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     Chapter 1 

1 Introduction and Literature Survey 
 

1.1  Diabetes mellitus  

Metabolic syndromes refer to a cluster of diseases that increases the risk of heart 

diseases. High blood pressure, a large waistline, low HDL cholesterol, high LDL levels, 

high triglyceride levels and high fasting blood glucose levels are some of the risk factors 

associated with metabolic syndromes. Diabetes mellitus (DM) is a chronic metabolic 

disease in which high levels of blood glucose leads to severe damage to the heart, kidneys, 

blood vessels, eyes and nerves (World Health Organisation, 2020). The three main types 

of diabetes are Type 1 DM, Type 2 DM and gestational diabetes. In type 1 DM the elevated 

blood glucose levels or hyperglycemia are due to the inability of pancreas to make insulin 

while type 2 DM is characterised by the inability of cells to utilise the insulin produced by 

the body and the most common form of diabetes among adults (International Diabetes 

Federation, 2020). Gestational diabetes is distinguished by the occurrence of high blood 

glucose during pregnancy which causes complications to both mother and child 

(International Diabetes Federation, 2020).  In 2019, approximately 463 million adults 

were living with diabetes and the figures are expected to rise to 700 million by 2045 

(International Diabetes Federation, 2019). The low and middle income countries are the 

worst affected (International Diabetes Federation, 2020 & World Health Organisation, 

2020).  

1.1.1 Complications of diabetes 

Diabetes can lead to complications in many parts of the body (Fig. 1) which are 

mentioned below. Diabetics are also prone to developing infections.  

x Cardiovascular disease- Diabetes affects the heart and blood vessels leading to 

coronary artery disease and stroke. The risk factors for the cardiovascular 

complications include hypertension, high cholesterol and high blood glucose 

levels. 

x Diabetic nephropathy- The small blood vessels in the kidneys are severely affected 

during diabetes. This leads to decreased efficiency of kidneys.
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x Diabetic neuropathy- Damage to the nerves is another common complication of 

diabetes. The most adversely affected are the extremities, particularly the feet. 

This is also known as peripheral neuropathy which is mainly characterised by 

pain, tingling and numbness in the affected area. 

x Diabetic retinopathy- High blood glucose levels along with high blood pressure 

and cholesterol leads to some form of eye disease or retinopathy leading to 

reduced eye vision or blindness. 

x Oral complications- Periodontitis or gum inflammation is another complication of 

high blood glucose. It results in tooth loss and is also associated with increased 

risk of cardiovascular disease. 

x Pregnancy complications- Diabetes during pregnancy leads to overweight in the 

fetus. This results in complications during delivery and increased trauma for the 

mother and child. Such children are also at a higher risk of developing diabetes in 

future.  

 

Fig. 1.1 Complications of diabetes 

1.2 Cardiovascular diseases 

Cardiovascular diseases (CVDs) include disorders of the heart and blood vessels 

and there are different types of CVDs like coronary heart disease, cerebrovascular 

disease, peripheral arterial disease, rheumatic heart disease, and congenital heart 

disease. CVDs account for the increased risk of mortality worldwide. At least 17.9 million 

people die of CVDs every year which accounts for 31% of all global deaths (World Health 
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Organization, 2019). The main factors responsible for the onset of these diseases include 

physical inactivity, tobacco use, unhealthy diet and the harmful use of alcohol. These risk 

factors are manifested as increased blood sugar levels, elevated blood pressure, 

overweight and obesity which are detrimental to good heart health. Again low and middle 

income countries are more vulnerable to CVDs (World Health Organization, 2019). In 

addition to these there are underlying determinants of CVD like globalization, 

urbanisation and aging. Diabetes is expected to affect 300 million people with a 

prevalence of 5.4% by 2025 (King et al., 1998). 

1.2.1 Prevalence of cardiovascular disease in India. 

CVDs have also become the leading cause of mortality in India (Reddy et al., 2005). 

The past two decades have witnessed a pronounced epidemiological transition in India 

from infectious diseases to non-communicable diseases (NCDs) (Institute for Health 

Metrics and Evaluation (IHME) 2010). However, at present the pandemic of Covid-19 has 

resulted in many deaths. Still we cannot underestimate the impact of NCDs. NCDs have 

become a global threat, India being no exception, affecting the sustainable development 

on the whole. The burden of non-communicable diseases has risen rapidly in India 

simultaneously with an increase in the aging of population. CVDs account for the major 

portion of non-communicable disease burden. There are many multisectoral national 

policies that aims to prevent and control the burden from NCDs. In India the National 

Health Policy 2017 targets to reduce 25% premature cardiovascular deaths by 2025 

(Ministry of Health and Family Welfare, 2012). According to a recent study by 

Prabhakaran et al., the cases of cardiovascular diseases in India increased from 25·7 

million (95% UI 25·1–26·0) in 1990 to 54·5 million (53·7–55·3) in 2016 (Prabhakaran et 

al., 2018). The frequency of CVD cases was highest in Kerala followed by Punjab and Tamil 

Nadu (Fig. 2). Also the death rate due to cardiovascular diseases in India increased from 

1·3 million (95% UI 1·2–1·4) in 1990 to 2·8 million (2·6–2·9) in 2016 (Prabhakaran et al., 

2018). From their study it is revealed that particularly Kerala is more vulnerable to 

ischemic heart disease and stroke. According to the Global Burden of Disease study age-

standardized estimates (2010), 24.8%, i.e. approximately a quarter, of all deaths in India 

are due to CVD (Institute for Health Metrics and Evaluation (IHME) 2010).  This situation 

immediately urges the country to adopt various population level strategies to reduce the 

risk factors.  
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Fig. 1.2 Prevalence of cardiovascular diseases in India (Prabhakaran et al., 2018) 

1.3  Diabetic cardiomyopathy 

Diabetic cardiomyopathy (DCM) includes a collection of abnormalities that alter the 

structure and function of the myocardium in the absence of other risk factors, such as 

coronary artery disease, hypertension, and valvular heart disease (Liu et al., 2014). The 

existence of DCM was initially proposed by Rubler et al., in 1972 (Rubler et al., 1972). 

DCM constitutes nearly 12 % of T2DM patients (Bertoni et al., 2004). The sustaining 

hyperglycemic and hyperlipidemic conditions during diabetes results in the development 

of oxidative stress, inflammation, mitochondrial dysfunction  and activation of renin 

angiotensin aldosterone system, all of which ultimately results in DCM (Bugger and Abel, 

2014; Jia et al., 2016; Jia et al., 2018) in both T1DM and T2DM. However, 

hyperinsulinemia and hyperglycemia are considered to be the main culprits to induce the 

adaptive and maladaptive response that leads to heart failure during DCM in T2DM 

(Poornima et al., 2006); Terashima and Goto, 2002). There are reports about the 

association between high levels of glycated haemoglobin and increased risk of heart 
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failure in T2DM than in T1DM. Type 1 diabetic hearts showed increased cardiomyocyte 

autophagy while the same was subdued in type 2 diabetes (Kanamori et al., 2015). The 

aberrant insulin signalling in the myocardium is a characteristic of DCM (Battiprolu et al., 

2013). Extensive studies are going on to investigate the structural, functional, and 

metabolic changes that occur in the diabetic myocardium. Left ventricular hypertrophy, 

interstitial fibrosis and apoptosis, are associated with structural changes occurring in the 

myocardium during chronic diabetes (Isfort et al., 2014). The functional changes include 

diastolic and systolic dysfunction and impaired contractile reserve (Nunes et al., 2012).  

Initially, DCM shows no symptoms and is characterized by an increased fibrosis 

and stiffness. In the primary stages, early diastolic filling of the heart is reduced and it is 

followed by an increased atrial filling and enlargement and LV end-diastolic pressure 

(Westermeier et al., 2016) . The second stage of diabetic cardiomyopathy is manifested 

as hypertrophy, cardiac remodeling, advancing cardiac diastolic dysfunction, followed by 

appearance of clinical symptoms of heart failure with normal ejection fraction (Jia et al., 

2016). The advanced stages of DCM is mainly characterised by systolic and diastolic 

dysfunction along with reduced cardiac ejection fraction, and an extended left ventricular 

chamber (Jia et al., 2016).  However, the increased levels of natriuretic peptides and O-

linked N-acetylglucosamine (O-GlcNAc), facilitate the diagnosis of heart failure (Jia et al., 

2016). 

1.3.1 Epidemiology of diabetes associated heart failure 

Patients with diabetes are more susceptible to developing heart failure than those 

without diabetes (Dei Cas et al., 2015). According to the reports of the Framingham Heart 

Study there is a 5-fold increased risk of heart failure in women with diabetes than in men 

(Kannel et al., 1974). Another report from United Kingdom National Diabetes Audit, the 

most common complication for T2DM is heart failure. There was a significant variation 

in the left ventricular wall thickness and mass between diabetic and normal patients 

according to a population based surver conducted in the Cardiovascular Health Study 

(Devereux et al., 2000) and Multi-Ethnic Study of Atherosclerosis (Bertoni et al., 2006). 

According to recent findings, bringing the glucose levels down to normal does not 

guarantee the restoration of  the cardiovascular disease risk to the level of non-diabetics 

(Kenny and Abel, 2019). The observations that blood glucose lowering might not be 

sufficient to prevent increased hospitalization and mortality from HF, reinforce the 
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possibility that there are other factors apart from glycemia responsible for the increased 

risk of heart failure in diabetes, or that independent mechanisms might exist linking anti-

hyperglycemic therapies and LV remodeling (Kenny and Abel, 2019). In addition to  the 

structural and functional changes that occur with diabetic cardiomyopathy, a complex 

underlying and intertwined pathophysiology exists which may contribute to heart failure 

in the scenario of diabetes, some of which may be amenable to pharmacological therapy 

(Kenny and Abel, 2019).  

1.3.2 Pathophysiology of diabetic cardiomyopathy 

One of the major factor responsible for DCM is the alteration in myocardial 

substrate utilisation. Normally, the heart mainly uses fatty acids and glucose along with 

other substrates like lactate and amino acids in order to obtain energy, thus providing 

metabolic flexibility. Fatty acid uptake is mediated by CD36 and fatty acid translocase 

(FAT) while glucose uptake which is an insulin dependent mechanism is mediated by 

GLUT4 (Aroor et al., 2012;  Jia et al., 2016). However during DCM, CD36 translocates to 

the sarcolemma but GLUT 4 remains internalised in an intracellular location due to 

insulin resistance (Battiprolu et al., 2013). This preferential localisation of CD36 to the 

myocytes’ sarcolemma is one among the main culprits during DCM facilitating more lipid 

accumulation in the heart (Fig. 2). Myocardial fatty acid oxidation is also mediated by 

another protein called peroxisome proliferator activated receptor α (PPARα) which is 

responsible for the activation of genes involved in cardiac fatty acid utilization (Aoyama 

et al., 1998; Barger and Kelly, 2000). Studies in mice with cardiac overexpression of 

PPARα simulated the metabolic derangements of the diabetic heart (Young et al.,  2001). 

Thus there is a substrate switch from glucose towards free fatty acids leading to 

decreased cardiac efficiency. This excessive lipid accumulation is detrimental to the 

cardiomyocytes (Borghetti et al., 2018). This substrate shift is usually accompanied by 

impaired oxidative phosphorylation and mitochondrial proton leak leading to an 

overproduction of ROS (Jia et al., 2018). The limited antioxidant capacity of heart adds 

insult to injury by increasing the mitochondrial ROS production which leads to NO 

destruction and thus reducing the bioavailability of NO, which is one of the hallmark of 

DCM (Marso et al., 2016) . Studies show that in CD36 knockout mice the FFA uptake is 

reduced by 70 % in cardiomyocytes (Habets et al., 2007) and another study shows that 

CD36 deficiency prevents lipotoxic injury to cardiomyocytes (Yang et al., 2007). Several 

lipid metabolites like ceramides and diacylglycerols which are the formed as a result of 
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non-oxidative lipid metabolism also contribute to DCM (Jia et al., 2016). In obese 

individuals insulin sensitivity is usually accompanied by elevated diacylglycerol content 

and PKC ε (protein kinase Cε) activation (Shulman and Samuel, 2016). A study in high fat 

diet fed mice showed an elevated levels of diacylglycerol which was closely associated 

with insulin resistance and diminished NO availability (Jornayvaz et al., 2011). Also 

impaired regulation of microRNAs like miRNA 451 also leads to myocardial steatosis 

(Costantino et al., 2019). Thus miRNAs also play an essential role in the progression of 

DCM.  

Another pathophysiological consequence of DCM is hyperglycemia (Fig. 2). During 

hyperglycemia there is an overproduction of ROS which causes DNA damage and also 

triggers the production of advanced glycation end products (AGEs) (DeMarco et al.,  

2014). These are formed as result of nonenzymatic reactions between reducing sugars 

and the free amino groups present on macromolecules like proteins, lipids and nucleic 

acids (Goh et al., 2012). Hyperglycemia stimulates the AGE induced crosslinking of 

collagen molecules (Fig.2) leading to myocardial fibrosis and reduced myocardial 

relaxation (Jia et al., 2016). This further stimulates profibrotic and proinflammatory 

signalling leading to the formation of oxidative stress mediators (Yamagishi et al.,  2012). 

AGEs were found to be an independent risk factor in postinfarction heart failure in 194 

patients with acute coronary syndrome (Raposeiras-Roubín et al., 2012).  

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Pathophysiology of diabetic cardiomyopathy (Battiprolu et al., 2010) 
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1.3.3 Clinical manifestation and diagnosis of DCM 

The underlying mechanism for DCM may be distinct for the both type 1 and type 

2 diabetes. However the important fact to be noted is that hyperinsulinemia which is 

present only in T2DM and absent from T1DM may be responsible for the differences in 

cardiac morphology found in subjects affected by both types of diabetes (Hölscher et al., 

2016). At present there are no clinical manifestations or specific biomarkers present to 

identify DCM in patients with diabetes. Instead, a number of non-invasive imaging 

techniques like electrocardiography and magnetic resonance imaging are used nowadays 

to gather information about cardiac morphology and function (Lee and Kim, 2017). 

Doppler imaging techniques are used to quantify the diastolic and systolic dysfunction 

(Borghetti et al., 2018). Diabetic patients are shown to have more markers. The heart 

failure with normal ejection fraction in diabetic patients can be distinguished by the 

presence of biomarkers like endothelin 1, galectin 3 and carboxy terminal telopeptide of 

collagen 1 (Lindman et al., 2014).  In addition many studies have found that normalization 

of glycemia might not restore risk of cardiovascular disease to the non-diabetic baseline 

(Kenny and Abel, 2019).  

1.3.4 Alterations in myocardial function in diabetes 

The pathogenesis of diabetic cardiomyopathy is multifactorial. Myocardial 

dysfunction during DCM mainly occurs as a result of changes in gene expression that 

affect excitation–contraction coupling (ECC) and cellular metabolism (Lebeche et al., 

2008). Most of the underlying molecular mechanisms related to DCM have been 

unravelled using several rodent models (Poornima  et al., 2006; Severson,  2004). The 

recurrence of fetal gene expression like overexpression of atrial natriuretic factor, α- 

actin; increased β-myosin heavy chain and reduced α-myosin heavy chain expression has 

been considered to be responsible for the characteristic phenotypic abnormalities of the 

myocardium (Dillmann,  1980).   

1.3.4.1 Oxidative stress and diabetic cardiomyopathy 

Oxidative stress occurs when there is an imbalance between the endogenous 

antioxidant system and the reactive free radicals (Cai and Kang, 2001). This change in the 

redox homeostasis is a major contributor to high glucose induced diabetic damage. The 

production of free radicals is escalated as a result of impaired lipid metabolism and 

chronic hyperglycemia (Arumugam et al., 2013). The most common free radicals include 
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reactive oxygen species (ROS) such as superoxide anions, hydroxyl radicals and reactive 

nitrogen species (RNS). They are known to cause DNA damage and thus increase 

cardiomyocyte apoptosis (Fig. 4) (Bordun et al., 2014). In addition ROS reacts with nitric 

oxide to produce peroxynitrite which triggers vasoconstriction, platelet activation and 

impaired coagulation ultimately leading to atherosclerosis (Bordun et al., 2014).   Cai et 

al.  reported that ROS and RNS lead to oxidative and nitrosative stresses thus leading to 

cardiomyopathy (Cai et al., 2006),. Cells have their innate mechanisms to scavenge these 

free radicals. These mechanisms include antioxidant enzymes such as superoxide 

dismutase, catalase, glutathione reductase, and thioredoxins. However, during 

pathological conditions, the innate antioxidant system fails to function properly and 

increases the intracellular levels of free radicals leading to oxidative damage (Piconi et 

al.,  2003). A major source of ROS is mitochondria. Mitochondrial ROS production occurs 

mainly at complex 1 (NADH: ubiquinone oxidoreductase) and complex 3 (ubiquinone-

cytochrome c reductase). The excess superoxide anions generated by the mitochondria 

is the precursor of most ROS and a mediator in oxidative chain reactions (Litvinova et al., 

2015). Mitochondria are not the only source of ROS within a cell. NADPH oxidases, which 

are membrane bound enzymes, also contribute to the free radical pool inside a cell 

(Harper et al.,  2004) The ultimate outcome of oxidative stress is cardiac hypertrophy, 

fibrosis, inflammation an extracellular matrix remodeling. Many studies have been 

reported showing the link between oxidative damage and diabetic injury in various 

organs. Recently there has been a study which suggested SIRT3 as a potential therapeutic 

target against DCM (Palomer et al., 2020). SIRT 3 is a deacetylase that protects against 

oxidative stress (Palomer et al., 2020). Another study revealed the potential of PGC-1 

alpha/ HO-1 axis as a potential anti oxidative pathway that attenuated DCM in diabetic 

rats (Waldman et al., 2019). These studies indicate the essential role played by oxidative 

stress in the progression of DCM.   
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Fig. 1.4 Alteration in redox homeostasis during diabetic cardiomyopathy (Chen et al., 2014) 

1.3.4.2 Mitochondria and cardiovascular diseases 

Being the important source of free radicals in myocardial tissue, the importance 

of mitochondria in developing cardiovascular disease has been given much attention 

recently (Ren et al., 2010). In addition to the role of being the powerhouse of the cell, 

mitochondria are also essential regulators of cell life and death. The importance of 

mitochondria in metabolic syndromes is revealed by the fact that mitochondrial 

dysfunction plays a major role in developing complications in different organs during 

diabetes (Morino et al., 2006). Also it is responsible for developing T2DM by inducing 

insulin resistance in skeletal muscle, adipose tissue and pancreatic beta cell (Morino et 

al., 2006). A study has reported that in the hearts of obese mice ADP stimulated 

respiration (state 3 respiration) is highly impaired (Kuo et al., 1985). Anderson et al. 

reported mitochondrial dysfunction in the atrial tissue of diabetic patients (Anderson  et 

al., 2009). Several animal and human studies have revealed the presence of damaged 

mitochondria in the diabetic hearts (Bugger and Abel, 2008; Tomita et al., 1996). For the 

proper functioning of the cell mitochondrial membrane potential maintained is -180mV. 

It is highly negative due to the chemiosmotic gradient of protons across the inner 

mitochondrial membrane which is essential for ATP synthesis. In pathological situations, 

the average mitochondrial membrane potential is altered with a loss in mitochondrial 

integrity. This situation also triggers ROS generation. A significant stimulation of ROS 

production occurs when the membrane potential across the inner mitochondrial 

membrane rises above a certain threshold value (Korshunov et al., 1997). Maintaining a 
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proper membrane potential also facilitates the calcium ion entry into the mitochondrion 

via the uniporter which is also essential for ATP synthesis.  

The dependence of diabetic heart on fatty acids leads to increased delivery of fatty 

acid substrates to the mitochondria where β oxidation takes place. This constrained 

energy substrate preference causes the heart to depend entirely on mitochondrial fatty 

acid oxidation for ATP synthesis (Schilling 2015). The increased delivery of fatty acids 

causes mitochondrial uncoupling (Bugger and Abel, 2010) and changes the mitochondrial 

membrane potential. Uncoupling proteins or UCPs are H+ translocases that mediate the 

transfer of protons into the mitochondrial matrix from the intermembrane space 

bypassing ATP synthase (Bugger and Abel, 2010). These UCPs increase oxygen 

consumption without a concomitant increase in mitochondrial ATP production (Schilling, 

2015) which causes decreased mitochondrial efficiency. Although, mild uncoupling of 

respiration reduces mitochondrial superoxide production (Rousset et al., 2004) by the 

dissipation of mitochondrial membrane potential, continuous activation of uncoupling 

may severely affect cardiac function. There are different types of uncoupling proteins: 

UCP1, UCP2, UCP3, UCP4, UCP5 (Ledesma et al., 2002). Out of these five homologs, UCP2 

and UCP3 are expressed in the heart (Gimeno et al., 1997). Thus targeting the uncouplers 

by inhibiting their action might be a useful strategy in preventing diabetic 

cardiomyopathy. 

In mammalian cells, the genetic information is stored in two locations: nucleus and 

mitochondria. Alterations in mitochondrial genome organization disrupt mitochondrial 

function. Moreover, mitochondrial genome lacks histones and introns which make it 

more susceptible to mutagens (Linnane et al., 1989). Mutations in mitochondrial DNA 

also cause diabetes. Point mutation, most common mtDNA mutation that causes an A to 

G substitution at position 3243 encodes tRNA gene (Leu, UUR). In tissues such as muscle, 

A3243G mutation is commonly observed with lower replication rates (Maassen et al., 

2004).Thus, it reduces the oxygen consumption by the tissue which is due to the 

decreased oxidative phosphorylation. This defect ultimately leads to mitochondrial 

dysfunction and mitochondrial diabetes (Sivitz and Yorek, 2010). 
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1.3.4.3 Inflammation and cardiovascular diseases 

As mentioned earlier the increased fatty acid concentration, mitochondrial 

dysfunction and oxidative stress together lead to cardiomyocyte death, hypertrophy, 

inflammation and fibrosis (Hölscher et al., 2016). Recent evidences suggest that 

myocardial inflammation plays a pivotal role in the etiology of diabetic cardiomyopathy 

(Mann, 2015; Prabhu and Frangogiannis, 2016; Boudina and Abel, 2007). The myocardial 

inflammatory response which begins as an adaptive mechanism (Mann, 2015; Prabhu 

and Frangogiannis, 2016) turns into a maladaptive one under chronic pathological 

conditions.  Chronic low grade inflammation or meta inflammation is considered to be 

associated with metabolic syndromes like T2DM and obesity (Filardi et al., 2012). In most 

of the studies demonstrating inflammation during diabetes there has been an elevated 

expression of inflammatory cytokines like TNF-α and IL-6, adhesion molecules like VCAM 

and ICAM, chemokines and increased infiltration of macrophages and leucocytes (Pan et 

al., 2014).  

Cardiac hypertrophy, ventricular dysfunction and ECM remodeling which are some 

of the major outcomes of DCM are found in conjunction with the release of 

proinflammatory cytokines, chemokines and exosomes by inflammatory cells of the 

diabetic heart (Tan et al., 2019). Several inflammatory signalling pathways are activated 

in the heart during diabetes.  Hyperglycemia, hyperlipidemia, ROS, angiotensin II and toll 

like receptors are some of the major contributing factors towards the upregulation of 

inflammatory pathways in the diabetic myocardium (Nunes et al., 2016; Tan et al., 2019). 

Together they promote the infiltration of macrophages and lymphocytes to the lesion site 

which then stimulate the production of the above mentioned inflammatory mediators 

(Tan et al.,  2019). Inflammation leads to endothelial dysfunction which is the key factor 

responsible for the progression of DCM and other CVDs ( Smail et al., 2019.)  

The many signalling processes include the MAPK pathways like JNK, p38 MAPK and 

the ERK pathway which ultimately converge towards the NFkB pathway. The 

upregulation of these pathways create a state of inflammation that is closely associated 

with insulin resistance (Kaneto et al., 2004; Lorenzo et al., 2011; Nunes et al., 2012). 

There are evidences of correlation between progression of cardiac hypertrophy, fibrosis 

and ventricular dysfunction with activation of NFkB signalling pathway (Lorenzo et al., 

2011). Viewing from the molecular level, most of the inflammatory mediators that induce 
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cardiac damage are produced as a result of NFkB upregulation (Nunes et al., 2016; Sun et 

al., 2004).  

TLR activation and the inflammasome complex have been recently proposed to 

play a critical role in the pathogenesis of DCM (Fuentes-Antrás et al., 2014). There are 

many evidences related to the upregulation of TLRs during hyperglycemia and 

hyperlipidemia. TLRs are membrane anchored pattern recognition receptors present in 

various cells that play an important role in mediating immune response. The activation 

of TLRs ultimately converge towards NFКB upregulation. The role played by TLR4-

mediated inflammatory signalling in the progression of DCM has been reported in animal 

models of T1DM and T2DM. Accumulating lines of evidence indicate the role of IL-1β, 

TNF-α and IL-6 in the development of cardiac dysfunction (Frati et al., 2017; Frieler and 

Mortenses,  2015; Mann, 2015). Similarly, exogenous administration of TNF-a is 

associated with cardiac dysfunction (Kubota et al., 1997). IL-6 levels were shown to have 

adverse effects on glucose metabolism. IL-6 infusion in obese mice decreased cardiac 

glucose metabolism by suppressing insulin signalling in heart ( Ko et al., 2009). Also there 

are many studies showing the correlation between IL-6 and myocardial damage (Younce 

et al., 2010).  

The detrimental effects of glucotoxicity and lipotoxicity is also manifested by the 

increase in expression of a multiprotein signaling complex known as nucleotide-binding 

oligomerization domain like receptor pyrin domain containing 3 (NLRP3) 

inflammasome. It  regulates an inflammatory form of cell death (Filardi et al., 2019). 

NLRP3 inflammasome has now captured the attention of researchers because of the 

important role played by it during DCM. It has now been considered as a promising 

molecular marker for the development of targeted and specific therapies (Luo et al., 

2017). The NLRP3 inflammasome have been known to be activated by a number of 

pathogens and host derived ligands like pathogen associated molecular patterns 

(PAMPs), bacterial toxins, danger associated molecular patterns (DAMPs), UV light, ATP 

and glucose (Schroder, Zhou, and Tschopp 2010). The two steps during NLRP3 activation 

includes an initial priming step that trigger NLRP3 expression and a second signal which 

is associated with structural modulation that induces the NLRP3 inflammasome 

assembly (Luo et al. 2017). NFkB plays an essential role in providing the first signal while 

the second signal is provided by certain ligands like thioredoxin interacting proteins 

(TxNIP) and oxidized mitochondrial DNA and also by deubiquitination. These were found 
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to be associated with modulating the oligomerization part of the inflammasome (Corsini 

et al., 2013; Martinon, 2010; Liao et al., 2013; Zhou et al., 2010). Association of CD36 with 

TLR4 is also a priming signal for the inflammasome assembly (Sheedy et al., 2013). 

Several studies have been conducted suggesting the role of glucotoxicity and lipotoxicity 

in the inflammasome activation. One of the major activator of NLRP3 inflammasome is 

glucose and several studies have been conducted for the same (Zu et al., 2015). The ROS 

overproduction that occurs during T2DM promotes NLRP3 inflammasome activation 

specifically by upregulating NF-Kb expression and TXNIP levels thus mediating the 

inflammasome induction and the complex oligomerization respectively (Martinon,. 

2010). The major outcome of this ROS mediated NLRP3 inflammasome activation is the 

production of IL-1B and IL-18 both of which are substrates for caspase-1 which plays an 

essential role in triggering pyroptosis (Shalini et al., 2015). Pyroptosis is a caspase-1 

mediated cell death characterised by membrane pore formation, cell swelling and release 

of proinflammatory mediators (Filardi et al., 2019; Luo et al., 2017) that aggravate the 

inflammatory scenario in the myocardium. Thus NLRP3 plays an essential role in the 

development of insulin resistance and thus diabetes.  

1.3.4.4 Calcium and Diabetic cardiomyopathy 

The impaired myocardial performance during diabetes is also due to reduced 

myocardial Ca2+ sensitivity (Liu et al., 2014). Intracellular calcium is an important ion 

which regulates myocardial contraction (Turan and Dhalla, 2014). The importance of 

calcium is evident from the reduced contractile protein Ca2+ ATPase activity in a diabetic 

scenario (Malhotra and Sanghi, 1997). This is usually accompanied by a shift in myosin 

isoenzyme composition from V1 to V3 and the dominance of fetal B- myosin heavy chain 

in the myocardium during hyperglycemia (Malhotra and Sanghi, 1997; Jia et al., 2018). 

This results in reduced contractility of heart as well as cardiac systolic dysfunction during 

diabetes (Jia et al., 2018; Pollack et al., 1986).   

The reduced contractility of the myocardium is one of the major consequence of 

DCM. Myocardial contractility is primarily regulated by calcium cycling into and out of 

the cytoplasm of cardiac myocytes. SR is the storehouse of calcium and the majority of 

calcium in the cytoplasm comes from SR. However the release of calcium from SR is 

tightly regulated by the calcium ions that enter via L type calcium channels in the plasma 

membrane. The cardiac contraction is mainly facilitated by Ca2+ currents that enter the 
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cell via the phosphorylated L type channels. Ca2+ entry is regulated by phosphorylation 

of these channels. There are reports in mice where the overexpression of these channels 

lead to heart failure. This calcium induced calcium release is one of the major controller 

of myocardial contraction (Marín-García, 2010). Myocardial contraction is mainly 

initiated by binding of Ca2+ to a specific site on cardiac troponin C. According to a study 

conducted in streptozotocin induced diabetic rat model there was a diminished release 

of calcium ions from the sarcoplasmic reticulum ryanodine receptor thereby decreasing 

the upstroke phase of Ca2+ transient (Teshima et al., 2000). Similarly in another study it 

was found that there was a reduced ability for the sarcoplasmic reticulum (SR) to 

sequester Ca2+ which ultimately led to diastolic dysfunction. Atrial tissue of human 

diabetic hearts showed mitochondrial dysfunction due to calcium induced mitochondrial 

transmembrane pore opening (Anderson et al., 2009). Similarly ER stress during 

hyperglycemia which leads to accumulation of unfolded protein response is mainly 

caused by disturbances in calcium homeostasis. In addition, there are numerous studies 

on T1D and T2D in diabetic murine models emphasising the importance of various 

calcium ion transporters like sarcoplasmic reticulum Ca2+-pump ATPase (SERCA) and 

sarcolemmal Ca2+ pump ATPase that are involved in excitation contraction coupling 

(Golfman and Dixon, 1998; Trost et al., 2002). According to recent studies, the activity of 

SERCA-2A and its inhibitor phospholamban appears to play a very important role in the 

pathogenesis of diabetes. There are also many clinical investigations which suggest that 

reduced myofilament Ca2+ sensitivity contributes to Ca2+ dysregulation in diabetic 

cardiomyocytes (Jweied et al.,  2005). Although studies linked to cytosolic Ca2+ handling 

in human hearts is not available, based on other studies in animals, restoring Ca2+ levels 

in human cardiomyocytes might be a promising strategy to reduce the complications 

related to DCM (Dillmann, 2019).  

1.3.5 Current therapies  

There are evidences suggesting that obesity along with increased intake of refined 

food and less physical activity plays an important role in developing heart diseases and 

diabetes globally (Jia et al., 2018). So the first line of efficient therapeutic approach is to 

prevent the occurrence of diabetes by including lifestyle changes such as aerobic exercise 

and weight control. Bringing glycemia under control by insulin therapy reduces the 

consequences of DCM like hypertrophy, interstitial fibrosis, and left ventricular diastolic 

dysfunction in type 1 diabetic animal models (Tate et al., 2017).  So any treatment 
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regimen should target on lowering blood glucose levels.  The glucose lowering therapies 

have proved to be advantageous in reducing cardiovascular complications that arise due 

to diabetes (Jia et al., 2018). The most important examples include metformin, SGLT2 

inhibitors and GLP1 receptor agonists all of which showed some beneficial effects in 

reducing the CVD risk in type 2 diabetic patients (Jia et al., 2016). According to the EMPA-

REG OUTCOME trial, treatment with empaglifozin lowered myocardial infarction, stroke 

and other CVD associated mortalities. Also treatment with GLP-1 receptor agonists in 

high risk diabetic patients reduced CVD events and heart failure.  However problem 

arises when these anti hyperglycemic therapies prove inefficient in reducing 

cardiovascular complications (Borghetti et al. 2018). For example a meta-analysis 

conducted in 2007 showed that the glucose lowering drug rosiglitazone increased the 

risk of myocardial infarction thus emphasizing the importance of meticulously studying 

the safety of this drug (Nissen and Wolski, 2007). However treatment with DPP-1V 

inhibitors and PPAR agonist increased the risk of heart failure in patients with type 2 

diabetes mellitus, according to a meta-analysis of randomized control trials (Jia et al., 

2018). In spite of the side effects of these drugs there are certain other drugs that can 

improve cardiac health beyond their ability to control glycemia (von Lewinski et al., 

2017). The mechanisms by which these drugs exert their pleiotropic effects have not yet 

been explored. 

1.3.5.1 GLP-1 receptor agonists 

Glucagon like peptide is released from the gut after food intake. It belongs to 

incretin family and lowers hyperglycemia by increasing insulin secretion and 

suppressing glucagon expression in a glucose dependent manner. Several synthetic GLP-

1 receptor agonists (GLP-1RAs) have been synthesized that have proved beneficial for 

T2DM patient. The major advantage of this drug is that it exerts its beneficial effect only 

in the context of hyperglycemia thereby lowering the risk of severe hypoglycaemia. The 

potential cardioprotective effects of GLP-1RAs are based on their ability to reduce the 

cardiovascular risk factors like hyperglycemia, and obesity. GLP-1 receptor is also shown 

to be present in the atrial tissue of rodents and non-human primates suggesting a direct 

beneficial effect of these drugs on the myocardium. Reduced infarct size and improved 

cardiac function is observed in several animal models of ischemic heart disease that have 

been infused with exogenous GLP-1 or treated with GLP-1RA. 



  
  Chapter 1 

17 
 

1.3.5.2 Sodium glucose cotransporters 2 (SGLT2) 

Recently, SGLT2 inhibitors provide a novel therapeutic strategy against T2DM. 

SGLT2 is a sodium glucose transporter that is present in the nephron of kidney that 

facilitates the reabsorption of glucose which is filtered by the glomeruli (Jabbour and 

Goldstein, 2008). The three SGLT2 inhibitors currently in use are dapaglifozin, 

canaglifozin and empaglifozin (ADA, 2017). All of these are effective in lowering blood 

glucose levels (Stenlof  etal., 2013; White, 2015; Wilding et al., 2009). Interestingly many 

recent cardiovascular outcomes trials also revealed a strong cardioprotective signal of 

SGLT2 inhibition in high risk patients with T2DM (Kenny and Abel, 2019). According to 

the EMPA-REG OUTCOME trial, empaglifozin showed a reduction in mortality due to CVD 

and hospitalization from heart failure (Zinman et al., 2015). Similarly the CANVAS trial 

involving canaglifozin also reduced heart failure hospitalization (Neal et al., 2017). Thus 

SGLT2 inhibitors have proved to be efficient in reducing the risk of heart failure in T2DM. 

The proposed mechanisms by which these inhibitors exert their beneficial effects include 

increased natriuresis, reduced blood pressure and renal protection.  

1.3.5.3 Metformin 

Metformin is considered as the first line therapy in T2DM due to its high safety 

profile. It is one of the most widely used oral antihyperglycemic agent (Foretz et al.,  

2014). Its safety and efficiency as a monotherapy and also in combination with other 

antidiabetic agents have made it a potential drug for T2DM (Kenny and Abel, 2019). The 

United Kingdom Prospective Diabetes Study reported that the risk of myocardial 

infarction lowered by 39 % in patients with T2D on metformin (UKPDS, 1998). Metformin 

therapy showed better CVD risk reduction than insulin or sulfonylurea (SU) derivatives 

despite patients achieving similar glycemic control (Kenny and Abel, 2019; UKPDS, 

1998). According to a recent analysis metformin also had a survival benefit in diabetic 

patients in heart failure compared with alternate glucose lowering regimens (Eurich et 

al., 2007). Although the cardioprotective mechanism of metformin is not fully understood 

one of the mechanism through which it exerts its beneficial effects is via the AMPK 

pathway. AMPK activation inhibits mTOR and represses protein synthesis thus 

suppressing cardiac hypertrophy (Horman et al., 2012). In a recent study involving a rat 

model metformin was shown to inhibit cardiac hypertrophy (Zhang et al., 2011). 

Metformin also inhibited transverse aortic constriction-mediated cardiac hypertrophy 

which was independent of AMPK pathway (Wu et al., 2019) and also provided 
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cardioprotection against ischemia induced heart failure (Gundewar et al., 2009). One of 

the major pathogenic mechanism of DCM is altered substrate utilization to free fatty 

acids. Metformin treatment partly increased myocardial glucose utilization by activating 

AMPK or by increasing myocardial insulin sensitivity (Horman et al.,  2012). Similarly 

metformin treatment was also shown to attenuate cardiac fibrosis in mice subjected to 

transverse aortic constriction (Xiao et al., 2010). But a thorough investigation is required 

to find out whether similar changes also occur in a clinical setting. According to clinical 

studies metformin doesn’t have a significant effect on myocardial substrate utilization 

and function. However, population cohort and observational studies have consistently 

revealed that metformin treatment is associated with a reduction in the prevalence of 

heart failure in diabetic subjects.   

1.3.6 Herbal medicines used to treat cardiovascular diseases 

Herbs have been an indispensable part of society since the beginning of human 

civilization and they have been valued since then for their culinary and medicinal 

properties. Although many pharmacological agents and anti-thrombotic drugs are in use 

for the treatment of CVDs, the role of dietary factors and herbal medicines are gaining 

more importance.  Natural product derived drugs are used for prophylactic and curative 

purposes because of the perception that they are less toxic and have minimal side effects. 

According to WHO 80% of the world’s population depends on natural products for 

healing (WHO, 2015). More than approximately 2000 plants have been known to be used 

in traditional systems of medicine and interestingly some of them prove to be beneficial 

to patients suffering from CVD and related complications (Cohen and Ernst, 2010). In 

many developed countries there are legitimate practices for use of such herbs- for 

example jinseng root, St. Johns wort, Hypericum perforatum and Plantago major. However 

in developed countries there are many regulatory policies for the sale of such herbals 

(Bandaranayake, 2006). Also in many countries herbal extracts are sold as dietary 

supplements.  

The surge in the use of herbal medicines indicates that modern medicine is not 

fully successful in reducing the chronicity of many modern diseases. Approximately 50 % 

of FDA approved drugs are natural products or their derivatives (Williamson 2003). 

However there are also potential drug-herb interactions in CVD patients (Suroowan and 

Mahomoodally, 2015). There are a number of potent biologically active natural products 
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present in various herbal medicines. Herbal medicines have also helped in the 

preparations of commercial drug including ephedrine which is prepared from Ephedra 

sinica, digitoxin from Digitalis purpurea, salicin from Salix alba, and reserpine from 

Rauwolfia serpentina. Reserpine has been used for a long time to treat hypertension. 

Crataegus hawthorn included in Crataegus species is used as an important tonic 

particularly to treat angina.   A study has identified a naturally occurring β-adrenergic 

blocking agent with partial agonism in a herbal remedy and also the discovery of the 

antineoplastic drug paclitaxel from Taxus brevifolia suggests the relevance of plants as a 

continuing source of medicine. However the major drawback of herbal remedies is that 

they have not been subjected to careful scientific evaluation to test their efficacy and 

toxicity. Also their importance has failed to be recognised globally due to multiple 

reasons.  

1.3.6.1 Cinnamic Acid 

 Dietary polyphenols have gained considerable attention nowadays among 

scientists and researchers. They are considered as favourable agents for the prevention 

and management of diabetes and its complications due to their abundance in nature, less 

side effects and cost effectiveness than the currently used oral hypoglycemic agents 

(Hanhineva et al., 2010). In this study the molecule cinnamic acid is selected. Cinnamic 

acid (CiA) and its derivatives belong to the group of phenolic acids with wide distribution 

in a variety of foods (Adisakwattana, 2017).They are synthesized via the shikimate 

pathway in which phenylalanine and tyrosine are the precursor molecules (Tohge and 

Fernie, 2016). The well-known derivatives include cinnamic acid, caffeic acid, ferulic acid, 

isoferulic acid and hydroxycinnamic acid (Adisakwattana, 2017). Ferulic acid is seen 

abundantly in plants such as grains, pulses, rice and wheat bran (Mancuso and 

Santangelo, 2014). Similarly caffeic acid is seen in coffee (Butt and Sultan, 2011) and 

sweet potatoes (Sasaki et al., 2015). CiA is present in cinnamon, grapes, tea, spinach, 

citrus fruits, cocoa, celery and brassicas vegetables (Guzman, 2014). Also according to 

many pharmacokinetic studies, CiA can easily be absorbed from small intestine through 

various mechanisms including passive diffusion (El-Seedi et al., 2012), monocarbolxylic 

acid transporters (Konishi et al., 2004) and Na+-dependent career mediated transport 

mechanisms (Wolffram et al., 995). Also many studies have also shown that CiA is  a good 

antioxidant (Sova, 2012), anti-inflammatory (De Cássia et al.,  2014) and an anti-cancer 

agent (Anantharaju et al.,  2016). Recently a study conducted in high fat diet induced 
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obese rats proved the anti-obesity and cardioprotective effects of CiA (Mnafgui et al., 

2014). Similarly CiA and its derivatives were tested for their insulin secreting activity in 

INS-1 pancreatic β cells (Adisakwattana et al., 2008). Under high glucose concentration 

CiA increased insulin secretion in a concentration dependent manner (Hafizur et al., 

2015). Hafizur et al., also proved that CiA , and not cinnmaladehyde, was the active 

principle of cinnamon that contributed to the antidiabetic activity (Hafizur et al., 2015). 

The ability of CiA in improving glucose tolerance and insulin secretion has revealed the 

compound’s antidiabetic activity (Adisakwattana, 2017). Similarly another work by Kopp 

et al found that CiA enhanced adiponectin secretion and also resulted in the 

phosphorylation of AMPK in 3T3-L1 adipocytes (Kopp et al., 2014). The synergistic 

effects produced by the combination of CiA and its derivatives with oral hypoglycemic 

agents like metformin has been observed in 3T3-L1 adipocytes whereby the glucose 

uptake activity was increased.  (Prabhakar and Doble, 2011). Although cinnamic acid 

shows anti diabetic effects and cardioprotective effects, the entire mechanism by which 

it acts has not been elucidated. In the present study we found the anti-inflammatory 

property of cinnamic acid and one of the many mechanism by which it exerts its 

cardioprotection during diabetes.  

1.3.7 Hypothesis and Objectives 

Diabetes induced cardiomyopathy is emerging as a major health problem in the 

public health. There is no ideal drug available to prevent the pathological changes 

occurring in the heart during diabetes. It is also known that control of blood sugar with 

continuous intake of diabetic drug is not much effective to protect the heart. So there is a 

need of drug which is exclusively for the benefit of heart during hyperglycemia. During 

initial stages of diabetes, the heart will withstand depletion of the availability of glucose 

through physiological adaptation. But after sometime pharmacological intervention is 

must. In order to design pharmacological intervention the knowledge of the mechanism 

responsible for DCM is essential. It is reported from various studies that inflammation is 

one of the pathological mechanism inducing DCM. The myocardial inflammatory 

response which begins as an adaptive mechanism turns into a maladaptive one under 

chronic pathological conditions. So unravelling the complex inflammatory mechanisms is 

necessary. So based on this hypothesis the present study aims to investigate the 

mechanism related to the origin of inflammation through different signalling pathways 
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including toll like receptors and the inflammasome complex during diabetes and how this 

inflammation leads to DCM.  

 The main objectives of this study are 

• Investigation on alterations in redox homeostasis, mitochondrial function and 

calcium homeostasis in cardiomyoblasts (H9c2 cells) during glucotoxicity. 

• Investigation on various inflammatory pathways (JNK, ERK, p38 MAPK, TLR4, 

NLRP3, GATA-4) in diabetes induced cardiomyopathy in vivo. 

• Elucidation of molecular mechanism involved in diabetic cardiomyopathy 

emphasizing inflammation in in vitro model. 

• Evaluation of efficacy of cinnamic acid against diabetic cardiomyopathy both in in 

vitro and in vivo study. 
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     Chapter 2 

2 Materials and Methods 

 

2.1 Chemicals and cell culture reagents  

Cinnamic acid (CiA) was purchased from Natural Remedies Pvt. Ltd, Bangalore, 

India. Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), metformin hydrochloride, 2, 7 dichloro dihydro fluorescein diacetate 

(DCFH-DA) and 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl- benzimidazol carbocyanine 

iodide (JC-1), JNK inhibitor SP600125, p38 MAPK inhibitor SB220025 and ERK inhibitor 

PD98059 were from Sigma Aldrich (St. Louis, USA).  Fetal bovine serum (FBS), pencillin-

streptomycin antibiotics, trypsin – ethylene diamine tetra acetate (EDTA), phosphate 

buffered saline (PBS) and Hank’s balanced saline solution (HBSS) were from Gibco, USA. 

MitoSOXTM red, Fura 2-AM, MitoTracker Red and Calcein AM were from Invitrogen 

(Carlsbad, CA, USA). Kits for biochemical assays like lactate dehydrogenase (LDH), 

creatinine kinase myocardial B fraction (CK-MB), serum glutamic oxaloacetic 

transaminase (SGOT), CRP- ultra , total cholesterol (TC), triglyceride (TG), low density 

lipoprotein (LDL-C) and high density lipoprotein (HDL-C) were from Agappe Diagnostics, 

Kerala, India. Kit for determining the glycated haemoglobin, insulin levels and atrial 

natriuretic peptides were obtained from Immunotag, (Geno Technology Inc., USA). BAX 

and BCL-2 antibodies were from Cell Signaling Technology (USA). OPA1, MFN2, DRP1, 

FIS1, NFkB, iNOS, BNP, TNNI3K, GATA-4 and β-actin were from Santa Cruz, USA. TLR-4, 

MyD88, ICAM, NLRP3, Alexa fluor 488 antibodies were from Abcam (USA). O-GlcNAc, 

pGSK-3β, and troponin were from Cell Signaling Technology (USA). TNF-α, IL-6, IL-1β, 

MCP-1 and IL-10 were from BD Biosciences, USA and anti-ST2L antibody was from 

Immunotag (Geno Technology Inc., USA). All other chemicals were of analytical grade.  

2.2 In vitro cell based assays 

2.2.1 Cell culture  

H9c2 cardiomyoblasts from American Type Culture Collection (ATCC) were 

cultured in Dulbecco’s modified eagle medium (DMEM) alongwith with 10% fetal bovine 

serum (FBS), and antibiotics (100 U/ml of penicillin and 100 μg/ml of streptomycin) in a 

humidified incubator with 95 % air and 5 % CO2 at 37 °C. Mannitol was used to exclude

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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 the effect of changes in osmolarity. Cells were allowed to attain 60 % confluence 

and were treated with high glucose (33 mM) for 48 hrs to simulate hyperglycemia. All 

parameters were determined after 48 hrs of incubation of cells with high glucose in the 

presence or absence of various doses of CiA in 0.1 % DMSO (100 and 500 nM) or 

metformin (positive control, 1 mM).  

Experimental groups consisted of control (C; 5.5 mM glucose), high glucose (HG; 

33 mM glucose), high glucose + metformin - 1 mM (Met;), HG + cinnamic acid - 100 nM 

(CiA1), HG + cinnamic acid - 500 nM (CiA2), control + cinnamic acid -500 nM (C + CiA2 

for toxicity evaluation).                                                     

2.2.2 Cell viability was analyzed by MTT assay and LDH release to the medium. 

a) MTT assay: The assay was carried out as per method of Wilson, 2000. Briefly, 5 x 

10^ 6 cells were seeded in 96 well plates. Cells after 60 - 70% confluence were 

treated with different concentrations of the compound. CiA was dissolved in 

DMSO and the final concentration used was lower than 0.1% DMSO. The cells were 

then incubated for 48 hrs. After incubation, medium was removed and cells were 

incubated for 4 hrs with 10 mg/ml of MTT, dissolved in serum free medium 

(DMEM). Then it was washed with 100 μl PBS, and 100 μl of DMSO was added, 

gently shaken for 10 min so that complete dissolution was achieved and 

absorbance was recorded at 570 nm using the microplate spectrophotometer 

(Biotek Synergy 4, USA).           

b) LDH release assay: LDH release to medium was measured using assay kit 

(Takara, USA). LDH is a soluble enzyme located in the cytosol that is released into 

the surrounding culture medium upon cell damage or lysis processes. LDH activity 

in the culture medium can therefore be used as an indicator of cell membrane 

integrity and thus a measurement of cytotoxicity. After respective treatments, 100 

μl of cell culture medium was collected and transferred to 96 well plates. To this, 

LDH reaction solution containing NAD+, lactic acid, iodo nitro tetrazolium (INT) 

and diaphorase, were added. The mixture was incubated with gentle shaking for 

30 min at room temperature and the absorbance was taken at 490 nm. LDH release 

to the culture medium was calculated as the percentage of cytotoxicity of the cell. 
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2.2.3 Quantification of atrial natriuretic peptide (ANP)  

ANP was quantified using the assay kit from Elabscience, USA. Briefly, the 

trypsinized cells were collected and centrifuged. To 50 μl of samples, 50 μl of antibody 

solution was added and incubated for 45 min at 37 °C. The solution was aspirated and 

then it was soaked for 1 min in the wash buffer and 100 μl of HRP conjugate solution was 

added and incubated for 30 min at 37 °C. The solution was aspirated again and 90 μl of 

substrate was added and incubated for 15 min at 37 °C. Finally 50 μl of stop solution was 

added and the absorbance was measured at 450 nm. 

2.2.4 Detection of intracellular reactive oxygen species (ROS) generation  

Intracellular ROS levels were measured using DCFH-DA (Choi et al., 2008). After 

respective treatments, cells were washed with PBS and then incubated with DCFH-DA for 

20 min at 37 °C in a humidified atmosphere containing 5 % CO2.  After incubation, cells 

were washed three times with a Krebs-Ringer-phosphate buffer. DCFH-DA upon entering 

the cells would be deacetylated by cellular esterases which will later be oxidised by ROS 

to produce fluorescent product. DCF fluorescence imaging was performed with a 

spinning disk imaging system (BD PathwayTM Bioimager System, BD Biosciences, USA) at 

excitation wavelength of 488 nm and emission wavelength of 525 nm. 

2.2.5 Cell based antioxidant studies 

For these H9c2 cells were seeded in 6 well plates at a density of 3 x 10 5 cells per 

well. At sub confluence, cells were given HG treatment along with compound and 

metformin for 48 hrs. 

2.2.5.1 SOD activity assay 

SOD activity was assayed with a commercial kit from Biovision, USA. Briefly, after 

protein concentration was determined, samples were treated with 2-(4-iodophenyl)-3-

(4-nitrophenyl)-5-(2, 4-disulfophenyl) 2H-tetrazolium, monosodium salt, which 

produces a water-soluble formazan dye upon reduction with a superoxide anion. After 

20 min of incubation at 37 °C, absorbance was measured at 450 nm. 

2.2.5.2 Estimation of GSH 

  GSH content was estimated using a kit from Cayman chemicals (USA). Briefly after 

respective treatments, cells were collected and homogenized on ice in a cold buffer and 

centrifuged at 10000 x g for 15 min at 4 °C.  The supernatants were collected and 

deproteinized. To that 50 μl of sample and standard were added. Freshly prepared assay 
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cocktail mixture was added to the samples and standard in each well and incubated at 37 

°C for 25 min. GSH concentration was measured by the end point method at 405 nm. 

2.2.5.3  Glutathione peroxidase activity assay  

Glutathione peroxidase was estimated as per the protocol of Rotruck (Rotruck et 

al., 1973). Briefly, 200 μl of tris buffer was mixed with 20 μl EDTA and 100 μl of sodium 

azide. To this 500 μl of sample along with glutathione and hydrogen peroxide were added 

and incubated for 10 min. Then the reaction was terminated by adding 500 μl of TCA 

followed by centrifugation after which 2ml of supernatant was added to phosphate buffer 

and DTNB reagent and absorbance was measured at 412 nm. Results are expressed as μg 

glutathione/min/mg protein. 

2.2.5.4 Total antioxidant assay  

Total antioxidant activity of the samples was assayed using kit from Cayman 

chemicals (USA). This assay is based on the ability of antioxidants in the sample to inhibit 

the oxidation of 2, 2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS*) to 

reduced ABTS**+ by metmyoglobin. The amount of ABTS**+ produced was monitored by 

measuring absorbance at 405 nm. After respective treatments cells were collected by 

centrifugation at 2000 x g for 10 min at 4 °C.  The pellets were sonicated on ice in 1-2 ml 

of cold buffer and further centrifuged at 10000 x g for 15 min at 4 °C.  The supernatant 

was collected. To 10 μl of sample, 10 μl of metmyoglobin and 150 μl of chromogen were 

added. The reactions were initiated by adding 40 μl of hydrogen peroxide working 

solution to each wells. The wells were incubated for 5 min at room temperature and the 

absorbance was measured. 

2.2.6 Estimation of thiobarbituric acid reactive substances (TBARS) 

Oxidative stress in the cellular environment results in the formation of highly 

reactive and unstable lipid hydroperoxides. Lipid peroxidation was estimated with 

TBARS assay kit (Himedia, India). TBARS assay measures malondialdehyde present in the 

sample. Briefly, cells were collected and sonicated for 5s. 100 μl of sample and standard 

were added to the labelled tubes. To that 100 μl of sodium dodecyl sulfate (SDS) and 4 ml 

of coloring reagent were added. The tubes were then kept in a water bath and boiled for 

1 h and were then placed on an ice bath for 10 min to stop the reaction. After incubation 

it was then centrifuged for 10 min at 1600 x g at 4 °C and incubated at room temperature 
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for 30 min. From this 150 μl of samples were transferred to the plate and the absorbance 

of the colored product was measured at 530 nm.   

2.2.7 Estimation of protein carbonyls 

Protein carbonyl content was determined using a kit from Cayman chemicals 

(USA). After respective treatments, cells were collected and homogenized on ice in cold 

buffer. Then the homogenized samples were centrifuged and supernatants were 

collected. To 200 μl of sample, 800 μl of 2, 4 dinitrophenylhydrazine (DNPH) and 800 μl 

of HCl were added. After incubation in the dark for 1 h, 1 ml of 20 % trichloroacetic acid 

(TCA) was added followed by centrifugation. The pellet was resuspended in 1 ml of 10 % 

TCA. After centrifugation again the pellet was collected and resuspended in ethanol / 

ethyl acetate mixture and centrifuged for 10 min. This step was repeated 2 more times. 

Finally the protein pellets were resuspended in 500 μl of guanidine hydrochloride and 

centrifuged to remove any debris. Then absorbance was measured at 360 nm. 

2.2.8 Studies on mitochondria 

2.2.8.1 Mitochondrial transmembrane potential (ψm) 

Alteration in ψm was detected using JC-1 mitochondria staining kit that uses JC-1, 

a cationic fluorescent dye. Briefly the cells were seeded in 96-well black plates at a density 

of 5 x 10 3 for treatment. In normal cells, due to the electrochemical potential gradient, 

the dye is concentrated in the mitochondrial matrix, where it forms red fluorescent 

aggregates (JC-1 aggregates). Any event that dissipates the mitochondrial membrane 

potential prevents the accumulation of JC-1 dye in the mitochondria, and thus the dye is 

dispersed throughout the entire cell leading to a shift from red (JC-1 aggregates) to green 

(JC-1 monomers). The cells after respective treatments were incubated with JC-1 stain 

for 20 min. The stain was washed off with HBSS and examined under a spinning disk 

imaging system (BD PathwayTM Bioimager System, BD Biosciences, USA). The 

fluorescence was measured at 490 nm excitation and 530 nm emission wavelengths for 

JC-1 monomers, and for aggregates, the wavelengths were set at 525 nm for excitation 

and 590 nm for emission. 

2.2.8.2  Mitochondrial superoxide production 

Changes in mitochondrial superoxide production were monitored using 

MitoSOXTM red. The cells were seeded in 96-well plates at a density of 5 x 10 3 and 

subjected to treatments. Solution of MitoSOXTM in Hank's buffered saline solution (5 μM 



  
  Chapter 2 

39 
 

in HBSS) was added to cells and incubated at 37 ℃ for 15 min. Cells were then washed 

with HBSS and processed for imaging at excitation/emission range of 514/580 nm. 

2.2.8.3 Estimation of mitochondrial content 

Mitochondrial content was evaluated using Mitotracker Deep Red FM. Briefly, the 

cells after treatments were incubated with 5 μM Mitotracker deep red stain in HBSS at 

37℃ for 30 min. The cells were washed three times and visualised by Nikon Eclipse TS 

100 microscope (Nikon, Melville, NY) and the fluorescence intensity was measured at 

excitation and emission wavelengths of 644 and 665 nm respectively.  

2.2.8.4 Expression of mitochondrial fission and fusion proteins 

The expression of mitochondrial fission and fusion proteins was determined at 

protein levels by western blotting (please see section 2.2.13 for details). 

2.2.8.5 Complex IV enzyme activity 

The mitochondrial complex IV enzyme activity was determined according to the 

manufacturers’ protocol (Abcam, UK). Briefly, 200 μl of diluted sample was loaded into 

individual wells of a plate followed by 3 hrs incubation at room temperature. The wells 

were then washed with 300 μl of Solution 1. Then the wells were emptied and added 200 

μl of assay solution containing Reagent C and Solution 1. Absorbance was monitored at 

550 nm at 30°C for 120 min.  

2.2.8.6 Detection of ATP content 

The ATP content in the cells was quantitatively determined by using ATP 

bioluminescent assay kit purchased from Sigma (Sigma-Aldrich, USA). The assay is based 

on luciferase’s requirement for ATP in producing light.  Briefly, cells were collected after 

respective treatments. 100 μl of assay mix working solution was added to a reaction vial 

and swirled and allowed to stand for 3 min at room temperature. To this a mixture 

containing 50 μl of sample, 100 μl of somatic cell ATP releasing reagent and 50 μl of 

ultrapure water was added. The amount of light emitted was measured immediately with 

a luminometer (Biotek Synergy 4, USA).  

2.2.9 Detection of intracellular calcium levels by Fura 2 AM 

The cells were seeded in 96 - well plates at a density of 5 x 103 cells and subjected 

t treatments. Intracellular calcium was detected by staining the cells with Fura-2 AM 

(Robinson et al., 2004) for 20 min at 37 °C. The cells were washed three times with HBSS 
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and the images were visualized using a spinning disk imaging system (BD PathwayTM 

Bioimager System, BD Biosciences, USA) at excitation of 340 nm and the emission of 510 

nm.  

2.2.10 Detection of apoptosis 

2.2.10.1 Caspase-3 fluorimetry assay  

Analysis of apoptosis was done by caspase-3 fluorimetry assay kit (Biovision, 

USA). Briefly, the cells were resuspended in a chilled lysis buffer. Cells were incubated on 

ice for 10 min. 50 μl of reaction buffer was added to each sample and to it 1 mM (Asp-Glu-

Val-Asp)- 7-amino-4-trifluoromethylcoumarin (DEVD-AFC) substrate was added and 

incubated for 1 h. Fluorescence was measured at excitation wavelength of 405 nm and 

emission of 505 nm. 

2.2.10.2 Flow cytometric analysis with annexin V/PI 

Apoptotic cells were quantified by flow cytometry using annexin V-FITC apoptosis 

detection kit from Biovision (USA). For cytometry analysis cells were resuspended in 500 

µl of 1X binding buffer and to this 5 µl of annexin V-FITC was added. Then 5 µl of 

propidium iodide was added and incubated at room temperature for 5 min in dark. 

Annexin V-FITC binding was analyzed by flow cytometry (Ex = 488 nm; Em = 530 nm) 

using FITC signal detector {fluorescence 1 (FL1)} and PI staining by the phycoerythrin 

emission signal detector {fluorescence 2 (FL2)}. 

2.2.10.3 Detection of pro-apoptotic and anti-apoptotic protein expression 

Expression of pro-apoptotic protein BAX and anti-apoptotic protein BCL-2 was 

determined by western blot analysis (please see section 2.2.13 for details). 

2.2.11 Detection of sorbitol levels  

Sorbitol levels were determined as per manufacturer's protocol (Biovision, USA). 

Initially a working solution of sorbitol standards (1 mM) was prepared using the stock 

solution provided in the kit. Standards (including reaction blanks) were pipetted into 

wells of a 96-well plate to generate 0, 2, 4, 6, 8 and 10 nmol/well by dilution in the assay 

buffer. 50 μl of protein samples was pipetted into the wells. This was followed by addition 

of 50 μl of reaction mixture (enzyme mixture, developer and probe diluted in assay 

buffer) to all wells and incubated at 37 °C for 30 min. Then absorbance was read at 560 

nm and sorbitol concentration was calculated. 
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2.2.12 Studies on inflammation 

2.2.12.1 Estimation of nitrite levels 

Nitrite levels were determined in cell culture supernatant as per the method of 

Grisham (Grisham et al., 1996). Griess reagent was used in this method. Briefly, 50 μl of 

samples were coated in 96-well plates. The standard curve was performed with nitrite 

solution, at various concentrations. 50 μl of Griess reagent were added to the samples and 

the mixture was incubated for 10 min in dark. Absorbance was measured at 540 nm.  

2.2.12.2 Measurements of TNF α, IL-6 and IL-10 by ELISA  

The levels of TNF α, IL-6 and IL-10 were estimated in the cell culture supernatant 

as per the protocol of Engvall (Engvall and Perlmann, 1971). Briefly, 100 µl of serum was 

coated onto the wells of a 96 well plate for 24 hrs at 37 °C followed by blocking with 5 % 

skimmed milk or gelatin. The wells were incubated with primary antibody for 2 hrs 

followed by 1 h incubation with secondary antibody. 100 µl of substrate solution was 

added to each well to which 3N HCl was added to stop the reaction. Absorbance was 

measured at 490 nm.  

2.2.12.3 Cell nuclear and cytoplasmic extraction 

Cytoplasmic extraction was performed according to the manufacturer's 

instructions (Abcam, UK). Briefly, the cell pellet was resuspended in 100 μl of 1X-pre 

extraction buffer (containing DTT and PIC at a 1:1000 ratio) per 106 cells followed by 

centrifugation for 1 min at 12000 rpm. The cytoplasmic extract was separated from the 

nuclear pellet and the same was used for protein analysis. 

2.2.12.4 Immunofluorescence 

Cells from experimental groups were washed three times with ice cold PBS and 

fixed with 4 % paraformaldehyde. Then the cells were permeabilized with PBST 

containing triton-X 100. Again the cells were washed with PBS three times followed by 

blocking with 3% normal goat serum at room temperature for 30 min. Then after 

washing, cells were incubated with primary antibody for 2 hrs followed by secondary 

antibody Alexa fluor 488 for 1 h at room temperature. This was followed by washing and 

counterstaining with DAPI and was examined under the Nikon Eclipse TS 100 

microscope (Nikon, Melville, NY).  
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2.2.13 Western blot analysis  

Protein was extracted from cell lysates using ice-cold radioimmunoprecipitation 

assay (RIPA) buffer containing protease inhibitor cocktail (Sigma Aldrich, USA). After 

incubation at 4 °C for 1 h, with constant agitation to ensure complete lysis, the cell 

suspension was centrifuged at 12000 rpm for 15 min at 4 °C and the supernatant was 

collected. Protein content in the supernatant was quantified using the bicinchoninic acid 

(BCA) protein assay kit (Pierce, Rockford, IL, USA) in accordance with the manufacturer’s 

instructions. Proteins extracted using RIPA buffer were separated by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to 

polyvinylidene difluoride (PVDF) membranes using turbo trans blot apparatus (BD 

Bioscience, USA). The membrane was blocked with 5 % skimmed milk in TBST for 1 h at 

room temperature. Then it was washed thrice in TBST for 10 min each and probed with 

antibodies against OPA1, MFN2, FIS1, DRP1, BAX, BCL-2, MCUR1, TLR4, MyD88, IkB, 

iNOS, NLRP3, ICAM, pJNK, pERK, pp38 MAPK, TxNIP, p- GSK3β, GATA-4, TNNI3K, ST2L, 

OGlcNAc, mTOR, p mTOR, Akt, pAkt, hexokinase, and Raptor followed by incubation with 

HRP conjugated secondary antibodies.  After washing, the membrane was developed 

using Clarity ™ Western ECL Substrate (BIO-RAD, USA). The immunoblot images were 

analyzed in the ChemiDocin ChemiDoc XRS system (BIO-RAD, USA) using Image Lab 

software.  

2.3 In vivo study 

2.3.1 Experimental Design 

All animal experiments were approved (No: JMMC & RI SARF/IAEC/RP-02/2017) 

by the institutional animal ethics committee of Jubilee Mission Medical College and 

Research Institute, Thrissur, Kerala where we performed our experiments. All 

procedures conform to the guidelines from International Guiding Principles of 

Biomedical Research and Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA) formed by Govt. of India.  Male Wistar rats of 90-120 

g were used in this study and they were obtained from College of Veterinary and Animal 

Sciences, Thrissur, Kerala. During acclimatization before experiments, the animals were 

provided with a standard diet and water ad libitum. Then rats were divided into two 

groups. First group (n = 12) were fed normal rat chow throughout the experimental 

period and they were control groups. Second group (n = 33) were fed with diabetogenic 
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diet (high fat - high fructose (HF/HF): 46.5 % carbohydrate, 25.7 % fat, and 18.6 % 

protein- 4.9 kcal/g; TD05482, Teklad, USA). To induce diabetes, after 2 months of 

diabetogenic diet, 27 animals were fasted for 16 hrs and a single intraperitoneal injection 

of 25 mg/kg bwt streptozotocin (STZ) (in 0.1 M citrate buffer, pH 4.5) was given. After 

72 hrs of STZ injection the animals with blood glucose (fasting) above 300 mg/dl were 

taken as diabetic and grouped into various experimental groups and continued in a 

diabetogenic diet for another 2 months. At 121st day the animals under these groups 

received test material CiA - 5 &10 mg/kg bwt, and metformin (50 mg/kg bwt) through 

oral gavage for another 60 days. Vehicle (1 % gum acacia in normal saline) was 

administered to the control and diabetic groups.  Duration of the entire study was 180 

days. Details of experimental groups are given below with 6 animals in each group. 

Group 1 - Control (Normal diet for 180 days) 

Group 2 - Diabetogenic diet for 180 days with single dose of STZ 

Group 3 - Diabetogenic diet for 180 days with single dose of STZ + Met (50 mg/kg 

bwt) for 60 days starting from 121 to 180 days 

Group 4 - Diabetogenic diet for 180 days with single dose of STZ + CiA1 (5 mg/kg 

bwt) for 60 days starting from 121 to 180 days 

Group 5 - Diabetogenic diet for 180 days with single dose of STZ + CiA2 (10 mg/kg 

bwt) for 60 days starting from 121 to 180 days 

Group 6 - Normal diet + CiA2 (10 mg/kg bwt) for 60 days starting from 121 to 

180 days (to check toxicity of CiA) 

Group 7 - Sham control (Diabetogenic diet only) 

Temperature of the animal laboratory was maintained at 22 ± 2 °C with 12 hrs 

periods of light and dark. The fasting blood glucose was monitored weekly by tail tip 

prick using glucose strips.  Body weight and food intake were recorded weekly and daily 

respectively. Blood was collected by cardiac puncture under general anaesthesia at the 

end of the experiment. General anaesthesia was performed by isoflurane (Forane) 

inhalation. The proportion used was 30 % isoflurane and 70 % propylene glycol.  Serum 

was separated and stored at -80 °C. Rats were sacrificed by carbon dioxide inhalation. 

Heart was collected in liquid nitrogen containers for the various biochemical analyses. 



  
  Chapter 2 

44 
 

2.3.2 Biochemical Assays 

2.3.2.1  Determination of biochemical parameters  

At the end of the experiment the rats were fasted for 16 hrs and fasting blood 

glucose levels were determined using test strips by an Accu-Chek® Active blood 

glucometer (Roche Diabetes Care India, Pvt. Ltd.). Also, the heart weight was determined 

for estimating cardiac mass index (CMI). CMI was calculated by the following formula: 

CMI= Total heart weight / Total body weight. Cardiac mass index was used to 

determine cardiac hypertrophy.  

2.3.2.2 Estimation of glycated haemoglobin (HbA1c) levels of rat serum 

The glycated haemoglobin (HbA1c) levels of blood were estimated using rat 

haemoglobin ELISA kit from ImmunoTag (Geno Technology Inc., USA) according to the 

manufacturer’s instructions. Briefly, 40 µl of samples were added to the wells to which 

10 µl anti-HbA1c antibody was added. This was followed by the addition of 50 µl of 

streptavidin-HRP to sample wells and standard wells. It was then mixed and incubated 

for 1 h at 37 °C. Then the plate was washed five times with a wash buffer. 50 μl of 

substrate solution A and 50 μl of substrate solution B were added to each well. Then 

incubated the plates for another 10 min at 37 °C in the dark. Finally 50 μl stop solution 

was added and the blue colour was changed to yellow immediately. Absorbance was 

measured at 450 nm within 10 min after addition of stop solution.   

2.3.2.3 Estimation of insulin levels 

The fasting serum insulin levels were determined using rat insulin ELISA kit from 

ImmunoTag (Geno Technology Inc., USA) according to the manufacturer’s instructions. 

Briefly, 40 µl of samples were added to the wells to which 10 µl anti-INS antibody was 

added. This was followed by the addition of 50 µl of streptavidin-HRP to sample wells and 

standard wells. It was mixed and incubated for 1h at 37 °C. The plates were washed five 

times with a wash buffer. 50 μl of substrate solution A and 50 μl of substrate solution B 

was added to each well. The plates were covered and kept in dark for another 10 min at 

37 °C. Finally 50 μl of stop solution was added and the blue colour was changed to yellow 

immediately. Absorbance was measured at 450 nm within 10 min after addition of stop 

solution.   
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2.3.3 Estimation of Cardiac Markers in the serum of rats 

2.3.3.1 Lactate Dehydrogenase (LDH) assay 

LDH activity was estimated in the serum of rats by using kits from Agappe 

diagnostics, Mumbai, India as per manufacturer’s instruction. LDH was determined by 

mixing 10 µl of serum with 1000 µl of working reagent containing Tris buffer, pyruvate, 

NaCl, and NADH, and incubated at 37 °C for 1 min and measured the change in absorbance 

for 3 min duration at 340 nm (Biotek Synergy 4, USA). The LDH levels were measured by 

using the formula: 

LDH-P activity (U/L) = (delta OD/min) x 16030 

2.3.3.2 Creatine Kinase – MB assay (CK-MB) 

Serum CK-MB (Agappe diagnostics, Mumbai, India) levels were estimated by 

adding 40 µl of sample to 1000 µl of working reagent containing Reagent 1 (imidazole, D-

Glucose, N-acetyl-L-cysteine, magnesium acetate, NADP, EDTA, hexokinase and anti-

human polyclonal CK-M antibodies) and Reagent 2 (creatine phosphate, ADP, AMP, 

diadenosine pentaphosphate and G6PDH).It was mixed well and incubated at 37 °C for 

100 seconds and change in absorbance was measured during 5 min at 340 nm (Biotek 

Synergy 4, USA). The levels of CKMB was calculated as follows: 

CK-MB Activity (U/L) = (delta OD/min) x 8254 

2.3.3.3 Determination of CRP-Ultra levels 

For CRP estimation (Agappe diagnostics, Mumbai, India), 400 µl of CRP Ultra 

reagent 1 containing glycine buffer was added to 10 µl of sample followed by the addition 

of 200 µl CRP Ultra reagent 2 containing anti CRP antibodies. Absorbance (A1) was 

measured after 2 min (A2) of sample addition at 578 nm (Biotek Synergy 4, USA). The 

delta absorbance was calculated and a standard curve was constructed from which the 

CRP-ultra levels of standard and samples were calculated. 

2.3.3.4 Determination of serum glutamic-oxaloacetic transaminase (SGOT) levels 

in the serum of rats 

SGOT levels were also estimated by using kits from Agappe diagnostics, Mumbai, 

India. 100 µl of sample was added to 1000 µl of working reagent containing Reagent 1 

(Tris buffer pH 7.8, L- aspartate, LDH and malate dehydrogenase) and Reagent 2 (alpha- 
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ketoglutarate and NADH) and change in absorbance was measured at 340nm per minute 

during 3 min (Biotek Synergy 4, USA). The SGOT levels were calculated as follows:   

SGOT activity (U/L) = (delta OD/min) x 1745.   

2.3.3.5 Determination of atrial natriuretic peptide (ANP) levels in the serum of 

rats 

The serum ANP was estimated by ELISA kit from ImmunoTag (Geno Technology 

Inc., USA). Briefly, 50 μl of standard, blank, or serum samples were taken into the 

corresponding labelled wells, and 50 μl of biotin-labelled antibody was added 

immediately to it. Then it was mixed well and incubated for 45 min at 37 °C, and washed 

with the wash buffer. After the washing step, 100 μl of SABC working solution (kit 

reagent) was added to all the wells and incubated for 30 min at 37 °C. It was then washed 

5 times, and 90 μl of TMB substrate was added into each well and incubated in the dark 

at 37 °Cfor 20 min. Then 50 μl of stop solution was added, and the absorbance was read 

at 450 nm. The standard curve for ANP was constructed, and ANP and BNP 

concentrations were determined and expressed in pg/ml. 

2.3.4 Determination of lipid parameters 

a) Total cholesterol levels 

The rat serum cholesterol levels were estimated as per the protocol of the kit 

(Agappe diagnostics, Mumbai, India). Briefly, 10 μl of standard or sample were added to 

1000 μl working reagent containing PIPES buffer, phenol, sodium cholate, 4-

aminoantipyrine, cholesterol esterase, cholesterol oxidase, and peroxidase. It was mixed 

and incubated for 5 min at 37 °C.  Absorbance was measured at 505 and 630 nm. The 

cholesterol levels were calculated by using the formula: 

Cholesterol Conc. (mg/dL) = (Absorbance of sample/Absorbance of 

standard)*200 

b) Triglyceride levels   

The serum triglyceride levels were measured using kit from Agappe diagnostics, 

Mumbai, India. Briefly, 10 μl of standard or sample were added to 1000 μl working 

reagent containing PIPES buffer, TOPS, potassium ferrocyanate, magnesium salt, 4-

aminoantipyrine, ATP, lipoprotein lipase, glycerol kinase, glycerol-3-phosphate oxidase, 

and peroxidase. It was then mixed and incubated for 5 min at 37 °C.  Absorbance was 
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measured at 546 and 630 nm. The triglyceride levels were calculated by using the 

formula: 

Triglyceride Conc. (mg/dL) = (Absorbance of sample/Absorbance of 

standard)*200 

c) Estimation of low density lipoprotein- cholesterol (LDL-C) levels 

The LDL-C levels in the serum of rats were measured according to the protocol of 

Agappe diagnostics, Mumbai, India. Accordingly, 5 μl of calibrator or sample were added 

to 450 μl of Reagent 1 containing HSDA and Good’s buffer. It was mixed and incubated 

for 5 min at 37 °C. To this 150 μl of Reagent 2 (cholesterol esterase, cholesterol oxidase 

and 4- aminoantipyrin) was added. It was then mixed and incubated for 5 min at 37 °C. 

Absorbance was measured at 578/630 nm. Absorbance of the calibrator and reagent 

blank was measured at 578/630 nm. LDL-C levels were calculated as follows:  

LDL-C Conc. (mg/dL) = (Absorbance of sample/Absorbance of 

calibrator)*Calibrator conc.  

d) Estimation of high density lipoprotein- cholesterol (HDL-C) levels 

The HDL-C levels in the serum of rats were measured according to the protocol of 

Agappe diagnostics, Mumbai, India. To estimate HDL-C levels, 5 μl of calibrator or sample 

were added to 450 μl of Reagent 1 (N—ethyl-N-(3-methylphenyl)-

N’succinylethyenediame (EMSE)). The mixture was incubated for 5 min at 37 °C.  To this 

150 μl of Reagent 2 (cholesterol oxidase and 4- aminoantipyrin) was added. It was then 

mixed and incubated for 5 min at 37 °C.  Absorbance of the calibrator and reagent blank 

was measured at 578/630 nm. HDL-C levels were calculated as follows: 

HDL-C Conc. (mg/dL) = (Absorbance of sample/Absorbance of 

calibrator)*Calibrator conc.  

2.3.5 Determination of lipid peroxidation levels in heart tissue 

TBARs levels were estimated according to the protocol of Okhawa (Okhawa et al., 

1979). Briefly, the tissue was homogenized in 2 ml Tris HCl buffer followed by addition 

of 2 ml TCA-TBA reagent to 1 ml of the homogenate. This was kept in a boiling water bath 

for 15 min and then cooled and centrifuged at 1000 g for 10 min. The supernatant was 

collected and the absorbance was read at 535 nm.  
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2.3.6 Estimation of nitrite levels 

Nitrite levels were determined in rat serum as per the method of Grisham et al 

(Grisham et al., 1996).  Griess reagent was used in this method. Briefly, 50 μl of samples 

were coated in 96-well plates. The standard curve was performed with a nitrite solution, 

at various concentrations. Griess reagent was added to the samples and the mixture was 

incubated for 10 min after which the absorbance was measured at 540 nm using a 

microplate reader.  

2.3.7 Measurements of TNF α, IL-6, MCP-1, IL-1β, IL-10 by ELISA  

The levels of TNF α IL-6, IL-1β, MCP-1 and IL-10 were estimated in the serum of 

rats as per the protocol of Engvall (Engvall and Perlmann, 1971)). Briefly, 100 µl of serum 

was coated onto the wells of a 96 well plate for 24 hrs at 37 °C followed by blocking with 

5 % skimmed milk or gelatin. The wells were incubated with primary antibody for 2 hrs 

followed by 1 h incubation with secondary antibody. 100 µl of substrate solution was 

added to each well to which 3N HCl was added to stop the reaction. Absorbance was 

measured at 490 nm.  

2.3.8 Real time quantitative PCR 

The mRNA levels of TGF - β, β - MHC, and β actin were analysed by real time 

quantitative PCR. Total RNA was separated using a Trizol reagent (Life Technologies, 

USA) according to the manufacturer's protocols. RNA concentrations and purity were 

measured at 260/280 nm. PrimeScript RT reagent kits (Takara, Otsu, Shiga, Japan) were 

used for reverse transcriptase reactions according to the manufacturer's instruction. 

Real-time PCR was performed with Quantitative PCR with SYBR Premix Ex Taq TM 

(Takara), and ABI PRISM 7500 sequence detection PCR system (Applied Biosystems, 

Foster City, CA, USA). The samples were relatively quantified by normalizing the targeted 

gene level to that of internal control by the ΔΔCt method. 

2.3.9 Histopathology of heart tissue  

After sacrifice, the hearts were cut into pieces with sharp razor and immediately 

fixed in 10 % neutral buffered formalin solution. Tissues were then dehydrated in graded 

ethanol series, cleared in xylene and embedded in paraffin wax. 5 µm thick sections were 

prepared using a microtome and stained with hematoxylin and eosin (H&E) and van 

Geison stain.  The stained slides were examined under Nikon Eclipse TS 100 inverted 

microscope for the examination of collagen deposition.  
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2.3.10 Western blot analysis  

Protein was extracted from tissue homogenate using ice-cold RIPA buffer 

containing protease inhibitor cocktail (Sigma Aldrich, USA). After incubation at 4°C for 1 

h, with constant agitation to ensure complete lysis, the tissue suspension was centrifuged 

at 12000 rpm for 15 min at 4°C and the supernatant was collected. Protein content in the 

supernatant was quantified using the bicinchoninic acid (BCA) protein assay kit (Pierce, 

Rockford, IL, USA) in accordance with the manufacturer’s instructions. Proteins extracted 

(25 μg) using RIPA buffer were separated by SDS-PAGE, and transferred to PVDF 

membranes using turbo transblot apparatus (BD Bioscience, USA). The membrane was 

blocked with 5% skimmed milk in TBST for 1 h at room temperature. Then it was washed 

thrice in TBST for 10 min each and probed with antibodies against troponin, BNP, 

TNNI3K, CRP, MCP-1, TLR4, MyD88, NLRP3, pJNK, pERK, pp38 MAPK, TxNIP, pGSK-3β 

and GATA-4 followed by incubation with HRP conjugated secondary antibodies.  After 

washing, the membrane was developed using Clarity ™ Western ECL Substrate (BIO-RAD, 

USA). The immunoblot images were analyzed in ChemiDoc XRS system (BIO-RAD, USA) 

using Image Lab software.  

2.3.11 Statistical analysis 

Data are presented as mean ± standard error of mean (SEM). Data were subjected 

to one way analysis of variance (ANOVA) and the differences among the means of the 

groups were assessed using Tukey’s multiple range tests using Origin Pro version 8.5 

(OriginLab Corporation, Massachusetts, USA). The significance was accepted at p ≤ 0.05.  
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                              Chapter 3 

3 Investigation on redox status during hyperglycemia and possible 

beneficial effect of cinnamic acid 
 

3.1 Introduction 

Cardiovascular complications are the major risk factors of diabetic patients (Pan 

et al., 2014; Cai et al., 2002). Patients with diabetes are susceptible to the development of 

DCM which is characterized in the early stages by diastolic dysfunction followed by 

systolic dysfunction in later stages (Kain et al., 2011; Liu et al., 2014; Matshela, 2016). 

Exposure to high glucose has been reported to diminish ischemic injury in isolated 

perfused hearts (Balteau et al., 2011). However, a more recent and large randomized trial 

questioned this result and failed to establish any beneficial effect of high glucose on 

mortality. Several lines of evidence indicate that hyperglycemia results in toxic effects in 

several cell types including cardiomyocytes (Kawahito et al., 2009). Hyperglycemia is a 

significant factor in cardiovascular damage, exerting its effects through multiple 

pathways including activation of oxidative stress, protein kinase C, glycation, hexosamine 

and polyol pathways (Preetha Rani et al., 2018). These pathways are in association with 

mitochondrial dysfunction, endoplasmic reticulum stress and ROS generation 

(Fiorentino et al., 2013). Oxidative stress, a significant cause of diabetic complications 

(Kain et al., 2011), results when there is an excess production of ROS relative to the levels 

of antioxidant enzymes and antioxidants (Kayama et al., 2015). The diminished 

endogenous antioxidant defense mechanisms like superoxide dismutase (SOD), catalase, 

and glutathione peroxidase or reduced concentrations of endogenous antioxidants like 

vitamin E, ascorbic acid, and glutathione (GSH) can increase the ROS levels (Kayama et 

al., 2015).  

Excessive amounts of ROS in heart induce contractile dysfunctions and structural 

alterations (Tsutsui et al., 2011). In response to injury, cardiomyocytes also release 

certain biomarkers such as natriuretic peptides {atrial natriuretic peptide (ANP) and 

brain natriuretic peptide}, creatine kinase (Liquori et al., 2014), lactate dehydrogenase 

(LDH) (Bodor, 2016) etc. These biomarkers are very important as they can be used to 

monitor heart function.
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Mitochondria are energy regulators in cardiac myocytes which play a critical role 

in energy transduction, signalling and cell death pathways (Verma et al., 2017) and any 

dysfunction in mitochondria profoundly affects the heart and is considered to be the 

underlying cause in the pathophysiology of DCM. Mitochondrial dysfunction is associated 

with the various pathological mechanisms that lead to heart failure (Schilling,  2015). The 

presence of damaged mitochondria in the diabetic hearts of many human subjects as well 

as in the animal models adds evidence to the current situation.   

Alterations in mitochondrial transmembrane potential, mitochondrial dynamics, 

permeability transmembrane pore, mitochondrial content and overproduction of 

mitochondrial superoxides are some of the indicators of mitochondrial dysfunctions. The 

quality control mechanism in mitochondria is determined by their dynamic nature by 

which the mitochondria undergo constant fusion and fission. Mitochondrial fusion is 

mediated by fusion proteins such as mitofusins (MFN1 and 2) and optic atrophy 1 (OPA1). 

Fission protein 1 (FIS1) and dynamin related protein 1 (DRP1) are main players of 

mitochondrial fission (Ni et al., 2015). Fusion and fission processes play a very important 

role in the maintenance of important cellular functions including mitochondrial 

respiratory activity, apoptosis, and calcium signalling (Rovira-Llopis et al.,  2017).  

Calcium (Ca2+) plays a very important role in the excitation contraction coupling 

of the myocardium and a normal calcium homeostasis should be maintained for proper 

cardiac function (Marín-García, 2010). Depolarisation of the cardiomyocytes results in 

the influx of a small amount of calcium ions via the L-type calcium channels. This triggers 

the opening of the ryanodine receptor of the sarcoplasmic reticulum (SR) which results 

in a massive release of calcium ions into the cytoplasm and thus triggering cardiomyocyte  

contraction (Orchard and Brette, 2008). Later these Ca2+ ions are removed from the 

cytoplasm by the reuptake of the same into the SR via sarco/ER Ca2+-ATPase 2a 

(SERCA2a) and release of Ca2+ ions into the extracellular space via the Na+/Ca2+exchanger 

(Kanaporis and Blatter, 2017). In addition cytosolic calcium ions also enter the 

mitochondria through the mitochondrial calcium uniporter (MCUR1) located in the outer 

mitochondrial membrane. In the mitochondria calcium is essential for the functioning of 

the ETC complexes (I, II, and IV) and several enzymes like PDH, α-ketoglutarate 

dehydrogenase, and isocitrate dehydrogenase (Gollmer et al., 2020). Thus the main role 

of calcium in mitochondria is to ensure enough ATP for myocardial contraction  (Brookes 

et al.,  2004). However in the scenario of increased oxidative stress this balance is 
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disrupted and there will be an accumulation of cytoplasmic Ca2+ (calcium overload) which 

leads to heart failure. 

Polyol pathway is another important mechanism by which hyperglycemia leads to 

redox status imbalance. It is a two-step process in which excess intracellular glucose is 

reduced to sorbitol by aldose reductase and sorbitol is further metabolized to fructose by 

sorbitol dehydrogenase. The conversion of glucose to sorbitol by aldose reductase is the 

rate limiting step in this reaction (Yan, 2018). This leads to a depletion of NADPH and 

NAD+. The products of this pathway include sorbitol, fructose and NADH.  Approximately 

30 % glucose enters the polyol pathway in diabetes. Thus the polyol pathway is largely 

responsible for the NADH/NAD+ redox imbalance and ultimately leads to the impairment 

of intracellular antioxidant defense mechanisms and causes oxidative stress (Oates, 

2002; Safi et al., 2014). 

Glucose inside a cell is normally metabolized to glucose - 6 - phosphate and then 

to fructose-6-phosphate during glycolysis. However in the presence of an enzyme GFAT 

(glutamine: fructose-6 phosphate amidotransferase) the fructose-6-phosphate is 

converted into UDP-N-acetyl glucosamine via the hexosamine biosynthetic pathway 

(HBP). UDP-N-acetyl glucosamine is a precursor of O-GlcNAc. In normal conditions 

approximately 2 to 5 % glucose flux passes through the HBP.  The increase in O-GlcNAc 

is responsible for the acylation of various downstream proteins like thioredoxin 

interacting protein (TxNIP). HBP also plays an essential role in promoting cardiac 

hypertrophy and fibrosis.  

One of the major outcomes of hyperglycemic oxidative stress in the heart is 

cardiomyocyte apoptosis (Das et al., 2009). All the above mentioned pathways ultimately 

end in inflammation causing upregulation of apoptotic factors. Apoptosis is the 

programmed cell death (Chen et al., 2020). Caspases are the key inducers of apoptosis 

(Huang et al., 2019). The two main pathways of apoptosis are intrinsic and the extrinsic 

pathways. The extrinsic pathway involves multiple ligands like TNF-α and Fas that binds 

to their respective receptors to trigger cell death. Whereas the intrinsic pathway involves 

mitochondrial proteins such as cytochrome c. It has been reported in diabetic animals 

that cardiomyocyte apoptosis leads to the loss of contractile tissue, remodeling and 

finally dysfunction (Cai et al., 2002).  But the exact mechanisms by which hyperglycemia 

induces apoptosis in cardiomyocytes are not yet fully understood. Since DCM is still an 
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unmet need for the medical fraternity this information will pave a path for the 

identification of novel biochemical targets for therapeutic purposes.  

    Management of cardiovascular dysfunctions linked with diabetes has been a 

challenge for decades. Nowadays, the recent trend is the prevention of diabetic 

cardiovascular complications by a nutraceutical approach (Daftardar  et al., 2014).  India 

has been a hub for several types of edible spices and medicinal plants. These plants 

exhibit various beneficial pharmacological properties in addition to their nutritional 

value. Extensive research and development has produced many drugs against diabetes 

and associated complications. But none of them is effective for complete recovery. 

Moreover, some of them have adverse effects restricting their common use. In 

consideration of the excellent health-promoting effects, natural products have been 

regarded as important drug resources and served as remedies for thousands of years 

worldwide. Recent research has revealed the importance of bioactives from edible spices 

for the treatment of lifestyle-related diseases. Cinnamon is a culinary spice found 

abundantly in our area. Herein we have selected cinnamic acid (CiA), a bioactive from 

cinnamon for evaluation against hyperglycemia-induced apoptosis in H9c2 cells. It is 

reported to have antidiabetic (Lakshmi et al., 2009), cardioprotective (Song et al., 2013), 

anticancer (Niero and Machado-Santelli, 2013), anti-inflammatory and antioxidant 

properties (Yang et al., 2015). 

 

3.2 Materials and Methods (please refer Chapter 2 for details) 

x Estimation of cell viability by MTT and LDH assay. 

x Quantification of ANP and sorbitol levels by ELISA. 

x Studies on ROS, mitochondrial integrity (mitochondrial superoxides, 

transmembrane potential, mitochondrial content) and intracellular calcium levels 

by fluorescence imaging. 

x Studies on apoptosis. 

x Estimation of the activity of antioxidant enzymes, bioenergetics (Complex IV and 

ATP levels) by ELISA. 

x Studies on proteins related to calcium homeostasis (MCUR1) and mitochondrial 

dynamics (OPA1, MFN2, DRP, FIS2).  
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Experimental groups consist of control (C; 5.5 mM glucose), high glucose (HG; 33 mM 

glucose), HG + metformin (Met; 1 mM), HG + cinnamic acid-100 nM (CiA1), HG + 

cinnamic acid-500 nM (CiA2), control + cinnamic acid-500 nM (C + CiA2 for toxicity 

evaluation). 

3.3 Results 

3.3.1 Effect of CiA on cell viability 

In order to select an ideal dose of CiA, cell viability was checked with 100 nM, 500 

nM, 1 μM, 10 μM and 50 μM of the same and we selected 100 nM and 500 nM based on 

the results (Fig. 3.1A). 

3.3.2 Effect of CiA on HG induced cell death 

  Incubation of H9c2 cells with 33 mM glucose (HG) caused 24% cell death for 48 

hrs of incubation. Interestingly CiA of 100 and 500 nM concentrations or metformin (1 

mM) significantly (p ≤ 0.05) improved (16.8 %, 21.4 % and 12.4 % respectively) cell 

viability compared to HG group (Fig. 3.1B). 

3.3.3 LDH release detection 

LDH analysis showed significant release (p ≤ 0.05) of enzyme (44.8 %) to the 

medium in HG group compared to the control (18 %; Fig. 3.1C). While with CiA, LDH 

release was found to be lowered by 14.3 % and 20.8 % for 100 and 500 nM respectively 

compared to HG (Fig.3.1C). Metformin reduced LDH release by 40.5 % compared HG (p ≤ 

0.05; Fig. 3.1C). 
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Fig. 3.1 Cell viability assessment. A) H9c2 cells were treated with different concentrations of cinnamic 

acid (100 nM, 500 nM, 1 μM, 10 μM, 50 μM) and viability was assessed by MTT assay. B) Cytotoxicity in 

H9c2 cells following treatment with 33 mM glucose and amelioration with cinnamic acid or metformin. C) 

Lactate dehydrogenase release during hyperglycemia with H9c2 cells and the effect of cinnamic acid or 

metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 

 

3.3.4 Detection of ANP 

There was a significant increase (p ≤ 0.05) in ANP levels in HG treated group (230 

%; Fig. 3.2). Cotreatment with CiA at 100 nM and 500 nM reduced ANP levels significantly 

(p ≤ 0.05) by 102.8 % and 212 % respectively compared to HG. Treatment with 

metformin also significantly (p ≤ 0.05) reduced ANP levels by 210 % compared to HG 

treated groups (Fig. 3.2). 
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Fig. 3.2 Quantification of atrial natriuretic peptide during hyperglycemia.  H9c2 cells were treated 

with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or 

metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 

 

3.3.5 CiA reduces intracellular ROS generation 

Significant generation of ROS (p ≤ 0.05) was observed in cells treated with HG. 

Fluorimetry analysis showed 224% increase of fluorescence in HG treated cells compared 

to control (Fig. 3.3). CiA cotreatment at both concentrations (100 and 500 nM) showed a 

considerable decrease (p ≤ 0.05) in the ROS generation (117 % and 128.8 %) respectively 

(Fig. 3.3). Treatment with metformin also significantly reduced (p ≤ 0.05) ROS generation 

by 145.7 %. (Fig. 3.3). 
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Fig. 3.3 Effect of cinnamic acid on reactive oxygen species generation in H9c2 cells. H9c2 cells were 

treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid 

or metformin. A) Reactive oxygen species accumulation in various groups determined by DCFH-DA 

staining; the representative images of ROS- induced fluorescence. (a) control, (b) high glucose treated 

group (HG), (c) HG + metformin, (d) HG + cinnamic acid (100 nM), (e) HG + cinnamic acid (500 nM), (f) 

control + cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescent intensity of the 

fluorescent images. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic 

acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 

3.3.6 CiA restored antioxidant enzyme activity altered by HG 

HG caused a significant decrease (p ≤ 0.05) in SOD activity by 25.3% and 

cotreatment with CiA increased SOD activity by 8.74 % at 100 nM (not significant) and by 

14.7 % (p ≤ 0.05) at 500 nM compared with HG (Fig. 3.4A). Treatment with metformin 

also caused a significant increase (17.4 %) compared to HG (Fig. 3.4A). The total 

antioxidant capacity of the cells was also found to be significantly reduced (p ≤ 0.05) in 
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HG (23.7%; Fig. 3.4B). While cotreatment with CiA (100 and 500 nM) or metformin (1 

mM) prevented the depletion of total antioxidant status by 12.1 %, 17.6 % and 17.7 % 

respectively compared to HG (Fig. 3.4B). 

Fig. 3.4 High glucose depleted general innate antioxidant status and cinnamic acid reversed the 

alterations in endogenous antioxidant status in H9c2 cells. H9c2 cells were treated with high glucose 

(33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or metformin. A) SOD 

activity B) Total antioxidant capacity. C - control, HG - high glucose treated group, Met - HG + metformin, 

CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid 

(500 nM). Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the 

control group. # p ≤ 0.05 significantly different from the HG treated group. 

3.3.7 Estimation of total glutathione content and glutathione peroxidase activity 

There was a significant decrease (p ≤ 0.05) in total glutathione in HG group by 87.9 

% (Fig. 3.5A). Here also treatment with CiA (100 and 500 nM) or metformin (1 mM) 

significantly (p ≤ 0.05) increased glutathione content by 32.9 %, 65.9 % and 43.9 % 

respectively (Fig. 3.5A). Also the glutathione peroxidase activity was lowered (p ≤ 0.05) 

by 49.9 % in HG group (Fig. 3.5B). Treatment with CiA at both concentrations increased 

the activity by 39.2 % and 32.1 % at 100 and 500 nM respectively (Fig. 3.5B). Treatment 

with metformin at 1 mM also increased the GPx activity by 46.3 % compared to the HG 

group (Fig. 3.5B).  
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Fig. 3.5 High glucose lowered the total glutathione content and glutathione peroxidase activity. H9c2 

cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of 

cinnamic acid or metformin. A) Total glutathione content B) Glutathione peroxidase activity. C - control, HG 

- high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + 

cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are expressed as mean ± SEM 

where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from 

the HG treated group. 

3.3.8 CiA prevented lipid peroxidation and reduced protein carbonyls in H9c2 

cells 

High glucose induction significantly increased (p ≤ 0.05) lipid peroxidation (MDA 

level) by 554% compared to control (Fig. 3.6A). Cotreatment with CiA during 

hyperglycemia significantly reduced (p ≤ 0.05) the MDA levels by 407 % (100 nM) and 

554 % (500 nM) compared to HG (Fig. 3.6A). There was also a significant reduction (p ≤ 

0.05) of lipid peroxidation in metformin treated group (549 %) (Fig. 3.6A). Protein 

carbonyl formation was also significantly higher (p ≤ 0.05) in HG (434.9 %) compared to 

control (Fig. 3.6B). Treatment with CiA at 100 and 500 nM or metformin lowered protein 

carbonyls by 264. 7 %, 412.1 % and 404.6 % respectively compared to HG (Fig. 3.6B) 
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Fig. 3.6 Quantification of oxidative stress markers during hyperglycemia and reversal with 

cinnamic acid or metformin. H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence 

or absence of different doses of cinnamic acid or metformin. A) Lipid peroxidation in H9c2 cells with high 

glucose and effect of cinnamic acid and metformin. B) Protein carbonyl content in cells treated with high 

glucose and cinnamic acid. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + 

cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). 

Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. 

# p ≤ 0.05 significantly different from the HG treated group. 

3.3.9 Mitochondrial dysfunction during hyperglycemia and amelioration with CiA 

3.3.9.1 Mitochondrial transmembrane potential 

With HG, JC-1 green monomers were significantly increased (p ≤ 0.05; 394.4 %; 

Fig. 3.7) compared to the control indicating a dissipation of ψm. Treatment with CiA 

prevented the dissipation of ψm which was evident with visibility of red fluorescence 

compared to HG (Fig. 3.7). Quantitatively, green fluorescence was decreased significantly 

(p ≤ 0.05) by 378.5 % and 392.8 % for 100 and 500 nM compared to HG (Fig. 3.7). The 
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trend was the same with metformin too (Fig. 3.7) where intensity of green fluorescence 

(monomers) was reduced by 361.1 % (p ≤ 0.05) and a shift to red fluorescence 

(aggregates) was observed (Fig. 3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.7 Mitochondrial transmembrane potential changes determined by JC-1 staining. H9c2 cells 

were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic 

acid or metformin. A) Fluorescent microscopic merged images of H9c2 cells. (a) control, (b) high glucose 

treated group (HG), (c) HG + metformin, (d) HG + cinnamic acid (100 nM), (e) HG + cinnamic acid (500 nM), 

(f) control + cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescence intensities 

of mitochondrial transmembrane potential changes.  C - control, HG - high glucose treated group, Met - HG 

+ metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + 

cinnamic acid (500 nM). Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from the HG treated group. 

3.3.9.2 Mitochondrial superoxide production 

Alteration in superoxide generation was detected with Mitosox red. HG caused 

significant (481.6 %) generation of superoxides while CiA prevented the abnormal 

superoxide generation (Fig. 3.8). CiA (100 and 500 nM) prevented superoxide generation 
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significantly (p ≤ 0.05) by 290 % and 330 % respectively (Fig. 3.8). Metformin treatment 

also significantly (p ≤ 0.05) reduced the generation of superoxide radicals (409.3 %; Fig. 

3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Mitochondrial superoxide generation during hyperglycemia and amelioration with 

cinnamic acid and metformin. H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the 

presence or absence of different doses of cinnamic acid or metformin. A) Representative images of 

mitochondrial superoxide generation in control and treated cells. (a) control, (b) high glucose treated group 

(HG), (c) HG + metformin, (d) HG + cinnamic acid (100 nM), (e) HG + cinnamic acid (500 nM), (f) control + 

cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescent intensity of the 

fluorescent images. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic 

acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 
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3.3.9.3 Mitochondrial Content 

Mitochondrial content was assessed using mitotracker red. In HG treated H9c2 

cells, the mitochondrial content was found to be significantly (p ≤ 0.05) lowered by 50.9 

% when compared to the control group (Fig. 3.9). In CiA treated cells the mitochondrial 

content was significantly (p ≤ 0.05) restored by 31 % and 34.4 % respectively at 100 and 

500 nM respectively (Fig. 3.9). Metformin treatment also increased (p ≤ 0.05) the 

mitochondrial content by 49.4 % when compared to the HG treated group (Fig. 3.9).  
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Fig. 3.9 Mitochondrial content during hyperglycemia and restoration of the same with cinnamic acid 

and metformin. H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence 

of different doses of cinnamic acid or metformin. A) Representative images of mitochondrial content in 

control and treated cells. (a) control, (b) high glucose treated group (HG), (c) HG + metformin, (d) HG + 

cinnamic acid (100 nM), (e) HG + cinnamic acid (500 nM), (f) control + cinnamic acid (500 nM). Scale bar 

corresponds to 50 μm. B) Relative fluorescent intensity of the fluorescent images. C - control, HG - high 

glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic 

acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are expressed as mean ± SEM where n 

= 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from the HG 

treated group. 
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3.3.9.4 Expression of mitochondrial fission and fusion proteins by western blot 

analysis 

There was also a significant decrease in the expression of mitochondrial fusion 

proteins OPA1 and MFN2 by 32.8 % and 38.9 % (p ≤ 0.05; Fig. 3.10) and increased 

expression of fission proteins DRP1 and FIS1 by 35.2 % and 19.5% in HG treated group 

(Fig. 3.10). Treatment with CiA at both concentrations (100 and 500 nM) significantly (p 

≤ 0.05) increased the expression of OPA1 by 32.26 % and 26.9 % which is not dose 

dependent; and MFN2 by 22.7 % and 25.2 % (Fig. 3.10).  Also CiA significantly (p ≤ 0.05) 

reduced the expression of DRP1 by 29.5 % and 32.9 %; and FIS1 by 16.1 % and 21.7 % 

respectively compared to the HG treated groups (Fig. 3.10). Treatment with metformin 

also significantly (p ≤ 0.05) increased the expression of OPA1 and MFN2 by 32.7 % and 

17.9 % respectively and decreased the expression of DRP1 and FIS1 by 15.5 % and 10.3 

% compared to HG treated group (Fig. 3.10). 

Fig. 3.10 Effect of cinnamic acid on high glucose induced alterations in mitochondrial dynamics in 

H9c2 cells. H9c2 cells were treated with high glucose (33 mM) for 48 h in the presence or absence of 

different doses of cinnamic acid or metformin.  A) Representative immunoblot of OPA1, MFN2, DRP1 and 

FIS1 B) Densitometric quantification of western blot of protein level normalized to β actin. * p ≤ 0.05 

significantly different from the control group. # p ≤ 0.05 significantly different from  the HG treated group. 
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3.3.9.5 Complex IV activity 

The activity of complex IV of the electron transport chain was found to be 

significantly (p ≤ 0.05) lowered in the HG treated H9c2 cells by 54.5 % when compared 

to the control (Fig. 3.11). Cotreatment with CiA at 100 and 500 nM significantly (p ≤ 0.05) 

increased their activity by 27.2 % and 45.4 % respectively and metformin at 1 mM also 

significantly (p ≤ 0.05) increased the activity of the enzyme by 9 % when compared to the 

diabetic group (Fig. 3.11).  

 

 

 

 

 

 

 

 

Fig. 3.11 Effect of cinnamic acid on high glucose induced alterations in oxidative phosphorylation. 

H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses 

of cinnamic acid or metformin.  C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - 

HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM). Values are expressed as mean ± SEM 

where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from  

the HG treated group. 

3.3.9.6 Determination of ATP content in the HG treated H9c2 cells 

ATP production was found to be significantly (p ≤ 0.05) lowered by 45.4 % 

compared to control group (Fig. 3.12). Cotreatment with CiA at 100 and 500 nm increased 

the ATP levels significantly (p ≤ 0.05) by 14.8 %  and 25.3 % respectively when compared 

to the HG treated group (Fig. 3.12). Similarly metformin treatment also significantly (p ≤ 

0.05) increased ATP production by 26.9 % when compared to the HG treated group (Fig. 

3.12). 
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Fig. 3.12 ATP content in H9c2 cells during hyperglycemia. H9c2 cells were treated with high glucose 

(33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or metformin.  C - control, 

HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + 

cinnamic acid (500 nM). Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from  the HG treated group. 

3.3.10 Ca2+ overload 

Hyperglycemia induced intracellular calcium overload significantly (p ≤ 0.05) in 

H9c2 cells, which was evident from increased blue fluorescence of Fura-2AM (212.7 %) 

compared to control group (Fig. 3.13A & B). Cotreatment with CiA (100 and 500 nM) or 

metformin significantly (p ≤ 0.05) reduced calcium overload by 159.8 %, 172.5 % and 

183.3 % respectively compared to HG (Fig. 3.13A & B). Similarly the expression of MCUR1 

was found to be significantly (p ≤ 0.05) downregulated in HG treated H9c2 cells by 39.8% 

compared to the control group (Fig. 3.13C). Cotreatment with CiA and metformin 

restored their levels significantly (p ≤ 0.05) by 26.2%, 30.6 % and 32.7 % at 100 nM, 500 

nM, and 1 mM respectively (Fig. 3.13C). 
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Fig. 3.13 Intracellular calcium overload during hyperglycemia with H9c2 cells determined by Fura 

2AM staining. H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of 

different doses of cinnamic acid or metformin. A) Representative images of intracellular calcium ion 

accumulation in control and treated cells. (a) control, (b) high glucose treated group (HG), (c) HG + 

metformin, (d) HG + cinnamic acid (100 nM), (e) HG + cinnamic acid (500 nM), (f) control + cinnamic acid 

(500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescent intensity of the fluorescent images.  C) 

Representative immunoblot of MCUR1 and its densitometric quantification. C - control, HG - high glucose 

treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 

nM), C + CiA2 - control + cinnamic acid (500 nM). Values are expressed as mean ± SEM where n = 6. * p ≤ 

0.05 significantly different from the control group. # p ≤ 0.05 significantly different from  the HG treated 

group. 

3.3.11  Sorbitol production during hyperglycemia 

There was a significant increase (p ≤ 0.05, 31.9%; Fig. 3.14) in sorbitol levels with 

HG compared to control. Treatment with CiA at both concentrations (100 and 500 nM) 

lowered sorbitol levels significantly (p ≤ 0.05) by 29.7 % and 42.5 % respectively 

C 
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compared to HG (Fig. 3.14). Metformin also significantly (p ≤ 0.05) reduced sorbitol levels 

by 27.6 % from HG treated group (Fig. 3.14). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 Sorbitol levels in high glucose treated H9c2 cells and amelioration with cinnamic acid. H9c2 

cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of 

cinnamic acid or metformin.  C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG 

+ cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). 

Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. 

# p ≤ 0.05 significantly different from the HG treated group. 

3.3.12 Hyperglycemia increases the hexosamine biosynthetic pathway flux 

The end product of hexosamine biosynthetic pathway, O-GlcNAc was found to be 

significantly (p ≤ 0.05) upregulated in HG treated H9c2 cells by 62.9 % when compared 

to the control group (Fig. 3.15). While treatment with CiA downregulated the levels of O-

GlcNAc significantly (p ≤ 0.05) by 27.2 % and 100 % at 100 and 500 nM respectively (Fig. 

3.15). Metformin treated cells also showed a significant (p ≤ 0.05) decrease in the levels 

of O-GlcNAc significantly by 106.1 % at 1 mM (Fig. 3.15). 
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Fig. 3.15 O-GlcNAc levels in high glucose treated H9c2 cells and amelioration with cinnamic acid. 

H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses 

of cinnamic acid or metformin.  Representative immunoblot of O-GlcNAc and their densitometric 

quantification.  C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic 

acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 

3.3.13 Caspase-3 activity assay  

Apoptosis was detected by fluorimetric assay of caspase-3. The activity of caspase-

3 under high glucose conditions was found to be enhanced  (p ≤ 0.05) by 137% (Fig. 

3.16A) whereas cotreatment with CiA was effective in reducing the activity significantly  

(p ≤ 0.05) by 108.2 % and 132.4 % for 100 and 500 nM respectively (Fig. 3.16A) and 136.8 

% for 1 mM metformin (Fig. 3.16A). In addition protein expression revealed that HG 

induction caused a significant increase (p ≤ 0.05) in pro-apoptotic marker protein - Bax 

(93.6 %) and decreased anti-apoptotic marker protein Bcl-2 by 62.4 % (Fig. 3.16B & C). 

Cotreatment with CiA prevented the increase of pro-apoptotic protein Bax significantly 

(p ≤ 0.05) by  37.1 % and 52.3 % for 100 and 500 nM  respectively and decrease (p ≤ 0.05) 

of anti-apoptotic protein Bcl-2 by 20.4 % and 21.1 % for 100 and 500 nM respectively 

(Fig. 3.16B & C). Treatment with metformin also significantly prevented the increase of 

Bax (28 %) and decrease of Bcl-2 (37.9 %) compared to HG (Fig. 3.16B & C). 
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Fig. 3.16 Evaluation of apoptosis in H9c2 cells during hyperglycemia. H9c2 cells were treated with 

high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or 

metformin.  A) Caspase-3 activity during hyperglycemia. B) Representative immunoblots of Bax and Bcl-2. 

C) Densitometric quantification of western blot of protein level normalized to beta actin. C - control, HG - 

high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic 

acid (500 nM), C + CiA2 - control + cinnamic acid (500 nM). Values are expressed as mean ± SEM where n 

= 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from the HG 

treated group. 

3.3.14 Flow cytometric analysis with annexin / PI 

Flow cytometry results of double staining with annexin V-FITC and PI was 

interpreted as follows: the upper left quadrant - primary necrotic cells, the upper right - 

late apoptotic or secondary necrotic cells, the lower left quadrant - viable or live cells and 

the lower right quadrant - cells with early apoptosis. The results showed that in control 

cells, 90.5 % of the cells were viable, and 1.8 % was in late apoptosis or dead cells (Fig. 

3.17). In cells treated with HG only 47.4 % cells were viable and 44 % cells were in late 

apoptosis (Fig. 3.17). Treatment with CiA (100 and 500 nM) or metformin increased the 
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percentage of viable cells by 54.6 %, 54.9 % and 56 % respectively compared to the HG 

treated group (Fig. 3.17). Also, the percentage of cells undergoing late apoptosis were 

reduced by 39 %, 38.6 % and 36 % respectively compared to the HG treated group for 

CiA at both concentrations and metformin (Fig. 3.17).  

 

Fig. 3.17 Detection of apoptosis by annexin V-FITC/ PI double staining. H9c2 cells were treated with 

high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or 

metformin. A) Flow cytometric scatter graph showing different quadrants: the upper left quadrant 

represents primary necrotic cells, the upper right quadrant represents late apoptotic or secondary necrotic 

cells, the lower left quadrant represents viable or live cells and the lower right quadrant represents cells 

with early apoptosis. B) The representative histogram showing cells stained with Annexin V-FITC (a) 

control, (b) high glucose treated group (HG), (c) HG + metformin, (d) HG + cinnamic acid (100 nM), (e) HG 

+ cinnamic acid (500 nM), (f) control + cinnamic acid (500 nM). C) Statistical analysis of flow cytometry 

results. Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control 

group. # p ≤ 0.05 significantly different from the HG treated group. 
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3.4 Discussion 

Cardiovascular diseases are the leading cause of morbidity and mortality in 

diabetic patients. Emerging evidence from experimental, pathological, epidemiological 

and clinical studies has shown that diabetes mellitus causes cardiac functional and 

structural changes leading to heart failure (Spector, 1998). Hyperglycemic shock in H9c2 

cells is visible with a decrease in cell viability and increase in LDH release. LDH is a soluble 

enzyme found in the cytoplasm of many cells. It is released into the bloodstream upon 

plasma membrane damage thus an indicator of cytotoxicity. Various isoforms of LDH are 

present. Among them LDH-1 and 2 are present in the heart, kidneys, brain and 

erythrocytes. LDH-3 & 4 are found in the liver and skeletal muscles (Aydin et al., 2019; 

Heinova et al., 1999; Patibandla et al.,  2020). In addition the LDH-3 is an isoform in the 

lungs. Natriuretic peptides have emerged as potential biomarkers of cardiovascular 

diseases. Natriuretic peptides increase the excretion of sodium by the kidneys. ANP and 

BNP are the two important natriuretic peptides with respect to the heart function. ANP is 

produced by the atrial muscles of the heart in response to stretch (Baba et al., 2019). DCM 

was confirmed with up-regulation of LDH and ANP and cotreatment with CiA and 

metformin reduced their levels significantly.  

Oxidative stress occurs when there is an imbalance between the reactive oxygen 

species generation and innate antioxidant defense mechanism. They are known to play 

an essential role in the progression of diabetes and related complications.  There are 

many ways by which ROS exerts its detrimental effects. ROS oxidises the cellular proteins 

and lipids thus generating protein carbonyls and lipid peroxides respectively (Bugger and 

Abel, 2014). They also react with nitric oxide to form reactive nitrogen species. Another 

major target of ROS is mitochondrial DNA. Thus, the products of oxidative stress can 

damage cellular molecules, DNA, proteins, and lipids leading to cell dysfunctions 

(Matteucci and Giampietro, 2000). The endogenous antioxidant defense systems include 

enzymes like SOD, glutathione peroxidase, glutathione reductase, catalase and other non-

enzymatic antioxidants (Giacco and Brownlee, 2010). There was a surplus generation of 

ROS as well as depletion of innate antioxidant enzymes like SOD, glutathione peroxidase 

and a decrease in total antioxidant activity and reduced glutathione levels in the 

hyperglycemic group. Furthermore, oxidative stress markers like MDA and protein 

carbonyl content were also found to be increased. These results reveal that 

hyperglycemia alters the redox status of H9c2 cells. CiA was found to be effective in 
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suppressing the ROS generation and restoring the antioxidant status in HG-treated 

cardiomyocytes.  

The presence of high blood glucose level activates all the possible pathways 

required for glucose removal. Polyol pathway is one such pathway (Chung and Chung, 

2005). It has been reported that aldose reductase enzyme exhibits certain 

cardioprotective properties in hypertrophied hearts by facilitating the removal of 

reactive aldehydes (Tran and Wang, 2019). In the absence of diabetes, polyol pathway 

remains inactive (Fantus, 2002). The excess NADH produced as a result of the polyol 

pathway disrupts the redox balance between NADH and NAD+ and overloads the 

mitochondrial electron transport chain and results in the overproduction of ROS (Luo et 

al., 2015). Surplus mitochondrial superoxide observed in the present study is most 

probably via NADH mediated oxidative stress. Besides, NADPH plays a significant role in 

maintaining the intracellular antioxidant defense by facilitating generation of GSH from 

GSSG (Yan et al., 2002).  Overconsumption of NADPH by the polyol pathway during 

hyperglycemia impairs the function of glutathione reductase further intensifying cellular 

redox imbalance (De Mattia et al., 1994). The significant increase in the levels of sorbitol 

and depletion of GSH observed in the present study is expected to amplify the redox 

status alteration with hyperglycemia.  However, CiA cotreatment effectively reduced the 

sorbitol accumulation.  

Cardiomyocytes are enriched with 30 to 40 % mitochondria in order to meet their 

energy demand. Approximately 8 % of the total ATP of the body is consumed by the heart 

(Gollmer et al.,2020). Under normal situations the bulk of ATP in the heart is obtained 

from the beta oxidation of fatty acids taking place in mitochondria and the remaining 

contributed by glucose, amino acids, lactate and ketone bodies.  The substrate shift from 

fatty acids to glucose is a major factor responsible for the development of pathogenesis 

of DCM. Mitochondrial dysfunction is also responsible for inducing insulin resistance in 

skeletal muscle, adipose tissue and pancreatic β cells (Morino et al., 2006). It is the major 

source of ROS in most cells. Besides, mitochondria are essential for numerous cellular 

functions including repair, revival, and apoptosis. The mitochondrial membrane potential 

is an indicator of mitochondrial membrane integrity. The membrane potential is highly 

negative due to the chemiosmotic gradient of protons across the inner mitochondrial 

membrane. The maintenance of the transmembrane potential is essential for functions 

like ATP synthesis and calcium uptake into mitochondria by the Ca2+ uniporter (Skarka 
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and Ostadal, 2002). Fluorescence imaging revealed dissipation of transmembrane 

potential with hyperglycemia (Flarsheim et al., 1996; Bugger and Abel, 2010). This is a 

relevant biomarker for oxidative stress (Korshunov et al, 1997). Cotreatment with CiA or 

metformin was effective in preventing the dissipation of membrane potential. 

Mitochondria are dynamic organelles with the ability to fuse (fusion) and divide 

(fission), continuously undergoing a change in the tubular networks in most eukaryotic 

cells for its optimum metabolic function (Fig. 18). This is essential for the proper 

distribution and localisation of mitochondria within cells (Rovira-Llopis et al., 2017). In 

addition, the balance between fission and fusion is required for maintaining various 

functions of mitochondria like mitochondrial respiratory activity, cell survival and 

calcium signalling. Fission generates small individual mitochondria while fusion results 

in the formation of large interconnected networks of mitochondria (Ferree and Shirihai, 

2012). There are two forms of fusion: transient and complete fusion. Transient fusion 

involves fusion of outer mitochondrial membranes and complete fusion involves fusion 

of both the outer and inner membranes (Twig et al., 2006). The proteins that are involved 

in fission/fusion processes are mainly dynamin related GTPases. The outer 

mitochondrial membrane fusion is mediated by MFN1/2 whereas OPA1 regulates the 

inner mitochondrial membrane fusion and also maintains mitochondrial cristae 

structure (Otera and Mihara, 2011). There are reports in mice suggesting that genetic 

ablation of fusion proteins results in alterations in glucose homeostasis and induced 

insulin resistance and obesity (Quirós et al., 2012).  There was an overexpression of 

fission proteins FIS1 and DRP1 aggravating fission and downregulation of fusion proteins 

OPA1 and MFN2. Oxidative stress has been reported to induce imbalance in 

mitochondrial dynamics (Ong and Hausenloy, 2010; Yoon et al., 2011). Alterations in 

mitochondrial dynamics is a major focus recently due to their involvement in cell death 

(Karbowski and Youle, 2003). It has also been reported that elevated levels of ROS during 

hyperglycemia also induces mitochondrial fragmentation (Rovira-Llopis et al., 2017; 

Wang et al.,  2012) via mitochondrial fission. Inhibition of mitochondrial fragmentation 

has been shown to block the release of mitochondrial apoptotic factors, advocating that 

fission may engage in permeabilization of mitochondrial transition pore during the 

beginning of apoptosis (Lee et al., 2004).  
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Fig. 3.18 Schematic representation of mitochondrial dynamics (Rovira-Llopis et al., 2017) 

 

Another significant consequence of hyperglycemia is the increased formation of 

mitochondrial superoxides  (Schulze et al., 2004). Mitochondria is the major source of 

ROS in cardiomyocytes. This can be attributed mainly to the defective antioxidant enzyme 

activity in the mitochondria. The cristae of mitochondria houses the electron transport 

complex which is responsible for the synthesis of 90 percent of the body’s cellular ATP ( 

Bhatti et al., 2017). The electrons that pass through the mitochondrial complexes 

ultimately reach the oxygen, the terminal electron acceptor, thus reducing oxygen to 

water. During this process, 0.4 to 4 % of oxygen is incompletely reduced and this results 

in the production of ROS, such as superoxide anion. The surplus superoxides are 

scavenged by mitochondrial superoxide dismutase (MnSOD) enzyme in normal 

conditions. However under pathological situations due to the defect in the activity of 

MnSOD the excess superoxides accumulate and interact with many other compounds 

within and generate secondary ROS (Droge, 2002; Valko et al., 2006). Increase in the 

mitochondrial superoxides is also related to the activation of polyol pathway (Brownlee, 

2001). In the present study also the polyol pathway was upregulated and there was an 
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increase in the mitochondrial superoxides. This phenomenon has been previously 

reported by Nishikawa and his group in endothelial cells (Nishikawa et al., 2000). Also 

the activity of the complex IV of the electron transport chain is reduced in the HG treated 

H9c2 cells and treatment with CiA and metformin restored their activity when compared 

to the HG treated group. In addition the efficiency of ATP synthesis also was found to be 

lowered in the hyperglycemic cells while cotreatment with CiA and metformin 

maintained the ATP levels.  Our results indicate that treatment with CiA improved 

mitochondrial functions by preserving the transmembrane potential, reducing 

superoxide generation and mitochondrial fission and preserving the mitochondrial 

complex 1V activity and maintaining the ATP levels.  

Intracellular Ca2+ is also an essential factor for cardiac function. An adequate levels 

of both Ca2+ and ATP are required for cardiomyocyte contraction (Balaban, 2002; 

Isenberg et al., 1993). Hyperglycemia alters the components of calcium homeostasis 

leading to diastolic dysfunction (Dobrin and Lebeche, 2010). Overproduction of ROS in 

the hyperglycemic scenario is the main culprit leading to the accumulation of intracellular 

Ca2+ (Wagner et al., 2013). Ca2+ gain entry into the mitochondria via the MCUR proteins 

(Suarez et al., 2018). Although Ca2+ is essential for ATP synthesis, prolonged 

mitochondrial oxidative stress results in the mitochondrial calcium overload which leads 

to opening of permeability transition pore leading to cytosolic Ca2+ accumulation. There 

was a significant alteration in calcium homeostasis in the hyperglycemic H9c2 cells. The 

alterations were manifested as an increase in cytoplasmic calcium levels as visualised by 

Fura 2-AM staining and a decrease in the expression of MCUR1 levels in the HG treated 

group. Dissipation of mitochondrial membrane potential during hyperglycemia is 

reported to affect calcium uptake into mitochondria (Skarka and Ostadal, 2002). CiA or 

metformin cotreatment lowered the intracellular Ca2+ accumulation and also upregulated 

the levels of MCUR1 in H9c2 cells.  

Increased cell death and apoptosis are some of the major outcomes of DCM. 

Different types of cardiomyocyte death have been reported (Chen et al., 2020). They 

include type 1 or apoptosis, type II or autophagy, type III or necrosis and type IV or 

entosis (Martins et al., 2017). Apoptosis is characterised by plasma membrane blebbing, 

cytoplasmic shrinkage and nuclear pyknosis. Formation of autophagosome and 

lysosomal degradation are the features of autophagy. Necrosis is an unprogrammed cell 

death which is characterised by loss of plasma membrane integrity and subsequent 
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release of contents into the extracellular space. Finally entosis is a cell in cell invasion 

mechanism wherein one cell invades and engulfs the other cell. In the current study also 

there is an increased apoptosis in the HG treated H9c2 cells as evidenced by the western 

blot and flow cytometric analysis. Oxidative stress activates the cysteine aspartate 

protease-3 (caspase-3), which is the executioner caspase that mediates apoptosis. 

Stressful stimuli activate certain pro-apoptotic members like BAX which leads to its 

translocation from the cytosol to the outer mitochondrial membrane while BCL-2, an 

anti-apoptotic protein has been considered as an essential marker of myocardial cell 

survival (Rovira-Llopis et al., 2017). In the present study caspase-3 activity and the 

expression of pro-apoptotic protein Bax were found to be elevated and anti-apoptotic 

protein Bcl-2 found to be lowered during hyperglycemia. In addition, this is supported 

from the results of flow cytometric analysis. In addition, the alterations in 

transmembrane potential contribute to apoptosis (Lee et al., 2004). However, the 

expression of the proapoptotic protein BAX was downregulated and BCL-2 levels were 

upregulated in the hyperglycemic cardiomyocytes by cotreatment with CiA.  It is of 

paramount importance to identify the cellular and molecular mechanisms responsible for 

the pathology to design a proper treatment regimen. 

In the present study, CiA (100 nM and 500 nM) was applied simultaneously with 

HG to assess its beneficial property. Although CiA has been evaluated for its potential 

against diabetes and cardiovascular diseases (Song et al., 2013; Hafizur et al., 2015), the 

mechanism by which it protects the cardiomyocytes from the adverse effects of HG has 

not been evaluated. In this study, it is observed that CiA protected the cardiomyocytes by 

maintaining the antioxidant status and calcium homeostasis, protecting the 

mitochondria, reducing sorbitol and O-GlcNAc accumulation. Since there is high demand 

for natural products derived from nutraceuticals, this is highly promising in the area of 

development of nutraceuticals against diabetes-associated heart problems.  

From the overall results, it can be concluded that apoptosis results from the 

exposure of HG to H9c2 cells via alteration in redox status linked mitochondrial dynamics, 

polyol pathway and hexosamine biosynthetic pathway. Further CiA is also expected to be 

a potent phytochemical that protects the myocardium from the hyperglycemic insult.  

 

 



  
  Chapter 3 

79 
 

References 

1. Aydin S, Ugur K, Aydin S, Sahin İ, Yardim M. Biomarkers in acute myocardial 

infarction: current perspectives. Vasc. Health Risk Manag. 2019; 15: 1-10. 

2. Baba M, Yoshida K, Ieda M. Clinical applications of natriuretic peptides in heart 

failure and atrial fibrillation. Int. J. Mol. Sci. 2019; 20: 2824. 

3. Balaban RS. Cardiac energy metabolism homeostasis: role of cytosolic calcium. J. 

Mol. Cell Cardiol. 2002; 34: 1259-1271. 

4. Balteau M, Tajeddine N, de Meester C, Ginion A, Des Rosiers C, Brady NR, et al. 

NADPH oxidase activation by hyperglycaemia in cardiomyocytes is independent 

of glucose metabolism but requires SGLT1. Cardiovasc. Res. 2011; 92: 237-246. 

5. Bhatti JS, Bhatti GK, Reddy PH. Mitochondrial dysfunction and oxidative stress in 

metabolic disorders - a step towards mitochondria based therapeutic strategies. 

Biophys. Acta Mol. Basis Dis. 2017; 1863: 1066-1077. 

6. Bodor GS. Biochemical markers of myocardial damage. EJIFCC. 2016; 27: 95-111. 

7. Brookes PS, Yoon Y, Robotham JL, Anders MW, Shey-Shing S. Calcium, ATP, and 

ROS: A mitochondrial love-hate triangle. Am. J. Physiol. Cell Physiol. 2004; 287: 

C817-C833. 

8. Brownlee M.  Biochemistry and molecular cell biology of diabetic complications. 

Nature. 2001; 414: 813-820. 

9. Bugger H, Abel ED. Mitochondria in the diabetic heart. Cardiovasc. Res. 2010; 8: 

229-240. 

10. Bugger H, Abel ED. Molecular mechanisms of diabetic cardiomyopathy. 

Diabetologia. 2014; 57: 660-671. 

11. Cai L, Li W, Wang G, Guo L, Jiang Y, Kang YJ. Hyperglycemia-induced apoptosis in 

mouse myocardium mitochondrial cytochrome c–mediated caspase-3 activation 

pathway. Diabetes. 2002; 51: 1938-1948. 

12. Chen Y, Hua Y, Li X, Arslan IM, Zhang W, Meng G. Distinct types of cell death and 

the implication in diabetic cardiomyopathy. Front. Pharmacol. 2020;11: 42. 

13. Chung SS, Chung SK. Aldose reductase in diabetic microvascular complications. 

Curr. Drug Targets. 2005; 6: 475-486. 

14. Daftardar S, Kaur G, Addepalli V. Diabetic cardiomyopathy. advances in 

biochemistry in health and disease. Ed. Turan  B and Dhalla NS. Springer, New 

York. 2014. 



  
  Chapter 3 

80 
 

15. Das J, Ghosh J, Manna P, Sinha M, Sil PC. Taurine protects rat testes against 

naaso(2)-induced oxidative stress and apoptosis via mitochondrial dependent 

and independent pathways. Toxicol. Lett. 2009;187: 201-210. 

16. De Mattia G, Laurenti O, Bravi C, Ghiselli A, Iuliano L, Balsano F.  Effect of aldose 

reductase inhibition on glutathione redox status in erythrocytes of diabetic 

patients. Metabolism. 1994; 43: 965-968. 

17. Dobrin JS, Lebeche D. Diabetic cardiomyopathy: signaling defects and therapeutic 

approaches. Expert Rev. Cardiovasc. Ther. 2010; 8: 373-391. 

18. Droge W. Free radicals in the physiological control of cell function. Physiol. Rev. 

2002; 82: 47-95. 

19. Fantus IG. The pathogenesis of the chronic complications of the diabetes mellitus. 

Endocrinol. Rounds 2002; 2: 1-8. 

20. Ferree A, Shirihai O. Mitochondrial dynamics: the intersection of form and 

function. Adv. Exp. Med. Biol. 2012; 748: 13-40. 

21. Fiorentino TV, Prioletta A, Zuo P, Folli F.  Hyperglycemia-induced oxidative stress 

and its role in diabetes mellitus related cardiovascular diseases. Curr. Pharm. Des. 

2013; 19: 5695-5703. 

22. Flarsheim CE, Grupp IL, Matlib MA. Mitochondrial dysfunction accompanies 

diastolic dysfunction in diabetic rat heart. Am. J. Physiol. 1996; 271: H192-H202. 

23. Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circ. Res. 2010; 

107: 1058-1070. 

24. Gollmer J, Zirlik A, Bugger H. “Mitochondrial Mechanisms in Diabetic 

Cardiomyopathy.” Diabetes Metab. J. 2020; 44: 33-53. 

25. Hafizur RM, Hameed A, Shukrana M, Raza SA, Chishti S, Kabir N,  et al. Cinnamic 

acid exerts anti-diabetic activity by improving glucose tolerance in vivo and by 

stimulating insulin secretion in vitro. Phytomedicine. 2015; 22: 297-300. 

26. Heinova D, Rosival I, Avidar Y, Bogin E. Lactate dehydrogenase isoenzyme 

distribution and patterns in chicken organs.  Res.Vet. Sci. 1999; 67: 309-312. 

27. Huang ML, Chiang S, Kalinowski DS, Bae DH, Sahni S, Richardson DR. The role of 

the antioxidant response in mitochondrial dysfunction in degenerative diseases: 

cross-talk between antioxidant defense, autophagy, and apoptosis. Oxid. Med. Cell. 

Longev. 2019; 2019: 6392763. 

28. Isenberg G, Han S, Schiefer A, Wendt-Gallitelli MF. Changes in mitochondrial 



  
  Chapter 3 

81 
 

calcium concentration during the cardiac contraction cycle. Cardiovasc. Res. 1993; 

27: 1800-1809. 

29. Kain V, Kumar S, Sitasawad SL. Azelnidipine prevents cardiac dysfunction in 

streptozotocin-diabetic rats by reducing intracellular calcium accumulation, 

oxidative stress and apoptosis. Cardiovasc. Diabetol. 2011; 10: 97. 

30. Kanaporis G, Blatter LA. Membrane potential determines calcium alternans 

through modulation of SR Ca2+ load and L-type Ca2+ current. J. Mol. Cell Cardiol. 

2017; 105: 49-58. 

31. Karbowski M, Youle RJ. Dynamics of mitochondrial morphology in healthy cells 

and during apoptosis. Cell Death Differ. 2003; 10: 870-880. 

32. Kawahito S, Kitahata H, Oshita S. Problems associated with glucose toxicity: role 

of hyperglycemia-induced oxidative stress. World J. Gastroenterol. 2009; 15: 

4137-4142. 

33. Kayama Y, Raaz U, Jagger A, Adam M, Schellinger IN, Sakamoto M, et al. Diabetic 

cardiovascular disease induced by oxidative stress. Int. J. Mol. Sci. 2015; 16: 

25234-25263. 

34. Lakshmi BS, Sujatha S, Anand S, Sangeetha KN, Narayanan RB, Katiyar C,  et al. 

Cinnamic acid, from the bark of cinnamomum cassia, regulates glucose transport 

via activation of GLUT4 on L6 myotubes in a phosphatidylinositol 3-kinase-

independent manner. J. Diabetes. 2009; 1: 99-106. 

35. Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian 

mitochondrial fission and fusion mediators fis1, drp1, and opa1 in apoptosis. Mol. 

Biol. Cell. 2004; 15: 5001-5011. 

36. Liquori ME, Christenson RH, Collinson PO, deFilippi CR. Cardiac biomarkers in 

heart failure. Clin. Biochem. 2014; 47: 327-337. 

37. Liu Q, Wang S, Cai L. Diabetic cardiomyopathy and its mechanisms : role of 

oxidative stress and damage. J. Diabetes Investig. 2014; 5:623-634. 

38. Luo X, Li R, Yan LJ.  Roles of pyruvate, nadh, and mitochondrial complex i in redox 

balance and imbalance in β cell function and dysfunction. J. Diabetes Res. 2015; 

2015: 512618. 

39. Marín-García J. Cardiac function in heart failure: the role of calcium cycling. heart 

failure: bench to bedside, Contemporary Cardiology. Springer, New York, 2010; 

pp. 15-22. 



  
  Chapter 3 

82 
 

40. Martins I, Raza SQ, Voisin L, Dakhli H, Law F, De Jong D, et al. Entosis: the emerging 

face of non-cell-autonomous type iv programmed death. Biomed. J. 2017; 40: 133-

140. 

41. Matshela RM.  Second in a series on diabetes and the heart: diabetic 

cardiomyopathy-mechanisms and mode of diagnosis. European society of 

cardiology. 2016; 14: 15-28. 

42. Matteucci E, Giampietro O. Oxidative stress in families of type 1 diabetic patients. 

Diabet. Care. 2000; 23: 1182-1186. 

43. Morino K, Petersen KF, Shulman GI. Molecular mechanisms of insulin resistance in 

humans and their potential links with mitochondrial dysfunction. Diabetes. 2006; 

55: S9-S15. 

44. Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and mitochondrial quality 

control.  Redox Biol. 2015; 4: 6-13. 

45. Niero EL, Machado-Santelli GM. Cinnamic acid induces apoptotic cell death and 

cytoskeleton disruption in human melanoma cells. J. Exp. Clin. Cancer Res. 2013; 

32: 1. 

46. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y et al. 

Normalizing mitochondrial superoxide production blocks three pathways of 

hyperglycaemic damage. Nature. 2000; 404: 787-790. 

47. Oates PJ. Polyol pathway and diabetic peripheral neuropathy. Int. Rev. Neurobiol. 

2002; 50: 325-392. 

48. Ong SB, Hausenloy DJ. Mitochondrial morphology and cardiovascular disease. 

Cardiovasc. Res. 2010; 88: 16-29. 

49. Orchard C, Brette F. T-tubules and sarcoplasmic reticulum function in cardiac 

ventricular myocytes. Cardiovasc. Res. 2008; 77: 237-244. 

50. Otera H, Mihara K. Molecular mechanisms and physiologic functions of 

mitochondrial dynamics.  J. Biochem. 2011; 149: 241-251. 

51. Pan Y, Wang Y, Zhao Y, Peng K, Li W, Wang Y, et al. Inhibition of JNK 

phosphorylation by a novel curcumin analog prevents high glucose–induced 

inflammation and apoptosis in cardiomyocytes and the development of diabetic 

cardiomyopathy. Diabetes. 2014;  63: 3497-3511. 

52. Patibandla S, Gupta K, Alsayouri K. Cardiac enzymes. In: StatPearls [Internet]. 

Treasure Island (FL): StatPearls Publishing. 2020; PMID: 31424800.  



  
  Chapter 3 

83 
 

53. Preetha Rani MR, Anupama N, Sreelekshmi M, Raghu KG. Chlorogenic acid 

attenuates glucotoxicity in H9c2 cells via inhibition of glycation and pkc α 

upregulation and safeguarding innate antioxidant status. Biomed. Pharmacother. 

2018; 100: 467-477. 

54. Quirós PM, Ramsay AJ, Sala D, Fernández-Vizarra E, Rodríguez F, Peinado JR, et al. 

Loss of mitochondrial protease oma1 alters processing of the gtpase opa1 and 

causes obesity and defective thermogenesis in mice. EMBO J.  2012; 31: 2117-

2133. 

55. Rajesh M, Bátkai S, Kechrid M, Mukhopadhyay P, Lee WS, Horváth B, et al. 

Cannabinoid 1 receptor promotes cardiac dysfunction, oxidative stress, 

inflammation, and fibrosis in diabetic cardiomyopathy. Diabetes. 2012; 61: 716-

727. 

56. Rovira-Llopis S, Bañuls C, Diaz-Morales N, Hernandez-Mijares A, Rocha M, Victor 

VM. Mitochondrial dynamics in type 2 diabetes: pathophysiological implications. 

Redox Biol. 2017; 11: 637-645. 

57. Safi SZ, Qvist R, Kumar S, Batumalaie K, Ismail ISB. Molecular mechanisms of 

diabetic retinopathy, general preventive strategies, and novel therapeutic targets. 

Biomed. Res. Int. 2014; 2014: 801269. 

58. Schilling JD. The mitochondria in diabetic heart failure: from pathogenesis to 

therapeutic promise.  Antioxid. Redox Signal. 2015; 22: 1515-1526. 

59. Schulze PC, Yoshioka J, Takahashi T, He Z, King GL, Lee RT. Hyperglycemia 

promotes oxidative stress through inhibition of thioredoxin function by 

thioredoxin-interacting protein. J. Biol. Chem. 2004; 279: 30369-30374. 

60. Skarka L, Ostadal B. Mitochondrial membrane potential in cardiac myocytes. 

Physiol. Res. 2002; 51: 425-434. 

61. Song F, Li H, Sun J, Wang S. Protective effects of cinnamic acid and cinnamic 

aldehyde on isoproterenol-induced acute myocardial ischemia in rats. J. 

Ethnopharmacol. 2013; 150: 125-130. 

62. Spector KS. Diabetic cardiomyopathy. Clin. Cardiol. 1998;  21: 885-887. 

63. Suarez J, Cividini F, Scott BT, Lehmann K, Diaz-Juarez J, Diemer T. Restoring 

mitochondrial calcium uniporter expression in diabetic mouse heart improves 

mitochondrial calcium handling and cardiac function. J. Biol. Chem. 2018; 293: 

8182-8195. 



  
  Chapter 3 

84 
 

64. Tran DH, Wang ZV. Glucose metabolism in cardiac hypertrophy and heart failure. 

J Am. Heart Assoc.2019; 8: e012673. 

65. Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure. Am. J. 

Physiol. Heart Circ. Physiol. 2011; 301: H2181-H2190. 

66. Twig G, Graf SA, Wikstrom JD, Mohamed H, Haigh SE, Elorza A, Deutsch M, et al. 

Tagging and tracking individual networks within a complex mitochondrial web 

with photoactivatable GFP. Am. J. Physiol. Cell Physiol. 2006; 291: C176-C184. 

67. Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free Radicals, Metals and 

antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 2006; 160: 

1-40. 

68. Verma SK, Garikipati VNS, Kishore R. Mitochondrial dysfunction and its impact on 

diabetic heart.  Biochim. Biophys. Acta Mol. Basis Dis. 2017; 1863: 1098-1105. 

69. Wang W, Wang Y, Long J, Wang J, Haudek SB, Overbeek P etal. Mitochondrial 

fission triggered by hyperglycemia is mediated by rock1 activation in podocytes 

and endothelial cells. Cell Metab. 2012; 15: 186-200. 

70. Yan LJ. Redox imbalance stress in diabetes mellitus: role of the polyol pathway. 

Animal Model Exp. Med. 2018; 1: 7-13. 

71. Yan LJ, Christians ES, Liu L, Xiao X, Sohal RS, Benjamin IJ. Mouse heat shock 

transcription factor 1 deficiency alters cardiac redox homeostasis and increases 

mitochondrial oxidative damage. EMBO J. 2002; 21: 5164-5172. 

72. Yang L, Wu QQ, Liu Y, Hu ZF, Bian ZY, Tang QZ. Cinnamaldehyde attenuates 

pressure overload-induced cardiac hypertrophy. Int. J. Clin. Exp. Pathol. 2015; 8: 

14345-14354. 

73. Yoon Y, Galloway CA, Jhun BS, Yu T. Mitochondrial Dynamics in 

Diabetes.Antioxi.Red Sig.. 2011; 14: 439-457.



  
   

85 
 

      Chapter 4 

4 Upregulation of inflammatory pathways in diabetic cardiomyopathy 

(In vivo study). 
 

4.1 Introduction 

DCM is recently considered to be one among the major CVD worldwide which is 

usually associated with structural and functional changes in the myocardium. The early 

stages of DCM are usually asymptomatic and occur independently of other cardiac risk 

factors like coronary artery disease and hypertension (Voulgari et al.,  2010). 

Hyperglycemia that emerge during diabetes mellitus  leads to oxidative stress (Tan et al., 

2020) which then paves a pathway for inflammation, extracellular matrix remodeling and 

ultimately cardiomyocyte death (Tan et al., 2020; Hölscher et al.,  2016). 

Several animal models have been used recently to mimic human diabetic 

scenarios in the lab. Rodents are the most commonly used models due to their natural 

resistance to atherosclerosis (Severson, 2004), shorter generation times and economic 

(Zhang et al., 2008). Although the administration of toxins like streptozotocin or alloxan 

and certain genetic modifications can induce T1DM, the induction of T2DM can be 

effected only through feeding the animals a high fat diet (Fuentes-Antras et al., 2015; 

Lorenzo-Almorós et al., 2017). However studies have reported that the high fat diet fed 

animals develop only insulin resistance but no hyperglycemia (Tanaka et al., 2007; Zhao 

et al., 2008). In order to overcome this situation scientists nowadays also administer a 

low dose of streptozotocin along with the high fat diet. Low dose of streptozotocin 

injection is reported to trigger a mild deficiency in insulin secretion which is similar to 

what is happening in the later stages of T2DM (Srinivasan et al., 2005; Reed et al., 2000). 

Thus, rats fed with a high fat diet followed by injection of a small dose of streptozotocin 

would be an ideal model of T2DM mimicking all the events from insulin resistance to β 

cell dysfunction and the simultaneously occurring metabolic derangements. Such an 

experimental model is cheaper, easily accessible and also can be used for testing of the 

effects of various compounds for the treatment of T2DM.  

There are many challenges in the clinical setup to diagnose DCM accurately. DCM 

is currently identified when the condition has advanced so far such that it has already 

reached the systolic dysfunction stage and heart failure has already been established.  
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This creates a situation whereby a proper treatment strategy cannot be elucidated 

(Tillquist and Maddox, 2012). Different methods are employed to diagnose DCM which 

include invasive methods such as endomyocardial biopsy sampling, cardiac 

catheterization, and non-invasive techniques like echocardiography, magnetic resonance 

imaging, multislice computed tomography and nuclear imaging techniques like positron 

emission tomography. Echocardiography is considered to be a gold standard method to 

study disorders in cardiac structure (Aneja et al., 2008). Through echocardiography, it is 

easy to detect left ventricular hypertrophy and impaired diastolic filling but it is 

expensive and time consuming.  

Recently, efforts have been put into developing minimally invasive blood sampling 

methods like the determination of plasma biomarkers exclusive for DCM. These 

biomarkers are thought to give more stable results (Lorenzo-Almorós et al.,  2017). 

Damaged myocardium is thought to secrete many factors in response to chronic diabetes. 

Detection of markers related to hypertrophy, contractility and fibrosis might be essential 

in the early diagnosis of DCM. Cardiac troponin is one such marker that is related to 

myocardial contraction (Gomes et al., 2002). The common pro-hypertrophic markers 

include natriuretic peptides like ANP, BNP and NT-pro BNP (Dahlström, 2004). Other 

factors secreted by the myocardium in response to inflammation and apoptosis are CRP 

and creatinine kinase phosphate (CK). They are secreted under chronic and irreversible 

pathological situations (Lorenzo-Almorós et al., 2017). But these are identified only after 

a prolonged period of diabetes. However early diagnosis of DCM is very essential and 

research has been focussed in developing therapeutic strategies.  

Recently myocardial inflammation is thought to contribute to the development of 

pathogenesis related to DCM (Frieler and Mortenson, 2015). Inflammation is the body’s 

defence mechanism which is generally considered as an adaptive early response to short 

term stress in the myocardium to restore homeostasis (Mann, 2015; Prabhu and 

Frangogiannis, 2016). But under prolonged stress this response changes into a 

maladaptive one. Inflammatory response usually involves a cascade of pathways well 

organized by the immune system (Smail et al., 2019) in order to eliminate the causative 

factor. Many studies have revealed the occurrence of myocardial inflammation in human 

subjects and experimental models of T1DM and T2DM  (Vasanji et al., 2006; Zhou et al.,  

2000).  
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Nutraceuticals have gained more importance in preventing many degenerative 

diseases like cardiovascular diseases and cancer. In the present study, a phenolic acid 

called cinnamic acid (CiA) has been selected. Polyphenols usually exist in food in the form 

of esters and glycosides which cannot be absorbed by the small intestine (Manach et al., 

2004). Hence, they are initially hydrolysed to digestible forms by the intestinal enzymes 

and gut microflora. Since it showed beneficial properties in vitro we determined the 

cardioprotective properties of CiA in vivo. 

 

4.2 Materials and Methods (Please refer Chapter 2 for details) 

x Estimation of blood glucose levels, glycated haemoglobin, insulin levels and 

insulin resistance. 

x Evaluation of biochemical parameters and lipid profile. 

x Studies on various cardiac injury markers by western blot analysis. 

x Investigation on the inflammatory pathways during diabetes by western blot 

analysis in the heart. 

x Analysis of mRNA expression of TGF-β and β-MHC by RT-PCR. 

x Histopathology of cardiac tissue. 

 

4.3 Results 

4.3.1 CiA treatment reduced the blood glucose levels, glycated haemoglobin 

(HbA1c) and cardiac mass index 

The blood glucose levels of diabetic rats reached 406.5 mg/dl after 6 months. It 

was found that two months of treatment with CiA reduced the blood glucose levels of 

diabetic rats (Fig. 4.1A).  In addition the cardiac mass index was also significantly lowered 

(p ≤ 0.05) in CiA treated rats by 27.7 % and 39.1 % for 5 and 10 mg/kg bwt respectively. 

Similarly metformin also reduced the cardiac mass index by 24.4% (Fig. 4.1B).The levels 

of glycated haemoglobin were found to be high in the diabetic group (15.7 %; Fig. 4.1C) 

when compared to the control group while treatment with CiA at 5 and 10 mg/kg reduced 

the HbA1c levels to 6 % and 5.3 % respectively. Metformin at 50 mg/kg also lowered the 
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HbA1c levels to 5.8 % (Fig. 4.1C). The toxicity group did not show any significant change 

in the HbA1c levels when compared to the control group.  

Fig. 4.1 Cinnamic acid reduced the blood glucose, cardiac mass index and glycated hemoglobin 

levels. C- control, HG- diabetic, Met- HG + metformin (50 mg/kg bwt), CiA1-  HG + cinnamic acid (5 mg/kg 

bwt), CiA2- HG + cinnamic acid (10 mg/kg bwt), C + CiA2- control + cinnamic acid (10 mg/kg bwt). A) Blood 

glucose levels, B) Cardiac mass index, C) Glycated hemoglobin levels. Values are expressed as mean ± SEM 

where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from 

the diabetic group. 

 

4.3.2 CiA increased plasma insulin levels and lowered insulin resistance 

Insulin levels were found to be significantly (p ≤ 0.05) lowered in the diabetic 

group (12.5 mIU/L) when compared to the control animals (27.78 mIU/L; Fig. 4.2A). CiA 

treatment at 5 and 10 mg/kg and metformin at 50 mg/kg increased the insulin levels 

significantly (p ≤ 0.05) by 16.12 mIU/L, 20.35 mIU/L and 16.99 mIU/L respectively (Fig. 

4.2A). Similarly the insulin resistance (HOMA-IR) was increased (p ≤ 0.05) in the diabetic 

group (12.5 AU) when compared to the control rats (4.28 AU) (Fig. 4.2B). CiA and 

metformin treatment both reduced insulin resistance significantly (Fig. 4.2B). Again the 

toxicity group did not show any significant change in the levels of insulin and HOMA-IR.  



  
  Chapter 4 

89 
 

Fig. 4.2 Effect of cinnamic acid on insulin resistance. C- control, HG- diabetic, Met- HG + metformin (50 

mg/kg bwt), CiA1-  HG + cinnamic acid (5 mg/kg bwt), CiA2- HG + cinnamic acid (10 mg/kg bwt), C + CiA2- 

control + cinnamic acid (10 mg/kg bwt). A) Plasma insulin levels, B) HOMA-IR. Values are expressed as 

mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly 

different from the diabetic group. 

4.3.3 Estimation of biochemical parameters in the serum of diabetic rats 

The levels of LDH, CKMB, CRP, SGOT and ANP were found to be 

significantly increased in the serum of diabetic rats while treatment with CiA or 

metformin lowered their levels (Table 1). 

Table 1. Estimation of serum biochemical parameters LDH, CRP, CKMB, SGOT and ANP in wistar rats. 

Groups: I- Control; II- Diabetic (HG); III- HG + metformin (50 mg/kg bwt); IV- HG + CiA1 (5 mg/kg bwt); V 

– HG + CiA2 (10 mg/kg bwt); VI- C + CiA2 (10 mg/kg bwt). Values are expressed as mean ± SEM where n = 

Groups I II III IV V VI 

LDH (U/L) 51.29±1.96  758.22±28.95* 232.43±8.88#  432.8±16.5# 408.7±15.6# 90.6±3.45# 

CRP(mg/L) 2.45±0.09 15.09±0.57* 1.36±0.05# 0.91±0.03# 1.36±0.05# 1.45±0.05# 

CKMB(U/L) 16.8±0.64 188.7±7.2* 51.7±1.97# 145.7±5.56# 70.1±2.68# 49.1±1.88# 

SGOT (U/L) 6.98±0.27 68±2.6* 29.7±1.13# 13.9±0.53# 7.68±0.27# 8.72±0.33# 

ANP (pg/ml) 2.08±0.08  2.87±0.11* 2.58±0.09 2.09±0.08 2.56±0.1#  2.43±0.09# 
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6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from the HG 

treated group 

4.3.4 CiA improved the lipid profile in diabetic rats  

Diabetic rats showed an altered lipid profile characterized by significant increase 

(p ≤ 0.05) in serum triglycerides, total cholesterol and LDL cholesterol when compared 

with normal control rats (Table 2). Serum levels of HDL cholesterol were significantly (p 

≤ 0.05) lowered in the diabetic rats. Cotreatment with CiA or metformin significantly (p 

≤ 0.05) reversed these lipid profile derangements (Table 2). 

 

Table 2. Alterations in lipid profile in wistar rats and amelioration with cinnamic acid. Groups: I- 

Control; II- Diabetic (HG); III- HG + metformin (50 mg/kg bwt); IV- HG + CiA1 (5 mg/kg bwt); V – HG + CiA2 

(10 mg/kg bwt); VI- C + CiA2 (10 mg/kg bwt). Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 

significantly different from the control group. # p ≤ 0.05 significantly different from the HG treated group. 

4.3.5  Estimation of lipid peroxidation in diabetic rats and the effect of CiA. 

The levels of MDA, byproduct of lipid peroxidation was elevated in the serum of 

diabetic rats by 64.6 % when compared to the control group (Fig. 4.3). Cotreatment with 

CiA at 5 and 10 mg/kg bwt reduced the levels of MDA by 89.3 % and 69. 8 % respectively 

when compared to the diabetic group. Treatment with metformin also showed a 

significant reduction in MDA levels by 41.9 % (Fig. 4.3). CiA alone treated group did not 

show any significant change in the levels of MDA.  

Groups 
(mg/dL) I II III IV V VI 

TG 122.2±4.67 195.7±7.47* 142.2±5.43# 73.26±2.8# 129.9±4.97# 94.12±3.6# 

TC 75.5±2.88 196.2±7.49* 81.43±3.11# 41.2±1.6# 164.4±6.3# 141.3±5.4# 

LDL 26.3±1.01 199.8±7.63* 33.1±1.27# 24±0.91# 41.8±1.59# 48.4±1.85# 

HDL 66.5±2.54 14.9±0.57* 22.06±0.84# 25.6±0.98# 66.48±2.54# 70.3±2.68# 
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Fig. 4.3 Quantification of lipid peroxidation in diabetic rats and the possible amelioration with 

cinnamic acid. Malondialdehyde levels in the serum of wistar rats. C- control, HG - diabetic, Met- HG + 

metformin (50 mg/kg bwt), CiA1-  HG + cinnamic acid (5 mg/kg bwt), CiA2- HG + cinnamic acid (10 mg/kg 

bwt), C+ CiA2- control + cinnamic acid (10 mg/kg bwt). Values are expressed as mean ± SEM where n = 6.   

In order to rule out the toxicity of CiA we included group 6 (Refer Chapter 2; 

Materials and Methods). As observed by the evaluation of biochemical parameters (LDH, 

CRP, CKMB, SGOT and ANP Table 1), lipid profile and oxidative stress marker (MDA) the 

toxicity group did not show any significant changes after 180 days of administration of 

high dose of CiA. So this group was omitted in the further experiments. 

4.3.6 Estimation of the levels of cardiac injury markers in diabetic rats  

BNP, a clinical marker of hypertrophy showed 259.6 % increase in the serum of 

diabetic rats while administration of CiA significantly reduced the same (38.7 % and 

160.6 % at 5 and 10 mg/kg bwt respectively (Fig. 4.4). However metformin didn’t show 

any effect. The levels of TNNI3K, emerging markers of cardiac disease, and troponin were 

significantly (p ≤ 0.05) upregulated by 47.4 % and 71.35 % respectively in the serum of 

diabetic animals compared to the control group (Fig. 4.4). CiA treatment with both 

concentrations reduced significantly (p ≤ 0.05) the levels of both markers indicating the 

cardioprotective property of CiA (Fig. 4.4).  
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Fig. 4.4 Assessment of cardiomyopathy markers in the serum of diabetic rats. C - control, HG - diabetic, 

Met- HG + metformin (50 mg/kg bwt), CiA1- HG + cinnamic acid (5 mg/kg bwt), CiA2 - HG + cinnamic acid 

(10 mg/kg bwt). Representative immunoblots of BNP, troponin and TNNI3K in the serum of male wistar 

rats and their respective densitometric quantifications normalised to GAPDH. Values are expressed as 

mean ± SEM where n = 3. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly 

different from the diabetic group. 

 

4.3.7 The increased levels of nitrite, CRP and MCP-1 in diabetic rats  

There was a significant increase (p ≤ 0.05) in nitrite production in the serum of 

diabetic rats (314 %) when compared to the normal group while treatment with CiA 

or  metformin significantly  reduced their levels by 290.9 %, 314.3 % and 377.8 %  at 5, 

10 and 50 mg/kg bwt respectively compared to the diabetic group (Fig. 4.5A). CRP, an 

indicator of inflammation has been significantly (p ≤ 0.05) increased in the heart tissue 

of diabetic rats by 119.8 % whereas in CiA treated rats the CRP levels were lowered in a 

dose dependent manner by 116.5 % and 155 % respectively compared to the diabetic 

group (Fig. 4.5B). Metformin treatment also reduced their levels by 40.8 % (Fig. 4.5B). 
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Likewise MCP-1, an inflammatory chemokine, was also found to be upregulated in the 

serum of diabetic rats by 17.39 % while CiA treatment at both concentrations (5 and 10 

mg) and metformin significantly downregulated their levels by 46.4 %, 53.3 % and 25.2 

% respectively (Fig. 4.5B).  
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Fig.4.5 Overexpression of inflammatory markers in diabetic rats and amelioration of the same with 

cinnamic acid. C- control, HG - diabetic, Met- HG + metformin (50 mg/kg bwt), CiA1-  HG + cinnamic acid 

(5 mg/kg bwt), CiA2- HG+ cinnamic acid (10 mg/kg bwt). A) Nitrite levels in the serum of wistar rats. Values 

are expressed as mean ± SEM where n = 6.  B) Representative immunoblots of CRP in the heart and MCP-1 

in the serum of wistar rats and their respective densitometric quantifications normalised to β-actin and 

CRP-1 MCP-1 
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GAPDH respectively. Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from the diabetic group. 

4.3.8 Release of pro-inflammatory cytokines during diabetes 

The levels of proinflammatory cytokines TNF-α, IL-6, IL-1β and MCP-1 were 

upregulated significantly (p ≤ 0.05) by 30 %, 39.6 %, 26.5 % and 46.9 % respectively and 

the level of the anti-inflammatory cytokine IL-10 was downregulated significantly  by 

17.24 % in the serum of diabetic rats compared to the control group (Fig. 4.6). Treatment 

with CiA lowered the levels significantly (p ≤ 0.05) by 18.3 % and 25 % (TNF-α); 13.2 % 

and 16.9 % (IL-6); 13.4 % and 16.1 % (IL-1β); 17.3 % and 36.5 % (MCP-1) and 

upregulated the levels of IL-10 significantly by 10.3 % and 15.5 % at 5 and 10 mg/kg of 

CiA (Fig. 4.6).  Metformin also significantly (p ≤ 0.05) reduced the levels of the 

proinflammatory cytokines by 10 %, 11.3 %, 11.06 %, 36.73 % and increased the levels 

of anti-inflammatory cytokine IL-10 by 3.44 % (not significant) at 50 mg/kg compared to 

the diabetic group (Fig. 4.6).  

Fig. 4.6 Cinnamic acid reduced the levels of proinflammatory cytokines. C- control, HG - diabetic, Met- 

HG + metformin (50 mg/kg bwt), CiA1-  HG + cinnamic acid (5 mg/kg bwt), CiA2- HG + cinnamic acid (10 
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mg/kg bwt). The levels of proinflammatory cytokines (TNF-α, IL-6, IL-1β, MCP-1) and anti-inflammatory 

cytokine IL-10 in the serum of wistar rats. Values are expressed as mean ± SEM where n = 6. * p ≤ 0.05 

significantly different from the control group. # p ≤ 0.05 significantly different from the diabetic group. 

4.3.9 The upregulation of MAPK pathways during hyperglycemia.  

The pJNK, pERK and pp38 MAPK levels were found to be upregulated in the hearts 

of diabetic rats by 18.3 %, 45.4 % and 106.5 %, respectively compared to the normal rats 

(Fig. 4.7). Treatment with CiA downregulated the expression levels of pJNK by 4.4 % (5 

mg) and 11.8 % (10 mg), pERK by 57.5 % (5 mg) and 95.9 % (10 mg) (p ≤ 0.05) and pp38 

MAPK by 7.7 % (5 mg) and 153. 8 % (10 mg; (p ≤ 0.05) compared to the diabetic 

group.Treatment with metformin reduced the levels of pJNK, pERK and pp38 MAPK by 

78.2 %, 68.7 % and 49.1 % respectively at 50 mg/kg (Fig. 4.7).  

 

Fig. 4.7 Activation of the MAPK pathways (JNK, ERK and p38 MAPK) in diabetic rats. C- control, HG - 

diabetic, Met- HG + metformin (50 mg/kg bwt), CiA1-  HG + cinnamic acid (5 mg/kg bwt), CiA2- HG + 

cinnamic acid (10 mg/kg bwt). A) Representative immunoblots of pJNK, pERK and pp38 MAPK and their 

respective densitometric quantifications. Values are expressed as mean ± SEM where n = 3.* p ≤ 0.05 

significantly different from the control group. # p ≤ 0.05 significantly different from the diabetic group. 
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4.3.10 TLR4/Myd88 upregulation in the heart during diabetes 

There was a significant (p ≤ 0.05) upregulation of TLR4 (14.3 %) and MyD88 (42.7 

%) protein levels in the heart of diabetic rats (Fig. 4.8). TLR4 level was reduced by 36.3 

% significantly (p ≤ 0.05) with 10 mg of CiA compared to the diabetic group. Myd88 levels 

were downregulated significantly (p ≤ 0.05) by 35.2 % and 31.4 % for 5 and 10 mg CiA 

and metformin treatment reduced the expression of TLR4 and MyD88 by 26.2 % and 

42.71 % respectively compared to the diabetic group (Fig. 4.8).  

4.3.11 Upregulation of NLRP3 and TxNIP levels in diabetic rats  

The level of NLRP3 in diabetic rats was found to be significantly (p ≤ 0.05) high in 

diabetic rats by 131.7 % when compared to the control (Fig. 4.8).  However cotreatment 

with CiA caused a significant reduction compared to the diabetic groups (26.8 % and 42.4 

% for 5 and 10 mg/kg bwt respectively). Metformin treatment also decreased their levels 

by 47.7 % at 50 mg (Fig. 8).  Similarly TxNIP levels were upregulated significantly in the 

hearts of diabetic rats by 112.5 % (Fig. 4.8).  Cotreatment with CiA reduced their levels 

significantly by 124.6 % and 138.5 % at 5 and 10 mg/kg respectively. Treatment with 

metformin also drastically reduced their levels by 186.9 % compared to the diabetic 

group (Fig. 4.8).   

4.3.12 pGSK-3β / GATA-4 axis upregulated during diabetes 

Both pGSK-3β and GATA-4 levels were found significantly (p ≤ 0.05) upregulated 

by 14.65 % and 22.45 % in the diabetic group compared to the control group (Fig. 4.8). 

CiA treated rats showed a decrease in the levels of pGSK-3β by 72.3 % (5 mg/kg) and 

101.2 % (10 mg/kg) and GATA-4 by 43.2% (5 mg/kg) and 32.4 % (10 mg/kg) compared 

to the diabetic group (Fig. 4.8). Metformin treatment reduced the levels of pGSK-3β and 

GATA-4 significantly (p ≤ 0.05) by 62.6 and 56.2 % respectively compared to the diabetic 

group (Fig.4.8). 
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Fig. 4.8 Activation of the toll like receptor mediated inflammatory pathway in diabetic rats and the 

effect of cinnamic acid. C- control, HG - diabetic, Met- HG + metformin (50 mg/kg bwt), CiA1-  HG + 

cinnamic acid (5 mg/kg bwt), CiA2- HG + cinnamic acid (10 mg/kg bwt). Representative immunoblots of 

TLR4, MyD88, NLRP3, TxNIP, pGSK-3β and GATA-4 and their respective densitometric quantifications 

normalised to β-actin. Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from the diabetic group. 

4.3.13 Diabetes increased relative gene expression of TGF-β and β-MHC 

TGF - β and β - MHC was found to be significantly (p ≤ 0.05) upregulated by 2.43 F 

and 2.18 F respectively in the diabetic group compared to the control (Fig. 4.9). 

Treatment with CiA at both concentrations (5 & 10 mg/kg) and metformin (50 mg/kg) 

prevented the upregulation of TGF - β and β - MHC gene expression significantly by 0. 48, 

1.5, 1.6 F and 0.48, 0.75 and 1.2 F respectively compared to the diabetic group (Fig.4.9).  
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Fig. 4.9 Diabetes increased mRNA expression of β- MHC and TGF-β in rats. A) Representative mRNA 

levels of β- MHC normalised to β-actin; B) Representative mRNA levels of TGF-β normalised to β-actin. C- 

control, HG - diabetic, Met- HG + metformin (50 mg/kg bwt), CiA1- HG + cinnamic acid (5 mg/kg bwt), CiA2- 

HG + cinnamic acid (10 mg/kg bwt). Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 

significantly different from the control group. # p ≤ 0.05 significantly different from the diabetic group.  

4.3.14 Diabetes induced fibrosis and necrosis in the heart 

Hematoxylin and eosin staining of the diabetic heart tissue showed inflammatory 

infiltration, edema, swollen capillaries and necrosis (Fig. 4.10A). Van gieson staining of 

the heart section showed severe collagen deposition compared to the control group (Fig. 

4.10 B, arrowmark). The yellow colour represents erythrocytes and cytoplasm, and red 

colour represents collagen. However, the rats treated with CiA or metformin showed 

reduced levels of inflammation and normal myocardial fibres and also reduced collagen 

deposition and thus attenuated cardiac fibrosis (Fig. 4.10A&B).  
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Fig. 4.10 Diabetes induced inflammatory infiltration and collagen deposition. Histopathological 

analysis of heart tissues. A) Hematoxylin and eosin staining; B) Van Geison staining a) control, b) diabetic 

(HG), c) HG + metformin (50 mg/kg bwt), d) HG + cinnamic acid (5 mg/kg bwt), e) HG + cinnamic acid (10 

mg/kg bwt). 

 

4.4 Discussion 

The importance of biomarkers in diagnosing DCM is gaining popularity among 

researchers. Moreover the differences between the clinical manifestations of DCM due to 

T1DM and T2DM is still undistinguishable. Herein we have conducted an animal study in 

order to see whether the in vitro results are translated into in vivo models.   For this a 

single low dose streptozotocin along with a high fat high fructose diet induced diabetic 

model (Zhao et al., 2017) of wistar rats were used to elucidate the role of various 

inflammatory pathways and their crosstalk in the genesis of DCM, to study the role of 

various markers of DCM and to assess the potential of CiA.  

In order to curb the severe complications of a chronic disease like diabetes, early 

diagnosis particularly by non-invasive tools is necessary. Recently, research is 
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progressing towards the development of biomarkers for the easy and early diagnosis of 

the disease. The present study also began with determination of parameters that 

confirmed DCM. Glycated haemoglobin (HbA1c) is formed by the non-enzymatic 

glycation between glucose and N-terminal amino acids of beta chains of haemoglobin  

(Welsh et al., 2016). It is a well-known stable biomarker of long term glycemic control 

(Ewid et al.,  2019). Since 2010 it has been an established diagnostic test for diabetic 

patients which is also used for the prediction of microvascular and macrovascular 

complications (Jovanovic et al., 2011).  According to recent studies a correlation between 

high levels of HbA1c and increased risks of cardiovascular events in diabetic patients 

without a history of coronary artery disease has been found out (Wang et al., 2015). Also, 

American Heart Association and American Diabetes Association emphasized on the 

advantage of proper glycemic control in order to prevent the risk of cardiovascular 

diseases (Buse et al., 2007). In this study also there was an increase in the HbA1c level in 

the high fat high fructose fed rats. This indicates that the hyperglycemic condition 

prevails in these rats. Cotreatment with CiA and metformin significantly reduced the 

levels of HbA1c. However, according to certain reports it has been stated that intensive 

glycemic control alone has failed to protect the myocardium (Mazzone, 2010). Hence, 

several ongoing researches focus on the importance of correcting the metabolic 

imbalance that takes place in the diabetic myocardium.  

The most distinctive feature of T2DM is insulin resistance (IR) (DeFronzo, 1988). 

The existence of insulin resistance is closely associated with certain risk factors of CVDs 

like hyperglycemia, dyslipidemia and increased blood pressure. Thus, IR can be 

considered to go hand in hand with CVDs in T2DM. This strongly implicates the necessity 

of drugs that are capable of enhancing insulin sensitivity. The drug metformin, which 

improves insulin sensitivity, was reported to reduce the prevalence of myocardial 

infarction according to UK Prospective Diabetes Study (UKPDS, 1998). The insulin 

resistance can be accurately predicted by the values of homeostasis model assessment 

(HOMA-IR) (Bonora et al., 2002). The existence of T2DM was confirmed in the current 

study by estimating HOMA-IR. Accordingly the diabetic rats showed higher HOMA-IR 

values than the control group. However, cotreatment with CiA lowered the HOMA-IR 

values significantly confirming the anti-diabetic property of CiA.  

In addition to the HbA1c levels there are many other biomarkers used routinely 

to assess cardiovascular health. After confirming insulin resistance, we then analysed the 
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presence of cardiac injury markers. One such marker is troponin. Troponin levels were 

found to be significantly upregulated in the serum of diabetic rats while treatment with 

CiA at both concentrations reduced the levels of troponin. Troponin was first discovered 

by Ebashi and Kodama in 1965 (Park et al., 2017). The discovery of the distinct subunits 

of troponin by Greaser and Gergely in 1973 has led to the understanding of molecular 

physiology behind cardiac contraction (Greaser and Gergely, 1973). These findings paved 

the way for the development of one of the most successful diagnostic investigations to 

date i.e. cardiac troponin (cTn) assays (Park et al., 2017). Troponin is present in all forms 

of striated muscle including skeletal and cardiac muscle. But the cardiac specific troponin 

is distinguished by regions of different amino acid sequences. It has been considered as a 

gold standard biomarker for detecting acute myocardial infarction. There are three 

subunits for troponin: troponin I for ‘inhibitory’ since it prevents the actin myosin 

interactions and cross bridge formation in the absence of Ca2+, troponin T for 

‘tropomyosin’ which serves as the link between tropomyosin and troponin and troponin 

C for ‘calcium’ which is the calcium binding subunit and regulates the activity of thin 

filament (Park et al., 2017).  Generally, troponin is released in response to myocardial 

necrosis. The heart being a post-mitotic organ and because the cardiomyocyte is unable 

to repair injured cells, any protein that is released from the myocardium is considered to 

be a sign of necrosis (Mair et al., 2018). The three myocardial enzymes that facilitate the 

proteolytic degradation and release of troponin from the myofibril are calpain, caspase 

and matrix metalloproteinase 2 (Park et al., 2017). Cardiac troponin is usually released 

into circulation within a few hours after the onset of myocardial ischemia followed by the 

clearance of the interstitial fluid from the infarct zone by the cardiac lymphatic system.  

Zhao et al found a strong interaction between cTnI and a protein kinase called 

cardiac troponin I interacting kinase (TNNI3K) by using a yeast two hybrid screen (Tang 

et al., 2013; Zhao et al., 2003).  TNNI3K also known as cardiac ankyrin repeat kinase 

(CARK) is known to play a very important role in cardiac functions like cardiac growth, 

contractility and repair. It is a cardiac specific tyrosine kinase that belongs to the MAP3K 

family (Vagnozzi et al., 2013; Lai and Chen, 2012). It consists of three structural domains: 

ten copies of seven ankyrin repeat near the N terminal region, a protein (Ser/ Thr and 

Tyr) kinase domain, and a C-terminal Ser rich domain. Not much is known about the 

biology of TNNI3K. It was known to induce cardiac hypertrophy in neonatal rat 

ventricular cardiomyocytes (Wang et al., 2011). In a calsequestrin transgenic mouse 
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model of dilated cardiomyopathy, TNNI3K overexpression led to premature heart failure 

and death (Wheeler et al., 2009). Similarly the TNNI3K expressed mouse model of left 

ventricular pressure overload induced by transverse aortic constriction also showed 

significant disease progression (Wheeler et al., 2009). Some studies have also reported 

that TNNI3K overexpression induces ventricular remodeling (Vagnozzi et al., 2013).  

According to a recent study, TNNI3K expression was observed to be high in the heart 

tissue from patients with end stage dilated cardiomyopathy when compared with the 

healthy controls (Colak et al., 2009).  In the present study also, TNNI3K levels were 

upregulated in the serum of diabetic rats and treatment with CiA at both concentrations 

reduced their levels significantly.  However, another group also showed that TNNI3K has 

some protective functions whereby the overexpression of TNNI3K increased the beating 

mass and induced cardiac myogenesis in P19CL6 cells (Lai et al., 2008). According to 

them TNNI3K promoted cardiac differentiation by increasing the number of cardiac α 

actinin cells, enhanced beating frequency and contractility,  improved overall cardiac 

performance and attenuates ventricular remodeling induced by myocardial infarction 

(Lai et al., 2008). But the high profile studies with genetically modified animals strongly 

suggested that the overexpression of this particular protein is mostly associated with 

detrimental phenotype (Lal et al.,  2014).  These results indicate that the biology of 

TNNI3K including its downstream targets needs to be elucidated more. Thus TNNI3K can 

be considered as a potential therapeutic target of kinase inhibitors in heart disease.  

Since hypertrophy is one of the major outcome of DCM, the levels of a 

prohypertrophic factor called BNP were also determined. Natriuretic peptides are 

another major indicator of cardiac hypertrophy. They are known to induce natriuresis i.e. 

excretion of sodium by the kidneys.  ANP, BNP and C-type natriuretic peptides are some 

of the examples of natriuretic peptides. These peptides are mainly secreted in response 

to myocardial strain (Iqbal et al., 2012). BNP is mainly synthesised and secreted by the 

left ventricular myocytes in response to stretch due to pressure overload and expansion 

of the ventricle by volume. It is a well-known diagnostic biomarker of heart failure. A 

prohormone called pre-proBNP, a 134 amino acid molecule, is cleaved to form pro BNP 

(108 amino acid molecule). The proBNP precursor is split by the convertases corin and 

furin to form active BNP and inactive NT proBNP  (Cao et al.,  2019) which are released 

into the plasma.  The plasma BNP then binds to a receptor called NP receptor A that 

triggers a signalling cascade that leads to natriuresis, diuresis and arterial vasodilation 
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(Gaggin and Januzzi, 2013; Iqbal et al., 2012).  The half-life of BNP is 20 min while that of 

NT-proBNP is 90-120 min (Cao et al.,  2019; Iqbal et al., 2012) making latter a better 

prognostic marker of heart failure. BNP is usually cleared from the plasma by receptor 

mediated endocytic mechanism or renal filtration (Gaggin and Januzzi, 2013). In the 

present study, the serum of diabetic group showed elevated levels of both ANP and BNP 

and treatment with CiA lowered their levels significantly. However, metformin did not 

show any change in the levels of BNP levels.  

Various other non-specific protein markers also exist that help the diagnosis of 

myocardial injury. One of the first biomarker used to diagnose myocardial infarction was 

serum glutamate transaminase (SGOT). Later it was found that SGOT is not a specific 

marker for heart and its levels in the blood also increases due to hepatic disease and other 

conditions. This initiated the discovery of other cytoplasmic enzymes like lactate 

dehydrogenase and creatine kinase (Bodor, 2016). LDH is a soluble enzyme expressed in 

organs like heart, skeletal muscle, kidney, liver, and erythrocytes. It has five isoenzymes 

out of which LDH 1 is expressed in the heart (Aydin et al., 2019). Nowadays, LDH is mainly 

used to distinguish between acute MI and subacute MI and also for detecting erythrocyte 

hemolysis (Aydin et al., 2019; Jialal and Sokoll, 2015). Another biomarker used to detect 

cardiac injury is creatine kinase -MB (CK-MB).  After the advent of radioimmunoassay in 

1970 CK was considered to be a better predictor for cardiac injury (Walsh et al., 1970). 

CK is an enzyme that catalyses the reversible conversion of creatine and ATP to creatine 

phosphate and ADP. It is a dimeric enzyme which consists of two subunits: M and B. It has 

three isoenzymes: CK-BB, CK-MB and CK-MM. Among these CK-MB is found in the heart 

and skeletal muscle. However, a higher proportion of CK-MB is found in the heart 

compared to the skeletal muscle.  CK-MB elevations in the plasma is a specific evidence 

of myocardial cell death and also helps in distinguishing non ST elevations from unstable 

angina (Bodor, 2016). It is a predictor of acute myocardial infarction. Their levels start to 

increase after 4-9 hours after infarction which reaches peak at 24 hrs and reaches the 

normal range after 48-72 hrs. However, in the presence of a concurrent liver and skeletal 

muscle disease and even after a strenuous exercise these enzymes were found to be 

released into the bloodstream making them unsuitable as an ideal biomarker for heart 

disease alone. In the present study, estimation of the levels of these non-specific markers 

in the serum of diabetic groups also confirmed myocardial injury and treatment with 
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metformin at 50 mg/kg bwt and CiA at 5 and 10 mg/kg bwt reduced the levels of injury 

markers. This indicates the therapeutic potential of CiA against cardiovascular diseases. 

Dyslipidemia is one of the characteristic features of DCM. The principal reason 

behind abnormal lipid profile in diabetics is due to the alterations taking place in the 

plasma lipoproteins (Goldberg, 2001). Lipoproteins are those that help in the transport 

of insoluble lipids through plasma. They are mainly seen circulating in the blood as low 

density lipoprotein (LDL), high density lipoprotein (HDL), very low density lipoproteins 

(VLDL), chylomicrons etc. Increased lipolysis due to insulin resistance causes the release 

of more fatty acids from the adipocytes (Goldberg, 2001). Fatty acids are thus transported 

to the liver which further initiates VLDL secretion. VLDL secretion contributes to 

elevations in serum triglyceride levels. Increased triglyceride levels prevents the 

degradation of Apo-B which further accounts for the increased VLDL formation and 

secretion.  Increased triglyceride and reduced HDL levels are common to both T1DM and 

T2DM. However, in T2DM the LDL proteins are further converted to more atherogenic 

lipoproteins termed small dense LDL. Moreover, the lipoprotein abnormality in T1DM 

can be corrected with glycemic control. However, it has been reported that prediabetic 

patients with pronounced insulin resistance and normal plasma glucose levels show 

dyslipidemia (Haffner et al., 2000). Thus it is insulin resistance responsible for the 

dyslipidemic condition in T2DM and not hyperglycemia. According to a recent study low 

HDL cholesterol is an independent factor for both cardiovascular disease and diabetes 

(Abbasi et al., 2013). Several epidemiological studies have reported the association of 

higher levels of LDL cholesterol and low HDL cholesterol with high incidence of 

cardiovascular diseases even in nondiabetic patients (Feingold and Siperstein, 1986; Fox 

et al., 2015). The increase in serum triglyceride levels are also found to be associated with 

cardiovascular disease in diabetic patients (Martin-Timon et al., 2014)  In our diabetic 

model also there was an increase in total cholesterol, triglycerides and LDL cholesterol 

and treatment with CiA and metformin significantly reduced the same. Similarly, HDL 

levels were significantly lowered in the diabetic group and treatment with compound and 

positive control enhanced their levels. It has been noted that with proper lipid and blood 

pressure control the risk of developing cardiovascular diseases has reduced recently 

even in patients with diabetes (Low et al., 2016). Thus maintaining a healthy lipid profile 

is essential for proper cardiac health.  
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As observed in the study, there was a release of cardiac injury markers and 

alterations in lipid profile in the diabetic group which was attenuated by CiA treatment. 

However, the reason behind the myocardial injury and dyslipidemia may be residing at 

the molecular level. Hence emphasis was given to inflammation. Myocardial 

inflammation plays an important role in the development of various pathophysiological 

processes like cardiac hypertrophy, fibrosis and ventricular remodeling (Frieler and 

Mortenson, 2015; Prabhu and Frangogiannis, 2016). The visceral adipocytes are known 

to secrete cytokines and chemokines in subjects with metabolic syndrome and diabetes 

(Grundy, 2016). This results in the occurrence of a subclinical low grade systemic 

inflammation also called para-inflammation. The circulating proinflammatory mediators 

like TNF-α and IL-6 are the main factors responsible for aggravating insulin resistance. 

Previous studies have reported that higher levels of inflammatory mediators are 

responsible for the development of heart failure associated with metabolic syndrome 

(Bahrami et al., 2008). Excess glucose, lipids and various other stressors within 

cardiomyocytes are responsible for the secretion of cytokines, chemokines (MCP-1) and 

adhesion molecules (VCAM, ICAM) which in turn promote infiltration of monocytes and 

lymphocytes to the myocardium (Mann, 2015). The major difference between chronic 

myocardial inflammation due to metabolic syndrome and inflammation due to viral 

myocarditis is that the chronic myocardial inflammation is subclinical and associated 

with development of cardiac abnormalities in the long term whereas the heart failure due 

to latter occurs in a rapid manner (Frati et al., 2017). Leukocyte infiltration results in the 

production of reactive oxygen species and also causes the release of profibrotic factors 

leading to cardiac fibrosis. One of the main factors responsible for leukocyte infiltration 

is the presence of chemokine monocyte chemoattractant protein-1 (MCP-1).  According 

to many recent reports, it was found that chronic remodeling is reduced by preventing 

the recruitment of monocytes in the heart. Also neutralisation of ICAM by antibodies 

reduced macrophage infiltration, cardiac fibrosis and preserved cardiac structure and 

function (Kuwahara et al., 2003). Another independent risk factor for cardiovascular 

disease is CRP which is an important marker of systemic inflammation (Ridker et al., 

2001).  High CRP levels have been linked to an increased risk of thrombotic events 

including myocardial infarction (Kervinen et al., 2001). Inflammation was confirmed in 

the present study by the increased levels of MCP-1, CRP and nitrite. CiA and metformin 

treated groups showed significant reduction in their levels. 
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      In the diabetic heart, inflammation is mainly mediated by the action of damage 

associated with molecular pattern molecules on toll like receptors (TLRs) like TLR2 and 

TLR4 (Sciarretta et al., 2009; Yan et al., 2003). This initiates a signalling cascade that 

includes the MAPK pathways which ultimately converge towards the activation of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-Kb) (Prabhu and 

Frangogiannis, 2016). Mediators resulting from this inflammatory cascade in turn 

modulate specific intracellular signalling mechanisms in cardiac cells causing 

cardiomyocyte hypertrophy, mitochondrial dysfunction, endoplasmic reticulum (ER) 

stress and cell death, fibroblast proliferation, and collagen production. Activation of 

MAPK pathways is known to stimulate TNF-α and IL-6 secretion (Volz et al., 2010). Also, 

studies using TNF- α antagonists lowered myocardial inflammation, leukocyte infiltration 

and fibrosis in streptozotocin-induced diabetic rats. Similarly genetic ablation of IL-6 in 

mice also reduced cardiac inflammation and fibrosis and preserved cardiac function 

(González et al., 2015).  Recent reports also emphasizes the role of nucleotide-binding 

oligomerization domain-like receptor protein 3 (NLRP3)-dependent inflammasome in 

the development of DCM (Luo et al., 2014) because the inflammasomes serve as a link 

between inflammation and metabolic disorders (Nagashima et al., 2011). There is 

evidence for reduced type 2 diabetes-induced cardiac inflammation, pyroptosis and 

fibrosis in diabetic rat models in which NLRP3 inflammasome complex has been inhibited 

(Luo et al., 2014). Several downstream inflammatory events occurring due to 

glycotoxicity and lipotoxicity during the pathogenesis of T2DM are also known to be 

initiated by the activation of NLRP3 inflammasomes (Vandanmagsar et al.,  2011). In 

obese mice and also in human subjects the expression of cardiac NLRP3, caspase 1 and 

IL-1β was found to be substantially increased (Vandanmagsar et al.,  2011). NLRP3 

inflammasome complex assembly is mediated by a protein known as thioredoxin 

interacting protein (TxNIP) (Zhou et al., 2010). In summary during diabetes high glucose 

activates the TLRs which triggers ROS production in the heart which in turn leads to the 

translocation of NFkB and activation of the inflammasome complex. NLRP3 signalling is 

also known to affect glycolysis and enhance local myocardial cytokine levels and 

aggravate macrophage infiltration (Wen et al., 2012). Diabetes also exerts its detrimental 

effects in the heart through the activation of GSK-3β/GATA-4, JNK/ERK/p38 MAPK 

pathway and by the upregulation of OGlcNAc (Frati et al., 2017) (refer chapter 5 for 

detailed explanation). In our study also there was an activation of the TLR4 mediated 
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inflammatory pathway in the diabetic group. This triggered a cascade of intracellular 

signalling pathways involving MAPK (JNK, ERK and p38 MAPK) which led to the 

activation of the inflammasome complex. Parallel to this the GSK-3β/GATA-4 axis and the 

hexosamine signalling pathway was also activated in the diabetic model. CiA and 

metformin treated rats prevented the activation of the inflammatory pathway.  

Hypertrophy and fibrosis are the two important consequences of DCM (Hölscher 

et al., 2016). Cardiac fibrosis is primarily due to the deposition of stiff collagen and its 

crosslinking. Fibrosis was confirmed in the heart of diabetic animals in this study with 

histopathology (Van Gieson) of the heart. Hematoxylin-eosin staining showed a complete 

disarray of myofibrils, with inflammatory infiltration, edema and necrosis. CiA or 

metformin treatment however reduced cardiac fibrosis, lowered the levels of infiltration, 

necrosis and prevented the disarray of myofibrils. Moreover, hypertrophy was further 

confirmed with high cardiac mass index, elevated gene expression of TGF-β and β –MHC 

in the heart tissue of diabetic rats which was again reversed by treatment with CiA and 

metformin. TGF-β and β-MHC are proteins involved in the pathogeneisis of cardiac 

hypertrophy. TGF-β induces the extracellular matrix protein deposition and thus 

mediates cardiac hypertrophy and ventricular remodeling (Rosenkranz, 2004).  

CiA and its derivatives have gained much attention recently due to its beneficial 

health properties. Oral administration of cinnamic acid in mice has shown rapid 

absorption and distribution with 96 % bioavailability (Chen et al., 2009). Hippuric acid is 

the major excretory product of cinnamic acid metabolism. Several pharmacokinetic 

studies have shown that cinnamic acid can easily be absorbed by small intestine by 

passive diffusion, monocarboxylic acid transporters (Konishi et al., 2004; Zhao and 

Moghadasian ,2008) and is actively transported by a Na+ dependent transport 

mechanism in rat jejunum (Ader et al., 1996). In our study we have observed a decrease 

in the cardiac injury markers like BNP, troponin and TNNI3K, inflammatory markers 

(CRP, MCP-1) in the rats treated with CiA at both concentrations (5 & 10 mg/kg bwt). 

Similarly it reduced the blood glucose and the glycated Hb levels after two months 

treatment. We have also found that the inflammatory pathway involving TLR4, NLRP3 

inflammasome and GSK-3β/GATA-4 axis is downregulated following treatment of rats 

with CiA at 5 and 10 mg/kg bwt validating its anti-inflammatory property. 
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                Chapter 5 

5 Elucidation of mechanisms involved in the upregulation of 

inflammation during diabetic cardiomyopathy 
 

5.1 Introduction 

Recently myocardial inflammation is thought to be a responsible factor for the 

development of pathogenesis related to DCM (Frati et al., 2017; Frieler and Mortensen, 

2015). Multiple inflammatory signalling pathways which are closely linked to insulin 

resistance are triggered during diabetes (Frieler and Mortensen, 2015). Most of these 

pathways focus towards stimulation of NFkB (Baker et al., 2011) which results in the 

production of various proinflammatory mediators like cytokines, chemokines and 

adhesion molecules in cardiac cells (Kaminska, 2005). A study has reported that 

overexpression of IkB protein prevented DCM in streptozotocin induced transgenic 

mouse (Thomas et al., 2014) indicating the importance of NFkB activation in the 

progression of DCM.  

In the diabetic myocardium, the inflammatory mechanisms are known to act via 

the TLRs. TLR-2 and TLR-4 expression is found to be increased in dilated cardiomyopathy 

(Ma et al., 2012). TLR-4 gene deletion in streptozotocin induced mice improved cardiac 

function and prevented myocardial steatosis (Dong et al., 2012). IL-6 secretion is mainly 

attributed to TLR4 activation according to Boyd et al (Boyd et al., 2006). The TLRs are 

responsible for the activation of the downstream mitogen- activated protein kinase 

(MAPK) cascade (Aggarwal, 2003). Three major MAPK pathways include the JNK, ERK, 

and p38 MAPK pathways (Kaminska, 2005; Pearson et al., 2001; Jia et al., 2018). The 

outcome of this inflammatory burst is increased reactive oxygen species production, 

mitochondrial dysfunction, endoplasmic reticulum stress, collagen production and 

cardiomyocyte hypertrophy (Frieler and Mortensen, 2015; Prabhu and Frangogiannis, 

2016). Also, the generation of the inflammatory mediators might interfere with the 

contractile properties of the myocardium (Prabhu and Frangogiannis, 2016). All these 

factors cumulatively contribute to the development of DCM.  

 The role of MAPK pathways in regulating cardiac hypertrophy and remodeling 

during DCM has not been elucidated in detail (Nunes et al., 2012; Jia et al., 2016). The 
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importance of p38 MAPK in the development of LV dysfunction during DCM has been 

reported by Westermann et al. (Westermann et al., 2006). Also, recent study showed that 

inhibition of TGF-β/ERK pathway by PPARγ attenuates DCM in vitro and in vivo (Yan et 

al., 2018). Similarly, inhibition of JNK phosphorylation prevents high glucose induced 

inflammation and DCM in diabetic mice (Pan et al., 2014). In spite of this we do not have 

optimum therapeutic strategy to mitigate inflammation in the heart. This demands the 

need for detailed research in the inflammation during DCM. 

GATA-4 is a sequence of DNA of the proximal region of the cardiac troponin I gene 

to which binds the GATA-4 transcriptional factor (Murphy et al., 1997) followed by the 

transcriptional activation of the gene in vitro (Du et al., 2008). The nuclear translocation 

of GATA-4 reduces myocardial contractility (Ku et al., 2011). Phosphorylation of GATA-4 

at Ser105 by ERK1/2 increases its transcriptional activity (Liang et al., 2001).  The GATA-

4 is prevented from nuclear accumulation by GSK-3β protein (Morisco et al., 2001). 

Lithium chloride inhibition of GSK-3β led to the translocation of GATA-4 into the nucleus 

(Morisco et al., 2001).  Another novel marker in DCM is the NLRP3 inflammasome. The 

inflammasome is a complex consisting of an adaptor protein called apoptosis-associated 

specklike protein, caspase-1 (a proinflammatory factor), and NLRP3 (Nod like receptor 

family) (Schroder et al., 2010. Once active, NLRP3 leads to the activation of procaspase-1 

to caspase-1 (Schroder et al., 2010). Activated caspase-1 transforms the inactive forms of 

pro IL-1β and pro IL-18 to their active forms which then activates inflammation mediated 

apoptotic and fibrotic processes. In addition post translational modification of NLRP3 by 

potential ligands like TxNIP has emerged as a novel target in DCM since TxNIP triggers 

the NLRP3 inflammasome complex assembly (Luo et al., 2017). Here we have studied the 

network between the NLRP3, TxNIP, GATA-4, pGSK-3β and the MAPK pathways in the 

genesis of DCM which is found to be essential for better understanding of molecular 

mechanisms of inflammation during DCM.  

Roles of TLRs and NLRP3 inflammasome complexes in the amplification of cardiac 

inflammation during DCM have not been elucidated much. The discovery of 

novel pathways of inflammation in cardiomyocytes in response to diabetes has become a 

necessity to design drugs for DCM. In addition to the aforesaid pathways two important 

targets have been studied in the present study: Troponin I- interacting kinase (TNNI3K) 

and ST2L. The former is a MAP3K which is expressed exclusively in the heart (Tang et al., 

2013) and the latter is essentially a marker of inflammation and is thought to signal the 
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presence of adverse cardiac remodeling and tissue fibrosis (Kakkar and Lee, 2008). 

Fibrosis is also instigated by increased O-GlcNAcylation of proteins by hexosamine 

signalling. Although transient activation of hexosamine signalling is cytoprotective the 

sustained activation of the same exerts detrimental effects like mitochondrial 

dysfunction and apoptosis (Ducheix et al., 2018). The role of OGlcNAcylation has also 

been investigated in this study. 

Plant derived compounds have been found to be attractive therapeutic agents. 

This is found to be the case with cardiovascular diseases too. Herein cinnamic acid (CiA), 

a phenolic acid present in a wide variety of fruits and vegetables has been selected to 

assess its potential against DCM. It is a potent antioxidant (Sova, 2012) and anti-

inflammatory agent (De Cássia et al., 2014). The beneficial properties of CiA have been 

found in our previous study in the in vitro model of hyperglycemia with H9c2 cells 

(Anupama et al., 2018). The present study intends to check the mechanism by which CiA 

is an attractive bioactive against various inflammatory pathways responsible for DCM.   

This study is an attempt to elucidate the role of inflammation to unlock the 

mystery behind DCM. The questions that are putting forward here are 1) whether TLR 

mediated inflammatory mechanism is upregulated during DCM in vitro, 2) whether 

MAPK pathways are involved in the genesis of cardiac hypertrophy via hexosamine 

biosynthetic pathway and p-GSK3β/GATA-4 axis, 3) whether cinnamic acid could be a 

potential nutraceutical against DCM. 

 

5.2 Materials and Methods (Please refer chapter 2 for details) 

x Estimation of nitrite levels and proinflammatory markers by indirect ELISA. 

x Investigation on TLR4 mediated inflammatory pathways and Akt/mTOR pathway 

by western blot analysis. 

x Studies on PPAR α by immunofluorescence.  

 

Experimental groups consist of control (C; 5.5 mM glucose), high glucose (HG; 33 mM 

glucose), HG + metformin (Met; 1 mM), HG + cinnamic acid-100 nM (CiA1), HG + 

cinnamic acid-500 nM (CiA2), control + cinnamic acid-500 nM (C + CiA2 for toxicity 

evaluation), HG + JNK inhibitor (SP; 10 µM), HG + ERK inhibitor (PD; 20 µM), HG 

+ pp38 MAPK inhibitor (SB; 20 µM).  
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5.3 Results 

5.3.1 HG increased the nitrite levels and inducible NOS levels in H9c2 cells  

  There was a significant increase (p ≤ 0.05) in nitrite content in HG treated cells 

(186.32 %) compared to the control. While treatment with CiA (100 nM and 500 nM) or 

positive control metformin (1mM) significantly prevented the increase by 155 %, 165.3 

% and 167. 23 % respectively in hyperglycemic H9c2 cells (Fig. 5.1A). Similarly iNOS 

expression in HG treated cells was also found to be significantly upregulated by 137.9 

% compared to the control group and CiA cotreatment reversed their levels by 77 % and 

98 % respectively in a dose dependent manner. Metformin also prevented upregulation 

of iNOS significantly by 195.9 %. (Fig. 5.1B) 

 

 

 

 

 

 

 

 

Fig. 5.1 Expression of inflammatory markers in high glucose treated H9c2 cells and attenuation of 

the same by cinnamic acid. H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence 

or absence of different doses of cinnamic acid or metformin. C - control, HG - high glucose treated group, 

Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM), C + CiA2 - 

control + cinnamic acid (500 nM). A) Quantification of nitrite levels. Values are expressed as mean ± SEM 

where n = 6.  B) Representative immunoblot of iNOS and densitometric quantification normalised to β-

actin. Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different from the control 

group. #p ≤ 0.05 significantly different from the HG treated group. 
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5.3.2 Release of pro-inflammatory cytokines during hyperglycemia in H9c2 cells. 

The levels of proinflammatory cytokines TNF-α and IL-6 were upregulated 

significantly (p ≤ 0.05) by 501 % and 42 %  respectively (Fig. 5.2 A & B) and the level of 

the anti-inflammatory cytokine IL-10 was downregulated significantly  by 63.9 % in HG 

treated H9c2 cells (Fig. 5.2 C) compared to the control group. Treatment with CiA lowered 

the levels significantly (p ≤ 0.05) by 286.9 % and 314.1 % (TNF-α); 30 % and 44 % (IL-6) 

(Fig. 5.2 A & B) and upregulated the levels of IL-10 significantly by 44.2 % and 37.1 % 

(Fig. 5.2 C) at 100 and 500 nM of CiA. Metformin also significantly (p ≤ 0.05) reduced the 

levels of the proinflammatory cytokines by 223.9 % and 48 % for TNF-α and IL-6 

respectively and increased the levels of anti-inflammatory cytokine IL-10 by 59.7 % 

compared to the diabetic group (Fig. 5.2).  

 

Fig. 5.2 Cinnamic acid reduced the levels of proinflammatory cytokines. H9c2 cells were treated with 

high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or 

metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM). A & B). The levels of proinflammatory cytokines (TNF-α, IL-

6) and C) anti-inflammatory cytokine IL-10 in cell culture supernatant of respective groups. Values are 

expressed as mean ± SEM where n = 6. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the diabetic group. 
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5.3.3 Investigation on TLR4/MyD88 pathway  

5.3.3.1 TLR4/MyD88 was activated during hyperglycemia  

There was a significant (p ≤ 0.05) upregulation of TLR4 (134.1%) and MyD88 (45 

%) levels in the hyperglycemic H9c2 cells (Fig. 5.3). CiA treatment prevented the 

upregulation of TLR4 significantly (36.6 % by 100 nM, 84.2 % by 500 nM) in a dose 

dependent manner. Metformin also protected the cells (25.4 %) from hyperglycemia 

induced overexpression of TLR4 (Fig. 5.3). Similarly the MyD88 overexpression levels 

were reduced by 10.6 % and 19.9 % (p ≤ 0.05) with 100 and 500 nM of CiA respectively 

and treatment with metformin also reduced the levels of MyD88 significantly by 21.06 

%in hyperglycemic cells (Fig 5.3).  

Fig. 5.3 Activation of the toll like receptor pathway in high glucose treated H9c2 cells. H9c2 cells were 

treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid 

or metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM). A) Representative immunoblots of TLR4 and MyD88 and 

their respective densitometric quantifications normalised to β-actin. Values are expressed as mean ± SEM 
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where n = 3. *p ≤ 0.05 significantly different from the control group. #p ≤ 0.05 significantly different from 

the HG treated group. 

5.3.3.2 Upregulation of JNK, ERK and p 38 MAPK during hyperglycemia 

There was a significant (p ≤ 0.05) upregulation of pJNK, pERK and pp38 MAPK in 

HG treated H9c2 cells by 37.5 %, 66.8 % and 92 % respectively (Fig. 5.4). Cotreatment 

with CiA at both concentrations (100 and 500 nM) and metformin reduced the levels of 

pJNK by 14 %, 64 %, 43 % (p ≤ 0.05) and 48.7 % (p ≤ 0.05); pERK by 44 %, 61.1 %, and 

63.3% and pp38 MAPK by 37.7 %, 38.3 % and 73.4 % respectively (Fig. 5.4). 

 

Fig. 5.4 Activation of the MAPK pathways (JNK, ERK, p38 MAPK) in high glucose treated H9c2 cells. 

H9c2 cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses 

of cinnamic acid or metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - 

HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM).  Representative immunoblots of pJNK, 

pERK and pp38 MAPK and their respective densitometric quantifications. Values are expressed as mean ± 

SEM where n = 3. *p ≤ 0.05 significantly different from the control group. #p ≤ 0.05 significantly different 

from the HG treated group. 

5.3.3.3 Hyperglycemia induced translocation of NFКB, increased pIКB and ICAM 

The expression of pIКB and ICAM were significantly upregulated in HG treated 

cells by 155 % and 404.1 % respectively (Fig. 5.5 A). Cotreatment with CiA prevented the 
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upregulation of pIКB by 30.9 % (100 nM) and 109.3 % (500 nM) (Fig. 5.5 A). Similarly 

the increased level of ICAM was also reduced significantly by 378.7 % and 400. 2 % with 

100 nM and 500 nM of CiA respectively. Also metformin protected the levels of both pIКB 

and ICAM significantly by 123 % and 248.7 % respectively (Fig. 5.5 A). There was an 

increased translocation of NFКB into the nucleus in HG treated H9c2 cells and the same 

was found to be reduced in the CiA and metformin treated group (Fig. 5.5 B). 

   A 
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Fig. 5.5 Effect of high glucose on NFКB translocation and protective effect of cinnamic acid. H9c2 cells 

were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic 

acid or metformin. C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic 

acid (100 nM), CiA2 - HG + cinnamic acid (500 nM). A) Representative immunoblots of pIКB and ICAM and 

their respective densitometric quantifications normalised to β-actin. B) NFКB translocation during 

hyperglycemia. a - control, b - high glucose treated group (HG), Met - HG + metformin, CiA1 - HG + cinnamic 

acid (100 nM), CiA2 - HG + cinnamic acid (500 nM). Scale bar corresponds to 50 µm. Values are expressed 

as mean ± SEM where n = 3. *p ≤ 0.05 significantly different from the control group. #p ≤ 0.05 significantly 

different from the HG treated group. 

5.3.3.4 Estimation of TNNI3K levels during hyperglycemia and the effect of MAPK 

inhibition on the same.  

The expression of TNNI3K was upregulated significantly (p ≤ 0.05) in the HG 

treated group by 24.6 % compared to the control group (Fig. 5.6). While cotreatment with 

CiA or metformin downregulated their levels significantly (p ≤ 0.05) by 41.8 % (100 nM), 

45.5 % (500 nM) and 46.9 % (1 mM) respectively compared to the hyperglycemic group 

(Fig. 5.6). However, treatment with MAPK inhibitors did not show any significant change. 

Fig. 5.6 Estimation of TNNI3K during hyperglycemia and effect of MAPK or cinnamic acid. H9c2 cells 

were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic 

acid, metformin or inhibitors of JNK (SP600125), ERK (PD98059) and p p38 MAPK (SB220025). C - control, 

HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + 

cinnamic acid (500 nM). A) Representative immunoblot of TNNI3K and the densitometric quantification 

normalised to β-actin. Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from the HG treated group. 
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5.3.3.5 Phosphorylation of GSK-3β and activation of GATA-4 during hyperglycemia 

and MAPK inactivation.  

There was a significant (p ≤ 0.05) increase in the phosphorylation of GSK-3β in the 

hyperglycemic group by 39.9 % compared to the control group (Fig. 5.7A). CiA treatment 

reduced the expression of pGSK-3β by 0.8 % and 7.1 % for 100 and 500 nM respectively 

(not significant) and by 6.1 % for 1 mM metformin (Fig. 5.7A). Similarly GATA-4 levels 

were downregulated significantly in the cytoplasmic fraction of HG treated 

cardiomyocytes by 11.9 % when compared with the control group (Fig. 5.7B). CiA (100 

and 500 nM) or metformin (1 mM) cotreatment significantly (p ≤ 0.05) increased their 

levels by 19.7 %, 18.4 % and 16.1% respectively (Fig. 5.7 B). Upon inhibition of JNK, ERK 

and p38 MAPK there was a downregulation of pGSK-3β by 8.2 %, 40.05 % and 22.1 % 

respectively (Fig. 5.7 A). Also cytoplasmic GATA-4 levels were significantly upregulated 

upon MAPK inhibition by 30.5 %, 29.3% and 51.8 % respectively for JNK, ERK and p38 

MAPK (Fig. 5.7 B).  

5.3.3.6 NLRP3 and TxNIP protein activation during hyperglycemia and the role 

played by MAPK in inhibiting their levels. 

There was a significant (p ≤ 0.05) increase in the level of NLRP3 in HG treated 

H9c2 cells by 15.17 % compared to the normal group (Fig. 5.7 A).  Treatment with high 

dose of CiA (500 nM) or metformin reduced their levels significantly by 21.5 % and 14.6 

% respectively (Fig. 5.7 A). While in the MAPK inhibitors treated groups there was a 

significant reduction by 28.9 %, 28.4 % and 26.4 % respectively for JNK, ERK and p 38 

MAPK (Fig. 5.7 A). Similarly the TxNIP levels were also upregulated significantly in the 

hyperglycemic group by 82.8 % from the control cells (Fig. 5.7 A). While CiA and 

metformin treatment reduced their levels significantly by 133. 2 %, 91.8 % and 81.8 % 

for 100 nM, 500 nM, and 1 mM respectively (Fig. 5.7 A). TxNIP levels were drastically 

reduced in the MAPK inhibitor group by 81.5 %, 94.1 % and 107 % for JNK, ERK and p 38 

MAPK (Fig. 5.7 A).  

5.3.3.7 MAPK inhibition suppressed the expression of OGlcNAc in H9c2 cells 

The levels of O-GlcNAc were significantly (p ≤ 0.05) upregulated in HG treated 

H9c2 cells by 66 % compared to the normal (Fig. 5.7 A). Cotreatment with CiA or 

metformin reduced their levels by 13.6 %, 18.2 % and 52.29 % respectively when 

compared with the HG group (Fig. 5.7 A). MAPK inhibition reduced their levels 
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significantly by 59 %, 62.2 % and 62.6 % for JNK, ERK and p 38 MAPK respectively when 

compared with hyperglycemic cells (Fig. 5.7 A). 

5.3.3.8 MAPK inhibition did not influence the expression of ST2 levels 

ST2L expression was significantly (p ≤ 0.05) downregulated in HG treated H9c2 

cells by 40.8 % and CiA cotreatment at 500 nM upregulated their levels significantly (p ≤ 

0.05) by 24.8 % (Fig. 5.7A). Metformin also increased the levels of ST2L significantly by 

22.8 % (Fig. 5.7A). However there was no change in the expression of ST2L upon 

inhibition with JNK, ERK and p38 MAPK inhibitors (Fig. 5.7A). The expression was found 

to be downregulated similar to that of the diabetic group. This indicates that the reduced 

ST2L expression in the diabetic group is neither due to the upregulation of the MAPK 

pathways nor due to its downstream regulators.  

 

 

 

 

 

 

Fig. 5.7 Effect of MAPK (JNK, ERK and p38 MAPK) pathways inhibition on the expression levels of 

proteins like pGSK-3β, GATA-4, O-GlcNAc, TxNIP, NLRP3 and ST2L. H9c2 cells were treated with high 

glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid, metformin or 
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inhibitors of JNK (SP600125), ERK (PD98059) and p p38 MAPK (SB220025). C - control, HG - high glucose 

treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 

nM). A) Representative immunoblots of pGSK-3β, O-GlcNAc, TxNIP, NLRP3 and ST2L and their respective 

densitometric quantifications normalised to β-actin. B) Representative immunoblot of GATA-4 in the 

cytoplasmic fraction. Values are expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different 

from the control group. # p ≤ 0.05 significantly different from the HG treated group. 

5.3.4 Hyperglycemia inhibited the Akt pathway 

  Akt pathway was inhibited in HG treated H9c2 cells. The pAkt levels were 

downregulated significantly (p ≤ 0.05) by 16.9 % in the hyperglycemic group when 

compared to the control (Fig. 5.8). Treatment with CiA at 100 and 500 nM significantly (p 

≤ 0.05) increased their levels by 44.8 % and 51 % respectively. Similarly treatment with 

metformin also significantly (p ≤ 0.05) elevated their levels by 19.9 % (Fig. 5.8).  

The inhibitor of Akt pathway called pPTEN was also found to be significantly (p ≤ 

0.05) upregulated in the HG treated H9c2 cells by 23.3 % compared to the control group 

(Fig. 5.8). However treatment with CiA at 100 and 500 nM and metformin at 1 mM 

significantly (p ≤ 0.05) reduced their levels by 42.6 %, 41 % and 51.8 % respectively (Fig. 

5.8) compared to the hyperglycemic group.   

Hexokinase (HKII) is an enzyme of the glycolytic pathway. However the levels of 

hexokinase were found to be upregulated significantly (p ≤ 0.05) in the HG treated H9c2 

cells by 99 % (Fig. 5.8). Cotreatment with CiA at 100 and 500 nM and metformin at 1 mM 

significantly (p ≤ 0.05) reduced their levels by 80.5 %, 94.6 % and 125.7 % respectively 

(Fig. 5.8).   
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Fig. 5.8 Effect of high glucose on Akt signalling and the effect of cinnamic acid. H9c2 cells were treated 

with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid or  

metformin C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM). Representative immunoblots of p Akt, p PTEN and 

hexokinase II and their respective densitometric quantifications normalised to β-actin. Values are 

expressed as mean ± SEM where n = 3. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 

significantly different from the HG treated group. 

5.3.5 Effect of HG on mTOR signalling 

HG treatment activated the mTOR pathway. The levels of p mTOR were found to 

be significantly (p ≤ 0.05) upregulated by 50 % in HG treated H9c2 cells compared to the 

control group (Fig. 5.9). CiA treatment reduced the levels of p mTOR by 6 % (not 

significant) at 100 nM and 19.9 % (p ≤ 0.05) at 500 nM (Fig. 5.9). Similarly treatment with 

metformin also reduced the levels of p m TOR significantly (p ≤ 0.05) by 32.1 % compared 

to the HG treated group (Fig. 5.9). 
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Fig. 5.9 mTOR signalling during diabetes and effect of cinnamic acid on the same.  H9c2 cells were 

treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of cinnamic acid 

or metformin C - control, HG - high glucose treated group, Met - HG + metformin, CiA1 - HG + cinnamic acid 

(100 nM), CiA2 - HG + cinnamic acid (500 nM).  Representative immunoblots of p mTOR and Raptor and 

their respective densitometric quantifications normalised to β-actin. Values are expressed as mean ± SEM 

where n = 3. * p ≤ 0.05 significantly different from the control group. # p ≤ 0.05 significantly different from 

the HG treated group. 

5.3.6 PPAR α translocation during hyperglycemia 

PPAR α translocation indicates increased fatty acid oxidation. Here, there was a 

significant translocation of PPAR alpha into the nucleus in the HG treated H9c2 cells and 

treatment with CiA at both concentrations and metformin at 1 mM prevented the 

translocation of PPAR alpha compared to the HG treated group (Fig. 5.10). 
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Fig. 5.10 Effect of high glucose on PPARα translocation and protective effect of cinnamic acid.  H9c2 

cells were treated with high glucose (33 mM) for 48 hrs in the presence or absence of different doses of 

cinnamic acid or metformin. a - control, b - high glucose treated group (HG), Met - HG + metformin, CiA1 - 

HG + cinnamic acid (100 nM), CiA2 - HG + cinnamic acid (500 nM). Scale bar corresponds to 50 µm. Values 

are expressed as mean ± SEM where n = 3.  
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5.4 Discussion  

We found here that TLR4 mediated Myd88 inflammatory pathway is being 

activated during diabetes in heart; MAPK upregulation leads to the activation of 

hexosamine biosynthetic pathway and NLRP3 inflammasome; increase in the cardiac 

injury marker troponin might be attributed to the MAPK pathway mediated inactivation 

of GSK-3β and nuclear translocation of GATA-4; the cardioprotective role exhibited by 

ST2L receptor is diminished during DCM which is occurring independent of MAPK 

activation; and finally CiA is found a potent molecule against DCM in vitro. 

The in vitro model of hyperglycemia was created by incubating H9c2 rat 

cardiomyoblasts with HG for 48 hrs (Anupama et al., 2018; Preetha Rani et al., 2018; Salin 

Raj et al., 2019). Sustained hyperglycemic condition leads to an outburst of complex and 

intertwined inflammatory responses (Chen et al., 2017). Nitric oxide, a marker of 

inflammation and an essential intercellular signalling molecule, has a significant 

influence on the function of the cardiovascular system (Bøtker and Møller, 2013; Menaka 

et al., 2009). NO is usually estimated in in vitro studies by quantifying its metabolite, 

nitrite (NO2-) levels. The presence of iNOS (inducible nitric oxide synthase) which is a 

calcium insensitive enzyme produces excess nitric oxides which eventually reacts with 

superoxides to form peroxynitrite, a free radical (Förstermann and Sessa, 2012). Here we 

have investigated the levels of nitrite during hyperglycemia to confirm inflammation in 

H9c2 cells.  The nitrite level was found to be very high in the H9c2 cells treated with HG. 

Genesis of inflammation was also confirmed with the upregulation of iNOS and adhesion 

molecule (ICAM) and the release of various proinflammatory cytokines (TNF α, IL-6, IL-

1β), chemokine (MCP-1) and decrease in the levels of anti-inflammatory cytokine (IL-10) 

in the HG treated group. However, there are multiple mechanisms by which these 

proinflammatory mediators are released (Westermann et al., 2006; Zhao et al., 2017) and 

thus elicit a detrimental inflammatory response in the myocardium. 

We focussed on the TLR4/MyD88/MAPK/NLRP3 pathway to elucidate in detail 

the cascade of inflammatory processes. TLRs are membrane anchored protein receptors 

that are present in a wide range of cells including cardiomyocytes (Mohammad et al., 

2006). They are the members of pattern recognition receptors which play an essential 

role in initiating cardiac innate immune response (Yu and Feng, 2018). TLRs are capable 

of responding to both pathogen associated molecular patterns and damage associated 

molecular patterns (Satoh et al., 2006). Some of the ligands of TLRs include high mobility 
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group B1, advanced glycation end products, necrotic cells and extracellular matrix 

components (Tsan and Gao, 2004). Since TLR4 is the most widely expressed TLRs in the 

myocardium, we analysed whether the TLR4 pathway had any role in triggering 

inflammation during DCM. The exact and the precise role of TLR4 in the diabetic scenario 

is scanty except their role in the  regulation of lipid accumulation in the heart of type 1 

diabetic mice  (Dong et al., 2012) and  TLR4/MyD88 upregulation in high fat diet induced 

obese mice (Ko et al., 2009). Also it was found that absence of TLR4 reduced 

atherosclerosis in mice deficient in apolipoprotein B (Michelson et al., 2004). The TLR4 

is known to mediate the downstream signalling events via two routes depending on the 

adapter proteins MyD88 or TRIF (Premkumar et al., 2010).  A significant upregulation of 

TLR4/MyD88 pathway in H9c2 cells has been observed in this study suggesting that 

during diabetes MyD88 mediated TLR4 activation is occurring. Further, MyD88 facilitates 

the recruitment of IL-1R associated kinase (IRAK1) and TNFR-associated factor (TRAF) 

(Kawai and Akira, 2006). This induces the proteasomal degradation of NFkB inhibitors 

like IkB thus leading to the translocation of NFkB to the nucleus (Kawai and Akira, 2006). 

It can thus be proposed that excess glucose can act as a ligand for these receptors during 

diabetes.  

Activation of TLR4 stimulates the major intracellular signalling pathways: MAPK 

pathways. MAPKs include ERK1/2 (extracellular signal regulated kinase, JNK (c-Jun N-

terminal protein kinase) and p38 MAPK. Interestingly all the three MAPK pathways 

were found to be simultaneously upregulated in HG treated H9c2 cells also. It has been 

reported that any one of the MAPK pathways are activated during insulin resistance and 

heart failure (Zhao et al., 2015; Thandavarayan et al., 2015, Pan et al., 2014). Out of the 

three MAPKinases the p38 MAPK has been known to play an essential role in the 

pathophysiology of diabetes (Westermann et al., 2006; Thandavarayan et al., 2009). In 

particular, the p38 MAPKα inhibition has prevented the detrimental effects of 

inflammation in the heart (O'Keefe et al., 2007). Whereas another isoform of p38 MAPK 

.i.e. p38 MAPKβ is antiapoptotic for cardiomyocytes (Zhao et al., 2015). The consequence 

of the persistent activation of p38 MAPK is cardiomyocyte apoptosis (Oh et al., 2014) and 

hypertrophy (Maillet et al., 2013). The JNK pathway is seen to be activated in cardiac 

myocyte apoptosis and DCM according to certain reports (Vaishnav et al., 2011). The 

potent inducers of JNK signalling include oxidative stress and various proinflammatory 

cytokines. Activation of the JNK pathway results in increased ROS production, ER stress, 
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interstitial fibrosis and apoptosis (Jia et al., 2018). Similarly many others have reported 

that elevated ERK1/2 signalling is associated with obesity and insulin resistance 

associated cardiac dysfunction (Jia et al., 2018; Zhang et al., 2001)). However, the 

activation of ERK1/2 signalling is generally associated with growth, proliferation, and 

survival of cells (Mutlak and Kehat, 2015).   Activation of MAPK causes phosphorylation 

and activation of various transcription factors like GATA-4 and NFКB thereby eliciting 

adverse biological responses.  

As mentioned earlier left ventricular hypertrophy and myocardial fibrosis are the 

two prominent manifestations of DCM (Jia et al., 2018). Fibrosis was earlier confirmed in 

the cardiomyopathic heart in male wistar rats (Refer Chapter 4 for details). Hypertrophy 

was confirmed by the release of surplus ANP (Anupama et al., 2018) and low levels of 

ST2L in the in vitro model. 

But the detailed molecular mechanisms leading to these pathological events 

during diabetes need to be elucidated. Various pathways were investigated in this study. 

First we began with TNNI3K. It was already seen that the levels of TNNI3K were increased 

in the diabetic rats. So here we checked the levels of the same in the in vitro model and it 

was observed that the expression was higher in HG treated H9c2 cells also. TNNI3K is a 

protein whose overexpression in neonatal rat ventricular myocytes (Wang et al., 2011) is 

known to induce cardiac hypertrophy (Tang et al., 2013).  However, the function of this 

protein is poorly understood and needs to be studied in detail. However by inhibition 

with MAPK their levels were found to be unchanged. Based on this we have hypothesized 

that this protein being a MAPKKK might be acting upstream of the MAPK (JNK, ERK and 

p38 MAPK) and phosphorylating any of the MAPKs. But whether they have any direct role 

in phosphorylating the MAPK or activating any of the downstream targets studied here 

need to be further investigated in detail. This is the first report suggesting a link between 

TNNI3K and the various downstream proteins like GATA-4, TxNIP, and NLRP3. Since the 

increased activity of TNNI3K is associated with cardiac hypertrophy, this can be 

considered as a potential target for exploration in DCM. 

In order to conduct a detailed investigation on the role of MAPK in the genesis 

of cardiac hypertrophy and fibrosis during DCM, we checked the expression levels of 

various proteins (OGlcNAc, ST2L, TxNIP, NLRP3, GATA-4 and pGSK-3β) from different 

pathways using MAPK inhibitors.  GATA-4 which is expressed in the adult heart belongs 

to a zinc finger family of highly conserved group of transcription factors with an essential 
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role in cardiac hypertrophy (Jia et al., 2018).  Also the ERK signalling cascade is known to 

induce myocardial hypertrophy via the phosphorylation of GATA-4 at Ser 105 (Liang et 

al., 2001). The target genes of the GATA-4 transcription factor include genes that induce 

hypertrophy like myosin light chains, ANP, BNP, cardiac troponin C, cardiac troponin I 

and TNNI3K (Molkentin, 2000). The GATA-4 levels are upregulated in the heart in 

response to stress like pressure overload (Morimoto et al., 2000). The total GATA -4 levels 

were found to be upregulated in heart of diabetic rats in the present study (please refer 

chapter 4 for details). To confirm this in vitro, we checked the GATA-4 expression levels 

with and without MAPK inhibitors in the cytosolic fraction of H9c2 cells. The GATA-4 

levels were found to be downregulated in the cytosolic fraction of HG treated H9c2 cells 

suggesting that most of the GATA-4 has translocated into the nucleus. But during 

inhibition the same was found to be upregulated. It is known that GATA-4 levels are 

negatively regulated by GSK-3β. Phosphorylation of GSK-3β results in the nuclear import 

of GATA-4 protein (Jia et al., 2018). GSK-3β inhibition by alpha adrenergic stimulation 

results in translocation of GATA-4 into the nucleus (Ku et al., 2011). In the hyperglycemic 

cells there was an increased phosphorylation of pGSK-3β. Interestingly upon inhibition 

of MAPK pathways the levels of pGSK-3β were found to be downregulated.  This shows 

that MAPKinases have direct influence on  pGSK-3β/GATA-4 axis. Cardiac troponin is one 

of the target genes of GATA-4. It has been reported that hypertrophic cardiomyopathy 

occurs as a result of mutations in cardiac troponin I gene (Murakami et al., 2010). In our 

study also, troponin levels were found to be very high. The high amount of troponin in 

serum is an indicator of cardiac contractile dysfunction. Thus the reduced myocardial 

contractility during diabetes might be attributed to the phosphorylation of the troponin 

gene by GATA-4 transcription factor. The behaviour of GATA-4 and pGSK -3β reveal they 

are dependent on MAPK during diabetic cardiomyopathy. 

The hexosamine biosynthetic pathway is another well-known inducer of fibrosis 

and hypertrophy (Jia et al., 2018). The protective effect of hexosamine pathway lies in its 

ability to reduce calcium entry into the cytoplasm post-ischemia (Champattanachai et al., 

2007).  UDP-N acetylglucosamine (UDP-GlcNAc), the end product of this pathway serves 

as a precursor of O-GlcNAc (β-O-linkage of N-acetylglucosamine). O-GlcNAc is a 

carbohydrate which modifies the serine and threonine residues on many nuclear and 

cytoplasmic proteins. Proteins like calmodulin dependent protein kinase II and 

phospholamban are modified by O-GlcNAc which causes alterations in myocardial 
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contractility (Ducheix et al., 2018).  In this study also, the expression of O-GlcNAc was 

found to be significantly higher in HG treated H9c2 cells. Surprisingly the inhibition of the 

MAP kinases significantly downregulated the levels of OGlcNAc in hyperglycemic H9c2 

cells. This further implicates the relationship between the MAPK and hexosamine 

biosynthetic pathway with cardiac fibrosis and hypertrophy. The critical role played by 

OGlcNAc in the inflammation induced DCM remains largely unexplored.  

NLRP3 plays an important role in eliciting an inflammatory response through an 

inflammasome complex in the heart. NLRP3 inflammasome complex formation leads to 

apoptosis in the cardiomyocytes and conversion of inactive forms of pro-IL1β and pro -

IL18 to their active forms (Luo et al., 2014). Our study also observed an upregulation of 

NLRP3 expression levels in HG treated H9c2 cells. The inhibition of all the three MAPK 

pathways showed a downregulation of NLRP3 protein. In addition, many molecules have 

been recently identified to act as potential direct ligands of NLRP3 in addition to high 

glucose and fatty acids (Fuentes-Antrás et al., 2014).  One among them is the TxNIP that 

is involved in the oligomerization of NLRP3 inflammasome complex.  TxNIP levels were 

found to be upregulated in the HG treated cardiomyocytes. Also, the MAPK inhibitor 

groups showed a decreased expression of TxNIP suggesting the role of the MAPK 

pathways in activating the inflammasome complex.  

Another novel biomarker of cardiac stress mediated hypertrophy and fibrosis is 

the ST2 receptor (ST2L). ST2L belongs to the toll like receptor superfamily (Kakkar and 

Lee, 2008). ST2 isoforms undergo alternative splicing to form different variants including 

a transmembrane form (ST2L) and a soluble form (sST2). The soluble form has recently 

been considered as a valuable biomarker of heart failure (Bayés-Genis et al., 2018). The 

ST2L serves as a receptor for the ligand interleukin-33 (IL-33) and the IL-33/ST2L axis 

is thought to have a cardioprotective role that reduces cardiac hypertrophy, fibrosis and 

remodeling. But sST2 acts as a decoy receptor for IL-33 under pathological situations 

(Iwahana et al., 1999). This prevents the binding of IL-33 to ST2L.  Studies on sST2 and 

ST2L are very limited. Hence we have investigated the status of ST2L during diabetic 

cardiomyopathy and whether the inhibition of either the JNK / ERK / p 38 MAPK had any 

effect on the expression of this particular receptor which is considered to be a promising 

molecular target. In the HG group there was a significant downregulation of this receptor 

and inhibition of MAPK also showed a downregulation indicating that MAPKinases have 

no role in activating the IL-33/ST2L axis. 
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The liberation of pro-inflammatory cytokines converge towards the activation of 

the transcription factor NFКB (Zhao et al., 2017). Once activated, NFКB is translocated 

into the nucleus and triggers gene expression that causes the release of proinflammatory 

mediators like TNF-α, IL-6 and ICAM.  However in the present investigation during DCM 

the NFКB was found to translocate into the nucleus of HG treated H9c2 cells. Moreover 

the canonical pathway involving the phosphorylation of IКB is activated during 

hyperglycemia as evidenced by the increased levels of the same in our in vitro model. All 

these events are expected to amplify the various processes of inflammation during DCM.  

mTOR is a serine threonine kinase belonging to the phosphoinositide kinase-

related kinase (PIKK) family. mTOR makes contact with specific adaptor proteins and 

forms two distinct macromolecular complexes, called mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2). The regulatory subunits of mTORC1 are Raptor and mLST8 

(Kim et al., 2002). mTORC1 activation is involved mainly in regulating cell growth by 

increasing protein, lipid and nucleotide synthesis. mTOR activation under chronic stress 

conditions leads to many detrimental effects leading to pathological hypertrophy, 

unfolded protein accumulation and energy stress (Sciaretta et al., 2018). It is now known 

that the mTOR pathway also controls other important cellular processes, like 

mitochondrial biogenesis and autophagy (Cunningham et al., 2007). However, complete 

deregulation of mTOR signalling can lead to the development of several pathologies, such 

as cancer, metabolic syndrome and cardiovascular diseases. It has been reported that 

ERK pathway leads to the activation of the m TOR (Du et al., 2016). In our study we have 

obtained an increased levels of pmTOR and Raptor levels indicating that the mTORC1 

complex is activated. The ERK pathway activated in the heart during the diabetic 

condition might be responsible for the upregulation of the mTORC1 complex. Moreover 

the elevated levels of PPAR α which is responsible for increased fatty acid synthesis in 

the myocardium might also be the consequence of mTORC1 activation. Thus during DCM 

another pathway involving ERK/m TORC1/ PPAR α is triggered.   

Studies indicate that mTOR has both adaptive and maladaptive functions in the 

heart.  The heart fails to develop compensatory cardiac hypertrophy in response to stress 

in studies involving genetic ablation of both mTORC1 and mTORC2 (Sciaretta et al., 2014). 

In addition many studies conducted on mouse models have proved that mTOR signalling 

plays an essential role in regulating the development of the cardiovascular system and in 

maintaining cardiovascular integrity under normal conditions (Ramos et al., 2012). 
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Hence it has been found that cardioprotection is enabled by partially inhibiting mTORC1 

in the heart. Partial inhibition reduced accumulation of misfolded proteins, and activated 

autophagy (Sciaretta et al., 2018). This highlights the importance of partially inhibiting 

mTORC1 and which may be considered as a potential therapeutic target against 

cardiovascular diseases. 

The major upstream regulators of the mTORC1 pathway are the Akt and AMPK 

pathways. Akt is another serine threonine kinase which plays an essential role in glucose 

homeostasis and cell proliferation (Xie et al., 2019). Nutrient rich conditions favour the 

activation of the Akt pathway under normal conditions. There are three isoforms of Akt: 

Akt1, Akt2, and Akt3. Akt1 is the isoform that is present in the heart (Xie et al., 2019). The 

phosphorylation of Akt at Ser 473 is required for the complete activation of Akt. Usually 

mTORC1 activation is mediated by Akt. However in our study due to insulin resistance 

there is an inhibition of Akt signalling pathway. The levels of pAkt were lowered and the 

levels of pPTEN, an inhibitor of Akt pathway were increased in the HG treated group. This 

suggests an overall deactivation of the Akt pathway. The stress induced kinases like ERK 

and JNK phosphorylate the insulin receptor substrate (IRS) at serine residue thereby 

blocking tyrosine phosphorylation and insulin signalling. The cause of insulin resistance 

in our study also might be due to the low grade inflammatory state created by the 

activation of MAPK which might then inhibit Akt signalling in the diabetic myocardium.   

However one of the glycolytic enzyme hexokinase was upregulated in the diabetic group. 

This might be attributed to the increased mTORC1 complex activation which has the 

capability to induce glycolysis.  

Several anti-inflammatory compounds like cannabidol (Westermann et al., 2006), 

caffeic acid and rosuvastatin (Luo et al., 2014) were proved to be beneficial for the 

treatment of DCM. In spite of many efforts taken to develop treatment against DCM none 

of them have found to be effective in clinical set up. So nowadays research is targeted 

towards identifying new anti-inflammatory molecules for DCM. CiA which is already 

reported to have anti-inflammatory activity in various systems also showed the same 

here also. CiA prevented the activation of the TLR4/MyD88 pathway and also inhibited 

the MAPKinases in H9c2 cells. It also lowered the levels of pGSK-3β, GATA-4 and 

upregulated the levels of ST2L ensuring cardioprotection. The levels of O-GlcNAc are also 

lowered with CiA treatment suggesting its anti-fibrotic and anti-hypertrophic property. 

In addition, CiA inhibited the NLRP3 inflammasome activation and NFКB translocation.  
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Also, CiA improved the insulin signalling by Akt and inhibited the mTORC1 complex. From 

the analysis of these results we strongly believe that the non-toxic nature and the anti-

inflammatory potential of CiA contribute immensely to its beneficial effects in addition to 

its antioxidant activity reported in our previous study (Anupama et al., 2018).  

Overall results conclude that the inflammatory response in DCM might be elicited 

by MyD88 dependent TLR4 mediated NLRP3 inflammasome activation via the MAPK 

pathway. The results of this research reveal the importance of MAPK inhibitors in the 

development of drugs against DCM. The efficacy of CiA and metformin against DCM is also 

visible in this study and could be evaluated further in appropriate models for 

development of nutraceuticals or drugs. 
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                Chapter 6 

Summary and Conclusion 
 

DCM accounts for about 12 % of the total T2DM patients. Since this is a 

considerably high proportion attention has to be given to find out the exact reasons 

behind the development of DCM. Two experimental models have been used in this study. 

In in vitro model H9c2 cells were incubated in 33 m M glucose for 48 hrs. High fat high 

fructose fed male wistar rats were used for in vivo study.  

 In our study we have demonstrated that inflammation plays an essential role in 

the progression of DCM. Inflammation is an initial response to any injury. Here we have 

initially observed an upregulation of the Myd88 dependent TLR4 mediated NLRP3 

inflammasome activation via MAPKinases (JNK, ERK, p38 MAPK) in vitro and in vivo. Thus 

glucose might be acting as a ligand for the TLR. Simultaneously there was an activation of 

MAPK mediated pGSK-3β/ GATA-4 axis and hexosamine signalling (O-GlcNAc). Various 

proinflammatory mediators like cytokines (TNF-α, IL-6, IL-1β), chemokines (MCP-1) and 

adhesion molecules (ICAM) were released in response to activation of inflammatory 

pathways. Also the levels of anti-inflammatory cytokine IL-10 were found to be reduced 

during DCM. These inflammatory pathways will lead to apoptosis, hypertrophy and 

fibrosis. Apoptosis was confirmed by H & E staining of heart tissue, increased levels of 

caspase-3, Bax which is a pro-apoptotic protein and reduced levels of anti-apoptotic 

protein Bcl2 in in vitro model.  Increased levels of ANP, BNP, TNNI3K, TGF-β and β-MHC 

and diminished levels of ST2L receptor indicate hypertrophy and fibrosis was confirmed 

with van-Gieson staining of heart tissue and increased levels of O-GlcNAc.  

Meanwhile another pathway involving mTOR was also upregulated during 

hyperglycemia in H9c2 cells. mTORC1 complex activation (mTOR and Raptor) was also 

associated with detrimental effects like hypertrophy, insulin resistance and increased 

fatty acid oxidation. The activation of mTORC1 complex might be attributed to the 

upregulation of ERK pathway which is usually associated with adaptive mechanisms in 

the heart. Moreover there was an increased translocation of PPAR α into the nucleus 

which is responsible for fatty acid oxidation. Hence the substrate shift of the myocardium 

towards fatty acids was also confirmed in this study. Also, the levels of cardiac injury 
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markers like troponin, TNNI3K, ANP, BNP and CRP were upregulated in the diabetic 

heart.   

The activation of the inflammatory pathways might be responsible for the 

remaining molecular events happening in the myocardium like alterations in redox 

homeostasis and mitochondrial dysfunction in our in vitro model. In our study oxidative 

stress was confirmed by increased reactive oxygen species generation, reduction in the 

activity of antioxidant enzymes like SOD and glutathione peroxidase and reduced levels 

of glutathione. Further oxidative stress was confirmed with lipid peroxidation and 

protein carbonyl content. Cardiomyocytes need more energy and hence it is equipped 

with abundant mitochondria. Any dysfunction in mitochondria would adversely affect the 

proper functioning of the heart. In the present study also high glucose altered 

mitochondrial function. It affected mitochondrial dynamics, transmembrane potential, 

electron transport chain and ATP synthesis. Alterations in mitochondrial dynamics was 

observed with increased mitochondrial fission and reduced fusion which was confirmed 

by overexpression of fission proteins like DRP1 and FIS1 and downregulation of fusion 

proteins like MFN1 and OPA1. Mitochondrial membrane potential which is an indicator 

of the mitochondrial membrane integrity was found to be dissipated in the high glucose 

treated group. Any change in the membrane potential would affect the calcium entry into 

mitochondria that is required for ATP synthesis. Also the activities of complex 4 and ATP 

synthesis were severely affected in the hyperglycemic group. Mitochondria is a major 

source of ROS during pathological situation. Increased mitochondrial superoxide 

production was obeserved in the high glucose treated H9c2 cells.  Maintaining a proper 

calcium homeostasis is essential for cardiac contraction. However in our study altered 

calcium homeostasis was observed with increased cytosolic calcium levels as well as 

downregulation of MCUR1 (mitochondrial cacium uniporter). The levels of sorbitol which 

is an intermediate in the polyol pathway were also found to be elevated in high glucose 

treated H9c2 cells. 

The phytochemical CiA and positive control metformin were also evaluated 

against the pathophysiology associated with DCM. CiA is a low toxicity compound which 

exhibited cardioprotective properties according to our study. The antioxidant enzyme 

status was found to be restored by CiA. There was an increase in the activity of SOD, GPx 

and total antioxidant enzyme and elevated levels of glutathione in CiA treated group. 

Other oxidative stress markers like lipid peroxides and protein carbonyl were reduced 
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by treatment with CiA. It was also effective in preserving the mitochondrial function by 

increasing mitochondrial fusion, preventing the dissipation of mitochondrial membrane 

potential and reducing mitochondrial superoxide production. Complex IV activity and 

ATP synthesis were also improved by treatment with CiA. CiA treatment also reduced the 

levels of sorbitol (polyol pathway) and downregulated the expression of O-GlcNAc 

(hexosamine pathway). CiA was also effective in maintaining calcium homeostasis by 

reducing intracellular calcium levels and upregulating the expression of MCUR1. Finally, 

CiA also exhibited anti-inflammatory property. It prevented the MyD88 mediated TLR4 

activation. It also prevented the activation of NLRP3 inflammasome complex via 

inhibition of the MAPK pathways. The levels of proinflammatory mediators were also 

reduced by CiA treatment. Lastly CiA treatment downregulated the m TORC1 complex 

activation and prevented PPAR a translocation levels. Thus, the overall results reveal the 

complex mechanisms that contribute to the etiology of DCM. CiA can be considered as a 

cardioprotective drug.    

Fig. 6.1 Schematic representation of inflammatory signalling pathways during DCM and proposed 

mechanism of the action of CiA  
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Diabetic cardiomyopathy (DCM) related health issues are increasing day by day in our 
public health. So researchers are sharpening their focus to the various molecular 
mechanisms underlying in this area. The present study aims to elucidate in detail the 
various inflammatory pathways, mitochondrial dysfunction, alterations in redox 
homeostasis. We have employed both in vitro and in vivo models in our study. The H9c2 
cells were incubated with 33 mM glucose for 48 hrs to simulate the diabetic condition. 
Male wistar rats fed with a high energy diet with a single dose of streptozotocin (25 
mg/kg bwt) were used as in vivo models. We have observed that the hyperglycemic insult 
has significantly affected redox homeostasis via depletion of superoxide dismutase, 
glutathione and enhanced reactive oxygen species generation in high glucose treated 
H9c2 cells. It also caused dysregulation in mitochondrial dynamics (fusion, fission 
proteins), dissipation of mitochondrial transmembrane potential, elevated mitochondrial 
superoxide production and increased sorbitol accumulation. Since myocardial 
inflammation plays an essential role in the progression of DCM, we have focussed on 
inflammation in the Chapters 4 and 5. During DCM, there was an upregulation of NLRP3 
inflammasome complex via MyD88 dependent TLR4 signalling pathway in both in vitro 
and in vivo models. The TLR4 pathway mediated the downstream intracellular signalling 
mechanisms involving MAPKinases, pGSK-3β, GATA-4 axis and O-GlcNAc.  In addition the 
inhibition of the three MAPKinases (pJNK, pERK and pp38 MAPK) in H9c2 cells 
attenuated the expression of the pGSK-3β/GATA-4 axis and O-GlcNAc levels suggesting a 
MAPK dependent inflammatory mechanism. There was an overexpression of TNNI3K and 
downregulation of ST2L during diabetes. Finally, apoptosis was observed with 
upregulation of BAX, activation of caspase-3 and downregulation of BCL-2. Cinnamic acid 
(CiA) and metformin were effective against inflammation, preserved mitochondrial 
function and maintained redox status during DCM.  Thus, CiA was found as a potential 
bioactive for DCM.  
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A B S T R A C T

Several mechanisms have been proposed for the heart dysfunction during hyperglycemia. The aim of the present
in vitro study is to elucidate the role of alterations in redox homeostasis in the induction of apoptosis during
hyperglycemia in H9c2 cells via dysfunction in mitochondria and polyol pathway and evaluation of the bene-
ficial effect of cinnamic acid against the same. The H9c2 cells were incubated with 33mM glucose for 48 h to
simulate the diabetic condition. Cell injury was confirmed with a significant increase of atrial natriuretic peptide
and lactate dehydrogenase release. Alterations in the innate antioxidant system, polyol pathway, mitochondrial
integrity, dynamics and apoptosis were investigated. Hyperglycemic insult has significantly affected redox
homeostasis via depletion of superoxide dismutase, glutathione and enhanced reactive oxygen species genera-
tion. It also caused dysregulation in mitochondrial dynamics (fusion, fission proteins), dissipation of mi-
tochondrial transmembrane potential and increased sorbitol accumulation. Finally, apoptosis was observed with
upregulation of Bax, activation of caspase-3 and downregulation of Bcl-2. Cinnamic acid cotreatment increased
the innate antioxidant status, improved mitochondrial function and prevented apoptosis in H9c2 cardiomyo-
blasts. Moreover, this in vitro model is found to be ideal for the elucidation of mechanisms at the cellular and
molecular level of any physiological, pharmacological and toxicological incidents in H9c2 cells.

1. Introduction

The effect of high-glucose (HG) concentration on heart function is
debatable. Exposure to HG has been reported to diminish ischemic in-
jury in isolated perfused hearts (Balteau et al., 2011). However, a more
recent and large randomized trial questioned this result and failed to
establish any beneficial effect of HG on mortality. Several lines of evi-
dence indicate that hyperglycemia results in toxic effects in several cell
types including cardiomyocytes (Kawahito et al., 2009). Hyperglycemia
is a significant factor in cardiovascular damage, exerting its effects
through multiple pathways including activation of oxidative stress,

protein kinase C, glycation, hexosamine and polyol pathways (Preetha
Rani et al., 2018). Oxidative stress, a significant cause of diabetic
complications (Kain et al., 2011), results when there is an excess pro-
duction of reactive oxygen species (ROS) relative to the levels of anti-
oxidant enzymes and antioxidants (Kayama et al., 2015). The dimin-
ished endogenous antioxidant defense mechanisms like superoxide
dismutase (SOD), catalase, and glutathione peroxidase or reduced
concentrations of endogenous antioxidants like vitamin E, ascorbic
acid, and glutathione (GSH) can increase the ROS levels (Kayama et al.,
2015). In response to injury, cardiomyocytes release certain biomarkers
such as the natriuretic peptides {atrial natriuretic peptide (ANP) and
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brain natriuretic peptide}, creatine kinase (Liquori et al., 2014), lactate
dehydrogenase (LDH) (Bodor, 2016) etc. These biomarkers are very
important as they can be used to monitor heart function.

Mitochondria are energy regulators in cardiac myocytes and any
dysfunction in mitochondria profoundly affects the heart. Alterations in
mitochondrial transmembrane potential, mitochondrial dynamics, and
overproduction of mitochondrial superoxides are some of the indicators
of mitochondrial dysfunctions. The quality control mechanism in mi-
tochondria is determined by their dynamic nature by which the mi-
tochondria undergo constant fusion and fission. Mitochondrial fusion is
mediated by fusion proteins such as mitofusins (MFN1 and 2) and optic
atrophy 1 (OPA1). Fission protein 1 (FIS1) and dynamin related protein
1 (DRP1) are the main players of mitochondrial fission (Ni et al., 2015).
Fusion and fission processes play a very important role in the main-
tenance of important cellular functions including mitochondrial re-
spiratory activity, apoptosis, and calcium signaling (Rovira-Llopis et al.,
2017). Calcium (Ca2+) plays a very important role in cardiac function
and a normal calcium homeostasis should be maintained for proper
myocyte contraction. The interplay between numerous cellular proteins
maintains Ca2+ cycling in the cell (Marín-García, 2010). Ca2+ also
enters the mitochondria and their main role is to trigger the oxidative
phosphorylation ensuring enough ATP is generated for myocardial
contraction (Brookes et al., 2004). However, in the scenario of in-
creased oxidative stress, this balance is disrupted and there will be an
accumulation of cytoplasmic Ca2+ (calcium overload) which leads to
heart failure.

Polyol pathway is another important mechanism by which hy-
perglycemia induces oxidative stress. It is a two-step process in which
excess intracellular glucose is reduced to sorbitol by aldose reductase
and sorbitol is further metabolized to fructose by sorbitol dehy-
drogenase. This leads to a depletion of NADPH and NAD+ ultimately
impairing the intracellular antioxidant defense mechanism and causing
oxidative stress (Safi et al., 2014; Oates, 2002).

One of the major outcomes of hyperglycemic oxidative stress in the
heart is cardiomyocyte apoptosis (Das et al., 2009). It has been reported
in diabetic animals that cardiomyocyte apoptosis leads to loss of con-
tractile tissue, remodeling and finally dysfunction (Cai et al., 2002). But
the exact mechanisms by which hyperglycemia induces apoptosis in
cardiomyocytes are not yet fully understood. The elucidation of mole-
cular events responsible for cardiac myocyte apoptosis during hy-
perglycemia will be highly exciting for biomedical scientists and car-
diovascular researchers. Since diabetic cardiomyopathy is still an
unmet need for medical fraternity this information will pave a path for
the identification of novel biochemical targets for therapeutic purpose.
Considering the clinical relevance of these data, the identification of
critical pathways linked to apoptosis via hyperglycemia in cardiomyo-
blast is the primary aim of this study. Moreover from this study, a ro-
bust in vitro model is expected to develop for general cardiac toxicity
screening as well as elucidation of mechanisms involved. This will be a
fast and cost-effective method and use of precious test materials, ani-
mals and associated regulatory issues could be minimized.

Extensive research and development have produced many drugs
against diabetes and associated complications. But none of them is ef-
fective for complete recovery. Moreover, some of them have adverse
effects restricting their common use. This has created a search for much
better candidate molecules for diabetes as well as cardiovascular dis-
eases. In consideration of the excellent health-promoting effects, nat-
ural products have been regarded as important drug resources and
served as remedies for thousands of years worldwide. Recent research
has revealed the importance of bioactive from edible spices for the
treatment of lifestyle-related diseases. Cinnamon is a culinary spice
found abundantly in our area. Herein we have selected cinnamic acid
(CiA), a bioactive from cinnamon for evaluation against hyperglycemia-
induced apoptosis in H9c2 cells. It is reported to have antidiabetic
(Lakshmi et al., 2009), cardioprotective (Song et al., 2013), anticancer
(Niero and Machado-Santelli, 2013), anti-inflammatory and antioxidant

properties (Yang et al., 2015). In brief, the present investigation is also
looking for the possible beneficial effect of CiA against hyperglycemia-
induced alterations in H9c2 cells.

2. Materials and methods

2.1. Chemicals and cell culture reagents

Cinnamic acid (CiA) was purchased from Natural Remedies Pvt.
Ltd., Bangalore, India. Fetal bovine serum (FBS), pencillin-streptomycin
antibiotics, trypsin - ethylenediaminetetraacetate (EDTA) and Hanks
balanced saline solution (HBSS) were from Gibco, USA. MitoSOX™ red
and Fura 2-AM were from Invitrogen (Carlsbad, CA, USA). Dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), 2, 7 dichloro dihydro fluorescein diacetate
(DCFH-DA) and 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl- benzimidazol
carbocyanine iodide (JC-1) were from Sigma Aldrich (St. Louis, USA).
Bax and Bcl-2 antibodies were from Cell Signaling Technology (USA).
OPA1, MFN2, DRP1, FIS1 and β-actin were from Santa Cruz, USA. All
other chemicals were of analytical grade.

2.2. Cell culture

H9c2 cardiomyoblasts from American Type Culture Collection
(ATCC) were cultured in Dulbecco's modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), and antibiotics
(100 U/ml of penicillin and 100 μg/ml of streptomycin) in a humidified
incubator with 95% air and 5% CO2 at 37 °C. H9c2 cells mimic most of
the electrophysiological, biochemical and pharmacological properties
of adult primary cardiomyocytes, so this is found to be an ideal model
for in vitro study (Kuznetsov et al., 2015). In order to rule out the effect
of changes in osmolarity, mannitol was used. Cells were allowed to
attain 60% confluence and were treated with high glucose (33mM) for
48 h to simulate hyperglycemia. Cardiac dysfunction was confirmed by
the significant increase of ANP and LDH release. All parameters were
determined after 48 h of incubation of cells with high glucose in the
presence or absence of various doses of CiA in 0.1% DMSO (100 and
500 nM) or metformin (positive control, 1 mM).

2.3. Experimental groups

Experimental groups consist of control (C; 5.5 mM glucose), high
glucose (HG; 33mM glucose), high glucose + metformin (Met; 1 mM),
HG+Cinnamic acid-100 nM (CiA1), HG+Cinnamic acid-500 nM
(CiA2), control + Cinnamic acid-500 nM (C+CiA2 for toxicity eva-
luation).

2.4. Cell viability during experiments was analyzed by MTT assay and LDH
release to the medium

a) MTT assay: The method was carried out as per method of Wilson,
2000. Briefly, 5× 103 cells were seeded in 96 well plates. Cells after
60–70% confluence were treated with different concentrations of
the compound. CiA was dissolved in DMSO and the final con-
centration used was< 0.1% DMSO. The cells were then incubated
for 48 h. After incubation, the medium was removed and cells were
incubated for 4 h with 10mg/ml of MTT, dissolved in serum free
medium (DMEM). Then it was washed with 100 μl phosphate buf-
fered saline (PBS), and 100 μl of DMSO was added, gently shaken for
10min so that complete dissolution was achieved and absorbance
was recorded at 570 nm using the microplate spectrophotometer
(Biotek Synergy 4, USA).

b) LDH release assay: LDH release to the medium was measured using
assay kit (Takara, USA). LDH is a soluble enzyme located in the
cytosol that is released into the surrounding culture medium upon
cell damage or lysis processes. LDH activity in the culture medium
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can therefore be used as an indicator of cell membrane integrity and
thus a measurement of cytotoxicity. After respective treatments,
100 μl of cell culture medium was collected and transferred to 96
well plates. To this LDH reaction solution containing NAD+, lactic
acid, iodonitrotetrazolium (INT) and diaphorase, was added. The
mixture was incubated with gentle shaking for 30min at room
temperature and the absorbance was taken at 490 nm. LDH release
to culture medium was calculated as the percentage of cytotoxicity
of cell.

2.5. Quantification of ANP

ANP was quantified using the assay kit from Elabscience, USA.
Briefly, the trypsinized cells were collected and centrifuged. To 50 μl of
samples, 50 μl of antibody solution was added and incubated for 45min
at 37 °C and washed with buffer. Then it was soaked for 1min in wash
buffer and 100 μl of HRP conjugate solution was added and incubated
for 30min at 37 °C. The solution was aspirated again and 90 μl of
substrate was added and incubated for 15min at 37 °C. Finally 50 μl of
stop solution was added and the absorbance was measured at 450 nm.

2.6. Detection of intracellular ROS generation

Intracellular ROS levels were measured using DCFH-DA (Choi et al.,
2008). After respective treatments, cells were washed with PBS and
then incubated with DCFH-DA for 20min at 37 °C in a humidified at-
mosphere containing 5% CO2. After incubation, cells were washed with
Krebs-Ringer phosphate buffer. DCF fluorescence imaging was done
(Ex.488 nm; Em. 525 nm) to detect the difference in the intensity of
fluorescence.

2.7. Cell based antioxidant studies

For these, H9c2 cells were seeded in 6 well plates at a density of
3× 105 cells per well. At subconfluence, cells were given HG treatment
along with compound and metformin for 48 h.

2.7.1. SOD activity assay
SOD activity was assayed with a commercial kit from Biovision,

USA. Briefly, after protein concentration was determined, samples were
treated with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)

Fig. 1. Cell viability assessment A) H9c2 cells were treated with different concentrations of cinnamic acid (100 nM, 500 nM, 1 μM, 10 μM, 50 μM) and viability was
assessed by MTT assay. B) Cell death in H9c2 cells after treatment with 33mM glucose (high glucose) and amelioration with cinnamic acid or metformin. C) Lactate
dehydrogenase (LDH) release during hyperglycemia with H9c2 cells and the effect of cinnamic acid or metformin. C - control, HG - high glucose treated group, Met -
HG+metformin, CiA1 - HG+ cinnamic acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – control+ cinnamic acid (500 nM). Values are expressed as
mean ± SEM where n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different from HG treated group.
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2H-tetrazolium, monosodium salt, which produces a water-soluble
formazan dye upon reduction with a superoxide anion. After 20min of
incubation at 37 °C, the absorbance was measured at 450 nm.

2.7.2. Estimation of GSH
GSH content was estimated using a kit from Cayman chemicals

(USA). Briefly, after respective treatments, cells were collected and
homogenized on ice in cold buffer and centrifuged at 10000 x g for
15min at 4 °C. The supernatants were collected and deproteinized. To
that 50 μl of sample and standard were added. Freshly prepared assay
cocktail mixture was added to the samples and standard in each well
and incubated at 37 °C for 25min. GSH concentration was measured by
end point method at 405 nm.

2.7.3. Total antioxidant assay
Total antioxidant activity of the samples was assayed using kit from

Cayman chemicals (USA). This assay is based on the ability of anti-
oxidants in the sample to inhibit the oxidation of 2, 2-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS*) to reduced ABTS**+ by
metmyoglobin. The amount of ABTS**+ produced was monitored by
measuring absorbance at 405 nm. After respective treatments, cells
were collected by centrifugation at 2000 x g for 10min at 4 °C. The
pellets were sonicated on ice in 1–2ml of cold buffer and further cen-
trifuged at 10000 x g for 15min at 4 °C. The supernatant was collected.
To 10 μl of sample, 10 μl of metmyoglobin and 150 μl of chromogen
were added. The reactions were initiated by adding 40 μl of hydrogen
peroxide working solution to each wells. The wells were incubated for
5min at room temperature and the absorbance was measured.

2.7.4. Estimation of thiobarbituric acid reactive substances (TBARS)
Oxidative stress in the cellular environment results in the formation

of highly reactive and unstable lipid hydroperoxides. Lipid peroxidation
was estimated with TBARS assay kit (Himedia, India). TBARS assay
measures the levels of malondialdehyde present in the sample. Briefly,
cells were collected and sonicated for 5 s. 100 μl of sample and standard
were added to the labeled tubes. To that 100 μl of sodium dodecyl
sulfate (SDS) and 4ml coloring reagent were added. The tubes were
then kept in a water bath and boiled for 1 h and were then placed on an
ice bath for 10min to stop the reaction. After incubation, it was then

centrifuged for 10min at 1600 x g at 4 °C and incubated at room
temperature for 30min. From this 150 μl of samples were transferred to
the plate and the absorbance of the colored product was measured at
530 nm.

2.7.5. Estimation of protein carbonyls
Protein carbonyl content was determined using a kit from Cayman

chemicals (USA). After respective treatments, cells were collected and
homogenized on ice in cold buffer. Then the homogenized samples were
centrifuged and supernatants were collected. To 200 μl of sample 800 μl
of 2, 4 dinitrophenylhydrazine (DNPH) and 800 μl of HCl were added.
After incubation in the dark for 1 h 1ml of 20% trichloroacetic acid
(TCA) was added followed by centrifugation. The pellet was re-
suspended in 1ml of 10% TCA. After centrifugation again the pellet was
collected and resuspended in ethanol/ethyl acetate mixture and cen-
trifuged for 10min. This step was repeated 2 more times. Finally, the
protein pellets were resuspended in 500 μl of guanidine hydrochloride
and centrifuged to remove any debris. Then the absorbance was mea-
sured at 360 nm.

2.8. Studies on mitochondria

2.8.1. Mitochondrial transmembrane potential (ψm)
Alteration in ψm was detected using JC-1 mitochondria staining kit

that uses JC-1, a cationic fluorescent dye. Briefly, the cells were seeded
in 96-well black plate at a density of 5× 103 for treatment. In normal
cells, due to the electrochemical potential gradient, the dye is con-
centrated in the mitochondrial matrix, where it forms red fluorescent
aggregates (JC-1 aggregates). Any event that dissipates the mitochon-
drial membrane potential prevents the accumulation of JC-1 dye in the
mitochondria, and thus the dye is dispersed throughout the entire cell
leading to a shift from red (JC-1 aggregates) to green (JC-1 monomers).
The cells after respective treatments were incubated with JC-1 stain for
20min. The stain was washed off with HBSS and examined under the
spinning disk imaging system (BD, USA). The fluorescence was mea-
sured at 490 nm excitation and 530 nm emission wavelengths for JC-1
monomers, and for aggregates, the wavelengths were set at 525 nm for
excitation and 590 nm for emission.

2.8.2. Mitochondrial superoxide production
Changes in mitochondrial superoxide production were monitored

using MitoSOX™ red. The cells were seeded in 96-well plate at a density
of 5× 103 for experiment and subjected to treatments. The solution of
MitoSOX™ in Hanks buffered saline solution (HBSS) was added to cells
and incubated at 37 °C for 15min. Cells were then washed with HBSS
and processed for imaging at excitation/emission range of 514/580 nm.

2.8.3. Expression of mitochondrial fission and fusion proteins
The expression of mitochondrial fission and fusion proteins was

determined at protein levels by western blotting (please see Section
2.12 for details).

2.9. Detection of intracellular calcium levels by Fura 2 AM

Intracellular calcium was detected by staining the cells with Fura-2
AM (Robinson et al., 2004). For this, cells were washed three times with
HBSS and the images were visualized using the spinning disk imaging
system at an excitation of 340 nm and emission of 510 nm.

2.10. Detection of apoptosis

2.10.1. Caspase-3 fluorimetry assay
Analysis of apoptosis was done by caspase-3 fluorimetry assay kit

(Biovision, USA). Briefly, the cells were resuspended in chilled lysis
buffer. Cells were incubated on ice for 10min. 50 μl of reaction buffer
was added to each sample and to it 1 mM (Asp-Glu-Val-Asp)- 7-amino-

Fig. 2. Quantification of atrial natriuretic peptide (ANP) during hyperglycemia
H9c2 cells were treated with high glucose (33mM) for 48 h in the presence or
absence of various concentrations of cinnamic acid or metformin. C - control,
HG - high glucose treated group, Met - HG+metformin, CiA1 - HG+ cinnamic
acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – con-
trol+ cinnamic acid (500 nM). Values are expressed as mean ± SEM where
n= 6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05
significantly different from HG treated group.
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4-trifluoromethylcoumarin (DEVD-AFC) substrate was added and in-
cubated for 1 h. Fluorescence was measured at excitation wavelength of
405 nm and emission of 505 nm.

2.10.2. Flow cytometric analysis with annexin V/PI
Apoptotic cells were quantified by flow cytometry (BD FACSARIA)

using annexin V-FITC apoptosis detection kit from Biovision (USA). For
cytometry analysis, the cells were resuspended in 500 μl of 1X binding
buffer and to this, 5 μl of annexin V-FITC was added. Then 5 μl of
propidium iodide was added and incubated at room temperature for
5min in dark. Annexin V-FITC binding was analyzed by flow cytometry
(Ex=488 nm; Em=530 nm) using FITC signal detector {fluorescence
1 (FL1)} and PI staining by the phycoerythrin emission signal detector
{fluorescence 2 (FL2)}.

2.10.3. Detection of pro-apoptotic and anti-apoptotic protein expression
Expression of pro-apoptotic protein BAX and anti-apoptotic protein

BCL-2 was determined by western blot analysis (please see Section 2.12
for details).

2.11. Detection of sorbitol levels

Sorbitol levels were determined as per manufacturer's protocol
(Biovision, USA). Initially, a working solution of sorbitol standards
(1 mM) was prepared using the stock solution provided in the kit.
Standards (including reaction blanks) were pipetted into wells of a 96-
well microtitre plate to generate 0, 2, 4, 6, 8 and 10 nmol/well by di-
lution in assay buffer. 50 μl of protein samples were pipetted into the
wells. This was followed by addition of 50 μl of reaction mixture (en-
zyme mixture, developer and probe diluted in assay buffer) to all wells
and incubated at 37 °C for 30min. The absorbance was read at 560 nm
and sorbitol concentration was calculated.

2.12. Western blotting

Protein was extracted from cell lysates using ice-cold radio-
immunoprecipitation assay (RIPA) buffer containing protease inhibitor
cocktail (Sigma Aldrich, USA). After incubation at 4 °C for 1 h, with
constant agitation to ensure complete lysis, the cell suspension was
centrifuged at 12,000 rpm for 15min at 4 °C and the supernatant was

Fig. 3. Effect of cinnamic acid on reactive oxygen
species generation in H9c2 cells- H9c2 cells were
treated with high glucose (33mM) for 48 h in the
presence or absence of various concentrations of
cinnamic acid or metformin. A) Reactive oxygen
species accumulation in various groups determined
by DCFH-DA staining; the representative images of
ROS- induced fluorescence. (a) control, (b) high
glucose treated group (HG), (c) HG+metformin, (d)
HG+ cinnamic acid (100 nM), (e) HG+ cinnamic
acid (500 nM), (f) control+ cinnamic acid (500 nM).
Scale bar corresponds to 100 μm. B) Relative fluor-
escent intensity of the fluorescent images. C - con-
trol, HG - high glucose treated group, Met -
HG+metformin, CiA1 - HG+ cinnamic acid
(100 nM), CiA2 - HG+ cinnamic acid (500 nM),
C+CiA2 – control + cinnamic acid (500 nM).
Values are expressed as mean ± SEM where n=6.
* p≤ 0.05 significantly different from the control
group. # p≤ 0.05 significantly different from HG
treated group.
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collected. Protein content in the supernatant was quantified using the
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA) in
accordance with the manufacturer's instructions. Proteins extracted
using RIPA buffer were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene difluoride (PVDF) membranes using turbo trans blot appa-
ratus (BD Bioscience, USA). The membrane was blocked with 5%
skimmed milk in TBST for 1 h at room temperature. The membrane was
washed 3 times in TBST for 10min each. The membranes were probed
with antibodies against OPA1, MFN2, FIS1, DRP1, Bax, Bcl-2 and β
actin followed by incubation with HRP conjugated secondary anti-
bodies. After washing, the membrane was developed using Clarity ™
Western ECL Substrate (BIO-RAD, USA). The immunoblot images were
analyzed in ChemiDoc XRS system (BIO-RAD, USA) using Image Lab
software.

2.13. Statistical analysis

Data are presented as mean ± standard error of mean (SEM) for the
control and experimental groups (n=6). Data were subjected to one-
way analysis of variance (ANOVA) and the differences among the
means for the groups were assessed using Duncan's multiple range tests
using SPSS for Windows standard version 7.5.1 (SPSS, Inc), to de-
termine which mean values were significantly different at p≤ 0.05.

3. Results

3.1. Effect of CiA on cell viability

In order to select an ideal dose of CiA, cell viability was checked
with 100 nM, 500 nM, 1 μM, 10 μM and 50 μM of the same and we se-
lected 100 nM and 500 nM based on the results (For data please see
Fig. 1a).

3.2. Effect of CiA on HG induced cell death

Incubation of H9c2 cells with 33mM glucose (HG) caused 24% cell
death for 48 h of incubation. Interestingly CiA of 100 and 500 nM
concentrations or metformin (1mM) significantly (p≤ 0.05) improved
(16.8%, 21.4% and 12.4% respectively) cell viability compared to HG
group (Fig. 1b).

3.3. LDH release detection

LDH analysis showed significant release (p≤ 0.05) of enzyme
(44.8%) to the medium with HG group compared to the control (l8%;
Fig. 1c). While with CiA, LDH release was found to be lowered by
14.3% and 20.8% for 100 and 500 nM respectively compared to HG
(Fig.1c). Metformin reduced LDH release by 40.5% compared HG

Fig. 4. High glucose depleted general innate antioxidant status and cinnamic acid dose dependently reversed high glucose induced alterations in endogenous
antioxidant status in H9c2 cells- H9c2 cells were treated with high glucose (33mM) for 48 h in the presence or absence of various concentrations of cinnamic acid or
metformin. A) SOD activity B) Total glutathione content C) Total antioxidant capacity. C - control, HG - high glucose treated group, Met - HG+metformin, CiA1 -
HG+ cinnamic acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – control + cinnamic acid (500 nM). Values are expressed as mean ± SEM where
n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different from HG treated group.
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(p≤ 0.05; Fig. 1c).

3.4. Detection of ANP

There was a significant increase (p≤ 0.05) in ANP levels in HG
treated group (230%; Fig. 2). Cotreatment with CiA at 100 nM and
500 nM reduced ANP levels significantly (p≤ 0.05) by 102.8% and
212% respectively compared to HG. Treatment with metformin also
significantly (p≤ 0.05) reduced ANP levels by 210% compared to HG
treated group (Fig. 2).

3.5. CiA reduces intracellular ROS generation

Significant generation of ROS (p≤ 0.05) was observed in cells
treated with HG. Fluorimetry analysis showed 224% increase of fluor-
escence in HG treated cells compared to control (Fig. 3). CiA cotreat-
ment at both concentrations (100 and 500 nM) showed a considerable
decrease (p≤ 0.05) in the ROS generation (117% and 128.8%) re-
spectively (Fig. 3). Treatment with metformin also significantly reduced
(p≤ 0.05) ROS generation by 145.7%. (Fig. 3).

3.6. CiA restored antioxidant enzyme activity altered by HG

HG caused a significant decrease (p≤ 0.05) in SOD activity by
25.3% and cotreatment with CiA increased SOD activity by 8.74% at
100 nM (not significant) and by 14.7% (p≤ 0.05) at 500 nM compared
with HG (Fig. 4a). Treatment with metformin also caused a significant
increase (17.4%) compared to HG (Fig. 4a). There was also a significant
decrease (p≤ 0.05) in total glutathione in HG group by 87.9%
(Fig. 4b). Here also treatment with CiA (100 and 500 nM) or metformin
(1mM) significantly (p≤ 0.05) increased glutathione content by
32.9%, 65.9% and 43.9% respectively (Fig. 4b). The total antioxidant
capacity of the cells was also found to be significantly reduced
(p≤ 0.05) in HG (23.7%; Fig. 4c). While cotreatment with CiA (100
and 500 nM) or metformin (1mM) prevented the depletion of total
antioxidant status by 12.1%, 17.6% and 17.7% respectively compared
to HG (Fig. 4c).

3.7. CiA prevented lipid peroxidation and reduced protein carbonyls in
H9c2 cells

High glucose induction significantly increased (p≤ 0.05) lipid
peroxidation (MDA level) by 554% compared to control (Fig. 5a). Co-
treatment with CiA during hyperglycemia significantly reduced
(p≤ 0.05) the MDA levels by 407% (100 nM) and 554% (500 nM)
compared to HG (Fig. 5a). There was also a significant reduction
(p≤ 0.05) of lipid peroxidation in metformin treated group (549%)
(Fig. 5a). Protein carbonyl formation was also significantly higher
(p≤ 0.05) in HG (434.9%) compared to control (Fig. 5b). Treatment
with CiA at 100 and 500 nM or metformin lowered protein carbonyls by
264. 7%, 412.1% and 404.6% respectively compared to HG (Fig. 5b).

3.8. Mitochondrial dysfunction during hyperglycemia and amelioration
with CiA

With HG, JC-1 green monomers were significantly increased
(p≤ 0.05; 394.4%; Fig. 6) compared to the control indicating a dis-
sipation of ψm. Treatment with CiA prevented the dissipation of ψm
which was evident with visibility of red fluorescence compared to HG
(Fig. 6). Quantitatively, green fluorescence was decreased significantly
(p≤ 0.05) by 378.5% and 392.8% for 100 and 500 nM compared to HG
(Fig. 6). The trend was the same with metformin too (Fig. 6) where the
intensity of green fluorescence (monomers) was reduced by 361.1%
(p≤ 0.05) and a shift to red fluorescence (aggregates) was observed
(Fig. 6). Alteration in superoxide generation was detected with Mitosox
red. HG caused significant (481.6%) generation of superoxides while
CiA prevented the abnormal superoxide generation (Fig. 7). CiA (100
and 500 nM) prevented superoxide generation significantly (p≤ 0.05)
by 290% and 330% respectively (Fig. 7). Metformin treatment also
significantly (p≤ 0.05) reduced the generation of superoxide radicals
(409.3%; Fig. 7).

3.9. Expression of mitochondrial fission and fusion proteins by western blot
analysis

There was also a significant decrease in the expression of mi-
tochondrial fusion proteins OPA1 and MFN2 by 32.8% and 38.9%

Fig. 5. Quantification of oxidative stress markers during hyperglycemia and
reversal with cinnamic acid or metformin- H9c2 cells were treated with high
glucose (33mM) for 48 h in the presence or absence of various concentrations
of cinnamic acid or metformin. A) Lipid peroxidation in H9c2 cells with high
glucose and effect of cinnamic acid and metformin. B) Protein carbonyl content
in cells treated with high glucose and cinnamic acid. C - control, HG - high
glucose treated group, Met - HG+metformin, CiA1 - HG+ cinnamic acid
(100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – con-
trol+ cinnamic acid (500 nM). Values are expressed as mean ± SEM where
n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05
significantly different from HG treated group.
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(p≤ 0.05; Fig. 8) and increased expression of fission proteins DRP1 and
FIS1 by 35.2% and 19.5% in HG treated group (Fig. 8). Treatment with
CiA at both concentrations (100 and 500 nM) significantly (p≤ 0.05)
increased the expression of OPA1 by 32.26% and 26.9% which is not
dose dependent; and MFN2 by 22.7% and 25.2% (Fig. 8). Also CiA
significantly (p≤ 0.05) reduced the expression of DRP1 by 29.5% and
32.9% and FIS1 by 16.1% and 21.7% respectively compared to the HG
treated groups (Fig. 8). Treatment with metformin also significantly
(p≤ 0.05) increased the expression of OPA1 and MFN2 by 32.7% and
17.9% respectively and decreased the expression of DRP1 and FIS1 by
15.5% and 10.3% compared to HG treated group (Fig. 8).

3.10. Ca2+ overload

Hyperglycemia induced intracellular calcium overload significantly
(p≤ 0.05) in H9c2 cells, which was evident from increased blue
fluorescence of Fura-2 AM (212.7%) compared to control group (Fig. 9).
Cotreatment with CiA (100 and 500 nM) or metformin significantly
(p≤ 0.05) reduced calcium overload by 159.8%, 172.5% and 183.3%
respectively compared to HG (Fig. 9).

3.11. Caspase-3 activity assay

Apoptosis was detected by fluorimetric assay of caspase-3. The

Fig. 6. Mitochondrial transmembrane potential changes in control and high glucose treated groups determined by JC-1 staining- H9c2 cells were treated with high
glucose (33mM) for 48 h in the presence or absence of various concentrations of cinnamic acid or metformin. A) Fluorescent microscopic merged images of H9c2
cells. (a) control, (b) high glucose treated group (HG), (c) HG+metformin, (d) HG+ cinnamic acid (100 nM), (e) HG+ cinnamic acid (500 nM), (f) con-
trol+ cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescence intensities of mitochondrial transmembrane potential changes. C - control,
HG - high glucose treated group, Met - HG+metformin, CiA1 - HG+ cinnamic acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – control+ cinnamic
acid (500 nM). Values are expressed as mean ± SEM where n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different from
HG treated group.
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activity of caspase-3 under high glucose conditions was found enhanced
(p≤ 0.05) by 137% (Fig.10a) whereas cotreatment with CiA was ef-
fective in reducing the activity significantly (p≤ 0.05) by 108.2% and
132.4% for 100 and 500 nM respectively (Fig. 10a) and 136.8% for
1mM metformin (Fig. 10a). In addition protein expression revealed

that HG induction caused a significant increase (p≤ 0.05) in pro-
apoptotic marker protein - Bax (93.6%) and decreased anti-apoptotic
marker protein Bcl-2 by 62.4% (Fig. 10b & c). Cotreatment with CiA
prevented the increase of pro-apoptotic protein Bax significantly
(p≤ 0.05) by 37.1% and 52.3% for 100 and 500 nM respectively and

Fig. 7. Mitochondrial superoxide generation during hyperglycemia and amelioration with cinnamic acid and metformin- H9c2 cells were treated with high glucose
(33mM) for 48 h in the presence or absence of various concentrations of cinnamic acid or metformin. A) Representative images of mitochondrial superoxide
generation in control and treated cells. (a) control, (b) high glucose treated group (HG), (c) HG+metformin, (d) HG+ cinnamic acid (100 nM), (e) HG+ cinnamic
acid (500 nM), (f) control+ cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescent intensities of superoxide generation. C - control, HG -
high glucose treated group, Met - HG+metformin, CiA1 - HG+ cinnamic acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – control + cinnamic acid
(500 nM). Values are expressed as mean ± SEM where n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different from HG
treated group.
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decrease (p≤ 0.05) of anti-apoptotic protein Bcl-2 by 20.4% and 21.1%
for 100 and 500 nM respectively (Fig. 10b & c). Treatment with met-
formin also significantly prevented the increase of Bax (28%) and de-
crease of Bcl-2 (37.9%) compared to HG (Fig. 10b & c).

3.12. Flow cytometric analysis with annexin/PI

Flow cytometry results of double staining with annexin V-FITC and
PI was interpreted as follows: the upper left quadrant- primary necrotic
cells, the upper right- late apoptotic or secondary necrotic cells, the
lower left quadrant- viable or live cells and the lower right quadrant-
cells with early apoptosis. The results showed that in control cells,
90.5% of the cells were viable, and 1.8% was in late apoptosis or dead
cells (Fig. 11). In cells treated with HG only 47.4% cells were viable and
44% cells were in late apoptosis (Fig. 11). Treatment with CiA (100 and
500 nM) or metformin increased the percentage of viable cells by
54.6%, 54.9% and 56% respectively compared to HG treated group
(Fig. 11). Also, the percentage of cells undergoing late apoptosis was
reduced by 39%, 38.6% and 36% respectively compared to HG treated
group for CiA at both concentrations and metformin (Fig. 11).

3.13. Sorbitol production during hyperglycemia

There was a significant increase (p≤ 0.05, 31.9%; Fig. 12) in sor-
bitol levels with HG compared to control. Treatment with CiA at both
concentrations (100 and 500 nM) lowered sorbitol levels significantly
(p≤ 0.05) by 29.7% and 42.5% respectively compared to HG (Fig. 12).
Metformin also significantly (p≤ 0.05) reduced sorbitol levels by
27.6% from HG treated group (Fig. 12).

4. Discussion

Emerging evidence from experimental, pathological, epidemiolo-
gical and clinical studies has shown that diabetes mellitus causes car-
diac functional and structural changes leading to heart failure (Spector,
1998). In the present study, hyperglycemic shock in H9c2 cells is visible
with a decrease in cell viability and an increase in LDH release. This is
strengthened with upregulation of ANP, a clinical diagnostic marker for
myocardial dysfunction. The products of oxidative stress can damage
cellular molecules, DNA, proteins, and lipids leading to cell dysfunc-
tions (Matteucci and Giampietro, 2000). Similarly, lipids are oxidized
by free radicals during hyperglycemia leading to lipid peroxidation
(Niki, 2008). The redox homeostasis is usually maintained by en-
dogenous antioxidant defense systems like SOD, glutathione

peroxidase, catalase and other non-enzymatic antioxidants (Giacco and
Brownlee, 2010). We also found a surplus generation of ROS as well as
depletion of innate antioxidant enzymes like SOD (total) and a decrease
in total antioxidant activity. Furthermore, oxidative stress markers like
MDA and protein carbonyl content were also found to be increased.
These results reveal that hyperglycemia alters the redox status of H9c2
cells. Similar biochemical alterations have been reported by others too
during hyperglycemia with H9c2 cells (Johnson et al., 2017). The
present study revealed that CiA treatment suppressed ROS generation
and restored the antioxidant status in HG-treated cardiomyocytes.

The presence of high blood glucose level activates all the possible
pathways required for glucose removal. Polyol pathway is one such
pathway (Chung and Chung, 2005). In the absence of diabetes, polyol
pathway remains inactive (Fantus, 2002). The excess NADH produced
as a result of the polyol pathway disrupts the redox balance between
NADH and NAD+ and overloads the mitochondrial electron transport
chain and results in the overproduction of ROS (Luo et al., 2015).
Surplus mitochondrial superoxide observed in the present study is most
probably via NADH mediated oxidative stress. Besides, NADPH plays a
significant role in maintaining the intracellular antioxidant defense by
facilitating generation of GSH from its oxidised form, GSSG (Yan et al.,
2002). Overconsumption of NADPH by the polyol pathway during hy-
perglycemia impairs the function of glutathione reductase further in-
tensifying cellular redox imbalance (De Mattia et al., 1994). The sig-
nificant increase in the levels of sorbitol and depletion of GSH observed
in the present study is expected to amplify the redox status alteration
with hyperglycemia. However, these parameters were reversed by CiA
cotreatment.

Mitochondrial dysfunction constitutes the primary source of ROS in
most cells. The primary source of energy in the heart is mitochondria
(Nishida and Otsu, 2017). Besides, mitochondria are essential for nu-
merous cellular functions including repair, revival, and apoptosis. The
maintenance of mitochondrial transmembrane potential is vital for
functions like ATP synthesis and calcium uptake into mitochondria by
the Ca2+ uniporter (Skarka and Ostadal, 2002). Fluorescence imaging
revealed the dissipation of transmembrane potential with hypergly-
cemia which has been reported by others also (Flarsheim et al., 1996;
Bugger and Abel, 2010). This is a relevant biomarker for oxidative
stress (Korshunov et al., 1997).

Mitochondria are dynamic organelles with the ability to fuse (fu-
sion) and divide (fission), continuously undergoing a change in the
tubular networks in most eukaryotic cells for its optimum metabolic
function. The balance between fission and fusion is essential in normal
physiology, and any imbalance in these two processes affect the

Fig. 8. Effect of cinnamic acid on high glucose in-
duced alterations in mitochondrial dynamics in H9c2
cells- H9c2 cells were treated with high glucose
(33mM) for 48 h in the presence or absence of var-
ious concentrations of cinnamic acid or metformin.
A) Representative immunoblot of OPA1, MFN2,
DRP1 and FIS1 B) Densitometric quantification of
western blot of protein level normalized to β actin. *
p≤ 0.05 significantly different from the control
group. # p≤ 0.05 significantly different from HG
treated group.
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function of mitochondria negatively. These networks are maintained by
the balance between the opposing processes of mitochondrial fission
and fusion (Parra et al., 2011). Hyperglycemia caused overexpression of
fission proteins FIS1 and DRP1 accelerating fission and downregulation
of fusion proteins OPA1 and MFN2. Oxidative stress, mainly hy-
perglycemia mediated has been reported to induce an imbalance in
mitochondrial dynamics (Ong and Hausenloy, 2010; Yoon and
Galloway, 2011). Altered mitochondrial dynamics has become a focus
of attention recently due to their involvement in apoptosis (Karbowski

and Youle, 2003). It has also been reported that increased levels of ROS
during hyperglycemia induces mitochondrial fragmentation (Wang
et al., 2012; Rovira-Llopis et al., 2017) via mitochondrial fission. In-
hibition of mitochondrial fragmentation has been shown to block the
release of mitochondrial apoptotic factors, advocating that fission may
engage in permeabilization of mitochondrial transition pore during the
beginning of apoptosis (Lee et al., 2004). These alterations in the bal-
ance between fusion and fission proteins during hyperglycemia confirm
the modifications in redox homeostasis and mitochondrial dynamics.

Fig. 9. Intracellular calcium overload during hyperglycemia with H9c2 cells determined by Fura 2 AM staining- H9c2 cells were treated with high glucose (33mM)
for 48 h in the presence or absence of various concentrations of cinnamic acid or metformin. A) Representative images of intracellular calcium ion accumulation in
control and treated cells. (a) control, (b) high glucose treated group (HG), (c) HG+metformin, (d) HG+ cinnamic acid (100 nM), (e) HG+ cinnamic acid (500 nM),
(f) control+ cinnamic acid (500 nM). Scale bar corresponds to 100 μm. B) Relative fluorescent intensity of the fluorescent images. C - control, HG - high glucose
treated group, Met - HG+metformin, CiA1 - HG+ cinnamic acid (100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 – control+ cinnamic acid (500 nM).
Values are expressed as mean ± SEM where n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different from HG treated
group.
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Another significant consequence of hyperglycemia is the increased
formation of mitochondrial superoxide anion (Schulze et al., 2004).
This activates several major pathways of cellular damage including the
previously mentioned polyol pathway (Brownlee, 2001). This has been
already observed in the present study and confirms the variation in
redox homeostasis in HG in H9c2 cells. This phenomenon has been
previously reported by Nishikawa and his group in endothelial cells
(Nishikawa et al., 2000). Our results indicate that treatment with CiA
improved mitochondrial functions by preserving transmembrane po-
tential, reducing superoxide generation and mitochondrial fission.

Intracellular Ca2+ is also an essential factor for cardiac function.
Hyperglycemia alters the components of calcium homeostasis leading
to diastolic dysfunction (Dobrin and Lebeche, 2010). Increased ROS
during hyperglycemia is the main culprit leading to the accumulation of
intracellular Ca2+ (Wagner et al., 2013). Prolonged mitochondrial
oxidative stress results in the opening of permeability transition pore
leading to cytosolic Ca2+ accumulation. The present study also re-
vealed significant calcium overload in the HG-treated group. Dissipa-
tion of mitochondrial membrane potential during hyperglycemia is
reported to affect calcium uptake into mitochondria (Skarka and
Ostadal, 2002). Our study shows that CiA treatment was able to de-
crease the intracellular Ca2+ accumulation in H9c2 cells via improving
mitochondrial functions.

Oxidative stress also leads to the activation of the cysteine aspartate
protease-3 (caspase-3), which is the crucial step in the genesis of

apoptosis. Pathological stressful stimuli activate certain pro-apoptotic
members like Bax which leads to its translocation from the cytosol to
the outer mitochondrial membrane while Bcl-2 expression has been
proposed as an essential marker of myocardial cell survival (Rovira-
Llopis et al., 2017). In the present study. caspase-3 activity and the
expression of pro-apoptotic protein Bax were found to have increased
and anti-apoptotic protein Bcl-2 was found to have decreased. In ad-
dition, this is also supported by visualization of apoptosis. The altera-
tion in transmembrane potential is reported to contribute to apoptosis
(Lee et al., 2004) which is already observed in the present study.
However, CiA cotreatment downregulated the expression of the proa-
poptotic protein Bax and increased the expression of Bcl-2 in hy-
perglycemic cardiomyocytes. This is the first investigation to reveal the
role of sorbitol accumulation from polyol pathway with an imbalance in
mitochondrial dynamics during hyperglycemia leading to apoptosis in
H9c2 cells via alterations in redox status. It is of paramount importance
to identify the cellular and molecular mechanisms responsible for the
pathology to design a proper treatment regimen.

In the present study, CiA (100 nM and 500 nM) was applied si-
multaneously with HG to assess its beneficial property. Although CiA
has been evaluated for its potential against diabetes and cardiovascular
diseases (Song et al., 2013; Hafizur et al., 2015), the mechanism by
which it protects the cardiomyocytes from hyperglycemic insult has not
been evaluated. In this study, it is observed that CiA prevented cardi-
omyocyte apoptosis by improving mitochondrial function, calcium

Fig. 10. Evaluation of apoptosis in H9c2 cells during hyperglycemia- H9c2 cells were treated with high glucose (33mM) for 48 h in the presence or absence of
various concentrations of cinnamic acid or metformin. A) Caspase-3 activity during hyperglycemia. B) Representative immunoblot of Bax and Bcl-2. C) Densitometric
quantification of western blot of protein level normalized to β actin. C - control, HG - high glucose treated group, Met - HG+metformin, CiA1 - HG+ cinnamic acid
(100 nM), CiA2 - HG+ cinnamic acid (500 nM), C+CiA2 - control + cinnamic acid (500 nM). Values are expressed as mean ± SEM where n=6. * p≤ 0.05
significantly different from the control group. # p≤ 0.05 significantly different from HG treated group.
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Fig. 11. Detection of apoptosis by annexin V-FITC/PI double staining- H9c2 cells were treated with high glucose (33mM) for 48 h in the presence or absence of
various concentrations of cinnamic acid or metformin. A) Flow cytometric scatter graph showing different quadrants: the upper left quadrant represents primary
necrotic cells, the upper right quadrant represents late apoptotic or secondary necrotic cells, the lower left quadrant represents viable or live cells and the lower right
quadrant represents cells with early apoptosis. B) The representative histogram showing cells stained with Annexin V-FITC (a) control, (b) high glucose treated group
(HG), (c) HG+metformin, (d) HG+ cinnamic acid (100 nM), (e) HG+ cinnamic acid (500 nM), (f) control + cinnamic acid (500 nM). C) Statistical analysis of flow
cytometry results. Values are expressed as mean ± SEM where n=6. * p≤ 0.05 significantly different from the control group. # p≤ 0.05 significantly different
from HG treated group.
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homeostasis and reducing sorbitol accumulation. Since there is high
demand for natural products derived nutraceuticals, this study is highly
promising in the area of development of nutraceuticals against dia-
betes-associated heart problems.

5. Conclusion

From the overall results, we conclude that apoptosis results from
exposure of HG to H9c2 cells via alteration in redox status linked mi-
tochondrial dynamics and polyol pathway. Further CiA is expected to
be a potent phytochemical for the hyperglycemic insult to H9c2 cells.
Detailed in vivo experiments are required to confirm these in vitro study
results and to prove beneficial for diabetic cardiomyopathy.
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