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Chapter 1

Introduction and Literature Survey

1.1 Diabetes mellitus

Diabetes is a more dangerous situation to global health that never respects any socioeconomic
status or national boundaries. It is a long term heterogeneous disorder that happen when the
body cannot make enough insulin or cannot utilise the produced insulin effectively (Ayepola
et al., 2014). Due to less insulin or cells are unable to respond to insulin properly which results
in the decreased absorption of glucose from the blood. So the blood glucose level is increased
and this is technically called hyperglycemia. The persistent hyperglycemia for a longer time
during diabetes leads to the development of the micro and macro vascular complications which
finally leads to damages to the organs like heart, liver, kidney, nerves and blood vessels
(Ayepola et al., 2014). Both the micro and macro vascular complications are the main players
behind the morbidity and mortality in diabetes (Fowler, 2008). Diabetes nephropathy,
neuropathy and retinopathy are the micro vascular complications while stroke, peripheral artery
disease and coronary artery disease are the macro vascular complications (Lewis and Xu,
2008). Among the microvascular complications diabetic retinopathy is the most crucial one
and it is the major causative agent of most eye diseases in the world (Fowler, 2008). Organs
like pancreas, liver and kidney play predominant roles in diabetes. Insulin is the major enzyme
that participates in glucose metabolism and diabetes, it maintains a normal blood glucose level
during fed state. Pancreas is the main organ that controls the glucose metabolism by producing
both insulin and glucagon. In the Islets of Langerhans, B-cells are responsible for the production

of insulin where glucagon is secreted by a-cells (Cook et al., 2005).



The main types of diabetes are insulin-dependent diabetes mellitus (T1DM), insulin-
independent diabetes mellitus (T2DM), and gestational diabetes mellitus (GDM). T1IDM is an
autoimmune disease in which the immune cells of the body kill the insulin-producing B-cells
in the pancreas which result in the scarcity of insulin (Sobczak and Stewart, 2019). Currently,
there is no therapy to prevent this. However, TLDM people can live normally with regular
blood sugar monitoring, daily insulin treatment, education and support (IDF, 2019). Typical
symptoms of TIDM includes polyphagia, polyuria, polydipsia, bedwetting, constant hunger
and sudden weight loss. Both in TIDM and T2DM the end result is the development of
hyperglycemia. The major consequence of T2DM is the insulin resistance, it may be due to the
defects in insulin receptors (Cerf, 2013). In the initial stages of T2DM, the insulin secretion is
impaired and this will develop hyperinsulinemia (HI) but during the disease progression the -
cells become damaged, leading to hypoinsulinemia (Cerf, 2013). The common occurrence of
T2DM is in adults but due the counter play of obesity, physical inactivity and poor diet now it
is commonly seen in children also. Both the TLDM and T2DM exhibit the same symptoms but
in most of the cases the T2DM developed asymptomatically and the tracing of its time of
appearance is impossible. This is one of the main reasons for one third to one half of the people
in the world population affected with T2DM, they are the victims of asymptomatic T2DM. The
root causes of T2DM is not completely understood but it has an evident link with obesity and
increasing age. As well as family history and ethnicity are the other main causative agents.
T2DM can effectively be managed through education, adoption of healthy lifestyle and diet
with medication. Evidence suggests that T2DM can be completely prevented and T2DM
peoples can lead healthy and happy lives. Another common type of diabetes is GDM or diabetes
in pregnancy (Hod et al., 2015). It is a condition in which the blood glucose level increases
dramatically during the pregnancy. It may occur at any time during pregnancy more

specifically in the first trimester (Immanuel and Simmons, 2017). Oral glucose tolerance test



(OGTT) is the main diagnostic parameter for GDM. Typically, it is a measurement of plasma
glucose concentration in fasting and it is assessed one or two hrs after consuming 75 g of
glucose (Metzger et al., 2010).

Diabetes estimates for every year show a typical increase in the prevalence of diabetes
by age and lifestyle changes associated with rapid urbanization and westernization (Arise et
al., 2014; IDF, 2019). World health organization (WHO) reported that diabetes will be the 7™
leading cause of death in 2030 if we are not given deliberate attention (Oputa and Chinenye,
2012; Wild et al., 2004). Based on the latest IDF report, an estimated 463.0 million adults aged
20-79 years worldwide have diabetes and among these 79.4 % reside in low-and middle-
income countries. According to 2019 estimates, by 2030 about 578.4 million, and by 2045,
700.2 million adults aged 20-79 years, will be livelihood with diabetes. In continuation with
this data in 2019 currently 351.7 million people of age 20-64 years have diagnosed or
undiagnosed diabetes. This number is expected to reach 417.3 million by 2030 and to 486.1
million by 2045. Coming to the country wise distribution of diabetes, China, India and the
United States of America are the countries with the highest number of people with diabetes in

2019 (IDF, 2019).

Despite these statistics, the more dangerous situation faced in coming years is the
development of diabetes in both children and in adolescents. In the European countries, most
of the children and adolescents were affected with TIDM, but in other populations T2DM is
more common than T1DM. Effect of diabetes in premature mortality and low quality life is
also a major economic concern on countries and health systems (Largay, 2012; Ogle et al.,
2016; Yang et al., 2012). Prevalence of T2DM has increased drastically across the world and
it has spread to all regions of the earth. The main player behind this spreading is the sedentary
lifestyle and increased consumption of unhealthy foods which develops obesity. According to

the IDF 2019 report, females are more susceptible for the occurrence of T2DM compared with



all other groups. Around 60 % of the world diabetic population is suffering from the occurrence
of T2DM. Prediabetes or non-diabetic hyperglycemia means there is an impairment in both
glucose tolerance and fasting glucose level. It is an indicator of the future onset of T2DM

(Heianza et al., 2011).

1.2 Insulin resistance and hyperinsulinemia

Insulin is an essential hormone in glucose metabolism and it affects almost all
the organs in the body including adipose tissue, liver, brain, pancreas, kidney and muscle
(Thomas et al., 2019). Insulin resistances is the main player in the metabolic disturbances
associated with obesity and T2DM. It is a condition in which the cells reduce their response
against the insulin concentration (Shanik et al., 2008). The most common symptom in insulin
resistant diabetic people is the increased basal insulin levels (Fig: 1.1). Disturbances in insulin
release, HI, and reduced insulin sensitivity are the main factors for the genesis of T2DM.
Continuous exposure to high levels of insulin results in the genesis of insulin resistance. In
order to create insulin resistance, numerous in vivo studies were conducted by using the
administration of high insulin and it is confirmed that basal HI is the major independent factor
for the development of insulin resistance (Matthews et al., 1983). Compared to the continuous
and pulsate usage of insulin, continuous administration of insulin causes insulin resistance
(Schmitz et al., 1986). Intermittent delivery of insulin is more effective to reduce blood glucose
level than continuous release (Paolisso et al., 1988). So in order to maintain this, like other
hormone sensitive pathways, insulin signaling pathway is also tightly regulated. The insulin
receptor itself acts as a negative regulator of this pathway (De Meyts et al., 1973). Each receptor
protein has two insulin binding sites in which one insulin molecule binds to the receptor with
high affinity but the other binds with lower affinity (De Meyts et al., 1973). High concentration

of insulin or its continuous exposure causes decreased binding affinity of the receptors and



reduced the number of receptors through the insulin occupied receptor degradation (Gavin et
al., 1974; Seino and Bell, 1989). In addition to this, the insulin signaling pathway is regulated
by a multiplicity of influences (e.g. tumor necrosis factor, free fatty acids etc) (Roth et al.,
2004). The pathogenesis of insulin resistance is a highly complex network of metabolism which
include both glucose, fats and inflammatory cascade (Singh and Saxena, 2010). Insulin
resistance is the major clinical and biochemical determinant not only of diabetes but also of
different other diseases like cardio vascular disease (CVD), obesity, hypertension and other
metabolic diseases (Grundy et al., 2004). Resistance to insulin has been developed initially
before the appearance of initial signs of diseases. So it is quite important to recognize and treat
the insulin resistance in patients. Because it is difficult to diagnose HI for a longer period of

time and it will increase the risk of development of many metabolic syndromes.
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Figure 1.1: Insulin resistance and HI

HI is strongly linked with T2DM. Dysregulated insulin secretion or impairments in
insulin clearance results in a huge increase in insulin level without creating hypoglycemia is
referred as HI. Meanwhile insulin resistance is defined as, it is a condition in which decreased
glucose uptake takes place in the cells. People with obesity and without diabetes or
hypertension possess HI than the insulin resistance. Along with this finding many other reports

confirmed that HI is one of the major factors which contribute to insulin resistance as well as



it is an independent health risk for the onset of many other diseases. In the relationship between
insulin sensitivity and cardiovascular disease study (RISC), people suffering from HI tended
to have worse lipid profile, high fat deposition and higher liver insulin resistance compared
with other people (Hoi-Hansen et al., 2005). In addition to this, RISC study reported that pre-
exposure of HI leads to an up-regulation in insulin induced secretory response than the insulin
sensitivity (Kobayashi and Olefsky, 1978). So HI itself is a major contributor of many
metabolic diseases and is likely a primary defect rather than a consequence of insulin resistance
in the population (Hoi-Hansen et al., 2005). The initial symptom associated with non-diabetic
patients is HI, impaired glucose tolerance and dyslipidemia which finally leads to the onset of
T2DM (Olefsky and Saltiel, 2000). HI has been considered as an area of interest in the modern
world, as it has so many effects on various diseases in the modern era (Singh and Saxena,

2010).

1.3 Diagnostic criteria for hyperinsulinemia and insulin resistance

Diagnosis of HI is a challenging one, because the results of HI and insulin resistance
have been overlapped. Despite this, further disturbances are created when analysing the data
from available reports (Crofts et al., 2015). Currently numerous methods are available for
assessing the insulin sensitivity and insulin resistance directly or indirectly. Assessment of
insulin resistance and HI are increased clinically and this calls for the existence of relatively
simple methods. The diagnostic parameters measure the level or presence of a marker protein
which will reflect the disease pathology and predict the future effects (Singh and Saxena,
2010). The application of these markers is a useful tool to diagnose HI and insulin resistance.
They are the sensitive detectors of early organ damage. Basic science investigations have a
great role in quantifying insulin resistance and insulin sensitivity in both humans and animal

models (Singh and Saxena, 2010). These markers varied from invasive time-consuming



procedures to simple tests. Currently, WHO and international diabetes federation (IDF)
recommend other diagnostic parameters for the assessment of B-cell function and insulin
sensitivity. They include OGTT, insulin tolerance test (ITT), homeostatic model assessment
insulin resistance (HOMA-IR), glycated heamoglobin (HbA1c), insulinogenic index (IGl1) etc.
Each has its own advantages and limitations (Shanik et al., 2008). Among the various
diagnostic tools, the hyperinsulinemic-euglycemic clamp has been the reference standard for
direct estimation of insulin resistance. OGTT, intravenous glucose tolerance test (IGTT), and
HOMA-IR are indirect measurements (Singh et al., 2013). HOMA-IR and quantitative insulin
sensitivity check index (QUICKI) are the best and more considerably validated markers that

provide an approximate of glucose homeostasis.

1.3.1 Hyperinsulinemic-euglycemic clamp

The use of hyperinsulinemic-euglycemic clamp for HI is a golden standard to measure insulin
secretion capacity in presence of glucose and also determine the insulin sensitivity (Singh and
Saxena, 2010). It is a reference method for assessing the insulin sensitivity. Besides this, it has
some logistic limitations and has some complications in large scale epidemiological studies. It
IS quite expensive to perform. This test assesses a 24 hrs urinary C-peptide excretion which is
a reflection of insulin secretion and is negatively correlated with insulin sensitivity (Shanik et
al., 2008). In addition to this, it is used to determine whole-body insulin clearance and liver
insulin clearance (Shanik et al., 2008). Glucose clamp is difficult to apply in larger populations
because it requires repeated blood sampling and insulin infusion. So there is a need for the
development of simple accessible measures. Most of the tests quantify the fasting insulin level
and most of them are derivative of the hyperinsulinemic-euglycemic clamp (Shanik et al.,

2008).



1.3.2 Fasting insulin

Fasting insulin is an important parameter for diurnal insulin exposure and sensitivity. It is the
most practical approach for the measurement of HI and insulin resistance (Thomas et al., 2000).
The lack of standardization procedure of this insulin assay is the main constraint for the overlap
between insulin resistance and normal. Using a reliable insulin assay, it is possible to detect
the insulin resistance early, before the appearance of the clinical symptoms (Singh and Saxena,
2010). If the glucose levels change rapidly in the postprandial state, the fasting insulin test is
done overnight fast. Insulin blood test is used to measure the amount of insulin in the body. It
is commonly used to measure abnormal insulin levels and insulin resistance. Normal range of
insulin in our body is an average of 2.6-24.9 mclU/MI. In a healthy person, the level of insulin
is equal to the level of blood glucose. The data obtained from fasting insulin test is interpreted
that in fasting if the glucose level is below 40 mg/dl and the insulin, as well as C-peptide levels,
are high which indicates the presence of insulinoma. The limitation of this test is, in the glucose
intolerant peoples it does not cover the low insulin secretion in hyperglycemic conditions. Due

to the lack of standardization it gives more false positive results.

1.3.3 Oral glucose tolerance test

According to literature survey the use of one-hour OGTT is considered as a very reliable
method for assessing the fasting insulin and glucose levels. It is a commonly used easy test to
detect the glucose intolerance and T2DM (Singh and Saxena, 2010). In this test the standard
glucose load (75 g) is administered orally to discover how quickly it dissociates from the
bloodstream. It indicates the capability of the body to make use of the glucose after a good
meal. OGTT gives a perfect idea about glucose tolerance but not to insulin resistance (Dalla

Man et al., 2005).



1.3.4 Homeostatic model assessment insulin resistance

HOMA-IR is a method used to quantify the B-cell function and insulin resistance. It is a
mathematical model of the relationship of insulin and glucose dynamics. HOMA-IR provides
the estimate of insulin resistance and B-cell function through an equation using the continuous
measurement of fasting insulin and glucose (Singh and Saxena, 2010). HOMA-IR assesses the
insulin sensitivity only based on the fasting insulin and glucose concentrations (Legro et al.,
1998). The effect of pancreatic B-cells on the glucose levels and glucose concentrations are
depending on insulin secretion. So deficiency in B-cell function will definitely affect the insulin
secretion (Wallace et al., 2004). Likewise, development of insulin resistance is reflected by the
decrease in the suppression of hepatic glucose production (HGP) by insulin. HOMA-IR is
proved that it is a robust clinical and epidemiological tool for the assessment of insulin
resistance. The usage of HOMA-IR in assessment of HI and insulin resistance have been
validated in children and adolescents (Atabek and Pirgon, 2007) and consider the HOMA-IR
value of 2.5 is an indicator of insulin resistance in adults but in children, the value is not been
established due to the shortage of detailed studies (Singh et al., 2013).

HOMA describes the glucose-insulin homeostasis by using a simple equation derived

from the use of glucose insulin product divided by a constant.
HOMA-IR = (glucose x insulin)/22.5

Glucose concentration represented in mmol/l and insulin concentration is represented in pU/I.
While, 22.5 is a normalizing factor; i.e, the product of normal fasting plasma glucose (4.5

mmol/l), and the normal fasting plasma insulin (5 pU/ml).
In addition to this, the B-cell function is also calculated by using another equation

i.e; HOMA B cell = 20 x fasting plasma insulin (uU/ mI)/FPG (mmol)



1.3.5 Insulinogenic index

The IGI is a commonly used index for B-cell function (Goedecke et al., 2009). It is the ratio of
change in insulin level to change in glucose level over the first 30 min after the food intake
(Aono et al., 2018). IGI is an index of insulin secretion, derived from OGTT and it is widely
used in clinical studies to detect early-phase insulin secretion (Hanefeld et al., 2003; Nishi et
al., 2005). IGI has several advantages like less complex protocols, less cost and use of a
physiological route of glucose administration (Pacini and Mari, 2003). The limitation of this
index is that it is not extensively validated (Goedecke et al., 2009).

Many other simpler methods are used for the assessment of insulin secretion and all these are
based on basal glucose and insulin concentration (Aono et al., 2018). HOMA-IR provides the
information about the insulin secretion in fasting levels and does not give the data about the
secretory ability of B-cell in response to glucose. Apart from plasma glucose, the IGI is a

powerful predictor of T2DM
IGI= 6 insulin (0-30 min)/d glucose (0-30 min)

1.3.6 Quantitative insulin sensitivity check index

Compared with clamp-insulin resistance, the QUICKI is the first-rate index of the insulin
resistance. It is derived from fasting plasma glucose and insulin levels (Mather et al., 2001). It
is a mathematical transformation depending on fasting blood glucose and plasma insulin
concentrations. These parameters provide precise information about insulin sensitivity with
good predictive power (Chen et al., 2003; Chen et al., 2005). It is a variation of HOMA
equations, here logarithms and reciprocal of the glucose-insulin product are considered. It has
been shown that QUICKI have a linear correlation with glucose clamp in obese and diabetic
peoples (Chen et al., 2003). QUICKI cannot be considered as a new model, because it is a

simple log of HOMA-IR. In addition to this it has the same limitations as that of HOMA.
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Compared with healthy people the QUICKI value has been observed to be lower in people
having metabolic conditions like diabetes, glucose intolerance, hyperlipidemia associated with
insulin resistance. If the patients having the QUICKI value is below 0.357 is considered as
higher risk or frequently present with metabolic syndrome (Hrebicek et al., 2002).

QUICKI = 1/[log (Insulin pU/ml) + log (Glucose mg/dl)]

1.3.7 Glucose effectiveness

Most of the methods checked the insulin-dependent glucose usage, but glucose itself has an
ability to enhance its disposal; that property of glucose is technically called glucose
effectiveness (Shanik et al., 2008). It accounts for about half of the glucose disposal so it is an
important diagnostic parameter of HI. It can be assessed through glucose tolerance test (GTT)
or by pancreatic clamps but both are very difficult to perform. Meanwhile, differentiation of
whole body insulin clearance from hepatic insulin clearance is not possible in GTT (Shanik et
al., 2008).

Furthermore, investigators search for more practical indices that assess insulin sensitivity easily
as compared with hyperinsulinemic-euglycemic clamps. Some of such indices are stumvoll
index, matsuda index, gutt index, avignon index etc. Currently many newer proteins are
recognized as a marker for the assessment of insulin resistance. Some of them are C-reactive
protein (CRP), soluble CD36, insulin growth factor binding protein-1 (IGFBP-1), adiponectin,

glycosylated hemoglobin (HbA1c) and protein kinase C (PKC).

1.3.8 C-reactive protein

CRP is one of the major proteins seen in association with systemic inflammation, and it is the
main predictor of future development of cardiovascular events (Singh and Saxena, 2010). It is
a highly sensitive protein and during the prevalence of metabolic syndrome associated with

insulin resistance, the CRP level has been found to be up-regulated with increased blood

11



pressure, decreased high density lipoprotein (HDL), increased fasting plasma glucose
concentrations, and increased triglyceride (TG) levels (Pasceri et al., 2000). One of the recent
studies reported that CRP level is associated with several measures of insulin resistance like
fasting insulin, HOMA, QUICKI, the insulin:glucose ratio and the avignon index (Meng et al.,
2007). It has many advantages like it’s simplicity to perform, high-sensitivity and stability,
CRP can be considered as a better clinical proceeding measure for recognizing the persons at

risk for insulin resistance (Ridker et al., 2004).

1.3.9 Soluble CD36

CD36 is a pro-atherogenic protein, it reduces oxidized low-density lipoprotein through the
formation of foam cells. Hyperglycemia and impaired insulin signaling in insulin resistance
lead to increased expression of CD36 (Handberg et al., 2006). It has been reported that there is
an increased level of soluble CD36 present in T2DM and insulin resistance patients (Handberg

et al., 2006). It might represent a potential marker of insulin resistance and its complications.

1.3.10 Insulin growth factor binding protein-1

Recent reports recommend that IGFBP-1 is a possible marker to find out the insulin resistance
(Motaghedi et al., 2007). It has a potent correlation with the analysis of insulin sensitivity,
mainly in children younger than 10 years (Motaghedi et al., 2007). In the patients having
obesity and insulin resistance, the levels of IGFBP-1 become decreased. In young people

IGFBP-1 acts as a convenient and susceptible marker of insulin resistance.

1.3.11 Adiponectin

Adiponectin is a key molecule in the pathogenesis of metabolic syndrome. It exerts pleiotropic

insulin-sensitizing effects (Matsuzawa et al., 2004; Ryo et al., 2004). The adiponectin levels
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are increased in insulin resistance people (Higashiura et al., 2004) and it has a negative

correlation with HOMA in individuals without metabolic syndrome (Hivert et al., 2008).

1.3.12 Glycated haemoglobin

HbAlc developed only when the glucose levels are high. The glucose reacts with the
haemoglobin protein in the RBC and forms HbAlc. HbAlc is an important measure used to
analyse the long term glycemic control in diabetes. Its role in patients with metabolic syndrome
or insulin resistance is doubtful. The amount of HbA1c is directly proportional to the amount
of blood sugar during that time. It can be an effective measurement of prediabetes and diabetic
also. The normal value of HbAlc in healthy people is below 42 mM/mol or 6.00 %. In the
case of prediabetes people, levels of HbAlc are in the range of 42-47 mM/mol (6.0-6.4 %), in
diabetic people the value is 6.5 % and above. HbAlc is an important predictor of long term
complications of diabetes. It cannot be taken as an important diagnostic tool for diabetes but
it has been demonstrated that HbAlc represents both fasting and postprandial glycemic states
(Monnier et al., 2003; Rohlfing et al., 2002; Yates and Laing, 2002) and can be considered a
predictor of insulin resistance (Osei et al., 2003).

Besides this, studies discovered that patients with normal blood glucose levels actually need
high insulin levels to maintain normoglycemia which gives a false sense of safety regarding
metabolic health. It is necessary to understand the concepts and merits and demerits underlying

each method for the interpretation of the data for measuring the insulin sensitivity.

1.3.13 Protein kinase C

Activation of the PKC during hyperglycemia acts as a potential marker for diabetic retinopathy
and microangiography (Geraldes and King, 2010). One of the studies revealed that PKC
activation in mononuclear cells may act as a marker for diabetic microangiopathy (Geraldes

and King, 2010).
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1.4 Causes and pathophysiology of hyperinsulinemia

Genetic, environmental, and socioeconomic factors all contribute to the development
and progression of HI. One of the studies reported that it was impossible to differentiate if
insulin resistance preceded or accompanied HI (Crofts et al., 2015). Differences in B-cell
function and fat distribution in HI are associated with ethnic and racial differences. Dietary and
environmental factors interact with hormones in the gastrointestinal tract and develop hyper
insulin secretion in fasting (Meeks et al., 2017) (Fig: 1.2). Some of the examples are air
pollution, bisphenol A exposure etc. (Chen et al., 2016). Air pollution has been leading to
disturbances in the membrane lipids and increased fasting glucose and insulin production as
well as increased the body mass index. Bisphenol A is a chemical that has disrupted the

endocrine and increased insulin and C-peptide production (Stahlhut et al., 2018).

HI is associated with race and ethnicity and it is mediated by differences in body
composition. Studies reported that dietary differences are also a contributor to the HI in blacks.
Blacks had a high fat as well as carbohydrate intake which increased the free fatty acids (FFAS)
and resulted in reduced insulin sensitivity and clearance (Arslanian et al., 2002). Higher FFAS
are responsible for the decline in insulin secretion and decreased glucose effectiveness
(Johnston et al., 2018). Another study showed that compared with whites, black girls had higher

fasting insulin, earlier puberty, and rapid fat deposition (Casazza et al., 2008).

HI attacks the body through five mechanisms. They are, increased production of
reactive oxygen species (ROS) and advanced glycation end products (AGESs), increased fatty
acid/triglyceride (TG) production, hyperglycemia, production of different hormones and
cytokines (Crofts et al., 2015). ROS is a collective term used for the representation of highly
reactive chemical molecules, one of the causes as well as the main pathophysiological agent of

HI. Many of the studies reported that increased HI is due to increased ROS. When the B-cells
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were exposed to excess lipids, it led to an increased mitochondria redox state and produced
ROS (Saadeh et al., 2012). It can be reduced by supplementation with antioxidants like N-
acetyl cysteine (NAC). In non-diabetic healthy black people, the level of FFA is increased and
it will simultaneously increase protein carbonyls, which is a marker of oxidative stress (OS).
Compared with whites, blacks are more susceptible to OS (Fisher et al., 2012). ROS are
produced by many of the metabolic processes but a number of other factors contribute to the
excess production of ROS (Bayir, 2005). When they are produced excessively, it affects many
of the molecules in the body like lipids, protein and DNA (Crofts et al., 2015). Damage to DNA
molecules is a crucial factor in the development of cancer (Crofts et al., 2015). In addition to
this, polyunsaturated fatty acids are another important molecule susceptible to ROS attack and
they initiate lipid peroxidation which finally resulted in the loss of cell membrane fluidity,
permeability and integrity (Bayir, 2005). Among the amino acids cysteine and methionine are
more prone to ROS attack which leads to the development of diseases like Alzheimer’s disease

(Eto et al., 2002).

Overnutrition is another factor responsible for the pathophysiology of the HI and it
generates AGEs through glycation and glycol-oxidation. Defective release of AGEs were
observed in diabetic nephropathy. Consumption of exogenous AGEs results in increased levels
of plasma AGEs. These AGEs cause changes in the micro-vascular system and create
inflammation (Chilelli et al., 2013). HI plays an important role in the production of TG and
FFAs (Crofts et al., 2015). The main consequence of this is the development of fatty liver
disease (Vanni et al., 2010). HI increases the FFA uptake as well as the de novo lipogenesis
(DNL) in the liver. In addition to this, the increased TG and cholesterol levels were recognized

as the key components of metabolic syndromes and fatty liver disease (Vanni et al., 2010).
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Figure. 1.2. Causes of hyperinsulinemia

Another factor involved in the pathophysiology of HI is hyperglycemia (Weir and
Bonner-Weir, 2004). In order to enhance cell growth and proliferation, cancer cells show
continuous glucose uptake (Giovannucci et al., 2010) but hyperglycemia augments this
process. Hyperglycemia activates insulin growth factor-1 (IGF-1) to enhance vascular smooth
muscle proliferation which is the main feature of atherosclerosis and cancer. It will increase
blood coagulation also (Stegenga et al., 2006). The next factor is the hormones or cytokine
production during HI. Through the increased production of TG and appetite, HI also plays a
prominent role in increasing adiposity (Bugianesi et al., 2005). Adipose tissue is an endocrine
organ that produces hormones and cytokines necessary for cellular communication. During
hypertrophy, adipose tissue activates the stress and inflammatory pathways which increases
the release of cytokines like leptin, tumor necrosis factor (TNF)-o and vascular endothelial
growth factor (VEGF) and it simultaneously decreases adiponectin levels (Matafome et al.,
2013). These impairments result in the development of insulin resistance and a reduced glucose
and lipid uptake (Martin et al., 2008; Lustig et al., 2004). In addition to this another factor
which contributes more for the pathophysiology of HI is IGF-1. Both IGF-1 and VEGF have a

prominent role in the growth and division of many cells (Giovannucci et al., 2010).

Besides this HI also has an ability to elevate levels of plasminogen activator inhibitor

type-1 (PAL-1), this increases the risk of thrombosis. Compared with the enhanced coagulation
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problem from hyperglycemia, it is clear that more than 80 % of people died with thrombotic
death, due to PAL activation (Stegenga et al., 2006). Continuation with this, bariatric surgery
is also associated with the progression of HI. Bariatric surgery is prescribed for obese people
with comorbid conditions. HI is the main factor that underlies the racial differences in bariatric
surgical outcomes. Compared to whites, blacks attain more weight in the years following
surgery (Thomas et al., 2019). Bariatric surgery has some metabolic and clinical benefits and
it gives rapid relief from HI within one week of surgery (Thomas et al., 2019). Unlike this,
after surgery, the insulin sensitivity was improved but glucose effectiveness remained constant

(Purnell et al., 2018).

However, more research is needed to find out the effects of various genetic and environmental

factors for the genesis of HI and to determine which plays a crucial role in metabolic disease.
1.5 Metabolic consequences of hyperinsulinemia

HI can be epidemiologically linked to metabolic syndrome, gestational and T2DM. So
it increases the prevalence of other diseases like cardiovascular, obesity, cancer, and
inflammation etc. (Ceriello and Motz, 2004; Weir and Bonner-Weir, 2004). It is an independent
risk factor for the development of a vast array of diseases including osteoarthritis, certain
cancers, especially breast and colon/rectum, and Alzheimer’s disease and other dementias
(Fengetal., 2013; Yan and Li, 2013; Mehran Arya et al., 2012). HI directly or indirectly affects
almost all biological systems of our body. It affects the circulatory system, gastrointestinal

system, endocrine system, nervous system, cancers, and skeletal system.

In the circulatory system, it develops diseases like atherosclerosis, cardiomyopathy,
endothelial dysfunction and thrombosis through the generation of ROS, inflammation, and
AGEs generation. In addition to this, HI creates gastrointestinal diseases like T2DM, GDM,

hypertriglyceridemia, and nonalcoholic fatty liver disease (NAFLD). Inflammation and obesity
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are diseases affected by the endocrine system and are caused by HI. Alzheimer’s diseases and
retinopathy are the diseases caused by HI and it affects the nervous system. Other disease
conditions linked with HI include tinnitus, gout, autism and schizophrenia (Monzo et al., 2013;
Meyer et al., 2011). However, more detailed investigations are necessary to confirm these

findings.

1.5.1 Hyperinsulinemia and diabetes

Obese people showed a decrease in normal glucose tolerance in the first phase of insulin
secretion which finally results in T2DM (Weiss et al., 2005). One of the major predictors of
T2DM is fasting insulin levels, so HI is associated with T2DM incidents (Ghasemi et al., 2015).
HI leads to T2DM through its effects on insulin resistance, fat storage, and direct effects on 3-

cells (Thomas et al., 2019).

1.5.2 Hyperinsulinemia and NAFLD

One of the studies reported that people without diabetes have a baseline HI and it was
associated with NAFLD incidents (Rhee et al., 2011). Hepatic steatosis was linked with fasting
insulin (Ardig et al., 2005). In addition to this, the levels of fasting insulin and insulin exposure
were assessed by glucose tolerance test and found that it was positively correlated with intra
hepatocellular lipids, which is the hallmark of NAFLD (Mehta et al., 2012).

In addition to this, the NAFLD patients have HI as well as a decreased hepatic insulin clearance
(Bril et al., 2014). DNL was originally attributed to minor lipid contents in liver and adipose
tissue (Thomas et al., 2019). However, some of the studies have been reported that DNL is

increased during an increased fasting insulin levels (Hudgins et al., 2011).

1.5.3 Hyperinsulinemia and pregnancy

If the pregnant women possess a high level of blood glucose, then the fetus is exposed to high
blood sugar. In response to this, the fetal pancreas is responsible for the production of more
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insulin (Thomas et al., 2019). After birth also, the baby continues to face an excess level of
insulin or HI that experiences a sudden decrease in blood sugar level and which leads to further

dangerous complications.

1.5.4 Hyperinsulinemia and obesity

Strong evidence indicates that HI is an important precursor of obesity. Insulin activates the
biochemical pathways that control lipolysis, lipid uptake and lipogenesis. So impairments in
insulin levels are associated with obesity. Besides this, dietary and pharmacological
interventions reduce insulin levels and also lead to weight loss. Obesity defines the expansion
of white adipose tissue (WAT), increased adipocyte differentiation, adipocyte hypertrophy and
hyperplasia (Berry et al., 2014; Lim et al., 2015). WAT is a type of adipose tissue that acts as
an energy reserve (Berry et al., 2014) but brown adipose tissue (BAT) is responsible for the
expenditure of energy through thermogenesis (Beranger et al., 2013). So one of the proposed
treatment strategies for obesity is enhancing the activity of BAT (Chondronikola et al., 2016;
Labbe et al., 2016). Some of the studies have shown that insulin has an important role in lipid
accumulation in white adipocytes. This takes place mainly through decreased lipolysis,
enhanced TG synthesis and increased fatty acid uptake (Czech et al., 2013; Kersten, 2001).
Recently it has been reported that HI enhances adipocyte inflammation and reduces the DNL
in WAT (Pedersen et al., 2015). Overall there were numerous studies reported that adipose

tissue insulin signaling has an essential role in the onset and development of obesity.

1.5.5 Hyperinsulinemia associated mitochondrial dysfunctions and

endoplasmic stress: role of mitochondria associated ER membrane

H1 is one of the major factors for the development of insulin resistance and it is an independent
factor for the genesis of metabolic syndrome including T2DM and obesity (Salvado et al.,

2015). Recent studies established that the development of insulin resistance is mainly through
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the abnormal handling of the lipid metabolites and increased levels of inflammatory cytokines
which finally leads to the activation of many kinases and finally destroys the insulin signaling
(Walter and Ron, 2011).

Endoplasmic reticulum (ER), a cell organelle plays a crucial role in the development of insulin
resistance and progression to T2DM. It plays a predominant role in lipid metabolism and also
membrane and secretory protein synthesis. More specifically ER participates in the
biosynthesis of insulin receptors and insulin. So any disturbances in ER homeostasis results in
the initiation of ER stress and activation of unfolded protein response (UPR) (Salvado et al.,
2015) which leads to the development of insulin resistance. ER stress is linked to different
processes like lipid accumulation, inflammation, B-cell apoptosis and insulin biosynthesis
(Gregor et al., 2009). Many studies showed that ER stress marker expressions were up-
regulated in the liver and adipose tissues of obese patients (Puri et al., 2008). UPR activation
has played an important role in the genesis of low grade inflammation and all the three
pathways are involved in the inflammation mediated activation (Gregor and Hotamisligil,
2011). The activated inositol-requiring transmembrane kinase/endoribonuclease 1 (IRE1)
simultaneously activates nuclear factor kappa B (NF-xB) and c-jun N-terminal kinase (JNK)
that phosphorylate the insulin receptor substrate (IRS) 1 and inhibit insulin signaling (Hu et al.,
2006). At the same time, NF- kB activates both protein kinase RNA-like ER kinase (PERK)
and activating transcription factor 6 (ATF6) branches of UPR (Deng et al., 2004; Wu et al.,
2004). In the case of the liver, ER stress has acted as an important player in the genesis of
hepatic insulin resistance. ER stress-activates insulin resistance through the activation of
transcription factors and modifies the enzymes that participated in gluconeogenesis and
lipogenesis. As a result, the abnormal activation of these pathways took place. ER stress also
activates the production of stress proteins and disturbing insulin signaling. In continuation with

this, ER stress enhances the lipid accumulation inside the hepatocytes (Flamment et al., 2012).
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The overexpression of some ER chaperones or consumption of chaperone proteins results in
the resolving of ER stress, inflammation and insulin resistance (Boden, 2009). Targeting the
impairments of ER homeostasis might be a good therapeutic approach for the treatment of
insulin resistance and T2DM which is the hot area for the development of new pharmacological
targets for the treatment of these diseases (Salvado et al., 2015). In addition to this, some of the
antidiabetic drugs have the ability to modulate ER stress. However, some of the major proteins

involved in UPR might be beneficial in T2DM treatment. (Salvado et al., 2015).

Cellular metabolism is largely dependent on mitochondria. Mitochondria play an
important role in energy homeostasis of the cell (Kim et al., 2008). Alterations in energy
homeostasis leads to mitochondrial dysfunction (Frisard and Ravussin, 2006). Importantly it
has been reported that insulin resistance is associated with mitochondrial dysfunctions in
tissues like liver, pancreas, muscles, fat and heart (Ashrafian et al., 2007; Nisoli et al., 2007).
Insulin resistance is the characteristic of many metabolic diseases like T2DM, obesity,
cardiovascular diseases etc (Cooper et al., 2007). This has been caused by a number of factors
like, HI, inflammation, increased caloric intake and glucocorticoid levels (Gregor and
Hotamisligil, 2011). Insulin resistance influences the alterations in mitochondrial function
including the accumulation of lipids (Koves et al., 2008), dysregulated mitochondrial dynamics
and morphology (Jheng et al., 2012), decreased mitochondrial number, low level of
mitochondrial oxidative enzymes, increased mitochondrial oxidants (Fazakerley et al., 2018;
Paglialunga et al., 2015) and low level of energy synthesis (Ritov et al., 2005). Many of the
studies showed that mitochondria have a major role in the pathogenesis of the insulin
resistance. Same way mitochondrial alterations also result in the genesis of insulin resistance.
Increased mitochondrial oxidants are the consistent marker of insulin resistance in both in vitro
(Fazakerley et al., 2018; Hoehn et al., 2009) and in vivo (Fazakerley et al., 2018; Paglialunga

et al., 2015). So the usage of pharmacological interventions to reduce the oxy-radicals is more
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effective for resolving insulin resistance (Hoehn et al., 2009; Paglialunga et al., 2015). Most of
the studies imply that there is a direct link between mitochondrial oxidants and insulin
resistance (Lee et al., 2010; Lee et al., 2017). OS is the main player of insulin resistance and it
is specific to the mitochondria which initiate mitochondria oxidants and induce insulin
resistance. One of the reports showed that the increased expression of mitochondrial catalase
in mice improved insulin sensitivity through the increased fatty acid oxidation (Lee et al.,
2010). Elevated FFAs lead to intracellular lipid accumulation which finally leads to insulin
resistance in muscle and liver (Petersen and Shulman, 2006). Insulin resistant metabolic tissues
possess abnormal mitochondria with abnormal functions in oxidative phosphorylation and
decreased mitochondrial gene expression which finally leads to the onset of both T2DM and
NAFLD (Kim et al., 2008). Enhanced intracellular fat accumulation leads to a reduction in
mitochondrial oxidative phosphorylation (Pessayre and Fromenty, 2005). One study reported
that abnormal mitochondrial functions were observed in T2DM patients. The onset of T2DM
could be a primary disorder of mitochondria because the mitochondrial function has been
affected by ambient blood glucose concentration (Taylor, 2012). A study found that during
normal blood glucose levels, no apparent mitochondrial dysfunction has been observed

(Taylor, 2012).

1.6 Management and Pharmacotherapies of hyperinsulinemia

The management of hyperinsulinemic people can be extremely complicated,
particularly in prolonged and persistent HI. They will require a comprehensive diet plan. It
focuses on lifestyle changes including diet, exercise and weight loss. Treatment of HI includes
medications. A healthful balanced diet has a significant impact on treating HI and insulin
resistance. Diet that contains vegetables, fiber, fruits, and whole grains helps to control blood
glucose levels. In addition to dietary changes exercise may improve the body tolerance against

insulin and help to maintain a healthy weight. Aerobic exercise is more beneficial against HI.
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It includes walking, jogging, light hiking etc. In one study using hyperinsulinemic-euglycemic
clamp and arginine stimulation test, it is reported that male athletes have lower insulin
secretion, lower fasting glucose, and increased insulin sensitivity and insulin clearance
(Thomas et al., 2019). Exercise training gradually increases insulin sensitivity and glucose
effectiveness through the decrease of insulin (Karstoft et al., 2017).

If the diet and exercise could not give a better relief then the medication is
recommended (Erion and Corkey, 2017). HI and obesity are highly interlinked, so treating
obesity with dietary changes, lifestyle modifications, pharmacotherapy, or surgery effectively
decreases HI (Kolb et al., 2018). Furthermore, in most of the cases, medications similar to
diabetes or a combination of drugs are used to treat HI. One of the most common antidiabetic
drugs which can reduce both glucose and insulin level is metformin (Hostalek et al., 2015). It
is the most common drug approved by the FDA for the treatment of both HI and metabolic
syndrome or prediabetes (Hostalek et al., 2015). Liraglutide is another drug which decreases
fasting insulin and increases weight loss (Pi-Sunyer et al., 2015). Several other medications
can affect B-cell function and insulin sensitivity. Fenofibrate, a peroxisome proliferator-
activated receptor (PPAR)-a agonist, increases fat oxidation and in mice, it decreases insulin
secretion and improves insulin clearance (Ramakrishnan et al., 2016). Another drug,
bezafibrate, a partial PPAR agonist, lowers both insulin and lipids (Thomas et al., 2019).
Besides this, the combination therapy is the more effective medication that directly targets HI

(Alemzadeh et al., 2004; Page and Johnson, 2018; Zdravkovic et al., 2005).

1.7 Natural products with antidiabetic activity

Current methodologies to reduce the effects of insulin resistance and T2DM are based
on synthetic drugs. Almost all the drugs available in the market have some side effects (Coman
etal., 2012). In order to reduce these issues, there is a continuous need to find new and better

agents which are an alternative for the current treatment and management of these diseases

23



(Coman et al., 2012). Natural products such as bioactive compounds, plant extracts and
microbial metabolites may be an attractive alternative against these synthetic drugs because
they have antihyperglycemic effects (Rout et al., 2009). So therapies based on phytochemicals
could develop a new pharmacological approach to treat these types of diseases. Furthermore,
they can reduce the side effects and also have low cost, and they can be consumed with every
day diet (Coman et al., 2012). Many plants have been reported to have antidiabetic properties.
Some of them show very promising effects, which indicate that the dietary intake of these
phytochemicals could be a promising strategy for diabetes prevention. Galega officinalis is a
well-established antidiabetic plant, having anti hyperglycemic and insulin sensitizing potential
(Bailey, 2017). The compounds isolated from these plants include a guanidine compound
galegine and biguanide compound metformin. Guanidine compounds were toxic to the human
body, despite this finding the plant Galega officinalis still have importance today because one
of the most common and widely accepted drug metformin, was derived from this plant. Another
plant species traditionally used for T2DM treatment is Salacia reticulata in countries like India
and Sri Lanka. The a-glucosidase inhibitors like salacinol and kotalanol have been isolated
from this plant. The inhibitory effects of these plants are similar to well-known a-glucosidase
inhibitors as well as antidiabetic drugs acarbose and voglibose. Morus alba is the natural
antidiabetic plant and it is enriched with a-glucosidase inhibitors. One of the studies reported
that more than 15 bioactive molecules with a-glucosidase inhibitory potential were seen in leaf
extract of this plant. Furthermore, so many other plants have been reported for their antidiabetic
potential, it includes Curcuma longa, Momordica charantia, Aegle marmelos, Urtica dioica
(Bnouham et al., 2003), Tinospora cordifolia, Salvia officinalis (Eidi et al., 2005), Eucalyptus
globules (Ahlem et al., 2009) etc and numerous compounds were isolated from these plants
and they showed better antidiabetic activity. Most of these compounds are coming under the

categories of flavonoids, alkaloids, phenols, etc. (Soumyanath, 2005). In many studies very
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little is understood about the mechanism of action of each compound. Recently, more and more
research is being carried out to elucidate the mechanism of action of these plants and the
compounds (Coman et al., 2012). One of the crucial factors for the genesis of T2DM is
oxidative stress (OS). OS initiates abnormal production of ROS which results in the
impairments in cellular metabolism. So any compound which has an antioxidant potential may
act as a synergistic molecule by exerting its hypoglycemic as well as antioxidants potential.
Polyphenolic compounds, more specifically flavonoids, have more ability to act as anti-diabetic
molecules (Coman et al., 2012). They are well known for their anti-inflammatory, antioxidants

and anti-carcinogenic potentials.

1.8 Vanillic acid

In our study we selected vanillic acid (VA) to check its potential against HI. VA is a
widely used flavouring agent. It is a phenolic compound and a 4-hydroxy-3- methoxy benzoic
acid derivative and an oxidized form of vanillin. Vanillin is a 4-hydroxy-3- methoxy
benzaldehyde and a non-toxic food additive (Mirza and Panchal, 2020) (Fig: 1.3). In the liver
the vanillin is converted into vanillic acid (Pacheco-Palencia et al., 2008). It is an intermediary
compound formed during the conversion of ferulic acid to vanillin (Mirza and Panchal, 2020).
It is present at high concentrations in vanilla beans, Angelica sinensis (Mirza and Panchal,

2020) and in vinegar. It has been used as a Chinese medicine also (Prabhakar and Doble, 2011).
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Figure. 1.3 Vanillic acid : A methoxybenzoic acid (C8H804; Molecular weight- 168.15 g/mol).

VA has been found to have diverse pharmacological actions such as antioxidant (Chou et al.,
2010; Tai et al., 2012), antidiabetic (Chang et al., 2015), anti-inflammatory (Calizto-Compos
et al., 2015) and cardioprotective effects. In addition, the presence of VA was detected in
cerebrospinal fluid (Alzweiri et al., 2013), it can inhibit the snake venom nucleotides (Alzweiri
et al., 2013) and can inhibit carbonic anhydrase enzyme (Dhananjaya et al., 2009). It has been
reported that VA shows a protective effect on liver toxicity (Itoh et al., 2010). Furthermore, it
acts as a respiratory stimulant (Coman et al., 2012). Numerous clinical studies have been
conducted based on the excretion of VA in urine and one study reported that VA is a metabolic
byproduct of 4-hydroxy-3-methoxyphenylglycol and 4-hydroxy-3-methoxymandelic acid
(Coman et al., 2012). In most of the studies, the VA was administered orally for a long duration
to treat chronic diseases. Initially, acute toxicity studies were conducted as a preliminary study,
and the details obtained from this study were used to conduct the subacute toxicity studies. It
gives a better understanding of the effect of the continuous utilization of the medicines over a
short period and provides a basis for conducting chronic toxicological studies (Hayes, 2007).
From the acute toxicity studies of VA, in rats, VA shows LD50 at 5020 mg/kg but in the case
of mice, the value was at 2691 mg/kg (Coman et al., 2012). In the subacute toxicity studies,

VA does not show any mortality or clinical toxic signs during the period of study and showed
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anormal increase in body weight and internal organ weight (Coman et al., 2012). These studies
ensure that VA is a reasonably safe molecule in experimental rats at selected dose (Coman et
al., 2012). Hence VA could be developed as a lead molecule for diabetic complications.
Although VA possesses antioxidant and hepatoprotective effects, the complete mechanism of
action of VA in liver metabolism during HI has not been well established. In this study, we
studied the adverse biochemical alterations during HI in hepatocytes and possible recovery
with VA. We found the mechanism of action of VA in HepG2 cell’s glucose and lipid
metabolism during HI and the role of ER, mitochondria and mitochondria associated ER

membrane (MAM) on it.

1.9 Hypothesis and Objectives

Alternative approaches with novel signaling pathways are needed to prevent and treat
metabolic diseases such as T2DM and associated health issues. HI in association with insulin
resistance is considered as an important independent health risk and it directly or indirectly
contribute to the genesis of many diseases such as all inflammatory diseases, gestational and
T2DM, all vascular diseases, NAFLD, certain cancers and obesity (Ceriello and Motz, 2004;
Weir and Bonner-Weir, 2004). The onset of HI can have numerous harmful effects on the many
tissues in the body. It also creates a group of disturbances such as impaired glucose tolerance,
high levels of TG and cholesterol, increased production of IGF-1 (Giovannucci et al., 2010),
high levels of AGEs and increased levels of ROS (Ceriello and Motz, 2004). Same time, there
were only a few studies presented for standardizing the diagnostic process of HI (Crofts et al.,
2015). Most of the research is done in the field of insulin resistance. Recent researches in the
field of HI revealed that, the HI is not only involved in the aetiology of the all the symptoms
of metabolic syndrome but also a risk factor for the onset of many other conditions such as
Alzheimer’s disease, dementia, retinopathy, nephropathy, osteoporosis, and some cancers

(breast, liver, ovarian) (Feng et al., 2013; Pollak, 2008; Yan and Li, 2013). Due to the
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increasing prevalence of these diseases in the world and the increasing global concerns about
the epidemic of metabolic syndrome, more research on this field is very urgent. Earliest
detection of a disease state is most important for the prevention and control of that disease. HI
is precisely identified with dynamic glucose and insulin testing, and also has few
(pharmaceutical) management options (Crofts et al., 2015). Non-pharmacological management
with the utilization of herbal dietary products has been an option and in addition to this further
work is needed in the search for culinary plants for prophylactic and therapeutic use.
Considering the importance of natural product derived nutraceuticals, we can exclude the
adverse side effects created by synthetic drugs as well as it can easily be included in our diet
also. Furthermore, the T2DM and the complications of HI, can be effectively prevented by
using a healthy diet and medication. So on the basis of this hypothesis, the present work aims
to evaluate the adverse biochemical mechanisms created by HI in hepatocytes and study how

it is related to mitochondrial alterations, ER stress and disturbances in MAM also.

The main aims of this present study are

e Standardization of the in vitro model of HI employing HepG2 cells.

e Investigation on alterations in redox status of the cell during insulin resistance via HI
in HepG2 cells.

e Studies on glucose metabolism during HI in HepG2 cells and possible recovery with
vanillic acid.

e Effect of HI on lipid metabolism in HepG2 cells - genesis of inflammation and
progression of NAFLD.

e Studies on alterations in mitochondrial biology during HI and amelioration with vanillic
acid.

e Calcium homeostasis in the initiation of ER stress and dysregulation of MAM during
HI.
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Chapter 2

Establishment of hyperinsulinemia induced
insulin resistance in HepG2 cells and effect of
vanillic acid (VA)

2.1 Introduction

The global prevalence of diabetes is increasing day by day and it is characterized by constant
hyperglycemia (Engwa et al., 2018). According to IDF statistics 2019, about 82 million people
with the disease are of type 2 diabetes in South East Asian regions including India (IDF, 2019).
T2DM is the most common form of diabetes and it is characterized by insulin resistance.
Insulin resistance is a condition in which the insulin induced glucose utilization is disturbed in
insulin sensitive tissues like muscle, liver and adipocytes. Insulin is an essential hormone
responsible for the regulation of glucose metabolism in almost all the tissues of the body
(Wilcox, 2005). The major factors contributing to the development of insulin resistance are
fasting hyperglycemia and HI, increased HbAlc, hyperlipidemia, impaired glucose tolerance,
an increase in HGP etc. (Ye, 2013). The common factor behind the development of insulin
resistance associated with T2DM in most patients is an increase in insulin levels from basal
levels (Shanik et al., 2008). During the early stages of insulin resistance, under hyperglycemic
conditions, the pancreas increases insulin secretion in order to compensate for the decreased
insulin response; however, the end result is the development of HI to maintain the stable plasma
glucose. This later decreases B-cells function and finally results in B-cell loss and leads to
insulin resistance and T2DM (Zhang et al., 2010). So HI is the root cause of insulin resistance
and diabetes (Corkey, 2012). In human studies also, it has been reported that the inhibition of

HI with certain agents would result in the reduction of insulin resistance without affecting
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glucose tolerance (Reed et al., 2011). It has been suggested that insulin resistance and
subsequent compensatory HI develops earlier than the B-cell dysfunction. This is because the
insulin secretion in insulin resistance, non-diabetic persons is increased in proportion to the
severity of the insulin resistance even though glucose tolerance remains normal. Thus, early
identification of individuals with insulin resistance may be a way to guide earlier intervention

strategies to prevent or delay diabetes onset and related chronic diseases.

There are reports that high insulin could alter redox status (Kim et al., 2008). But there
is no detailed study on the liver. One of the major organs responsible for the detoxification
process in our body is the liver and it also has a prominent role in maintaining normal glucose
homeostasis (Leclercq et al., 2007). Liver is the major organ that participates in the energy
metabolism of the body and the target site of insulin. So it is more susceptible to
hyperglycemia-induced OS, which may lead to liver tissue injury (Mohamed et al., 2016). OS
is a condition in which the oxidant to antioxidant ratio is increased (Palsamy et al., 2010). The
central players behind the hepatic injury are the increased levels of oxidants like superoxide
anions, hydroxyl radicals etc. produced by Kupffer cells of the liver (Wei et al., 2010).
Abnormal production of ROS results in the genesis of numerous life-threatening events like
irreversible modifications of proteins, carbohydrates and membrane lipids (Leung and Nieto,
2013). The most important covalent modification of proteins is the protein alkylation and it is
caused either by ROS or by reaction with the byproducts of OS. In both cases, the end result is
the changes in the structure and function of the proteins (Ahmed et al., 2004). The increased
levels of unwanted proteins inside the cells lead to certain deleterious effects like inhibition of
both binding and enzymatic activities, increased the chances of aggregation, altered uptake of
the cells etc (Ahmed, 2005; Yagmur et al., 2006). As a result, it results in apoptosis in the liver
cells and also initiates the inflammation cascade which leads to massive liver tissue destruction

(Wei et al., 2010). However, in order to cope up with this, the liver is enriched with several
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potent antioxidants like superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and glutathione reductase (GSH) (Parveen et al., 2010). These antioxidants protect the
liver cells from oxidative damage and also reduce the free radicals. In diabetic conditions, the
liver is resistant to insulin which results in abnormal HGP (McK:illop et al., 2002) and an
increase in gluconeogenesis (Lindsay et al., 2003). Increased HGP plays a vital role in the
development of postprandial hyperglycemia, one of the noticeable symptoms of T2DM
(Brownlee, 2000). Here | report the effects of high insulin in HepG2 cells, a representative of

the in vitro model of liver.

Many synthetic diabetic drugs are available in the market and they can significantly
down regulate the diabetic complications and improve insulin sensitivity but most of them are
associated with some adverse effects such as liver problems, lactic acidosis and diarrhea
(Sanchez-Rangel and Inzucchi, 2017). Considering this, there is a need to design and
implement a cost-effective and safer ligand to face this public health problem. So natural
product based molecules could be attractive for the development of a complementary therapy
for diabetes and insulin resistance (Guzman and Gurrola-Diaz, 2019). Biological activity of
plants is based on their chemical constituents, so plants are believed to be the real chemist and
are beneficial to human health (Mamun-or-Rashid et al., 2014). These natural compounds can
be used to improve insulin sensitivity, reduce the complications and alleviate the long term
pathological effects of the disease. Vanillic acid (VA) is a plant derived phenolic compound,
widely used as a flavoring agent and a nutritionally beneficial component in the food
manufacturing industry (Karmakar et al., 2000). VA does not show any toxicity concern about
its intake as a flavoring agent in the food industry. So this is found to be an ideal agent for
research for its therapeutic activity against various metabolic disorders. So | have taken this

compound for detailed evaluation of its beneficial activities against HI. Moreover there is not
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much report available on the effect of VA on HI induced OS and altered redox status in HepG2

cells.

2.2 Materials and methods

2.2.1 Chemicals and reagents

Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum (FBS), pencillin-
streptomycin antibiotics and 0.5% trypsin—ethylene diamine tetra acetic acid (EDTA) were
from Gibco-BRL Life Technologies, (Waltham, MA, USA). 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), radioimmuneprecipitation assay buffer (RIPA buffer),
dimethylsulfoxide (DMSO), 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA), protease
inhibitor cocktail, and vanillic acid (VA) were purchased from Sigma Aldrich (St Louis, MO,
USA). Superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), f-actin and rabbit
secondary antibodies were from Santa Cruz (Dallas, TX, USA). Metformin, N-acetyl- cysteine
(NAC), glycine and Triton-x100 were from SRL (Mumbai, India). Recombinant human
insulin, dipotassium phosphate (K2HPOa), potassium dihydrogen phosphate (KH2POs),
disodium hydrogen phosphate (Na2HPO4), potassium phosphate (K2POs) and methanol were

from Merck (Kenilworth, NJ, USA). All other chemicals used were of analytical grade.

2.2.2 Cell culture

Human hepatocellular carcinoma (HepG2) cell lines were purchased from NCCS, Pune and
were maintained in DMEM supplemented with 10 % FBS and antibiotics (100 U/ml of
pencillin & 100 pg/ml streptomycin) in a humidified atmosphere with 5 % CO; and 37 °C

temperature.
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2.2.3 Establishment of insulin resistance through HI in HepG2 cells

The insulin resistant HepG2 cell model was established according to the method of Jung et al.
(2017) with little modifications. Briefly, HepG2 cells were seeded in 96-well plates at a density
of 2x10* cells/well counted using a haemocytometer (Merck) and grown for 24 hrs to reach 80
% confluence. Then cells were incubated with or without of three different concentrations (50
or 100 nM or 1 uM) of insulin and parameters relevant to insulin resistance (glucose uptake,
insulin receptor substrate (IRS) 2, glucose transporter 2 (Glut2)) were studied to confirm the
development of HI mediated insulin resistance in HepG2 cells.

Experimental groups:

C - Control

IR - HI created insulin resistance (1 pM human recombinant insulin)
VAl - IR+ 5 pM vanillic acid

VA2 - IR + 10 uM vanillic acid

M - IR + metformin (1 mM)

The VA or metformin were co-treated with HI induced insulin resistance for 24 hrs in the

experimental groups.

2.2.3.1 Cell viability determination

Cell viability was measured by MTT assay. Briefly after 60 % confluence, the cells were
incubated with three concentrations (50 or 100 nM or 1 uM) of human recombinant insulin
(MERK, USA) for 24 hrs. Then precisely, 100 ul of MTT solution was added into 96 well
plates at a final concentration of 0.5 mg/ml and incubated for 3-4 hrs at 37 °C. After that the

medium was discarded and the formazan crystals were dissolved in 100 ul of DMSO. Then the
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purple colour was read after 20 min at an absorbance of 570 nm (BioTek Synergy 4US).

Finally, the percentage cell viability was tabulated.

2.2.3.2 Glucose uptake assay

2.2.3.2.1 Glucose uptake assay (colorimetric)

Briefly, the cells were incubated with various concentrations of insulin for 24 hrs. Then glucose
uptake was assessed using a glucose uptake colorimetric assay kit (Abcam, UK). The control
and hyperinsulinemic group were incubated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffered saline (20 mM) containing 10 uM 2-deoxy-D-glucose (2-DG) at room
temperature (RT, 22 to 28 °C) for 5 min. After two washes the cells were trypsinized by adding
100 pl of 10X trypsin-EDTA and centrifuged at 20,000 x g (AG-716 rotor, model 7780 high
speed refrigerated centrifuge, Kubota Laboratory Centrifuges Co., Tokyo, Japan) for 15 min at
4 °C. The pellets were dissolved in a neutralizing buffer (10 pul), centrifuged at 20,000 x g for
15 min at 4 °C. The supernatant was collected. Reaction mix A (10 pl) was mixed with 50 pl
supernatant and incubated for 1 h at RT. Extraction buffer (90 ul) was added and heated to 90
°C for 40 min. Finally, 12 ul of neutralizing buffer and 38 pl of reaction mix B were added.
Then the absorbance was measured every 2-3 min at 412 nm (BioTek Synergy 4, BioTek

Instruments Corp., Winooski, VT, USA).

2.2.3.2.2 Analysis of glucose uptake by flow cytometry

Briefly, the cells were treated with three different concentrations of insulin for 24 hrs. Then
intracellular glucose uptake was assessed using flow cytometry. The control and
hyperinsulinemic groups were incubated in phosphate buffered saline (PBS) (20 mM)
containing 10 uM 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-
NBDG), at RT for 5 min. 2-NBDG is a fluorescent probe and D-glucose derivative. After two

washes the cells were trypsinized by adding 100 pul of 10X trypsin-EDTA and centrifuged at
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20,000 x g (AG-716 rotor, model 7780 high speed refrigerated centrifuge, Kubota Laboratory
Centrifuges Co., Tokyo, Japan) for 15 min at 4 °C. The pellets were resuspended in PBS and
again centrifuged at 20,000 x g for 15 min at 4 °C. The pellet was collected and mixed with
PBS and filtered the content using a cell strainer. Then the cells are analyzed on flow cytometer
FACS Aria ™ |1 (BD Biosciences).

2.2.3.3 Analysis of major proteins in insulin signaling pathway

The major proteins in the insulin signaling pathway are IRS2 and Glut2. The expression of

these proteins were visualized using western blotting (for details please see section 2.2.14).

2.2.4 Cytotoxicity assay of VA

The cell viability was determined by MTT assay. Briefly, 2x10* HepG2 cells were seeded in
96-well plates and incubated in a 5 % CO; incubator at 37 °C. After cell attachment to the wells
and reaching 80 % confluency, they were treated with different concentrations (5 M, 10 uM,
20 uM, 30 uM, 40 uM, 50 uM, 100 uM, 500 uM) of VA. Then the cells were incubated with
MTT solution (100 pl) of concentration (5 mg/ml) at 37 °C for 4 hrs. The viable cells convert
the MTT to purple coloured formazan crystals. Then the formazan crystals were dissolved by
adding 100 ul DMSO. The purple colour developed in the plate after 20 min of incubation at
RT was read using a microplate reader at absorbance of 570 nm (BioTek Synergy 4US). Then

the percentage of cell viability was calculated.

2.2.5 Cell viability of VA in hyperinsulinemic condition

Briefly, cells were seeded in 96-well plates and incubated in a 5 % CO; incubator at 37 °C.
After reaching 80 % confluency, they were co-treated with 1 uM of human recombinant insulin
and different concentrations (5 uM & 10 uM) of VA or metformin (1 mM) for 24 hrs. Then

100 pl of MTT solution was added to each well and incubated for 3-4 hrs at 37 °C. After that

53



the medium was discarded and 100 pl of DMSO was added. Then absorbance was read at 570

nm (BioTek Synergy 4US) and calculated the cell viability.

2.2.6 Estimation of intracellular ROS

Intracellular ROS levels were determined by using DCFH-DA. It is a cell permeable probe,
during ROS generation, oxidized by intracellular non specific esterases and converted into
fluorescent 2,7 dichlorofluorescein (DCF). Briefly, after treatments the cells were incubated
with the DCFH-DA (20 uM) at 37 °C for 20 min. After that the cells were washed three times
with PBS and the fluorescence was measured at an excitation of 488 nm and emission of 525
nm using a fluorescence microplate reader (BioTek Synergy 4). Fluorescent imaging was done

using a bioimager system (BD pathway ™ Bioimager, BD Biosciences, San Jose, CA, USA).

2.2.7 Superoxide dismutase (SOD) assay

SODs are the metalloenzymes and they are the crucial factor of the antioxidant defense system.
Total SOD (cytosolic and mitochondrial SOD) activity was assayed spectrophotometrically
using an assay kit (Cayman, USA). The kit utilizes the tetrazolium salt for detection of
superoxide radicals generated by xanthine oxidase and hypoxanthine. For this, after respective
treatments the cells were collected and homogenized with a homogenizer in a 20 mM cold
HEPES buffer (1 mM EGTA, 210 mM mannitol, 70 mM Sucrose). Then the cells were
centrifuged at 1500 x g for 5 min at 4 °C and collected the supernatant. After that 10 pl of
sample and standards (bovine-erythrocyte SOD) were added to each well containing 200 pl of
radical detector. In order to initiate the reaction, 20 pl of xanthine oxidase were added and

incubated for 30 min. The absorbance was read at 450 nm.
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2.2.8 Expression of SOD1 and SOD2

The protein expression of both cytosolic SOD (SOD1) and mitochondrial SOD (SOD2) were

analyzed using western blotting (please refer section 2.2.14 for further details).

2.2.9 Glutathione peroxidase assay

This assay indirectly measures the GPx activity by coupled reaction with glutathione reductase.
Briefly, 3x10° cells were seeded in a 6-well plate. After respective treatments the cells were
collected and homogenized in a cold buffer containing 50 mM tris HCI (pH 5.5), 5 mM
ethylenediaminetetraacetic acid (EDTA) and 1 mM dithiothreitol (DTT). It was then
centrifuged at 10,000 x g for 15 min at 4 °C. The supernatant was collected and used for assay.
Then 20 pl of sample, assay buffer (100 pl) and co-substrate mix (50 pl) were added to
respective wells. Then 20 pl of cumene hydroperoxide were added to start the reaction. The

absorbance was read at 340 nm using a microplate reader.

2.2.10 Glutathione assay

Reduced glutathione (GSH) activity was assayed colorimetrically according to manufacturer's
instructions (Cayman, USA). The kit uses the glutathione reductase for the detection of GSH.
GSH reacts with 5, 5’-dithio-bis-2- (nitrobenzoic acid), Ellman’s reagent (DTNB) and
produces a yellow coloured TNB, which was measured. Briefly, after respective treatments the
cells were collected and dissolved in 2 ml of sample buffer and centrifuged at 10,000 x g for
15 min at 4 °C. Collected supernatants were deproteinized. After that 50 ul of sample and
standard were added to corresponding wells. Then 150 pl of assay cocktail (MES buffer,
reconstituted cofactor mixture, reconstituted enzyme mixture, water and DTNB) were added
and kept the plate in the dark. Then absorbance was measured every 2-3 min at 407 nm for 30

min using the microplate reader.
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2.2.11 Glucose-6-phosphate dehydrogenase activity assay

Glucose-6-phosphate dehydrogenase (G6PDH) activity was measured by assay kit (Biovision).
G6PDH activities were measured as the rate of reduction of NADP to NADPH. Here oxidized
product of GGPDH was utilized to convert a colourless product to intensely coloured product.
In this assay we used NADH as standard. In brief, the cells after treatment were collected and
homogenized with PBS. Then 50 pl of samples were added to the respective well contained 50
ul of reaction mix. Reaction mix possesses GOPDH assay buffer, GGPDH substrate and GGPDH

developer. Then the absorbance was measured at 450 nm.

2.2.12 Estimation of protein carbonyl content

Protein carbonyl content assay was based on the fact that DNPH reacts with protein carbonyls
from schiff’s base which produces hydrazone. It was then quantified at 360 nm. After
appropriate treatments, the cell pellets were homogenized in a cold buffer (50 mM phosphate
buffer pH 6.7, ImM EDTA). After centrifugation the supernatant was used for assay. 200 pl
of sample was added to both control tube and sample tube. To that 800 pl of DNPH was added
to the sample tube and 800 pl of 2.5 M HCIl was added to the control tube. All the tubes were
kept in the dark at RT for 1 hr. 1 ml of 20 % TCA was added with 5 min incubation in ice.
Then it was centrifuged at 10,000 x g for 10 min and discarded the supernatant. Then the pellet
was dissolved in 1 ml of (1:1) ethyl acetate/ethanol mixture and centrifuged at 10,000 x g for
10 min at 4 °C. Then the collected pellet was dissolved in 500 ul of guanidine hydrochloride.
Again it was centrifuged and 220 pl of supernatant was taken and read the absorbance at 360

nm using a multimode plate reader.
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2.2.13 Lipid peroxidation assay

Lipid peroxidation was assayed with TBARS assay kit (Cayman, USA). After treatments, the
cells were collected and sonicated for 5 seconds. 100 ul of sample and standard were added to
respective tubes containing 100 pl of sodium dodecyl sulfate (SDS). Then 4 ml of colouring
reagents were added to each well. All the tubes were boiled for 1 hr and were placed in ice for
10 min to stop the reaction. After incubation it was centrifuged for 10 min at 1600 x g at 4 °C.
Then 150 pl of samples were transferred into the 96 well plate and the absorbance was read at

530 nm.

2.2.14 Western blot

Cells were cultured in T-25 flasks containing 5 ml DMEM medium and did the respective
treatments. After that the cells were collected and lysed in a lysis buffer with protease inhibitor
cocktail and Tween 20. Then the lysate was centrifuged at 20,000 x g for 15 min at 4 °C. Then
the supernatant was collected and protein concentration was measured using Pierce BCA
method. Samples of 25 ul were loaded into each well and the samples were run on 10 % SDS-
PAGE at 55 V. Then it was transferred at 25 V into polyvinylidene difluoride (PVDF)
membrane using transblot Turbo (BioRad, USA). Equal protein loading was assured by
ponceau S staining. After transferring, the membrane was blocked with BSA in tris buffered
saline-Tween 20 (TBST) for 1 hr at RT. Then after washing with TBST, the membrane was
probed with primary antibody (1:1000), in TBST with a gentle shaking at 4 °C overnight. Then
the membrane was washed three times with TBST for 10 min. HRP-Conjugated secondary
antibody (1:1000) in TBST was added for 90 min at RT with agitation. After three TBST
washes, membranes were developed using enhanced chemiluminescence substrate (ECL
substrate) kit (Abcam, UK) and the proportional thickness of bands were measured using Image

Lab software in the ChemiDoc system (ChemiDoc MP Imaging System, Bio-Rad).
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2.2.15 Statistical analysis

All analyses of data were carried out with sextuplicates and data are shown as mean + standard
error of the mean (SEM) for control and treated cells. The normality of the variables were
tested using the Kolmogorov Smirnov Z test and the variables were found to be approximately
normally distributed. Hence the significance difference between the groups were tested using
one-way analysis of variance (ANOVA) and further significantly different pairs (p <0.05) were
identified using Duncan's multiple comparison test. All calculations were done using the

Statistical Package for the Social Sciences for Windows standard version 20 (SPSS Inc., USA).

2.3 Results

2.3.1 High insulin induced cell death in HepG2 cells

In order to detect the cytotoxicity of high insulin in HepG2 cells, | have selected three
concentrations of insulin (50, 100 nM and 1 uM) and evaluated the cell viability for 24 and 48
hrs (Fig: 2.1A & Fig: 2.1B). Insulin of 50 nM (IN1) and 100 nM (IN2) showed cell viability of
95.6 % and 92.6 % respectively but insulin of 1 uM (IN3) showed 78 % cell viability (p < 0.05)

compared to control (Fig: 2.1A).

% cell viability
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Figure. 2.1 Cell viability of high insulin. (A) Cell viability of high insulin for 24 hrs. (B) Cell viability of high
insulin for 48 hrs. C - control cells; IN1 - 50 nM insulin; IN2 - 100 nM insulin; IN3 - 1 uM insulin. Values are
expressed as mean = SEM where n=6. * indicates that the mean value was significantly different from control
cells (p <0.05).
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2.3.2 Induction of insulin resistance through hyperinsulinemic shock in
HepG2 cells

The results of the glucose uptake with three different concentrations of insulin treated HepG2
cells are shown in Fig: 2.2A. The intracellular uptake of 2-DG with three concentrations of
insulin (50, 100 nM and 1 uM; IN1, IN2 and IN3 respectively) treated cells was reduced by
5.5, 35.4 and 51.9 %, respectively, as compared with control cells. Among these, 100 nM and
1 uM (IN2 & IN3) concentrations of insulin showed a noticeable (p < 0.05) decrease in glucose
uptake compared to control cells (Fig: 2.2A). This was also confirmed with flow cytometry
data which quantify the number of cells which absorbed the 2-NBDG (Fig: 2.2B). The data
showed that intracellular uptake of 2-NBDG in IN1, IN2 and IN3 were 21.7 %, 11.9 % and 1.1
% respectively (Fig: 2.2B). Compared with other two concentrations (IN1 & IN2), IN3 (1 uM
insulin) showed a significant decrease (p < 0.05) in the glucose uptake compared with control
cells (Fig: 2.2B).

The expression levels of major proteins in the insulin signaling pathway, IRS2 and
Glut2 were significantly down regulated with 1 pM insulin compared to normal (Fig: 2.2C)
suggesting that IN3 (1 uM insulin) significantly (p < 0.05) affected glucose uptake, insulin
sensitivity and developing insulin resistance. Based on these data, 1 UM insulin concentration

was chosen to induce hyperinsulinemic shock in subsequent experiments (Fig: 2.2C).

A B . T
ad € ]
100 # 28.2% o ™ —_—
& ..i‘i
P X
4 g 1 og ’
80 .Q\ H \
o] \
) N 5 l \\
S &0 4 - - . L
E_ “ e ) S
[~
NS 40 4 #
g B‘) 4
& oo 1190 't B 11%
204 2
& L 81
° 5 M o
C IN1 IN2 IN3 N 1
T ym%m_rm‘—r
FITC FITCA

59



c — — F IRS-2 b | E
B TR GLuTt2

— — B -Actin
C L5 | m3

Normalized protein expression

IRS2/B-actin GLUT2/B-actin

Figure. 2.2. Induction of IR through hyperinsulinemic shock in HepG2 cells. (A) Glucose uptake
(calorimetric). (B) Glucose uptake using flow cytometry. HepG2 cells were incubated in normal medium and
different concentrations of insulin for 24 hrs. (C) Western blot analysis of insulin receptor substrate (IRS) 2 and
glucose transporter (GLUT) 2. (D) Densitometric analysis of IRS2 and GLUT2. C - control; M - 1 mM metformin;
IN1 - 50 nM insulin; IN2 - 100 nM insulin; IN3 - 1 uM insulin. Protein quantification was carried out using
densitometric analysis, normalized using an internal control of B-actin. Values are expressed as mean + SEM

where n=6. # indicates that the mean value was significantly different from control cells (p < 0.05).

2.3.3 Cytotoxicity of VA

In order to check the cytotoxicity and to select suitable concentrations of the compound (VA)
for further in vitro study, | have determined the cell viability using various concentrations of
VA (5 uM, 10 pM, 20 pM, 30 pM, 40 pM, 50 uM, 100 pM, and 500 uM) for 24 hrs. VA of
500 uM (VAB8) showed a significant cytotoxicity compared with all other concentrations (p <
0.05) (Fig: 2.3). With this data | have selected 5 uM and 10 uM concentrations of VA for in

vitro studies (Fig: 2.3).
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Figure. 2.3 Cell viability of VA. Cell viability of HepG2 cells incubated in DMEM with 1 % FBS and different
concentrations of vanillic acid for 24 hrs. C - control; VAL - 5 uM vanillic acid; VA2 - 10 uM vanillic acid; VA3
- 20 uM vanillic acid; VA4 - 30 uM vanillic acid; VAS - 40 uM vanillic acid; VA6 - 50 uM vanillic acid; VA7 -
100 puM vanillic acid; VA8 - 500 uM vanillic acid. Values are expressed as mean + SEM where n=6. * indicates

that the mean value was significantly different from control cells (p < 0.05).

2.3.4 Cell viability of VA during HI created insulin resistance in HepG2 cells
Incubation of HepG2 cells with 1 uM of insulin (HI created insulin resistance) for 24 hrs caused
a significant cell death (19.2 %; p < 0.05) compared to control (Fig: 2.4). Co-treatment with
VA of 5uM and 10 uM concentrations reduced the cell death (7.2 % and 14.2 % respectively)
compared to IR cells (Fig: 2.4). Positive control metformin also showed a noticeable decrease

in the cytotoxicity (9.2 %) compared to IR cells (Fig: 2.4).
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Figure. 2.4. Cell viability of VA during HI. Cell viability of 5 and 10 uM vanillic acid and metformin on
hyperinsulinemia created insulin resistant models (IR). C - control cells; IR - hyperinsulinemia created insulin
resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM).
Values are expressed as mean + SEM where n=6. * indicates that the mean value was significantly different from

control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

2.3.5 Effect of VA on ROS generation

Evaluation of reactive oxygen species by fluorescent microscopy revealed surplus generation
of ROS during IR. The IR group showed a noticeable increase in ROS levels (68.2 %)
compared to control (Fig: 2.5A & Fig: 2.5B). Co-treatment with VA (5 uM and 10 uM) was
noticeably (p < 0.05) effective for preventing ROS generation by 88.2 and 99.6 % respectively
when compared with the IR group (Fig: 2.5A & Fig: 2.5B). Treatment with metformin and
NAC also significantly reduced the ROS generation by 96 and 108 %, respectively (Fig: 2.5A
& Fig: 2.5B).
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Figure. 2.5 Intracellular reactive oxygen species generation determined using DCFDA. (A) Fluorescent
microscopic images of HepG2 cells stained with DCFDA. (B) Relative fluorescence intensity of DCFDA uptake.
a - control cells; b - hyperinsulinemia created insulin resistant cells; ¢ - IR + 5 uM vanillic acid; d - IR + 10 uM
vanillic acid; e - IR + metformin (1 mM); f - IR + N-acetyl cysteine (1 mM). Values are expressed as mean +
SEM where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). #

indicates the mean value was significantly different from IR cells (p < 0.05).

2.3.6 Effect of HI created insulin resistance on SOD levels

Alteration in SOD levels in the cells during HI was analyzed. Compared to control cells, the
SOD activity was significantly (p <0.05) increased in IR cells (75.1 %). Co-treatment with VA
(5 uM and 10 uM) decreased the SOD activity by 9.5 and 66.6 % (p < 0.05) respectively,
compared to IR (Fig: 2.6A). But treatment with metformin significantly (p < 0.05) increased
the SOD activity by 14.8 % respectively. This data was also confirmed with protein expression
analysis of both SOD1 and SOD2 enzymes. IR cells showed a significant increase in the levels
of SOD1 (91.2 %) and SOD2 (52.2 %) compared with control cells (Fig: 2.6B & Fig: 2.6C).
VA of 5 and 10 uM concentrations showed a significant decrease in the expression of both
SOD1 by 50.5 and 86.9 % and SOD2 by 33.8 and 49.1 % respectively (Fig: 2.6B & Fig: 2.6C).
Co-treatment with metformin also down-regulated the SOD1 by 64.5 % and SOD2 by 93.9 %

compared to IR cells.
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Figure. 2.6 Activity of SOD during hyperinsulinemia. (A) SOD activity. (B) Western blot analysis of both
SOD1 and SOD2. (C) Densitometric analysis of SOD1 and SOD2. C - control cells; IR - hyperinsulinemia created
insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1
mM). Protein quantification was carried out using densitometric analysis, normalized using an internal control of
B-actin. Values are expressed as mean + SEM where n=6. * indicates that the mean value was significantly
different from control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p <
0.05).

2.3.7 VA increases the GPx levels

It catalyzes the peroxidation of H2O> in the presence of GSH to form water and oxidized
glutathione. Thus as a H>O> scavenger GPx has a prominent importance. Here also, GPx
activity was decreased in high insulin treated insulin resistant cells by 19.1 % compared to
control. But co-treatment with VA significantly (p < 0.05) improved the GPx activity by 29.3
% (5 uM) and 35.8 % (10 uM) compared to IR (Fig: 2.7). Metformin increased the GPx levels

by 42.9 % respectively compared to IR cells.
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Figure. 2.7 Glutathione peroxidase (GPx) activity. C - control cells; IR - hyperinsulinemia created insulin
resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM).
Values are expressed as mean + SEM where n=6. * indicates that the mean value was significantly different from

control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

2.3.8 Hyperinsulinemia reduced the GSH and G6PDH activity

Compared to control, IR cells caused a significant (p < 0.05) decrease in GSH level by 31.4 %.
Here also, VA co-treatment at both concentrations (5 uM and 10 uM) showed a significant (p
< 0.05) increase in GSH levels by 58 and 65.3 % respectively (Fig: 2.8A). Metformin
significantly improved GSH level by 34 % (Fig: 2.8A). In addition to this, the activity of
G6PDH was significantly (p < 0.05) lowered in IR cells by 54.5 % compared to the control
group. VA (5 uM and 10 puM) increased the G6PDH activity by 16 % and 39.2 % respectively
(Fig: 2.8B). Treatment with metformin at 1 mM also improved the G6PDH activity by 48.1 %

compared to the IR group (Fig: 2.8B).
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Figure. 2.8 (A) Total glutathione (GSH) levels. (B) G6PDH activity. C - control cells; IR - hyperinsulinemia
created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin
(1 mM). Values are expressed as mean = SEM where n=6. * indicates that the mean value was significantly
different from control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p <
0.05).

2.3.9 Hyperinsulinemia induces damage to cellular lipids and proteins

Lipid peroxidation was also significantly increased (p < 0.05) in IR cells (52.8 %) compared to
control (Fig: 2.9A). Treatment with VA at 5 uM and 10 uM, or metformin (ImM) lowered
MDA levels by 22.6, 39.6 and 47.3 % respectively, compared to IR (Fig: 2.9A).

Protein carbonyls are the end products of protein oxidation and the common markers of protein
oxidation. The concentration of protein carbonyls also was significantly higher (47.9 %) in IR
cells (Fig: 2.9B) as compared to normal. Co-treatment with VA at both concentrations
significantly reduced (p < 0.05) the protein carbonyl concentrations by 38.2 % and 50.2 % at 5
uM and 10 puM respectively (Fig: 2.9B). Metformin treatment decreased the protein oxidation

by 43 %.
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Figure. 2.9 Estimation of Lipid peroxidation product and protein carbonyl content. (A) Estimation of
malondialdehyde (MDA) formation in different groups. (B) Quantification of protein carbonyl content. C - control
cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5 pM vanillic acid; VA2 - IR + 10 uM
vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean + SEM where n=6. * indicates that the
mean value was significantly different from control cells (p < 0.05). # indicates the mean value was significantly
different from IR cells (p < 0.05).
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2.4 Discussion

T2DM is the most common type of diabetes and insulin resistance is one of the hallmarks of
T2DM (American diabetes association, 2010). Treatment of insulin resistance is a critical
strategy in the prevention and management of T2DM and related complications. HI is known
to be present prior to the development of diabetes and has been recognized as a risk factor for
insulin resistance (Schofield and Sutherland, 2012). HI is not an end result of insulin resistance,
but it is an independent driver of many metabolic consequences and insulin resistance is one

of them (Shanik et al., 2008).

The human liver possesses an important role in glucose metabolism as well as it is the
major site of insulin clearance. The major contributors to the genesis of HI and associated
insulin resistance is the enormous production of insulin and reduced insulin clearance which
finally result in an increase in basal insulin level (Michael et al., 2000). All these consequences
lead to the development of both hyperglycemia and insulin resistance which results in liver
dysfunction and hyperplasia. The liver has a crucial role in the pathogenesis of T2DM in
relation to glucose and lipid metabolism. In my study, I have focused on the alterations in the

antioxidant system of the cells during OS which is induced by HI.

Here, first | developed a cell model for HI created insulin resistance. Cells with HI
created insulin resistance are a good model to study T2DM related complications (Yan et al.,
2017). There are several methods of inducing insulin resistance in HepG2 cells. Different
investigators have published various protocols using various inducers (TNFa, high glucose,
high insulin, high glucose and high insulin, palmitate) with different concentrations and lengths
of incubation (Liu et al., 2017). Here | selected three concentrations of insulin (50 nM, 100 nM
and 1 uM) for mimicking HI and insulin resistance in HepG2 cells and checked the effects of

these three concentrations of insulin on cell viability and glucose uptake. Consistent with
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previous reports insulin (I pM) treatment (hyperinsulinemia) for 24 hrs induced the insulin
resistance in HepG2 cells (Duraisamy et al., 2003; Jung et al., 2017). HI created insulin
resistance was confirmed with the significant reduction of glucose uptake and predominant
inhibition of the insulin signaling pathway at 1uM insulin. For example, high insulin treatment
decreased the IRS2, and GLUT?2 expressions in HepG2 cells as compared to normal. VA is a
well-known food additive; it does not show any cytotoxicity. HI created insulin resistance
showed a significant cytotoxicity in HepG2 cells but co-treatment with VA and metformin
reduced the cytotoxicity significantly. Meanwhile, the results clearly confirmed that insulin at
1 uM concentration showed a decrease in both glucose uptake as well as in cell viability during
all incubation periods but it showed a tremendous decrease in glucose uptake only at 24 hrs.

So | confirmed the time period for induction of insulin resistance to be 24 hrs.

HI also creates OS by producing enormous amount of ROS. OS is a condition that
occurs only when the ROS production exceeds and it creates disturbances in the antioxidant
system (Pizzino et al., 2017). The effect of HI created insulin resistance on the redox status of
HepG2 cells, which is essential for maintaining the normal functional status of cells, was the
primary focus. Meanwhile, the potential of VA to restores the redox status during
hyperinsulinemic shock was also analyzed. It is well known that OS is associated with multiple
alterations of cell structure and function (Birben et al., 2012). During insulin resistance and
diabetes, the initial symptom is the breakdown of the redox homeostasis through the generation
of oxyradicals. OS is created by a group of free radicals such as superoxide anion, hydroxyl
radicals, H20- and singlet oxygen (Pizzino et al., 2017) etc. Alterations in the innate antioxidant
system were seen with insulin resistance. Antioxidants are the molecules that delays or inhibit
the oxidation of substrates and have the capacity to capture the free radicals (Birben et al.,
2012). Compounds involved in the innate antioxidant system such as superoxide dismutase

(SOD), glutathione peroxidase (GPx), reduced glutathione (GSH) were studied. SOD is the
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first line of defense against these oxyradicals. It catalyses the self-reaction of superoxides to
form H2O> which later detoxified by glutathione peroxidase with the help of GSH. The role of
HI in the induction of OS in animals had been well studied by Crofts et al (2015). But no
detailed investigation dealing with various compounds involved in the innate antioxidant
system, lipid peroxidation and protein carbonyl were found. In the present study, HI created
insulin resistance significantly increased the SOD and decreased GPx and GSH levels in
HepG2 cells. They are the main enzymes responsible for the removal of oxyradicals (Ochiai et
al., 2008). The increase in SOD during OS might be a compensatory regulatory response in the
liver (Li et al., 2015) and its overexpression might lead to accumulation of H20, (Fukai and
Ushio-Fukai, 2011). GPx is an antioxidant protein that has an important role in the reduction
of H202 (Espinoza et al., 2015). The accumulation of increased levels of peroxides inactivates
the GPx and increases OS (Miyamoto et al., 2003). There was a significant decrease in the
levels of GPx in HI created insulin resistant cells. GSH is another antioxidant, abundantly seen
in the liver and an important determinant of redox signalling (Lu, 2013). Normally the liver is
protected from OS by the capacity of the hepatocytes to produce GSH. But when a pathological
condition occurs the GSH homeostasis is altered (Chen et al., 2013). Hepatic glutathione
depletion generates chronic mitochondrial dysfunction and develops many liver diseases
including T2DM (Chen et al., 2013). During OS, the level of GSH was reduced by decreasing
the levels of H.O> and lipid peroxides (Yin et al., 2017). However, | have noted the levels of
other antioxidant enzymes like GSH and GPx in HepG2 cell lines, and they were decreased
during HI (Fig: 2.8A & Fig: 2.7) whereas VA of 5 uM and 10 uM of concentrations showed
an increase in the level of GPx, as well as in GSH level. Metformin also increased the levels
of both GPx and GSH. Alterations in antioxidant status resulting from OS is commonly
considered as an initial stimulus for down-regulation of HMP shunt. Here | have found that

impaired antioxidant enzymes have a critical role in the silencing of G6PDH, an enzyme
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involved in the first step of the pentose phosphate pathway. One study demonstrated that
G6PDH activity in cardiac myocytes was rapidly increased in OS (Jain et al., 2003). In this
study | have demonstrated that during HI created insulin resistance conditions the levels of
G6PDH was decreased in hepatocytes. That means that the HMP shunt was silenced. Decreased
pentose phosphate pathway definitely reduces the levels of reducing equivalents like NADPH
and this will affect the regeneration of antioxidants like glutathione and declines the other
antioxidants level. Meanwhile our compound VA effectively up-regulated the enzyme and

activated the pathway.

Besides this, increased ROS also attack the cellular proteins, DNA and membrane lipids
which results in the formation of protein carbonyls, create several crucial mutations and
undergo lipid peroxidation which finally results in cellular dysfunction (Matteucci and
Giampietro, 2000). Lipid peroxidation has a significant role in the progression of insulin
resistance and diabetes. During the HI condition, lipid peroxidation is increased. Increased lipid
peroxidation products will definitely attack the membrane lipids and lose membrane fluidity
which results in alteration in cellular signaling. The OS markers like MDA and protein carbonyl
were found to be drastically increased in insulin resistant cells. MDA, a marker of lipid
peroxidation and it participates in the transcriptional regulation of innate antioxidant enzymes
and decreases their production (Kuehne et al., 2015). Over all, HI created insulin resistance,
decreased GPx and GSH activities, and increased the SOD activity which then changed the
antioxidant balance and an induction of MDA and lipid peroxides, but VA increased all the
enzyme activities except SOD. During the initial stages of OS the SOD levels become increased
due to the increased production of ROS and it is a protective mechanism seen in the liver. Here
the treatment period of HI created insulin resistance is 24 hrs. During this period the SOD level
was increased due to the initiation of OS but VA has been dose dependently decreased the ROS

production simultaneously reduced the SOD activity. One of the studies reported the
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antioxidant potential of VA so it can reduce the OS (Kumar et al., 2011). Through this way, it

eliminates the superoxide radicals in HepG2 cells.

Antioxidant therapy is a more promising therapy for diabetics and other metabolic
diseases (Palsamy et al., 2010). Increasing the antioxidant levels in diabetes mellitus patients
with liver damage may hopefully reduce the effects of OS and thereby decrease the severity of
diabetic complications (Seven et al., 2004). A few phytochemicals have been investigated to
protect against or possibly reverse liver damage caused by OS. Vitamin E and betaine are the
antioxidants which have shown good clinical results in the reduction of liver disease severity
and the protection of the liver from diabetes mellitus-induced damage (Mohamed et al., 2016).
Here also, VA showed its potential as a potent antioxidant agent by reducing the ROS levels
and restoring the antioxidants to normal in HepG2 cells. VA is an FDA approved food additive
and it has so many pharmacological properties (Gitzinger et al., 2011). Furthermore, VA does
not show any toxic effects in HepG2 cells that make it an attractive compound for using as a
functional drug. Apart from this detailed clinical and preclinical investigations are necessary

for exploring the other properties of VA as well as usage of this compound in humans.
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Chapter 3

Consequences of hyperinsulinemia in glucose
metabolism in HepG2 cells and amelioration
with VA

3.1 Introduction

Recently, it is well known that the insulin resistance is recognized as the main predictor of
many metabolic diseases like diabetes (Crofts et al., 2015). Briefly at the early stages, there is
a minute increase in the resistance to the insulin stimulated glucose uptake, it results in the
increased production of insulin from the p-cells to maintain the normoglycemia (Porte et al.,
2002). But with time, the insulin resistance progresses and it will create a stress on the insulin
production, up to a point they are unable to produce insulin. That time the patient enters into
the impaired glucose tolerance state from normal glucose tolerance (Lustig et al., 2004). This
finally results in the complete failure of B-cells and the glycemic control will be lost; it leads
to the development of T2DM (Taylor et al., 2007). During the whole period before the
development of T2DM and even for some time after T2DM the plasma insulin levels are very
high and that condition is referred to as HI. HI by meaning is the excessive insulin production
that results in insulin resistance (Rufino et al., 2017). The major consequences of HI created
insulin resistance is increased HGP, reduced insulin receptor binding and up-regulated TG
production in the liver; it will definitely affect hepatic glucose metabolism and insulin release
(Farese et al., 2012). Liver is the only organ responsible for the glucose generation through the
gluconeogenesis and also it is the main storage site of glycogen. So understanding about hepatic
glucose metabolism may help to predict the pathogenic mechanisms underlying obesity and
diabetes mellitus (Adeva-Andany et al., 2016). In order to study hepatic glucose metabolism |
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have selected HepG2 cells because it is the most widely used cell line for many toxicity studies
in the liver and also it is considered as normal cell lines. Furthermore, the liver is the main site
of action of insulin and insulin has so many diverse functions in the liver such as activation of
glycogen synthesis, lipogenesis and inhibition of gluconeogenesis enzymes (Gribble, 2005).
So insulin has a prominent role in hepatic growth and regeneration. But during HI, HGP is
increased even if the blood glucose levels are high (Schett et al., 2013). This generates
hyperglycemia conditions associated with insulin resistance. The release of insulin is tightly
controlled by glucose metabolism within the -cell. During the well-fed state after digestion
glucose, fatty acids and amino acids were released (Rui, 2014) and the pancreas is ready to
produce insulin which facilitates the glucose uptake into the cells. In the liver, the excess
glucose is either stored as glycogen or converted into fatty acids and amino acids (Rui, 2014)
(Fig: 3.1). The liver is enriched with both IRS 1 and 2. When insulin interacts with these
proteins they undergo autophosphorylation and activate the downstream molecule
phosphatidylinositol-3-kinase (PI3K), protein kinase B (AKT) and finally leads to the
increased expression of GLUT2 proteins on the membrane surface (Taniguchi et al., 2006;

Thirone et al., 2006) and it results in increased glucose uptake.
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Figure. 3.1 Hepatic glucose metabolism
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A previous study reported that the inhibition of both the insulin receptors in hepatocytes
resulted in reduced hepatic lipogenesis and up-regulated gluconeogenesis. This condition is
referred to as total insulin resistance (Dong et al., 2008; Kubota et al., 2008). In addition to this
selective insulin resistance is a condition commonly seen in the liver in which the expression
of IRS2 is completely inhibited whereas IRS1 expression is not altered (Kubota et al., 2016).
Recent studies revealed that selective insulin resistance is the crucial underlying factor
observed in the genesis of T2DM and obesity (Farese et al., 2010; Kubota et al., 2016;
Shimomura et al., 2000). In this condition, the action of insulin on lipogenesis becomes
unaltered or it becomes exaggerated at the same time the level of gluconeogenesis would be

altered.

Despite glucose metabolism, the liver is the major site for insulin degradation
(Duckworth et al., 1998). In addition to this, both kidneys and other tissues have also
participated in the removal of insulin (Villa-Pérez et al., 2018). Insulin degrading enzyme
(IDE) is the main protein that is responsible for the degradation of insulin. It is a zinc
metalloendopeptidse and is named based on its high affinity for insulin and its removal (Villa-
Pérez et al., 2018). About 50 % of circulatory insulin is degraded by the liver when they pass
across the liver. The molecular mechanism behind insulin removal is receptor-mediated

(Bevan, 2001).

In this chapter, | have tried to study the establishment of selective insulin resistance
during HI in HepG2 cells and also | have revealed the other consequences of HI on hepatic
glucose metabolism. | have focused my study on the role of HI in glycogenesis,
gluconeogenesis and glycolysis in relation to the importance of GK. Also, | have attempted to
check the other glucose utilizing pathways like glycation and sorbitol pathways during

hyperglycemia. Furthermore, here | have studied the role of IDE in the progression of HI
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created insulin resistance in HepG2 cells. Overall in this chapter, I have shown that the HI

created alterations in hepatic glucose metabolism and the potential of VA against this.

3.2 Materials and methods

3.2.1 Chemicals and reagents

Dimethyl sulfoxide (DMSO), RIPA buffer, vanillic acid (VA) and metformin were purchased
from Sigma Aldrich (St Louis, USA). Amino guanidine was from SRL (Mumbai, India).
Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum (FBS), 0.5 % trypsin -
ethylene diamine tetra acetic acid (Trypsin-EDTA) and pencillin- streptomycin antibiotics
were from Gibco-BRL Life Technologies, USA. Glucokinase (GK), glucokinase regulatory
protein (GKRP), insulin receptor substrate 1 and 2 (IRS1 & IRS2), glucose transporter 2
(GLUT 2), phosphatidyl inositol-3-kinase (PI3K), protein kinase B (AKT), phosphorylated
protein kinase B (p-AKT) and phosphorylated Bcl-2 associated death receptor (p-BAD)
antibodies were obtained from Santa Cruz Biotechnology (Dallas, USA). Glycogen synthase
(GS), glycogen synthase kinase-3p (GSK3p), insulin degrading enzyme (IDE), B-actin and all
other secondary antibodies were purchased from Cell Signaling Technology (Beverly, USA).
Phosphoenol pyruvate carboxykinase (PEPCK), 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG), receptor for advanced glycation end products (RAGE),
dolichyl-diphospho-oligosaccharide-protein  glycosyltransferase  non-catalytic ~ subunit
(DDOST) and glucose-6-phosphatase (G-6-P) were from Abcam (UK). Recombinant human
insulin was from Merck (USA). The remaining chemicals used were of analytical grade unless

or otherwise mentioned.
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3.2.2 Cell culture and induction of hyperinsulinemia created insulin

resistance

HepG2 cells (NCCS, Pune) were cultured in DMEM supplemented with 10 % FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin at 5 % CO> and 37 °C in an incubator. The HI created
insulin resistance was induced according to the previous method (Jung et al., 2017). Briefly,
when the HepG2 cells reached 80 % confluence, the cells were treated with 1 pM human insulin
for 24 hrs to induce insulin resistance, and the cells were co-treated with VA and metformin in

1 % serum-containing media.

Experimental groups:

C - Control

IR - HI created insulin resistance (1 pM human recombinant insulin)
VAl -IR+5uM VA

VA2 -IR+10uM VA

M - IR + Metformin (1 mM)

The VA or metformin were co-treated with HI induced insulin resistance for 24 hrs in the

experimental groups.

3.2.3 Glucose uptake using 2-NBDG

Glucose uptake was measured using fluorescent glucose analogue 2-[N-(7-nitrobenz-2-oxa-1,
3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG). Briefly, after respective treatments the
cell culture medium was removed and washed with PBS. Cells were then incubated in the
presence of a low glucose medium and simultaneously the cells are treated with VA and

metformin for 3 hrs. Cells were stimulated with insulin (100 nM) for 10 min and treated with
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100 uM NBDG for 1hr. After two washes with PBS the cells were trypsinized by adding 100
uL of 10X trypsin-EDTA and concentrated the cells by centrifuging at 20,000 x g for 15 min
at 4 °C. The pellets were resuspended in PBS and again centrifuged at 20,000 x g for 15 min at
4 °C for collecting the cells. Then the pellet was mixed with PBS and filtered the content using
a cell strainer. Cells are then ready to be analyzed on flow cytometer FACS Aria ™ II (BD

Biosciences, USA). Then intracellular glucose uptake was assessed using flow cytometry.

3.2.4 Analysis of insulin signaling pathway

The HI created insulin resistance was evaluated by the insulin signaling pathway. The major
protein candidates of this pathway like IRS1, IRS2, GLUT2, PI3K, AKT/p-AKT and IDE were
analyzed by western blot (for details, please refer to section 3.2.14). The expression levels of

these proteins were analyzed from the densitometric data calculated using Image J software.

3.2.5 GK activity

The activity of GK was detected and quantified calorimetrically (ELISA; MyBiosource, San
Deigo, USA). A microtiter plate pre-coated with an antibody specific to GK provided in the kit
was used. In order to perform this assay, the cells after respective treatments, were harvested.
Then both standard and 100 ul of the sample were added into the respective wells of a microtiter
plate. After 2 hrs of incubation at 37 °C the wells were washed. Then, 100 pl of avidin
conjugated horseradish peroxidase (HRP) was added to all the wells and incubated for 1hr at
37 9C. Then the wells were washed and added 90 pl of TMB substrate solution to the wells.
Then incubated for 25 min at 37 °C. Then 50 pl of stop solution was added to terminate the

reaction and immediately measured the colour change at 450 nm.

The amount of GKRP protein was quantified calorimetrically according to an ELISA method.
In this assay, a 96- well plate was coated with nuclear protein samples of 50 pl and incubated
at 4 °C overnight. After this, the plate was washed five times with PBST. Then 100 ul of GKRP
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antibody (1:1000) was added and incubated for 1 hr followed by five times wash with PBST.
Then added the anti-rabbit secondary antibody (1:2000) which is HRP conjugated and
incubated for 1 hr. Then it was washed with PBST followed by the addition of 50 pl of substrate
solution and incubated for 20 min. After that, 50 pl of stop solution was added to terminate the

reaction and immediately read the colour change at 450 nm.

3.2.6 GK and p-BAD expression

The expression level of GK and p-BAD proteins during insulin resistance conditions were

analyzed by western blotting (for details, please refer to section 3.2.14).

3.2.7 Molecular docking

Autodock v4.2 and auto dock tools were used to analyze the interaction between the GK ligand-
binding domain and VA. These docking softwares were used to find the most populated cluster
with the lowest binding energy, which was deemed as the most stable conformation. The 3D
model of GK was taken from Brookhaven protein data bank, and the structure of VA was
downloaded from Chemspider and converted to PDB format using Chem-3D Pro 10. The
docking fitness of the VA to GK and the amino acids of GK involved in the interaction was
predicted by using iIGEMDOCK. The binding energy of VA-GK was analyzed using the

software Autodock v4.2.

3.2.8 Glycogen assay and glycogenesis

The glycogen level was assayed using a kit from Abcam, UK. For this assay, the cells were
seeded in a 24-well plate. After respective treatments, the cells were homogenized for 10 min
on ice followed by boiling of homogenates for 10 min to inactivate the enzymes. After
centrifugation the supernatant was collected. 50 pl of supernatants (samples) and standards

were added into the 96-well plate. Then 2 pl of hydrolysis buffer (provided by the kit) was

85



added to all the wells and incubated for 30 min. After that, 48 pl of reaction mix was added.
Then it was incubated for 30 min at RT and the OD was measured at 450 nm. The expression
levels of proteins involved in glycogen metabolism; GS and GSK-3f were analyzed by western

blotting (for details, please refer to section 2.8).

3.2.9 Studies on gluconeogenesis

The expression levels of major proteins in hepatic gluconeogenesis like PEPCK and G-6-P

were evaluated at protein levels by western blotting (for details, please refer to section 3.2.14).

3.2.10 Sorbitol assay

The sorbitol levels were quantified using a kit from Biovision, USA. Briefly the cells were
cultured and treated with respective treatments. Initially in order to prepare the standard curve,
the working solutions of sorbitol standards were prepared by serial dilution using the stock
solution (1.0 mM) provided in the kit. The sorbitol standard was diluted by taking 10 pl of
stock with 990 ul of dH20. Then 0, 2, 4, 6, 8, 10 ul of standards were added to each wells in a
96-well plate and adjusted the volume in each well with a 50 pl assay buffer. Then 50 pl of
samples were added into the wells. Then 50 pl of reaction mixture (assay buffer, enzyme mix,
developer and probe) was added to all the wells including sample, blank and standard wells.

Then it is incubated at 37 °C for 30 min. Then the absorbance was read at 560 nm.

3.2.11 Antiglycation activity assay

The method of Riya et al. (2015) was used to measure bovine serum albumin (BSA) derived
advanced glycation end products (AGEs) with slight modifications. VA of different
concentrations was added to BSA (10 mg/mL) and glucose (500 mM). Fluorescence of AGE

at an excitation/emission wavelength of 370/440 nm was obtained after 24 hrs and 7 days using
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the fluorescence microplate reader. The two results were compared and the percentage

inhibition with VA against glycation was measured.

3.2.12 Analysis of AGE with hyperinsulinemia

The method of Rani et al. (2018) was used to analyze the AGE. Cell samples and a standard
(provided with the kit) were added to the AGE conjugate coated ELISA plate provided with
the Kkit. After 10 min incubation at RT, 50 ul of anti-AGE polyclonal antibody was added and
incubated for 1 hr. The plate was washed with 250 ul 1X wash buffer. HRP conjugated
secondary antibody (100 pl) was added to the wells and incubated for 1hr at RT. Substrate
solution (100 pul) was added which was followed by the addition of 100 pl of stop solution and

measured immediately at 450 nm using the microplate reader.

3.2.13 Analysis of glycation pathway

The major proteins involved in this pathway such as RAGE and DDOST were analyzed by
western blot (for details, please refer to section 3.2.14). The expression levels of these proteins

were analyzed from the densitometric data calculated using Image J software.

3.2.14. Western blot

Expression of various proteins of pharmacological and functional importance in glucose
transport, insulin signaling pathway, glucose storage, glucose generation and glycation such as
IRS1, IRS2, GLUTZ, PI3K, AKT, p-AKT, IDE, GK, p-BAD, GS, GSK3p, PEPCK, G-6-P,
RAGE and DDOST were studied using western blotting. Cells were cultured in T-25 flasks
containing 5 ml DMEM medium and the respective treatments with VA were done as described
above. After that the cells were harvested and lysed in a lysis buffer with a protease inhibitor
cocktail and Triton X 100. Then the lysate was centrifuged at 20,000 x g for 15 min at 4 °C.

The supernatant was collected and protein content was measured and normalized using a Pierce
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BCA protein assay kit (Thermo Fisher Scientific Co., Waltham, MA, USA) using bovine serum
albumin (BSA) as a standard and expressing the results as BSA equivalents. Samples were then
run on an SDS-PAGE gel (10 %) (BioRad, Hercules, CA, USA), transferred at 25 V for 15 min
to PVDF membrane (a non-reactive thermoplastic fluoropolymer produced using the
polymerization of vinylidene difluoride) (Merck) using a trans blot apparatus (BioRad). The
samples (25 pl) were loaded into each well. After transfer, the PVDF membrane was blocked
with 3 % BSA in tris buffered saline-Tween 20 (TBST, pH=8) for 1 hr at RT. After washing
with TBST, the membrane was probed with primary antibodies (IRS1, IRS2, GLUT2, PI3K,
AKT, p-AKT, IDE, GK, p-BAD, GS, GSK3p, PEPCK, G-6-P, RAGE and DDOST, 1:1000
dilution) in TBST and incubated for 2 hrs at RT with moderate shaking. The membrane was
washed three times with TBST for 10 min. HRP-conjugated secondary antibody (1:2000) was
added and agitated for 90 min at RT. After three TBST washes, membranes were incubated
with ECL substrate (BioRad) and the proportional thickness of bands were measured using
Image Lab software in the Chemi Doc system (ChemiDoc MP Imaging System, Bio-Rad)

assuming all bands were in the Beer-Lambert law region.

3.2.15 Statistical analysis

All analyses were carried out with sextuplicates and data are shown as mean + SEM for control
and treated cells. The normality of the variables were tested using the Kolmogorov Smirnov Z
test and the variables were found to be approximately normally distributed. Hence the
significance difference between the groups were tested using ANOV A and further significantly
different pairs (p < 0.05) were identified using Duncan's multiple comparison test. All
calculations were done using the Statistical Package for the Social Sciences for Windows

standard version 20 (SPSS Inc., USA).
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3.3 Results

3.3.1 Flow cytometric analysis of glucose uptake

Flow cytometry results showed that in control cells the NBDG uptake was 45 %. In HI treated
cells, the glucose uptake was decreased to 1.9 % compared to control cells. Here more than 40
% decrease was seen in the hyperinsulinemic group which showed the development of insulin
resistance (p < 0.05). The cellular uptake of NBDG with VA of 5 uM and 10 uM concentrations
showed an increased glucose uptake of 18 % and 26 % respectively. Metformin of 1 mM
concentration significantly increased the glucose uptake by 40 % compared with HI created

insulin-resistant cells (p < 0.05; Fig: 3.2).
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Figure. 3.2 Glucose uptake using 2-NBDG. Effect of vanillic acid on the glucose uptake using 2-NBDG in
hyperinsulinemia created insulin resistant HepG2 cells using flow cytometry. C - control cells; IR -
hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid;
M - IR + metformin (1 mM. Values are expressed as mean £ SEM where n=6. * indicates that the mean value was
significantly different from control cells (p < 0.05). # indicates the mean value was significantly different from IR

cells (p £0.05).
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3.3.2 Effect of hyperinsulinemia created insulin resistance on the insulin
signaling pathway

To evaluate the mechanism by which the defects created during HI in insulin signaling, 1
examined the major proteins involved in the insulin signaling pathway. Western blot data
showed that the protein level expression of IRS1 does not have any alterations in the
hyperinsulinemic condition compared with control cells. Also VA and metformin treatments
during hyperinsulinemia created insulin resistance (IR) do not show any changes in the
expression of IRS1. Meanwhile, HI down-regulated the IRS2 (36.4 %) expression compared
to control. Treatment of HepG2 cells with different concentrations of VA (5 uM and 10 pM)
and metformin significantly increased the IRS2 expression (p < 0.05; Fig: 3.3A & Fig: 3.3B)
by 19.6 %, 25.4 % and 45.8 % respectively. Furthermore, IR down-regulated the expressions
of other proteins in the insulin signaling pathway like GLUT2, PI3K and p-AKT by 64.8, 55.1
and 74.8 % respectively. This reveals that HI induced insulin resistance by inhibiting the insulin
signaling pathway. At the same time, VA treatment increased these protein levels in a dose-
dependent manner which was comparable to IR treatment. GLUT2 expression was increased
significantly (p < 0.05) to 45.4, 84.3 and 137.2 % for 5 uM and 10 uM of VA and 1mM of
metformin respectively, compared to the IR group. On treatment with different concentrations
of VA and metformin, PI3K expression was up-regulated by 73.3, 73.7 and 74.5 % for 5 uM
and 10 uM of VA and 1mM of metformin respectively (Fig: 3.3A & Fig: 3.3B). Meanwhile,
VA and metformin treatment increased the protein levels of p-AKT/AKT ratio to 66.0, 77.2
and 66.3 % compared to IR groups for 5 uM and 10 pM of VA and 1mM of metformin
respectively (Fig: 3.3A & Fig: 3.3B). Furthermore, HI inhibits the expression of IDE by 46.4
% compared with control. VA treatment of 5 uM and 10 uM concentrations dose-dependently
increased the expression level of IDE by 64.9 and 121.6 % respectively. Metformin of 1mM

concentration also up-regulated the level of IDE by 112.3 %. Over all data indicates that HI
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induce the insulin resistance in HepG2 cells by inhibiting the insulin signaling pathway and
down-regulating the IDE levels in hepatocytes but treatment with VA noticeably reversed the
effects of HI by up regulating the levels of these proteins and this was comparable with the

metformin (Fig: 3.3A & Fig: 3.3B).
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Figure. 3.3 Analysis of insulin signaling pathway. (A) After VA co-treatment the cells were lysed, IRS-1, IRS-
2, GLUT2, PI3K, AKT, p-AKT, IDE and B-actin expression were analyzed by western blotting. (B) Densitometric
quantification of IRS-1, IRS-2, GLUT2, PI3K, AKT, p-AKT, IDE normalized to B-actin. C - control cells; IR -
hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid;
M - IR + metformin (1 mM). Each value represents the mean £ SEM where n=6. * indicates that the mean value
was significantly different from control cells (p < 0.05). # indicates the mean value was significantly different

from IR cells (p < 0.05).

3.3.3 Effect of hyperinsulinemia created insulin resistance on glycolysis via

the regulation of GK

GK is the rate-limiting enzyme in hepatic glycolysis. Analysis of GK activity showed a
significant (p < 0.05) decrease (20 %) in IR cells compared to control cells (Fig: 3.4A). While
with VA co-treatment, the level of GK was increased significantly (p <0.05) by 15 % and 16.7
% for 5 and 10 uM concentrations compared to IR cells. Metformin caused a significant
increase of the GK levels by 20 % (Fig: 3.4A). To determine how the GK is down-regulated in
IR cells, the levels of GKRP were analyzed. Here | have found that in IR cells the levels of

GKRP were increased (41.1 %) significantly (p < 0.05) compared to control cells. VA of both
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concentrations (5 and 10 pM) significantly reduced the activity of GKRP by 21.6 % and 46.4
% respectively (Fig: 3.4B). Metformin also reduced the activity of GKRP by 41.8 % as
compared to IR. Here compared with metformin VA of 10 uM concentration showed a better

result (Fig: 3.4B).
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Figure. 3.4 Effect of hyperinsulinemia on glycolysis. (A) GK activity is analyzed by GK activity assay. (B)
GKRP activity is analyzed by indirect ELISA. C - control cells; IR - hyperinsulinemia created insulin resistant
cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Data are
presented as mean £ SEM where n=6. * indicates that the mean value was significantly different from control

cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

3.3.4 Docking of VA to GK

To determine the putative binding mode and potential ligand-target interactions of VA, it was
docked to human GK using Autodock v4.2. The VA is bound to GK with a binding energy of
-4.94 kcal/mol showing a stable binding affinity into the active site of GK (Fig: 3.5). The amino
acid residues of GK interacting with VA are given in Figure 3.4. The result of Autodock v4.2
showed the amino acid residues in the close proximity of affinity pocket leveraged binding of
VA to GK through hydrophobic as well as electrostatic interactions (Fig: 3.5). The amino acid
residues of GK involved in the interactions with VA were Glul7, Leu20, Phe23, GIn24, Leu25,
GIn26, Arg369, Glu372, Ser373, Val374, Thr376, Arg377 and His380 (Fig: 3.5). VA was

found to form a hydrogen bond with residue Arg369 in the binding pocket of GK.
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Figure. 3.5 Molecular docking. The docking model predicted interaction details between VA and GK.
Hydrophobicity surface representation of human glucokinase-vanillic acid complex (Green stick: vanillic acid)

and interacting amino acid residues of glucokinase with vanillic acid.

3.3.5 GK activation is linked with the hepatic p-BAD expression

Western blot analysis was performed for GK and p-BAD proteins expression analysis (Fig:
3.6A & Fig: 3.6B). IR caused a significant reduction in expression of GK (69.7 %) compared
to control cells. VA co-treatment significantly up-regulated the GK expression (62.7 and 108.7
% for 5 and 10 uM respectively; p < 0.05) compared to IR cells. Metformin group noticeably
enhanced (101.2 %) the GK levels compared to IR. During IR conditions, there was a
significant down-regulation in the expression of mitochondrial protein p-BAD by 58.6 % (p <
0.05) as compared to control. VA co-treatment at 5 and 10 uM significantly (p < 0.05) up-
regulated the expression of p-BAD by 58 % and 115.5 % respectively compared to IR cells.
Also, metformin treatment significantly (p < 0.05) increased the p-BAD protein by 110.6 %

compared to IR cells (Fig: 3.6A & Fig: 3.6B).
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Figure. 3.6 Effect of VA on GK and p-BAD. (A) After treatment with VA, the cells were lysed, and GK, p-
BAD and [B-actin expression were analyzed by western blotting. (B) Densitometric quantification of GK and p-
BAD normalized to B-actin. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR +5
UM vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin (1 mM). The protein contents were
normalized by B-actin. Each value represents the mean £ SEM where n=6. * indicates that the mean value was
significantly different from control cells (p < 0.05). # indicates the mean value was significantly different from IR
cells (p <0.05).

3.3.6 Hyperinsulinemia enhances the glycogenesis in the liver

During hyperinsulinemia created insulin resistance conditions, the glycogen level was
decreased drastically (46.6 %) as compared to control cells (Fig: 3.7A & Fig: 3.7B). While
with VA, the level of glycogen was increased significantly by 30.7 % and 41.9 % (p < 0.05)
for 5 and 10 pM concentrations respectively compared to IR cells (Fig: 3.7A & Fig: 3.7B).
Metformin also significantly enhanced the glycogen content of IR cells by 42.2 % as compared
to IR cells. This was also confirmed by western blot data. Here | have checked the expression
of both GS and GSK-38 (Fig: 3.7A & Fig: 3.7B). The result showed that there was a significant
reduction in the GS enzyme by 38.7 % (p < 0.05) and up-regulation of GSK-3p by 123.5 % (p
<0.05; Fig: 3.7A & Fig: 3.7B) in IR cells. The co-treatment of VA (5 and 10 pM) caused 29.7
% and 84.1 % increase in GS activity and 85.7 % and 94.7 % decrease in GSK-3f compared

to IR cells respectively. Metformin co-treatment also significantly increased the GS enzyme
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by 85.2 % and decreased the GSK-3f by 79.1 % compared to the IR cells (Fig: 3.7A & Fig:

3.7B)
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Figure. 3.7 Hyperinsulinemia and glycogenesis. (A) Glycogen assay (B) After VA co-treatment the cells were
lysed, and GS, GSK-3B and B-actin expression were analyzed by western blotting. (C) Densitometric
quantification of GS and GSK-3p were normalized to B- actin. C - control cells; IR - hyperinsulinemia created
insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1
mM). Each value represents the mean £ SEM where n=6. * indicates that the mean value was significantly

different from control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p <
0.05).

3.3.7 Effect of hyperinsulinemia on hepatic gluconeogenesis

Here, | have found that during IR, the expression of PEPCK and G-6-P were significantly
increased; 58.7 % and 101.7 % respectively as compared to control. VA co-treatment down-
regulated the expression of PEPCK by 45.4 % at 5 uM and by 80.5 % at 10 uM (p < 0.05)
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compared with IR (Fig: 3.8A & Fig: 3.8B). Also VA dose-dependently decreased G-6-P
expression by 9 % at 5 uM and by 49 % at 10 uM concentrations as compared to IR cells (Fig:
3.8A & Fig: 3.8B). Metformin significantly reduced the expression of both PEPCK and G-6-P

by 132.2 % and 110.5 % respectively when compared to IR.
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Figure. 3.8 Effect of hyperinsulinemia in gluconeogenesis. (A) After VA co-treatment the cells were lysed, and
PEPCK, G-6-P and B-actin expression were analyzed by western blotting. (B) Densitometric quantification of
PEPCK and G-6-P were normalized to B-actin. C - control cells; IR - hyperinsulinemia created insulin resistant
cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Each value
represents the mean £ SEM where n=6. * indicates that the mean value was significantly different from control

cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

3.3.8 Sorbitol assay

During hyperglycemic conditions, the glucose enters into the polyol pathway and produces
sorbitol. Sorbitol accumulation was also determined in the IR cells and found that the IR cells
showed a significant increase in sorbitol accumulation (220 %) as compared with control (Fig:
3.9). VA caused a significant decrease (p < 0.05) in the sorbitol level by 96.0, and 149.5 %
with 5 uM and 10 pM doses of VA respectively (Fig: 3.9). Metformin of 1mM concentration

significantly increased the sorbitol level by 165.1 % compared with IR.
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Figure. 3.9 Effect of VA on polyol pathway. C - control cells; IR - hyperinsulinemia created insulin resistant
cells; VAL - IR + 5 puM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Each value
represents the mean £ SEM where n=6. * indicates that the mean value was significantly different from control

cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

3.3.9 Antiglycation capacity of VA

VA showed a dose-response inhibition of glycation (IC50; 397 uM). The half maximal
inhibitory concentration (IC50) is a measure of the potency of a substance in inhibiting a
specific biological or biochemical function. The effect of VA was better than that of the

aminoguanidine, as the positive control (IC50; 500 uM; Fig: 3.10).
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Figure. 3.10 Antiglycation capacity of VA. Evaluation of antiglycation effect of VA; Ex 2370 nm, Em A440 nm.
Different concentrations of vanillic acid (VAL - 5 uM, VA2 - 10 uM, VA3 - 50 uM, VA4 - 100 pM, VAS5 - 150
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UM, VAG - 200 uM, VA7 - 250 uM, VA8 - 500 uM) were used, 1C50 -397 uM/ml. Amino guanidine (AG) was

used as a reference (IC50 - 500 uM). Values are expressed as mean + SEM where n=6.

3.3.10 Production of AGE during high insulin

IR showed an increased level of AGE (221 %) as compared to control. While with VA, the
formation of AGE was reduced by 232 and 252 % for 5 and 10 uM, respectively, with IR.
Metformin significantly reduced the AGE levels by 283 % (Fig: 3.11A).

Western blotting was done for DDOST and RAGE proteins. IR caused a significant increase
in the expression of RAGE (120 %) compared to control. VA co-treatment significantly
decreased the expression of RAGE (147 and 165 % for 5 and 10 uM; p < 0.05) compared to
the IR group (Fig: 3.11B & Fig: 3.11C).

Metformin significantly (p < 0.05) decreased RAGE levels by 168 %. Expression of
DDOST was reduced by 34.5 % in IR cells compared to control cells. But VA co-treatment at
5 and 10 pM concentrations significantly (p < 0.05) increased the DDOST protein levels by
56.1 and 63.3 %, respectively, compared to IR. Metformin also increased the DDOST levels

by 68.9 % compared to IR cells (Fig: 3.11B & Fig: 3.11C).
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Figure. 3.11 Hyperinsulinemia and glycation. (A) Quanification of advanced glycation end products (AGES)
content. (B) After VA co-treatment the cells were lysed, DDOST (Dolichyl-diphospho oligosaccharide-protein

glycosyltransferase), RAGE (Receptor for advanced glycation end products) and B-actin expression were analyzed

by western blotting. (C) Densitometric analysis of protein expression of RAGE and DDOST, normalized to -

actin. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5 uM vanillic acid; VA2

- IR + 10 puM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean £ SEM where n=6. *

indicates that the mean value was significantly different from control cells (p < 0.05). # indicates the mean value

was significantly different from IR cells (p < 0.05).
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3.4 Discussion

Increased endogenous glucose production via hepatic glucose output is one of the major
characteristics of T2DM. In this chapter, | focused on both the hepatic glucose metabolism in
relation with the mitochondrial dysfunction in HI. The basic knowledge about hepatic glucose
metabolism helps to reduce the occurrence of metabolic alterations like T2DM, fatty liver
diseases and obesity. Here | examined both the expressions of the vital proteins in the insulin
signaling pathway and the role of IDE in HI. In addition to this, I have studied hepatic glucose
metabolism by analyzing glycolysis, glycogenesis, and gluconeogenesis. Furthermore, |
analyzed the other utilization ways of glucose in HI such as the polyol pathway and the
glycation. In addition to this, | have also analyzed the effects of VA and metformin in the
hyperinsulinemic HepG2 cells. Impairments in glucose metabolism are the crucial player

behind the genesis of many of the diseases (Adeva-Andany et al., 2016).

The liver is the central organ responsible for glucose homeostasis. Glucose enters into
the liver through a portal vein and stores the glucose as glycogen and triglycerides. During
fasting conditions, the glucose is released into the blood through gluconeogenesis or
glycogenolysis and maintains normoglycemia. Furthermore, the liver is the main target site of
insulin. Here insulin stimulates glucose uptake and activates glycogen synthesis meanwhile it
inhibits gluconeogenesis and glycogenolysis. The liver is enriched with both IRS1 and IRS2
because they are the exclusive players for the regulation of insulin receptor signaling (Kubota
et al., 2008). Both the receptors interact with the downstream molecules and maintain the
normal metabolism of the cell. The impaired insulin signaling pathway is a hallmark of the
development of hepatic insulin resistance. Many reports revealed that in insulin resistance, the
insulin signaling pathway is fully inhibited by the total failure of insulin receptors (Farese et

al., 2012). This condition is referred to as total insulin resistance and under this condition,
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gluconeogenesis is increased and lipogenesis is decreased. In selective insulin resistance, these
two conditions were coexisting in the liver (Dong et al., 2008, Kubota et al., 2008). Selective
insulin resistance is the pathogenic paradox underlying the development of T2DM and obesity.
As a result, the action of insulin on the hepatic gluconeogenesis is altered but the hepatic
lipogenic pathway is intact or it becomes up-regulated (Farese et al., 2010) which leads to the
development of both hyperglycemia and steatosis in liver (Brown and Goldstein, 2008). Recent
reports suggested that mice lacking hepatic IRS2 expression but having unaltered IRS1
expression resulted in the development of selective insulin resistance, meanwhile, in total
insulin resistance, both IRS1 and IRS2 expression were decreased (Kubota et al., 2016).
Similarly, our study also observed that the IRS1 expression is unaltered in HI treated groups
while the IRS2 expression was decreased. This data suggests the possibility of the occurrence
of selective insulin resistance rather than total insulin resistance in HI treated cells. One of the
studies discovered that in the liver of T2DM patients the IRS2 mediated signaling is impaired
and the IRS1 expression remains unaltered. Besides this, the liver biopsy data obtained from
NAFLD patients have been showing an intact or increased IRS1 expression and a reduced IRS2

expression (Kubota et al., 2016).

Normal insulin signaling is essential for maintaining glucose homeostasis. So in this
study, | have checked the expression levels of the components of the insulin signaling pathway
such as PI3K and AKT. Here, | have found that in hyperinsulinemic conditions both the PI3K
levels and the p-AKT expressions were reduced significantly. The decreased levels of these
proteins are expected to be a responsible factor for the inhibition of the insulin signaling
pathway under the condition of selective insulin resistance. While considering the glucose
uptake, insulin stimulates the glucose entry inside the liver. The glucose entering inside the
hepatocytes is through glucose transporters and its entry is depending on the concentration

gradient (Adeva-Andany et al., 2016). One of the major glucose transporters in hepatocytes is
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GLUT2, it facilitates the bidirectional flow of glucose across the membrane (Takeda et al.,
1993). In our result also the glucose uptake is significantly decreased in HI-created insulin-
resistant groups and this is because of the decreased expression of GLUT2 on the hepatocytes
cell membrane. So HI has a role in the decreased expression of GLUT2 and thereby reduced
the glucose uptake in HepG2 cells. HI caused a decrease of glucose uptake of more than 40 %
as compared with control cells. HI is related to obesity and is a major risk factor for insulin
resistance. One of the crucial factors for the development of HI is the reduction of insulin

clearance and increased insulin secretion (Corkey, 2012; Ye, 2013).

Constant insulin degradation in our body appears to be an essential component in the
normal metabolic regulation in the liver. IDE is the major protein participating in hepatic
insulin clearance because of its high affinity towards insulin (Villa-Pérez et al., 2018). IDE is
one of the potential targets in the regulation of T2DM and it controls the circulating insulin in
a degradation dependent mechanism (Wei et al., 2014). The liver is the primary clearance site
of insulin. Inside the liver the insulin degradation is receptor-mediated and about 50 % of
insulin is degraded by this enzyme (Bevan, 2001). Consistent with the functional role of IDE
in insulin clearance the mice lacking the IDE gene showed chronic HI due to reduced insulin
clearance (Abdul-Hay et al., 2011). In mice, IDE inactivation using a gene knockout
mechanism develops HI and insulin resistance (Farris et al., 2003). Here also | have observed
a decreased expression of IDE in the HI treated group which indicates the development of HI
and insulin resistance. VA treatment improves insulin resistance by activating the major
proteins in the insulin signaling pathway and which would be expected to ameliorate HI. VA
restores the IRS2 and GLUT2 expressions thereby improving blood glucose levels.
Furthermore, VA significantly up-regulates the IDE levels in hyperinsulinemic cells this will
further decrease the circulating levels of insulin which would result in normal glucose

homeostasis.
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When the glucose is entering inside the hepatocytes it undergoes glycolysis and
generates energy for the normal metabolism of the cell. Within the cells, the major enzyme
which trapped the glucose by forming glucose-6-phosphate (G6P) is GK (Adeva-Andany et
al., 2016). GK is the predominant hexokinase expressed in the liver, it has a major role in
hepatic glucose disposal and glucose output (Agius, 2009). The generation of G6P is an energy-
dependent process (Ahn et al., 2009) and the enzyme GK has a low affinity towards glucose
(Adeva-Andany et al., 2016). There are reports to argue that GK therapy is a more effective
preventive measure in T2DM because it is especially important for glucose homeostasis
(Agius, 2009). GK in the liver is activated during the hyperglycemic condition. Activated GK
suddenly triggers the disposal of postprandial blood glucose (Agius, 2009). In fact, a decrease
in GK activity has been reported in patients with T2DM (Roach, 2002). In my study, I have
revealed the alterations in GK activity during HI in HepG2 cells and amelioration with VA.
According to the data, the GK activity was down-regulated in the HI treated cells as compared
with the control cells which result in hyperglycemia. So that hyperglycemia will be developed.
But VA treatment dose-dependently increases the GK activity and reduces hyperglycemia. GK
is the rate-limiting enzyme of glycolysis. VA up-regulates the GK level in HI treated cells and
activates glycolysis through which reduced hyperglycemia. Animal studies showed that even
a small mutation in GK protein level has a noticeable effect on blood glucose homeostasis
(Roach, 2002). There are reports in diabetic patients that the liver GK activity has been reduced
which suggest that hepatic GK may have a role in T2DM (Hariharan et al., 1997). Regulation
of GK is carried out by the activity of glucokinase regulatory protein (GKRP). In the liver,
GKRP is the best-characterized interaction partner of GK. GKRP acts as a predominant
competitor of the glucose molecule and an inhibitor of GK (Kamata et al., 2004). Dissociation
of both GK and GKRP is carried out only at high glucose concentrations (Ueta et al., 2014). In

this study, the GKRP levels become increased in the HI treated group as compared with the
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control. HI decreased the GK activity through the up-regulation of GKRP. VA dose-
dependently reversed the condition by increasing the activity of GK and decreased the GKRP

activity.

GK is situated in mitochondria and forms a hetero pentameric complex on the
mitochondrial membrane. Among these members, BAD is the main critical component of the
complex and it integrates glycolysis and apoptosis via interaction with GK (Giménez-Cassina
et al.,, 2014). The hepatic loss of p-BAD is linked to reduced glycolysis and enhanced
gluconeogenesis. When the phosphorylated BAD level increases it activates GK and promotes
glycolysis, and when the p-BAD level is diminished, it will down-regulate the glycolysis and
enhances the gluconeogenesis (Giménez-Cassina et al., 2014). p-BAD activates the GK and
enhances the glucose metabolism in the liver and pancreas (Danial et al., 2008). So | checked
the expression level of p-BAD in Hl treated cells and the effect of VA on it. In HI treated cells
the p-BAD level was decreased significantly as compared to control cells. VA reversed this
condition by increased expression of p-BAD and through this way it up-regulated the GK
levels. From our data, it is evident that VA is an activator of GK via BAD. This was confirmed
with my docking data too. According to our docking results, the binding of VA to GK is
through hydrophobic and electrostatic interactions. In addition to this, the binding energy for
this interaction is -4.94 kcal/mol. This means VA was stably placed in the active site of GK
and promotes glucose consumption in hepatocytes. Meanwhile, docking results also revealed
that VA formed a hydrogen bond with Arg369 residue in the binding pocket of GK. From these
results, it was suggested that VA could promote the activation of GK and up-regulate the GK
level in HI treated cells.

In the human liver, the major quantitative pathway for glucose utilization is glycogen
synthesis (Adeva-Andany et al., 2016). G6P is the precursor for glycogen synthesis and is

supplied by GK. During insulin resistance conditions, the amount of glycogen becomes down-
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regulated by the inhibition of the GS enzyme (Irimia et al., 2017). | have also reported the same
result that during hyperinsulinemia created insulin resistance condition in the HepG2 cells, the
glycogen level was decreased. Increased G6P allosterically activates GS protein (McDevitt et
al., 2001). Impairment of GK during T2DM decreases the G6P level and subsequently reduces
glycogenesis (Roach, 2002). Another enzyme that takes part in the glycogen synthesis is
glycogen synthase kinase-3p (GSK-3p), which inactivates GS and the decreased glycogen
stores in the liver (Mitro et al., 2007). It is a negative regulator of glycogenesis. During diabetic
conditions the GSK-3f level increases (Han et al., 2016). From this data, it is evident that
during hyperinsulinemia created insulin resistance conditions, the level of GSK-3f is high,
which decreases GS enzyme and decreases glycogenesis. VA treatment inhibits the GSK-3p
expression thereby increasing glycogen synthesis.

In addition to glucose utilization, the human liver releases glucose to the bloodstream
either through glycogenolysis or from gluconeogenesis (Adina-Zada et al., 2012; Adkins et al.,
2003). The unique ability of this organ to control glucose production and storage is important
for maintaining normal blood glucose during fasting or starvation (Hariharan et al., 1997). In
patients with T2DM, gluconeogenesis has been identified as the primary source of glucose
production, while glycogenolysis was found not to contribute (Petersen et al., 2017). So next,
| have investigated the contributors of the HGP during hyperinsulinemia created insulin
resistance in HepG2 cells. Gluconeogenesis is the de novo synthesis of glucose, initiated in the
mitochondria from pyruvate, and finally, glucose is generated in the cytosol (Rizza, 2010).
Increased HGP is mainly due to the overexpression of PEPCK and glucose-6-phosphatase (G-
6-P) (Rui, 2011). PEPCK is the rate regulator of gluconeogenesis (Rizza, 2010) and after
several reverse steps of glycolysis, G-6-P is involved in the final step of glucose generation in
the liver. Proteins involved in gluconeogenesis and GK action are acted in the opposite

direction, so a coordinated regulation is essential to control the hepatic glucose input and
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output. | have found that hyperinsulinemia created insulin resistance increased
gluconeogenesis through the increased expression of G-6-P and PEPCK levels while VA
decreased gluconeogenesis and increased glycolysis and glycogenesis.

Furthermore, glucose acts as an initial factor for the activation of the polyol pathway
and a precursor molecule for glycosylation reactions (Qiu et al., 2012). The polyol pathway is
the glucose utilization pathway and the major enzymes that participated in this pathway include
aldose reductase and sorbitol dehydrogenase (Qiu et al., 2012). Sorbitol is the primary product
of this pathway and was produced by the action of aldose reductase (Qiu et al., 2012). One of
the studies reported that the sorbitol pathway can play an important role in the progression of
T2DM complications (Yabe-Nishimura, 1998). It has been reported that in diabetic patients the
increased level of sorbitol was observed (Yoshii et al.,, 2001). In this investigation, I
demonstrated that HI up-regulated the sorbitol levels in HepG2 cells were down-regulated by
the action of VA. I have found an abnormal accumulation of sorbitol in HI treated cells. Sorbitol
level in the HI treated group was 220.3 % higher than in the control.

Hyperglycemia is the main inducer of the non-enzymatic glycation of proteins which
result in the production of AGEs (Bierhaus et al., 2005). Glycation is one among various
pathological complications of diabetes; it has a significant role in the induction of micro-and
macro-vascular complications (Brownlee, 2000). The liver is not only the main target site of
AGEs but also a site for clearing circulating AGEs (Tang and Chen, 2014). Effects of AGEs
are dependent on the membrane receptors like RAGE and AGE receptor-1 (AGE-R1) (Tang
and Chen, 2014). RAGE-AGE axis is the main contributor to hepatic insulin resistance in
diabetic patients (Yamagishi et al., 2015). Glycation probably acts as an amplifier in the case
of insulin resistance. In diabetes, almost all proteins undergo glycation and produce AGEs
(Ahmed, 2005). Insulin is the major protein subjected to glycation and it produces impaired

insulin (Song and Schmidt, 2012). Increased levels of AGEs and up-regulated expression of
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RAGE confirmed the induction of severe glycation in the hyperinsulinemic group.
Overexpression of AGE alters innate antioxidant defense status (Nowotny et al., 2015).
Therefore, the enzymes become ineffective in neutralizing the reactive radicals and accelerate
the OS observed (Maritim et al., 2003). In the previous chapter, | observed that in HI treated
cells the OS is ameliorated and here | suggested that one of the reasons for the progression of
OS is glycation. Furthermore, this data showed a significant decrease in the expression of
DDOST in the hyperinsulinemic group that means the progression of glycation. In the second
chapter, | have shown that VA reduced the OS. This is consistent with the current study. Here
VA decreased the glycation by down-regulating the level of RAGE. So the antiglycation

property of VA will have a significant role in the development of VA-based nutraceuticals.
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Chapter 4

Hyperinsulinemia mediated alteration in lipid
metabolism and inflammation in HepG2
creates an ambience for NAFLD and
amelioration with VA

4.1 Introduction

The pervasiveness of obesity and metabolic syndromes is increasing day by day (Bechmann et
al., 2012). The rapid progression of obesity is closely associated with the prevalence of NAFLD
(Feldstein, 2010). Liver is the major organ that maintains the lipid homeostasis by controlling
the lipid uptake, de novo synthesis of lipids and the delivery of lipids in the form of VLDL
(Browning and Horton, 2004). Meanwhile, adipose tissue is the main organ responsible for
lipid storage. However, the liver plays a specific role to regulate lipid homeostasis in normal
conditions (Lee et al., 2018). Therefore, under pathological conditions like obesity and
diabetes, the lipid flux becomes altered which will result in the accumulation of fats in the liver.
Also, insulin resistance is the chief pathologic determinant for the development of both diabetes
and obesity (Loria et al., 2013). Accumulation of excessive amount of lipids in hepatocytes is
the initial step for the development of many serious liver diseases like NAFLD includes non-
alcoholic steatohepatitis (NASH), cirrhosis, fibrosis and liver cancer (Loria et al., 2013).
Among these, nowadays NAFLD is one of the crucial epidemic problems worldwide. Liver
lipid accumulation takes place only when the rate of fatty acid input increases and the rate of
fatty acid output decreases. This results in the alterations in lipid metabolism of the body like

fatty acid metabolism and its transport. Clinical data suggested that T2DM has an important
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role in the development of liver diseases (Loria et al., 2013). One of the crucial factors for
reduced life expectancy in T2DM patients is the development of fatty liver disease (Trombetta
et al., 2005). In this chapter, | have aimed to point out the alterations in the hepatic lipid
metabolism during HI and its role in the prevalence of NAFLD. I also aimed to study the HI
created inflammation in HepG2 cells. Furthermore, | also observed the DPP4 inhibition
potential of VA and also discussed the role of DPP4 in NAFLD.

Fatty acid uptake and de novo synthesis of fatty acids in the liver contribute to the
excessive production of TG whereas major pathways involved in the removal of TG involves
formation of very low density lipoprotein (VLDL) and fatty acid  oxidation (Wang et al.,
2010). The major source for the entry of fatty acids into the circulation is the lipolysis that takes
place in adipose tissue during fasting conditions and insulin inhibits this mechanism in normal
conditions (Arner, 2005). But in insulin resistance states like obesity and diabetic, the adipocyte
lipolysis was up-regulated which resulted in increased fatty acids in circulation (Delarue and
Magnan, 2007). These fatty acids are then taken up by the liver and it is mediated by the
proteins like fatty acid transport proteins (FATPs), cluster of differentiation 36 (CD36), and
calveolins (Koo, 2013). All these proteins are located on the hepatocyte’s plasma membrane
and involved in fatty acid uptake but they have diverse functions. FATPs are responsible for
fatty acid uptake and convert them to fatty acyl CoA. Silencing of FATP in mice resulted in
the reduction in hepatic TG content and a decreased fatty acid uptake (Doege et al., 2008).
CD36 is a fatty acid translocase and involved in the transport of long chain fatty acids. CD36
is regulated by the peroxisome proliferator-activated receptor y (PPARy) (Silverstein and
Febbraio, 2009). Calveolins represent a family of proteins which are responsible for lipid
trafficking and formation of lipid droplets (Koo, 2013). During the fatty acid uptake due to the
hydrophobicity of the fatty acids they do not diffuse freely in the cytoplasm so they target fatty

acid binding protein (FABP) in cytoplasm. FABP also affects the other proteins in the liver
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such as PPARa and PPARy and increased lipid levels inside the liver. In obese patients the
FABP levels are overexpressed (Charlton et al., 2009).

De novo lipogenesis (DNL) is another major pathway involved in hepatic lipid
metabolism. It enables the liver to produce the lipids from acetyl CoA. The first step of DNL
is the conversion of acetyl CoA to the malonyl CoA and the enzyme responsible for this
conversion is acetyl CoA carboxylase (ACC). Malonyl CoA is then converted from palmitate
by the action of fatty acid synthase (FAS). The newly formed fatty acid undergoes a series of
modifications and finally it is either stored as TG or transported as VLDL (Ipsen et al., 2018).
The increased DNL leads to hypertriglyceridemia and the formation of saturated fatty acids
like palmitate; it can act as a precursor for the initiation of inflammation and apoptosis
(Listenberger et al., 2003). The central player of the genesis of fat accumulation and fatty liver
disease is the uncontrolled DNL. The transcription factors involved in the regulation of DNL
are sterol regulatory element binding protein 1c (SREBP1c) and carbohydrate regulatory
element binding protein (ChREBP). SREBP1c is activated by insulin while ChREBP is
activated by carbohydrates (Sanders and Griffin, 2016). One of the studies reported that the TG
levels were increased by the overexpression of SREBP1c (Kohjima et al., 2007). Furthermore,
SREBP1c contributes to the development of insulin resistance through the increased
production of harmful lipids like diacylglycerol, it causes the inhibitory effects on insulin
signaling and also increases the lipogenesis. After the entry of fatty acid into the liver it either
enters into the TG synthesis or is stored or it undergoes f-oxidation and produces energy
(Bechmann et al., 2012). Fatty acids and their metabolites are the active participants in the
lipotoxicity and which activates ROS production in hepatocytes.

TGs are the storage form of lipids in the liver and are also processed to form VLDL
(Neuschwander-Tetri, 2010). The major enzymes involved in the synthesis of TG are

mitochondrial glycerol-3-phosphate-acyltransferase (mtGPAT) and diacylglycerol acyl
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transferase (DGAT) (Coleman and Lee, 2004). This is controlled by SREBP1c and ChREBP
which link lipid and glucose metabolism (Postic and Girard, 2008). DGAT has two isoforms
in mammals and it forms TG from diacylglycerol (Wang et al., 2010). The expression of
DGAT?2 is very high in the liver while DGAT1 is dominantly expressed in adipocytes and
intestine (Cases et al., 2001). One of the studies reported that patients with fatty liver possess
an increased level of DGAT?2 but an unaltered level of DGATL1 expression. This data indicates
the importance of DGAT2 in the development of fatty liver diseases (Wang et al., 2010).
Meanwhile fatty acid oxidation is the one of the catabolism of fatty acids and it generates
energy. Acetyl CoA synthase is the enzyme responsible for the production of the initial
molecule of this pathway. Acetyl CoA is the activated form of fatty acids and it then enters into
the oxidation process. The prime organelle for the f-oxidation is the mitochondria and the
protein responsible for its transport is carnitine palmitoyltransferase 1(CPT1). During the fed
state the fatty acid oxidation is reduced and the DNL is up-regulated (Akkaoui et al., 2009)
(Fig: 4.1). 3-hydroxy-3-methyglutaryl-coenzyme A (HMG-CoA) is the major enzyme involved
in cholesterol biosynthesis. Furthermore, the liver is the major tissue in which the FGF-21 is
abundantly expressed. It functions as a hormone, it is activated during fasting conditions and
regulates lipid and carbohydrate metabolism (Ding et al., 2012). FGF-21 enhances the fatty
acid oxidation in the liver and also increases the rate of TCA cycle (Markan et al., 2014). It
also enhances the hepatic insulin sensitivity and thereby increases the hepatic glucose disposal

(Badman et al., 2009). Through this way it maintains a glucose homeostasis.
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Figure. 4.1 Effect of hyperinsulinemia on hepatic lipid metabolism

Furthermore, dipeptidyl peptidase- 4 (DPP4) is one of the interesting target therapies in
both diabetes and liver disease. As compared to other tissues, the DPP4 expression is very high
in hepatocytes (Kawaguchi et al., 2011). The function of this enzyme is the inhibition of the
incretin hormones like glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic
polypeptide (GIP) (Lovshin and Drucker, 2009). GLP-1 reduces body weight and increases
insulin secretion (Mudaliar and Henry, 2010). DPP4 is also called CD24. One of the studies
reported that in HepG2 cells during high glucose concentrations, the level of DPP4 increases
(Pazhanivel and Jayanthi, 2010). So inhibitors of DPP4 is an effective strategy to reduce
diabetic complications such as hyperglycemia (Lovshin and Drucker, 2009; Kawaguchi et al.,
2011). These inhibitors are more specific for DPP4 and it causes a noticeable decrease in DPP4
levels thereby increasing the incretin levels. Through this way, DPP4 inhibitors stimulate
insulin secretion (Mulvihill, 2018) and can reduce hepatic glucose production by producing
glucagon (Trzaskalski et al., 2020). DPP4 inhibitors relatively reduced the risk of
hypoglycemia and facilitates the glucose dependent incretin based insulin release. Furthermore,
recent studies proved that DPP4 is a novel biomarker of NAFLD. Several reports suggested
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that the circulating levels of DPP4 are directly proportional to the occurrence of NAFLD (ltou
etal., 2013). In addition to this, DPP4 initiates inflammation in the liver through the activation

of several cytokines and chemokines (Klemann et al., 2016).

Hepatic inflammation is another major factor for development of liver diseases. Low
grade inflammation is one of the common factors for the pathogenesis of many metabolic
diseases like diabetes, obesity and NAFLD. In low-grade inflammation, the level of cytokines
such as TNF-a and interleukin (IL)-6 were significantly increased which will increase the ROS
production. In addition to this, development of chronic low grade hepatic inflammation could
result in the genesis of insulin resistance in the liver (Hsieh and Hsieh, 2011). Furthermore,
increased fat accumulation inside the liver leads to hepatocyte damage and activating
inflammatory response (Del Campo et al., 2018). Activated inflammation aggravates the

disease progression and also acts as feedback for the further activation of inflammation.

4.2 Materials and methods

4.2.1 Chemicals

Vanillic acid, metformin, DMSO, RIPA buffer, protease inhibitor and Oil Red O stain were
purchased from Sigma Aldrich (St Louis, USA). Isopropanol and formaldehyde were from
SRL (Mumbai, India). Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum
(FBS), 0.5% trypsin - ethylene diamine tetra acetic acid (Trypsin-EDTA) and pencillin-
streptomycin antibiotics were from Gibco-BRL Life Technologies (Grand Island, USA).
FABP, PPARY, PKC, ACC, p-ACC, FAS, SCD1, HMG CoA reductase and B-actin antibodies
were obtained from Santa Cruz Biotechnology (Dallas, USA). SREBP1c, FGF-21 and all other
secondary antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA).
Recombinant human insulin was from Merck (USA). The remaining chemicals used were of

analytical grade.
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4.2.2 Cell culture and induction of hyperinsulinemia created insulin

resistance
HepG2 cells (NCCS, Pune) were maintained in DMEM supplemented with 10 % FBS, 100

U/ml penicillin and 100 pg/ml streptomycin at 5 % CO, and 37 °C in an incubator. The HI
created insulin resistance was induced according to the previous method (Jung et al., 2017).
Briefly, when the cells reached the 80 % confluence, the cultures were exposed to 1 pM human
insulin for 24 hrs to induce insulin resistance, simultaneously the cells were subjected to
corresponding treatments with 1 % serum-containing media.

Experimental groups:

C - Control

IR - Hyperinsulinemia created insulin resistance (1 pM human recombinant insulin)
VAl -IR+5uMVA

VA2 -IR+10uM VA

M - IR + Metformin (1 mM)

The VA and metformin were co-treated with HI induced insulin resistance for 24 hrs in the

experimental groups.

4.2.3 Oil Red O staining

Briefly, after respective treatments the cells were washed with PBS and fixed with the fixing
solution for 1 hr at RT. After fixing, the remaining fixing solution was aspirated off and the
cells were washed with the distilled water. Then the permeabilization solution was added and
kept for 5 min at RT. Stock solution of oil Red O staining solution is prepared before the
initiation of the experiment. For the preparation of the stock of stain, 30 mg of the same was

mixed with 10 ml of dH.0 and incubated overnight at 37 °C. From this, the working solution
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was prepared in 3:2 ratios by adding 3 ml of stock solution into the 2 ml of distilled water. This
solution is kept for 10 min at RT and filtered using a Whatman No.1 filter paper. After the
removal of permeabilization solution, the cells are then subjected to appropriate volume of
staining solution and incubated for 5 min at RT. Then the cells were washed with distilled water
for 3 times and observed under a microscope. The lipid accumulation was quantified by
extracting the absorbed dye using 100 % isopropanol. The absorbance was measured at 500

nm using isopropanol as blank.

4.2.4 Analysis of hepatic fatty acid uptake

The hepatic fatty acid uptake during HI created insulin resistance conditions were evaluated by
analyzing the expression levels of main proteins involved in the fatty acid uptake. The major
proteins involved in this pathway like FABP, PPARy and PKC were analyzed by western blot.
The expression levels of these proteins were analyzed from the densitometric data calculated

using Image J software (for details, please refer to section 4.2.11).

4.2.5 Analysis of hepatic de novo lipogenesis cholesterol biosynthesis
The expression level of ACC, p-ACC, FAS, SCD1, SREBP1c, HMG CoA reductase and FGF-

21 proteins during insulin resistance condition were analyzed by western blotting (for details,

please refer to section 4.2.11).

4.2.6 Triglyceride accumulation assay

TG was estimated by Cayman triglyceride estimation kit (Cayman chemicals, MI, USA). The
kit utilizes the action of lipase, which breaks down the TG into fatty acid and glycerol. The
glycerol undergoes several reactions and finally produces a purple colored product. For this,
after treatment the cells were washed and lysed by sonication with the diluted standard diluent

in the kit. Then 10 pl of cell lysate and standards were added to respective wells for both
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standard and samples. Then it was mixed with 150 pl of enzyme buffer and mixed well. After

that the plate was incubated for 30 min at 37 °C. Then the absorbance was measured at 540 nm

4.2.7 Diacylglycerol-O-Acyltransferase Homolog 2 activity assay

The DGAT-2 activity was measured by using the human diacylglycerol-O-acyltransferase
homolog 2 ELISA kit (Mybiosource, USA). It is a sandwich enzyme immunoassay used for
the in vitro quantitative measurement of DGAT-2 in human tissue, cell lysate or other
biological fluids. Briefly, for this assay the cells were cultured in a 6-well plate. After respective
treatment the cells were washed with PBS and the cells were made to detach by adding 1 ml of
10X trypsin to each well. Then the cells were collected by centrifugation (1500 x g for 10 min
at 4 °C) and washed 3 times with PBS. Then the cells were dissolved in ice cold PBS and
subjected to ultra-sonication for 4 times. After that the cell supernatants were collected. Then
2.0 ml of standard diluent was added to the standard solution (10 ng/ml; provided in the kit)
and diluted the standard. Then the seven concentrations of standard (10 ng/ml, 5 ng/ml, 2.5
ng/ml, 1.25 ng/ml, 0.625 ng/ml, 0.312 ng/ml, 0.156 ng/ml, and 0 ng/ml) were prepared. Then
100 pl of each diluted standard and samples were added to respective pre-coated wells provided
in the kit. Then the plate was incubated for 90 min at 37 °C. After incubation, the retaining
solution was removed from each well and 100 pl of detection solution was added to each well.
Then it was incubated for 45 min at 37 °C. Then a 300 pl wash buffer (provided in the kit) was
added to each well. After 1-2 min, the solution was removed and tapped the plate on an
absorbent paper. Then 100 ul of detection solution B was added to each well and incubated for
45 min at 37 °C and repeated the wash procedure described above for 4 times. Then 90 pl of
substrate solution was added to each well and incubated for 25 min at 37 °C. Finally, 50 pl of
stop solution was added to each well and the colour was turned yellow. The absorbance was

measured at 450 nm using a microplate reader.
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4.2.8 DPP4 inhibition assay

Screening of DPP4 was carried out by using the DPP4 inhibitor screening assay kit from
Abcam, UK. It is a fluorescent based method for screening the DPP4 inhibitors. For this assay
the sample (compound; VA) was dissolved in DMSO and added different concentrations of
sample to each well with a final volume of 10 pl. Then wells in the plate were classified as 100
% activity wells, background wells, sitagliptin positive control wells, and sample wells as per
the instructions from the manufacturer. Then 30 pl of assay buffer, 10 ul of diluted DPP4, and
10 pl of solvent were added to the three 100 % activity wells. Then 40 ul of assay buffer and
10 pl of solvent (DMSO) were added to the background wells and the 30 pl of diluted assay
buffer and 10 pl of diluted DPP4 and 10 pl of sitagliptin were added to the positive control
well. 30 pl of assay buffer, 10 ul of diluted DPP4, and 10 ul of different concentrations of
sample were added to each sample well. Then 50 pl of diluted substrate solution was added to
all the wells to initiate the reaction. The plate was covered with the plate cover and incubated
for 30 min at 37 °C. Then the fluorescence was read using an excitation wavelength of 350 nm

and an emission wavelength of 450 nm.

4.2.9 Estimation of inflammatory cytokines

Inflammatory cytokines such as IL6 and TNF-a were estimated in conditioned media using
indirect ELISA method. For this after treatments the culture media was collected. Then 100 pl
of culture media was added to the ELISA plates and incubated for overnight at 4 °C. Then the
solution was removed carefully and the wells were washed 3 times with PBS. Then 200 pl of
blocking buffer (5 % nonfat milk) was added to the wells and incubated for 1hr at RT. After
washing 3 times with PBS, then 100 pl of specific primary antibodies (1:1000) for IL6 or TNFa
were incubated for 2 hrs at RT. The plates were washed 3 times with PBS and treated with

HRP-conjugated secondary antibodies (1:1000). Then 100 pl of TMB substrate solution was
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added and incubated for 30 min at RT on the shaker in the dark. Then 100 pl of stop solution

was added and read the absorbance at 450 nm in a multimode reader.

4.2.10 NF-kB (p65) transcription factor activity assay

NF-xB transcription factor activity was determined by using Cayman NF-kB (p65)
transcription factor assay kit (Cayman chemicals, USA). It is a sensitive and non-radioactive
method used for detecting specific DNA binding activity of NF-kB in nuclear extracts. This kit
is based on an ELISA method and an ideal way to measure NF-«B transcription activity assay
but is not cross reactive with p50. In this assay, the microplate provided in the kit is
immobilized with a specific double stranded DNA sequence containing NF-kB response
element and detect the NF-kB by the addition of specific primary antibody. After treatment the
cells were collected by centrifugation at 12000 x g for 20 min. The cytoplasmic and nuclear
fractions were separated using a nuclear extraction kit (Cayman chemicals, USA). Then the
nuclear fractions containing NF-kB of 10 ul were added to respective wells and incubated
overnight at 4 °C. Then all the wells were washed with 100 pl of wash buffer. After that all the
wells except blank were added with 100 pl of NF-xB (p65) primary antibody and incubated for
lhrat RT. Then the wells were washed with a wash buffer and added 100 pul of HRP-conjugated
goat anti-rabbit secondary antibody to each well except blank. Then the plate was incubated
for 1hr at RT. The wells were again washed with a wash buffer and added 100 pl of developing
solution to all the wells. After that the plate was incubated for 30 min at RT with gentle
agitation. Next, 100 ul of stop solution was added to all the wells. Then the absorbance was
read at 450 nm in the microplate reader. The absorbance indicates the NF-xB (p65)

concentration in nuclear extracts.
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4.2.11 Western blot

Expression of various proteins involved in hepatic lipid metabolism such as FABP, PPARY,
PKC, ACC, p-ACC, FAS, SCD1, SREBP1c, HMG CoA reductase, and FGF-21 were studied
using western blotting. Cells were cultured in T-25 flask and after the respective treatments
with VA, protein was extracted from the cell lysate using cold RIPA buffer with protease
inhibitor cocktail (Sigma Aldrich, USA). After complete lysis of the cells, the cell suspension
was centrifuged at 12000 rpm for 15 min at 4°C and collected the supernatant. The protein
concentration of the supernatant was quantified using bicinchoniniacid (BCA) protein assay
(Pierce, Rockford, IL, USA) and normalized the protein content. The protein samples (25 pl)
were then run on an SDS-PAGE gel (10 %) (BioRad, Hercules, CA, USA), transferred at 25 V
for 15 min to PVDF membrane (Merck) using a trans blot apparatus (BioRad). After transfer,
the PVDF membrane was blocked with 3 % BSA in TBST for 1 hr at RT. Then it was washed
for 3 times with TBST for 10 min each and the membrane was probed with primary antibodies
against FABP, PPARY, PKC, ACC, p-ACC, FAS, SCD1, SREBP1c, HMG CoA reductase, and
FGF-21 (1:1000 dilution) in TBST and incubated for 2 hrs at RT with moderate shaking. The
membrane was washed thrice with TBST for 10 min. HRP-conjugated secondary antibody
(1:2000) was added and agitated for 90 min at RT. After three TBST washes, the membrane
was developed using ECL substrate (BioRad). The proportional thickness of bands was
measured using Image Lab software in the ChemiDoc system (ChemiDoc MP Imaging System,

Bio-Rad) assuming all bands were in the Beer-Lambert law region.

4.2.12 Statistical analysis

All analyses were carried out with sextuplicates and data are presented as mean + SEM for
control and treated cells. Data were subjected to ANOVA and further significantly different
pairs (p < 0.05) were identified using Duncan's multiple comparison test. The normality of the

variables was tested using the Kolmogorov Smirnov Z test and the variables were found to be
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approximately normally distributed. The significance was accepted at p <0.05. All calculations
were done using the Statistical Package for the Social Sciences for Windows standard version

20 (SPSS Inc., USA).

4.3 Results

4.3.1 Hyperinsulinemia enhanced the lipid droplet accumulation in HepG2

cells

During HI created insulin resistance, the lipid droplet accumulation was significantly (p <0.05)
increased, by 19.8 % compared to control. While VA of 5 uM and 10 puM concentrations
showed a noticeable decrease in lipid droplet formation by 11.6 % and 16.7 % respectively
compared with the HI treated group (Fig: 4.2A & Fig: 4.2B). It was less in metformin treated
cells as compared to IR cells. In metformin treated cells the eluted Oil red O concentration was

decreased significantly (p < 0.05) to 23 % compared to IR cells (Fig: 4.2 & Fig: 4.2B).
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Figure. 4.2 Lipid droplet accumulation. (A) Oil Red O staining assay. (B) Quantification of lipid accumulation.
C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR +
10 puM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean + SEM where n=6. * indicates
that the mean value was significantly different from control cells (p < 0.05). # indicates the mean value was

significantly different from IR cells (p < 0.05). Scale bar correspondence to 50 um.

4.3.2 Effect of hyperinsulinemia on fatty acid uptake

There was also a significant increase in the expression of major proteins involved in hepatic
fatty acid uptake. The main proteins in this pathway like FABP, PPARy and PKC were up-
regulated by 58.6 %, 142.4 % and 173.8 % (p < 0.05) respectively in the IR group compared
to control cells (Fig: 4.3A & Fig: 4.3B). Treatment with VA of both concentrations like 5 uM
and 10 uM significantly (p < 0.05) down-regulated the expression of these proteins. VA
decreased the expression of FABP by 44.4 % and 79.8 % respectively. Meanwhile VA dose
dependently reduced the expression of PPARYy by 49.9 % and 86 % respectively (Fig: 4.3A &
Fig: 4.3B). Simultaneously, 5 uM and 10 uM concentrations of VA decreased the expression
of PKC by 17.3 % and 32.2 % respectively. Metformin treatment also significantly reduced the
expression of FABP and PPARYy by 130.2 % and 71.9 % (p < 0.05) respectively and also down-

regulated the expression of PKC by 62.5 % (Fig: 4.3A & Fig: 4.3B).
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Figure. 4.3 Effect of insulin resistance in free fatty acid uptake. (A) After VA co-treatment the cells were
lysed, FABP, PPAR-Y, PKC and B-actin expression were analyzed by western blotting. (B) Densitometric
quantification of FABP, PPAR-Y, PKC normalized to B-actin. C - control cells; IR - hyperinsulinemia created
insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 yuM vanillic acid; M - IR + metformin (1
mM). Each value represents the mean + SEM where n=6. * indicates that the mean value was significantly

different from control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p <

0.05).

4.3.3 Hyperinsulinemia created insulin resistance up-regulates the hepatic
lipogenesis

To evaluate the effect of HI on DNL as well as cholesterol biosynthesis, | studied the proteins
involved in these pathways in the liver. Western blot data indicated that during HI created
insulin resistance the expression levels of all major proteins in DNL such as p-ACC, FAS,
SCD1 and SREBP1c levels were significantly increased compared to control. The level of p-
ACC, FAS, SCD1 and SREBP1c were up-regulated significantly (p < 0.05) in HI conditions
by 40.5 %, 132.5 %, 138.9 % and 33.7 % respectively compared to control (Fig: 4.4A & Fig:
4.4B). VA and metformin treatments also down-regulated the enzyme expression significantly
compared to IR group. The increased expression of p-ACC during hyperinsulinemic condition
was significantly decreased by VA of both concentrations (5 uM; 27.6 % and 10 uM; 27.9 %;

p <0.05) (Fig: 4.4A & Fig: 4.4B). Meanwhile, treatment of cells with two concentrations of
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VA (5 uM and 10 uM) significantly reduced the FAS expression (p < 0.05; Fig: 4.4A & Fig:
4.4B) by 60.2 % and 93.3 % respectively. Furthermore, the increased levels of both SCD1 and
SREBP1c in HI conditions were reversed by VA with decreased expression of these proteins.
VA dose dependently reduced the SCD1 expression by 37.4 % for 5 uM and 38.9 % for 10 uM
respectively. Simultaneously, VA of 5 uM and 10 uM concentrations significantly (p < 0.05)
decreased the level of SREBP1c by 30.6 % and 71.4 % respectively (Fig: 4.4A & Fig: 4.4B).
While metformin (1 mM) treatment significantly (p < 0.05) reduced the expression of all the
proteins in the DNL such as p-ACC, FAS, SCD1 and SREBP1c by 27.9 %, 69.6 %, 42.4 %,

47.7 % compared to IR group (Fig: 4.4A & Fig: 4.4B).

Furthermore, the expression of the major enzyme responsible for the cholesterol
synthesis is also studied. HI significantly (p < 0.05) increased the expression of HMG CoA
reductase by 128.4 % compared to control (Fig: 4.4A & Fig: 4.4B). Also VA (5 uM and 10 uM
concentrations) and metformin (1mM) treatments significantly (p < 0.05) down-regulated the
level of HMG CoA reductase by 12.7 %, 57.5 % and 122 % respectively. Next | checked the
protein level expression of FGF-21 in HI created insulin resistant cells and found that during
HI the expression levels of FGF-21 was decreased by 40.7 % compared to control (Fig: 4.4A
& Fig: 4.4B). At the same time, the VA treatment significantly (p < 0.05) increased the
expression of FGF-21 to 23.6 % and 24.3 % for 5 uM and 10 uM of VA. Metformin treatment

also significantly (p < 0.05) increased the FGF-21 levels by 13.9 % compared to the IR group.
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Figure. 4.4 Hepatic lipogenesis. (A) After VA co-treatment the cells were lysed, p-ACC, ACC, FAS, SCD-1,
SREBP1c, HMG CoA reductase, FGF-21 and B-actin expression were analyzed by western blotting. (B)
Densitometric quantification of p-ACC, ACC, FAS, SCD-1, SREBP 1c, HMG CoA reductase, FGF-21
normalized to - actin. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5 uM
vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Each value represents the mean *
SEM where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). #

indicates the mean value was significantly different from IR cells (p < 0.05).

4.3.4 Hyperinsulinemia enhanced the triglyceride accumulation and DGAT -
2 activity in hepatocytes

During HI conditions the TG accumulation was increased drastically (163.4 %) as compared
to control cells. Meanwhile, with VA, the level of TG was reduced significantly (p < 0.05) by
98.3 % and 147.2 % for 5 uM and 10 uM concentrations respectively compared to IR cells
(Fig: 4.5A). Metformin treatment also significantly (p < 0.05) decreased the TG accumulation

by 263.4 % compared to IR cells.

Furthermore, HI up-regulated the activity of DGAT-2 by 23.6 % compared to control. VA
caused a significant (p < 0.05) decrease in the DGAT-2 activity by 18.8 % and 21.8 % with 5
uM and 10 uM concentrations of VA respectively (Fig: 4.5B). Metformin treatment also

significantly (p < 0.05) reduced the DGAT-2 activity by 22.8 % compared with IR.
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Figure. 4.5 Effect of hyperinsulinemia on TG accumulation & DGAT?2 levels. (A) Estimation of triglycerides
in different groups. (B) DGAT-2 activity is analysed by DGAT-2 activity assay. C-control cells; IR -
hyperinsulinemia created insulin resistant cells; VAL - IR + 5 pM vanillic acid; VA2 - IR + 10 pM vanillic acid;
M - IR + metformin (1 mM). Values are expressed as mean £ SEM where n=6. * indicates that the mean value
was significantly different from control cells (p<0.05). # indicates the mean value was significantly different from
IR cells (p<0.05).

4.3.5 Effect of hyperinsulinemia on DPP4 inhibition

The increased concentrations of VA showed a significant (p < 0.05) increase in the DPP4
inhibition (Fig: 4.6). VA showed a dose dependent inhibition of DPP4 activity. The positive
control used in this assay showed an inhibition of 202.6 % with a concentration of 100 uM
(Fig: 4.6). Same time, the VA of 100 uM concentration showed an inhibition of DPP4 activity

by 143.17 %.
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Figure. 4.6 Determination of DPP4 inhibition. DPP4 inhibition capacity of VA. Evaluation of DPP4 inhibition
of VA. Different concentrations of vanillic acid (VAL-5 pM vanillic acid, VA2-10 pM vanillic acid, VA3-50 uM
vanillic acid, VA4-100 pM vanillic acid, VA5-200 uM vanillic acid, VA6-300 uM vanillic acid, VA7-400 pM
vanillic acid & VA8-500 uM vanillic acid) were used.

4.3.6 Effect of hyperinsulinemia in NF-kB transcription activity

The nuclear activity of NF-xB p65 was studied by ELISA (Fig: 4.7). In the HI treated group
the nuclear activity of NF-xB showed a significant increase (20.5 %). In VA treated groups,
the nuclear activity was decreased significantly (p < 0.05) in a dose dependent manner by 16.7
% and 27.7 % for 5 uM and 10 pM concentrations of VA compared to IR groups. The
metformin treated group also showed a significant (p <0.05) decrease in the NF-xB by 31.5 %

compared with the IR group.
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Figure. 4.7 NF-kB translocation during hyperinsulinemia. NF-kB translocation is analyzed by NF-«xB trans
location assay kit. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic
acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Each value represents the mean £ SEM where
n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). # indicates the mean

value was significantly different from IR cells (p < 0.05).

4.3.7 Hyperinsulinemia potentiate the progression of inflammation

HI induced the release of pro-inflammatory cytokines such as TNF-a and IL6 significantly (p
< 0.05) and treatment with VA and metformin decreased the secretion of cytokines. IL6 levels
were significantly increased (161 %; p < 0.05) in the IR cells compared to control (Fig: 4.8A).
On treatment with VA, the IL6 levels were found to decrease significantly (p < 0.05) by 22 %
and 45.8 % for 5 uM and 10 puM concentrations of VA respectively compared with the IR
group. Metformin showed a significant (p < 0.05) decrease of IL6 levels by 55.9 % compared
with IR cells (Fig: 4.8A).

In IR group the levels of the inflammatory cytokine TNF-a was increased significantly ( p <
0.05) by compared with control cells and on treatment with 5 uM and 10 uM concentrations of
VA and 1mM of metformin the level of TNF-a was decreased significantly (p <0.05 ) by 32.6

%, 48.7 % and 55.5 % respectively (Fig: 4.8B).
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Figure. 4.8 Hyperinsulinemia & inflammation. (A) IL6 activity is analysed by ELISA. (B) TNFa activity is
analysed by ELISA. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM
vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin (1 mM). Each value represents the mean +
SEM where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). #

indicates mean value was significantly different from IR cells (p < 0.05).
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4.4 Discussion

One of the essential organs necessary for the regulation of whole body lipid homeostasis is
liver (Ipsen et al., 2018). Meanwhile the adipose tissue is considered as the main organ
participating in the extra fat storage (Lee et al., 2018). Liver controls the synthesis of new fatty
acids, fatty acid exports and their redistribution to the various tissues as well as have a
prominent role in the utilization of fatty acids as energy source (Younossi et al., 2016). With
the help of various receptors, hormones, nuclear receptors and transcription factors, the liver
maintains a regulated lipid metabolism (Bechmann et al., 2012). Disturbances in any one of
these pathways resulted in the hepatic fat accumulation which finally results in the development
of fatty liver and obesity (Ipsen et al., 2018). Obesity is the main risk factor for the development
of many of the lipid metabolism disorders like hypertension, atherosclerosis, fatty liver disease,
as well as metabolic disease like insulin resistance and diabetes (Kawasaki et al., 2012).

Fatty liver condition develops only when an imbalance between the fatty acid uptake
and its disposal will take place. Four major pathways are involved in the regulation of these
processes (Ipsen et al., 2018). They are the circulating lipid uptake pathway, fatty acid
oxidation pathway, DNL, and export of lipids via VLDL formation (Ipsen et al., 2018). But the
molecular mechanism responsible for the excess fat accumulation in the liver is not fully
revealed. So in this chapter I have tried to explore the current insights to the major pathways,
protein expressions and exaggerated inflammatory cytokines during the HI created insulin
resistance. Also discussed the molecular mechanisms involved in the progression of NAFLD
in relation with hepatic lipid accumulation. In addition I also discussed the role of DPP4 on the
prevalence of NAFLD and also revealed the DPP4 inhibition potential of VA.

In the liver the fatty acid uptake takes place mainly through the fatty acid transporter
proteins (FATP) while a small amount of fatty acids were entered into the liver through passive

diffusion (Mashek, 2013). In hepatocytes, the major proteins involved in fatty acid transport
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are FATP, CD36 and caveolins (Koo, 2013). FATP has six isoforms in mammals. Among these
the predominant FATPs in hepatocytes are FATP2 and FATP5 (Doege et al., 2008). The
silencing of FATP2 in the liver resulted in the reduced uptake of fatty acid and decreased the
prevalence of hepatic steatosis. Recent reports suggest that overexpression of CD36 leads to
the increased hepatic fatty acid uptake and fatty acid accumulation which resulted in hepatic
steatosis. While silencing of the CD36 resulted in the reduced hepatic lipid accumulation.
These results revealed the importance of CD36 on hepatic lipid metabolism and its role in the
prevalence of NAFLD (Greco et al., 2008; Koonen et al., 2007; Wilson et al., 2016). Same
time, caveolins are mainly involved in both lipid uptake and formation of lipid droplets in the
liver (Koo, 2013). From our data it is clear that during HI created insulin resistance the lipid
accumulation inside the hepatocytes increased noticeably. HI created insulin resistant cells
showed a significant increase in the lipid droplet formation while our compound VA dose
dependently decreased the lipid droplet formation in hepatocytes and reduced lipid
accumulation. When the fatty acids enter inside the liver, it goes and binds to the FABPSs.
Attachment of fatty acids to FABPs is necessary for the shuttling of the lipids across the cell
organelles, because of the hydrophobic nature of lipids (Wang et al., 2015). In addition to this,
FABPs are also involved in the nuclear transport of PPARs. So concentrations of FABPs are
correlated with the activities of PPARs in hepatocytes (Wolfrum et al., 2001). One of the
studies reported that in NAFLD patients the level of FABP is increased and its level indicates
the increased deposition of fat in the liver (Higuchi et al., 2011). The obese peoples also have
the increased levels of FABPs (Charlton et al., 2009). | found that during HI created insulin
resistance conditions the expression of FABP were up-regulated significantly. This indicates
the severity of fat accumulation inside the liver. While the compound, VA dose dependently
decreased the FABP levels and reduced the fat accumulation in the HepG2 cells. Metformin

treatment also reduced the lipid storage in the liver by down-regulating the FABP expression.
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Hepatic protein kinase C helps to develop hepatic insulin resistance through the down-
regulation of insulin signaling (Loria et al., 2013). One of the studies revealed that the antisense
nucleotides against PKC noticeably reduced the clinical symptoms of metabolic syndromes
such as increased hepatic insulin resistance, increased hepatic TGs and up-regulated fasting
insulin levels. Here antisense nucleotides reduced the PKC expression by the activation of IRS2
activity through the phosphorylation (Samuel et al., 2007). In addition to this, one of the studies
reported that the diacyl glycerol content in the hepatic lipid droplets are strongly associated
with the activation of PKC in the liver (Samuel et al., 2007). Here also, in our data it is clear
that in HI created insulin resistance condition the PKC expression was increased. With this
data | suggested that this is one of the reasons for the inhibition of the insulin signaling pathway
during HI condition and also develops the insulin resistance in HepG2 cells. It also increased
TG accumulation in the liver. It has been proved that free fatty acids are the inducers of the
insulin resistance and activation of PKC is the main contributor for the genesis of insulin

resistance in the liver (Dey et al., 2006; Roden, 2006).

Furthermore, DNL is another major fatty acid uptake pathway found in the liver. It is
the lipid synthesis pathway of the liver in which the liver releases the lipids into the
bloodstream. The initial molecule entering into DNL is the acetyl CoA, it undergoes numerous
chemical reactions carried out by different enzymes such as ACC, p-ACC, FAS and SCDL.
The first step of DNL is carried out by the enzyme ACC which condenses acetyl CoA to
malonyl CoA (Goedeke et al., 2018). ACC have two isoforms in the mammals in which ACC1
is abundantly seen in the lipogenic tissues like liver, adipose tissue and lactating mammary
glands (Goedeke et al., 2018). ACCL1 is located on the cytoplasm of the hepatocytes and it is
responsible for the first committed step of DNL. In contrast, the function of mitochondrial

ACC2 is the decreased fatty acid oxidation (Goedeke et al., 2018).
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Genetic and pharmacological studies revealed that inhibition of the ACC results in the lowering
of liver TGs through the increased fatty acid oxidation (Tong et al., 2006). Here | also found
that the p-ACC 1 levels are up-regulated in HI and it increases TG synthesis in hepatocytes.
But the compound VA could significantly reduce the expression of p-ACCL. In hepatic insulin
resistance conditions, the lowering the expression of ACC1 using antisense technology results
in the noticeable reductions in hepatic TG levels, hypertriglyceridemia and reversal of hepatic
insulin resistance (Savage et al., 2006).

Furthermore, | have performed a set of western blots analyses to assess the expression
levels of major proteins in the DNL as well as fatty acid uptake. The data obtained from these
analyses demonstrated that in HI treated insulin resistant cells both the fatty acid uptake and
the DNL were increased noticeably. The main contributor to fat accumulation in NAFLD
patients is the increased rate of hepatic DNL (Donnelly et al., 2005). Here | also analyzed the
proteins such as ACC/p-ACC, FAS, SCD1, SREBPI¢, PKC and PPARY and I found that the
inhibition of these proteins by the treatment with VA significantly reduced the TG synthesis
and lipid accumulation. Through this way VA will decrease hepatic insulin resistance and fat
accumulation in HepG2 cells. With these findings | found that VA has a potential to inhibit
hepatic lipid accumulation. ACC1 enzyme catalyzed the rate limiting step of the DNL so
pharmacological inhibition of ACC1 is an effective treatment for both the NAFLD and obesity.
It is carried out mainly through the inhibition of DNL and activation of fatty acid oxidation. In
addition to this, inhibition of hepatic ACC also has an effective therapeutic benefit for the
treatment of hyperglycemia in diabetes and NAFLD (Goedeke et al., 2018). The key
components for the development of hepatic insulin resistance are the excess TG storage and
increased FFA uptake (Loria et al., 2013). The end result of the alterations in the whole body
lipid homeostasis are the HI, hyperglycemia and failure of adipose tissue to store the FFAs.

Paradoxically this results in the release of FFA into the circulation and the liver starts to
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increase the gluconeogenesis and DNL (Loria et al., 2013). Our data is consistent with the
above findings that, in HI created insulin resistant HepG2 cells, the TG accumulation was
increased significantly and simultaneously the level of DGATZ2 enzyme is also up-regulated.
DGAT?2 is the final protein involved in the conversion of diacylglycerol to triacylglycerol. So
the amount of TG is directly proportional to the amount of DGAT2 enzyme. In our study also
both the levels of TG and DGAT2 were increased in HI created insulin resistance cells while
VA treatment dose dependently reversed the condition by down-regulating DGAT2 and which
reduced TG production.

Not only in the lipid metabolism but also in the synthesis of DPP4 liver have a
prominent role. DPP4 is an endopeptidase and a well characterized inhibitor of gastrointestinal
peptides (Deacon, 2019; Mulvihill and Drucker, 2014). So inhibition of DPP4 is necessary for
the increased release of hormones from islets of Langerhans and also it is an effective treatment
for hyperglycemia in T2DM patients (Nauck and Meier, 2019). In addition to this, increased
levels of DPP4 has a positive role in the genesis of both obesity and NAFLD (ltou et al., 2013).
One of the studies reported that in NAFLD patients the level of DPP4 is increased and it has a
strong correlation with liver fat content (Baumeier et al., 2017). DPP4 activates several
cytokines and chemokines which have a noticeable impact on the genesis of inflammation
(Klemann et al., 2016). It has been reported that the levels of IL6 and TNF-a were reduced in
livers of DPP4 deficient mice (Varin et al., 2019). Evidence suggests that DPP4 activates NF-
kB through the interaction with caveolins-1 (Trzaskalski et al., 2020). Furthermore, the main
mediators of insulin resistance are the IL6, TNF-a, and NF-kB (Ipsen et al., 2018). IL6 is a
major pro-inflammatory cytokine and its expression was increased drastically in NAFLD
patients which results in systemic insulin resistance (Samuel et al., 2007). One of the studies
reported that the expression levels of IL6 in hepatocytes is selectively induced by the increased

FFAs and it is linked to the hepatic inflammatory response (Yamaguchi et al., 2007). Here |
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found that HI causes the genesis of inflammation through the drastically increased release of
the levels of pro-inflammatory cytokines such as TNF-a, IL6 and NF-«kB. This indicates the
initiation of the inflammation process. VA treatment significantly reduced the levels of all these
pro-inflammatory cytokines and protected the cells from inflammation created in obesity
during HI. Recent research revealed that the down-regulation of inflammation results in the
reduced dyslipidemia, insulin resistance, obesity and fatty liver diseases (Trzaskalski et al.,
2020). The occurrence of obesity is the prime factor for the development of inflammation as
well as obesity is the chronic inflammation disease (Kawasaki et al., 2012). One of the studies
reported that the DPP4 inhibitor treated mice showed a decreased liver fat content, reduced the
markers of inflammation and it also improved the glycemic parameters. Besides this, DPP4 has
a positive correlation with the plasma glucose concentration and HbAlc levels (Ryskjaer et al.,
2006). So the regulation of DPP4 using inhibitors is approved for the treatment of
hyperglycemia and associated complications in T2DM. Also, the potential of DPP4 inhibitor
substrates may have beneficial effects on liver metabolism (Gallwitz, 2012) while it also
reduced risk of development of hypoglycemia (Trzaskalski et al., 2020). With these findings
here | have screened VA for DPP4 inhibition activity. From cell free screening analysis data,
it is evident that VA has a prominent potential for inhibiting the DPP4. These findings solidify
the need for further evaluation of DPP4 inhibitory potential of compound in cell based assay.
There are pathways leading from T2DM to NAFLD and returning from NAFLD to
progression of T2DM (Loria et al., 2013). Fatty liver is the major determinant of the
progression of T2DM however once the T2DM is developed not only it will contribute to fatty
liver disease but also helps for the progression of other severe liver damages like NASH,
cirrhosis and hepatocellular carcinoma (Loria et al., 2013). Although the incidence of obesity
increases day by day and the current treatment against obesity and its related diseases remain

limited (Cao, 2010). So there is an urgent need to understand the molecular mechanism behind
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the development of obesity related problems in the liver. While considering the emerging
problem, our study provides some interesting findings that HI increased the DNL and fatty acid
uptake in HepG2 cells. Furthermore, | also found that they were the key determinants for the

progression of both obesity and obesity related problems like NAFLD and inflammation.
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Chapter 5

Repercussion of hyperinsulinemia on
mitochondria and ER- mitochondria calcium
signaling in HepG2 cells

5.1 Introduction

Obesity, T2DM and prediabetes partially, are the major insulin resistant states. During hepatic
insulin resistance, the glucose production and lipid synthesis is increased (Bazotte et al., 2014).
The end result of increased glucose production is the genesis of hyperglycemia (Barrena et al.,
2014). Insulin has different metabolic actions in different tissues such as liver, skeletal muscle,
adipose tissue etc (Kim et al., 2008). This explains the importance of insulin resistance in the
prevalence of many metabolic diseases (Kim et al., 2008). Liver plays an inevitable role in both
glucose and lipid metabolism (Kim et al., 2008). The hepatocytes are enriched with
mitochondria and hepatic mitochondria have some uniqueness compared with other organ’s
mitochondria (Degli Esposti et al., 2012). Hepatic mitochondria act as a hub for the integration
of lipid, carbohydrate and protein metabolism. The primary need of each cell in our body is
energy and the glucose is the main energy providing substrate in our body. So both glucose and
lipid metabolism is largely depending on the mitochondria (Kim et al., 2008). Mitochondria is
the energy manufacturing factory of cells. The metabolic regulation of cells depends on the
mitochondria, which produce energy in the form of ATP by metabolizing the nutrients. The
metabolic pathways exclusively taking place inside the mitochondria include Krebs cycle and
B-oxidation (Kim et al., 2008). However, mitochondria are the center for the calcium (Ca?*)
homeostasis also. Apart from this, mitochondria are not only the energy reservoir of all the

cells but also determine the life span of the cells by regulating the apoptosis. The main decision
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making part of the mitochondria for the transition from survival to death is it's membrane
permeabilization. The compartmentalization of mitochondria is carried out by the presence of
outer and inner mitochondrial membranes. The location of electron transport chain (ETC) is in
the inner mitochondrial membrane. Glycolysis and Krebs cycle or f-oxidation are the major
pathways that provide reducing equivalents and give electrons for the synthesis of ATP. The
proton gradient across the membrane is the driving force for the synthesis of ATP. So
mitochondrial dysfunctions are the initiating event for many of the pathological conditions
(Mantena et al., 2007). Furthermore, it has been reported that mitochondrial dysfunctions are
closely associated with the insulin resistance in many of the tissues such as muscles, liver, fat,
heart and pancreas (Fabbrini et al., 2010; Green et al., 2011). So both insulin resistance and
mitochondrial dysfunctions are the main players behind the genesis of many metabolic
diseases. Many of the liver diseases are initiated due to the excess accumulation of damaged
mitochondria. One of the cell organelle normally produces ROS in smaller amounts as a result
of oxidative phosphorylation is the mitochondria. When the cells are exposed to excess
nutrients like glucose and lipids the mitochondrial substrates level becomes increased and
results in excess ETC activity (Degli Esposti et al., 2012). Greater ETC results in the excessive
electron leakage and the electrons partially oxidize the oxygen (Hamanaka and Chandel, 2010;
Nohl et al., 2005). The end result of this mechanism is the enormous superoxide production. In
continuation with chapter 2, during hyperglycemic conditions the OS is initiated as a result of
HI. I have already found in my first chapter that, in HI the OS increases the lipid peroxidation
and protein alkylation. The increased ROS will definitely affect the antioxidant system of the
cells. Apart from this, increased ROS affect the mitochondria by down-regulating the MnSOD
levels, aconitase, decreased glutathione levels and alterations in respiratory chain complexes.
Furthermore, mitochondria have an essential role in both glucose and lipid metabolism. The

last step of glycolysis is carried out by the enzyme pyruvate dehydrogenase and the location of
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this protein is in the mitochondria. The end product of this reaction is the formation of acetyl
CoA and CO.. Role of mitochondria in lipid metabolism is the presence of certain proteins
involved in both lipid catabolism and anabolism. The enzymes like carnitine palmityl
transferase | and 11 (CPT I and Il) are seen in the mitochondrial outer and inner membrane. In
the liver they are responsible for the transport of acyl CoA (Degli Esposti et al., 2012). Liver
mitochondria is also involved in protein metabolism. All the proteins involved in the
detoxification of both ammonia and urea synthesis are exclusively present in the liver
mitochondria (Degli Esposti et al., 2012). Many reports revealed that excess amount of
structurally and functionally abnormal mitochondria like mega mitochondria were present in
diabetic, obese and fatty liver patients (Begriche et al., 2006). In order to overcome these
pathologies and maintain the mitochondrial integrity the hepatocyte mitochondria adopted
some mechanisms. These mechanisms include removal of damaged mitochondria, increased
mitochondrial biosynthesis, regulation of energy metabolism and decreased inflammation and
cell death. The major regulator of mitochondrial biogenesis is the peroxisome proliferator-
activated receptor-Y" coactivator (PGC)-1a. (Scarpulla, 2011). In addition to biogenesis PGC-
la is also involved in most of the metabolic pathways in the liver such as gluconeogenesis,
fatty acid oxidation and ketogenesis (Handschin et al., 2005; Puigserver et al., 2003). AMP-
activated protein kinase (AMPK) and sirtuin 1 (SIRT1) are the other main participant proteins

in the biogenesis of mitochondria.

Apart from this, the liver is involved in the important metabolic secretory and excretory
functions in the body to maintain the whole body homeostasis. Hepatocytes are the major cells
in the liver responsible for VLDL formation for the synthesis and maintenance of plasma
proteins such as albumin, coagulation factors etc. However, they are also involved in the
processes like cholesterol synthesis, lipogenesis, Ca?* homeostasis, glucose and xenobiotic

metabolism. In order to perform these wide range of functions, the hepatocytes are enriched
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with both rough and smooth ER (Wang and Kaufman, 2016). It has been revealed that the
mitochondrial dysfunction and the ER stress are independently interrelated and it is developed
due to the loss of insulin signaling and unwanted lipid synthesis (Rieusset, 2017). Each organ
has independent function and each organelle stress has a prominent role in the prevalence of
various metabolic diseases such as obesity, T2DM and fatty liver disease like NAFLD
(Rieusset, 2017). Mitochondrial dysfunction affects the insulin signaling and its secretion via
the activation of OS or imbalanced lipid metabolism (Rieusset, 2017). Likewise, the ER stress
creates many adverse effects through the initiation of UPR. Meanwhile, both organelles
stresses are able to start the inflammation pathways (Hummasti and Hotamisligil, 2010). Like
the uniqueness of hepatic mitochondria, hepatic ER also shows an amazing capacity to adapt
the intracellular and extracellular alterations and preserve the vital hepatic metabolism.
Meanwhile, ER is involved in the UPR pathway for maintaining lipid as well as protein
homeostasis (Walter and Ron, 2011). UPR is engaged to decrease the protein load, improves
the protein folding and increases the protein quality through the activation of protein clearance
by an enhanced ER-associated degradation process (ERAD). During the activation of UPR the
three arms of UPR are activated; (i) inositol requiring enzyme 1(IRE-1a), (ii) activating
transcription factor 6 (ATF6), and (iii) PKR-like ER kinase (PERK). In normal condition all
these transmembrane ER proteins were attached into a chaperone glucose regulatory protein
78 (GRP78) and become inactive. When the accumulation of misfolded protein increases,
GRP78 is detached from these stress sensors and becomes active. In addition, a combination
of factors are involved in the UPR activation such as protein disulfide isomerase (PDI),
numerous chaperones, heat shock proteins etc. Upon activation, the IRE-1a activates its target
protein XBP1 which activates the components of ERAD, heat shock protein and increases the
phospholipid synthesis (Mohan et al., 2019). This finally results in the ER membrane

expansion, a major characteristic of UPR activation (Mohan et al., 2019). Meanwhile the
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activated XBP1 reduces the entry of proteins into the ER by degrading them using its RNase
activity. The activated IRE-1o and XBP1 simultaneously activate the TG synthesis and up
regulate the hepatic lipid synthesis (Mohan et al., 2019). ATF6 is a membrane protein and it
has two isoforms; ATF6a and ATF6p. During activation of ATF6, it enters into Golgi bodies
and undergo cleavage by proteases. The cleaved fragment is then targeted to the nucleus and it
regulates the gene expression (Nadanaka et al., 2004; Shen et al., 2002). The activated ATF6
also regulates the proteins involved in ERAD and activates the XBP1 also (Yoshida et al.,
2001). The third arm PERK is activated during the accumulation of misfolded proteins and the
activated PERK activates the elF2aq, it inhibits the mRNA translation (Blais et al., 2004). PERK
trans activates the ATF4 and is involved in the regulation of amino acid metabolism,
autophagy, and apoptosis (Cullinan et al., 2003; Harding et al., 2003). If the adaptive UPR
response is replaced by the chronic ER stress it becomes switched to cell death (Hetz et al.,
2015) through excessive production of pro-apoptotic Bcl2 proteins or increased Ca?* release
(Urraetal., 2013). Hepatic ER have a dominant role in lipid metabolism also. DNL in the liver
is controlled by ER localized transcription factor, SREBP1c. In addition to this, the enzyme
responsible for the TG synthesis (DGAT2) is also an ER localized protein. Furthermore, the
VLDL assembly takes place inside the ER before it is localized into Golgi. ER homeostasis is
essential for controlling hepatic and plasma lipid homeostasis and maintaining a membrane
lipid composition. Furthermore, the hepatic lipids have a crucial role in the Ca®* homeostasis
in initiating the ER stress. Ca?* is a versatile secondary messenger participating in numerous
cellular processes (Gao et al., 2018). The important cell organelle responsible for the storage
of Ca?" is the ER (Berridge et al., 2003). Studies revealed that the excess amount of Ca?* release
not only develops the mitochondrial dysfunctions and the ER stress but also creates hepatic

lipotoxicity (Egnatchik et al., 2014). One of the major pump responsible for the transport of
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Ca?* from cytoplasm to ER is sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA)

and it is located in ER (Lai et al., 2017; Zhang et al., 2014).

It is important that both ER and mitochondria are not considered as individual
organelles (Rieusset, 2017) because they are structurally and functionally interconnected and
transport the molecules across the ER and mitochondria. These contact sites are referred to as
mitochondria associated ER membranes (MAMs) (Giorgi et al., 2015; Marchi et al., 2014).
MAMs are involved in many important functions like lipid transport, apoptosis, Ca* signaling
and energy metabolism (Tubbs et al., 2014). The physical interaction in MAM is mainly due
to the presence of certain connector proteins. VVoltage-dependent anion channel (VDAC) is the
mitochondrial protein (situated in the outer mitochondrial membrane), it interacts with the ER
protein inositol 1,4,5-trisphosphate receptor (IP3R), (situated on the ER membrane) and to
form MAM. GRP78 is the connector protein which connects the VDAC with IP3R.
Furthermore, the transport of Ca?* from ER to mitochondria takes place through MAM
(Szabadkai et al., 2006). In addition to this numerous proteins has been identified in the MAM
junction, they are mammalian target of rapamycin 2 (mMTORC2), AKT, protein phosphatase
2A (PP2A) and phosphatase and tensin homolog (PTEN) etc. (Betz et al., 2013; Tubbs et al.
2014). Recent report suggested that the various proteins in the insulin signaling pathways were
also identified in the membrane of MAM (Tubbs et al., 2014). It was shown that the insulin
could modulate the IP3R action in the ER (Wang et al. 2012). One of the data revealed that the
specific silencing of MFN2 in hepatocytes is associated with hepatic insulin resistance. This
indicated that both the ER and mitochondria are the main actors for the energy metabolism and

their alterations lead to the development of hepatic insulin resistance (Vial et al., 2011).

It has been proved that ER- mitochondria miscommunication is one of the crucial factors for

the development of all metabolic diseases by promoting ER stress, mitochondrial dysfunction,
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altered Ca?" homeostasis and lipid accumulation (Rieusset, 2017). So the understanding about
the importance of MAM in metabolic diseases and the targeting of MAM structure and function
might be an emerging area and it creates a new interesting way to improve the glucose and
lipid homeostasis in metabolic syndrome (Tubbs et al., 2014). MAM also has an important role
in UPR signaling. One of the studies reported that inhibition of MAM protein PACS2 destroyed
the MAM integrity and also created severe ER stress (Simmen et al., 2005). In addition to this
the loss of other MAM proteins such as sigma-1 receptor (SigR1), mitofusin2 (MFN2) and
cyclophilin D (CypD) can also initiate the ER stress (Rieusset et al., 2016; Sebastian et al.,
2012). Recently there is little knowledge about the mitochondrial dysfunction, altered Ca®*
homeostasis and ER stress associated with altered insulin signaling. In addition to this, the
implication of MAM dysfunctions in insulin resistance are also unknown. So in this chapter |
have discussed the role of mitochondria and ER in the pathogenesis of HI created insulin
resistance. Here | focused on the role of Ca2* in the progression of HI created insulin resistance.
While | also attempted to study about the MAM and the involvement of MAM in the

pathogenesis of HI.

5.2 Materials and methods

5.2.1 Chemicals

Dimethylsulfoxide (DMSO), radioimmunoprecipitation assay buffer (RIPA buffer), and VA
were from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). JC1 dye, MitoSox, Mitotracker
Deep Red FM, Fura 2AM and Calcein AM were purchased from Invitrogen™ Fisher Scientific
(USA). Penicillin-streptomycin antibiotics, Dulbecco’s modified eagle’s medium (DMEM),
fetal bovine serum (FBS), and 0.5% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA)
were from Gibco-BRL Life Technologies (Waltham, MA, USA). Adenosine monophosphate

activated kinase (AMPK), phospho-AMPK (p-AMPK), peroxisome proliferator activated
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receptor y coactivator-1o (PGC-1a), sirtuin 1 (Sirt 1), fission 1 protein (FIS 1), optic atrophy 1
(OPA 1) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). mTORC, PTEN,
MFN 2, GRP75, CYPD, VDAC, p-IRE1, ATF6, p-PERK, p-elF2a, CHOP, XBP1, p-CAMII,
InsP3R, SERCA, JNK, GRP78, B-actin and all other secondary antibodies were from cell
signaling technology. Metformin was from SRL (Mumbai, India). Recombinant human insulin
and methanol were from Merck (Kenilworth, NJ, USA). The remaining chemicals used were

of analytical grade from SRL (Mumbai).

5.2.2 Cell culture

HepG2 cells from NCCS, Pune, were cultured in Dulbecco’s modified eagle’s medium
(DMEM) along with fetal bovine serum (FBS; 10 %) and antibiotics at 37 °C in a CO; incubator
with 5 % COzand 95 % air. Cells were allowed to reach 80 % confluency. Then the cells were
co-treated with high insulin (1 uM) in the presence and absence of different concentrations of

VA (5 uM and 10 uM) and metformin (ImM, positive control) in 1 % serum containing media.

5.2.3 Detection of mitochondrial superoxide

Mitochondrial superoxide production was evaluated with a MitoSoxTM (Merck, USA) kit. The
cells were treated with 5 mM mitosox and incubated for 20 min. After three washes with HBSS,
the bioimages were visualized using the bioimager system at 514 and 580 nm. Fluorescence

was measured with excitation at 514 nm and emission at 580 nm using the microplate reader.

5.2.4 Mitochondrial content

Estimation of mitochondrial content was determined by using a dye Mitotracker Deep Red FM.
Briefly after treatment the cells were incubated with 5 pM of Mitotracker Deep Red stain in

PBS at 37 °C for 30 min. Then the cells were subjected to washing with PBS for 3 times. Then
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it was visualised by fluorescent microscope (Nikon, Melville, NY) and measured the

fluorescent intensity at an excitation and emission wavelengths of 644 and 665 nm respectively.

5.2.5 Analysis of aconitase activity

After treatments, cells were subjected to trypsinization using 1 ml of 10X trypsin-EDTA as
previously and centrifuged at 800 x g for 10 min at 4 °C and the pellet was collected. The cell
pellet was resuspended in a 1 ml assay buffer. The cell suspension was centrifuged at 20,000 x
g for 10 min at 4 °C. Sample (cell supernatant) of 50 pl was added to the respective wells. Then
aconitase nicotinamide adenine dinucleotide phosphate (aconitase NADP) (50 ul) reagent and
aconitase isocitrate dehydrogenase solution (50 pl) were added along with 50 pl of substrate.
The absorbance was measured at 340 nm for 30 min at 37 °C. The change in absorbance/min

was determined and reaction rate was calculated.

5.2.6 Mitochondrial membrane potential (Aym)

After treatments with VA, the medium was changed and the cells were stained with JC-1 stain
(Merck, USA) for 20 min at 37 °C. In normal cells, the JC-1 dye accumulates inside the
mitochondria and forms JC-1 aggregates and gives a red fluorescence. Distortion of the Aym
prevents the dye entry into the mitochondria, as a result JC-1 monomers were formed and
produced green fluorescence. The shift of fluorescence was visualized and fluorescence
intensity was measured using the fluorescence microplate reader with an excitation 490 and
emission wavelength of 530 nm for JC-1 monomers, and the excitation 525 and emission

wavelength 590 nm for aggregates.

5.2.7 Mitochondrial biogenesis

The expression of proteins like AMPK, p-AMPK, Sirtl and PGC-1a were analysed with

western blotting (for details please see section 5.2.15).
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5.2.8 Mitochondrial dynamics

The expression levels of fission and fusion proteins were evaluated using western blotting (for

details please see section 5.2.15).

5.2.9 Mitochondrial bioenergetics

ATP levels were measured using the ATP determination assay Kit. After treatment with VA
the cells were homogenized as previously described with ATP assay buffer. Then 100 pl of 1X
somatic cell ATP releasing agent, and 50 pl of ultrapure water provided in the kit were added
into 50 pl of sample. Then A 100 pl aliquot was transferred to the reaction vial with 100 pl of
ATP assay mix and kept at RT for 3 min. The amount of light emitted at 560 nm was measured
using the microplate reader.

The oxygen consumption rate was assessed by using an oxygen consumption assay kit. This
kit uses a phosphorescent oxygen probe to check oxygen consumption rate. Blank wells were
filled with only culture mediums. After treatments with VA, the spent medium was replaced
with fresh medium. MitoXpress xtra solution (10 pul) was added to all the wells except the
blank. Then 100 ul of HS mineral oil (provided with the kit) was added over each well. After
that the fluorescence was read at 380 nm (excitation) and 650 nm (emission) kinetically for

150 min using the microplate reader.

5.2.10 Detection of total calcium and intracellular calcium levels by

Fura 2 AM

The total Ca?* concentration was determined using the Ca?* assay kit provided by Cayman
chemicals (USA). This assay utilizes a variant of o-Cresolphthalein-Ca?* reaction. In the
presence of Ca?* it forms a purple coloured complex. Briefly, the cells were seeded at a density
of 5 x 10° cells in 96-plates and subjected to treatments. After treatments the cells were

collected and the cell pellets were dissolved in a 600 pl cold buffer consisting of 100 mM Tris
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at a pH of 7.5. Then the content was centrifuged at 10,000 x g for 15 min at 4 °C. The
supernatant was collected and stored. 10 pl of supernatant (samples) and standards were added
into designated wells in the plate. Then the working detector of 200 pl was added to all the
wells being used. The plate was shaken for 25 sec and incubated at RT for 5 min. Finally, |

measured the absorbance at 580 nm.

The intracellular Ca?* levels were detected using a fluorescent dye Fura2 AM. Briefly, the cells
were seeded in 96-well plates and after incubation time they were subjected to respective
treatments. Then the cell culture medium was removed and the cells were stained with the
intracellular Ca* indicator dye Fura 2AM in PBS. Then the cells were incubated at 37 °C for
20 min. Cells were then washed with PBS for 3 times and the images were visualized under
Nikon Eclipse TS 100 fluorescence microscope at an excitation and emission wavelengths of

340 nm and 510 nm respectively.

5.2.11 Mitochondrial permeability transition pore

The mPTP opening was assessed by using a fluorescent dye calcein AM in the presence of
cobalt chloride (Bonora et al., 2016). For this assay the cells were seeded in a 96-well plate and
after respective treatments the cell culture medium was removed and washed with KRB. Then
1 ml of calcein AM working solution (1 uM calcein AM and 2 mM cobalt chloride in KRB)
was added into all the wells. Then the plate was incubated for 37 °C in a CO; incubator for 15
min. Then the plate was washed 3 times with KRB and images were taken under fluorescent
microscope (Nikon, Melville, NY). Then fluorescent intensity was measured at an excitation

wavelength of 488 nm and an emission wavelength of 525 nm.
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5.2.12 Calcium dysregulation and role of ER

Ca?* homeostasis was determined by analyzing the expression of various proteins involved in
this mechanism. The expression of proteins such as p-CAMKII, InsP3R, SERCA, JNK and

GRP78 were analyzed by using western blotting (for details, please refer to section 5.2.15).

5.2.13 Hyperinsulinemia and ER stress

ER stress was evaluated by studying the UPR pathway. The major proteins involved in the
three arms of UPR such as p-IRE1, ATF6, p-PERK, p-elF2, CHOP and XBP1 were assessed
using western blotting. Band intensity was measured using Image J Software (for details, please

refer to section 5.2.15).

5.2.14 Effect of hyperinsulinemia on mitochondria associated ER membrane

The major proteins involved in the mitochondria associated ER membrane (MAM) such as
VDAC, Cyp D, GRP75, MFN2, PTEN and mTORC were analyzed by using western blotting
(for details please refer section 5.2.15). All these proteins are presented on the surface of ER

and mitochondria. Band intensity was measured using Image J Software.

5.2.15 Western blot

Cells were cultured in T-25 flasks containing DMEM medium and the respective treatments
with VA were done. After the treatments, the total protein was isolated with a RIPA buffer.
Then quantified the protein concentration and normalized the protein content using the Pierce
BCA protein assay kit (Thermo Fisher Scientific Co., Waltham, MA, USA). Equal amounts of
protein were added into the wells of 10 % SDS-PAGE gel and were separated. Then transferred
the proteins into the PVDF membranes using the Trans-Blot Turbo TM transfer system (Bio-
Rad, USA). The membranes were blocked with 3 % BSA in TBST for 1 hr at RT. Then the

membranes were subjected to washing with TBST for 3 times. The membrane was incubated
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at 4 °C overnight with primary antibodies of the membrane was incubated at 4 °C overnight
with primary antibodies of AMPK, p-AMPK, PGC-1a, Sirt 1, FIS1 and OPAT1, p-CAMKII,
InsP3R, SERCA, JNK, GRP78, p-IRE-1a, ATF6, p-PERK, p-elF2a, CHOP, XBP1, VDAC,
Cyp D, GRP75, MFN2, PTEN, mTORC and B-actin of 1:1000 dilution. Then the membrane
was washed three times with TBST for 10 min each and incubated with HRP-conjugated
secondary antibody (1:2000) for 90 min at RT. Then the membrane was washed 3 times with
TBST and developed the membrane with ECL substrate (BioRad). Then the proportional
thickness of bands were analyzed using Image Lab software in the Chemi Doc system
(ChemiDoc MP Imaging System, Bio-Rad) and assuming all bands were in the Beer-Lambert

law region.

5.2.16 Statistics

All analyses were done with sextuplicates and results are shown as mean = SEM for the control
and the experimental groups. The normality of the variables was tested using the Kolmogorov
Smirnov Z test and the variables were found to be approximately normally distributed. The
data were tested using ANOVA. All the statistical analyses were done using the Statistical
Package for the Social Sciences for Windows standard version 20 (SPSS Inc., USA) and the
further significantly different pairs (p < 0.05) were identified using Duncan’s multiple

comparison test.

5.3 Results

5.3.1 Effect of VA on mitochondrial superoxide production

Surplus generation of ROS was observed in IR groups (Fig: 5.1A & Fig: 5.1B) compared to
control. Fluorescence detection also showed an increment of fluorescence in IR cells (143 %).

VA of both concentrations (5 and 10 uM) reduced superoxide by 161 and 193 %, respectively
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(Fig: 5.1A & Fig: 5.1B). Compared with metformin (187 %) 10 uM of VA showed better

results (Fig: 5.1A & Fig: 5.1B).
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Figure. 5.1 Hyperinsulinemia and mitochondrial superoxide. (A) Effect of VA on mitochondrial superoxide
generation using MitoSOX TM Red indicator (original magnification 40x). (B) Relative fluorescent intensity of
the fluorescent images C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM
vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean + SEM
where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). # indicates

the mean value was significantly different from IR cells (p < 0.05). Scale 50um

5.3.2 Mitochondrial content

Mitochondrial content was analyzed using the dye Mitotracker Deep red. HI causes a
significant reduction in the mitochondrial density as compared with the control (40 %

reduction; p < 0.05). In VA treated cells the mitochondrial content was restored significantly
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in a dose dependent manner compared with HI treated cells. (10.9 and 22.8 % increase with 5
uM and 10 uM of VA respectively than the HI treated cells; p < 0.05). Metformin treatment
also restored the mitochondrial content significantly by 17.2 % compared with HI treated cells
(p £0.05; Fig: 5.2A & Fig: 5.2B).
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Figure. 5.2 Effect of hyperinsulinemia in mitochondrial content. (A) Effect of VA on mitochondrial content
using Mitotracker (original magnification 20x). (B) Relative fluorescent intensity of the fluorescent images. C -
control cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5 uM vanillic acid; VA2 - IR + 10
MM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean + SEM where n=6. * indicates that
the mean value was significantly different from control cells (p < 0.05). # indicates the mean value was

significantly different from IR cells (p < 0.05). Scale 50um

164



5.3.3 Aconitase activity

The aconitase activity was significantly decreased in IR (34 %) groups compared to the control.
VA (5 and 10 uM) in a dose dependent manner showed a tendency to increase the enzyme level
by 24.2 and 36.6 % compared to IR. Co-treatment with metformin significantly (p < 0.05)

increased the aconitase levels by 56.5 % compared to IR (Fig: 5.3).

Aconitase activity (nM/min/mL)

C IR VAl VA2 M

Figure. 5.3 Effect of hyperinsulinemia in aconitase activity. C - control cells; IR - hyperinsulinemia created
insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1
mM). Values are expressed as mean + SEM where n=6. * indicates that the mean value was significantly different

from control cells (p < 0.05). # indicates the mean value was significantly different from IR cells (p < 0.05).

5.3.4 Effect of vanillic acid on membrane potential

Analysis of the Aym of mitochondria during IR showed significant distortion of Aym
compared with control (Fig: 5.4A & Fig: 5.4B). In control cells, the JC-1 dye forms aggregate
inside the mitochondrial matrix and emits a red fluorescence due to the potential gradient.
Alteration in Aym resulted in the prevention of entry of JC-1 in the mitochondria and resulted
in green fluorescence (JC-1 monomers). IR cells showed depolarized Aym as can be seen in
Fig: 5.4A, which had a higher amount of green fluorescence (103 %) compared to that of
control. VA co-treatment with IR prevented the alteration of Aym which was evident from the

significant increase (p < 0.05) of red fluorescence by 79.9 and 93.9 %, respectively, for 5 and
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10 uM of VA compared to IR. The quantity of red fluorescence (aggregates) with metformin
was improved, and the green fluorescence decreased by 116 % compared to IR (Fig: 5.4B).
Valinomycin was the negative control, and it caused a decrease of the red fluorescence by 40.4
% and improved the green fluorescence by 108 % compared to control.
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Figure. 5.4 Mitochondrial transmembrane potential (Aym) determined using JC1 staining. (A) Alteration
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in membrane potential in various groups. (B) Relative fluorescent intensity of the fluorescent images. C - control
cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 uM
vanillic acid; M - IR + metformin (1 mM); V - IR + valinomycin. Values are expressed as mean £ SEM where
n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). # indicates the mean

value was significantly different from IR cells (p < 0.05).

5.3.5 Mitochondrial biogenesis regulated by VA

AMPK, PGC-1a and SIRT1 are the major proteins responsible for mitochondrial biogenesis.
The active form of AMPK was determined in various groups using the ratio of p-AMPK to
total AMPK. During IR, the expression of p-AMPK/AMPK was decreased significantly by
62.3 % compared to control cells whereas VA in a dose dependent manner increased the ratio

significantly (193 and 185 % for 5 and 10 uM, respectively) (Fig: 5.5A & Fig: 5.5B). Also,
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VA (5 and 10 uM) significantly (p < 0.05) increased the level of PGC-1a by 50.4 and 71.3 %,
respectively, compared to the IR group (Fig: 5.5A & Fig: 5.5C). In IR the level of PGC-1a was
reduced to 29.5 % compared to control as well as there was also a significant decrease in SIRT1
expression in IR cells (31.5 %). On the other hand, VA co-treatment at 5 and 10 uM increased
the expression of SIRT1 by 115 and 119 %, respectively (Fig: 5.5A & Fig: 5.5C). Metformin
significantly (p < 0.05) increased all three proteins (p-AMPK/AMPK, PGC-1a and SIRT1)
involved in mitochondrial biogenesis by 300, 80.6 and 113 %, respectively, compared to IR

cells (Fig: 5.5A- Fig: 5.5C).
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Figure. 5.5 Immunoblot analysis of proteins involved in mitochondrial biogenesis. (A) AMPK, p-AMPK,
PGC-1a, SIRT1 were analyzed using western blotting. (B) Densitometric determination of relative expression of
p-AMPK/AMPK. (C) Densitometric analysis PGC-1a and SIRT1 normalized to B-actin. C - control cells; IR -
hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10 pM vanillic acid;

M - IR + metformin (1 mM). Values are expressed as mean £ SEM where n=6. * indicates that the mean value
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was significantly different from control cells (p<0.05). # indicates the mean value was significantly different from
IR cells (p<0.05). Protein quantification was carried out by densitometric analysis, normalized using internal

control B-actin.

5.3.6 Mitochondrial fission and fusion proteins

During IR conditions there was a noticeable decrease in the levels of mitochondrial fusion
protein OPA1 by 33.7 % (p < 0.05; Fig: 5.6A & Fig: 5.6B) and an up-regulation of fission
protein FIS1 by 24.2 % (Fig: 5.6A & Fig: 5.6B). VA co-treatment at 5 and 10 uM significantly
(p < 0.05) increased the expression of OPA1 by 52.2 and 60.6 %, respectively, and in a dose
dependent manner decreased the FIS1 by 92.3 and 109 % compared to the IR group. Metformin
co-treatment also significantly (p < 0.05) increased the fusion protein by 58.1 % and reduced

the fission protein ‘FIS1’ by 81.6 % compared to the IR group (Fig: 5.6A & Fig: 5.6B).
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Figure. 5.6 Analysis of proteins involved in mitochondrial dynamics. (A) Immunoblot analysis of proteins
involved in mitochondrial fission and fusion (OPA1 and FIS1). (B) Densitometric quantification of OPA1 and
FIS1 normalized to B-actin. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5
MM vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean +
SEM where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). #
indicates the mean value was significantly different from IR cells (p < 0.05). Protein quantification was carried

out by densitometric analysis, normalized using internal control B-actin.
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5.3.7 ATP levels and oxygen consumption

There was a significant decrease in ATP levels (p < 0.05, 35.6 %; Fig: 5.7A) in IR cells
compared to control cells. Co-treatment with VA at both concentrations (5 and 10 puM)
significantly (p < 0.05) increased the ATP levels by 56.3 and 71.9 %, respectively, compared

to IR. Metformin also significantly increased the ATP levels by 133 % compared with IR.

Oxygen consumption in cells was evaluated by calculating the change in fluorescence
for two and a half hour. More changes in fluorescence represent more usage of oxygen by cells.
This, in turn, represented the good metabolic status of cells. With the IR group oxygen
consumption rate was reduced (25 %) as compared to control. Co-treatment with VA at 5 and
10 uM significantly (p < 0.05) improved the oxygen consumption rate by 13.1 and 26.2 %
compared with the IR group (Fig: 5.7B). VA with better oxygen utilization seems to be
effective against mitochondrial dysfunction in IR. Metformin also increased the oxygen

consumption rate by 29.6 % compared to IR.
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Figure. 5.7 Mitochondrial bioenergetics. (A) Level of ATP content in different groups. (B) Oxygen
consumption rate in different groups. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VA1
- IR +5 pM vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin (1 mM). Values are expressed as
mean + SEM where n=6. * indicates that the mean value was significantly different from control (cells (p < 0.05).

# indicates the mean value was significantly different from IR cells (p < 0.05).
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5.3.8 Hyperinsulinemia induced intracellular calcium overload

HI caused an increase in intracellular Ca?* overload (39.9 %) in HepG2 cells, which was proved
from increased blue fluorescence of Fura -2AM compared to control cells. The treatment with
VA of 5 uM and 10 uM concentrations and metformin of ImM concentration showed a
significant (p < 0.05) decrease in the Ca?* accumulation by 19.1 %, 38.1 % and 38.6 %
respectively (Fig: 5.8A & Fig: 5.8B). VA dose dependently reduced the Ca?" overload by
decreasing the blue fluorescence compared to HI treated cells. This was further confirmed by
the result obtained from total Ca?* assay. It was found that HI treated cells showed an 80 %
increase in the total Ca?* compared to control cells. The VA treatment decreased Ca?
accumulation (20 % and 48 % with 5 uM and 10 uM respectively; Fig: 5.8C) compared to HI
treated cells. Metformin treatment also significantly (p < 0.05) reduced the Ca?* levels by 100
% compared to HI treated cells. These results suggest the efficacy of VA in maintaining the

Ca?* homeostasis in HI treated HepG2 cells.
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Figure. 5.8 Effect of hyperinsulinemia in calcium dysregulation. (A) Effect of VA on intracellular calcium
generation using Fura 2AM (original magnification 20x). (B) Relative fluorescent intensity of the fluorescent
images. (C) Intracellular calcium assay. C - control cells; IR - hyperinsulinemia created insulin resistant cells;
VAL - IR +5 uM vanillic acid; VA2 - IR + 10 uM vanillic acid; M - IR + metformin (1 mM). Values are expressed
as mean + SEM where n=6. * indicates that the mean value was significantly different from control cells (p <
0.05). # indicates the mean value was significantly different from IR cells (p < 0.05). Scale bar corresponds to
20um.

5.3.9 Effect of VA on mPTP opening

Here, | have assessed the mPTP opening by using a calcein-AM dye. The HI treated cells
showed a significant decrease (24.6 %; p < 0.05) in the green fluorescence compared to control
which indicates the continuous opening of the mPTP (Fig: 5.9A & Fig: 5.9B). The co-treatment
with VA showed a dose-dependent increase in the fluorescence (12.1 and 20.8 % for 5 uM and
10 uM respectively; p < 0.05) by restoring the membrane potential and maintaining membrane
integrity. It was further confirmed with the analysis of fluorescence intensity. The metformin
treatment also showed an increased fluorescent intensity by 32.9 % compared to the HI group
(Fig: 5.9A & Fig: 5.9B). These results revealed the beneficial effect of VA against the

mitochondrial dysfunction caused by HI.
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Figure. 5.9 Insulin resistance & mPTP opening. (A) Effect of VA on mPTP opening using Calcein and cobalt
chloride (original magnification 20x). (B) Relative fluorescent intensity of the fluorescent images. (C)
Intracellular calcium assay. C - control cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5
MM vanillic acid; VA2 - IR + 10 pM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean +
SEM where n=6. * indicates that the mean value was significantly different from control cells (p < 0.05). #

indicates the mean value was significantly different from IR cells (p < 0.05). Scale bar corresponds to 20um

5.3.10 Hyperinsulinemia and calcium dysregulation

The effect of HI on Ca?* dysregulation was analysed by evaluating the expressions of various
critical proteins involved in the Ca?" homeostasis. In particular, the expression of proteins such
as p-CAMKII, InsP3R, SERCA, JNK and GRP78 were analyzed. HI caused the increased
expression of p-CaMKI|, IP3R, JNK and GRP78 significantly by 135.1 %, 33.5 %, 172 % and

43 % respectively compared to control cells (Fig: 5.10A & Fig: 5.10B). Same time it down-
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regulated the expression of SERCA by 46.8 %. p-CaMKI| is the active form of cytoplasmic
Ca?" sensor that significantly decreased (p < 0.05) in the VA treated cells by 24.8 % and 83.9
% at 5 uM and 10 uM concentrations respectively compared to HI treated cells. Likewise, VA
at 5 uM and 10 uM concentrations significantly (p < 0.05) down-regulated the IP3R levels by
41.2 % and 52 % respectively (Fig: 5.10A & Fig: 5.10B). JNK and GRP78 are the proteins
involved in both Ca?* homeostasis and stress conditions. VA noticeably reduced the JNK levels

A 1l treated cells by 143.5 % and 106.8 % and also decreased the GRP78 levels by 13.7 %
and 88 % at 5 uM and 10 uM respectively compared to HI treated cells. Metformin treatment
significantly down-regulated the expression of proteins like p-CaMKI|I, IP3R, JNK and GRP78
by 80.2 %, 39.1 %, 78.5 % and 92.3 % respectively (Fig: 5.10A & Fig: 5.10B). SERCA, an ER
Ca?" pump, has been noticeably decreased in the HI treated cells by 53.2 % whereas VA treated
cells showed a significant (p < 0.05) increase in the SERCA levels by 33.2 % and 57.7 %
respectively compared to HI treated cells. Metformin treatment also decreased the SERCA

expression by 65.5 % compared to HI treated cells (Fig: 5.10A & Fig: 5.10B).
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Figure. 5.10 ER & calcium. (A) Immunoblot analysis of proteins involved in calcium metabolism. (B)
Densitometric quantification of CaMKI|I, InsP3R, SERCA, JNK and GRP78 normalized to B-actin. C - control
cells; IR - hyperinsulinemia created insulin resistant cells; VA1 - IR + 5 uM vanillic acid; VA2 - IR + 10 uM

vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean £ SEM where n=6. * indicates that the
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mean value was significantly different from control cells (p < 0.05). # indicates the mean value was significantly

different from IR cells (p < 0.05).

5.3.11 Hyperinsulinemia causes ER stress

The levels of ER stress markers p-IREla, XBP1, p-PERK, p-elF2a and CHOP were increased
significantly by 84.9 %, 52.3 %, 135.1 %, 104.1 % and 67.5 % respectively and the expression
of ATF6 was down regulated noticeably by 51.4 % in the HI treated cells compared to control
cells (Fig: 5.11A & Fig: 5.11B). Treatment with VA reduced the expression of the proteins
significantly (p < 0.05) by 26.3 % and 56.1 % (p-IRE1a); 60.8 % and 145 % (XBP1); 20.9 %
and 93.5 % (p-PERK); 40.7 % and 55.8 % (p-elF2a); 21.3% and 38.5 % (CHOP) and increased
the levels of AFT6 by 18.7 % and 35.1 % at 5 uM and 10 uM concentrations of VA (Fig: 5.11A
& Fig: 5.11B). Metformin treatment also significantly (p < 0.05) down-regulated the levels of
ER stress proteins by 67.4 %, 145.7 %, 99.3 %, 45.8 %, 63.5 % and up-regulated the levels of
ATF6 by 76.1 % at 1mM concentration compared to HI treated cells (Fig: 5.11A & Fig: 5.11B).
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Figure. 5.11 Effect of hyperinsulinemia on ER stress. (A) Immunoblot analysis of proteins involved in ER
stress. (B) Densitometric quantification of p-IRE1a, ATF6, p-PERK, p-elF2a, CHOP and XBP1 normalized to p-
actin. C - control cells; IR - high insulin treated insulin resistant cells; VA1 - IR + 5 uM vanillic acid; VA2 - IR

+ 10 pM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean = SEM where n=6. * indicates
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that the mean value was significantly different from control cells (p < 0.05). # indicates the mean value was

significantly different from IR cells (p < 0.05).

5.3.12 VA reduced the dysregulations in MAM during hyperinsulinemia

To identify the mechanism by which the HI induced alterations in the MAM, | evaluated the
expression of major proteins involved in the formation of MAM. The western blot data showed
that there was a significant decrease in the proteins like VDAC, CypD, GRP75, MFN2, and
mTORC. VDAC is the mitochondrial component which creates an association with ER protein
and forms MAM. There was a significant (p < 0.05) down-regulation in VDAC expression in
the hyperinsulinemic group (69 %) when compared to control cells. While treatment with VA
or metformin noticeably increased their levels by 52 %, 51 % and 35.8 % at 5 uM, 10 uM and
1 mM respectively compared to HI treated cells (Fig: 5.12A & Fig: 5.12B). GRP75 is the
connecting protein situated between ER and mitochondria has been significantly (p < 0.05)
decreased in the hyperinsulinemic group by 74.2 % whereas in VA treated cells the GRP78
levels were increased in a dose dependent manner by 60.7 % and 45.6 % respectively compared
to HI treated cells (Fig: 5.12A & Fig: 5.12B). Metformin treatment also increased their levels
by 56.7 % (Fig: 5.12A & Fig: 5.12B). Likewise, MFN2 and CypD are the major proteins seen
in the ER-mitochondria junctions, and were also found to be down-regulated in the HI treated
cells by 17.1 % and 43 % respectively. Meanwhile VA treatment of both concentrations (5 pM
and 10 uM) and metformin significantly (p < 0.05) up-regulated the MFN2 levels by 22.7 %,
62.4 % and 35 % respectively (Fig: 5.12A & Fig: 5.12B). PTEN and mTORC are the other two
proteins that have a prominent role in glucose metabolism and are also found in the MAM
regions. It was found that in HI treated cells the expression of PTEN was increased significantly
(p < 0.05) by 26.7 % compared to control. While VA treatment of 5 uM and 10 uM
concentrations significantly (p < 0.05) reduced the levels of PTEN by 23.5 % and 52.2 %

respectively. Metformin treatment also decreased the expression of PTEN by 29.4 % compared
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to HI treated cells (Fig: 5.12A & Fig: 5.12B). In addition to this there was a significant (p <
0.05) decrease in the expression levels of mTORC by 56 % in HI treated cells compared to
control cells whereas in VA treated cells the mTORC levels were decreased in a dose dependent
manner by 102.4 % and 122.8 % respectively (Fig: 5.12A & Fig: 5.12B). Metformin also

reduced the expression levels of mMTORC by 133 %.
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Figure. 5.12 Hyperinsulinemia & MAM. (A) Immunoblot analysis of proteins involved in MAM. (B)
Densitometric quantification of VDAC, CypD, GRP75, MFN2, PTEN and mTORC normalized to -actin. C -
control cells; IR - hyperinsulinemia created insulin resistant cells; VAL - IR + 5 uM vanillic acid; VA2 - IR + 10
MM vanillic acid; M - IR + metformin (1 mM). Values are expressed as mean + SEM where n=6. * indicates that
the mean value was significantly different from control cells (p < 0.05). # indicates the mean value was

significantly different from IR cells (p < 0.05).
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5.4 Discussion

In insulin resistance conditions like T2DM, obesity, NAFLD and prediabetes both the hepatic
glucose and lipids were increased. Similarly, excessive production of glucose and abnormal
lipid accumulation were observed in the liver of both diabetic and obese peoples. In the
previous chapters | had discussed the role of HI in hepatic glucose and lipid metabolism. Here
I have discussed the role of mitochondria and ER in liver pathophysiology, especially those
linked to alterations in glucose and lipid metabolism and also discussed the role of MAM on
it. In addition to this, 1 also studied the role of cellular Ca?* homeostasis as a critical mechanism
for the development of insulin resistance and associated complications in metabolically active
cells like HepG2 cells. Furthermore, | have discussed how the mitochondria, ER and MAM
could provide a promising target for the treatment of metabolic disease like T2DM, obesity and

NAFLD.

Liver is one of the organs that possesses a larger number of mitochondria than any other
tissues in our body. So most of the liver diseases are initiated due to the increased accumulation
of damaged mitochondria and ER (Finck and Kelly, 2006). Hepatic mitochondria have some
unique properties because they are the hub that controls the hepatic metabolism of both glucose,
amino acids and lipids (Degli Esposti et al., 2012). Depending on the demand of energy the
mitochondrial content varies in each tissue (Degli Esposti et al., 2012). The number of
mitochondria in the liver are about 500 to 4000 in each hepatocyte (Chatterjee et al., 2011).
Meanwhile, mitochondria are the prominent organelle for maintaining the redox status of cells
and the epicenter of ROS production also it is the prime energy production area of the cell.
Most of the liver diseases were associated with the generation and accumulation of damaged
mitochondria due to the production of ROS. Similarly, mitochondrial dysfunctions are the early

step in the development of various pathological conditions in organs like the liver. The
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integrity, dynamics, mitochondrial transition pore, bioenergetics and biogenesis, which are the
critical functional indicators of mitochondria were studied in this chapter. When the
intracellular ROS increases, it will up-regulate the mitochondrial ROS generation. Increased
ROS inside the mitochondria resulted in the reduced number of functional mitochondria.
Therefore, mitochondrial superoxide generation and aconitase enzyme levels were analyzed.
Compared to normal cells, hyperinsulinemic insulin resistant HepG2 cells had increased
superoxide generation (Fig: 5.1) and decreased aconitase level (Fig: 5.3). Aconitase is a
mitochondrial protein sensitive to OS (Indo et al., 2007; Tan et al., 2015) and it detoxifies the
superoxides through a suicidal inhibition (Green et al., 2004). The significant reduction of
aconitase with insulin resistance was expected to cause alteration in the redox status in the
cells. This results in alterations of the Aym (Skulachev, 1998). Aym is the major participant
involved in the regulation of ROS production (Rauscher et al., 2001) and an important marker
of mitochondrial integrity (Mathur et al., 2000). When the electrochemical potential difference
generated by the proton gradient across the inner mitochondrial membrane is high, the lifetime
of superoxide generating intermediates is increased (Korshunov et al., 1997; Zorov et al.,
2014). In the present study compared to normal cells, the hyperinsulinemic model had an
altered Aym. Distortion of mitochondrial dynamics towards fission along with an increase in
fission proteins and dissipation of Aym indicated poor mitochondrial health. The loss of Aym
leads to proteolysis and degradation of mitochondrial fusion proteins (Youle and Narendra,
2011) and also increased the fission rates (Van der Bliek et al., 2013). HI results in an
overexpression of fission proteins such as FIS1 and down-regulation of fusion proteins such as
OPA1 leading to enhanced mitochondrial fission. Reduced expression of OPA1 was linked to
the distortion of mitochondrial function (Tang, 2016) and up-regulation of FIS1 resulted in
mitochondrial fragmentation (Mao et al., 2018). This results in nonfunctional fragmented

mitochondria in the cytoplasm. Balanced mitochondrial dynamics is important for the normal
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functioning of mitochondria and energy generation (Mao et al., 2018), and it is controlled by
the fission and fusion balance (Rovira-Llopis et al., 2017). The increase of mitochondrial
oxidants could lead to severe insulin resistance developing in most of the tissues and decreased
the mitochondrial content (Fazakerley et al., 2018). It has also been reported that insulin
resistance is associated with the reduced mitochondrial content, decreased levels of
mitochondrial enzymes and its abnormal morphology which is observed in both in vitro and in
vivo experiments (Kim et al., 2008). In this study also | have shown that in HI the levels of
mitochondrial content decreased significantly which indicates the increased mitochondrial
dysfunctions in insulin resistant HepG2 cells. In addition, Aym provides the driving force for
ATP synthesis in mitochondria. When the mitochondria loose their Aym, the ATP production
also decreases. (Van der Bliek et al., 2013). The current study showed a significant decrease in
mitochondrial content and ATP generation in hyperinsulinemic HepG2 cells. To check
respiration in mitochondria, basal oxygen consumption rates have been measured (Hartman et
al., 2014). Ailing cells with mitochondrial dysfunction showed a decreased rate of oxygen
utilization. A reduced oxygen consumption rate was observed in hyperinsulinemia created
insulin resistant HepG2 cells. Imbalanced redox status and defective mitochondrial dynamics
affected the mitochondrial biogenesis (Handy and Loscalzo, 2012). Therefore, the alterations
of the important proteins in mitochondrial biogenesis were measured. The genes responsible
for the regulation of mitochondrial biogenesis are AMPK, SIRT1 and PGC-1a. AMPK is a
protein kKinase and it has an important role in the improvement of insulin sensitivity in insulin-
resistant individuals (Jeon, 2016; Zhao et al., 2016) by stimulation of downstream genes like
SIRT1 and PGC-1a (Austin et al., 2011). SIRT1 is a member of the family of sirtuins and an
upstream activator of PGC-1a through AMPK activation (Austin et al., 2011; Zhu et al., 2010).
PGC-1a is considered as the master controller of mitochondrial biogenesis and the antioxidant

defense system (Valle et al., 2005). Hyperinsulinemia created insulin resistant cells had a
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decreased ratio of phosphorylated to total AMPK, decreased PGC-1a, and SIRT1. These
showed imbalances in mitochondrial biogenesis in the HI treated cells and that began the
process of insulin resistance development. Insulin resistance decreased the SIRT1, AMPK and
PGC-1a expression and altered the mitochondrial homeostasis and enhanced OS (Choi et al.,
2014). Furthermore, mitochondria controls both carbohydrates and lipid metabolism in the
liver. So any defects in the mitochondria will result in the alterations in the both glucose and
lipid metabolism and affect the whole body homeostasis (Kim et al., 2008). Intracellular lipid
accumulation in the liver causes the decreased mitochondrial oxidation in T2DM patients. The
increased lipids in the liver activates the PKC that increases the phosphorylation of IRS
proteins leading to the decreased insulin signaling and develops insulin resistance (Kim et al.,
2008). Meanwhile numerous mitochondrial abnormalities are found in the NAFLD patients
also. So the lipid induced mitochondrial abnormalities inhibits the insulin signaling through

the formation of excess ROS (Kim et al., 2008).

Ca?* is a ubiquitous and most abundant ion in the body. It is a secondary messenger and
it controls a variety of cellular processes such as hormone release, muscle contraction,
organelle communication, neuronal transmission and cell growth and also it is a necessary
factor for liver function (Berridge, 2012; Clapham, 2007). Due to these diverse functions and
critical roles, the Ca?" is tightly regulated and any changes in the Ca?* homeostasis will result
in the genesis of many of the pathological conditions (Guerrero-Hernandez and Verkhratsky,
2014; Luo and Anderson, 2013). However the Ca®" levels are essential for the release of
hormones like insulin and glucagon for maintaining a normal blood sugar. So alterations in the
cytosolic and organelle Ca?* level definitely affects the processes such as glucose, fatty acids
and amino acid metabolism; xenobiotics; cell cycle and proliferation; bile formation and
excretion etc. (Amaya and Nathanson, 2013; Bollen et al., 1987; Nathanson et al., 1992). In

addition to these, the cytoplasmic Ca?* also controls the glucose metabolism through the

180



gluconeogenesis and glycogenolysis activation (Amaya and Nathanson, 2013). The
cytoplasmic Ca?* affects the insulin by activating the AKT (Marchi et al., 2012). The increased
gluconeogenesis and glycogenolysis results in hyperglycemia. In addition to this the increased
cytoplasmic Ca?* increased the DNL in the liver (Fu et al., 2012). The key organelles which
are responsible for maintaining the Ca?* homeostasis in the liver are mitochondria and ER. So
the dysfunctions of these organelles are the crucial factors in the development of insulin
resistance and metabolic alterations in the liver (Mantena et al., 2008; Ozcan et al., 2004). The
Ca?" levels in both cytosol and in cell organelles were controlled by numerous proteins. These
proteins pump the Ca?* from the cytosol to intracellular stores like ER and mitochondria or it
pumps the Ca?* to extracellular space. In mitochondria the Ca®* uptake is necessary for their
function and also it is the way to control the cytoplasmic Ca?* concentrations. The Ca?* enters
inside the mitochondria through the channel proteins like VDAC and the driving force behind
this transport is the electrochemical gradient. Inside the mitochondria the Ca?* regulates the
activity of TCA cycle and also activates the ATP synthesis (Rizzuto et al., 2012). So the
mitochondrial Ca?* levels are essential for aerobic metabolism. Meanwhile the excess
concentration of Ca?* results in the genesis of mitochondrial ROS and leads to mitochondrial
dysfunction (Baines et al., 2005). However the increased mitochondrial Ca?* will result in the
continuous opening of the mPTP (Peng and Jou, 2010). Opening of the mPTP leads to the
distortion of Aym and mitochondrial swelling which results in the cell death (Kowaltowski et
al., 2009). In our study, the increased mPTP opening in HI treated HepG2 cells revealed the
excess accumulation of Ca?" inside the mitochondria. The continuous opening of the mPTP
leads to the release of the Ca®" into the cytosol and it results in the increased cytosolic Ca?". It
has been reported that the increased cytoplasmic Ca?* levels during HI created insulin
resistance results in increased HGP. The increased Ca?* levels were detected by the increased

expression of a Ca®* sensing protein called CAMKII (Wang et al., 2012). One study showed
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that the glucagon activates the release of Ca?* from the ER and it then activates the CAMKI|I
(Ozcan et al., 2013). There was a noticeable increase in the cytoplasmic Ca®* levels observed
in HI treated HepG2 cells by Fura-2AM staining and this result was further confirmed with the
increased expression of p-CAMKI| levels in the HI treated cells. VA and metformin treatments
lowered the intracellular Ca2* by the decreased expression of p-CAMKII levels and the reduced
fluorescence of Fura-2AM. However, during obesity the cytoplasmic Ca?* levels become
increased and it activates the JNK. Activation of JNK resulted in the excess glucose production
and initiation of inflammatory cascade in the liver (Ozcan et al., 2013). JNK is a key
inflammatory/stress kinase, and an inhibitor of IP3R (Hirosumi et al., 2002; Manning and
Davis, 2003; Vallerie and Hotamisligil, 2010). In the current study also there is an increased
level of JNK observed in HI. Furthermore, ER is the organelle that has an important role in
maintaining the Ca?* homeostasis. The entry of Ca?" into the ER and its regulation across ER
membrane is controlled by the presence of three types of proteins such asSERCA, IP3Rs and
ryanodine receptors (RyRs). Among these, SERCA is the Ca?* pump while IP3R and RyRs are
the Ca?* channels (Clapham, 2007; Mekahli et al., 2011; Prins and Michalak, 2011). SERCA
controls the Ca?* uptake from the cytoplasm to ER (Toyoshima and Inesi, 2004) while the
release of Ca?* from ER to cytoplasm is done by IP3R and RyR channels. In the present study
the expression of both IP3R and GRP78 were found to be increased and the SERCA levels
were found to be lowered during HI. Furthermore, the expression of IP3R and GRP78 were
decreased while the SERCA expression was increased in the HepG2 cells treated with VA and

metformin.

ER is a multifunctional organelle as well as a dominant Ca?* storing area of the cell
(Mekahli et al., 2011; Prins and Michalak, 2011). ER Ca?* is essential for the protein folding,
synthesis and its post translational modifications. The Ca?" is also necessary for the synthesis

of many of the ER proteins like calsequestrin and calreticulin and chaperones like GRP78 (BiP
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immunoglobulin binding protein). They regulate the folding of both the membrane and the
secretory proteins like insulin receptors. In addition to this ER Ca?* is necessary for many of
the Ca?* regulated proteins such as PDI, oxidoreductase, ERp57, ERO1L etc. (Gorlach et al.,
2006). The depletion of ER Ca®* resulted in the reduced activity of these proteins and finally
leads to the overload of misfolded proteins and initiates ER stress. UPR is an adaptive response
in which the reduced protein translation, increased the chaperone levels and also increased the
protein degradation. If the UPR persists it results in the unresolved ER stress and finally leads
to cell death. ER dysfunction is one of the major factors for the development of almost all
metabolic diseases. The molecular mechanism underlying the initiation of ER stress and ER
dysfunction in the liver is the development of obesity induced abnormal ER-Ca?* transport (Fu
et al., 2011). Excessive energy intake and the OS created during both HI and obesity result in
the peroxidation of most of the membrane lipids of ER. Most frequently it affects the
phosphatidyl choline and ethanolamine which result in the loss of membrane fluidity of the
ER. As well as the increased ROS will also affect the SERCA protein in the ER. In addition to
this, obesity will increase the levels of saturated fatty acids and the incorporation of saturated
fatty acids to the ER membrane result in the disturbances in ER membrane fluidity (Rong et
al., 2013). The end result of all these consequences is the development of ER stress during HI
(Fu et al., 2011). The decreased expression of SERCA reduces the ER storage of Ca®" as a
result the protein folding and the synthesis machinery becomes completely disturbed. It further
promotes the ER stress (Egnatchik et al., 2014; Zhang et al., 2014). During the initiation of ER
stress the hepatocytes activate UPR and increase the expression of chaperones like GRP78
(Kammoun et al., 2009). In our study also there is an increased GRP78 observed in the HI
treated cells. The activated UPR can cause insulin resistance in the liver. The major proteins
involved in the ER stress are the p-IREla, p-PERK, ATF6, p-elF2a, XBP1 and CHOP. The

increased CAMKII activates the PERK in the ER which showed the importance of increased
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cytoplasmic Ca?* on ER stress. As a result the activated PERK activates the p-eIF2a which
inhibits the insulin mediated AKT phosphorylation. The activated elF2a decreases newly
synthesized protein and reduces the ER load (Malhi and Kaufman, 2011). Inhibition of
CAMKII in hepatocytes results in the reduced UPR activation and a marked improvement in
the blood glucose (Ozcan et al., 2013). While activation of IREla activates the XBP1 by its
splicing mechanism. XBP1 is the major protein that controls the expression of genes like
GRP78 and facilitates protein folding and degradation (Hotamisligil, 2010). In this study it is
observed that HI increased the expression of p-IREla, p-PERK, p-elF2a and XBP1 which
indicates the initiation of ER stress. But VA has the potential to reduce the expression of all
these proteins and protect the HepG2 cells from ER stress. The deletion of PERK leads to the
increased protein load inside the ER through the inactivation of elF2a and it finally results in
the ER stress mediated cell death (Scheuner et al., 2001). In addition to this, PERK activates
the ATF4 which induces the expression of various genes involved in antioxidant system and
apoptosis. C/EBP homologous protein (CHOP) is the main player of the execution of apoptosis
(Malhi and Kaufman, 2011). Most of the ER stress inducers will activate the CHOP (Malhi and
Kaufman, 2011). It has been reported that the mice lacking the CHOP showed the normal
growth and the cells isolated from these mice showed a better resistance towards the ER stress
(Malhi and Kaufman, 2011). This data revealed the importance of CHOP and ER stress in cell
survival (Malhi and Kaufman, 2011). The VA increased the ATF6 levels and decreased the ER
stress proteins like p-IREla, XBP1, p-PERK and p-elF2a which were increased in the HI
treated cells. One of the reports suggests that the levels of ATF6 was decreased in the livers of
obese mouse, it reveales the importance of ATF6 in the prevalence of obesity and T2DM
(Ozcan et al., 2004). It has been reported that the complete deletion of ATF6 resulted in the
embryo lethality which indicates the essential functions of this protein in early development

(Malhi and Kaufman, 2011). AFT6 decreases HGP and it also reduces obesity in the liver
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(Yang et al., 2010). Although the ER and mitochondria are the two distinct cell organelles and
each have independent roles in hepatocytes. But at some points these organelles are physically
connected and coupled with their functions. These areas are collectively called MAM. MAM
connections are tight and strong and it functions as a lipid raft (Hayashi and Su, 2003). MAM
has a number of variety functions such as lipid transport, energy metabolism, Ca?* signaling
and cell survival (Rowland and Voeltz, 2012). Some of the proteins in the both organelles
participate in the MAM formation. They are VDAC of the mitochondrial membrane and IP3R
on the ER membrane. Glucose regulatory protein 75 (GRP75) is the bridging protein that helps
for the interaction between VDAC and IP3R. The Ca?* enters into the mitochondria from ER
is through MAM (Szabadkai et al., 2006). In addition to this, MAM is also enriched with
several other proteins. GRP 75 is the major protein involved in the formation of MAM and it
facilitates the entry of Ca?* from ER to mitochondria (Szabadkai et al., 2006). Here also in HI
condition the levels of GRP75 were down-regulated this indicated the disturbances in MAM
integrity and also caused the damages in the intracellular Ca?* levels. VA or metformin co-
treatments significantly increased the GRP75 and restored the MAM association and function.
MFN?2 is one the MAM proteins which participates in the Ca?* transport. Accumulating data
suggest that both mitochondria and ER are the major organelles involved in the hepatic energy
homeostasis. So the occurrence of hepatic insulin resistance is associated with both ER and
mitochondrial dysfunctions (Ozcan et al., 2004; Vial et al., 2011). One of the recent studies
reported that the specific silencing of MFN2 in hepatocytes is associated with the development
of insulin resistance (Sebastian et al., 2012). In our study also the levels of MFN2 are down-
regulated in the HI condition while both the VA and metformin noticeably improved the MFN2
levels in HepG2 cells. Furthermore, MAMs are the important areas in which it controls the
insulin action and the disruption of MAM is associated with hepatic insulin resistance (Tubbs

et al., 2014). So, numerous other proteins involved in the insulin signaling pathway are also
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identified in the MAM. They are mTORC and PTEN. One study revealed that, the cellular loss
of mMTROC resulted in the distorted ER-mitochondria interactions and also is caused to
mitochondrial alterations (Betz et al., 2013). As well as the liver specific knockdown of the
mTORC showed an altered hepatic glucose homeostasis (Hagiwara et al., 2012). In this study,
| have analyzed the expression of several protein pairs such as VDAC, CypD, MFN2 and
MTORC. The expression of all these proteins are decreased in the HI treated HepG2 cells; this
indicates the distortions in the MAM during HI. However the MAM are enriched with the
several ER chaperones like SigR1 and calnexin and the protein CypD is also found in the MAM
, it regulates the inter organelle Ca?* transport (Paillard et al., 2013; Rieusset et al., 2016). It
has been identified that the silencing of the liver specific mitochondrial MFN2 and the
inhibition of mitochondrial CypD resulted in the genesis of the hepatic ER stress and insulin
resistance (Rieusset et al., 2016; Sebastian et al., 2012). The distortion of MAM through the
inactivation of CypD develops insulin resistance in mice and also creates disrupted insulin
signaling in hepatocytes (Tubbs et al., 2014). Here also | observed the noticeable decrease in
the CypD expression in HI treated HepG2 cells. VA dose dependently increased the CypD
levels and thereby restores the MAMs integrity. Based on these results shown in this study, the
mitochondrial dysfunctions, ER stress, alterations in MAM and distorted Ca?* and lipid
homeostasis are the main pathophysiological effects of HI. All these consequences result in the
development of insulin resisatnce in HepG2 cells. Some of the recent evidence suggests that
MAM is the hot area of research to find out the prevalence of many diseases like T2DM,
obesity, NAFLD etc. However, MAM is also a hub for the nutrient and Ca?* transport across
the ER and mitochondria. So the ER-mitochondria miscommunication results in the
development of hepatic insulin resistance. Furthermore | discovered that VA can reduce the
mitochondrial dysfunction and ER stress during the HI in HepG2 cells and it also has the

potential to restore the normal Ca?* homeostasis. In this study | have revealed the efficacy of
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VA to reduce the disturbances in MAM created in HI conditions. These results support that
ER-mitochondria interactions and Ca?* fluxes may play an important role in the regulation of

hepatic glucose and lipid metabolism especially in the context of metabolic diseases.
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Chapter 6
Summary and Conclusion

The HI created insulin resistance has been developed in the HepG2 cells by incubating with 1
MM human insulin for 24 hrs. This led to the down-regulation of both IRS2 and the GLUT2
and resulted in the reduced glucose uptake. These confirmed the development of HI created

insulin resistance in HepG2 cells.

One of the major pathophysiology of HI which affects our body is the abnormal
formation of ROS in the liver. Here also | found the increased levels of ROS in HI groups and
it also altered the redox status of the cell. I have found that the levels of GSH, GPx and G6PDH
were down-regulated in the HI group where the SOD activity was increased. The increased
levels of SOD during the increased production of ROS is an adaptive response seen in the liver.
During the initial stages of oxidative stress (increased ROS production), the SOD levels were
found to increase because SOD is the first line of defence in the hepatocytes. The expression
studies of both cytoplasmic and mitochondrial SOD levels confirmed the development of
adaptive response in the liver during OS. However the decreased levels of GGPDH represents

the delay of the regeneration of reduced GSH.

During OS the glutathione undergoes oxidation to form the reduced glutathione so for
the capturing of the next ROS it needs to be regenerated into reduced glutathione. GGPDH is
the major enzyme which provides the reducing equivalents for the formation of reduced
glutathione, but the decreased level of G6PDH in HI condition leads to the shortage of the
reducing equivalents like NADPH. In addition to this the progression of polyol pathway during

HI condition is another way to utilise the NADPH levels. Both the increased levels of ROS as
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well as the increased polyol pathway results in the decreased NADPH levels. Furthermore, the
increased ROS will affect the cellular proteins and membrane lipids and form both protein
carbonyls and lipid peroxides. The increased levels of both protein carbonyls and lipid

peroxides were observed in my study also.

Both HI and insulin resistance are intertwined with each other. So a decreased glucose
uptake was observed in the HI and it is via the inhibition of insulin signaling pathway in the
HepG2 cells. The major proteins in the insulin signaling pathway such as AKT, PI3K, and
GLUT2 were down-regulated in HI. Inhibition of insulin signaling is the indication of
development of insulin resistance. Besides this, a decreased IDE expression was observed in
HI and it is one of the reasons for the progression of HI. The decreased expression of GLUT?2

revealed the reduced glucose uptake in hepatocytes.

The master regulator of hepatic glucose metabolism is the GK in the liver. It is the rate
limiting enzyme of hepatic glycolysis and it maintains the hepatic glucose homeostasis. The
decreased expression of GLUT2 during HI also reduced the activity of the GK. The decreased
glycolysis was observed in the HI via the reduced GK activity and the increased GKRP levels.
Mitochondria is linked to hepatic glucose metabolism through BAD, a mitochondrial protein.
Mitochondria are the powerhouse of the cell and glucose is the prime energy source for almost
all cells in our body. The expression analysis of both p-BAD and GK proved the importance
of mitochondria on glucose metabolism. During HI the p-BAD levels were down-regulated; it

decreased the glycolysis through reduced expression of GK.

Furthermore, in hyperinsulinemic HepG2 cells, the decreased expression of IRS2 and
unaltered expression of IRS1 were observed which indicates the development of selective
insulin resistance in the liver. The increased gluconeogenesis and the decreased glycogenesis

during HI confirmed the development of selective insulin resistance. In addition to this, the
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decreased insulin signaling in the liver leads to the increased glucose levels in the hepatocytes.
The result of glucose uptake assay proved this. The increased glucose in the HepG2 cells results
in the genesis of many complications like increased production of ROS, increased the
production of AGEs and increased the activation of polyol pathway. Sorbitol, the first product
of the polyol pathway, was found to be increased in the HI treated cells. The increased polyol
pathway leads to the increased production of AGEs. In our study also the increased production
of AGEs were observed in the HI treated cells. Increased AGEs were observed with the up-
regulated levels of RAGE and reduced expression of DDOST in HI cells. The selective insulin
resistance created by HI in hepatocytes is the crucial factor for the development of T2DM and

NAFLD.

Another consequence of selective insulin resistance is the excessive DNL. The
increased levels of DNL were found in HI. This leads to the increased lipid storage in the liver.
The data of lipid droplet assay and the increased TG content confirmed the lipid accumulation
in the HepG2 cells. Also the levels of major enzymes involved in both DNL and the fatty acid
uptake were increased in HI. The levels of DGAT, the major enzyme in the TG synthesis, was
also increased in HI treated cells. All these results confirmed the development of selective
insulin resistance during HI. It is the major factor for the initiation of impairments in lipid
metabolism in HepG2 cells. Besides this, the excess lipid accumulation in the liver is the major
cause for the development of NAFLD. In my study also the lipid accumulation was increased

in HI conditions.

The increased lipid levels in the liver results in the initiation of inflammation and it
releases the various proinflammatory cytokines like NF-xB, IL6 and TNF-a. These results
further confirmed the prevalence of NAFLD. The adverse effects of HI such as increased levels
of ROS, the development of selective insulin resistance and its associated disturbances in both
glucose and lipid metabolism, and the excess production of AGEs in the liver finally leads to
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the mitochondrial dysfunction. Here | have seen that the initiation of mitochondrial alterations
via the increased production of mitochondrial ROS. Here | also observed a decrease of
aconitase activity and the reduced mitochondrial content. During the disease condition the level
of mitochondrial super oxides were increased. In my study also the increased mitochondrial
super oxides was observed in the HI group. Simultaneously the increased mitochondria ROS
affects the distortion in the Aym which results in the opening of the mPTP. Continued opening
of the mPTP leads to the mitochondrial Ca?* dysregulation. Aym is an indicator of
mitochondrial membrane integrity. The loss of Aym, defect in Ca** homeostasis and the
mitochondrial dynamics have been observed. These create the disturbances in mitochondrial

bioenergetics.

In addition to this the ATP production and the oxygen consumption rate were found to
be decreased in hyperinsulinemic HepG2 cells. All these consequences resulted in the reduced
mitochondrial biogenesis. The proteins involved in mitochondrial biogenesis like p-AMPK,

PGC-1a and SIRT1 were found to be down regulated in HI.

Meanwhile in our study, an increased cytoplasmic Ca?* level in the HI group resulted
in the alterations in the Ca?* homeostasis. The alterations in the mitochondrial Ca?* will result
in the increased cytoplasmic Ca?* and it also reduced the ER Ca?* storage. The decrease in ER
Ca?" levels and the increased production of ROS resulted in the initiation of ER stress. During
the ER stress, the three UPR pathways like IRE-1a, PERK and ATF6 are activated. Various
ER stress proteins like p-IREla, XBP1, p-PERK, p-elF20 and CHOP while the proteins
involved in Ca?* homeostasis such as IP3R, JNK, GRP78, p-CAMKII were increased in
response to ER stress in HI. Also the levels of SERCA were found to be decreased in HI. The
decreased expression is carried out mainly through the attack of ROS on the ER membrane
proteins like SERCA. This indicates the reduced storage of ER Ca?*. Furthermore the decreased
levels of ER Ca?* also affect the Ca?* dependent ER proteins and chaperons. These findings
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revealed the importance of Ca?* in the progression of ER stress. From these results | found that

the major contributor for the alterations in Ca?* homeostasis is the mitochondrial alterations.

Both the mitochondrial alterations, ER stress and the Ca?* dysregulation finally leads
to the disturbances in the MAM. The major proteins of the MAM like VDAC, CypD, IP3R,
mTORC, MFN2 and GRP75 were found to be decreased in HI treated cells which indicates the
initiation of alteration in MAM also. Another major protein found in the MAM surface is the
PTEN and it was observed that during HI the expression of PTEN was also increased. The up-
regulated level of PTEN in HI indicated the alterations in the glucose metabolism and it further

confirmed that the mitochondrial alterations also affect the hepatic glucose metabolism.

From these overall results | conclude that the increased ROS during the HI is the main
causative agent for the development of almost all the adverse effects of HI. The increased ROS
also attacks the membrane lipids of both ER and mitochondria which results in the
mitochondrial dysfunction and ER stress. The formation of lipid peroxides during HI will affect
the Aym. Here also | have observed the loss of Aym in HI treated cells. The distorted Aym
results in the continuous opening of the mPTP which was seen in the HI group. The opening
of the mPTP caused the disturbances in the mitochondrial Ca?*. The decreased level of VDAC
and increased expression of p-CAMKII during HI confirmed the mitochondrial Ca?* distortion
and the increased cytoplasmic Ca?* levels. Increased cytoplasmic Ca?* leads to the decreased

ER Ca?* storage.

The major ER proteins involved in this process are SERCA and IP3R. In this study |
have observed that during HI the SERCA expression decreases while the IP3R expression
increases which indicates the decreased pumping of Ca?* from cytoplasm to ER. As a result the
ER Ca?* storage has decreased. When the ER Ca?" is reduced it causes the decreased synthesis

of Ca?* dependent proteins which are essential for protein folding. The end result of this is the
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increased accumulation of misfolded proteins inside the ER which resulted in the ER stress.

Here also the increased ER stress was observed in HI.

In continuation with this, during HI due to enormous production of ROS both the lipid
peroxidation and protein carbonyls levels were increased and it created the disturbances in the
ER membrane lipids and proteins. This also results in the ER stress. Another factor which
contributes to ER stress is the increased accumulation of lipids during HI which also creates
the alterations in the lipid compositions in ER membrane and results in the ER stress. The other
markers of ER stress like JNK and GRP78 were up-regulated in the HI condition which
confirmed the genesis of ER stress in HI. Also the increased JNK leads to the initiation of
inflammation cascade in the hepatocytes by increased production of proinflammatory

cytokines like NF-xB, IL6 and TNF-a.

The HI causes OS, altered hepatic glucose metabolism, impaired lipid metabolism,
initiation of inflammation and Ca?* dysregulation in the HepG2 cells. All these consequences
result in the development of mitochondrial alterations, ER stress and the disturbances in MAM.
So in the present study, | have found that the mitochondrial alterations and the ER stress are
the main players in the progression of HI creating complications in the liver. HI is the major
symptom of insulin resistance and it causes many of the diseases including metabolic

syndrome.

The natural compound ‘VA’ and positive control metformin were also evaluated against
the pathophysiology created by HI. VA is a well-known food additive and it has so many
beneficial properties like hepatoprotective, anti-inflammatory, antioxidant, antihypertensive
etc. According to this study also VA is a hepatoprotective and a good antioxidant during the
HI condition. VA can restore the antioxidant enzyme status of the cell by increasing the activity

of GPx and glutathione. Simultaneously VA treatment can reduce the levels of other products
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of OS like protein carbonyls and lipid peroxides levels. In addition to this VA is effective in
restoring the mitochondrial function by decreasing the mitochondrial superoxide production,
increasing the mitochondrial content, increasing the mitochondrial biogenesis and increasing
the aconitase activity. ATP synthesis and oxygen consumption rates were also increased by the
VA treatment. VA treatment also increased the mitochondrial fusion and restored the Aym
thereby reducing the mPTP opening. So VA is also effective in maintaining the mitochondrial
Ca?* levels. Furthermore, VA is effective against the insulin resistance created by HI by
activating the insulin signaling pathway and improving the glucose uptake. Simultaneously VA
treatment increased the insulin degradation process and decreased the HI and insulin resistance

in HepG2 cells.

VA treatment also increased the hepatic glycolysis and glycogenesis simultaneously it
reduced the gluconeogenesis in the HI group. According to my docking experiments data VA
has a potential to activate the GK so it can be considered as a new GK activator. VA also
decreased the levels of sorbitol and reduced the occurrence of polyol pathways. Meanwhile it
decreased the formation of the AGEs by the down-regulation of RAGE. Here VA proved its
potential as an antiglycation agent. Same time VA treatment reduced the lipid accumulation in
hepatocytes and thereby reduced the prevalence of NAFLD. VA treatment reduced both the
DNL and the hepatic fatty acid uptake while it also reduced the cholesterol synthesis by down-
regulating the expression of HMG CoA reductase. VA treatment also up-regulates the levels
of FGF-21 and thereby interconnects and regulates both carbohydrates and lipid metabolism
which maintains a normal hepatic homeostasis. VA also exhibits the anti-inflammatory effects

in HI treated groups.

Furthermore, VA treatment is also effective against the ER stress and the disturbances
in MAM during HI. It prevented the ER stress by down-regulating the levels of UPR stress
proteins and also restored the MAM integrity by up-regulating the expression of MAM proteins
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like VDAC, CypD, GRP75, IP3R, MFN2 and mTORC. Finally VA also shows the DPP4

inhibition property. The overall data show the pathological effects created by HI and the

beneficial effect of VA against the same. Based on these | am in the opinion that HI is a very

critical risk factor for liver dysfunction through multiple pathways.
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Figure. 6.1: Schematic representation of adverse biochemical alterations in HepG2 cells during

hyperinsulinemia and proposed mechanism of action of VA
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Hyperinsulinemia (HI) and insulin resistance are the two conditions, but they are intertwined
and co-exist. So in this investigation | elucidated in detail the various pathological effects of HI in the
HepG2 cells and its association with insulin resistance and NAFLD via in vitro mechanistic study. Here
| tried to study the adverse biochemical effects created by HI such as distortions in the redox status,
alterations in the both hepatic glucose and lipid metabolism, mitochondrial alterations, Ca?*
dysregulation, ER stress and disturbances in MAM. For this investigation, an in vitro model of HI
created insulin resistance was developed by incubating HepG2 cells with 1 uM human insulin for 24
hrs. Here | have observed that HI can cause insulin resistance and which in turn significantly affects the
redox status of the cell by the increased production of reactive oxygen species (ROS). This resulted in
the depletion of glutathione peroxidase levels, glucose-6-phosphate dehydrogenase levels, glutathione
levels and also as an adaptive response it increased the superoxide dismutase levels in the HepG2 cells.
I also observed that HI altered both the insulin signaling pathway and the glucose uptake. The decreased
glucose uptake resulted in the hyperglycemia and it amplified both glycation and polyol pathway in the
HepG2 cells by increased production of advanced glycation end products and sorbitol. During HI the
development of insulin resistance were observed which revealed impairments in the both hepatic
glucose and lipid metabolism. Based on this | studied the alterations in both hepatic glucose and lipid
metabolism and from these | have noticed the association between the glucokinase (GK) and p-BAD in
inducing the alterations in hepatic glucose metabolism. Also, | have found a decreased glycogenesis
and reduced glycolysis through the inhibition of the GK in HepG2 cells. Simultaneously | have observed
the increased gluconeogenesis and the up-regulated de novo lipogenesis as a result of selective insulin
resistance. Both the up-regulated de novo lipogenesis and increased fatty acid uptake resulted in the
development of lipid accumulation as well as the initiation of inflammation inside the cell, a hallmark
of the initiation of NAFLD. Besides this, | have found that the increased ROS via alteration in redox
status affect the mitochondrial metabolism also. Mitochondria is related to hepatic glucose metabolism
via BAD protein. In addition, the decreased glucose uptake during HI created the mitochondrial
dysfunction by decreased ATP synthesis. Furthermore, the increased lipid levels during selective insulin
resistance and the increased production of lipid peroxides during oxidative stress caused both the ER
and mitochondrial disturbances. The ER stress during the HI also created a decreased expression of
SERCA. The decreased SERCA expression and the increased cytoplasmic Ca?* leads to the altered Ca?*
homeostasis. All these consequences caused the disturbances in MAM. All these results implicated the
importance of MAM, ER and mitochondria on the prevalence of HI and HI associated complications.
Meanwhile VA and metformin were effective against these complications created by HI. VA could act
as an antioxidant, antiglycation agent, a good glucokinase activator and a novel DPP4 inhibitor. In
addition to this, VA has a potential to increase the expression of insulin degrading enzymes in the
HepG2 cells and thereby reduce the occurrence of HI. Thus VA could act as a good and an attractive
phytochemical against the HI and its associated complications.
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Abstract

Glucokinase (GK), a key regulator of hepatic glucose metabolism in the liver and
glucose sensor and mediator in the secretion of insulin in the pancreas, is not
studied in detail for its therapeutic application in diabetes. Herein, we study the
alteration in GK activity during hyperinsulinemia-induced insulin resistance in
HepG2 cells. We also investigated the link between GK and Bcl-2-associated death
receptor (BAD) during hyperinsulinemia. There are emerging demands for GK ac-
tivators from natural resources, and we selected vanillic acid (VA) to evaluate its
potential as GK activators during hyperinsulinemia in HepG2 cells. VA is a phenolic
compound and a commonly used food additive in many food industries. We found
that VA safeguarded GK inhibition during hyperinsulinemia significantly in HepG2
cells. VA also prevented the depletion of glycogen synthesis during hyper-
insulinemia, which is evident from protein expression studies of phosphoenolpyr-
uvate carboxykinase, glucose-6-phosphatase, glycogen synthase, and glycogen
synthase kinase-38. This was associated with activation of BAD activity, which was
also confirmed by Western blotting. Molecular docking revealed strong binding
between GK active site and VA, supporting their strong interaction. These are the
first in vitro data to indicate the beneficial properties of VA with respect to insulin
resistance induced by hyperinsulinemia by GK activation. Since it is activated via
BAD, the hypoglycemia associated with general GK activation is not expected here

and therefore has significant implications for future therapies against diabetes.

KEYWORDS

BAD, glucokinase, gluconeogenesis, HepG2 cells, hyperinsulinemia

Abbreviations: BAD, Bcl-2-associated death receptor; BSA, bovine serum albumin; DMEM, Dulbecco's modified Eagle's medium; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; G-6-P,
glucose-6-phosphatase; GK, glucokinase; GKRP, glucokinase regulatory protein; GS, glycogen synthase; GSK-3p, glycogen synthase kinase-33; HepG2, human hepatic carcinoma; HGP, hepatic
glucose production; HRP, horseradish peroxidase; IR, insulin resistance; MODY2, maturity-onset diabetes of the young type 2; PBST, phosphate-buffered saline-Tween 20;

PEPCK, phosphoenolpyruvate carboxykinase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TBST, trisbuffered saline-Tween 20; T2DM, type 2 diabetes mellitus;

VA, vanillic acid.

J Biochem Mol Toxicol. 2021;e22750.
https://doi.org/10.1002/jbt.22750

wileyonlinelibrary.com/journal/jbt © 2021 Wiley Periodicals LLC 10f 8


https://orcid.org/0000-0002-1341-5470
mailto:raghukgopal@niist.res.in
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbt.22750&domain=pdf&date_stamp=2021-03-02

20of 8
298 | WiLEY

SREELEKSHMI ano RAGHU

JOURNAL OF
BIOCHEMICAL - MOLECULAR TOXICOLOGY

1 | INTRODUCTION

The glucose metabolism in the human is controlled by a master
regulator called glucokinase (GK),I"! predominantly seen in both the
pancreas and liver. GK controls the flux of glucose through several
metabolic pathways like glycolysis, glycogenesis, glycogenolysis, and

gluconeogenesis.”)

It phosphorylates the glucose to glucose-6-
phosphate (G6P) and traps glucose inside the hepatocyte, ensuring
that an adequate amount of glucose enters the cell to be metabo-
lized!®! To synthesize glycogen, glucose is phosphorylated upon its
entrance into the hepatocytes, and it is carried out by GK. So the GK
reaction is a limiting factor for glycogen synthesis from glucose in the
liver.[*] Through this mechanism, it enhances insulin secretion in
pancreatic B-cells and improves hepatic glucose homeostasis.! A
defective glycogen synthesis after meals was observed in type
2 diabetes mellitus (T2DM) patients, which leads to postprandial
hyperglycemia.

In the liver, GK regulates substrate utilization by promoting
glycolysis and glycogenesis while inhibiting hepatic glucose pro-
duction (HGP).'”) HGP is central to metabolic adaptation during
fasting, and its abnormal elevation is a chief determinant of
fasting hyperglycemia in T2DM.>*1 HGP is derived from glycogen
breakdown and de novo genesis of glucose (gluconeogenesis).[Z] In
the liver, the GK activity is profoundly regulated by its binding to
a glucokinase regulatory protein (GKRP).I’! Accordingly, GKRP is a
GK anchoring protein and a chaperone that mediates the GK im-
port and export.[7*8] This regulation of GK with its GKRP is needed
for postprandial glycolysis without generating hypoglycemia. In
the liver, when the glucose concentration is high, GK is released
from the GKRP and enters into the cytoplasm, where it catalyzes
the formation of glucose 6 phosphate from glucose.l®”) Recent
studies postulate that when GK enters the cytoplasm, it associates
with a mitochondrial complex comprising Bcl-2-associated death
receptor (BAD).'®'" BAD-deficient hepatocytes possess dimin-
ished mitochondria-based GK activity. BAD's metabolic effect
depends on its ability to activate GK and modulate glucose oxi-
dation.['?! Several diseases like permanent neonatal diabetes
mellitus and maturity-onset diabetes of the young type 2
(MODY2) result from heterozygous inactivation of GK genes.[m
The contribution of BAD in altered hepatic glucose metabolism
during T2DM has not been examined. Also, the actual mechanism
of cytoplasmic GK in regulating glucose metabolism is not fully
understood, and the role of associate proteins involved in the
process has not been elucidated completely. Here, we try to reveal
the role of BAD in association with GK, improving its glucose
uptake in the HepG2 cells. We have also selected vanillic acid (VA)
to screen its potential to enhance the activity of BAD-linked GK
activity in HepG2 cells. VA is a biologically safe, natural plant
component, an intermediate molecule formed during the ferulic
acid metabolism, and commonly used flavoring agent. It has been
reported for multiple beneficial effects such as hepatoprotec-
tive, 14 chemopreventive, cardioprotective, antihypertensive, and

antioxidant.[**!

2 | MATERIALS AND METHODS

Dulbecco's modified eagle's medium (DMEM) (Cat no. 11965118),
fetal bovine serum (FBS) (Cat no. 16000044), 0.5% trypsin-ethylene
diamine tetra acetic acid (trypsin-EDTA) (Cat no. R0O01100) and
pencillin-streptomycin antibiotics (Cat no. 15070063) were pur-
chased from Gibco-BRL Life Technologies. Dimethyl sulfoxide
(DMSO) (Cat no. D8418), radioimmuno precipitation assayr-
adioimmuno precipitation assay (RIPA) buffer (Cat no. R0278),
VA (Cat no. W398802), and metformin (Cat no. 317240) were pur-
chased from Sigma Aldrich. GK (Cat no. sc-17819), GKRP (Cat no.
sc-166841), and Bcl-2-associated death receptor (BAD) (Cat no.
sc-271963) antibodies were obtained from Santa Cruz Biotechnol-
ogy. Glycogen synthase (GS) (Cat no. 3893s), glycogen synthase
kinase-3f (GSK3p) (Cat no. 12456), B-actin (Cat no. 4970), and all
other secondary antibodies were purchased from Cell Signaling
Technology. Phosphoenolpyruvate carboxykinase (PEPCK) (Cat no.
ab-54481) and glucose-6-phosphatase (G-6-P) (Cat no. ab-93857)
were from Abcam. Recombinant human insulin was from Merck (Cat

no. 407709). The remaining chemicals used were of analytical grade.

2.1 | Cell culture

Human hepatic carcinoma (HepG2) cells were obtained from the Na-
tional Centre for Cell Science (NCCS), Pune. The cells were cultured in
DMEM containing 10% FBS, 100U/ml penicillin, and 100 pg/ml
streptomycin at 5% CO, and 37°C in an incubator. A model of high
insulin-induced insulin-resistant HepG2 cells was developed according

to the method of Jung et al, el

with slight modifications. Briefly,
HepG2 cells were seeded in 96-well plates. After reaching 80% con-
fluence, the cells were treated with 1 uM human insulin for 24 h to
induce insulin resistance; simultaneously, the cells were subjected to
corresponding treatments with 1% serum-containing media. After

treatment, the cells were harvested for further analysis.

2.1.1 | Experimental groups
C group: HepG2 cells without any treatment (control).
Insulin-resistant group (IR): Cells incubated with 1 uM human
insulin for 24 h.
VA1 group: IR group cotreated with 5uM of VA.
VA2 group: IR group cotreated with 10 uM of VA.

M group: IR group cotreated with 1 mM of metformin.

2.2 | GK activity and regulation of GK

The activity of GK was detected and quantified calorimetrically
(ELISA; My Biosource) (Cat no. MBS729636). A microtiter plate
precoated with an antibody specific to GK provided in the kit was
used. To perform this assay, the cells after respective treatments
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were harvested. Then both standard and 100 pl of the sample were
added into the respective wells of a microtiter plate. After 2h of
incubation at 37°C, the wells were washed. Then, 100 pl of avidin-
conjugated horseradish peroxidase (HRP) was added to all the wells
and incubated for 1h at 37°C. Then the wells were washed and
added 90 ul of TMB substrate solution to the wells. Then incubated
for 25 min at 37°C. Then 50 ul of stop solution was added to ter-
minate the reaction, and immediately the color change was read at
450 nm.

The amount of GKRP protein was quantified calorimetrically
according to the ELISA method. In this assay, a 96-well plate was
coated with nuclear protein samples of 50ul and incubated at
4°C overnight. After this, the plate was washed five times with
phosphate-buffered saline-Tween 20 (PBST). Then, 100 ul of GKRP
antibody (1:1000) was added and incubated for 1 h followed by five
times wash with PBST. Then, the antirabbit secondary antibody
(1:2000), which is HRP-conjugated, was added and incubated for 1 h.
Then, the cells were washed with PBST followed by the addition of
50 ul of substrate solution and incubated for 20 min. After that,
50 ul of stop solution was added to terminate the reaction, and im-

mediately the color change was read at 450 nm.

2.3 | Glycogen assay

The glycogen level was assayed using a kit from Abcam (Cat no.
ab169558). For this assay, the cells were seeded in a 24-well plate.
After respective treatments, the cells were homogenized for 10 min
on ice, followed by boiling of homogenates for 10 min to inactivate
the enzymes. After centrifugation, the supernatant was collected.
Fifty microliters of supernatants (samples) and standards were added
to the 96-well plate. Then 2 ul of hydrolysis buffer (provided by the
kit) to all the wells was added and incubated for 30 min. After that,
48 ul of reaction mix was added. Then, it was incubated for 30 min at
room temperature, and the OD was measured at 450 nm. The ex-
pression levels of proteins, GS and GSK-3@, involved in glycogen
metabolism were analyzed by Western blotting (for details, refer
Section 2.8).

2.4 | Gluconeogenesis
The expression levels of major proteins in hepatic gluconeogenesis
like PEPCK and G-6-P were evaluated at protein levels by Western

blot analysis (for details, refer Section 2.8).

2.5 | GK and BAD expression
The expression level of GK and BAD proteins during insulin re-
sistance conditions were analyzed by Western blot analysis (for

details, refer Section 2.8).
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2.6 | Molecular docking

Autodock v4.2 and autodock tools were used to analyze the inter-
action between the GK ligand-binding domain and VA. They were
used to find the most populated cluster with the lowest binding
energy, which was deemed as the most stable conformation. The
three-dimensional model of GK was taken from Brookhaven protein
data bank, and the structure of VA was downloaded from
Chemspider and converted to PDB format using Chem-3D Pro 10. The
docking fitness of the VA to GK and the amino acids of GK involved in
the interaction was predicted by using iGEMDOCK. The binding energy
of VA-GK was analyzed using the software Autodock v4.2.

2.7 | Western blot analysis

Immunoblotting was used to analyze the expression of GK, PEPCK,
G-6-P, GS, GSK-38, BAD, and p-actin proteins. Cells were seeded in
T-25 flasks containing 5ml DMEM medium and subjected to re-
spective treatments. After the treatment, the cells were harvested
and lysed in an ice-cold RIPA buffer containing a protease inhibitor
cocktail (Sigma Aldrich). Each homogenized sample was centrifuged
at 10,0009 for 20 min at 4°C, and the supernatant was collected.
Protein concentration in the supernatant was quantified using a bi-
cinchoninic acid protein assay kit (Pierce). After equalization of
proteins, 20 ul of protein was mixed in 5x sample buffer and was
boiled for 5min and resolved in 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis at 55V. Twenty-five micro-
litres of each sample was loaded into each well. After separation
using Mini-Trans-Blot (BioRad), the proteins were transferred to the
PVDF membrane (Millipore, Merck). The membrane was blocked in
bovine serum albumin (BSA) in tris-buffered saline-Tween 20 (TBST)
for 1h at room temperature. After washing with TBST, membranes
were incubated with specific primary antibodies (1:1000) and g-actin
in TBST overnight with gentle agitation at 37°C. After washing with
TBST, membranes were incubated for 1 h at 37°C with horseradish
peroxidase-conjugated secondary antibodies (1:2000) by shaking.
After three washes with TBST, the membranes were developed with
the enhanced chemiluminescence (Abcam) kit. After that, the mem-
brane was visualized by ChemiDoc XRS (Bio-Rad). Proteins levels
were quantified by densitometry using ImageJ software.

2.8 | Statistical analysis

All analyses were carried out in triplicates (n = 3) and data are pre-
sented as mean + standard error of the mean (SEM). The normality
for the variables were analyzed using Kolmogorov-Smirnov Z test,
and the variables were normally distributed. Hence, the data were
subjected to a one-way analysis of variance (ANOVA), and further
significantly different pairs were identified using post hoc Duncan's

multiple comparison test. Values were statistically significant at
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FIGURE 1 VA enhances GK activity by downregulating GKRP.
(A) GK activity is analyzed by GK activity assay. (B) GKRP activity is
analyzed by indirect ELISA. C, control cells; IR, high insulin-treated
insulin-resistant cells; VA1, IR + 5 uM vanillic acid; VA2, IR+ 10 uM
vanillic acid; M, IR + metformin (1 mM). Data are presented as
mean + SEM, where n = 6. *mean value was significantly different
from control cells (p < 0.05). * mean value was significantly different
from IR cells (p < 0.05). ELISA, enzyme-linked immunosorbent
assay; GK, glucokinase; GKRP, glucokinase receptor

protein; VA, vanillic acid

p <0.05. All calculations were done by using SPSS for Windows
standard version 20 (SPSS Inc.).

3 | RESULTS

3.1 | GKlevel is declined in insulin-resistant
HepG2 cells via the overexpression of GKRP

Analysis of GK activity showed a significant decrease (20%) in IR
cells compared with control cells (Figure 1A). While with VA co-
treatment, the level of GK was increased significantly by 15% and
16.7% for 5 and 10uM concentrations compared with IR cells.
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FIGURE 2 Glycogen synthesis. After VA cotreatment, the
glycogen content is determined by glycogen assay. C, control cells;
IR, high insulin-treated insulin-resistant cells; VA1, IR + 5 uM vanillic
acid; VA2, IR + 10 uM vanillic acid; M, IR + metformin (1 mM). Data
are presented as mean + SEM, where n = 6. * mean value was
significantly different from control cells (p < 0.05). *mean value was
significantly different from IR cells (p < 0.05)

Metformin caused a significant increase of the GK levels by 20%
(Figure 1A).

To determine how the GK is downregulated in IR cells, the levels
of GKRP were analyzed. Here, we found that in IR cells, the levels of
GKRP were increased (41.1%) significantly compared with control
cells. VA of both concentrations (5 and 10 uM) significantly reduced
the activity of GKRP by 21.6% and 46.4%, respectively. Metformin
also reduced the activity of GKRP by 41.8% as compared with IR.
Here compared with metformin, VA of 10 uM concentration showed

a better result (Figure 1B).

3.2 | Hepatic GK activation enhances the
glycogenesis in the liver

During IR condition, the glycogen level was decreased drastically
(46.6%) as compared with control cells (Figure 2). While with VA,
the level of glycogen was increased significantly by 30.7% and
41.9% (p<0.05) for 5 and 10uM concentrations, respectively,
compared with IR cells (Figure 2). Metformin also significantly en-
hanced the glycogen content of IR cells by 42.2% as compared
with IR cells.

This was also confirmed by Western blot data. Here, we checked
the expression of both GS and GSK-3B (Figure 3A). The result
showed that there was a significant reduction in the GS enzyme by
38.7% (p<0.05) and upregulation of GSK-3f by 123.5% (p <0.05;
Figure 3B) in IR cells. The cotreatment of VA (5 and 10 uM) caused
29.7% and 84.1% increase in GS activity and 85.7% and 94.7% de-
crease in GSK-3f compared with IR cells, respectively. Metformin
cotreatment also significantly increased the GS enzyme by 85.2%
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Effect of VA on glycogenesis and gluconeogenesis. (A) After VA cotreatment, the cells were lysed and GS, GSK-3g, PEPCK,

G-6-P, and B-actin expression were analyzed by Western blot analysis. (B) Densitometric quantification of GS and GSK-3 were normalized
to B-actin. (C) Densitometric quantification of PEPCK and G-6-P were normalized to g- actin. C, control cells; IR, high insulin-treated
insulin-resistant cells; VA1, IR + 5 uM vanillic acid; VA2, IR + 10 uM vanillic acid; M, IR + metformin (1 mM). Each value represents the

mean + SEM, where n = 6. *mean value was significantly different from control cells (p < 0.05). #mean value was significantly different from
IR cells (p < 0.05). GS, glucokinase; GSK-3, glycogen synthase kinase-3; G-6-P, glucose 6 phosphate; PEPCK, phosphoenolpyruvate carboxykinase

and decreased the GSK-38 by 79.1% compared with the IR cells
(Figure 3B).

3.3 | GK expression is negatively correlated with
hepatic gluconeogenesis

Here, we found that during IR, the expression of PEPCK and G-6-P
was significantly increased, 58.7% and 101.7%, respectively, as
compared with control. VA cotreatment downregulated the ex-
pression of PEPCK by 45.4% at 5uM and by 80.5% at 10 uM
(p=<0.05) compared with IR (Figure 3AC). Also, VA dose-
dependently decreased G-6-P expression by 9% at 5uM and by
49% at 10uM concentrations as compared with IR cells

(Figure 3A,C). Metformin significantly reduced the expression of

both PEPCK and G-6-P by 132.2% and 110.5%, respectively, when
compared with IR.

34 | GK activation is linked with the hepatic BAD
expression

Western blot analysis was performed for GK and BAD protein ex-
pression analysis (Figure 4A). IR caused a significant reduction in the
expression of GK (69.7%) compared with control cells. VA cotreat-
ment significantly upregulated the GK expression (62.7% and 108.7%
for 5 and 10uM, respectively; p <0.05) compared with IR cells.
Metformin group noticeably enhanced (101.2%) the GK levels com-
pared with IR. During IR condition, there was a significant down-
regulation in the expression of mitochondrial protein BAD by 58.6%
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Effect of VA on GK and BAD. (A) After treatment with VA, the cells were lysed, and GK, BAD, and §-actin expression were

analyzed by Western blotting. (B) Densitometric quantification of GK and BAD were normalized to B-actin. C, control cells; IR, high insulin-
treated insulin-resistant cells; VA1, IR + 5 uM vanillic acid; VA2, IR + 10 uM vanillic acid; M, IR + metformin (1 mM). The protein contents were
normalized by B-actin. Each value represents the mean + SEM, where n = 6. * indicates that the mean value was significantly different from
control cells (p < 0.05). * indicates that the mean value was significantly different from IR cells (p < 0.05). BAD, Bcl-2-associated death receptor;

GS, glucokinase; GK, glucokinase; VA, vanillic acid

(p < 0.05) as compared with control. VA cotreatment at 5 and 10 uM
significantly (p < 0.05) upregulated the expression of BAD by 58%
and 115.5%, respectively, compared with IR cells. Also, metformin
treatment significantly (p<0.05) increased the BAD protein by
110.6% compared with IR cells (Figure 4B).

3.5 | Docking of VA to GK

To determine the putative binding mode and potential ligand-target

interactions of VA, it was docked to human GK using Autodock v4.2.

The VA was bound to GK with a binding energy of -4.94 kcal/mol,
showing a stable binding affinity into the active site of GK
(Figure 5A). The amino acid residues of GK interacting with VA was
given in Figure 5B. The result of Autodock v4.2 showed that the
amino acid residues in the close proximity of affinity pocket lever-
aged binding of VA to GK through hydrophobic as well as electro-
static interactions (Figure 5B). The amino acid residues of GK
involved in the interactions with VA were Glul7, Leu20, Phe23,
GIn24, Leu25, GIn26, Arg369, Glu372, Ser373, Val374, Thr376,
Arg377, and His380 (Figure 5B). VA was found to form a hydrogen
bond with residue Arg369 in the binding pocket of GK.

FIGURE 5 Docking model predicted interaction details between VA and GK. (A) Hydrophobicity surface representation of human
glucokinase-vanillic acid complex (green stick: vanillic acid). (B) Interacting amino acid residues of glucokinase with vanillic acid.

GK, glucokinase; VA, vanillic acid
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4 | DISCUSSION

This study deals with alterations in GK activity during hyper-
insulinemia in HepG2 cells and amelioration with VA. We also dis-
cuss the alteration in glucose metabolism and the role of BAD during
this IR condition. GK is the predominant hexokinase expressed in
the liver and has a major role in hepatic glucose disposal and glucose
output.!'”! There are reports to argue that GK therapy is a more
effective preventive measure in T2DM because it is especially im-
portant for glucose homeostasis.!'”! Hepatic GK is regulated by an
inhibitory protein called GKRP that traps GK at basal glucose
level[*”! During the hyperglycemic condition, GK in the liver is ac-
tivated and activated GK suddenly triggers the disposal of post-
prandial blood glucose.'”! In fact, decreased GK enzymatic activity
has been reported in patients with T2DM.I8!

In the human liver, the major quantitative pathway for glucose
utilization is glycogen synthesis.”! Glucose 6 phosphate is the pre-
cursor for glycogen synthesis and is supplied by GK. Animal studies
showed that even a small mutation in GK protein level has a no-
ticeable effect on blood glucose homeostasis.!"® There are reports in
diabetic patients; the liver GK activity has been reduced when
compared with normal subjects, which suggests that hepatic GK may
have a role in T2DM.[*”) During IR condition, the amount of glycogen
becomes downregulated by the inhibition of GS enzyme.”?! We also
reported the same result that during IR condition in HepG2 cells, the
glycogen level was decreased. The increase in GK was associated
with an increase in intracellular levels of glucose 6 phosphate and
glycogen.m] Increased glucose 6 phosphate allosterically activates
GS protein.m] Impairment of GK during T2DM decreases glucose
6 phosphate level and subsequently reduces glycogenesis.[*®! Acti-
vation of GK would repair glycogen storage in T2DM patients.[”’
Another enzyme that takes part in the glycogen synthesis is GSK-34,
which inactivates GS and the decreased glycogen stores in the
liver.”?! It is a negative regulator of glycogenesis. Activation of
GSK-3 inhibits the GS enzyme, promotes glycogenolysis, and in-
creases hepatic glucose output. During a diabetic condition, the GSK-
3B level increases.”" From our data, it is evident that during an IR
condition, the level of GSK-38 is high, which decreases GS enzyme.

In addition to glucose utilization, the human liver releases glu-
cose to the bloodstream either through glycogenolysis or from glu-
coneogenesis.”*?°! The unique ability of this organ to control
glucose production and storage is important for maintaining normal
blood glucose during fasting or starvation.['”! These findings under-
score the importance of maintaining normal gluconeogenic rates to
avoid disease pathophysiology. In patients with T2DM, gluconeo-
genesis has been identified as the primary source of glucose pro-
duction, while glycogenolysis was found not to contribute to glucose
production.[?®! So next, we investigated the contributors of the HGP
during IR in HepG2 cells. Gluconeogenesis is the de novo synthesis of
glucose, initiated in the mitochondria from pyruvate, and finally,
glucose is generated in the cytosol.[27] Increased HGP is mainly due
to the overexpression of PEPCK and G-6-P.[*®! They are the key
players behind gluconeogenesis during T2DM."] PEPCK is the rate

BIOCHEMICAL

regulator of gluconeogenesis,!?”?

it decarboxylates and phosphor-
ylates the oxaloacetate to form phosphoenolpyruvate.?”?? After
several reverse steps of glycolysis, G-6-P is involved in the final step
of glucose generation in the liver. Here, it catalyzes the depho-
sphorylation of G6P and generates free glucose. Proteins involved in
gluconeogenesis and GK action act in the opposite direction, so a
coordinated regulation is essential to control the hepatic glucose
input and output. We found that IR increased gluconeogenesis
through the increased expression of G-6-P and PEPCK levels.

GK is situated in the mitochondria and forms a hetero pentameric
complex on the mitochondrial membrane. Among these members,
BAD is the critical component of the complex, and it integrates gly-

colysis and apoptosis via interaction with GK.?!

The hepatic loss of
BAD is linked to reduced glycolysis and enhanced gluconeogenesis.
This shows that BAD deficiency is associated with impaired HGP.
When the phosphorylated BAD level increases, it activates GK and
promotes glycolysis, and when the BAD level is diminished, it will
downregulate glycolysis and enhance gluconeogenesis.”) These ob-
servations point out that BAD may help the mitochondria to distin-
guish glycolysis versus gluconeogenesis.[z] This confirms that GK is an
important mechanistic component of BAD modulation in hepatic
metabolism. Moreover, BAD's ability to coordinately regulate hepatic
energy metabolism and gluconeogenesis is abolished in the absence of
GK. This provides evidence of an epistatic relationship between these
partner proteins, and GK is a downstream mediator of BAD's meta-
bolic effects.!”) BAD activates GK and enhances glucose metabolism in
the liver and pancreas.m] So, we checked the expression level of BAD
in IR cells and the effect of VA on it. In IR cells, the BAD level was
decreased significantly as compared with control cells. The gluco-
neogenesis was also significantly higher in IR cells, which facilitates
the HGP. This reveals the decreased activity of GS enzyme and re-
duced glycogenesis. From these findings, we suggest that GK is a
downstream mediator of BAD in HepG2 cell's energy metabolism. The
link between mitochondria and GK in connection with ATP utilization
has already been established.] We have already reported the de-
pletion of ATP and oxygen consumption in our early study (data not
shown here). Based on this observation, we postulate that alteration
of GK and BAD activity during IR influence general bioenergetics of
hepatocytes, such as ATP production and oxygen consumption.
There are reports that hepatic GK activation using phyto-
pharmacologic tools or other agents, such as small allosteric GK
activators, can lead to increased glucose utilization, decreased glu-
cose production, and amelioration of the hyperglycemia.l%? But it is
also important to exclude the potential risk of hypoglycemia and
hyperlipidemia associated with GK activation.” Most of the GK ac-
tivators are allosteric activators, and they may increase the risk of
hypoglycemia and hypertriglyceridemia.l’**?! Within this context, it
is important to note that the mechanism by which the BAD activates
GK is distinct from allosteric GK activators,>®! and BAD mimetic
compounds may exclude the side effects and highlight the potential
therapeutic utility of these strategies in diabetes and metabolic
syndrome. From our data, it is evident that VA is an activator of GK
via BAD. Through this mechanism, VA could enhance glycogenesis by
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inhibiting gluconeogenesis in IR cells. This was confirmed with our
docking data too. According to our docking results, the binding of
VA to GK is through hydrophobic and electrostatic interactions.
In addition to this, the binding energy for this interaction is
-4.94 kcal/mol. This means VA was stably placed in the active site of
GK and promotes glucose consumption in hepatocytes. Meanwhile,
docking results also revealed that VA formed a hydrogen bond with
Arg369 residue in the binding pocket of GK. From these results, it is
clear that VA promotes the activation of GK level in IR cells. In
addition to this, VA behaves as a potential stimulator of GK through
BAD activation. With this unique mode of action, we could say that
VA has the potential to act as a new class of GK activators and it may
be an interesting phytomolecule for further research for use
in T2DM.

5 | CONCLUSION

Overall, this study revealed the potential of VA in the activation
of GK level through BAD. Since the mode of action is via
BAD-associated nonallosteric interaction, the fear of hypoglycemia
associated with GK activation is not here. Thus, we could say that VA
may be an ideal molecule to explore for its beneficial properties

aganist diabetic complications.
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ARTICLE INFO ABSTRACT

Keywords: Vanillic acid (VA) is a flavoring and nutritional agent found in many fruits and vegetables. It is an antioxidant but
HYPeflnSUIlnemla ) its nutraceutical potential has not been studied in detail. In this study, the potential of VA against hyper-
RTaCt“fe OXygen species insulinemia mediated changes on redox status and mitochondria in HepG2 cells were investigated. Incubation of
1?/[1}; ziﬁzi dria cells with 1 uM insulin for 24 h was found to induce insulin resistance using the inhibition of Glut2 and glucose

uptake (51.9%). Hyperinsulinemia caused depletion of superoxide dismutase, glutathione, glutathione peroxi-
dase and generation of reactive oxygen species (68%). It also caused overexpression of the receptor for advanced
glycation end products (120%) and a decreases of dolichyl-diphospho-oligosaccharide-protein glycosyl-
transferase non-catalytic subunit (34%). Mitochondria were affected with alterations in mitochondrial trans-
membrane potential, aconitase activity, mitochondrial fission and fusion, biogenesis (AMPK, Sirtl and PGC-1a)
and bioenergetics (ATP and oxygen consumption). Co-treatment with VA decreased oxidative stress by reducing
reactive oxygen species and lipid peroxidation during hyperinsulinemia. Similarly, VA protected the mito-
chondria during insulin shock. VA also prevented glycation through the decrease of the receptor for advanced
glycation end products expression. VA was found to act through the AMPK/Sirt1/PGC-1a pathway to obtain its
beneficial activity. From the overall results it was concluded that VA is expected to be a potential nutraceutical
which could be explored for the development of affordable nutraceuticals after detailed in vivo study.

HepG2 cells
Angelica sinensis

for regulating glucose metabolism (Wilcox, 2005). Circulating levels are
controlled by the nutrients involved in glucose uptake, glycolysis and
glycogen storage, lipogenesis, and protein synthesis (Czech et al., 2013;
Fu et al., 2013). Insulin may also have some autocrine functions like the
promotion of p-cell growth and influence its own production and release
(Wang et al., 2013). Hyperinsulinemia could enhance the desensitiza-
tion of the insulin receptor which results in IR (Templeman et al., 2017).
Corkey (2012) showed that hyperinsulinemia is the root cause of IR and
diabetes. Inhibition of hyperinsulinemia results in the reduction of IR
without affecting glucose tolerance including in human studies (Reed
etal., 2011). Thus, early recognition of hyperinsulinemia may be helpful
to guide earlier intervention strategies to prevent or delay diabetes onset
and related chronic diseases. Hyperinsulinemia could alter redox status
(Kim et al., 2008) and induce surplus generation of superoxide anions,
hydrogen peroxide and hydroxyl radicals (Ge et al., 2008; Li et al.,
2015). These effects were reversed using antioxidants such as N-ace-
tyl-cysteine, superoxide dismutase or catalase. Therefore, oxidative

1. Introduction

Alternative approaches are needed to prevent and treat metabolic
diseases such as type 2 diabetes mellitus (T2DM) and associated health
issues. Non-pharmacological management with the utilization of herbal
dietary products has been an option and further work is needed in the
search for culinary plants for prophylactic and therapeutic use. These
edible biomaterials have been shown to alleviate complex disorders
using nutritional intervention (Choudhury et al., 2018). Functional
foods are being developed to manage chronic diseases, such as T2DM
and cardiovascular diseases. Some have enhanced antioxidant,
anti-inflammatory and insulin sensitivity functions.

Hyperinsulinemia is associated with health complications of dia-
betes. Insulin resistance (IR) is a major issue with hyperinsulinemia
(Marin-Juez et al., 2014). This has been established in animal and
human studies (Shanik et al., 2008). Insulin is one of the main hormones
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Abbreviations

Aym mitochondrial membrane potential
2-DG 2-deoxy-p-glucose

AGE advanced glycation end products
ALE advanced lipoxidation end products

AMPK  adenosine monophosphate activated kinase
ANOVA one-way analysis of variance

ATP adenosine triphosphate

BSA bovine serum albumin

DCFH-DA 2,7-dichlorodihydrofluorescein diacetate

DDOST  dolichyl-diphospho-oligosaccharide-protein
glycosyltransferase non-catalytic subunit

DMEM  Dulbecco’s modified eagle’s medium

DMSO  dimethyl sulfoxide

DTNB 5,5’-dithio-bis (2-nitrobenzoic acid)

DTT dithiothreitol
ECL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol tetraacetic acid
FBS fetal bovine serum

FIS1 fission 1 protein

GLUT2 glucose transporter 2

GPx glutathione peroxidase

GSH glutathione

HBSS Hanks balanced saline solution
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HepG2 human hepatocellular carcinoma cells

HI high insulin
HRP horseradish peroxidase

IR insulin resistance

IRS2 insulin receptor substrate 2

JC-1 5,5,6,6'-tetrachloro-1,1’,3,3'-tetraethyl-benzimidazol
carbocyanine iodide

MDA malondialdehyde

MES 2-(N-morpholino)ethanesulfonic acid

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

NAC N-acetyl-cysteine

NADP  nicotinamide adenine dinucleotide phosphate

NCCS National Centre for Cell Science

OPA1l optic atrophy 1

oS oxidative stress

p-AMPK phospho-AMP activated kinase

PBS phosphate-buffered saline

PGC-la  peroxisome proliferator activated receptor y coactivator-
la

PVDF polyvinylidene difluoride

RAGE receptor for advanced glycation end products

RIPA radioimmuno precipitation assay

ROS reactive oxygen species

RT room temperature

SEM standard error of the mean

Sirtl sirtuin 1

SOD superoxide dismutase

SPSS Statistical Package for the Social Sciences

T2DM  type 2 diabetes mellitus

TBST tris buffered saline-Tween 20

VA vanillic acid

stress (0OS) could be a potential interventional target for hyper-
insulinemia induced IR and related diseases. Mitochondria are the
powerhouse of the cell and involved in important functions of the cell
such as regulation of ATP production, redox status and apoptosis.
Mitochondrial dysfunction and associated OS are often involved at the
start in the genesis of metabolic syndromes. Hyperinsulinemia associ-
ated pathologies have been associated with OS and mitochondrial
dysfunction but the detailed information needed to design therapeutic
strategies based on molecular mechanisms might be beneficial (Gonza-
lez-Franquesa & Patti, 2017).

Based on the importance of antioxidants in protecting the mito-
chondria from OS during hyperinsulinemia, vanillic acid (VA) was
selected for this study. It is a flavoring agent mainly found in the root of
the Chinese medicinal plant Angelica sinensis. It is also found in many
alcoholic beverages, cereals, dried fruits, nuts and herbs. It is a strong
antioxidant (Tai et al., 2012) and anti-lipid-peroxidative agent (Vinoth
& Kowsalya, 2018). It is the oxidized form of vanillin and has antibac-
terial, antimicrobial, and chemopreventive activities (Itoh et al., 2010).
Only one report showed that VA protects against hyperinsulinemia and
hyperlipidemia by decreasing the serum glucose, triglycerides, and free
fatty acids (Chang et al., 2015). Similarly, not much research has been
done with hyperinsulinemia induced alterations in redox status associ-
ated with mitochondrial dysfunction and glycation in human hepato-
cellular carcinoma (HepG2) cells. In this study the effects of VA on
hyperinsulinemia in HepG2 cells, an in vitro model of the hyper-
insulinemic insulin resistant liver, was studied.

2. Materials and methods
Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum

(FBS), penicillin-streptomycin antibiotics (10,000 IU/mL of each) and
0.5% trypsin (porcine pancreas)- ethylenediaminetetraacetic acid

(trypsin-EDTA) were from Gibco-BRL Life Technologies (Waltham, MA,
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethylsulfoxide (DMSO), radioimmunoprecipitation assay
buffer (RIPA buffer), 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA), and VA were from Sigma Aldrich Chemical Co. (St. Louis, MO,
USA). Adenosine monophosphate activated kinase (AMPK), phospho-
AMPK (p-AMPK), peroxisome proliferator activated receptor y coac-
tivator-la (PGC-1a), sirtuin 1 (Sirt 1), fission 1 protein (FIS 1), optic
atrophy 1 (OPA 1), B-actin and all other secondary antibodies were from
Santa Cruz Biotechnology (Dallas, TX, USA). RAGE and DDOST were
from Abcam (Cambridge, MA, USA). Metformin, N-acetyl-cysteine
(NAC) and amino guanidine were from SRL (Mumbai, India). Recom-
binant human insulin, MitoSoxTM dye and JC-1 dye were from Merck
(Kenilworth, NJ, USA). The remaining chemicals used were of analytical
grade from SRL.

2.1. Cell culture

HepG2 cell lines which were purchased from the National Centre for
Cell Science (NCCS, Maharashtra, India) were maintained in DMEM
supplemented with 10% FBS and antibiotics (100 IU/mL of each peni-
cillin and streptomycin) in a humidified atmosphere with 5% CO; at
37 °C.

2.2. Establishment of IR through hyperinsulinemic shock of HepG2 cells

HepG2 cells were seeded in 96-well plates at a density of 2 x 10*
cells/well counted using a haemocytometer (Merck) and grown for 24 h
to reach 80% confluence. Then the cells were cultured in the presence or
absence of different concentrations (50 or 100 nM or 1 pM) of insulin
and parameters relevant to IR (glucose uptake, insulin receptor substrate
(IRS) 2, glucose transporter 2 (Glut2)) were studied to confirm the
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development of hyperinsulinemia mediated IR in HepG2 cells.

2.2.1. Glucose uptake

Briefly, the cells were incubated with various concentrations of in-
sulin for 24 h. Then glucose uptake was assessed using a glucose uptake
colorimetric assay kit (Abcam). The control and hyperinsulinemic group
were incubated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffered saline (20 mM) containing 10 pM 2-deoxy-p-glucose
(2-DG) at room temperature (RT, 22-28 °C) for 5 min. After two washes
the cells were trypsinized by adding 100 pL of 10x trypsin-EDTA and
centrifuged at 20,000xg (AG-716 rotor, model 7780 high speed refrig-
erated centrifuge, Kubota Laboratory Centrifuges Co., Tokyo, Japan) for
15 min at 4 °C. The pellets were dissolved in neutralizing buffer (10 pL),
centrifuged at 20,000xg for 15 min at 4 °C. The supernatant was
collected. Reaction mix A (10 pL) was mixed with 50 pL supernatant and
incubated for 1 h at RT. Extraction buffer (90 pL) was added and heated
to 90 °C for 40 min. Finally, 12 pL of neutralizing buffer and 38 pL of
reaction mix B were added. Then the absorbance was measured every
2-3 min at 412 nm (BioTek Synergy 4, BioTek Instruments Corp.,
Winooski, VT, USA).

2.2.2. Alterations of insulin signaling pathway
The expression of IRS 2 and Glut 2 were visualized using western
blotting (for details please see section 2.19).

2.3. Experimental groups to check potential of VA against
hyperinsulinemic shock

The experimental groups consisted of control (C), insulin resistant
(HI; 1 uM insulin) cells (IR), IR + 5 uM VA (VA1), IR +10 uM VA (VA2),
IR+1 mM metformin (M).

2.4. Cell viability with VA

Cell viability was measured using the MTT assay. After 80% con-
fluency they were treated with VA. After 24 h, the medium was replaced
with 100 pL of MTT (0.05 mg/mL) solution and incubated for 3-4 h at
37 °C. The formazan crystals were dissolved in 100 pL of DMSO and the
purple color was measured after 20 min at 570 nm using a microplate
reader (BioTek Synergy 4).

2.5. Intracellular ROS

Intracellular ROS levels were measured using DCFH-DA as a probe.
DCFH-DA is oxidized by intracellular nonspecific esterases and high
level of fluorescence occurs with ROS. Briefly, the cells were incubated
with the DCFH-DA (20 pM) at 37 °C for 20 min. Then fluorescence was
measured at an excitation of 488 nm and emission of 525 nm using a
fluorescence microplate reader (BioTek Synergy 4). Fluorescent imaging
was done using a bioimager system (BD pathway ™ Bioimager, BD
Biosciences, San Jose, CA, USA). For the conformation, ROS analyses
were done with a flow cytometer, by quantifying the fluorescence pro-
duced by ROS. The cells after treatment were incubated with DCFH-DA
at 37 °C for 20 min. Then the cells were trypsinized as previously and
analysed using a flow cytometer FACS Aria ™ II (BD Biosciences).

2.6. Superoxide dismutase (SOD) activity

Total SOD activity was assayed using a SOD assay kit (Cayman
Chemical, Ann Arbor, MI, USA). For this the cells were homogenized
with a Tissue master 125-watt laboratory homogenizer with a 5 mm
probe (Omni International, PerkinElmer Co., Kennesaw GA, USA) in
cold 20 mM HEPES buffer (1 mM ethylene glycol tetraacetic acid
(EGTA), 210 mM mannitol, 70 mM sucrose) and centrifuged at 1500xg
for 5 min at 4 °C. The supernatant (10 pL) and standards (bovine-
erythrocyte SOD) were added to each well containing 200 pL of diluted
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radical detector. Then 20 pL of diluted xanthine oxidase were added
quickly and incubated for 30 min. The absorbance was measured at 450
nm using the microplate reader.

2.7. Activity of glutathione (GSH)

GSH was assayed according to the manufacturer’s instructions
(Cayman Chemical). After treatments with VA, the cell pellets were
dissolved in 2 mL sample buffer. Sample and standard of 50 pL each were
added to corresponding wells. Then 150 pL of assay cocktail were added
and kept in the dark. Then absorbance was measured every 2-3 min at
407 nm for 30 min using the microplate reader.

2.8. Glutathione peroxidase (GPx) determination

This assay measured GPx activity by a coupled reaction with gluta-
thione reductase. The cell pellet was mixed in cold buffer containing 50
mM tris HCI (pH = 5.5), 5 mM ethylenediaminetetraacetic acid (EDTA)
and 1 mM dithiothreitol (DTT). Sample (20 pL), assay buffer (100 pL)
and co-substrate mix (50 pL) were added to respective wells. Then 20 pL
of cumene hydroperoxide was added to initiate the reaction. The
absorbance was measured at 340 nm.

2.9. Antiglycation activity assay

The method of Riya et al. (2015) was used to measure bovine serum
albumin (BSA) derived advanced glycation end products (AGE) with
slight modifications. VA of different concentrations was added to BSA
(10 mg/mL) and glucose (500 mM). Fluorescence of AGE at an excita-
tion/emission wavelengths of 370/440 nm was obtained after 24 h and 7
days using the fluorescence microplate reader. The two results were
compared and the percentage inhibition of VA against glycation was
measured.

2.10. Analysis of AGE with hyperinsulinemia

The method of Rani et al. (2018) was used to analyze the AGE. Cell
samples and a standard (provided with the kit) were added to the AGE
conjugate coated ELISA plate provided with the kit. After 10 min incu-
bation at RT, 50 pL of anti-AGE polyclonal antibody was added and
incubated for 1 h. The plate was washed with 250 pL 1x wash buffer.
Horseradish peroxidase (HRP) conjugated secondary antibody (100 pL)
was added to the wells and incubated for 1hr at RT. Substrate solution
(100 pL) was added which was followed by the addition of 100 pL of stop
solution and measured immediately at 450 nm using the microplate
reader.

2.11. Estimation of malondialdehyde (MDA)

Malondialdehyde levels were measured using a lipid peroxidation
assay kit (Cayman Chemical). After treatment with VA the cells were
subjected to trypsinization using 1 mL of 10x trypsin-EDTA as previ-
ously and the cell pellets were sonicated (Elmasonic, Elmasonic S 30 (H),
37 kHz Elma Schmidbauer GmbH, Gottlieb-Daimler, D-78224 Singen,
Germany) for 5 s. Sample and standard (100 pL each) were added to 100
pL of sodium dodecyl sulfate (SDS). After 1 h of boiling, all the tubes
were kept in ice for 10 min to terminate the reaction. After 10 min it was
centrifuged at 3600xg rpm for 10 min at 4 °C. Then 150 pL of samples
were added into a 96 well plate and then read at 530 nm.

2.12. Mitochondrial superoxide

Mitochondrial superoxide production was evaluated with a Mito-
SoxTM (Merck) kit. The cells were treated with 5 mM mitosox and
incubated for 20 min. After three washes with HBSS, the bioimages were
visualized using the bioimager system at 514 and 580 nm. Fluorescence
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was measured with excitation at 514 nm and emission at 580 nm using
the microplate reader.

2.13. Aconitase activity

After treatments, cells were subjected to trypsinization using 1 mL of
10x trypsin-EDTA as previously and centrifugated at 800xg for 10 min
at 4 °C and the pellet was collected. The cell pellet was resuspended in 1
mL assay buffer. The cell suspension was centrifuged at 20,000xg for 10
min at 4 °C. Sample (cell supernatant) of 50 pL. was added to the
respective wells. Then aconitase nicotinamide adenine dinucleotide
phosphate (aconitase NADP) (50 pL) reagent and aconitase isocitrate
dehydrogenase solution (50 pL) were added along with 50 pL of sub-
strate. The absorbance was measured at 340 nm for 30 min at 37 °C. The
change in absorbance/min was determined and reaction rate was
calculated. The aconitase activity was calculated as nM.

2.14. Mitochondrial membrane potential (Aym)

The method of Anupama et al. (2018) was used. After treatments
with VA, the medium was changed and the cells were stained with JC-1
stain (Merck) for 20 min at 37 °C. In normal cells, the JC-1 dye accu-
mulates inside the mitochondria and forms JC-1 aggregates and gave a
red fluorescence. Distortion of the Aym prevents the dye entry into the
mitochondria, as a result JC-1 monomers were formed and produced
green fluorescence. The shift of fluorescence was visualized and fluo-
rescence intensity was measured using the fluorescence microplate
reader with an excitation 490 and emission wavelength of 530 nm for
JC-1 monomers, and the excitation 525 and emission wavelength 590
nm for aggregates.

2.15. Mitochondrial dynamics

The expression levels of fission and fusion proteins were analysed
using western blotting (for details please see section 2.19).

2.16. ATP content

ATP levels were measured using the ATP determination assay Kkit.
After treatment with VA the cells were homogenized as previously
described with ATP assay buffer. Then 100 pL of 1x somatic cell ATP
releasing agent, and 50 pL of ultrapure water provided in the kit were
added into 50 pL of sample. A 100 pL aliquot was transferred to the
reaction vial with 100 pL of ATP assay mix and kept at RT for 3 min. The
amount of light emitted at 560 nm was measured using the microplate
reader.

2.17. Oxygen consumption

This oxygen consumption rate assay kit uses a phosphorescent oxy-
gen probe to check oxygen consumption rate. Blank wells were filled
with only culture medium. After treatments with VA, the spent medium
was replaced with fresh medium. MitoXpress xtra solution (10 pL) was
added to all the wells except the blank. Then 100 pL of HS mineral oil
(provided with the kit) was added over each well. After that the fluo-
rescence was read at 380 nm (excitation) and 650 nm (emission)
kinetically for 150 min using the microplate reader.

2.18. Mitochondrial biogenesis

The expression of proteins like AMPK, p-AMPK, Sirtl and PGC-1a
were evaluated with western blotting (for details please see section
2.19).
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2.19. Western blot

Expression of various proteins of pharmacological and functional
importance in glucose transport, glycation and mitochondrial function
such as IRS2, GLUT2, RAGE, DDOST, AMPK, p-AMPK, PGC-1a, Sirt 1,
FIS1 and OPA1 were studied using western blotting. Cells were cultured
in T-25 flask containing 5 mL DMEM medium and the respective treat-
ments with VA were done as described above. After that the cells were
harvested and lysed in lysis buffer with a protease inhibitor cocktail and
Triton X 100. Then the lysate was centrifuged at 20,000 xg for 15 min at
4 °C. The supernatant was collected and protein content was measured
and normalized using a Pierce BCA protein assay kit (Thermo Fisher
Scientific Co., Waltham, MA, USA) using bovine serum albumin (BSA) as
a standard and expressing the results as BSA equivalents. Samples were
then run on an SDS-PAGE gel (10%) (BioRad, Hercules, CA, USA),
transferred at 25 V for 15 min to polyvinylidene difluoride (PVDF)
membrane (a non-reactive thermoplastic fluoropolymer produced using
the polymerization of vinylidene difluoride) (Merck) using a trans blot
apparatus (BioRad). The samples (25 pL) were loaded into each well.
After transfer, the PVDF membrane was blocked with 3% BSA in tris
buffered saline-Tween 20 (TBST, pH = 8) for 1 h at RT. After washing
with TBST, the membrane was probed with primary antibodies (IRS2,
GLUT2, RAGE, DDOST, AMPK, p-AMPK, PGC-1a, Sirt 1, FIS1 and OPA1,
1:1000 dilution) in TBST and incubated for 2 h at RT with moderate
shaking. The membrane was washed three times with TBST for 10 min.
HRP-conjugated secondary antibody (1:2000) was added and agitated
for 90 min at RT. After three TBST washes, membranes were incubated
with enhanced chemiluminescence substrate (ECL substrate) (BioRad)
and the proportional thickness of bands measured using Image Lab
software in the Chemi Doc system (ChemiDoc MP Imaging System, Bio-
Rad) assuming all bands were in the Beer-Lambert law region.

2.20. Statistical analysis

All analyses were carried out with sextuplicates and data are shown
as mean + standard error of the mean (SEM) for control and treated
cells. The normality of the variables were tested using the Kolmogorov
Smirnov Z test and the variables were found to be approximately nor-
mally distributed. Hence the significance difference between the groups
were tested using one-way analysis of variance (ANOVA) and further
significantly different pairs (p < 0.05) were identified using Duncan’s
multiple comparison test. All calculations were done using the Statistical
Package for the Social Sciences for Windows standard version 20 (SPSS
Inc., Chicago, IL, USA).

3. Results
3.1. Induction of IR through hyperinsulinemic shock in HepG2 cells

The results of the glucose uptake with different concentrations of
insulin treated HepG2 cells are shown in Fig. 1a. The cellular uptake of
2-DG with various concentrations of insulin (50, 100 nM and 1 pM)
treated cells was decreased 5.5, 35.4 and 51.9%, respectively, as
compared with normal cells. Among these, 100 nM and 1 pM insulin
showed significant (p < 0.05) decreases in glucose uptake. The expres-
sion levels of IRS2 and Glut2 were significantly decreased with 1 pM
insulin compared to normal (Fig. 1b and c) suggesting that HI (1 pM
insulin) significantly affected glucose uptake, insulin sensitivity and
develop IR. Insulin (1 pM) was chosen to induce hyperinsulinemic shock
in subsequent experiments.

3.2. Cell viability
To select suitable concentration of VA, cell viability was evaluated

with 5, 10, 20, 30, 40, 50 and 100 pM for 24 h of incubation. Based on
the results 5 and 10 pM were selected for further studies (Fig. 2a).
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Fig. 1. Induction of IR through hyperinsulinemic shock in HepG2 cells. (a) Glucose uptake. HepG2 cells were incubated in normal medium and different
concentrations of insulin for 24 h. C-control; IN1-50 nM insulin; IN2-100 nM insulin; IN3-1 pM insulin. (b) Western blot analysis of insulin receptor substrate (IRS) 2
and glucose transporter (GLUT) 2. (c) Densitometric analysis of IRS 2 and GLUT 2. C-control; M-1 mM metformin; IN3-1 pM insulin. Protein quantification was
carried out using densitometric analysis, normalized using an internal control of p-actin. Values are expressed as mean + SEM where n = 6. # indicates that the mean

value was significantly different from control cells (p < 0.05).
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Fig. 2. Cell viability. (a) Cell viability of HepG2 cells incubated in DMEM with 1% FBS and different concentrations of vanillic acid for 24 h. C-control; VA1-5 uM;
VA2-10 pM; VA3-20 pM; VA4-30 pM; VA5-40 pM; VA6-50 pM; VA7-100 pM, and VA8-500 pM. (b) Cell viability of 5 and 10 pM vanillic acid and metformin on high
insulin treated insulin resistant models (IR). C-control cells; IR-high insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid;
M-IR + metformin (1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the mean value was significantly different from control cells (p < 0.05).

# indicates mean value was significantly different from IR cells (p < 0.05).

Effect of VA on viability of IR cells were evaluated. Incubation of
HepG2 cells with HI for 24 h caused 17.2% cell death that was signifi-
cant compared to control (p < 0.05). Co-treatment with 5 and 10 pM of
VA and metformin (1 mM) improved (90.5, 98.1 and 92.6%, respec-
tively) viability compared to IR (Fig. 2b).

3.3. Effect of VA on ROS generation

Determination of ROS by both spinning disk fluorescence microscopy
and flow cytometry found a surplus generation of ROS in IR. IR showed a
significant increase in ROS levels (68%) (Fig. 3a and b) compared to
control (Fig. 3a and b). Co-treatment with VA (5 and 10 pM) was
significantly (p < 0.05) effective in preventing ROS formation by 88.2
and 99.6%, respectively, compared to the IR group (Fig. 3a and b). Co-

treatment with metformin and NAC, an antioxidant significantly
reduced the ROS generation by 96 and 108%, respectively (Fig. 3a and
b). This was also confirmed with cytometry data (Fig. 3c and d) which
determined the number of cells that could produce ROS. The IR cells
showed a significantly (p < 0.05) enhanced ROS levels (40.7%)
compared to control cells (Fig. 3¢ and d). Co-treatment with VA (5 and
10 pM concentrations) significantly (p < 0.05) decreased the ROS levels
by 51.3 and 58.3%, respectively, compared with IR cells (Fig. 3c and d).
Co-treatment with metformin and NAC significantly reduced the ROS
levels 63.3 and 65.5%, respectively, compared to IR treated group
(Fig. 3c and d).
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Fig. 3. Intracellular reactive oxygen species generation determined using DCFDA. (a) Fluorescent microscopic images of HepG2 cells stained with DCFDA. (b)
Relative fluorescence intensity of DCFDA uptake. (c) Flow cytometric analysis of intracellular ROS generation in different groups. (d) Percentage cell population. C-
control cells; IR-high insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM); NAC-IR + N-acetyl
cysteine (1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the mean value was significantly different from control cells (p < 0.05). #

indicates mean value was significantly different from IR cells (p < 0.05).

3.4. Effect of high insulin on SOD levels

Compared to control cells, the activity of SOD was significantly (p <
0.05) increased in IR treated cells (74.7%). VA co-treatment reduced the
SOD activity by 92.2% at 5 pM and by 113% at 10 pM (p < 0.05)
compared with IR (Fig. 4). But metformin significantly (p < 0.05)
improved the SOD activity by 81.2%, respectively.

3.5. GSH levels

Compared to control IR caused a significant (p < 0.05) drop in GSH
level by 31.4%. VA co-treatment at both concentrations (5 and 10 pM)
caused a significant (p < 0.05) increase in GSH levels by 58 and 65.3%,
respectively, compared to IR. Metformin significantly improved the GSH
level by 85.3% (Fig. 5) compared to IR.

3.6. Level of GPx

GPx activity was decreased in IR by 19.9% compared to control. But
VA co-treatment significantly (p < 0.05) increased the GPx activity by
29.3 (5 pM) and 35.8% (10 pM) compared to IR (Fig. 6). Metformin
increased the GPx levels by 42.9%.

3.7. Antiglycation capacity of VA

VA showed a dose-response inhibition of glycation (ICsp; 397 pM).
The half maximal inhibitory concentration (ICsp) is a measure of the
potency of a substance in inhibiting a specific biological or biochemical
function. The effect of VA was better than that of the aminoguanidine, as
the positive control (ICso; 500 pM; Fig. 7).

3.8. Production of AGE during high insulin

IR showed an increased level of AGE (221%) as compared to control.
While with VA, the formation of AGE was reduced by 232 and 252% for
5 and 10 pM, respectively, with IR. Metformin significantly reduced the
AGE levels by 283%. (Fig. 8a).

Western blotting was done for DDOST and RAGE proteins. IR caused
a significant increase in the expression of RAGE (120%) compared to
control. VA co-treatment significantly decreased the expression of RAGE
(147 and 165% for 5 and 10 pM; p < 0.05) compared to the IR group
(Fig. 8b and c). Metformin significantly (p < 0.05) decreased RAGE
levels by 168%. Expression of DDOST was reduced by 34.5% in IR cells
compared to control cells. But VA co-treatment at 5 and 10 pM con-
centrations significantly (p < 0.05) increased the DDOST protein levels
by 56.1 and 63.3%, respectively, compared to IR. Metformin also
increased the DDOST levels by 68.9% compared to IR cells (Fig. 8b and
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Fig. 4. Activity of SOD during IR. C-control cells; IR-high insulin treated in-
sulin resistant cells; VA1-IR + 5 uM vanillic acid; VA2-IR + 10 pM vanillic acid;
M-IR + metformin (1 mM). Values are expressed as mean + SEM where n = 6. *
indicates that the mean value was significantly different from control cells (p <
0.05). # indicates mean value was significantly different from IR cells (p
< 0.05).
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Fig. 5. Total glutathione (GSH) levels. C-control cells; IR-high insulin treated
insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic
acid; M-IR + metformin (1 mM). Values are expressed as mean + SEM where n
= 6. * indicates that the mean value was significantly different from control
cells (p < 0.05). # indicates mean value was significantly different from IR cells
(p < 0.05).

o).
3.9. Lipid peroxidation
Lipid peroxidation was also increased (p < 0.05) in IR cells by 52.8%

(Fig. 9). Co-treatment with VA at 5 and 10 pM and metformin lowered
MDA by 67.6, 78.7 and 87.4%, respectively, compared to IR.

3.10. Effect of VA on mitochondrial superoxide production

Surplus generation of ROS was observed in IR groups (Fig. 10)
compared to control. Fluorescence detection also showed an increment
of fluorescence in IR cells (143%). VA of both concentrations (5 and 10
pM) reduced superoxide by 161 and 193%, respectively (Fig. 10).
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Fig. 6. Glutathione peroxidase (GPx) activity. C-control cells; IR-high in-
sulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10
pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean =+
SEM where n = 6. * indicates that the mean value was significantly different
from control cells (p < 0.05). # indicates mean value was significantly different
from IR cells (p < 0.05).
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Fig. 7. Antiglycation capacity of vanillic acid. Evaluation of antiglycation
effect of vanillic acid; Ex 370 nm, Em 440 nm. Different concentrations of
vanillic acid (VA1-5 pM, VA2-10 pM, VA3-50 pM, VA4-100 pM, VA5-150 pM,
VA6-200 pM, VA7-250 pM, VA8-500 pM) were used, ICsg -397 pM/mL. Amino
guanidine (AG) was used as a reference (ICsg - 500 uM). Values are expressed as
mean + SEM where n = 6.

Compared with metformin (187%) 10 pM of VA showed better results
(Fig. 10).

3.11. Aconitase activity

The aconitase activity was significantly decreased in IR (34%) groups
compared to the control. VA (5 and 10 pM) in a dose dependent manner
showed a tendency to increased the enzyme level by 24.2 and 36.6%
compared to IR. Co-treatment with metformin significantly increased
the aconitase levels by 56.5% compared to IR (Fig. 11).

3.12. Effect of vanillic acid on Aym

Analysis of the Aym of mitochondria during IR showed significant
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Fig. 8. Production of AGE with high insulin. (a) Quantification of advanced glycated end products (AGE) content. (b) Immunoblot analysis of RAGE and DDOST
(c) Densitometric analysis of protein expression of RAGE and DDOST, normalized to p-actin. C-control cells; IR-high insulin treated insulin resistant cells; VA1-IR + 5
pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the mean value was
significantly different from control cells (p < 0.05). # indicates mean value was significantly different from IR cells (p < 0.05). Protein quantification was carried out

by densitometric analysis, normalized using p-actin as an internal control.
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Fig. 9. Lipid peroxidation. Estimation of malondialdehyde (MDA) formation
in different groups. C-control cells; IR-high insulin treated insulin resistant cells;
VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin
(1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the
mean value was significantly different from control cells (p < 0.05). # indicates
mean value was significantly different from IR cells (p < 0.05).

distortion of Aym compared with control (Fig. 12a). In control cells, the
JC-1 dye forms aggregate inside the mitochondrial matrix and emit a red
fluorescence due to the potential gradient. Alteration in Aym resulted in
the prevention of entry of JC-1 in the mitochondria and resulted in green
fluorescence (JC-1 monomers). IR cells showed depolarized Aym as can
be seen in Fig. 12a, which had a higher amount of green fluorescence
(103%) compared to that of control. VA co-treatment with IR prevented
the alteration of Aym which was evident from the significant increase
(p <0.05) of red fluorescence by 79.9 and 93.9%, respectively, for 5 and
10 uM of VA compared to IR (Fig. 12b). The quantity of red fluorescence
(aggregates) with metformin was improved, and the green fluorescence
was decreased by 116% compared to IR (Fig. 12b). Valinomycin was the
negative control, and it caused a decrease of the red fluorescence by
40.4% and improved the green fluorescence by 108% compared to
control.

3.13. Mitochondrial fission and fusion proteins

During IR condition there was a noticeable decrease in the levels of
mitochondrial fusion protein OPA1 by 33.7% (p < 0.05; Fig. 13a and b)
and an up-regulation of fission protein FIS1 by 24.2% (Fig. 13a and b).
VA co-treatment at 5 and 10 pM significantly (p < 0.05) increased the
expression of OPA1 by 52.2 and 60.6%, respectively, and in a dose
dependent manner decreased the FIS1 by 92.3 and 109% compared to
the IR group. Metformin co-treatment also significantly (p < 0.05)
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Fig. 10. Effect of vanillic acid on mitochondrial superoxide generation. (a) Mitochondrial superoxide generation determined using MitoSOX TM Red indicator
(original magnification 40x). (b) Relative fluorescence intensity of confocal images. C-control cells; IR-high insulin treated insulin resistant cells; VA1-IR + 5 pM
vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the mean value was
significantly different from control cells (p < 0.05). # indicates mean value was significantly different from IR cells (p < 0.05).
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Fig. 11. Aconitase activity. Aconitase enzyme activities in different groups. C-
control cells; IR-high insulin treated insulin resistant cells; VA1-IR + 5 pM
vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values
are expressed as mean + SEM where n = 6. * indicates that the mean value was
significantly different from control cells (p < 0.05). # indicates mean value was
significantly different from IR cells (p < 0.05).

increased the fusion protein by 58.1% and reduced the fission protein
FIS 1 by 81.6% compared to the IR group (Fig. 13a and b).

3.14. ATP levels and oxygen consumption

There was a significant decrease in ATP levels (p < 0.05, 35.6%;
Fig. 14) in IR cells compared to control cells. Co-treatment with VA at
both concentrations (5 and 10 uM) significantly (p < 0.05) increased the
ATP levels by 56.3 and 71.9%, respectively, compared to IR. Metformin
also significantly increased the ATP levels by 133% compared with IR.

Oxygen consumption in cells was evaluated by calculating the
change in fluorescence for two and a half hr. More changes in

fluorescence represent more usage of oxygen by cells. This, in turn,
represented the good metabolic status of cells. With the IR group oxygen
consumption rate was reduced (25%) as compared to control. Co-
treatment with VA at 5 and 10 pM significantly (p < 0.05) improved
the oxygen consumption rate by 13.1 and 26.2% compared with IR
group (Fig. 15). VA with better oxygen utilization seems to be effective
against mitochondrial dysfunction in IR. Metformin also increased the
oxygen consumption rate by 29.6% compared to IR.

3.15. Mitochondrial biogenesis regulated by VA

AMPK, PGC-la and Sirtl are the major proteins responsible for
mitochondrial biogenesis. The active form of AMPK was determined in
various groups using the ratio of p-AMPK to total AMPK. During IR, the
expression of p-AMPK/AMPK was decreased significantly by 62.3%
compared to control cells whereas VA in a dose dependent manner
increased the ratio significantly (193 and 185% for 5 and 10 pM,
respectively) (Fig. 16a and b). Also, VA (5 and 10 pM) significantly (p <
0.05) increased the level of PGC-1a by 50.4 and 71.3%, respectively,
compared to the IR group (Fig. 16a and c). In IR the level of PGC-1a was
reduced to 29.5% compared to control as well as there was also a sig-
nificant decrease in Sirtl expression in IR cells (31.5%). On the other
hand, VA co-treatment at 5 and 10 pM increased the expression of Sirtl
by 115 and 119%, respectively (Fig. 16a and c). Metformin significantly
(p < 0.05) increased all three proteins (p-AMPK/AMPK, PGC-1a and
Sirtl) involved in mitochondrial biogenesis by 300, 80.6 and 113%,
respectively, compared to IR cells (Fig. 16a—c).

4. Discussion

During T2DM pancreatic cells are unable to compensate for the
normal blood glucose level even by producing large amounts of insulin
(Steneberg et al., 2015). This most often leads to the malfunction of
insulin generation, which opens the pathway of hyperinsulinemia
related IR (Schofield & Sutherland, 2012). Many studies have shown
that hyperinsulinemia and IR are the independent risk factors for the
development of T2DM (Facchini et al., 2001; Marin-Juez et al., 2014).
Excessive insulin production and IR with hyperinsulinemia are due to
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Fig. 12. Mitochondrial transmembrane potential (Aym) determined using JC-1 staining. The representative images are merged images of JC-1 aggregates and
monomers. JC-1 aggregates in control cells showing intact mitochondria and JC-1 monomers in HI treated cells showing distortion of Aym. (a) Alteration in
membrane potential in various groups. (b) Relative fluorescent intensity of the fluorescent images. C-control cells; IR-high insulin treated insulin resistant cells; VA1-
IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean + SEM where n = 6. * indicates that the mean value
was significantly different from control cells (p < 0.05). # indicates mean value was significantly different from IR cells (p < 0.05).
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Fig. 13. Immunoblot analysis of proteins involved in mitochondrial fission and fusion (OPA 1 and FIS 1). HepG2 cells treated with high insulin (1 pM),
vanillic acid and metformin for 24 h. (a) Immunoblot of FIS 1 and OPA 1. (b) Densitometric quantification of OPA 1 and FIS 1 normalized to p-actin. C-control cells;
IR-high insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean +
SEM where n = 6. * indicates that the mean value was significantly different from control cells (p < 0.05). # indicates mean value was significantly different from IR

cells (p < 0.05).

the impaired glucose uptake (Crofts et al., 2015). Hyperinsulinemia is
not an after-effect of IR, but it is an independent driver of many meta-
bolic consequences and IR is one of them (Shanik et al., 2008).

The liver is the depot for glucose metabolism and also the major
clearance site of insulin. Insulin clearance in the liver is through a
receptor-mediated mechanism (Michael et al., 2000). The main reasons
for the development of hyperinsulinemia and the associated IR is the
inhibition of insulin clearance and increased production of defective

10

insulin (Michael et al., 2000). All these consequences lead to hyper-
glycemia. Once these pathophysiological conditions are developed these
in turn initiate IR (Bazotte et al., 2014). The after-effect in the liver is the
up-regulation of hepatic glucose production, lipid accumulation and
decreased glucose uptake. The end result is hyperplasia and dysfunction
(Michael et al., 2000). Because of the potential role of the liver in
glucose metabolism and pathogenesis of T2DM, the role of hyper-
insulinemia in HepG2 with more emphasis on redox status alterations
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Fig. 14. Level of ATP content in different groups. C-control cells; IR-high
insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR +
10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean
+ SEM where n = 6. * indicates that the mean value was significantly different
from control cells (p < 0.05). # indicates mean value was significantly different
from IR cells (p < 0.05).
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Fig. 15. Oxygen consumption rate in different groups. C-control cells; IR-
high insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-
IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as
mean + SEM where n = 6. * indicates that the mean value was significantly
different from control cells (p < 0.05). # indicates mean value was significantly

different from IR cells (p < 0.05).

associated mitochondrial dysfunction were studied.

Insulin (1 pM) treatment for 24 h induced IR due to hyperinsulinemic
shock in HepG2 cells consistent with previous reports (Duraisamy et al.,
2003; Jung et al., 2017). This is a good model to study the toxicity of IR
on the progression of T2DM and related complications (Yan et al., 2017).
The efficacy of insulin-stimulated glucose uptake was also reduced with
HI (Fig. la). Simultaneously the proteins involved in the insulin
signaling pathway were also impaired. For example, HI treatment
decreased the IRS 2, and GLUT2 expressions in HepG2 cells as compared
to normal (Fig. 1b), suggesting the impairment of the insulin signaling
pathway. Besides, with the hyperinsulinemic condition, the OS was
developed by increasing the levels of ROS. Hyperinsulinemic shock
could also generated IR in HepG2 cells. The effect of hyperinsulinemia
on the redox status of HepG2 cells which is essential for maintaining the
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normal functional status of cells was the primary focus. In addition, the
potential of VA to safeguard redox status during hyperinsulinemic shock
was also analysed. Alterations in the innate antioxidant system were
seen with IR. Compounds involved in the innate antioxidant system such
as SOD, GPx and GSH were studied. The role of hyperinsulinemia in the
induction of OS in animals had been reported by Crofts et al. (2015). But
no detailed studies dealing with various compounds involved in the
innate antioxidant system, lipid peroxidation, mitochondrial dysfunc-
tion were found. In the present study, HI significantly increased the SOD
and decreased GPx and GSH levels in HepG2 cells. They are the
important enzymes for removing oxy-radicals (Ochiai et al., 2008). The
increase in SOD during stress conditions might be a compensatory reg-
ulatory response in the liver (Li et al., 2015). SOD overexpression might
lead to accumulation of HyOy (Fukai & Ushio-Fukai, 2011). GPx is an
antioxidant protein, that has an important role in the reduction of HyO4
(Espinosa-Diez et al., 2015). The accumulation of increased levels of
peroxides inactivates the GPx and increases OS (Miyamoto et al., 2003).
GSH is another antioxidant, abundantly seen in the liver and an
important determinant of redox signaling (Lu, 2013). During OS, the
level of GSH was reduced by decreasing the levels of HyO5 and lipid
peroxides (Yin et al., 2017).

One of the risk factors associated with OS is glycation. Glycation is
one among various pathological complications of diabetes which have a
significant role in the induction of micro- and macro-vascular compli-
cations (Brownlee, 2000). Increased RAGE and decreased DDOST
confirmed induction of severe glycation during IR. OS with severe gly-
cation is sufficient to affect carbohydrate, lipid and protein metabolism
significantly. These results showed the consequences of HI in HepG2
cells (Hiwatashi et al., 2008). The increased RAGE-AGE axis is the main
contributor of hepatic IR in diabetic patients (Yamagishi & Matsui,
2015). Glycation probably acts as an amplifier in the case of IR. In
diabetes, almost all proteins undergo glycation and produce AGE
(Ahmed, 2005) and insulin is the major protein subjected to glycation
and impaired insulin is produced (Song & Schmidt, 2012). Surplus
nonfunctional insulin induces IR and damages the pancreas affecting its
insulin-producing efficiency (Cerf, 2013).

Overexpression of AGE alters innate antioxidant defence status
(Nowotny et al., 2015). Therefore, the enzymes become ineffective in
neutralizing the reactive radicals and accelerate the OS observed
(Maritim et al., 2003). This was consistent with the current study.
Binding of AGE to RAGE generated ROS, which in turn induced lipid
peroxidation (Wautier et al., 2003). Lipid peroxidation resulted in the
formation of reactive carbonyl intermediates capable of making
conformational changes in proteins, thereby leading to advanced lip-
oxidation end products (ALE). The role of ALE in the pathogenesis of
diabetic complications has been established (Williamson & Ido, 2012).
Increased AGE can induce lipid peroxidation in diseases like Alzheimer’s
disease (Gasic-Milenkovic et al., 2003). MDA, a marker of lipid peroxi-
dation with IR was also elevated. MDA is a main lipid peroxidation
product and participates in the transcriptional regulation of innate
antioxidant enzymes and decreases their production (Kuehne et al.,
2015). These results showed that IR induced alterations in redox status
of the cell is through the cross-talk between OS, lipid peroxidation and
glycation.

Mitochondria are expected to be a prominent component of main-
taining the redox status of cells and the epicentre of ROS production.
Therefore, the next focus was on mitochondrial function during IR to
determine its link with HI induced OS and glycation. The integrity,
dynamics and biogenesis, which are the critical functional indicators of
mitochondria were studied. Up-regulation of RAGE expression directly
induces ROS formation, which alters mitochondrial homeostasis
(McKillop et al., 2002). When the intracellular ROS increases, it will
upregulate the mitochondrial ROS generation. Therefore, mitochondrial
superoxide generation and aconitase enzyme levels were analysed.
Compared to normal cells, IR HepG2 cells had increased superoxide
generation (Fig. 10) and decreased aconitase level (Fig. 11). Aconitase is
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Relative expressionof p-AMPK to AMPK

©

Relative protein expression normalized to B-actin

Fig. 16. Immunoblot analysis of proteins involved in mitochondrial biogenesis. (a) AMPK, p-AMPK, PGC-1a, SIRT1 were analysed using western blotting. (b)
Densitometric determination of relative expression of p-AMPK:AMPK. (c) Densitometric analysis PGC-1a and SIRT1 normalized to p-actin. C-control cells; IR-high
insulin treated insulin resistant cells; VA1-IR + 5 pM vanillic acid; VA2-IR + 10 pM vanillic acid; M-IR + metformin (1 mM). Values are expressed as mean +
SEM where n = 6. * indicates that the mean value was significantly different from control cells (p < 0.05). # indicates mean value was significantly different from IR
cells (p < 0.05). Protein quantification was carried out by densitometric analysis, normalized using an internal control of f-actin.

a mitochondrial protein sensitive to OS (Indo et al., 2007; Tan et al.,
2015) and it detoxifies the superoxides through a suicidal inhibition
(Green et al., 2004). The significant reduction of aconitase with IR was
expected to cause alteration in the redox status in the cells. This results
in alterations of the Aym (Skulachev, 1998). Aym is the major partic-
ipant involved in the regulation of ROS production (Rauscher et al.,
2001) and an important marker of mitochondrial integrity (Mathur
et al., 2000). When the electrochemical potential difference generated
by the proton gradient across the inner mitochondrial membrane is high,
the lifetime of superoxide generating intermediates is increased (Kor-
shunov et al., 1997; Zorov et al., 2014). In the present study compared to
normal cells, the hyperinsulinemic model had an altered Aym. Distor-
tion of mitochondrial dynamics towards fission along with an increase in
fission proteins and dissipation of Aym indicated poor mitochondrial
health (Dorn, 2015). The loss of Aym leads to proteolysis and degra-
dation of mitochondrial fusion proteins (Youle & Narendra, 2011) and
also increased the fission rates (Van der Bliek et al., 2013). Hyper-
insulinemia results in an overexpression of fission proteins such as FIS1
and down-regulation of fusion protein such as OPA1l leading to
enhanced mitochondrial fission. Reduced expression of OPA1 was
linked to the distortion of mitochondrial function (Tang, 2016) and
up-regulation of FIS1 resulted in mitochondrial fragmentation (Mao
et al., 2018). This results in nonfunctional fragmented mitochondria in
the cytoplasm. Balanced mitochondrial dynamics is important for the
normal functioning of mitochondria and energy generation (Mao et al.,
2018), and it is controlled by the fission and fusion balance (Rovir-
a-Llopis et al., 2017).

The increase of mitochondrial oxidants could lead to severe IR
developing in most of the tissues (Fazakerley et al., 2018). AGE initiated
numerous deleterious effects on mitochondrial respiration and energy
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homeostasis (Neviere et al., 2016). In addition, Aym provides the
driving force for ATP synthesis in mitochondria. When the mitochondria
lose their Aym, the ATP production decreased simultaneously (Van der
Bliek et al., 2013). The current study showed a significant decrease in
ATP generation in hyperinsulinemic HepG2 cells. Several studies
showed that accumulation of glycated mitochondrial proteins signifi-
cantly influences the mitochondrial function by decreasing the oxygen
consumption (Ghosh et al., 2011). To check respiration in mitochondria,
basal oxygen consumption rates have been measured (Hartman et al.,
2014). Ailing cells with mitochondrial dysfunction showed a decreased
rate of oxygen utilization. A reduced oxygen consumption rate was
observed in IR HepG2 cells.

Defective mitochondrial dynamics and imbalanced redox status
affected mitochondrial biogenesis (Handy & Loscalzo, 2012). Therefore,
the alterations of the important proteins in mitochondrial biogenesis
were measured. The genes responsible for the regulation of mitochon-
drial biogenesis are AMPK, Sirtl and PGC-1a. AMPK is a protein kinase
and it has an important role in the improvement of insulin sensitivity in
insulin-resistant individuals (Jeon, 2016; Zhao et al., 2016) by stimu-
lation of downstream genes like sirtl and PGC-1a (Austin et al., 2011).
Sirtl is a member of the family of sirtuins and an upstream activator of
PGC-1a through AMPK activation (Austin et al., 2011; Zhu et al., 2010).
PGC-la is considered as the master controller of mitochondrial
biogenesis and the antioxidant defence system (Valle et al., 2005). IR
cells had a decreased ratio of phosphorylated to total AMPK, decreased
PGC-1a, and sirtl. These showed imbalances in mitochondrial biogen-
esis in the HI treated cells and that begins the process of IR development.
IR decreased the sirtl, AMPK and PGC-1la expression and altered the
mitochondrial homeostasis and enhanced OS (Choi et al., 2014).

Like metformin VA co-treatment during hyperinsulinemia was
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effective in maintaining the redox status of HepG2 cells to a certain
extent. Most of the physiologically and pharmacologically relevant pa-
rameters altered by HI were restored with VA. These results confirmed
the nutraceutical potential of VA for a broad range of pathologies,
including hyperinsulinemia associated complications. These beneficial
effects of VA were mainly due to its antioxidant activity. VA protects
mice from OS induced complications (Amin et al., 2017), restores the
antioxidant enzymes in tissues of diabetic hypertensive rats (Vinothiya
& Ashokkumar, 2017), inhibits the OS by increasing antioxidant en-
zymes and decreases mitochondrial damage in human umbilical vein
endothelial cells (Ma et al., 2019). In addition, it has cardioprotective
effects in myocardial infarcted rats (Prince et al., 2015) and reduces lipid
peroxidation (Chou et al., 2010). In addition to its antioxidant and
associated effects, it is also beneficial in safeguarding mitochondria with
various pathological states. VA protects mitochondrial dynamics and
biogenesis, mitochondrial bioenergetics and mitochondrial integrity
during hyperinsulinemic shock. The antiglycation property of VA, will
have a significant role in the development of VA-based nutraceuticals.
All these beneficial properties of VA could be utilized for the develop-
ment of functional foods/nutraceuticals for the control and management
of IR mediated complications mainly in T2DM after detailed in vivo
study.

5. Conclusions

Hyperinsulinemia altered the redox status of HepG2 cells by glyca-
tion, mitochondrial dysfunction, depletion of innate antioxidant status
and lipid peroxidation. VA reduced adverse biochemical effects induced
by hyperinsulinemia in HepG2 cells by the AMPK and PGC-1a signaling
pathways. Its potential antioxidant and antiglycation property also
contributed to its beneficial activities. Detailed in vivo and preclinical
studies are needed before recommending applications for hyper-
insulinemia in humans.
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ARTICLE INFO ABSTRACT

Keywords: Endoplasmic reticulum (ER) stress, a change in the ER homeostasis, leads to initiation of the unfolded protein
ER stress response (UPR). The primary functions of the UPR are to restore the ER's physiological activity and coordinate
UflfOIded protein response the apoptotic and adaptive responses. Pathophysiological conditions that augment ER stress include hypoxia,
Dlab‘_ﬁes misfolded and/or mutated protein accumulation, and high glucose. Prolonged ER stress is a critical factor in the
2::;;;{]%6“1& diseases pathogenesis of metabolic syndrome including type 2 diabetes mellitus, cardiovascular diseases, atherosclerosis,
Liver obesity, and fatty liver disease. UPR is a complex homeostatic pathway between newly synthesized proteins and

their maturation, although the regulatory mechanisms contributing to the UPR and the possible therapeutic
strategies are yet to be clarified. Therefore, a comprehensive understanding of the underlying molecular me-
chanisms is necessary to develop therapeutic interventions targeting ER stress response. In this review, we
discuss the role of ER stress and UPR signaling in the pathogenesis of metabolic syndrome, highlighting the main
functions of UPR components. We have emphasized the use of novel small molecular chemical chaperones,
considered as modulators of ER stress. The initial studies with these chemical chaperones are promising, but

detailed studies are required to define their efficacy and adverse effects during therapeutic use in humans.

1. Introduction

Endoplasmic reticulum (ER) is a well-developed membrane network
as the largest organelle in the cell, which is present throughout the
cytoplasm, more specifically in the endoplasm (Schwarz and Blower,
2016). It is an extra-nuclear space and provides temporary shelter for
unmodified polypeptides. Nascent proteins that require maturation
process enter into this specialized organelle. It is of two types, nuclear
and peripheral ER. Nuclear ER consists of two sheets of a membrane, an
outer and inner layer with a lumen between them. These two mem-
branes are joined only at the nuclear pores (Voeltz et al., 2002). The
leading role of nuclear ER is the synthesis of proteins and their trans-
location into nuclear space (Anderson and Hetzer, 2008). Peripheral ER
is composed of tubules and rough sheets. Depending upon the diverse
functions, the ratios of tubules and sheets change from cell to cell.
Protein folding is the primary function of the ER, implemented with
chaperones and folding proteins. Sometimes in the ER lumen, the
nascent polypeptides are matured by disulfide bonds and undergo N-

glycosylation (Schroder and Kaufman, 2005). After maturation, the
proteins are exported to Golgi, and the unfolded proteins are directed to
ER-associated degradation (ERAD) followed by proteasomal attack
(Boden, 2009). ERAD machinery consists of a molecular trimmer called
ER mannosidase I and an ER degradation enhancing a-mannosidase-
like protein (EDEM) (Marciniak and Ron, 2006). Another important
function of the ER is the storage of calcium (Ca®*) and its signaling.
The Ca®* concentrations in the ER are very high and regulated by the
sarco/endoplasmic reticulum calcium ATPase (SERCA) pump. Other
main functions of ER include biosynthesis of lipids, cholesterol, phos-
pholipids, and ceramides (Ron and Walter, 2007). Two major enzymes,
HMG CoA reductase and serine palmitoyltransferase, are located on the
ER membrane (Li et al., 2004). HMG CoA reductase is one of the major
proteins participating in cholesterol synthesis and serine palmitoyl-
transferase is involved in de novo ceramide synthesis. The low choles-
terol to phospholipid ratio and low free fatty acid (FFA) content make
the ER membranes one of the most viscous layers in the cell (Cnop
et al., 2012). During the depletion of cholesterol in the body, the ER-
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resident sterol regulatory element-binding proteins (SREBPs) stimulate
and increase the production of the cholesterol. The newly synthesized
cholesterol is then exported to other organelles for membrane synthesis.
Under stress conditions, the high cholesterol and fatty acids containing
phospholipids inhibit SERCA activity, which results in Ca?* depletion
and protein misfolding (Van Meer et al., 2008). There are a large
number of regulatory proteins due to the diverse functions of the ER
(Ron and Walter, 2007).

2. ER stress

ER stress can be defined as the condition where unwanted proteins
accumulate in the lumen, and, as the degradation machinery does not
work properly, ER stress is created inside the membranous network
(Marciniak and Ron, 2006). During this condition, ER homeostasis will
collapse, and an unfolded protein response (UPR) will be initiated. UPR
is a homeostatic mechanism to achieve a balance between newly syn-
thesized proteins and the capacity of ER to fold them correctly. Chronic
conditions such as scarcity of ER chaperones, protein overload, im-
balance of Ca®™ content, and cholesterol accumulation are the main
factors for the development of ER stress (Cnop et al., 2012). In adipose
tissue, ER stress is initiated by nutrient overload along with high de-
mand for protein translation, which is crucial for its metabolism. De-
creased vascularization and local glucose deprivation due to insulin
resistance (IR) are the other factors. The high-fat diet also plays a major
role in inducing ER stress (Hager et al., 2012). The role of severe ER
stress in metabolic syndrome outcomes such as diabetes mellitus, obe-
sity, fatty liver diseases, cardiovascular diseases, neuronal diseases, and
some cancers has already been established (Piperi et al., 2012).

Three primary ER stress transducers (Fig. 1) regulate the stress in
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Fig. 1. UPR signaling pathways and their functions. Three ER stress sensors,
ATF6, IRE1, and PERK receive the ER changes during UPR initiation. When
unwanted protein levels increase, GRP-78 detaches from ER transducers, and
this will result in the activation of PERK, IRE1, and ATF6. IRE1 undergoes
autophosphorylation and helps the splicing of XBP1 mRNA. ATF6 activation is
through Golgi by proteolysis reaction. Cleaved ATF6 along with sXBP1 induce
several ER chaperones and ERAD proteins. Dimerization and transautopho-
sphorylation of PERK lead to global translation attenuation via elF2a.
Phosphorylated elF2a facilitates the translation of ATF4 and initiates the ex-
pression of many chaperones, transporters, and many genes for apoptosis. Note:
ER, endoplasmic reticulum; ATF6, activating transcription factor 6; IRE1, in-
ositol requiring 1; PERK, PKR-like ER localized kinase; UPR, unfolded protein
response; XBP1, X box binding protein 1; sXBP1, spliced XBP1; ERAD, ER-as-
sociated degradation; elF2a, eukaryotic initiation factor 2; ATF4, activating
transcription factor 4; CHOP, CCAAT-enhancer-binding protein homologous
protein.
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the ER network in the cytoplasm and/or nucleus: inositol-requiring
enzyme 1 (IRE1); protein kinase R-like ER kinase (PERK) and activating
transcription factor 6 (ATF6). Usually, they bind to glucose-regulated
protein 78 (GRP-78) (also known as binding immunoglobulin protein
(BiP), or heat shock 70 kDa protein 5) on the ER membrane. GRP-78
uses adenosine triphosphate (ATP) as an energy source to promote
protein folding and prevent protein aggregation. Among the ER-re-
sident chaperones, GRP-78 is the master initiator of UPR signaling. At
the time of ER stress, GRP-78 binds to luminal-unfolded proteins and
triggers the activation of UPR (Cnop et al., 2012). Among these trans-
ducers, the IRE1 signaling pathway is the most conserved one. This
transmembrane protein is expressed on the ER membrane and acts as a
bifunctional enzyme. During ER stress, the activated IRE1 promotes the
splicing and expression of X-box binding protein 1 (XBP1) mRNA. As a
result, the levels of components of ERAD, ER heat shock proteins, and
phospholipid synthesis increase. These lead to ER membrane expansion,
a structural marker of the UPR. Meanwhile, due to the RNase activity of
IRE1, the protein entry into the ER lumen is reduced. In the liver, both
XBP1 and IRE1 are involved in triglyceride synthesis and lipid meta-
bolism (Wang et al., 2012).

PERK is a ubiquitous type I ER transmembrane protein kinase,
structurally similar to IRE1 (Hager et al., 2012), and highly expressed in
secretory cells (Marciniak and Ron, 2006). During the activation of
UPR, PERK inactivates the eukaryotic initiation factor 2 alpha (elF2a)
through serine residue phosphorylation (Cnop et al., 2012). elF2a is a
critical factor for protein synthesis in eukaryotes. It facilitates the entry
of initiator tRNA to ribosomes and starts peptide synthesis. When elF2a
becomes inactivated, global protein synthesis will be down-regulated
by decreasing the usage of AUG codon. At the time of ER stress, PERK
response only depends upon the changes in chaperone level, more
specifically, the GRP-78 level. Frequently, PERK is associated with GRP-
78 in its monomeric form. In stress condition, GRP-78 has a high affi-
nity towards misfolded proteins leading to detachment of PERK-GRP-78
complex. This will lead to PERK autophosphorylation and upregulation
of its affinity to elF2a (Cao and Kaufman, 2013). Translational reg-
ulation of proteins is very important in ER stress. During stress condi-
tions, PERK and elF2a are phosphorylated at a single serine residue on
their substrate. However, when a mutation occurs to this substrate, the
serine is changed to alanine, which prevents its phosphorylation. This
results in the destruction of B-cells in mice and also the symptoms of
metabolic syndrome such as hyperleptinemia, hyperinsulinemia and
raised blood glucose levels (Biason-Lauber et al., 2002). Meanwhile, the
mRNA expression of activating transcription factor 4 (ATF4) is upre-
gulated. The activated ATF4 then stimulates the genes involved in the
amino acid import and glutathione biosynthesis. Through this way, it
reduces the accumulated misfolded proteins. One of the prime ATF4
regulated genes is CCAAT-enhancer-binding protein homologous pro-
tein (CHOP), a transcriptional activator of an apoptotic program (Kim
et al., 2015).

Compared to IRE1 and PERK, ATF6 is a type II transmembrane
protein. There are two types, ATF6a and ATF6[ (Yoshida et al., 2000;
Yoshida et al., 2001a, 2001b). When ER stress is initiated, the Golgi
localization signal of ATF6 is exposed and translocated into the Golgi,
where it undergoes protease digestion (Bommiasamy et al., 2009). The
cleaved fragment acts as an activator of several genes involved in lipid
synthesis and ERAD machinery. In addition to this, it also activates
genes to produce GRP-78, glucose-regulated protein 94 (GRP-94),
protein disulfide isomerase (PDI), XBP1, and CHOP (Piperi et al., 2012).
ATF6 indirectly controls autophagy and apoptosis and the Wolfram
syndrome 1 protein controls its activity. The function of this protein is
to direct ATF6 to ubiquitination followed by proteasomal degradation
(Kaneko et al., 2017). Some other ER-resident transcription factors,
which mimic ATF6, include Luman/cAMP-responsive element-binding
protein 3 (CREB3), CREB3L1/0ASIS, and CREB3L2/BBF2H2. The dif-
ferences between these factors and ATF6, and requirements need for
these molecules in the ER, are unknown (Fonseca et al., 2010).
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3. ER stress and metabolic syndrome

Pre-clinical and clinical studies have shown that ER stress has a
major impact on metabolic syndromes including obesity, athero-
sclerosis, diabetes, myocardial dysfunction, and non-alcoholic fatty
liver disease (NAFLD) (Ghemrawi et al., 2018).

3.1. ER stress and diabetes

The pancreatic 3-cell is the primary source of insulin (Cao and
Kaufman, 2013). Insulin is a hormone, initially formed as a single pro-
insulin molecule. Then, within the ER, it undergoes maturation pro-
cesses to form the three intramolecular disulfide bonds in insulin
(Marciniak and Ron, 2006). Diabetes is a metabolic disease character-
ized by complex physiological changes, including inadequate insulin
secretion, peripheral IR, and dysregulated hepatic glucose production.
The combined results obtained from in vitro, in vivo, and human studies
have confirmed that ER stress-induced pancreatic 3-cell destruction is
the major etiology for both type 1 and type 2 diabetes (Cnop et al.,
2017). Pathological, environmental, and genetic factors that initiate ER
disturbances in pancreatic (-cells include glucolipotoxicity, in-
flammatory responses, amyloid accumulation, and expression of mutant
proinsulin (Fonseca et al., 2010; Wang and Kaufman, 2012). Congenital
diabetes is a type of neonatal diabetes, which is characterized by the
changes in one of the two alleles of the insulin gene. In this condition,
the complete folding of the proinsulin does not take place, and this
leads to prolonged ER stress and (3-cell dysfunction. This mutation is
induced in Akita diabetic mice that also show B-cell disruption and
diabetes (Danilova and Lindahl, 2018). The development of type 2
diabetes mellitus increases the demand for pancreatic 3-cells to increase
insulin production, which eventually leads to ER disturbances. IR is one
of the major consequences of type 2 diabetes mellitus and obesity.
Recent studies reveal that ER stress might be an important contributing
factor to IR (Kaneko et al., 2017). In the liver, IR leads to increased
hepatic gluconeogenesis and lipogenesis, which will cause hypergly-
cemia-associated hyperlipidemia (Wang and Kaufman, 2012). IR in-
itially mediates hyperglycemia during type 2 diabetes mellitus, but
later insulin deficiency contributes to the development of the disease. In
the liver, ER stress is initiated through IRE1-mediated activation of c-
Jun N-terminal kinase (JNK) and inhibitor kappa B (IkB)
(Bhuvaneswari et al., 2014). The activated JNK impairs insulin action
by phosphorylating serine residues of insulin receptor substrate (IRS) 1
and 2 (Fonseca et al., 2011).

During ER stress, the activation of the IRE1 branch is necessary for
the synthesis and maturation of nascent insulin (Lee et al., 2011). Here
IRE1 directly activates the complete expression of insulin mRNA, and it
is necessary for optimal -cell function. Meanwhile, hyperactivated
IRE1 could result in B-cell loss via the initiation of JNK and caspases
(Hetz, 2012). The PERK-eIF2a-CHOP pathway acts as a switch between
the normal functioning of the fB-cell and its survival ability. Wolcott
Rallison syndrome is a rare autosomal juvenile form of diabetes, which
affects bone, liver, kidney, and neurons (Cnop et al., 2017). It is char-
acterized by the inactivation of both alleles of the PERK gene and shows
a loss of insulin-secreting (-cells followed by destruction of a-cells.
Both of these effects result in failure of the pancreas (Danilova and
Lindahl, 2018). These findings demonstrate the importance of PERK in
pancreas for maintaining glucose metabolism. FFAs such as palmitate
activate all three branches of the UPR, which results in the apoptosis of
B-cells (Bommiasamy et al., 2009). Both in vitro and animal studies
show that increased blood levels of glucose and saturated FFAs are the
prime factors to induce proapoptotic UPR. CHOP shows its total proa-
poptotic effect only when there is an imbalance between ER stress and
the amounts of unwanted and/or misfolded proteins. At this time,
CHOP up-regulates the expression of Bcl-2-like protein 11 (BIM) and
down-regulates the antiapoptotic, B-cell lymphoma 2 (Bcl-2) (Papa,
2012). Apoptosis is a planned cell death, which is carried out either
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through death receptor or is mitochondria-endoplasmic mediated
(Delepine et al., 2000). In contrast, deletion of CHOP will protect the [3-
cells in genetic and diet-induced diabetes models in mice (Zhang et al.,
2006).

In contrast, ATF6a suppresses glucose formation through CREB-
regulated transcription coactivator 2 (CRTC2) (Wang et al., 2009). The
p85 regulatory subunits of phosphoinositide 3-kinase (PI3K) and p38
mitogen-activated protein kinases (MAPK) increase insulin activity by
activating the translocation of XBP1 to the nucleus (Piperi et al., 2012).
XBP1 promotes the proteasomal degradation of fork head box protein
01 (FOXO1) and thereby down-regulates several gluconeogenic en-
zymes including phosphoenolpyruvate carboxykinase (PEPCK) and
glucose 6-phosphatase (G6Pase) (Zhou et al., 2011).

Advanced glycation end products (AGEs) directly or indirectly in-
duce an ER stress response. Glycation is a reaction between reducing
carbohydrates and proteins, initiating many post-translational changes
in proteins, nucleic acids (DNA and RNA), and fats. AGEs levels become
increased during cellular stress, high blood glucose levels, and oxygen
depletion conditions. Moreover, AGEs have a vital role in the progres-
sion of metabolic syndrome. Therefore, inhibitors of AGEs are im-
portant to restore ER homeostasis and AGEs can be an attractive target
to treat metabolic syndrome (Piperi et al., 2012).

3.2. ER stress in obesity and lipid metabolism

Inside the cell, ER is just like a kitchen where phospholipids and
sterols are synthesized. They constitute the lipid components of all
cellular membranes. During obesity, excess energy is stored as trigly-
cerides inside the lipid droplets in adipocytes (Surmi and Hasty, 2008)
and other tissues such as liver, pancreas, heart, and muscle (Tripathi
and Pandey, 2012). Adipocytes are cells meant for storing energy but
also act as a central endocrine organ (Bays et al., 2008). They are in-
volved both in inflammation and energy metabolism, which are the
critical factors of metabolic syndrome (Kabir et al., 2005). Lipotoxicity
is one of the leading causes of cellular damage in pathophysiological
conditions (Nicklas and O'Neil, 2014). During lipotoxicity, cells un-
dergo severe stress to amalgamate more proteins for lipid droplet
generation as well as to meet the energy expenditure for metabolism
and maintain glucose deprivation. Many hormones and adipokines such
as insulin, visfatin, leptin and omentin work together for the utilization
and storage of this excess energy (Rosen and Spiegelman, 2006). This
reveals the role of ER in lipid droplet formation and thereby to sustain
lipid metabolism. Excessive protein formation and their transportation
within the ER initiate the UPR signaling and IR with a low grade of
inflammation (Verdile et al., 2015). Numerous reports suggest that UPR
plays an important role in metabolic and lipid homeostasis (Achard and
Laybutt, 2012). Over-expression of XBP1, a major protein involved in
ER biogenesis and expansion, in pre-adipocytes up-regulates the en-
zyme choline phosphate cytidylyltransferase (CCT) which participates
in the formation of phosphatidylcholine (Sriburi et al., 2004), the major
membrane lipid found in the ER (Zha and Zhou, 2012). The loss of CCT
affects the fusion of lipid droplets (Lewy et al., 2017). In some studies,
in Drosophila by knockout, up-regulation of one of the CCT genes
produces increased triacylglycerols (Lewy et al., 2017). Thus, XBP1 is
the major protein involved in lipid metabolism. Over-expression of
GRP-78 in liver regulates glucose homeostasis and decreases hepatic
steatosis by reducing the SREBP-1c activity, which proved the im-
portance of ER in liver lipid metabolism (Lewy et al., 2017). SREBPs are
proteins that have a specific site for deoxyribonucleic acid (DNA)
binding and thereby regulate the expression of genes responsible for
sterol/lipid biosynthesis (Shimano, 2001). They are mainly situated on
the ER surface and bind to SREBP-cleavage-activating-protein (SCAP)
through the insulin-induced gene (Insig) (Gianfrancesco et al., 2018).
Three isoforms of SREBPs are SREBP-1a, -1c, and —2. SREBP-1c and 2
are involved in lipogenesis and cholesterol synthesis (Zha and Zhou,
2012). During low cholesterol levels, SREBP-Insig complex is



S. Mohan, et al.

dissociated and targeted to Golgi. Inside the Golgi, the complexes are
attacked by proteases and release mature SREBP. Then the mature
SREBP relocates to the nucleus and activates the genes responsible for
cholesterol and lipid metabolism. This involves the disruption of ER
homeostasis and alters cholesterol and fat synthesis (Shao and
Espenshade, 2014). IRE1, PERK and ATF6 are ER stress-responsive
proteins and they have independent roles in lipid metabolism. The
major regulator of hepatic lipid metabolism is IRE1-XBP1 pathway.
Specific IRE1 deletion in liver cells results in the upregulation of hepatic
lipid levels by increased expression of genes such as CCAAT/enhancer
binding protein and genes responsible for triglycerides synthesis (Qiu
et al., 2013). At the same time the silencing of XBP1 leads to down-
regulation of FFAs and cholesterol by decreased lipogenic genes such as
SCD and ACC (So et al., 2012). The ATF6 pathway also has a prominent
role in lipid metabolism. It controls lipid metabolism through a nega-
tive interaction with SREBPs and down-regulates the lipid accumula-
tion in both liver and kidney (Yamamoto et al., 2010). In kidney, the
prime factor for the renal lipid accumulation and ER stress is SREBP-2
(DeZwaan-McCabe et al., 2017). ER stress in hepatocytes activates
SREBP-1c through proteolytic cleavage of the insig protein and acti-
vates lipogenesis (Baiceanu et al., 2016). The role of PERK in hepato-
cytes is not fully understood but one study reported that antipsychotic
drugs activate SREBP-1 and 2 through this pathway (Han and Kaufman,
2016). PERK pathway is also critical for adipocyte differentiation
through the activation of SREBP-1. The effect of PERK on adipogenesis
is due to the activation of elF2a and results in inhibition of general
translation (Damiano et al., 2010). Meanwhile, PERK up-regulates the
translation of mRNAs of GRP-78, SREBP-1, and ATF4 (Lewy et al.,
2017). Furthermore, SREBP-1 is a critical activating factor of adipo-
genesis, so it has an additional name as adipocyte determination and
differentiation 1 (ADD1) (Fig. 2: Zha and Zhou, 2012).

3.3. ER stress and inflammation

The mechanism underlying obesity-related IR and diabetes is the
development of chronic low-grade inflammation. During ER stress, the
IRE1-XBP branch activates tumor necrosis factor alpha (TNFa) ex-
pression. At the same time, the PERK arm of ER stress initiates cellular
inflammatory cascade through activation of the JNK pathway

ER stress
ATF6 /
J PERK Lo
w eIF2 alpha
i
é T XBP1
1 F4
Clea£ ATFG6
AUTOPHAGY

LEID DROPL#

Fig. 2. Involvement of ER stress in adipogenesis. Role of UPR in the for-
mation of lipid globules in adipose tissues during ER stress; the activated
SREBPs upregulates the levels of enzymes participating in lipid metabolism. As
a result, the lipid droplets are generated in the tissues which are responsible for
fatty acid metabolism. ER stress also activates XBP1, which encourages the
formation of triglyceride and finally leads to adipogenesis. Note: SREBPs, sterol
regulatory element-binding proteins.
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(O'Rourke, 2009). Lastly, the activated ATF6 upregulates interleukin 6
(IL6) and TNFa expression and also the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) signaling. It finally inhibits
the anti-inflammatory protein kinase B (PKB) pathway (Thoudam et al.,
2016). Meanwhile, the increased JNK activates pro-inflammatory cy-
tokines (IL6) and several chemokines. They are the main activators of
macrophages in the vicinity of inflammation as well as in the circula-
tion (Hirosumi et al., 2002). Then these macrophages engulf the adi-
pocytes and create crown-like structures, which is the hallmark of
obesity. Meanwhile, these structures activate lipolysis in adipocytes. As
a result, FFA levels are increased, and FFAs deposited in the liver as
well as in muscles induce cellular dysfunction (Zha and Zhou, 2012).
This is one of the primary causes of fatty liver and cardiovascular dis-
ease. In diabetes, high diacylglycerols activate protein kinase C (PKC),
which inhibits the insulin signaling through serine/threonine kinases
and finally leads to IR. During ER stress, PERK induces IKB kinase (3
(IKKB) activation and subsequently decreases the production of adi-
ponectin. Adiponectin is one of the major anti-inflammatory cytokines
produced by adipocytes that negatively regulates cardiovascular dis-
ease and fatty liver disease (Boden and Merali, 2011).

3.4. ER stress and fatty liver disease

ER stress has a prominent role in the pathogenesis of fatty liver
diseases. UPR pathway is a critical factor for the initiation of hepatocyte
death and a potential promoter of inflammation. Hepatocytes perform
many metabolic functions such as the metabolism of xenobiotics,
synthesis of proteins such as plasma proteins, lipoproteins, and very
low-density lipoproteins, and the formation of cholesterol (Rutkowski,
2019). These are the major functions of ER, so hepatocytes are enriched
with both rough and smooth ER (Malhi and Kaufman, 2011). Smooth
ER lacks ribosomes and they are the prime site for lipid synthesis.
Smooth ER has a connection with cytoskeleton so through this way ER
moves the lipids as well as Ca®* to adjacent membranes and organelles
(Baiceanu et al., 2016).

As the name suggests, fatty liver is the condition when the liver is
loaded with fats, mainly the triglycerides, described as either alcoholic
fatty liver diseases (AFLD) or NAFLD (Dara et al.,, 2011). NAFLD is
defined as an aggregation of lipids inside the liver in the absence of
alcohol consumption or other liver diseases (Pagliassotti, 2012). The
primary entry of these lipids is either from the diet, from de novo li-
pogenesis or through release from adipose tissue. Compared to un-
saturated fatty acids, saturated fatty acids cause severe ER stress and
finally result in liver damage, because saturated fatty acids do not de-
grade into triglycerides. They can freely move to the ER and destroy ER
compatibility (Dara et al., 2011).

The three UPR pathways behave differentially in ER stress (Malhi
and Kaufman, 2011). Both IRE1 and PERK are activated through au-
tophosphorylation, and ATF6 activation is via its Golgi localization.
Activated IRE1 increases the levels of chaperones, growth arrest and
DNA damage (GADD) and ERAD genes in the nucleus through the ac-
tivation of XBP1 mRNA. The activated GADD then sensitizes the liver
cells to apoptosis. In stressed cells, the IRE1 initiates the inflammation
and IR through the activation of JNK. The activated JNK inhibits IRS1
and finally results in hyperinsulinemia and increased lipogenesis
(Sarvani et al., 2017). At the same time in hepatocytes, nucleotide-
binding oligomerization domain, leucine-rich repeat and pyrin domain
containing 3 (NLRP3) inflammasome is activated. It is a multi-protein
complex coming under the family of nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (Olivares and Henkel, 2015). NLRP3
initiates IR and promotes inflammation in liver cells (Lebeaupin et al.,
2016). Formation of this complex activates caspase 1 and 11 and many
other proinflammatory cytokines including IL6 and interleukin 8 (IL8).
The combined action of caspases and cytokines finally results in pro-
grammed cell death. IRE1 also has a prominent role in liver steatosis
through XBP1. XBP1 independently controls the genes responsible for
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fatty acid synthesis such as acetyl CoA carboxylase (ACC), and stearoyl
CoA desaturase (SCD). In addition, XBP1 protein has a role in adipocyte
differentiation. Selective silencing of XBP1 in the liver leads to de-
creased plasma triglyceride and cholesterol in mice and reduces adi-
pogenesis in XBP1-deficient preadipocytes (Wu et al., 2016). XBP1 also
protects the cells from oxidative damage, and it can increase the level of
antioxidant enzymes in the liver (Gentile et al., 2011).

Activated PERK inhibits the protein synthesis and decreases the
Insigl protein, a negative regulator of lipogenesis. Hence, inhibition of
this protein will increase the level of SREBP. Raised SREBP alters the
biosynthesis of lipids that increase the formation of cholesterol and
triglycerides, one of the hallmarks of the fatty liver disease. When mice
lack the SREBP gene, they are protected from both AFLD and NAFLD
(Dara et al., 2011). De novo fatty acid synthesis is one of the crucial
factors for the pathogenesis of fatty liver disease. Over-expression of the
chaperone GRP-78 reduces the level of SREBP in liver cells, improves
insulin sensitivity and reduces steatosis (Dara et al., 2011).

To maintain the UPR-generated reactive oxygen species, the phos-
phorylated-PERK (p-PERK) initiates the transcription of nuclear ery-
throid-related factor 2 (Nrf2), which maintains the redox status. PERK
pathway also reduces reactive oxygen species via the activation of Nrf2
(Zhang et al., 2019). In the fatty liver, the reactive oxygen species
generation is mainly done by the protein CHOP (GADD153). The ex-
pression of CHOP is down-regulated by PERK and ATF6 (Lebeaupin
et al., 2016). Similar results occur when the animals are exposed to
ethanol. In AFLD models, increased gene expression of GRP-78, SREBP,
Ca?*, CHOP, calnexin, ER oxidoreductin 1 (ERO1), Bcl-2 associated X
protein (BAX), and caspase 12 is detected in the ER (Wu et al., 2016).
Alcohol has a predominant role in the generation of ER stress. Thus, all
three UPR sensors IRE1, PERK, and ATF6 regulate lipid stores in the
liver.

3.5. ER stress and cardiovascular diseases

Endothelial dysfunction is one of the initial responses in many
cardiovascular complications (Di Francescomarino et al., 2009). The
heart is very sensitive to ER stress as the endothelium is the critical site
to maintain vascular homeostasis (Hong et al., 2017). Temperature,
oxygen and nutrient depletion, infection, hyperglycemia, oxidative
stress, and altered lipid metabolism are the main inducers of the ER
stress pathway. Among these, deficiency of oxygen is one of the critical
stresses of the myocardium (Shohet and Garcia, 2007). UPR has an
important function in the pathophysiology of many cardiovascular
diseases including myocardial hypertrophy, ischemic stroke, and con-
gestive heart failure (Maamoun et al., 2019). During ER stress, all the
three arms of UPR, PERK, ATF6, and IRE1, are activated. The activity of
PDI is reduced, so the disulfide bonds are not formed correctly, and the
level of unwanted proteins will increase ensuring increasing severity of
ER stress (Szegezdi et al., 2006). The IRE1-XBP1 pathway plays a
protective role against hypoxic effect in the heart. During hypoxia, the
XBP1 mRNA splicing and GRP-78 levels are increased, indicating the
initiation of UPR. Moreover, the upregulation of GRP-78 is controlled
by XBP1; at the time of UPR, the activated ATF6 reduces cell death due
to high Ca®* levels in H9¢c2 cardiomyocytes (Vitadello et al., 2003).
The sudden decrease of protein translation is regulated by PERK that
inhibits the nascent protein transport into the ER lumen and upregu-
lates CHOP, the most widely investigated biomarker involved in ER
stress-associated apoptotic signaling in cardiovascular disease
(Minamino and Kitakaze, 2010). CHOP, in turn, activates ERO1 ex-
pression, which is the protein necessary for the optimal activity of the
enzymes such as PDI and prolyl hydroxylase (Marciniak et al., 2004).

Nrf2 is a well-known promoter of the antioxidant defense system in
cardiomyocytes (da Costa et al., 2019; Tu et al., 2019). It protects
against oxidative stress during ischemia-reperfusion injury and aging.
The upregulation of Nrf2 is another function of p-PERK. Through this
mechanism, PERK upregulates the antioxidant proteins and detoxifying

European Journal of Pharmacology 860 (2019) 172553

enzymes (Ooi et al., 2018). Nrf2-deficient cells show increased cell
death when exposed to ER stress. From these data, it is clear that
phosphorylated Nrf2 is essential for the survival of cardiac myocytes
against ER stress (Howden, 2013).

The other two ER stress sensors, IRE1 and ATF6, are involved in
upregulation of the genes encoding the proteins that participate in
nascent protein maturation, transport, and ubiquitination (Groenendyk
et al., 2010). The activation of ATF6 during ischemia and its inactiva-
tion during reperfusion showed its participation in the production of ER
stress. In this event, the blood flow becomes reduced, which limits the
cell exposure to an energy source by activation of ATF4 and 6. Then
they initiate the genes involved in glycogenolysis and inactivate cho-
lesterol synthesis to conserve carbon units. In addition, reperfusion
after ischemia generates oxidative stress through the surplus amount of
reactive oxygen species (Avery et al., 2010). This condition results in
the disruption of ER oxidative state and Ca®>* homeostasis. The devel-
opment of cardiac hypertrophy is mainly due to Ca®>* dysregulation and
abnormal protein synthesis. In cardiomyocytes, the sarcoplasmic re-
ticulum (SR) is recognized as the regulator of Ca®* levels and controls
the excitation-contraction coupling in the heart. Strict regulation of ER
luminal Ca®* concentration is vital for maintaining cellular integrity.
Disruption of homeostasis will impair all ER functions leading to ER
stress. Decreased ER Ca®* levels increase the chaperones and proteins
(CHOP, elF2a, p-PERK, calnexin, caspase 12 and JNK) and initiate cell
death in H9c2 cardiomyocytes (Brostrom and Brostrom, 2003; Thuerauf
et al., 2006). In this condition, the cytosolic Ca?™ is increased which
increases the level of Ca?"-mobilizing agents. Ca®*-mobilizing agents
are Ca®* ionophores that are responsible for the regulation of Ca®*
levels in cytoplasm and extracellular space. These effects were modu-
lated by calcineurin, a phosphatase that activates the nuclear factor of
activated T cells (Fig. 3: Liu et al., 2016).

Atherosclerosis is one of the common and important cardiovascular
diseases. ER stress has a prominent role in the pathogenesis of this
disease by affecting lipid metabolism inside the ER (Zhang et al.,
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Fig. 3. ER stress-induced inflammation in cardiovascular diseases &
atherosclerosis. During chronic ER stress, both CHOP & jun N-terminal kinase
(JNK) are activated and induce apoptosis in cardiomyocytes. The IRE1-TRAF
activates the XBP1, JNK & Ikk leading to apoptosis and inflammation.
Inflammation is the major contributing factor to the development of cardio-
vascular diseases and atherosclerosis. Inflammation creates a fatal amount of
reactive oxygen species and this initiates mitochondrial dysfunction and
apoptosis. In cardiomyocytes, strict regulation of ER Ca®* concentration is
necessary for the maintenance of cellular integrity. Decreased level of calcium
increase GRP-78 expression, the same time as it initiates the calcium mobilizing
agents in the cytoplasm. Note: CHOP, CCAAT-enhancer-binding protein
homologous protein; JNK, Jun N-terminal kinase; Ikk, IKB kinase (3; GRP-78,
Glucose-regulated protein 78.
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2017a). During UPR activation, lipid formation and hepatic lipid re-
serves are decreased, triggering the entry of inflammatory cells into the
damaged site and initiation of an inflammatory response. These in-
flammatory cells produce cytokines and reactive oxygen species (Gotoh
et al., 2011). When these reactive oxygen species are produced, PERK
and IRE1/TNF-a-receptor-associated factor 2 (TRAF2) complex be-
comes activated. The activated TRAF2 then initiates the activation of
IxB kinase and JNK (Villalobos-Labra et al., 2018). It results in the
translocation of NF-kB, activates several downstream inflammatory
signals, and thereby induces atherosclerosis (Hu et al., 2006). In-
flammation is an immunological response where ER stress and in-
flammation pathways connect through various mechanisms that can
produce cardiovascular diseases. Moreover, one of the central con-
tributors of cardiovascular disease is chronic ER stress (Hong et al.,
2017). How ER stress modulates endothelium-dependent vascular
function and nitric oxide (NO) signaling pathway is not precisely un-
derstood (Maamoun et al., 2019).

4. Targets for the management of ER stress

The UPRs were uncovered 20 years ago. Recently, it has been found
that activated UPR is involved in the pathogenesis of metabolic syn-
drome (Lee and Ozcan, 2014). Therefore, ER could act as an important
target for the amelioration of different signs of metabolic syndrome
(Eizirik et al., 2007). A common factor for the pathogenesis of many of
these disorders is the appearance of unwanted proteins. It reveals the
relationship between ER stress and metabolic syndrome, so targeting
UPR is an important area for the alleviation of many of these metabolic
changes. There are several approaches to target the UPR. Agents that
can reduce the factors of the pro-apoptotic pathway or activate the
adaptive UPR components could be used as a possible approach for
managing the disease. Small molecular agents that promote ER protein
folding capacity and protein stability are first among them (Fig. 4).
They are heat shock proteins (chaperones) having a low molecular
weight and ER stress inhibitors (Welch and Brown, 1996). Taur-
oursodeoxycholate (TUDCA) and 4 -phenyl butyrate (PBA) are two
chaperones already accepted by Food and Drug Administration (FDA)
(Bouchecareilh et al., 2011). They have been studied for their potential

= Inhibitors
N Activators

APOPTOSIS

Fig. 4. ER stress and their targeted therapies. Many compounds have now
been identified to target ER stress (Green box-activators, Red box-inhibitors).
The two chemical chaperones approved by FDA (PBA and TUDCA) can reduce
protein misfolding in a nonspecific manner. MKC3946 is a chemical inhibitor
that targets specific UPR components, at the same time cyclosporin A and
MitoQ suppress the mitochondrial oxidative stress. Mitochondrial stress has an
intimate relationship with ER stress and its protein homeostasis. Note: ER,
endoplasmic reticulum; PBA, 4-phenyl butyrate; TUDCA, tauroursodeox-
ycholate; MitoQ, mitoquinone.
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to diminish UPR-induced dysfunction in several cell lines including
adipocytes, hepatocytes, and p-cells (Zha and Zhou, 2012). TUDCA is a
bile acid derivative, used as a hepatoprotective agent in humans with
fatty liver disease (Kaplan and Gershwin, 2005). It markedly reduces
aortic clot development and ER stress in cardiovascular disease pa-
tients. PBA is approved for many urea cycle disorders as an ammonia-
scavenging molecule and also used for other diseases linked with un-
folded proteins such as cystic fibrosis and thalassemia (Kim et al.,
2009). In neurodegenerative diseases, PBA will stimulate amyloid-f
precursor protein (APP) proteolysis and apoptosis (Wiley et al., 2010).
It can also be used for cardiovascular diseases (Erbay et al., 2009). One
of the major limitations of this chaperone treatment is the requirement
of a high dose for a satisfactory response. Another problem is that the
molecular mechanism for the reduction of the protein misfolding is not
known.

PBA and TUDCA reduce UPR activation in obese mice
(Bouchecareilh et al., 2011). They can nonselectively reduce the UPR
by acting as leptin-sensitizing agents. Leptin is an adipokine from adi-
pose tissue that is increased when fat is increased (Minamino et al.,
2010). It binds to the hypothalamus and reduces food intake. Im-
portantly, leptin resistance is documented in many obese people and
some reports link leptin resistance to ER stress (Sarvani et al., 2017).
Other studies showed both compounds improve insulin sensitivity in
obese individuals. TUDCA improved the insulin sensitivity in liver and
muscle, and PBA reduced IR and B-cell dysfunction (Kars et al., 2010;
Xiao et al., 2011).

Moreover, TUDCA and PBA are capable of reducing hyperglycemia
in diabetic patients and restoring B-cell function in humans (Sarvani
et al.,, 2017). In addition, treatment of ApoE—/— mice with PBA re-
duced ER stress and apoptosis of macrophages (Sarvani et al., 2017).
TUDCA has anti-aggregation activity so that it can be used for the
amelioration of atherosclerotic lesions (Erbay et al., 2009). In hepato-
cytes and adipocytes, both TUDCA and PBA decrease ER stress by re-
ducing inflammation and weight gain (Bouchecareilh et al., 2011; Kim
et al., 2009), so these compounds might be considered as relevant in-
terventions against metabolic syndrome.

Next type includes ER stress sensors and transcription factors. They
are collectively called GRP-78 activators. Elevated levels of BiP/GRP-78
prevent UPR-induced cell death (Morris et al., 1997). Several small
molecules, BiP inducer X (BIX) and valproate, induce GRP-78 in animal
models. Valproate is a compound used in neurodegenerative diseases
but it also protects B-cells from palmitate-induced injury (Zhang et al.,
2011). BIX is also used against neurological diseases and in animal
models to prevent ER stress and cell death (Inokuchi et al., 2009; Kudo
et al., 2008; Oida et al., 2010), but the exact mechanism by which BIX
activates GRP-78 expression is not known. Therefore, GRP-78 activators
including valproate and BIX in metabolic syndrome need further in-
vestigation of their efficacy and safety through preclinical and clinical
studies. Regulators of the PERK-eIF2a-CHOP pathway are included in
the third category. There are many inhibitors that reduce phosphor-
ylation and dephosphorylation. An optimal level of elF2a phosphor-
ylation is protective in several metabolic pathologies, including 3-cell
failure. Among the inhibitors, the major one is guanabenz, an FDA-
authorized drug used for hypertension. Guanabenz is a small molecule,
which binds to GADD and activates elF2a phosphorylation to reduce
protein translation and decrease UPR stress. Therefore, it represents a
hopeful candidate for the treatment of metabolic syndrome (Tsaytler
et al., 2011). Another small molecule, salubrinal, protects cells from
UPR-induced death by reducing the dephosphorylation of elF2a (Boyce
et al., 2005). However, its efficacy and safety under in vivo conditions
have not been demonstrated. Further, a normal level of elF2a phos-
phorylation is required for the proper functioning of -cells, and an
increased level could result in pancreatic cell death, atherosclerosis or
hepatosteatosis (Boyce et al., 2005). Tight regulation of ER stress is
necessary, and it may provide therapeutic advantages to some signs of
metabolic syndrome. One example is the rational design of PERK
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inhibitors such as GSK2606414 which is an attractive tool for targeting
UPR (Axten et al., 2012; Wang et al., 2010). PERK is a major antiviral
component of the interferon response and is activated by a variety of
cellular stresses. C16A is a small molecular inhibitor of PERK, which
can prevent ER stress-induced cell death and alleviate neurological
disorders. However, this molecule warrants further preclinical in-
vestigation for the management of many diseases including diabetes,
cardiovascular disease, obesity and fatty liver disease (Harding et al.,
2012; Jammi et al., 2003; Shimazawa and Hara, 2006). One of the
exciting UPR targets for metabolic disorders is CHOP. It is a major
proapoptotic component induced by ER stress. Unfortunately, the lack
of selective inhibitors of CHOP has delayed the current efforts in this
field. Modulators of IRE1, a highly conserved UPR transducer, are the
next promising target for ameliorating ER stress and thereby metabolic
syndrome. Hyperactivation of IRE1 causes multiple pathologies, in-
cluding IR, inflammation, and apoptosis (Han et al., 2009; Zhu et al.,
2011). A group of small molecules including STF-083010, 4u8C, and
MKC-3946 selectively inhibit the RNase activity of IRE1l (So et al.,
2012; Volkmann et al., 2011). These inhibitors are based on a similar
structure and have a similar mechanism of action. A synthetic peptide
promoted IRE1 oligomerization and XBP1 splicing thereby improving
cell survival upon ER stress challenge (Cross et al., 2012; Mimura et al.,
2012; Papandreou et al., 2011). From these data, we suggest that it is
worthwhile to give more effort to demonstrate the safety and efficacy of
these compounds in pre-clinical studies. Another important target is the
regulation of ER Ca®>* homeostasis. Ca®* is a second messenger which
can regulate many signaling pathways. The ER lumen has high levels of
Ca®", which is essential for nascent protein modification and traf-
ficking. The disturbances of Ca®* levels initiate ER stress mainly in
insulin-secreting B-cells. Therefore, regulators of ER Ca®>* homeostasis
may demonstrate beneficial effects in metabolic syndrome. Two ther-
apeutic approaches have been used to decrease the Ca®*-efflux from
the ER lumen and improve Ca®” -influx into the ER. First one is to re-
duce the Ca®*-leakage from the ER. In some studies, antihypertensive
drugs such as verapamil were used to block the Ca®>* channel; ver-
apamil protects the 3-cells in diabetic patients through the inhibition of
proapoptotic genes (Xu et al., 2012). Next one is the upregulation of
Ca®”-influx through increased SERCA expression (Ghemrawi et al.,
2018). Forced activation of SERCA reduced UPR and improved glucose
homeostasis in obese mice in vivo (Bouchecareilh et al., 2011). In obese
mice, altered hepatic lipid composition inhibits the Ca®*-ATPase pump
and limits the glucose metabolism in the liver (Fu et al., 2011). In-
creased Ca®*-leakage from the ER could also lead to Ca*" -overload in
the mitochondria, causing mitochondrial oxidative stress and apoptosis.
Cyclophilin D, a component on the mitochondrial inner membrane, is
required for an influx of cytosolic Ca®>* into the mitochondrial matrix.
Cyclosporine A is a cyclophilin D inhibitor which protects cells from ER
stress by preventing Ca®*-influx into the mitochondria (Baines et al.,
2005; Park et al., 2010). Another drug approved by the FDA for hy-
pertension is diltiazem. It functions as Ca?™ channel blocker to inhibit
ER Ca®"-efflux and enhances ER protein folding capacity (Zamorano
et al., 2012; Zhang and Armstrong, 2007).

4.1. Targeting ER stress by natural products

Targeting ER stress associated complications by natural products
opens an exciting therapeutic window for alleviating many signs of
metabolic syndrome. Many phytochemicals showed the potential to
reduce and/or normalize the ER stress with their antioxidant properties
(Tripathi and Pandey, 2012). Two major cellular causes for the devel-
opment of metabolic syndrome are reactive oxygen species-generated
and ER-related stress. Therefore, antioxidant therapy might have a
crucial role in reducing these types of stress. Butylated hydroxylanisole
(BHA) is a widely used antioxidant and food additive, which reduces
UPR stress, and reactive oxygen species-mediated damage of membrane
proteins and programmed cell death (Han et al., 2013). It protects
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genetically engineered f-cells from damage caused by UPR and oxi-
dative insult during proinsulin synthesis (Ong and Kelly, 2011). Quer-
cetin is a well-known antioxidant and abundantly present natural
compound. It restored the ER homeostasis through the normalization of
antioxidant enzymes (Suganya et al., 2014). Another possibility is ela-
toside, a terpenoid derived from Aralia elata, which inhibited ER stress
by reducing the levels of GRP-78, CHOP, and JNK in cardiomyocytes
(Wang et al., 2014). Sulforaphane from cruciferous vegetables inhibits
ER stress through activation of Sirtl (Danilov et al., 2009). Sirtl in-
hibits ER stress by reducing PERK-elF2a activation (Prola et al., 2017).
Phytochemicals that modulate ER stress include baicalin and resvera-
trol (Lin et al., 2016; Shen et al., 2014). Next one is an alkaloid, ber-
berine, for its potential to suppress ER stress by downregulating the
PERK-elF2a generation and the expression of ATF4 and CHOP in heart
tissues (Zhao et al., 2016). Hydroxycitric acid, mostly found in Garcinia
species, acts as a promising ER stress modulator (Nisha et al., 2014).
Kaempferol, a ubiquitous flavonoid, inhibits ER stress mediated cell
death in neuroblastoma cells using in vitro models (Abdullah and
Ravanan, 2018). Nobiletin, another flavonoid mostly found in citrus
plants, mitigates ER stress and thereby offers protection against cardiac
hypertrophy (Zhang et al., 2017b). In addition, mitochondrial oxidative
stress also disrupts ER protein folding homeostasis and causes a variety
of human diseases. Mitoquinone (MitoQ) is a mitochondria-targeted
antioxidant that protects against cardiac ischemic injury and Parkin-
son's disease (Fernandez-Moriano et al., 2015). In clinical trials, it had
an excellent safety profile (Ong et al., 2010). A combination of MitoQ
with another mitochondrion-targeted antioxidant, MitoTempol, reduce
mitochondrial oxidative damage, ER stress, and apoptosis in B-cell
models of glucotoxicity and glucolipotoxicity (Back et al., 2009).

In addition to these compounds, there are many plant-derived
compounds with the potential to maintain ER homeostasis (Choy et al.,
2018). Preclinical and clinical studies demonstrate that a wide range of
small molecular modulators and regulators of UPR-related stress have
great therapeutic potential against signs of metabolic syndrome (Smith
and Murphy, 2010). Some of the compounds such as chemical cha-
perones have shown efficacy in animal and clinical studies, while other
molecules including the regulators of IRE1 and GRP-78 still need ex-
tensive preclinical investigation (Lim et al., 2011). However, one of the
major problems that we need to consider is the multifunctional nature
of UPR signaling in different cell types. Hence, the dosing of drugs will
be critical for success in clinical settings. However, more mechanistic
and physiological studies are still needed to elucidate the efficiency and
safety of these interventions to target ER stress.

5. Conclusion

The ER is a large membranous network that participates in lipid and
protein metabolism. High nutritional and protein load initiates ER
stress. UPR regulate protein modification, secretion, and alter the re-
ceptor protein expression. Chronic ER stress results in cellular apop-
tosis. Many studies have been conducted to exploit protein-folding
signaling as a target for therapy. Therefore, a variety of strategies and
dozens of compounds have been tested in in vitro, in vivo and some are
under clinical study. Some of these compounds alleviate ER stress by
promoting protein folding and preventing aggregation in the cell.
Increased understanding of ER stress in metabolic syndrome will allow
the rational design of small molecules for more selective pharmacolo-
gical interventions. The ideal examples are TUDCA and PBA. They are
synthetic pharmacological agents tested in clinical studies. UPR path-
ways have a different role in many tissues/organs. Optimization of dose
and treatment duration is necessary to avoid adverse effects. Organ-
specific drug delivery might be a good solution to increase the safety
profile of therapeutic agents. Some of the conditions such as NAFLD and
type 2 diabetes mellitus may require long-term dosing of therapeutic
agents. In such situations, long-term clinical trials are necessary to re-
veal potential side effects. Apart from this, many gaps have to be filled,
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which require the complete understanding of ER stress response
pathway in different aspects of metabolic syndrome.
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