nexus of non-
alcoholic fatty liver disease and type 2 diabetes mellitus: insulin resistance between hepatic and
peripheral tissues. Frontiers in pharmacology, 9, p.1566.

Muniyappa, R. and Sowers, J.R., 2013. Role of insulin resistance in endothelial dysfunction. Reviews in
Endocrine and Metabolic Disorders, 14, pp.5-12.

Murahovschi, V., Pivovarova, O., Ilkavets, 1., Docke, S., Dmitrieva, R., Nejad, F.K., Gégebakan, O.,
Osterhoff, M., Kloting, N., Stockmann, M. and Neuhaus, P., 2014. Wntl inducible signaling pathway
protein 1 (WISP1) is a novel adipokine linked to inflammation and insulin resistance in visceral fat.
Experimental and Clinical Endocrinology & Diabetes, 122(03), p.P049.

Murahovschi, V., Pivovarova, O., llkavets, |., Dmitrieva, R.M., Décke, S., Keyhani-Nejad, F., Gogebakan,
0., Osterhoff, M., Kemper, M., Hornemann, S. and Markova, M., 2015. WISP1 is a novel adipokine linked
to inflammation in obesity. Diabetes, 64(3), pp.856-866.

Mrugacz, M., Bryl, A. and Zorena, K., 2021. Retinal vascular endothelial cell dysfunction and neuroretinal
degeneration in diabetic patients. Journal of clinical medicine, 10(3), p.458.

Murahovschi, V., Pivovarova, O., [lkavets, 1., Dmitrieva, R.M., Ddcke, S., Keyhani-Nejad, F., Gogebakan,
0., Osterhoff, M., Kemper, M., Hornemann, S. and Markova, M., 2015. WISP1 is a novel adipokine linked
to inflammation in obesity. Diabetes, 64(3), pp.856-866.

Naseem, F., 2019. Defining the molecular, genetic and transcriptomic mechanisms underlying the variation
in glycation gap between individuals.

Nandipati, K.C., Subramanian, S. and Agrawal, D.K., 2017. Protein kinases: mechanisms and downstream
targets in inflammation-mediated obesity and insulin resistance. Molecular and cellular biochemistry, 426,
pp.27-45.

Nandula, S.R., Kundu, N., Awal, H.B., Brichacek, B., Fakhri, M., Aimalla, N., Elzarki, A., Amdur, R.L. and
Sen, S., 2021. Role of Canagliflozin on function of CD34+ ve endothelial progenitor cells (EPC) in patients
with type 2 diabetes. Cardiovascular Diabetology, 20(1), pp.1-14.

Naseem, F., 2019. Defining the molecular, genetic and transcriptomic mechanisms underlying the
variation in glycation gap between individuals.

Nathan, D.M., Buse, J.B., Davidson, M.B., Ferrannini, E., Holman, R.R., Sherwin, R. and Zinman, B.,
2009. Medical management of hyperglycemia in type 2 diabetes: a consensus algorithm for the initiation
and adjustment of therapy: a consensus statement of the American Diabetes Association and the European
Association for the Study of Diabetes. Diabetes care, 32(1), pp.193-203.

Nayak, A.U., Holland, M.R., Macdonald, D.R., Nevill, A. and Singh, B.M., 2011. Evidence for consistency

of the glycation gap in diabetes. Diabetes care, p.DC 101767.

200



Nayak, A.U., Nevill, A.M., Bassett, P. and Singh, B.M., 2013. Association of glycation gap with mortality
and vascular complications in diabetes. Diabetes Care, p.DC_121040.

Nayak, A.U., Singh, B.M. and Dunmore, S.J., 2019. Potential clinical error arising from use of HbAlc in
diabetes: effects of the glycation gap. Endocrine reviews, 40(4), pp.988-999.

Naylor, R. and del Gaudio, D., 2018. Maturity-onset diabetes of the young overview.

Neumiller, J.J., Alicic, R.Z. and Tuttle, K.R., 2017. Therapeutic considerations for antihyperglycemic agents
in diabetic kidney disease. Journal of the American Society of Nephrology: JASN, 28(8), p.2263.

Neviere, R., Yu, Y., Wang, L., Tessier, F. and Boulanger, E., 2016. Implication of advanced glycation end
products (Ages) and their receptor (Rage) on myocardial contractile and mitochondrial
functions. Glycoconjugate journal, 33, pp.607-617.

Ng, A.C., Delgado, V., Borlaug, B.A. and Bax, J.J., 2021. Diabesity: the combined burden of obesity and diabetes on
heart disease and the role of imaging. Nature Reviews Cardiology, 18(4), pp.291-304.

Ngaage, L.M., Osadebey, E.N., Tullie, S.T., Elegbede, A., Rada, E.M., Spanakis, E.K., Goldberg, N.,
Slezak, S. and Rasko, Y.M., 2019. An update on measures of preoperative glycemic control. Plastic and
Reconstructive Surgery Global Open, 7(5).

Nishida, T., Saika, S. and Morishige, N., 2017. Cornea and sclera: anatomy and physiology. Cornea, 1,
pp.1-22.

Nkinda, L., Patel, K., Njuguna, B., Ngangali, J.P., Memiah, P., Bwire, G.M., Majigo, M.V., Mizinduko, M.,
Pastakia, S.D. and Lyamuya, E., 2019. C-reactive protein and interleukin-6 levels among human
immunodeficiency virus-infected patients with dysglycemia in Tanzania. BMC Endocrine Disorders, 19(1),
pp.1-8.

Noelia, A. and Castrillo, A., 2011. Liver X receptors as regulators of macrophage inflammatory and
metabolic pathways. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1812(8), pp.982-
994.

Noh, H. and King, G.L., 2007. The role of protein kinase C activation in diabetic nephropathy. Kidney
International, 72, pp.S49-S53.

Nordestgaard, B.G., 2017. A test in context: lipid profile, fasting versus nonfasting. Journal of the American
College of Cardiology, 70(13), pp.1637-1646.

Nordestgaard, B.G. and Varbo, A., 2014. Triglycerides and cardiovascular disease. The Lancet, 384(9943),
pp.626-635.

Novokmet, M., Luki¢, E., Vuckovi¢, F., —Durié, Z., Keser, T., Rajsl, K., Remondini, D., Castellani, G.,
Ga$parovi¢, H., Gornik, O. and Lauc, G., 2014. Changes in IgG and total plasma protein glycomes in acute
systemic inflammation. Scientific reports, 4(1), p.4347.

Nunes, V.S., Leanca, C.C., Panzoldo, N.B., Parra, E., Cazita, P.M., Nakandakare, E.R., De Faria, E.C. and
Quintao, E.C.R., 2011. HDL-C concentration is related to markers of absorption and of cholesterol
synthesis: Study in subjects with low vs. high HDL-C. Clinica chimica acta, 412(1-2), pp.176-180.

201



Obradovic, M., Sudar-Milovanovic, E., Soskic, S., Essack, M., Arya, S., Stewart, A.J., Gojobori, T. and
Isenovic, E.R., 2021. Leptin and obesity: role and clinical implication. Frontiers in endocrinology, 12,
p.585887.

Olszanecka-Glinianowicz, M., Kocetak, P., Nylec, M., Chudek, J. and Zahorska-Markiewicz, B., 2012.
Circulating visfatin level and visfatin/insulin ratio in obese women with metabolic syndrome. Archives of
Medical Science, 8(2), pp.214-218.

Otvos, J.D., Collins, D., Freedman, D.S., Shalaurova, I., Schaefer, E.J., McNamara, J.R., Bloomfield, H.E. and Robins,
S.J., 2006. Low-density lipoprotein and high-density lipoprotein particle subclasses predict coronary events and are
favorably changed by gemfibrozil therapy in the Veterans Affairs High-Density Lipoprotein Intervention
Trial. Circulation, 113(12), pp.1556-1563.

Otvos, J.D., Shalaurova, 1., Wolak-Dinsmore, J., Connelly, M.A., Mackey, R.H., Stein, J.H. and Tracy, R.P., 2015.
GlycA: a composite nuclear magnetic resonance biomarker of systemic inflammation. Clinical chemistry, 61(5),
pp.714-723.

Ouchi, N., Parker, J.L., Lugus, J.J. and Walsh, K. (2011) Adipokines in inflammation and metabolic
disease. Nature reviews.Immunology [online], 11(2), pp. 85-97.

Ozougwu, J.C., 2016. The role of reactive oxygen species and antioxidants in oxidative stress. International
Journal of Research, 1(8).

Ozougwu, J.C., Obimba, K.C., Belonwu, C.D. and Unakalamba, C.B., 2013. The pathogenesis and
pathophysiology of type 1 and type 2 diabetes mellitus. J Physiol Pathophysiol, 4(4), pp.46-57.

Pahwa, R., Goyal, A. and Jialal, I., 2021. Chronic inflammation. StatPearls [Internet].

Panahi, Y., Darvishi, B., Ghanei, M., Jowzi, N., Beiraghdar, F. and Varnamkhasti, B.S., 2016. Molecular
mechanisms of curcumins suppressing effects on tumorigenesis, angiogenesis and metastasis, focusing
on NF-kB pathway. Cytokine & growth factor reviews, 28, pp.21-29.

Papachristoforou, E., Lambadiari, V., Maratou, E. and Makrilakis, K., 2020. Association of glycemic
indices (hyperglycemia, glucose variability, and hypoglycemia) with oxidative stress and diabetic
complications. Journal of diabetes research, 2020.

Pappachan, J.M., Fernandez, C.J. and Chacko, E.C., 2019. Diabesity and antidiabetic drugs. Molecular aspects of
medicine, 66, pp.3-12.

Paul, C., Banerjee, S., Mukhopadhyay, S. and Goswami, K., 2021. A Study on Urinary Glycated Albumin
to urinary albumin excretion in gestational diabetes mellitus. Asian Journal of Medical Sciences, 12(2),
pp.59-65.

Park, J.R., Jung, JW., Lee, Y.S. and Kang, K.S., 2008. The roles of Wnt antagonists Dkk1l and sFRP4
during adipogenesis of human adipose tissue-derived mesenchymal stem cells. Cell proliferation, 41(6),
pp-859-874.

Park, K.S., 2023. Nervous System. In Humans and Electricity: Understanding Body Electricity and
Applications (pp. 27-51). Cham: Springer International Publishing.

Parrinello, C.M. and Selvin, E., 2014. Beyond HbA1c and glucose: the role of nontraditional glycemic
markers in diabetes diagnosis, prognosis, and management. Current diabetes reports, 14, pp.1-10.

202



Pascal, S.M.A., Veiga-da-Cunha, M., Gilon, P., Van Schaftingen, E. and Jonas, J.C., 2010. Effects of fructosamine-
3-kinase deficiency on function and survival of mouse pancreatic islets after prolonged culture in high glucose or
ribose concentrations. American Journal of Physiology-Endocrinology and Metabolism, 298(3), pp.E586-E596.

Pasquel, F.J., Lansang, M.C., Dhatariya, K. and Umpierrez, G.E., 2021. Management of diabetes and
hyperglycaemia in the hospital. The Lancet Diabetes & Endocrinology, 9(3), pp.174-188.
Pedersen, B.K. and Febbraio, M.A., 2007. Interleukin-6 does/does not have a beneficial role in insulin
sensitivity and glucose homeostasis. Journal of applied physiology, 102(2), pp.814-816.

Patil, S.R., Chavan, A.B., Patel, A.M., Chavan, P.D. and Bhopale, J.V., 2023. A Review on Diabetes Mellitus
its Types, Pathophysiology, Epidermiology and its Global Burden. Journal for Research in Applied Sciences
and Biotechnology, 2(4), pp.73-79.

Patterson, H., Nibbs, R., Mclnnes, I. and Siebert, S., 2014. Protein kinase inhibitors in the treatment of
inflammatory and autoimmune diseases. Clinical & Experimental Immunology, 176(1), pp.1-10.

Pavlova, T., Novak, J. and Bienertova-Vasku, J., 2015. The role of visfatin (PBEF/Nampt) in pregnancy
complications. Journal of reproductive immunology, 112, pp.102-110.

Pereira, S.S. and Alvarez-Leite, J.I., 2014. Low-grade inflammation, obesity, and diabetes. Current obesity
reports, 3, pp.422-431.

Perez-Garmendia, R., Lopez de Eguileta Rodriguez, A., Ramos-Martinez, I., Zufiga, N.M., Gonzalez-
Salinas, R., Quiroz-Mercado, H., Zenteno, E., Hernandez, E.R. and Hernandez-Zimbron, L.F., 2020.
Interplay between oxidative stress, inflammation, and amyloidosis in the anterior segment of the eye; its
pathological implications. Oxidative Medicine and Cellular Longevity, 2020.

Pérez-Pérez, A., Sanchez-Jiménez, F., Vilarino-Garcia, T. and Sanchez-Margalet, V., 2020. Role of leptin
in inflammation and vice versa. International journal of molecular sciences, 21(16), p.5887.

Perkins, N.D., 2007. Integrating cell-signalling pathways with NF-kB and IKK function. Nature reviews
Molecular cell biology, 8(1), pp.49-62.

Perona, J.S., 2017. Membrane lipid alterations in the metabolic syndrome and the role of dietary
oils. Biochimica et Biophysica Acta (BBA)-Biomembranes, 1859(9), pp.1690-1703.

Plows, J.F., Stanley, J.L., Baker, P.N., Reynolds, C.M. and Vickers, M.H., 2018. The pathophysiology of
gestational diabetes mellitus. International journal of molecular sciences, 19(11), p.3342.

Pessin, J.E. and Saltiel, A.R., 2000. Signaling pathways in insulin action: molecular targets of insulin
resistance. The Journal of clinical investigation, 106(2), pp.165-169.

Poctoka, J1.M., Citkap, A.. and Bypmictposa, A.FO., 2021. Functional biochemistry of blood, liver and
kidneys.

Prabha, M., 2020. Influence of Obesity on Total Antioxidant Capacity (Doctoral dissertation, Thanjavur
Medical College, Thanjavur).

Prieur, X., Részer, T. and Ricote, M., 2010. Lipotoxicity in macrophages: evidence from diseases
associated with the metabolic syndrome. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology
of Lipids, 1801(3), pp.327-337.

Procaccini, C., Jirillo, E. and Matarese, G., 2012. Leptin as an immunomodulator. Molecular aspects of
medicine, 33(1), pp.35-45.

203



Puig-Jove, C., Castelblanco, E., Falguera, M., Hernandez, M., Soldevila, B., Julian, M.T., Teis, A., Julve,
J., Barranco-Altirriba, M., Franch-Nadal, J. and Puig-Domingo, M., 2022. Advanced lipoprotein profile in
individuals with normal and impaired glucose metabolism. Revista Espariola de Cardiologia (English
Edition), 75(1), pp.22-30.

Puig-Jové, C., Julve, J., Castelblanco, E., Julian, M.T., Amigd, N., Andersen, H.U., Ahluwalia, T.S.,
Rossing, P., Mauricio, D., Jensen, M.T. and Alonso, N., 2022. The novel inflammatory biomarker GlycA
and triglyceride-rich lipoproteins are associated with the presence of subclinical myocardial dysfunction in
subjects with type 1 diabetes mellitus. Cardiovascular Diabetology, 21(1), p.257.

Punia, V.P.S., Mittal, S., Nandkeoliar, M.K., AL-Zazi, T.A.A. and Kabi, B.C., 2022. Study Of Prevalence Of
Peripheral Vascular Disease (Pvd) Using Ankle Brachial Pressure Index (ABPI) In Diabetes
Mellitus. Journal of Pharmaceutical Negative Results, pp.8169-8175.

Qadura, M., Terenzi, D.C., Verma, S., Al-Omran, M. and Hess, D.A., 2018. Concise review: cell therapy for
critical limb ischemia: an integrated review of preclinical and clinical studies. Stem cells, 36(2), pp.161-171.

Qin, C.X., Sleaby, R., Davidoff, A.J., Bell, J.R., De Blasio, M.J., Delbridge, L.M., Chatham, J.C. and Ritchie,
R.H., 2017. Insights into the role of maladaptive hexosamine biosynthesis and O-GIcNAcylation in
development of diabetic cardiac complications. Pharmacological Research, 116, pp.45-56.

Qiu, Y., Wang, S.F,, Yu, C,, Chen, Q., Jiang, R., Pei, L., Huang, Y.L., Pang, N.Z., Zhang, Z., Ling, W. and
Yang, L., 2019. Association of circulating adipsin, visfatin, and adiponectin with nonalcoholic fatty liver
disease in adults: a case-control study. Annals of Nutrition and Metabolism, 74(1), pp.44-52.

Rabbani, N. and Thornalley, P.J., 2018. Glycation-and/or Polyol Pathway-Inducing Complications.
Rabe, K., Lehrke, M., Parhofer, K.G. and Broedl, U.C., 2008. Adipokines and insulin resistance. Molecular
medicine, 14(11), pp.741-751.

Rachek, L.I., 2014. Free fatty acids and skeletal muscle insulin resistance. Progress in molecular biology
and translational science, 121, pp.267-292.

Rahal, A., Kumar, A., Singh, V., Yadav, B., Tiwari, R., Chakraborty, S. and Dhama, K., 2014. Oxidative
stress, prooxidants, and antioxidants: the interplay. BioMed research international, 2014.

Rajala, M.W. and Scherer, P.E., 2003. Minireview: the adipocyte—at the crossroads of energy homeostasis,
inflammation, and atherosclerosis. Endocrinology, 144(9), pp.3765-3773.

Ramana, K.V., Friedrich, B., Tammali, R., West, M.B., Bhatnagar, A. and Srivastava, S.K., 2005.
Requirement of aldose reductase for the hyperglycemic activation of protein kinase C and formation of

diacylglycerol in vascular smooth muscle cells. Diabetes, 54(3), pp.818-829.

Ramasamy, I., 2018. Update on the laboratory investigation of dyslipidemias. Clinica Chimica Acta, 479,
pp.103-125.

Rana, D., Kumar, A. and Sharma, S., 2018. Endothelial progenitor cells as molecular targets in vascular
senescence and repair. Current stem cell research & therapy, 13(6), pp.438-446.

Reddy, M.A., Zhang, E. and Natarajan, R., 2015. Epigenetic mechanisms in diabetic complications and
metabolic memory. Diabetologia, 58, pp.443-455.

204



Reilly, S.M. and Saltiel, A.R., 2017. Adapting to obesity with adipose tissue inflammation. Nature Reviews
Endocrinology, 13(11), pp.633-643.

Revollo, J.R., Korner, A., Mills, K.F., Satoh, A., Wang, T., Garten, A., Dasgupta, B., Sasaki, Y., Wolberger, C.,
Townsend, R.R. and Milbrandt, J., 2007. Nampt/PBEF/visfatin regulates insulin secretion in B cells as a systemic
NAD biosynthetic enzyme. Cell metabolism, 6(5), pp.363-375.

Rhee, S.Y. and Kim, Y.S., 2018. The role of advanced glycation end products in diabetic vascular
complications. Diabetes & metabolism journal, 42(3), pp.188-195.

Ritchie, S.C., Wiirtz, P., Nath, A.P., Abraham, G., Havulinna, A.S., Fearnley, L.G., Sarin, A., Kangas, A.J.,
Soininen, P. and Aalto, K. (2015) The biomarker GlycA is associated with chronic inflammation and
predicts long-term risk of severe infection. Cell Systems [online], 1(4), pp. 293-301.

Robbins, I.M., Newman, J.H., Johnson, R.F., Hemnes, A.R., Fremont, R.D., Piana, R.N., Zhao, D.X. and
Byrne, D.W., 2009. Association of the metabolic syndrome with pulmonary venous
hypertension. Chest, 136(1), pp.31-36.

Rodriguez-Carrio, J., Alperi-Lépez, M., Lépez, P., Pérez-Alvarez, A.l., Gil-Serret, M., Amigd, N., Ulloa, C.,
Benavente, L., Ballina-Garcia, F.J. and Suarez, A., 2020. GlycA levels during the earliest stages of
rheumatoid arthritis: potential use as a biomarker of subclinical cardiovascular disease. Journal of Clinical
Medicine, 9(8), p.2472.

Rodriguez-Segade, S., Rodriguez, J., Casanueva, F.F. and Camifia, F., 2011. Progression of nephropathy in
type 2 diabetes: the glycation gap is a significant predictor after adjustment for glycohemoglobin (Hb Alc).
Clinical chemistry, 57(2), pp.264-271.

Rodriguez-Segade, S., Rodriguez, J., Lopez, J.M.G., Casanueva, F.F. and Camifa, F., 2012. Estimation of
the glycation gap in diabetic patients with stable glycemic control. Diabetes Care, p.DC 112450.

Rosenson, R.S., Brewer Jr, H.B., Chapman, M.J., Fazio, S., Hussain, M.M., Kontush, A., Krauss, R.M., Otvos, J.D.,
Remaley, A.T. and Schaefer, E.J., 2011. HDL measures, particle heterogeneity, proposed nomenclature, and relation
to atherosclerotic cardiovascular events. Clinical chemistry, 57(3), pp.392-410.

Rosenson, R.S., Davidson, M.H. and Pourfarzib, R., 2010. Underappreciated opportunities for low-density
lipoprotein management in patients with cardiometabolic residual risk. Atherosclerosis, 213(1), pp.1-7.

Roy, S., Kumar, V., Kumar, V. and Behera, B.K., 2017. Acute phase proteins and their potential role as an
indicator for fish health and in diagnosis of fish diseases. Protein and peptide letters, 24(1), pp.78-89.

Ruiz-Nufiez, B., Pruimboom, L., Dijck-Brouwer, D.J. and Muskiet, F.A., 2013. Lifestyle and nutritional
imbalances associated with Western diseases: causes and consequences of chronic systemic low-grade
inflammation in an evolutionary context. The Journal of nutritional biochemistry, 24(7), pp.1183-1201.

Russel, S.M., Valle, V., Spagni, G., Hamilton, S., Patel, T., Abdukadyrov, N., Dong, Y. and Gangemi, A.,
2020. Physiologic mechanisms of type Il diabetes mellitus remission following bariatric surgery: a meta-
analysis and clinical implications. Journal of Gastrointestinal Surgery, 24, pp.728-741.

Saad, B., Kmail, A. and Haq, S.Z., 2022. Anti-diabesity Middle Eastern medicinal plants and their action
mechanisms. Evidence-Based Complementary and Alternative Medicine, 2022.

205



Sabbatini, A.R., Faria, A.P., Barbaro, N.R., Gordo, W.M., Modolo, R.G.P., Pinho, C., Fontana, V. and
Moreno, H., 2014. Deregulation of adipokines related to target organ damage on resistant
hypertension. Journal of human hypertension, 28(6), pp.388-392.

Sacks, D.B., Nathan, D.M. and Lachin, J.M., 2011. Gaps in the glycation gap hypothesis.

Safi, S.Z., Quist, R., Kumar, S., Batumalaie, K. and Ismail, .S.B., 2014. Molecular mechanisms of diabetic
retinopathy, general preventive strategies, and novel therapeutic targets. BioMed research
international, 2014.

Sagoo, M.K. and Gnudi, L., 2018. Diabetic nephropathy: is there a role for oxidative stress?. Free Radical
Biology and Medicine, 116, pp.50-63.

Sahin Ersoy, G., Altun Ensari, T., Subas, S., Giray, B., Simsek, E.E. and Cevik, O.,2017. WISP1 is a novel
adipokine linked to metabolic parameters in gestational diabetes mellitus. The journal of maternal-fetal &
neonatal medicine, 30(8), pp.942-946.

Sahin Ersoy, G., Altun Ensari, T., Vatansever, D., Emirdar, V. and Cevik, O., 2017. Novel adipokines
WISP1 and betatrophin in PCOS: relationship to AMH levels, atherogenic and metabolic profile.
Gynecological Endocrinology, 33(2), pp.119-123.

Salazar, J., Navarro, C., Ortega, A., Nava, M., Morillo, D., Torres, W., Hernandez, M., Cabrera, M., Angarita,
L., Ortiz, R. and Chacin, M., 2021. Advanced glycation end products: new clinical and molecular
perspectives. International Journal of Environmental Research and Public Health, 18(14), p.7236.

Samaras, K., Botelho, N.K., Chisholm, D.J. and Lord, R.V., 2010. Subcutaneous and visceral adipose tissue
gene expression of serum adipokines that predict type 2 diabetes. Obesity, 18(5), pp.884-889.

Sartore, G., Ragazzi, E., Burlina, S., Paleari, R., Chilelli, N.C., Mosca, A., Avemaria, F. and Lapolla, A,
2020. Role of fructosamine-3-kinase in protecting against the onset of microvascular and macrovascular
complications in patients with T2DM. BMJ Open Diabetes Research and Care, 8(1), p.e001256.

Sartorius, N., 2022. Depression and diabetes. Dialogues in clinical neuroscience.

Sasongko, M.B., Widyaputri, F., Agni, A.N., Wardhana, F.S., Kotha, S., Gupta, P., Widayanti, T.W.,
Haryanto, S., Widyaningrum, R., Wong, T.Y. and Kawasaki, R., 2017. Prevalence of diabetic retinopathy
and blindness in Indonesian adults with type 2 diabetes. American journal of ophthalmology, 181, pp.79-
87.

Schalkwijk, C.G. and Stehouwer, C.D., 2005. Vascular complications in diabetes mellitus: the role of
endothelial dysfunction. Clinical science, 109(2), pp.143-159.

Schalkwijk, C.G. and Stehouwer, C.D.A., 2020. Methylglyoxal, a highly reactive dicarbonyl compound, in
diabetes, its vascular complications, and other age-related diseases. Physiological reviews, 100(1),
pp.407-461.

Schmid, A., Arians, M., Burg-Roderfeld, M., Karrasch, T., Schaffler, A., Roderfeld, M. and Roeb, E., 2022.
Circulating Adipokines and Hepatokines Serve as Diagnostic Markers during Obesity Therapy. International
Journal of Molecular Sciences, 23(22), p.14020.

Schreiner, T.G. and Genes, T.M., 2021. Obesity and multiple sclerosis—A multifaceted association. Journal
of Clinical Medicine, 10(12), p.2689.

206



Schrem, H., Klempnauer, J. and Borlak, J., 2002. Liver-enriched transcription factors in liver function and
development. Part I: the hepatocyte nuclear factor network and liver-specific gene
expression. Pharmacological reviews, 54(1), pp.129-158.

Scordo, K. and Pickett, K.A., 2017. Triglycerides. The American journal of nursing, 117(1), pp.24-31.
Scott, N., 2019. Glyco Abstract Speakers. Glycoconjugate Journal, 36, pp.267-397.

Scully, T., Ettela, A., LeRoith, D. and Gallagher, E.J., 2021. Obesity, type 2 diabetes, and cancer
risk. Frontiers in Oncology, 10, p.615375.

Sebekova, K. and Sebekova, K.B., 2019. Glycated proteins in nutrition: friend or foe?. Experimental
Gerontology, 117, pp.76-90.

Senesi, P., Luzi, L. and Terruzzi, I., 2020. Adipokines, myokines, and cardiokines: the role of nutritional
interventions. International Journal of Molecular Sciences, 21(21), p.8372.

Senglil, B. and Beydemir, S., 2018. The interactions of cephalosporins on polyol pathway enzymes from
sheep kidney. Archives of physiology and biochemistry, 124(1), pp.35-44.

Serés-Noriega, T., Giménez, M., Perea, V., Blanco, J., Vinagre, |., Pané, A., Ruiz, S., Cofan, M., Mesa, A.,
Esmatjes, E. and Conget, I., 2021. Quantification of glycoproteins by nuclear magnetic resonance
associated with preclinical carotid atherosclerosis in patients with type 1 diabetes. Nutrition, Metabolism
and Cardiovascular Diseases, 31(7), pp.2099-2108.

Sergi, D., Boulestin, H., Campbell, F.M. and Williams, L.M., 2021. The role of dietary advanced glycation
end products in metabolic dysfunction. Molecular Nutrition & Food Research, 65(1), p.1900934.

Sethi, J.K. and Hotamisligil, G.S., 2021. Metabolic messengers: tumour necrosis factor. Nature
metabolism, 3(10), pp.1302-1312.

Setter, S.M., Campbell, R.K. and Cahoon, C.J., 2003. Biochemical pathways for microvascular
complications of diabetes mellitus. Annals of Pharmacotherapy, 37(12), pp.1858-1866.

Shabana, Shahid, S.U. and Sarwar, S., 2020. The abnormal lipid profile in obesity and coronary heart
disease (CHD) in Pakistani subjects. Lipids in health and disease, 19, pp.1-7.

Shah, 1., Yakah, W., Ahmed, A., Freedman, S.D., Jiang, Z.G. and Sheth, S.G., 2023. GlycA: Evaluation of
a New Biomarker of Acute Pancreatitis. Biomolecules, 13(10), p.1530.

Sharma, C., Kaur, A, Thind, S.S., Singh, B. and Raina, S., 2015. Advanced glycation End-products
(AGEs): an emerging concern for processed food industries. Journal of food science and technology, 52,
pp.7561-7576.

Shen, C.Y,, Lu, C.H., Wu, C.H., Li, K.J., Kuo, Y.M., Hsieh, S.C. and Yu, C.L., 2020. The development of
maillard reaction, and advanced glycation end product (AGE)-receptor for AGE (RAGE) signaling
inhibitors as novel therapeutic strategies for patients with AGE-related diseases. Molecules, 25(23),
p.5591.

Shibata, R., Ouchi, N., Takahashi, R., Terakura, Y., Ohashi, K., Ikeda, N., Higuchi, A., Terasaki, H., Kihara,
S. and Murohara, T., 2012. Omentin as a novel biomarker of metabolic risk factors. Diabetology & metabolic
syndrome, 4(1), pp.1-4.

207



Shrewastwa, M.K., Acharya, V. and Mahat, A.K., 2022. Association of Secreted frizzled-Related Protein 4

with Obesity and Type Il Diabetes. Nepal Medical Journal, 5(2), pp.50-56.

Shrewastwa, M.K., Acharya, V., Kumar, B.S. and Ray, S., 2023. A Study to Evaluate the Role of Secreted
Frizzled-Related Protein 4 (SFRP4) as a Potential Novel Biomarker of Type 2 Diabetes Mellitus. Medical

Journal of Dr. DY Patil University.

Siddiqui, A.A., Siddiqui, S.A., Ahmad, S., Siddiqui, S., Ahsan, I. and Sahu, K., 2013. Diabetes: Mechanism,
pathophysiology and management-A review. Int J Drug Dev Res, 5(2), pp.1-23.

Silsirivanit, A., 2019. Glycosylation markers in cancer. Advances in clinical chemistry, 89, pp.189-213.

Silva, R.A., Pereira, T.C., Souza, A.R. and Ribeiro, P.R., 2020. 1H NMR-based metabolite profiling for
biomarker identification. Clinica Chimica Acta, 502, pp.269-279.

Singh, B., 2019. Potential clinical error arising from use of HbA1c in diabetes: effects of the gycation gap.

Singh, R.P., 2019. Glycan utilisation system in Bacteroides and Bifidobacteria and their roles in gut stability
and health. Applied microbiology and biotechnology, 103(18), pp.7287-7315.

Singh, S., Ananthakrishnan, A.N., Nguyen, N.H., Cohen, B.L., Velayos, F.S., Weiss, J.M., Sultan, S.,
Siddique, S.M., Adler, J., Chachu, K.A. and AGA Clinical Guidelines Committee, 2023. AGA clinical
practice guideline on the role of biomarkers for the management of ulcerative

colitis. Gastroenterology, 164(3), pp.344-372.

Singh, V.P., Bali, A., Singh, N. and Jaggi, A.S., 2014. Advanced glycation end products and diabetic
complications. The Korean journal of physiology & pharmacology: official journal of the Korean
Physiological Society and the Korean Society of Pharmacology, 18(1), p.1.

Smith, A.G. and Singleton, J.R., 2012. Diabetic neuropathy. Continuum: lifelong learning in
neurology, 18(1), pp.60-84.

Smith, A, Yu, X. and Yin, L., 2018. Diazinon exposure activated transcriptional factors CCAAT-enhancer-
binding proteins a (C/EBPa) and peroxisome proliferator-activated receptor y (PPARy) and induced
adipogenesis in 3T3-L1 preadipocytes. Pesticide biochemistry and physiology, 150, pp.48-58.

Smith, B.A. and Bertozzi, C.R., 2021. The clinical impact of glycobiology: targeting selectins, Siglecs and
mammalian glycans. Nature reviews Drug discovery, 20(3), pp.217-243.

Sorensen, G.L., 2018. Surfactant protein D in respiratory and non-respiratory diseases. Frontiers in
medicine, 5, p.18.

Spallone, V., 2019. Update on the impact, diagnosis and management of cardiovascular autonomic
neuropathy in diabetes: what is defined, what is new, and what is unmet. Diabetes & metabolism
Journal, 43(1), pp.3-30.

Sparks, J.D., Sparks, C.E. and Adeli, K., 2012. Selective hepatic insulin resistance, VLDL overproduction,
and hypertriglyceridemia. Arteriosclerosis, thrombosis, and vascular biology, 32(9), pp.2104-2112.

208



Stambuk, T., Klasié, M., Zoldos, V. and Lauc, G., 2021. N-glycans as functional effectors of genetic and
epigenetic disease risk. Molecular aspects of medicine, 79, p.100891.

Steenbeke, M., De Bruyne, S., De Buyzere, M., Lapauw, B., Speeckaert, R., Petrovic, M., Delanghe, J.R.
and Speeckaert, M.M., 2021. The role of soluble receptor for advanced glycation end-products (SRAGE)
in the general population and patients with diabetes mellitus with a focus on renal function and overall
outcome. Critical Reviews in Clinical Laboratory Sciences, 58(2), pp.113-130.

Stirban, A., Gawlowski, T. and Roden, M., 2014. Vascular effects of advanced glycation endproducts:
clinical effects and molecular mechanisms. Molecular metabolism, 3(2), pp.94-108.

Subramanian, S.P. and Gundry, R.L., 2022. The known unknowns of apolipoprotein glycosylation in health
and disease. Iscience, p.105031.

Stumvoll, M., Goldstein, B.J. and Van Haeften, T.W., 2005. Type 2 diabetes: principles of pathogenesis
and therapy. The Lancet, 365(9467), pp.1333-1346.

Su, B., Wang, Y., Dong, Y., Hu, G., Xu, Y., Peng, X., Wang, Q. and Zheng, X., 2022. Trends in diabetes
mortality in urban and rural China, 1987-2019: a joinpoint regression analysis. Frontiers in
Endocrinology, 12, p.777654.

Su, X. and Peng, D., 2020. Adipokines as novel biomarkers of cardio-metabolic disorders. Clinica
Chimica Acta, 507, pp.31-38.

Suchy, D., Labuzek, K., Machnik, G., Koztowski, M. and Okopien, B., 2013. SOCS and diabetes—ups
and downs of a turbulent relationship. Cell biochemistry and function, 31(3), pp.181-195.

Sun, N., Lou, P., Shang, Y., Zhang, P., Wang, J., Chang, G. and Shi, C., 2016. Prevalence and determinants
of depressive and anxiety symptoms in adults with type 2 diabetes in China: a cross-sectional study. BMJ
Open, 6(8), p.e012540.

Szekanecz, Z., Kerekes, G., Kardos, Z., Barath, Z. and Tamasi, L., 2016. Mechanisms of inflammatory
atherosclerosis in rheumatoid arthritis. Current Immunology Reviews, 12(1), pp.35-46.

Szwergold, B., 2021. A Hypothesis: Fructosamine-3-Kinase-Related-Protein (FN3KRP) catalyzes
deglycation of maillard intermediates directly downstream from fructosamines. Rejuvenation
Research, 24(4), pp.310-318.

Takechi, R., 2010. Disruption of blood-brain barrier function by chronic intake of saturated fat and
cholesterol: implications for Alzheimer’s disease risk (Doctoral dissertation, Curtin University).

Talebi, S., Bagherniya, M., Atkin, S.L., Askari, G., Orafai, H.M. and Sahebkar, A., 2020. The beneficial
effects of nutraceuticals and natural products on small dense LDL levels, LDL particle number and LDL
particle size: a clinical review. Lipids in health and disease, 19, pp.1-21.

Tanaka, N., Aoyama, T., Kimura, S. and Gonzalez, F.J., 2017. Targeting nuclear receptors for the treatment
of fatty liver disease. Pharmacology & therapeutics, 179, pp.142-157.

Tanaka, S., Sugimachi, K., Saeki, H., Kinoshita, J., Ohga, T., Shimada, M., Maehara, Y. and Sugimachi,

K., 2001. A novel variant of WISP1 lacking a Von Willebrand type C module overexpressed in scirrhous
gastric carcinoma. Oncogene, 20(39), pp.5525-5532.

209



Tangvarasittichai, S., 2015. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes
mellitus. World journal of diabetes, 6(3), p.456.

Tanti, J.F., Ceppo, F., Jager, J. and Berthou, F., 2013. Implication of inflammatory signaling pathways in
obesity-induced insulin resistance. Frontiers in endocrinology, 3, p.181.

Tao, W., Chu, C., Zhou, W., Huang, Z., Zhai, K., Fang, X., Huang, Q., Zhang, A., Wang, X., Yu, X. and
Huang, H., 2020. Dual Role of WISP1 in maintaining glioma stem cells and tumor-supportive macrophages

in glioblastoma. Nature communications, 11(1), p.3015.

Tarafdar, A. and Pula, G., 2018. The role of NADPH oxidases and oxidative stress in neurodegenerative
disorders. International journal of molecular sciences, 19(12), p.3824.

Targher, G., Corey, K.E., Byrne, C.D. and Roden, M., 2021. The complex link between NAFLD and type 2
diabetes mellitus—mechanisms and treatments. Nature reviews Gastroenterology & hepatology, 18(9),
pp.599-612.

Tariq, M.G., Youseffi, M., bin Abdul Jamil, M.M., Abd Rahman, N.A., Khaghani, S.A. and Sefat, F., 2020,
May. A Study on The Application of Convoluted PTFE For Arterial Implantation: Mechanical Testing and
Properties. In Journal of Physics: Conference Series (Vol. 1529, No. 5, p. 052032). IOP Publishing.

Taylor, R., 2013. Type 2 diabetes: etiology and reversibility. Diabetes care, 36(4), pp.1047-1055.

Teo, Z.L., Tham, Y.C,, Yu, M., Chee, M.L., Rim, T.H., Cheung, N., Bikbov, M.M., Wang, Y.X., Tang, Y., Lu,
Y. and Wong, 1.Y., 2021. Global prevalence of diabetic retinopathy and projection of burden through 2045:
systematic review and meta-analysis. Ophthalmology, 128(11), pp.1580-1591.

Teng, C., Lin, C., Huang, F., Xing, X., Chen, S., Ye, L., Azevedo, H.S., Xu, C., Wu, Z., Chen, Z. and He,
W., 2020. Intracellular codelivery of anti-inflammatory drug and anti-miR 155 to treat inflammatory
disease. Acta Pharmaceutica Sinica B, 10(8), pp.1521-1533.

Tentolouris, A. and Tentolouris, N., 2021. Diabetic Autonomic Neuropathy. Autonomic Nervous System and
Sleep: Order and Disorder, pp.307-315.

Teodoro, J.S., Nunes, S., Rolo, A.P., Reis, F. and Palmeira, C.M., 2019. Therapeutic options targeting
oxidative stress, mitochondrial dysfunction and inflammation to hinder the progression of vascular
complications of diabetes. Frontiers in physiology, 9, p.1857.

Tessier, F.J., 2010. The Maillard reaction in the human body. The main discoveries and factors that affect
glycation. Pathologie Biologie, 58(3), pp.214-219.

Thambiah, S.C. and Lai, L.C., 2021. Diabetic dyslipidaemia. Practical laboratory medicine, 26, p.e00248.

Theodoratou, E., Campbell, H., Ventham, N.T., Kolarich, D., Puci¢-Bakovi¢, M., Zoldo§, V., Fernandes, D.,
Pemberton, I.K., Rudan, I., Kennedy, N.A. and Wuhrer, M., 2014. The role of glycosylation in IBD. Nature

reviews Gastroenterology & hepatology, 11(10), pp.588-600.

Thomas, A.A., 2018. Role of Long Noncoding Rnas in Diabetic Complications (Doctoral dissertation, The
University of Western Ontario (Canada).

210



Tibuakuu, M., Fashanu, O.E., Zhao, D., Otvos, J.D., Brown, T.T., Haberlen, S.A., Guallar, E., Budoff,
M.J., Palella Jr, F.J., Martinson, J.J. and Akinkuolie, A.O., 2019. GlycA, a novel inflammatory marker, is
associated with subclinical coronary disease. Aids, 33(3), pp.547-557.

Tilg, H., Moschen, A.R. and Roden, M., 2017. NAFLD and diabetes mellitus. Nature reviews
Gastroenterology & hepatology, 14(1), pp.32-42.

Tousoulis, D., Charakida, M. and Stefanadis, C., 2008. Endothelial function and inflammation in coronary
artery disease. Postgraduate medical journal, 84(993), pp.368-371.

Tsai, H.C., Tzeng, H.E., Huang, C.Y., Huang, Y.L., Tsai, C.H., Wang, S.W., Wang, P.C., Chang, A.C.,
Fong, Y.C. and Tang, C.H., 2017. WISP-1 positively regulates angiogenesis by controlling VEGF-A
expression in human osteosarcoma. Cell death & disease, 8(4), pp.e2750-e2750.

Tsai, H.J., Chou, S.Y., Kappler, F., Schwartz, M.L. and Tobia, A.M., 2006. A new inhibitor for fructosamine 3-kinase
(Amadorase). Drug development research, 67(5), pp.448-455.

Tseng, K.B., 2023. Alternative Biomarkers for Assessing Glycemic Control for the Prognosis and
Management of Diabetes. E-Da Medical Journal, 10(1), pp.1-17.

Turner, M.D., Nedjai, B., Hurst, T. and Pennington, D.J., 2014. Cytokines and chemokines: At the
crossroads of cell signalling and inflammatory disease. Biochimica et Biophysica Acta (BBA)-Molecular
Cell Research, 1843(11), pp.2563-2582.

Thomson, H., Ojo, O., Flatt, P. and AbdelWahab, Y., 2014. Antidiabetic actions of aqueous bark extract of Swertia
chirayita on insulin secretion, cellular glucose uptake and protein glycation.

Thompson, H.A.J., Ojo, O., Flatt, P.R. and Abdel-Wahab, Y.H.A., 2014. Aqueous bark extracts of
Terminalia arjuna stimulates insulin release, enhances insulin action and inhibits starch digestion and
protein glycation in vitro.

Tuttolomondo, A., Maida, C. and Pinto, A., 2015. Diabetic foot syndrome: Immune-inflammatory features
as possible cardiovascular markers in diabetes. World journal of orthopedics, 6(1), p.62.

Tzanavari, T., Giannogonas, P. and Karalis, K.P., 2010. TNF-a and obesity. TNF Pathophysiology, 11,
pp.145-156.

Unione, L., Arda, A., Jiménez-Barbero, J. and Millet, O., 2021. NMR of glycoproteins: Profiling, structure,
conformation and interactions. Current Opinion in Structural Biology, 68, pp.9-17.

Valencia, W.M. and Florez, H., 2017. How to prevent the microvascular complications of type 2 diabetes
beyond glucose control. Bmj, 356.

Vallianou, N.G., Stratigou, T., Geladari, E., Tessier, C.M., Mantzoros, C.S. and Dalamaga, M., 2021.
Diabetes type 1: can it be treated as an autoimmune disorder?. Reviews in Endocrine and Metabolic
Disorders, pp.1-18.

van Diepen, J.A., Berbée, J.F., Havekes, L.M. and Rensen, P.C., 2013. Interactions between inflammation
and lipid metabolism: relevance for efficacy of anti-inflammatory drugs in the treatment of
atherosclerosis. Atherosclerosis, 228(2), pp.306-315.

Van Gaal, L.F., Mertens, I.L. and De Block, C.E., 2006. Mechanisms linking obesity with cardiovascular
disease. Nature, 444(7121), pp.875-880.

211



Van Gils, J.M., Zwaginga, J.J. and Hordijk, P.L., 2009. Molecular and functional interactions among
monocytes, platelets, and endothelial cells and their relevance for cardiovascular diseases. Journal of
Leucocyte Biology, 85(2), pp.195-204.

Van Schaftingen, E., Collard, F., Wiame, E. and Veiga-da-Cunha, M., 2012. Enzymatic repair of Amadori
products. Amino acids, 42(4), pp.1143-1150.

van Wijngaarden, R.P., Overbeek, J.A., Heintjes, E.M., Schubert, A., Diels, J., Straatman, H., Steyerberg,
E.W. and Herings, R.M., 2017. Relation between different measures of glycemic exposure and
microvascular and macrovascular complications in patients with type 2 diabetes mellitus: an observational
cohort study. Diabetes Therapy, 8, pp.1097-1109.

Vanassche, T., Kauskot, A., Verhaegen, J., Peetermans, W.E., van Ryn, J., Schneewind, O., Hoylaerts,
M.F. and Verhamme, P., 2012. Fibrin formation by staphylothrombin facilitates Staphylococcus aureus-
induced platelet aggregation. Thrombosis and haemostasis, 107(06), pp.1107-1121.

Vanhoutte, P.M., Shimokawa, H., Feletou, M. and Tang, E.H.C., 2017. Endothelial dysfunction and
vascular disease—a 30th anniversary update. Acta physiologica, 219(1), pp.22-96.

Vekic, J., Zeljkovic, A., Cicero, A.F., Janez, A., Stoian, A.P., Sonmez, A. and Rizzo, M., 2022.
Atherosclerosis development and progression: the role of atherogenic small, dense LDL. Medicina, 58(2),
p.299.

Verhelst, K., Verstrepen, L., Carpentier, I. and Beyaert, R., 2013. IkB kinase ¢ (IKKe): A therapeutic target
in inflammation and cancer. Biochemical pharmacology, 85(7), pp.873-880.

Vinik, A.l. and Erbas, T., 2013. Diabetic autonomic neuropathy. Handbook of clinical neurology, 117,
pp.279-294.

Vinik, A.l., Erbas, T. and Casellini, C.M., 2013. Diabetic cardiac autonomic neuropathy, inflammation and
cardiovascular disease. Journal of diabetes investigation, 4(1), pp.4-18.

Vistoli, G., De Maddis, D., Cipak, A., Zarkovic, N., Carini, M. and Aldini, G., 2013. Advanced glycoxidation
and lipoxidation end products (AGEs and ALEs): an overview of their mechanisms of formation. Free
radical research, 47(sup1), pp.3-27.

Volobueva, A., Zhang, D., Grechko, A.V. and Orekhov, A.N., 2018. Foam cell formation and cholesterol
trafficking and metabolism disturbances in atherosclerosis. Cor et Vasa.

Wada, K., Nakashima, Y., Yamakawa, M., Hori, A., Seishima, M., Tanabashi, S., Matsushita, S., Tokimitsu,
N. and Nagata, C., 2022. Dietary advanced glycation end products and cancer risk in Japan: From the
Takayama study. Cancer Science, 113(8), p.2839.

Walter, L.A., 2013. A High-Throughput Screening Campaign To Discover Novel Inhibitors Of Human L-
glutamine: D-fructose-6-phosphate Amidotransferase 1 (Doctoral dissertation).

Wang, L., Cui, L., Wang, Y., Vaidya, A., Chen, S., Zhang, C., Zhu, Y., Li, D., Hu, F.B., Wu, S. and Gao,
X., 2015. Resting heart rate and the risk of developing impaired fasting glucose and diabetes: the Kailuan
prospective study. International journal of epidemiology, p.dyy079.

Wang, S., Gu, L., Chen, J., Jiang, Q., Sun, J., Wang, H. and Wang, L., 2022. Association of hemoglobin
glycation index and glycation gap with cardiovascular disease among US adults. Diabetes Research and
Clinical Practice, 190, p.109990.

212



Wang, T., He, C. and Yu, X., 2017. Pro-inflammatory cytokines: new potential therapeutic targets for
obesity-related bone disorders. Current Drug Targets, 18(14), pp.1664-1675.

Wang, Y.Y., Hung, A.C., Lo, S. and Yuan, S.S.F., 2021. Adipocytokines visfatin and resistin in breast
cancer: Clinical relevance, biological mechanisms, and therapeutic potential. Cancer letters, 498, pp.229-
239.

Ward, P.A., 2010. Acute and chronic inflammation. Fundamentals of inflammation, 3, pp.1-16.

Wateridge, D.J., 2005. Lymphocyte migration and the regulation of brain endothelial cell junctions.
University of London, University College London (United Kingdom).

Watt, P.H., 2010. Adiponectin in health and disease (Doctoral dissertation, University of Glasgow).

Wei, J., Wang, B., Wang, H., Meng, L., Zhao, Q., Li, X., Xin, Y. and Jiang, X., 2019. Radiation-induced
normal tissue damage: oxidative stress and epigenetic mechanisms. Oxidative medicine and cellular
longevity, 2019.

Weidinger, C., Ziegler, J.F., Letizia, M., Schmidt, F. and Siegmund, B., 2018. Adipokines and
their role in intestinal inflammation. Frontiers in immunology, 9, p.1974.

Wellen, K.E. and Hotamisligil, G.S., 2005. Inflammation, stress, and diabetes. The Journal of clinical
investigation, 115(5), pp.1111-1119.

Wieser, V., Moschen, A.R. and Tilg, H., 2013. Inflammation, cytokines and insulin resistance: a clinical
perspective. Archivum immunologiae et therapiae experimentalis, 61, pp.119-125.

Wimalawansa, S.J., 2018. Associations of vitamin D with insulin resistance, obesity, type 2 diabetes, and
metabolic syndrome. The Journal of steroid biochemistry and molecular biology, 175, pp.177-189.

Win, M.T.T., Yamamoto, Y., Munesue, S., Saito, H., Han, D., Motoyoshi, S., Kamal, T., Ohara, T.,
Watanabe, T. and Yamamoto, H., 2012. Regulation of RAGE for attenuating progression of diabetic
vascular complications. Journal of Diabetes Research, 2012.

Wishart, D.S., 2019. NMR metabolomics: A look ahead. Journal of Magnetic Resonance, 306, pp.155-
161.

Wojcik, M., Chmielewska-Kassassir, M., Grzywnowicz, K., Wozniak, L. and Cypryk, K., 2014. The
relationship between adipose tissue-derived hormones and gestational diabetes mellitus
(GDM). Endokrynologia Polska, 65(2), pp.134-142.

Woods, R.J., 2018. Predicting the structures of glycans, glycoproteins, and their complexes. Chemical
reviews, 118(17), pp.8005-8024.

Wu, L. and Parhofer, K.G., 2014. Diabetic dyslipidemia. Metabolism, 63(12), pp.1469-1479.

Wu, X.Q., Zhang, D.D., Wang, Y.N., Tan, Y.Q., Yu, X.Y. and Zhao, Y.Y., 2021. AGE/RAGE in diabetic
kidney disease and ageing kidney. Free Radical Biology and Medicine, 171, pp.260-271.

Wu, X.T.,, Yang, Z., Ansari, A.R., Xiao, K., Pang, X.X., Luo, Y. and Song, H., 2018. Visfatin regulates the

production of lipopolysaccharide-induced inflammatory cytokines through p38 signaling in murine
macrophages. Microbial pathogenesis, 117, pp.55-59.

213



Wu, Y., Xiong, T., Tan, X. and Chen, L., 2022. Frailty and risk of microvascular complications in patients
with type 2 diabetes: a population-based cohort study. BMC medicine, 20(1), pp.1-13.

Xiang, J., Liu, F., Wang, B., Chen, L., Liu, W. and Tan, S., 2021. A literature review on maillard reaction
based on milk proteins and carbohydrates in food and pharmaceutical products: advantages,
disadvantages, and avoidance strategies. Foods, 10(9), p.1998.

Xiao, J., Zhao, Y., Wang, H., Yuan, Y., Yang, F., Zhang, C. and Yamamoto, K., 2011. Noncovalent
interaction of dietary polyphenols with common human plasma proteins. Journal of agricultural and food
chemistry, 59(19), pp.10747-10754.

Xu, J., Chen, L.J., Yu, J., Wang, H.J., Zhang, F., Liu, Q. and Wu, J., 2018. Involvement of advanced
glycation end products in the pathogenesis of diabetic retinopathy. Cellular Physiology and
Biochemistry, 48(2), pp.705-717.

Xu, J., Zhao, Q., Han, X., Zhang, Z., Qu, J. and Cheng, Z., 2022. Regulation of the Proliferation of Diabetic
Vascular Endothelial Cells by Degrading Endothelial Cell Functional Genes with QKI-7. Contrast Media &
Molecular Imaging, 2022.

Yamagishi, S.I. and Imaizumi, T., 2005. Diabetic vascular complications: pathophysiology, biochemical
basis and potential therapeutic strategy. Current pharmaceutical design, 11(18), pp.2279-2299.

Yamagishi, S.I. and Matsui, T., 2011. Advanced glycation end products (AGEs), oxidative stress and
diabetic retinopathy. Current pharmaceutical biotechnology, 12(3), pp.362-368.

Yamagishi, S.I. and Matsui, T., 2010. Advanced glycation end products, oxidative stress and diabetic
nephropathy. Oxidative medicine and cellular longevity, 3, pp.101-108.

Yammani, R.R. and Loeser, R.F., 2012. Extracellular nicotinamide phosphoribosyltransferase (NAMPT/visfatin)
inhibits insulin-like growth factor-1 signaling and proteoglycan synthesis in human articular chondrocytes. Arthritis
research & therapy, 14(1), pp.1-8.

Yan, S.F., Ramasamy, R. and Schmidt, A.M., 2008. Mechanisms of disease: advanced glycation end-

products and their receptor in inflammation and diabetes complications. Nature Reviews Endocrinology,
4(5), p.285.

Yan, S.F., Ramasamy, R. and Schmidt, A.M., 2008. Mechanisms of disease: advanced glycation end-
products and their receptor in inflammation and diabetes complications. Nature clinical practice
Endocrinology & metabolism, 4(5), pp.285-293.

Yang, H.I., Kim, H.C. and Jeon, J.Y., 2016. The association of resting heart rate with diabetes,
hypertension, and metabolic syndrome in the Korean adult population: The fifth Korea National Health and
Nutrition Examination Survey. Clinica Chimica Acta, 455, pp.195-200.

Yang, S., H6ti, N., Yang, W., Liu, Y., Chen, L., Li, S. and Zhang, H., 2017. Simultaneous analyses of N-
linked and O-linked glycans of ovarian cancer cells using solid-phase chemoenzymatic method. Clinical
proteomics, 14(1), pp.1-11.

214



Yaribeygi, H., Atkin, S.L. and Sahebkar, A., 2019. Wingless-type inducible signaling pathway protein-1
(WISP1) adipokine and glucose homeostasis. Journal of cellular physiology, 234(10), pp.16966-16970.
Wilson, C., 2013. SFRP4—a biomarker for islet dysfunction? Nature Reviews Endocrinology, 9(2), pp.65-
66.

Yazdanpanah, S., Rabiee, M., Tahriri, M., Abdolrahim, M., Rajab, A., Jazayeri, H.E. and Tayebi, L., 2017.
Evaluation of glycated albumin (GA) and GA/HbA1c ratio for diagnosis of diabetes and glycemic control: A
comprehensive review. Critical reviews in clinical laboratory sciences, 54(4), pp.219-232.

Yousefi, T., Pasha, A.R.G., Kamrani, G., Ebrahimzadeh, A., Zahedian, A., Hajian-Tilaki, K., Aghajani, M.
and Quijeq, D., 2021. Evaluation of Fructosamine 3-kinase and Glyoxalase 1 activity in normal and breast
cancer tissues. BioMedicine, 11(3), p.15.

Yu, Y.T., Liu, J., Hu, B., Wang, R.L., Yang, X.H., Shang, X.L., Wang, G., Wang, C.S., Li, B.L., Gong, Y. and
Zhang, S., 2021. Expert consensus on the use of human serum albumin in critically ill patients. Chinese
medical journal, 134(14), pp.1639-1654.

Yuan, Q., Tang, B. and Zhang, C., 2022. Signaling pathways of chronic kidney diseases, implications for
therapeutics. Signal transduction and targeted therapy, 7(1), p.182.

Yun, J.S. and Ko, S.H., 2021. Current trends in epidemiology of cardiovascular disease and cardiovascular
risk management in type 2 diabetes. Metabolism, 123, p.154838.

Yuan, Z., Li, Q., Luo, S., Liu, Z., Luo, D., Zhang, B., Zhang, D., Rao, P. and Xiao, J., 2016. PPARy and
Whnt signaling in adipogenic and osteogenic differentiation of mesenchymal stem cells. Current stem cell
research & therapy, 11(3), pp.216-225.

Yung, J.H.M. and Giacca, A., 2020. Role of c-Jun N-terminal kinase (JNK) in obesity and type 2
diabetes. Cells, 9(3), p.706.

Yusufi, F.N., Ahmed, A., Ahmad, J., Alexiou, A., Ashraf, G.M. and Yusufi, A.N.K., 2023. Impact of Type 2
Diabetes Mellitus with a Focus on Asian Indians Living in India and Abroad: A Systematic
Review. Endocrine, Metabolic & Immune Disorders-Drug Targets (Formerly Current Drug Targets-Immune,
Endocrine & Metabolic Disorders), 23(5), pp.609-616.

Zafon, C., Ciudin, A., Valladares, S., Mesa, J. and Simo, R., 2013. Variables involved in the discordance

between HbA1c and fructosamine: the glycation gap revisited. PLoS One, 8(6), p.e66696.

Zamora, R., Vodovotz, Y. and Billiar, T.R., 2000. Inducible nitric oxide synthase and inflammatory
diseases. Molecular medicine, 6(5), pp.347-373.

Zatterale, F., Longo, M., Naderi, J., Raciti, G.A., Desiderio, A., Miele, C. and Beguinot, F., 2020. Chronic
adipose tissue inflammation linking obesity to insulin resistance and type 2 diabetes. Frontiers in
physiology, 10, p.1607.

Zelechowska, P., Brzezinska-Btaszczyk, E., Kusowska, A. and Koztowska, E., 2020. The role of adipokines
in the modulation of lymphoid lineage cell development and activity: An overview. Obesity Reviews, 21(10),
p.e13055.

Zeni, F., 2017. Circulating levels of soluble Receptor for Advanced Glycation End-products (sRAGE)
decrease with aging and may predict age-related cardiac remodeling.

Zhang, H., Gong, W., Wu, S. and Perrett, S., 2022. Hsp70 in redox homeostasis. Cells, 11(5), p.829.

215



Zhang, Q., Wang, Y. and Fu, L., 2020. Dietary advanced glycation end-products: Perspectives linking food
processing with health implications. Comprehensive Reviews in Food Science and Food Safety, 19(5),
pp.2559-2587.

Zhao, C., Yang, C., Wai, S.T.C., Zhang, Y., P. Portillo, M., Paoli, P., Wu, Y., San Cheang, W., Liu, B.,
Carpéné, C. and Xiao, J., 2019. Regulation of glucose metabolism by bioactive phytochemicals for the
management of type 2 diabetes mellitus. Critical Reviews in Food Science and Nutrition, 59(6), pp.830-
847.

Zheng, Y., Ley, S.H. and Hu, F.B., 2018. Global aetiology and epidemiology of type 2 diabetes mellitus and
its complications. Nature reviews endocrinology, 14(2), pp.88-98.

Zhu, Y., Snooks, H. and Sang, S., 2018. Complexity of advanced glycation end products in foods: Where
are we now?. Journal of agricultural and food chemistry, 66(6), pp.1325-1329.

Zorena, K., Jachimowicz-Duda, O., Slezak, D., Robakowska, M. and Mrugacz, M., 2020. Adipokines and
obesity. Potential link to metabolic disorders and chronic complications. International journal of molecular
sciences, 21(10), p.3570.

Zoungas, S., Arima, H., Gerstein, H.C., Holman, R.R., Woodward, M., Reaven, P., Hayward, R.A,,
Craven, T., Coleman, R.L. and Chalmers, J., 2017. Effects of intensive glucose control on microvascular
outcomes in patients with type 2 diabetes: a meta-analysis of individual participant data from randomised
controlled trials. The lancet Diabetes & endocrinology, 5(6), pp.431-437.

APPENDIX

LIPOPROTEIN STATISTICAL ANALYSIS

TABULAR REPRESENTATION OF LIPOPROTEINS RESULTS

G 0 =Neg gap

G 1 =Pos gap

Reference Range (mg/dL)

Cholesterol: VLDL (2-30), LDL (<130), HDL (35-65), IDL (<15)
Triglyceride: VLDL (<98), LDL (<19), HDL (<12), IDL (<12)

Group Statistics (Cholesterol)
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The table below shows the main classes of cholesterol, their mean, standard
deviation, and standard error mean. VLDL is higher in positive GGap while HDL

is lower in positive GGap.

Table

GGAP_C N Mean Std. Deviation Std. Error Mean
VLDL-C 0 34 14.98342 7.272021 1.247141

1 20 20.31477 8.887832 1.987380
IDL-C 0 34 9.72908 3.275501 561744

1 20 11.42285 3.172612 709418
LDL-C 0 34 102.57868 13.134488 2.252546

1 20 94.21354 20.563644 4.598171
HDL-C 0 34 58.60958 8.427874 1.445368

1 20 53.10303 6.464137 1.445425

Table shows the statistical representation of Cholester
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The table below shows that VLDL-C is significant as well as HDL-C with GGap, but IDL-C and LDL-C were not significant.

Independent Samples Test

Levene's Test for

Equality of t-test for Equality of Means
Variances
95% Confidence Interval of
Sig. (2- Mean Std. Error the Difference
Table F Sig. t df tailed) Difference  Difference Lower Upper
VLDL-C Equal variances assumed 2.126 .151 -2.395 52 .020 -5.331349  2.226458  -9.799064  -.863633
Equal variances not assumed -2.272 33.885 .030 -5.331349 2346282  -10.100163  -.562534
IDL-C Equal variances assumed 169 .683 -1.856 52 .069 -1.693776 912552 -3.524946 137393
Equal variances not assumed -1.872 41.013 .068 -1.693776 904892 -3.521226 133673
LDL-C Equal variances assumed 5.617 .022 1.827 52 .073 8.365135 4.578622  -.822542 17.552812
Equal variances not assumed 1.634 28.276 113 8.365135 5.120267  -2.118648 18.848918
HDL-C  Equal variances assumed 1.115 .296 2.515 52 015 5.506543 2.189065 1.113864 9.899223
Equal variances not assumed 2.694 48.230 .010 5.506543 2.044100 1.397111 9.615975
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Table shows significant levels (2-tailed) of cholesterol p<0.05.

Group Statistics (Triglyceride)
The table below shows the sub classes of triglyceride, their mean, standard deviation, and

standard error mean. VLDL-TG is higher in positive GGap while HDL-TG is higher in

positive GGap.
Table
GGAP C N Mean Std. Deviation  Std. Error Mean
VLDL-TG 0 34 58.76990  26.263444 4.504143
1 20 81.89614  31.999824 7.155378
IDL-TG 0 34 10.50286  2.953224 506474
1 20 12.43095  2.946345 .658823
LDL-TG 0 34 12.84591  3.181709 .545659
1 20 13.53462  3.465993 775020
HDL-TG 0 34 16.36506  5.147549 .882797
1 20 18.60968  6.014927 1.344979

Table shows the statistical representation of Triglyceride.

The table below shows that VLDL-TG is significant (p<0.006), and IDL-TG is significant (p<0.024), but

LDL-TG and HDL were not significant.
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Independent Samples Test
Levene's Test for
Equality of Variances

t-test for Equality of Means

95% Confidence Interval

Sig. (2- Mean Std. Error of the Difference
Table F Sig. t df tailed)  Difference Difference Lower Upper
VLDL-TG Equal variances assumed 2.130 150 - 52 .006 -23.126241 8.029534  -39.238679 -
2.880 7.013803
Equal  variances  not - 33.970 .010 -23.126241 8.454983  -40.309403 -
assumed 2.735 5.943079
IDL-TG  Equal variances assumed .145 .705 - 52 .024 -1.928087 831513 -3.596641 -.259534
2319
Equal  variances  not - 40.041 .026 -1.928087 .831001  -3.607549 -.248626
assumed 2.320
LDL-TG  Equal variances assumed .082 775 -.743 52 461 -.688710 926683  -2.548237 1.170816
Equal  variances  not =727 37.237 472 -.688710 947839  -2.608802 1.231381
assumed
HDL-TG  Equal variances assumed 1.020 317 - 52 152 -2.244620 1.544386  -5.343657 .854417
1.453
Equal  variances  not - 35.142 172 -2.244620 1.608819 -5.510224 1.020984
assumed 1.395

Table shows significant levels (2-tailed) of Triglyceride p<0.05.
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G 0 = neg gap

Cholesterol

VLDL higher HDL lower in +ve GGap

Group Statistics

Std. Error
GGAP C Mean Std. Deviation Mean
VLDL-C 0 34 14.98342 7.272021 1.247141
1 20 2031477 8.887832 1.987380
IDL-C 0 34 9.72908 3.275501 561744
1 20 11.42285 3.172612 709418
LDL-C 0 34 102.57868 13.134488 2.252546
1 20 94.21354 20.563644 4.598171
HDL-C 0 34  58.60958 8.427874 1.445368
1 20  53.10303 6.464137 1.445425
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Independent Samples Test

Levene's Test

for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of the
Sig. (2- Mean Std. Error Difference
F Sig. t df tailed) Difference  Difference Lower Upper
VLDL-C Equal variances 2.126 151 -2.395 52 .020  -5.331349 2.226458 -9.799064 -.863633
assumed
Equal variances -2.272  33.885 030  -5.331349 2.346282 -10.100163 -.562534
not assumed
IDL-C Equal variances 169 683  -1.856 52 069  -1.693776 912552 -3.524946 .137393
assumed
Equal variances -1.872  41.013 068  -1.693776 904892  -3.521226 133673
not assumed
LDL-C Equal variances 5.617 .022  1.827 52 .073 8.365135 4.578622  -.822542 17.552812
assumed
Equal variances 1.634 28.276 113 8.365135 5.120267 -2.118648 18.848918
not assumed
HDL-C Equal variances 1.115 296  2.515 52 .015 5.506543 2.189065 1.113864 9.899223
assumed
Equal variances 2.694 48.230 .010 5.506543 2.044100 1.397111 9.615975

not assumed




Triglyceride

VLDL higher HDL lower in +ve GGap

Group Statistics

GGAP _C N Mean Std. Deviation Std. Error Mean
VLDL-TG 0 34 58.76990 26.263444 4.504143
1 20 81.89614 31.999824 7.155378
IDL-TG 0 34 10.50286 2.953224 506474
1 20 12.43095 2.946345 .658823
LDL-TG 0 34 12.84591 3.181709 .545659
1 20 13.53462 3.465993 775020
HDL-TG 0 34 16.36506 5.147549 .882797
1 20 18.60968 6.014927 1.344979
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Independent Samples Test

Levene's Test for

t-test for Equality of Means

Equality of
Variances
F Sig. t df Sig. (2- Mean Std. Error ~ 95% Confidence Interval
tailed)  Difference Difference of the Difference
Lower Upper
VLDL-TG Equal 2.130 150 -2.880 52 .006 -23.126241 8.029534 -39.238679 -7.013803
variances
assumed
Equal -2.735  33.970 .010 -23.126241 8.454983 -40.309403 -5.943079
variances not
assumed
IDL-TG Equal 145 705 -2.319 52 .024 -1.928087 831513 -3.596641  -.259534
variances
assumed
Equal -2.320 40.041 .026 -1.928087 .831001 -3.607549  -.248626
variances not
assumed
LDL-TG Equal .082 775 -.743 52 461 -.688710 926683 -2.548237 1.170816
variances
assumed
Equal =727 37.237 472 -.688710 .947839 -2.608802  1.231381
variances not
assumed
HDL-TG Equal 1.020 317 -1.453 52 152 -2.244620 1.544386 -5.343657 = .854417
variances
assumed
Equal -1.395 35.142 172 -2.244620 1.608819 -5.510224  1.020984
variances not
assumed
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Particle size

A lot of diffs her as highlighted

Group Statistics

GGAP_C N Mean Std. Deviation Std. Error Mean
VLDL-P (nmol/L) 0 34 43.68538 19.551020 3.352972
1 20 59.33857 23.800470 5.321947
Large VLDL-P (nmol/L) 0 34 1.21573 491066 .084217
1 20 1.58218 473328 .105839
Medium VLDL-P 0 34 4.32247 2.091055 358613
(nmol/L) 1 20 6.54821 2.795620 625120
Small VLDL-P (nmol/L) 0 34 38.14718 17.362162 2.977586
1 20 51.20818 20.848956 4.661968
LDL-P (nmol/L) 0 34 1016.05115 114.551936 19.645495
1 20 975.00688 182.635650 40.838573
Large LDL-P (nmol/L) 0 34 174.23917 20.206606 3.465404
1 20 154.96839 25.957814 5.804344
Medium LDL-P (nmol/L) 0 34 285.86711 56.928558 9.763167
1 20 254.07150 70.519626 15.768668
Small LDL-P (nmol/L) 0 34  555.94487 72.585298 12.448276
1 20 565.96699 99.098399 22.159076
HDL-P (umol/L) 0 34 29.54554 4.027080 .690638
1 20 29.10964 4.436039 991928
Large HDL-P (umol/L) 0 34 .28205 .033029 .005664
1 20 .28064 021710 .004854
Medium HDL-P (umol/L) 0 34 11.29356 1.887761 323748
1 20 10.09162 1.116979 249764
Small HDL-P (umol/L) 0 34 17.96993 3.085222 529111
1 20 18.73738 3.650294 816231
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Independent Samples Test

Levene's Test

for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of the
Sig. (2- Mean Std. Error Difference
F Sig. t df tailed)  Difference Difference Lower Upper
VLDL-P (nmol/L) Equal variances assumed 2.198 .144 -2.620 52 012 -15.653196 5.974934 -27.642779 -3.663613
Equal variances not assumed -2.489  33.993 .018 -15.653196 6.290115 -28.436338 -2.870053
Large VLDL-P (nmol/L)  Equal variances assumed 143 707 -2.683 52 .010 -.366457 136578 -.640520 -.092394
Equal variances not assumed -2.709  41.173 .010 -.366457 135257 -.639579 -.093335
Medium VLDL-P Equal variances assumed 5.296 .025 -3.329 52 .002  -2.225743 .668678 -3.567543 -.883943
(nmol/L) Equal variances not assumed -3.088 31.593 004 -2.225743 720679 -3.694459 -.757028
Small VLDL-P (nmol/L)  Equal variances assumed 1.914 172 -2.477 52 .017 -13.060996 5.272965 -23.641974 -2.480018
Equal variances not assumed -2.361  34.370 .024  -13.060996 5.531724 -24.298352 -1.823639
LDL-P (nmol/L) Equal variances assumed 7.122 .010 1.017 52 314 41.044270 40.362713 -39.949440 122.037979
Equal variances not assumed 906  27.949 373 41.044270 45.318148 -51.793326 133.881865
Large LDL-P (nmol/L) Equal variances assumed .656 422 3.042 52 .004 19.270780 6.334675 6.559323 31.982236
Equal variances not assumed 2.851 32.576 .008  19.270780 6.760136 5.510380 33.031179
Medium LDL-P (nmol/L) Equal variances assumed 297 588 1.813 52 .076  31.795607 17.539169 -3.399310 66.990525
Equal variances not assumed 1.714  33.523 .096  31.795607 18.546437 -5.915054 69.506269
Small LDL-P (nmol/L) Equal variances assumed 5915 .018 -.427 52 .671 -10.022118 23.462035 -57.102135 37.057900
Equal variances not assumed -394 31.101 .696 -10.022118 25416219 -61.852011 41.807776
HDL-P (umol/L) Equal variances assumed 272 .604 .370 52 713 435901 1.178251 -1.928433 2.800235
Equal variances not assumed 361  36.895 720 435901 1.208678 -2.013350 2.885152
Large HDL-P (umol/L) Equal variances assumed 2.530 .118 170 52 .866 .001406 .008286 -.015221 .018032
Equal variances not assumed 188  51.255 .851 .001406 .007460 -.013569 .016380
Medium HDL-P (umol/L) Equal variances assumed 3.154 .082 2.587 52 .013 1.201941 464537 269780 2.134102
Equal variances not assumed 2.939  51.987 .005 1.201941 408895 381429 2.022454
Small HDL-P (umol/L) Equal variances assumed 930 339 -825 52 413 -. 767446 .930765 -2.635163 1.100272
Equal variances not assumed -.789  34.786 435 -.767446 972724 -2.742613 1.207721
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Particle diameter and other measures

See tables
Group Statistics
GGAP C N Mean Std. Deviation Std. Error Mean
VLDL-Z (nm) 0 34 42.16672 .198520 .034046
1 20 42.24413 173511 .038798
LDL-Z (nm) 0 34 21.14279 .234049 .040139
1 20 20.95391 137742 .030800
HDL-Z (nm) 0 34 8.30122 .066868 011468
1 20 8.25814 .048254 .010790
Non-HDL-P (nmol/L) 0 34 1059.73653 112.004804 19.208665
1 20 1034.34546 173.674598 38.834821
Total-P/HDL-P 0 34 1.03651 .006031 .001034
1 20 1.03637 .007944 .001776
LDL-P/HDL-P 0 34 .03503 .006035 .001035
1 20 .03436 .008142 .001821
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Independent Samples Test

Levene's Test for
Equality of Variances

t-test for Equality of Means

95% Confidence Interval of

Sig. (2- Mean Std. Error the Difference
F Sig. t df tailed) Difference Difference Lower Upper

VLDL-Z (nm) Equal variances 210 649  -1.448 52 154 -.077416 .053476 -.184723 .029891
assumed
Equal variances not -1.500 44.377 141 -.077416 .051618 -.181421 .026588
assumed

LDL-Z (nm) Equal variances 4.152 .047 3.282 52 .002 .188881 .057543 .073413 .304348
assumed
Equal variances not 3.733 51.994 .000 .188881 .050594 .087355 290406
assumed

HDL-Z (nm) Equal variances 439 511 2.517 52 .015 .043081 017114 .008739 .077423
assumed
Equal variances not 2.736 49.674 .009 .043081 .015746 .011449 .074713
assumed

Non-HDL-P (nmol/L) Equal variances 5.638 .021 .654 52 516 25.391074 38.825527 -52.518046 103.300194
assumed
Equal variances not .586 28.454 562 25.391074 43.325698 -63.293911 114.076059
assumed

Total-P/HDL-P Equal variances 942 336 .073 52 942 .000139 .001914 -.003702 .003980
assumed
Equal variances not .068 31.951 .946 .000139 .002055 -.004048 .004326
assumed

LDL-P/HDL-P Equal variances 1.345 251 348 52 730 .000674 .001939 -.003217 .004565
assumed
Equal variances not 322 31.380 750 .000674 .002094 -.003595 .004943

assumed
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