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Background

Cardiovascular death is the leading cause of death in persons with type 2 diabetes. ltis
always noted that there is a strong relation between hyperglycemia and intracellular
metabolism in the myocardium which can cause changes in energetics, structure and
function. Autophagy is one of the metabolic processes altered in type 2 diabetes.

Gestational diabetes during pregnancy cause serious health problems in offsprings.The
excess nutrient exposure in the uterus even modifies the phenotype gene expression

resulting in permanent short and long term effects in the baby.
Objectives

e Evaluation of autophagic profile in type 2 diabetic human heart

e Evaluation of autophagy in high glucose-treated H9c2 cell lines and a type 2
diabetic mice model at two time points of hyperglycemia

e Analysis of cardiac mitochondrial function regulated by autophagy at two time points
in type 2 diabetic mice

o Evaluation of autophagic status in male and female offsprings of gestational diabetic
rats at their weaning and adult stage

e Analysis of cardiac mitochondrial function in male and female offsprings of

gestational diabetic rats at their weaning and adult stage

Hypothesis

1) Type 2 diabetes mellitus causes altered cardiac autophagy and thereby brings changes
in mitochondrial respiration

2) Untreated gestational diabetes in mothers will affect cardiac autophagy and mitochondrial
respiration in offsprings

Methodology

The study incudes diabetic and non diabetic human right atrial appendage tissue samples,
high-glucose treated H9c2 cells, streptozotocin/nicotinamide-induced T2DM C57BL/6 mice
model and STZ-induced gestational diabetic wistar rats

e High resolution respirometry was used for studying oxygen consumption rate in

isolated mitochondria in the presence of fatty acid and carbohydrate substrates.
18



o Western blotting was used for analyzing expression levels of proteins

o Kit based assays were used for analyzing biochemical tests
Principal findings:
Human study
In diabetic human heart, reduced expression of LC3 Il and LC3 Il/I ratio was observed which
denoted the reduced formation of autophagosomes or reduced autophagy. Increased
expression of p62 indicated that the p62 was not degraded properly and the fusion between
autophagosome and lysosome were defective/ altered. No significant change was found in
Beclin 1 expression between the diabetic and non-diabetic groups. In short, myocardial
autophagy was found to be reduced in diabetic than the non-diabetic human subjects.
High glucose-treated H9c2 cells
In HOC2 cells, no change was observed in the autophagic proteins, mitophagic proteins
lysosomal proteins and regulators of autophagy at 4 h of hyperglycemia. No change was
observed in the steady state level of LC3 Il and its LC3 Il/l ratio at 4 h .A reduced
expression of phosphorylated ULK1 was noted at 48 h of hyperglycemia. A significant
reduced expression is noted in Atg 5, at 48 h.The increased expression of p62 at the 48 h of
hyperglycemia shows that the degradation of autophagosomes is blocked/ reduced. The
reduced steady state level of LC3 Il and LC3 Il/I ratio at 48 h indicates reduced formation of
autophagosomes or reduced autophagy. The mitophagy proteins, Parkin and PINK 1
showed reduced expression at 48 h
Type 2 diabetic mice model

e Autophagic study
No change was observed in the cardiac autophagic proteins, mitophagic proteins, lysosomal
proteins and regulators of autophagy in 2 weeks of diabetic mice. The steady state level of
LC3 Il was found unchanged, but the LC3Il/I ratio was found to be increased at 2 week. A
reduced expression of ULK1 and pULK1 was noted in 10 week diabetic mice. The increased
expression of p62 in 2 week and 10 week diabetic mice shows that the degradation of
autophagosomes is blocked/reduced. No change was observed in the steady state level of
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LC3 Il and its LC3 I/l ratio in 10 week diabetic mice indicated autophagosome formation
was similar like the control. The mitophagy proteins, Parkin showed reduced expression;
while no change was observed in PINK 1 indicates the improper clearance of damaged
mitochondria in the 10 week diabetic mice.
¢ Role of autophagy in cardiac mitochondrial respiration

Resveratrol (activator of autophagic process) enhanced the fatty acid-mediated state 2 and
glutamate, pyruvate-mediated state 3 complex | respiration in 2 week diabetic mice
mitochondria. The state 2 and state 3 complex | respiration in 10 week time point was
significantly increased by the resveratrol treatment. The succinate-mediated complex | + I
and complex Il by the 2 week untreated diabetic mice mitochondria was significantly
enhanced by the resveratrol treatment. The unchanged succinate-mediated complex | + Il
and complex Il respiration shown by the untreated diabetic mice mitochondria in 10 week
time point was significantly increased by the resveratrol treatment. Resveratrol treatment in
the diabetic mice increased the state 4 respiration and maximal respiratory capacity in 2
weeks and the unchanged OCR in 10 weeks untreated diabetic mice was also significantly
enhanced in both protocols

Chloroquine (inhibitor of autophagy) decreased the fatty acid-mediated state 2 and
glutamate, pyruvate-mediated state 3 complex | respiration in 2 week diabetic mice
mitochondria. The state 2 and state 3 complex | respiration in 10 week time point was
drastically decreased by the chloroquine treatment. The succinate-mediated complex | + I
and complex Il by the 2 week untreated diabetic mice mitochondria was again significantly
reduced by the chloroquine treatment. The succinate-mediated complex | + Il and complex
Il respiration in 10 week time point was significantly decreased by the chloroquine
treatment. Chloroquine treatment didn’t alter the state 4 respiration, but the maximal

respiratory capacity was significantly reduced in 2 weeks diabetic mice.
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Gestational diabetic rat model
e Cardiac autophagic profile in offsprings of gestational diabetic mother

No change was observed in the cardiac autophagic proteins, mitophagic proteins, lysosomal
proteins and regulators of autophagy of weaning and adult group of male and female ODM.
A reduced expression of pULK1 was noted in adult female ODM while reduced expression
of Atg 14 was noted in adult male ODM .Atg 16 was found unchanged in weaning and adult
male ODM, while a significant increase was noted in weaning female ODM and a reduction
was noted in adult female ODM. Atg 3 was significantly reduced in adult male and weaning
and adult female ODM, while no change was observed in weaning male ODM. The
increased expression of p62 in adult male and female ODM shows that the degradation of
autophagosomes is blocked/reduced, while no change was observed in weaning male and
female ODM. No change was observed in the steady state level of LC3 Il and its LC3 Il/]
ratio in weaning female ODM, while a significant increase was noted in weaning male ODM
indicated autophagosome formation was increased. But in adult male and female ODM,
there showed a significant reduction in LC3 Il and LC3 I/l ratio indicated reduced formation
of autophagosome or reduced autophagy. The lysosomal proteins LAMP-2 was seen
unchanged in weaning male and female ODM, while it is significantly reduced in adult male
and female ODM, The regulators of autophagy, AMPKa were found unchanged in adult
male and weaning female ODM. The antioxidant enzymes, MnSOD and GPx were found
unchanged in weaning and adult male and female ODM indicated that the gestational
diabetes didn’t influence the antioxidant mechanism in offsprings

e Cardiac mitochondrial function in offsprings

The fatty acid-mediated state 2 complex | respiration was unchanged in weaning male ODM
while it is reduced in adult male ODM. The palmitoyl L- carnitine, pyruvate and glutamate-
mediated state 3 complex | respiration was reduced in weaning and adult male ODM.
Succinate-mediated complex | + Il and complex |l respiration was not altered in weaning
male ODM while a significant reduction was observed in adult male ODM. Complex Il

dependent state 4 respiration and maximal respiratory capacity was observed to be
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unchanged in weaning male ODM while a significant reduction was noticed in adult male
ODM. The glutamate/malate-mediated state 2 complex | respiration and the
glutamate/malate and pyruvate-mediated state 3 complex | respiration was unchanged in
weaning male ODM. The fatty acid-mediated state 2 complex | and palmitoyl L-
carnitine/malate, pyruvate and glutamate-mediated and state 3 complex | respiration was
unchanged in weaning female ODM corresponding to their female OCM. Succinate-
mediated complex | + II, complex Il, complex |I-dependent state 4 respiration and maximal
respiratory capacity showed an increasing tendency, but it was not significant in weaning
female ODM. No change was observed in fatty acid-mediated state 2 complex |, palmitoyl
L- carnitine/malate, pyruvate and glutamate-mediated state 3 complex | and state 4
respiration was observed in adult female ODM .Succinate-mediated state 3 complex | + Il
respiration, complex |l respiration, and maximal respiratory capacity were significantly

reduced in adult female ODM.

Conclusion and significance of the study

Type 2 diabetic models

Human study

In contrast to the available single work published by Munasinghe et al., on human cardiac
autophagy in type 2 diabetes in New Zealand population, our results indicates decreased
autophagy in diabetic than non-diabetic subjects. This is the first report regarding cardiac
autophagy in type 2 diabetic subjects of Asian Indian population.

Cell line study

The main objective of the study in H9c2 cells was to analyze autophagic status in high
glucose condition at two time points, 4 h and 48 h. All the autophagic proteins, mitophagic
proteins, lysosomal proteins and the regulators of autophagy analyzed in the study were
found unchanged at 4 h time period of hyperglycemia. It was found that when the duration of
hyperglycemia was increased for 48 h for H9c2 cells caused significant reduction in
autophagic and mitophagic proteins indicates that the recycling mechanism was impaired in

the cardiomyoblast cells.
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Mice study

The main objective of the study in untreated type 2 diabetic mice was to analyze cardiac
autophagic status at two time points of diabetes, 2 weeks and 10 weeks of hyperglycemia.
Mitophagic proteins, lysosomal proteins and the regulators of autophagy were found
unchanged in 2 weeks of diabetic mice heart when compared with their corresponding
controls. LC3 I/l ratio and p62 levels was increased in 2 week diabetic mice indicated an
impaired autophagy with accumulation of autophagosomes. In 10 week diabetic mice, even
though LC3 Il was unchanged, a significant reduction was noted in ULK1, pULK1 and parkin
and increase in p62 was observed. Both 2 week and 10 week diabetic mice showed altered
cardiac autophagy indicates the accumulation of damaged or dysfunctional proteins,
organelles like mitochondria inside the cardiomyocytes that in turn will worsen the oxidative
stress and defective metabolism in diabetic heart.

Analysis of cardiac mitochondrial respiration in type 2 diabetes by regulating autophagy
showed that administration of an autophagic activator (Resveratrol) at 2 week and 10 week
of diabetic mice activated mitochondrial respiration in the heart tissue. When the diabetic
mice were treated with an autophagic inhibitor (Chloroquine) at 2 week and 10 weeks, the
cardiac mitochondrial respiration was significantly reduced. This study implies the
importance of autophagic regulation in heart tissue during type 2 diabetes and the role of
autophagy in maintaining the cardiac mitochondrial respiration.

Gestational diabetic rat model

Our results showed that cardiac autophagy is reduced or altered in the adult group of male
and female ODM. But cardiac autophagy was less affected in the weaning group of male
and female ODM. Most of the mitophagic and autophagic proteins were unchanged in male
and female weaning group ODM. This is the first report on cardiac autophagy in male and
female offsprings of gestational diabetic mothers. The study implies the impact of diabetic
pregnancy or the hyperglycemic condition in the uterine environment in regulating a
metabolic process, autophagy in the offsprings during their life time. It shows that the

impairment or defects is more evident in their adult life.
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The another objective of this study was to evaluate the mitochondrial function of offsprings
(male and female) of untreated gestational diabetic mothers at two different time points of
their life, weaning and adult time period. The mitochondrial respiration of the weaning (male
and female) ODM irrespective of substrate combination was found to be less affected or
unchanged compared to their respective OCM. But in the adult group of male ODM, a
significant reduction in mitochondrial oxygen consumption was observed. The mitochondrial
respiration in female adult ODM are found unchanged or less affected by diabetic
pregnancy, even though they exhibited significant reduction in succinate-mediated complex
I and Il respiration in one of the protocol. As a result of impairment in these cellular
processes, the total generation of ATP may be reduced, affecting the normal function of
heart in the offsprings of diabetic mothers.

Key words: type 2 diabetes mellitus, gestational diabetes mellitus, autophagy, mitochondria,

heart
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I.1. Diabetes mellitus

Diabetes is a group of chronic metabolic disorders in which the person has highglucose in
the blood. It happens when the pancreas loses its ability to produce adequate insulin or
when the body cannot properly make use of the insulin produced. International Diabetes
Federation’s (IDF) report in 2017 estimated that 425 million adults between the age group
20 to 79 years were affected with diabetes and projected that the numberwill increase to
629 million by 2045. The burden is suchthat 12% of world health expenditure is spent for
this chronic disease management and treatment modalities. In 2045, India will overpower

China and occupy the first position with the highest number of people with diabetes in the

world (IDF, 2017).

Figure 1: Top ten countries with number of people with
diabetes, 2017 and 2045
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Adapted from International Diabetes Federation report, 2017
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Insulin, a peptide hormone, released by the beta cells of the pancreas plays a significant
role in the regulation of blood glucose levels. If enough insulin is not produced or the
produced insulin cannot exert its function properly, result in the raising of glucose levels in
the blood, condition known as hyperglycemia (Wilcox, 2005).Over a long period of time, the
excess glucose levels along with the hormonal imbalance can cause various undesirable
effects in the body and can cause harm to the cells, resulting in progressive failure of
various tissues and organs (Fowler, 2008).There are three main classification of diabetes:

Type 1 diabetes mellitus, Type 2 diabetes mellitus and Gestational diabetes mellitus.

.1.1. Type 1 diabetes mellitus

Type 1 diabetes mellitus (T1DM) or insulin dependent diabetes mellitus is an autoimmune
response of the body that arises when the body’s immune system destroys the insulin
producing B cells in the Islets of Langerhans of pancreas. As a result, f cells cannot
produce sufficient insulin or even stop producing insulin. This disease is most often
identified in children and in adults, younger than 30years. So it is named as Juvenile - onset
diabetes (Atkinson, 2012). As stated by IDF, more than 1,106,500 children in the world are
suffering from this disease. India ranks second position in number of about 11,300 new
cases of T1DM (children and adolescents <15 years) per year (IDF, 2017). The
predisposing factors for type1 diabetes are not fully understood. It is usually related to
genetic susceptibility (Todd, 2010) and the available information shows the impact of early
childhood diet, viral and bacterial infections and family background (Heinonen M. T.,
Moulder R. and Lahesmaa R., 2015). At present there is no proven prevention technique for
T1D. But the platform of hyperglycemia immediately requires exogenously given insulin to
the patients throughout their life and a healthy control of glucose in blood can dramatically

improve the quality of life.
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1.1.2. Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) or non insulin dependent diabetes mellitus is the most
widespread form and this metabolic disorder accounts for about 90% of all diabetes in the
world (Mungrue, Roper and Chung, 2011). IDF’s report in 2017, states that 79% of adults
having diabetes are from low and middle-income countries. People between the age group
40 and 59 years are mostly affected with T2DM and it caused about 4 million deaths (IDF,
2017). The prevalence of T2DM is increasing throughout the world due to urbanization,
westernization, low socioeconomic standards and their related life style changes. Some of
therisk factors are overweight, unhealthy diet, physical inactivity, lack of exercise, increasing
age, high blood pressure, ethnicity, family history of diabetes, impaired glucose tolerance
(IGT), history of gestational diabetes etc. At initial stages of diabetes, there will be peripheral
insulin resistance accompanied by a hypersecretion of insulin resulting in hypoglycemia. But
as the disease progress, hyperglycemic condition avails as a result of decline of insulin
secretion from the pancreatic 3 cells. Skeletal muscle, liver and adipose tissue are mainly
affected because the demand for glucose uptake and utilization are very high in these
tissues. The symptoms of T2DM are excessive thirst, hunger, dry mouth, frequent and
abundant urination, lack of energy, extreme tiredness, numbness in hands and feet, blurred
vision, slow healing wounds, recurrent fungal infections in the skin etc.People with diabetes
have an increased probability of developing microvascular, macrovascular and
miscellaneous complications in the body(Papatheodorou et al., 2016). High blood glucose
levels for a long period can certainly affect the function of heart, blood vessels, sexual

organs, eyes, kidneys, nerves, teeth etc.

Cardiovascular death is the leading cause of death in persons with diabetes. It can affect
the functioning of blood vessels in heart and brain, leading to diabetic cardiomyopathy, heart
attack and stroke. Diabetic nephropathy includes damage of small blood vessels in the
kidney, characterized by the occurrence of proteinuria with a reduction in filtration rate of
glomerulus. Diabetic retinopathy involves the formation of lesions in the retinal region of

eye, causing blindness in the diabetic patients. Diabetic neuropathy implicate the
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development of vascular deformities like thickening of capillary basement membrane,
endothelial hyperplasia and hypoxia, deterioration of nerve fibers in the legs resulting in
lower extremity amputations (Forbes and Cooper, 2013). People can control T2DM through
their diet, exercise and life style along with recommended drugs and insulin. Research
people all over the world are struggling to perceive the numerous causes of diabetes and to

develop various therapeutic methods for its treatment.

Figure 2: Complications of Diabetes
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1.1.3. Gestational diabetes mellitus

Gestational diabetes mellitus (GDM) is defined as impaired glucose tolerance with onset or
first recognition during pregnancy (ADA, 2013). One of the most prevalent metabolic
disorders that cause complications in pregnancy is diabetes mellitus and can cause harm to
both mother and baby. Based on a survey in 2014 by Centers for Disease Control and
Prevention (CDC), the rate of GDM is very high as 9.2% and is increasing every year in
theworld (DeSisto, 2014). The forecasted approximate rate for GDM in India is 79.4 million
in 2030, a 151% rise from 31.7 million in 2000 (Wild et al., 2004). GDM usually disappears
after pregnancy but the mother and their children are at a greater risk of developing T2DM
in their future life.About 50% of the women will become T2DM within five to ten years after
their delivery.Since the life style has changed a lot today, increased dependence on fast
foods, unbalanced diet, overweight and obesity in child bearing age, IGT, lack of exercise,
increased working stress, history of smoking, family history of diabetes, certain ethnic
groups, late pregnancy, number of previous pregnancies etc can be considered as a risk
factor for GDM(Mpondo, Ernest and Dee, 2015). The exact process behind GDM remains
unknown. Insulin sensitivity reduces with advancing period of gestation in normal
pregnancy. These changes are due to hormones produced from placenta, that will help the
baby to grow and develop inside the uterus of the mother(Baz, Riveline and Gautier, 2016).
As pregnancy progress, placental hormones like progesterone, estrogen, prolactin, cortisol,
etc, will block the action of mother’s insulin, leading to increased insulin resistance, high
hepatic glucose output and decreased hepatic glycogen storage(Barbour et al., 2007). So in
a physiologic condition, a compensatory increase in insulin production maintains a normal
level of glucose in the mother's blood. GDM develops in certain women with defective
pancreatic capacity(Kihl and Hornnes, 1986) and they are not able to make increased
insulin and make use of it needed for pregnancy resulting in the accumulation of blood
glucose leading to hyperglycemia.

The extra blood glucose from the mother will pass through the placenta to the baby’s body

resulting in high glucose level. As a result pancreas of the baby will start to produce extra
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insulin to metabolize this glucose. As the baby is getting more energy, it is converted and
stored as fat leading to macrosomia or fat baby(Ragnarsdottir and Conroy, 2010). The
excess nutrient exposure even modifies the phenotype gene expression i.e., epigenetic
modification resulting in permanent short and long term effects in the baby(Catalano et al.,
2003). Some of them are abortions, placental insufficiency(Desoye and Mouzon, 2007),
cardiomyopathy(Reller and aplan, 1988), hypoglycemia, hypocalcaemia, hyperbilirubinemia
etc.So GDM requires adequate consideration and treatment in health related matters of
pregnant women in the form of balanced diet, exercise, reducing stress, regular blood

glucose monitoring, oral drugs and insulin therapy (Kampmann et al., 2015).

Figure 3: Metabolic disorders of offsprings of gestational diabetic mothers
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Adapted from (Estampador and Franks, 2014). Factors like poor maternal life style and the
resultant exposure of feotus to hyperglycemia are responsible for metabolic disorders like
obesity, type 2 diabetes mellitus, dyslipidemia etcin offsprings.

l. 2. Diabetes and heart

Diabetes mellitus is a predisposing factor for heart failure, cardiovascular morbidity and
premature mortality. The mechanisms behind the accelerated heart disease in connection
with T2D are not completely understood. It is always noted that there is a strong relation
between hyperglycemia and intracellular metabolism in the myocardium which can cause

changes in energetics, structure and function(Matheus et al., 2013). In certain patients with
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diabetes, Rubler et al., found that myocardial dysfunction is characterized without any
coronary artery disease, valvular disease, hypertrophy, etc and coined the condition as
diabetic cardiomyopathy (DCM) even as early as in 1972 (Rubler et al., 1972). Along with
cardiovascular risk factors (Wu, 1999) like obesity, hypertension, dyslipidemia, smoking,
excessive stress etc, currently epigenetic factors (Keating, Plutzky and El-Osta, 2016) are
also reported showing interaction between genes and environment, add the association
between diabetes and cardiovascular disease. Increased left ventricular (LV) mass, LV
concentric remodeling and subclinical contractile dysfunction illustrates the main structural
changes happening in diabetic patients (Levelt et al., 2016). Interstitial fibrosis and
hypertrophy will be present in the later stages of DCM. The increased free fatty acid (FFA)
availability in diabetic patients will increase triacylglycerol levels 1.5 to 2.3 fold higher when
compared to non diabetic controls (McGavock et al., 2007). Studies have shown that
myocardial steatosis may be an independent factor between T2DM and LV concentric
remodeling(Rijzewijk et al., 2008). The primary insult for cardiomyocytes during
hyperglycemia is the altered substrate supply and utilization(Rodrigues, Cam and McNeill,
1998). The rate of transport of glucose across sarcolemmal membrane to the cardiomyocyte
is very slow because of the exhaustion of transporters like GLUT 1 and 4(Russell et al.,
1998). Since the circulating FFA is very high, there will be an inhibitory impact of fatty acid
oxidation on pyruvate dehydrogenase complex and finally result in reduced glucose
oxidation and ATP production(Liedtke et al., 1988). There will be abnormality in calcium
homeostasis(Trost et al., 2002), accumulation of advanced glycation end products(Berg et
al., 1999), ketosis(Kruljac et al., 2017), increased activation of protein kinase C by
diacylglycerol, abnormalities of small capillaries, venules, arterioles and arteriosclerosis,
myocyte cell death due to necrosis or apoptosis(Goyal and Mehta, 2013)etc in diabetic
myocardium.

In the fetal heart, structure and function are greatly influenced by GDM. Congenital heart
problems happen in up to 8.5 per 100 live births of offsprings of diabetic mothers

(ODM)(Becerra et al., 1990). Studies have shown that women who were on insulin
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treatment at the time of conception had the highest number of offsprings with congenital
heart malformations(Day and Insley, 1976). However the real mechanism that modifies the
fetal heart during hyperglycemia is not completely understood. Different mechanisms and
metabolic pathways are altered in fetal heart during the hyperglycemic uterine environment.
Some of the congenital heart defects in ODM are ventricular septal defect, double outlet
right ventricle, aortic stenosis, truncus arteriosus(Ferencz et al., 1990), transposition of great
arteries, hypoplastic left heart syndrome, cardiomyopathy etc. Hypertrophic cardiomyopathy
is the most important among these defects in ODM(Reller and Kaplan, 1988). Some of the
metabolic disorders in ODM are altered lipid metabolism, poor antioxidant systems,
increased ROS production (Damasceno et al., 2002), modulation of insulin resistance and
inflammation, changes in immune system, and activation of metabolic memory (Yessoufou

and Moutairou, 2011).

l. 3. Autophagy

Autophagy is a vital physiologic process in eukaryotes which is highly conserved during
evolution, involves the degradation of intracellular components including soluble and
aggregated proteins, long lived proteins, lipids, turnover of organelles, foreign bodies (Yu,
Chen and Tooze, 2017) etc. The term ‘Autophagy’ (from Greek, “auto” oneself, “phagy” to
eat) was coined by Christian De Duve, a Belgian cytologist and biochemist in 1963.
Autophagy plays an essential role in stress response (ROS, hypoxia), nutrient starvation,
infections, energy sensing, cell death, ageing, immunity, lipid metabolism, erythropoiesis,
and various pathologies (Glick, Barth and Macleod, 2010). There are mainly three types of
autophagy: Microautophagy and Chaperone - mediated autophagy and macroautophagy.
Microautophagy, mostly seen in yeasts and plants involves the direct uptake of cytoplasmic
contents by vacuoles via direct membrane invagination (Li, Li and Bao, 2012). Chaperon
mediated autophagy (CMA) is a form of autophagy in which the lysosomes will degrade the

targeted molecules. It only selects those cargo having a target motif like KFERQ that upon
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recognition by Chaperon proteins like HSP70, decides the delivery to the lysosomal surface
where it interacts with membrane receptor Lysosomal- associated membrane protein 2A
(LAMP-2A) (Kaushik et al., 2011).

Figure 4: Types of autophagy
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Macroautophagy is the major type which includes the formation and expansion of an
isolation membrane called phagophore (Yang and Klionsky, 2010). Along with the cargo,
phagophore membrane fuses and finally forms the double membrane structure,
autophagosome. The autophagosome then fuses with the Iysosome to form
autophagolysosomes or autolysosomes (Feng et al., 2014) . Inside the autolysosomes, with
the help of various lysosomal enzymes, the cargo will be degraded and the remaining
molecules like amino acids, fatty acids and nucleotides will be transported back to the
cytosol for the synthesis of various macromolecules and for maintaining different cellular
functions. So autophagy is commonly known as cellular ‘recycling factory’ (Galluzzi et al.,
2017) that help in energy sensing and efficient generation of ATP. There are certain

selective types of autophagy which involves selective or specific removal of damaged or
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excess single substrate by micro or macroautophagy. Mitophagy (removal of mitochondria

by autophagy) (Kubli and Gustafsson, 2012) is the best characterized selective autophagy.

Figure 5: Functions of autophagy
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The key regulators of autophagy involves mTOR, TOR kinase, AMPK, ER stress, nutritional
status, hormonal factors, temperature, time, oxygen concentration, cell density (Levine and
Kroemer, 2008) etc. The outstanding work for the identification and characterization of the
autophagy machinery in yeast (Tsukada and Ohsumi, 1993) brought Nobel Prize in
physiology or medicine, 2016 to a cell biologist named Yoshinori Ohsumi. Since 1993, a lot
of work had been started in the field of autophagy resulting in so many relevant research
publications and data explaining the role of autophagy in various physiologic and pathologic
processes. It is very important to master the function of each molecule of autophagic
pathway that will help for the discovery of therapeutics targeting autophagy in many

diseases.
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I. 3. 1. Autophagy in diabetic heart

In healthy heart, autophagy is maintained at basal levels for its normal functioning(Sciarretta
et al., 2014). But it is activated or inhibited in certain pathological conditions like heart
failure, acute myocardial infarction, post infarction remodeling, cardiac hypertrophy,
pressure overload, cardiomyopathy etc. During stress and ageing, autophagy is inhibited
and associated with the development of cardiac problems(lkeda et al., 2014). During T2DM
and obesity, there is an inevitable chance of developing myocardial ischemia thereby
proposing a problem in the myocardium in relation to energy crisis. Several studies have
shown that the metabolic disturbances in diabetic heart are due to altered autophagy
(Sciarretta et al., 2012).New studies have shown that autophagic activity was increased in
T1DM while in T2DM, increased formation of autophagosome was observed, but the fusion
with lysosomes, autophagic flux didn’t occur resulting in autophagosome accumulation,
without the degradation of misfolded proteins and organelles (Kanamori et al., 2015).
Autophagic mechanisms during diabetes include the participation of many molecules like
mTOR, AMPK, SIRT1, interaction between Bcl-2 and Beclin-1 etc. The change in
autophagic status during diabetes depends on the animal model, experimental conditions,
medications of the patients, type and duration of diabetes etc. It remains unclear whether
the activation or inhibition of autophagy at different stagesof T2DM may be a reason for the
defects in metabolism of myocardium.Thus the crucial role of autophagy in T2DM remains
debatable.

During pregnancy, the role of autophagy starts from embryogenesis, survival of blastocysts,
formation of extravillous trophoblast, placental development, implantation of embryo into
uterus etc.,(Nakashima, Aoki and Saito, 2016). A recent study had shown that autophagic
activity was increased in placenta and extravillous trophoblastin GDM patients (Ji et al.,
2017). Since heart is a key organ which is affected in ODM, autophagy - an important
physiologic process required for energy transaction is also supposed to play a significant

role in controlling the myocardial metabolism. Till now, there are no studies reported about
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the cardiac autophagic status of ODM and it shows the importance of studying such process

in ODM.

l. 4. Cardiac mitochondria: platform for interplay of diabetes

and autophagy

Mitochondria are the key components of beating heart by providing ATP through oxidative
phosphorylation ie.,oxidation of fatty acids (60 — 70 % of ATP) and other substrates like
glucose,lactate (30 — 40 %) etc.,(Gustafsson and Gottlieb, 2008). They are highly organized
and efficient, their specific arrangement and abundance in each myocyte make them a well
planned system of ATP production and transport to perform its contraction, relaxation,
maintaining ion balance and metabolism(Andrienko et al., 2003). It also plays a critical role
during oxidative stress, hypoxia, DNA damage and eventually leads to a cascade of events
with the release of proapoptotic proteins to activate apoptosis(Gustafsson and Gottlieb,
2003) or necrotic cardiomyocyte cell death.

Some studies have shown that defects in mitochondrial energetics may be a contributing
factor for the phenomenon of cardiac dysfunction in T2DM patients(Anderson et al., 2009).
During diabetes, often a rise in fatty acid utilization is followed by depletion in glucose and
lactate utilization. A study in type 2 diabetic patients showed impairment in cardiac
mitochondrial  bioenergetics where a decreased cardiac phosphocreatine/ATP
ratio(Scheuermann-Freestone et al., 2003) was reported. There were changes in
mitochondrial high energy phosphate metabolism, calcium handling, insulin signaling,
increased ATP utilization with decreased production, decreased cardiac efficiency, marked
structural changes, increased mitochondrial uncoupling with impaired mitochondrial
respiratory capacity, remodeling and post transcriptional modification of mitochondrial
proteome, etc(Bugger and Abel, 2010).Only a single work so far had been published on

mitochondrial energetics in the myocardium of ODM. In that study, reported cardiac
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mitochondrial dysfunction in newborn offsprings of diabetic pregnancy when the mothers are
fed on high fat diet(Mdaki et al., 2016).

Hyperglycemia can lead to imbalances in the antioxidant capacity within the cardiomyocyte
resulting in oxidative damage to a variety of biomolecules including proteins, lipids and the
nucleic acids. As a result, accumulation of dysfunctional proteins and organelles such as
mitochondria occursand damaged mitochondria can even increase generation of ROS
through ROS induced ROS release. Before the dysfunctional mitochondria activate the cell
death program, cells adopt a selective sequestration and subsequent degradation of
damaged mitochondria by a process called mitophagy or mitochondrial autophagy. So the
process of selective autophagy, mitophagy is required for the proper removal of
dysfunctional or depolarized mitochondriain a terminally differentiated cell like

cardiomyocytes during diabetic conditions. (Kobayashi and Liang, 2015).

Figure 6: Mitochondria in the diabetic heart
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Adapted from (Bugger and Abel, 2010). Mitochondrial uncoupling andimpaired cardiac
efficiency in diabetes.

So in the scenario of diabetes, controlled regulation of mitophagy is very important in a
terminally differentiated cell like cardiomyocyte.A study in an Atg 7 knockout mouse model

exhibited a significant defect in mitochondrial respiration in skeletal muscle and pancreatic 3
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cells (Wu et al., 2009). It denotes the effective roles of autophagy in mitochondrial
respiration.There are no reports about autophagy-regulatedcardiac mitochondrial respiration

in T2DM and requires an immediate attention.
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Il. 1. Heart metabolism

The mammalian heart must contract continuously without any break for the uninterrupted
flow of blood to all parts of the body. For the contraction/relaxation, continuous production
and supply of ATP is needed. So a constant supply of substrates from the metabolic pool is
needed for the mitochondria to generate the required ATP. 90 % of ATP generated by the
cardiac mitochondria is used for its contraction. Heart depends on various substrates like
fatty acids, glucose, lactate, ketone bodies, amino acids etc., for ATP production. 60-70% of
ATP is produced from fatty acid oxidation, 20% from glucose oxidation and 10% from lactate
(Bertrand et al., 2008). So fatty acids are the main source of energy substrate for the heart
and the heart depends on Randle cycle where fatty acid and glucose metabolism inter
regulate each other for the substrate utilization (Fillmore, Mori and Lopaschuk, 2014). With
the help of various fatty acid transporters like CD36/FAT (fatty acid translocase) and FABP
(fatty acid binding protein), fatty acid enters the cell. Fatty acyl CoA synthetase will add a
CoA group to the long chain fatty acids and the CPT-1 (carnitine palmitoyl transferase 1) will
convert the long chain fatty acyl-CoA to acylcarnitine for entering the mitochondria. Inside
the mitochondria the acylcarnitine will be converted back to fatty acyl CoA and is used in -
oxidation. For medium chain fatty acid, these transport proteins are not required. For the
production of ATP during electron transport chain mechanism, the NADH and
FADH,produced by fatty acid oxidation is utilized. Malonyl CoA regulates fatty acid
utilization by inhibiting CPT-1 and uptake of fatty acid is blocked (Paulson, Ward and Shug,
1984). Glucose will become the most preferred substrate for the heart when the glucose and
insulin concentration increases. With the help of transporters like GLUT 1 (insulin
independent) and GLUT 4 (insulin dependent), glucose is up taken in to cardiomyocytes.
Glucose will be converted to pyruvate during glycolysis and get converted to acetyl-CoA and
taken by the mitochondria and enters Kreb cycle. The produced NADH and FADH2 are
used by the electron transport system for the generation of ATP. Increased fatty acid
oxidation will inhibit glucose oxidation and increased glucose oxidation block fatty acid

metabolism (Randle, England and Denton, 1970). Increased citrate formed during Kreb
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cycle will inhibit glycolytic enzymes like phosphofructo kinase 1 and indirectly block
hexokinase (Lopaschuk et al., 2010). Acetyl CoA produced with the help of pyruvate
dehydrogenase can inhibit fatty acid oxidation enzyme, 3-ketoacyl CoA thiolase. Another
fatty acid oxidation enzyme, 3-hydroxy acyl CoA dehydrogenase will be inhibited by NADH
produced during glucose oxidation (Olowe and Schulz, 1980).Thus it can be understood that
there exists several regulatory pathways in heart that help in the optimal use of the
substrates available.

Figure 7: Cardiac metabolism
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Il. 2. Metabolic makeover in diabetic heart

In a healthy person, pancreatic  cells will uptake the increased glucose during the
postprandial conditions and result in the increased production of ATP leading to the closure
of ATP dependent Karp channels. This will result in accumulation of K* ions that depolarizes
the plasma membrane thereby activating the calcium channels. It will cause an influx of
calcium ions and result in insulin release (Kaufman, Li and Soleimanpour, 2015). In T2DM,

this process is altered and the gradual decrease in insulin results in increased extracellular
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glucose accumulation (Doliba et al., 2012). In the early stages of diabetes, the inadequate
response of insulin is compensated by over production of insulin, resulting
inhyperinsulinaemia. Hyperinsulinaemic condition may withstand for prolonged time period
and in the later stages of diabetes due to loss of pancreatic B cell function, result in
hypoinsulinaemia and hyperglycemia (Heather and Clarke, 2011). During diabetes, as
insulin cannot regulate the action of hormone sensitive lipase in adipose tissue and
secretion of low density lipoproteins by liver cause increase in the level of free fatty acids in
the blood. As a result the peroxisome proliferator activated receptor-a (PPAR-a) will be
activated in the heart and increased fatty acid uptake and decreased GLUT 4 translocation
occurs in myocardium (Gulick et al., 1994). PPARa will activate the enzymes for 3-oxidation
resulting in enhanced (-oxidation in diabetic cardiac tissue. Due to the availability of free
fatty acids, an increased level of triacylglycerol (TAG) accumulation occurs in diabetic
myocardium. Since they are not able to store lipids, the long chain fatty acyl-CoA will be
converted to diacylglycerol and ceramide, which are highly toxic to the cardiomyocytes.
Since fatty acids are less efficient as a fuel for ATP generation than glucose, the diabetic
heart with elevated fatty acid oxidation showed a 30% decrease in cardiac efficiency
(Lopaschuk et al., 2010). Diabetes causes liver to produce ketone bodies, acetoacetate, -
hydroxy butyrate (Sato et al., 1995) from non-esterified fatty acids. These elevated ketone
bodies will be used by the diabetic myocardium for the production of acetyl CoA can cause
defects in energy metabolism (Chong, Clarke and Levelt, 2017). Various studies showed
that in diabetes, increased uncoupling proteins can cause inefficiency in mitochondrial
metabolism. Increased ROS can also trigger uncoupling and thereby reduced ATP
production. This will ultimately affect the contractile function in the diabetic heart (Brand et

al., 2004).

Il. 3. Mitochondrial respiration in type 2 diabetic heart

Increased level of circulating free fatty acids and triglycerides will cause accumulation of

triglycerides in diabetic cardiac tissue. As a result of accumulation of triglycerides, a
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condition called cardiac steatosis arises, which finally result in cardiac dysfunction. A
measure of mitochondrial efficiency, ratio of ATP produced per oxygen consumed was
decreased in the diabetic heart. Increased ROS produced by the mitochondria during
diabetes also lead to cardiac mitochondrial dysfunction (Anderson et al., 2009). A study in
db/db mice showed that the cardiac pyruvate- and succinate-mediated complex | and I
respiration were decreased. The long chain fatty acid utilization was decreased and resulted
in accumulation of long chain B-hydroxy fatty acid in heart (Kuo et al., 1983). In another
study done in db/db mice, cardiac mitochondria showed reduced state 3 respiration and
defect in metabolizing complex | substrates, pyruvate and fatty acids. Even though the
enzymes involved in B oxidation was active in diabetic heart, defect was observed in the
electron transport chain complexes (Kuo, Giacomelli and Wiener, 1985). The oxygen
consumption in glucose and palmitate perfused heart in ob/ob mice was increased. But the
glutamate- and palmitate- mediated state 3 respiration was decreased (Boudina et al.,
2005). Reduced palmitate and glutamate oxidation and ATP synthase activity was observed
in subsarcolemmal mitochondrial in db/db mice (Dabkowski et al., 2009). A decreased
cardiac fatty acid- and glutamate-mediated state 3 respiration was observed in a high fat fed
streptozotocin-induced diabetic mice (Marciniak et al.,, 2014). Cardiac interfibrillar
mitochondrial subpopulation of male FVB streptozotocin-induced diabetic mice showed
reduced ATP synthase activity. Their electron transfer flavoprotein, ubiquinone
oxidoreductase mRNA was significantly reduced, reflecting the altered fatty acid substrate
utilization (Croston et al.,, 2013). A work in db/db mice showed decreased oxygen
consumption and ATP levels in cardiomyocytes (Veeranki et al., 2016). Recent study in a
streptozotocin-induced diabetic mice exhibited decreased activity of electron transport chain
complex and ATP levels (Wu et al., 2017). There are many published reports on cardiac
mitochondrial respiration in different models of type 2 diabetes but less reports are
published on autophagy regulated mitochondrial respiration in type 2 diabetes. Impaired or
deficient autophagy in cardiomyocytes leads to the accumulation of damaged or

dysfunctional mitochondria. In an autophagy deficient mice model (Atg 7" conditional
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knockout) in pancreatic  cell and skeletal muscle, damaged and dysfunctional mitochondria
were accumulated and intracellular production of ROS was very high. An altered basal
mitochondrial oxygen consumption and a pronounced reduction was observed in FCCP
mediated maximal oxidative capacity (Wu et al., 2009). This study showed the role of
autophagy in maintaining the mitochondrial function in normal conditions. Resveratrol
treatment activated autophagy and improved theATP linked mitochondrial respiration and
the FCCP mediated maximal respiration in human cardiac microvascular enthothelial cells
exposed to hyperglycemia (Joshi et al., 2015). Inhibitors of autophagy, chloroquine and
bafilomycin treatment in the primary rat cortical neurons significantly reduced the
mitochondrial oxygen consumption rate of basal, ATP linked, maximal oxidative capacity
and reserve capacity (Redmann et al., 2016). There are no studies reported so far regarding

the regulation of mitochondrial respiration in T2DM by controlling autophagy in heart tissue.

Il. 4. Mitochondrial respiration in offsprings of diabetic and
obese mothers

Gestational diabetes causes mitochondrial dysfunction in various tissues of offsprings. A
study of maternal obesity where the skeletal muscle mitochondria of 3-month-old male
offspring showed decreased complex Il and Il activity, while no change was observed in
female offsprings (Shelley et al., 2009). A reduced ETC enzyme complex activity in the liver
tissue in offsprings was observed in a high fat diet pregnancy of rat model (Bruce et al.,
2009). In another study of high fat fed model of pregnancy, rat aortas showed reduced
expression of mitochondrial complexes I, 1l and lll in 6-month-old offsprings (Taylor et al.,
2005). A work done in high fat fed pregnancy in rat showed reduced expression of complex |
in soleus muscle of male offspring. Also the nuclear genes coding mitochondrial electron
transport system complexes were found down regulated in the skeletal muscle (Pileggi et
al., 2016). Dams fed with high fat during the pregnancy, one year old rat offspring showed
reduced oxidative phosphorylation and expression of complexes I, Il and V in skeletal

muscle. Even though mitochondrial dysfunction were observed, the mitochondrial DNA copy

45



number was unchanged (Latouche et al., 2014). The expression of complex Il, Ill and V
were found reduced in liver of a 21 day-old male rat offspring of obese mothers
(Borengasser et al., 2011). Reduced oxidative capacity was observed in fetal skeletal
muscle of Japanese macaques mothers which are on high fat diet (McCurdy et al., 2016). In
another study of maternal high fat during pregnancy, mitochondrial dysfunction was
observed in skeletal muscle of offspring across three generations. F1 offsprings exhibited
larger mitochondria with a lower state 3 respiration in soleus muscle. Also reduced
mitochondrial complexes Il, lll and V, elongated mitochondria with disorganized cristae,
and lipid droplet accumulation was noted in gastrocnemius muscle of F1 offsprings. F2
offspring’s gastrocnemius muscle also exhibited the reduction of these mitochondrial
complexes. The gastrocnemius muscle of F3 offspring had enlarged mitochondria with
abnormal cristae, but no difference was observed in their electron transport chain

complexes (Saben et al., 2016).

Only a single work has been published so far showing impaired cardiac function due to
mitochondrial dysfunction and metabolic stress in offsprings of high fat diet fed-STZ model
of pregnancy. They had analyzed the cardiac and mitochondrial function in newborn pups
and they showed altered contractile and diastolic function in them. Reduced basal and
maximal mitochondrial respiration, reduced ATP levels, altered spare respiratory capacity
and proton leak were observed in mitochondria of neonatal isolated cardiomyocytes of ODM
(Mdaki et al., 2016). Till now no reports are published regarding the cardiac mitochondrial
respiration at different stages of offsprings (weaning, adult period) of diabetic mothers and
also the separate analysis of cardiac mitochondrial respiration in male and female offsprings

of diabetic mothers.
Il. 5. Molecular mechanisms of autophagy

Autophagy is a prominent cellular pathway which involves the segregation of cytoplasmic

cargo and organelles to lysosomes for their degradation. ATG genes, a set of specific genes
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are controlling the process of autophagy. More than 30 ATG genes are discovered in yeast
and several homologues of ATGs in yeast are found out in mammals which are highly
preserved during evolution (Eskelinen and Saftig, 2009). The initiation process of autophagy
in yeast and mammals are less understood. In yeast, a novel structure called
preautophagosomal structure (PAS) is formed during the initiation process of autophagy
(Noda, Suzuki and Ohsumi, 2002). Cytoplasm to vacuole targeting pathway (Cvt) is present
only in yeast, involves the transport of inactive enzymes (a-mannosidase and
aminopeptidase |) from cytoplasm to vacuoles (Shintani et al., 2002). In mammals it is noted
that ER-mitochondrial junctions or contact sites will function as phagophore, considered as
a precursor for autophagosome formation. Phagophore may contain portions of plasma
membrane, golgi bodies, mitochondria and endoplasmic reticulum (Bernard and Klionsky,

2013).

Class Ill PI3-kinase, an enzyme plays a crucial role in initiation of autophagy which help in
synthesizing phosphatidylinositol 3-phosphate (PI3P) from phosphatidylinositol. Since the
PI3P is a docking lipid, it can enhance the closing of autophagosome membrane and
entrapment of cytoplasmic cargoes into autpophagosomes. Beclin 1, a mammalian homolog
of Atg 6 plays an important role in modulating PI3-K inase activity (Tassa et al., 2003). The
second important kinase system, mammalian target of rapamycin (mTOR) can regulate
autophagy by its interaction with Atg 1. For beclin 1 to get activated, it should be dissociated
from its binding partner Bcl-2. The released beclin 1 will form a transient complex with Atg
14, vacuolar protein sorting (vps) 15 and lipid kinase vps 34 that forms the functional PI3K
complex. The lipid kinase activity of this complexes helps in PI3P formation that contribute
the targeting of various atgs to the nucleation complex. There are mainly two important
proteins, Atg 14L and rubicon that form complex with Beclin 1, which regulates the
autophagosome formation. If Atg 14L binds wih beclin 1 positively regulate the formation of
autophagososme. But the complex formation of beclin 1 with Rubicon retards or inhibits the

formation of autophagosome.
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Figure 8: Beclin 1 complex in autophagy
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The Atg proteins can be divided into different functional complexes. ULK1, mammalian
homolog of Atg 1can be proposed as the first complex in autophagosome formation (Marifio
and Lopez-Otin, 2004). In the absence of adequate nutrients or ATP or presence of mMTOR
inhibitors, ULK1 can recruit Atg 11, Atg 13 and Atg 17 to form a complex which helps in the
initiation of autophagy. After the assembly of Atg 1 to the membrane, the second important
complex is Atg 9 and its related proteins like Atg 2 and Atg 18 that delivers membrane to the
developing phagophore (Fujitani, Ueno and Watada, 2010). The Atg 1 complex can recruit
Atg 5 and Atg 12 resulting in a complex formation of Atg5-Atg12.Atg 12 proteins are
activated by Atg 7 and Atg 10 by formation of thioester linkage. This complex will conjugate
with Atg 16L to form a multimeric complex. These Atg 5-Atg12-Atg16 complex oligomerise
and are targeted to the phagophore, helps in the assembly of autophagosomes (Mizushima
et al.,, 2003). This Atg 5-Atg 12 complex functions like a E3-like activity, helps in the
attachment of LC3 (microtubule associated proteinlight chain 3), a mammalian homolog of
Atg 8 in to the membrane. Newly synthesized LC3 is cleaved by a cysteine protease Atg 4,

expose a glycine residue, (Gly 120) at the carboxyl terminus region termed LC3-I. This LC3-
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| undergo a series of ubiquitin like reactions activated by enzymes Atg 7, Atg 3 and Atg5-
Atg12-Atg16 complex (Marifio and Lopez-Otin, 2004). This activated LC3-1 will conjugate
with PE to form LC3-II, which is the lipidated form of LC3 (Kabeya et al., 2000) . LC3 is the
only protein, which is present in preautophagosomes and autophagosomes. So it is
considered as an important marker for evaluation of autophagy since it is present in
autophagosomes from initiation to degradation. An adaptor molecule p62/ SQSTM1has an
unique ability of self oligomerization and a C-terminal ubiquitin associated domain for
attaching with ubiquinated proteins. So it can ubiquitinate cytosolic cargoes and can attach
with LC3 Inside the autophagosome membrane. Along with LC3, p62 also get degraded
inside the autophagosomes. So the intracellular level of p62 also denotes the autophagic
status along with LC3 and is widely used as a marker of autophagy (Komatsu and Ichimura,
2010). After maturation and closing of autophagosomes, it fuses with the lysosomes to form
autophagolysosomes. Inside the autophagosomes, the cytoplasmic cargoes will be
degraded with help of lysosomal enzymes (Eskelinen and Saftig, 2009).

Cathepsin D, a soluble lysosomal aspartic endopeptidase help in the degradation of cargoes
inside the autophagosomes (Hasui et al., 2011). LAMP-2, lysosome associated membrane
protein 2 play an important role in maintenance and adhesion of lysosomes with
autophagosomes (Eskelinen et al., 2002). After the degradation of cargo, the remaining
molecules like amino acids, fatty acids and nucleotides will be transported back to the
cytosol for the synthesis of various macromolecules and for maintaining different cellular
functions(Galluzzi et al., 2017). If adequate nutrients or ATP is present, growth factors like
insulin can activate class | PI3-kinase which will activate Akt pathway and in this way mTOR
will be activated and the process of autophagy will be inhibited or reduced (Fuijitani, Ueno

and Watada, 2010).
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Figure 9: Molecular pathways regulating macroautophagy
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1.5.1. Selective autophagy

In selective autophagy, a specific organelle or molecule is targeted for the degradation.
Usually it targets damaged or dysfunctional organelles like mitochondria, ER, peroxisomes
and even microorganisms. Non-selective autophagy involves the bulk degradation of
cytoplasmic contents during starvation etc. Based on the substrates of selective autophagy,
they are given specific names such as mitophagy for mitochondria, pexophagy for
peroxisomes, lysophagy for lysosomes, reticulophagy for ER, xenophagy for microbes etc
(Feng et al., 2014). For each of the selective autophagy, the autophagic receptors, the
proteins that bind with the substrates and targets to autophagosomes will change. Some of
them are p62, NBR1, OPTN, NDP52, BNIP3, BNIP3L, ATG34, FUNDC1, PHB2, TRIMS5,
TAX1BP1, Atg19, and Atg32 etc (Chourasia et al., 2015)(Wei et al., 2017) and these
molecules usually have a LIR (LC3 interacting region) which helps them to bind with LC3
inside the autophagosome membrane (Galluzzi et al., 2017). Among these, mitophagy is the

most characterized selective autophagy (Kubli and Gustafsson, 2012).
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Figure 10: Substrates of macroautophagy
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1.5.2. Mitophagy

A well planned system of selective autophagy is needed for the elimination of damaged and
dysfunctional mitochondria in the cells. Mitochondrial autophagy is so important to maintain
the quality and quantity of mitochondria. There are three important pathways for mitophagy.
They are Parkin/PINK 1 mediated mitophagy, BNIP3 and NIX/BNIP3L mitophagy and
FUNDC1-mediated mitophagy (Ashrafi and Schwarz, 2013). The reduced mitochondrial
membrane potential of the damaged mitochondria recruits PINK 1 (phosphatase and tensin
homolog-induced putative kinase 1), which is nuclear-coded mitochondrial serine/threonine
kinase act as a mitochondrial stress sensor (Greene et al., 2012). In healthy mitochondria,
PINK 1 is imported to the inner mitochondrial membrane and gets degraded. But in the case
of dysfunctional mitochondria, PINK 1 will be attached to the outer mitochondrial membrane
and recruits Parkin. The activated parkin (E3 ubiquitin ligase) ubiquitinates several proteins
on the outer mitochondrial membrane, that will bind to adaptor proteins like p62 and helps in
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the sequestration of damaged mitochondria towards autophagosome (Koyano et al., 2014).
BNIP3 (BCI-2/adenovirus E1B 19-KDa- interacting protein 3) and BNIP3-like (BNIP3L, also
called NIX) are proteins which are mitochondria-localized, having LIR motifs to interact with
LC3 proteins mainly involved in removal of mitochondria in reticulocyte maturation (Kundu et
al., 2008: 1). FUNDC1 (FUN14 domain-containing protein 1) is an outer mitochondrial
membrane protein which is mailnly invoved in hypoxia-mediated mitophagy(Liu et al., 2012).

Among these pathways, Parkin-PINK 1 plays an important role in heart(Kubli et al., 2015).

Figure 11: Different pathway of mitophagy
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11.5.3. Regulators of autophagy: mTOR and AMPK

Balanced or basal autophagy is required for maintaining the proper function of the cell. If it is
lowered or excessive it may lead to cellular toxicity and result in development of pathologic
conditions. So the regulation of autophagy either positively or negatively gains much
importance (Chen and Klionsky, 2011). Autophagy is activated during nutrient starvation in
which the autophagy induction is controlled by a molecule called mMTOR (mammalian target
of rapamycin), which detects signals from the cell like growth factors, amino acids, glucose,
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hypoxia, energy levels etc. It has two complexes, mTOR complex | and complex II.
mTORC1 is important in detection of nutrient status of cell. If there is adequate nutrient,
mTOR will binds with ULK1 and autophagy induction will be inhibited. For the activation,
mTOR is dissociated from the ULK1-Atg13-Atg17 complexes. Rheb, a GTP switch protein,
upstream of mTORC1 can phosphorylate and activate mMTORC1. Rheb is active in its GTP
bound condition. A GTPase activating protein, TSC1 will replace the GTP in the Rheb with
GDP and finally inactivating it. For activation of mTOR, PI3K-Akt pathway will inhibit the
TSC1-TSC2 complex. Akt phosphorylates the TSC1 protein and as a result it cause the
accumulation of GTP bound Rheb and that active Rheb can activate mTOR (Jung et al.,
2010).

During starvation, hypoxia or increase in anabolic process, reduction of ATP in the cell
occurs. The increased AMP can activate a protein known as AMPK (AMP dependent protein
kinase) which will activate autophagy by its ability to inhibit mMTOR complex-I (Hardie, 2011).
AMPK can activate TSC1 complex thereby inhibiting Rheb and blocking mTORC1. Raptor,
a subunit of MTORC1 can be phosphorylated by AMPK and leading to mTOR inhibition.
Also AMPK can directly activate ULK1, the first Atg protein needed for the induction of

autophagy (Roach, 2011).

Figure 12: Regulation of autophagy
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Adapted from (Hardie, 2011), Regulation of autophagy by AMPK and mTOR

1.5.4. Pharmacologic modulation of autophagy: Resveratrol

and chloroquine

The process of autophagy is just like a double edged sword. It can act in a protective or
destructive role according to the cellular environment. So it is very important to know the
autophagic status and the crucial targets in this pathway in each of the pathologic
conditions. Then only it is able to develop new pharmacological compounds that can

activate or inhibit autophagy (Cheng et al., 2013).

11.5.4.1. Resveratrol as autophagic activator

Resveratrol is a stilbenoid, a natural polyphenol derivative and phytoalexin, produced by
certain plants such as grapes, mulberries, blueberries etc. Although resveratrol has various
targets in the body, it induces autophagy in different pathologic conditions. It activates
autophagy by activating AMPK, in turn activates sirtuin 1 (SIRT1) and PGC-1a which will be
a signal for the induction of autophagy (Um et al., 2010). Resveratrol can activate
mitochondrial function, can elevate NAD'/NADH ratio and also induce autophagy for
clearing mutant and aggregate proteins associated with neurodegenerative diseases (Gros
and Muller, 2014). Through induction of autophagic mechanisms, resveratrol was used as
an anti-aging agent to increase the life span (Morselli et al., 2010). It has a protective effect
in Alzheimer ’'s disease (AD) by the activation of AMPK (Vingtdeux et al., 2010). Resveratrol
can directly induce autophagy by blocking the mTOR-ULK1 pathway. In MCF-7 cells, cancer
cell suppression was induced by resveratrol by activating autophagy in a mTOR-ULK1
dependent pathway (Park et al., 2016). Resveratrol can inhibit mTOR by attaching to its
ATP binding site, thereby activating autophagy. In a type 2 diabetic model of db/db mice,
cardiac autophagy is found to be suppressed at the final degradation step. Resveratrol
treatment enhanced autophagy, suppressed hypertrophy and fibrosis and improved the

cardiac function in those db/db type 2 diabetic mice (Kanamori et al., 2015). In a study done
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in human cardiac microvascular endoothelial cells exposed to hyperglycemia, ATP linked
mitochondrial respiration and the FCCP mediated maximal respiration were significantly
lower and resveratrol treatment improved the mitochondrial function (Joshi et al., 2015). In a
STZ diabetic model of C57BL/6 mice, resveratrol treatment reduced cardiac dysfunction and
remodeling and it reduced the apoptosis and oxidative stress through enhancing the
pathway of autophagy (Wang et al., 2014). Till now there are no studies reported on the
regulation of cardiac mitochondrial function in T2DM by activating autophagy using

resveratrol.

11.5.4.2. Chloroquine as autophagic inhibitor

Chloroquine is a drug (class 4 — aminoquinoline), lysosomotropic agent that blocks
endosomal acidification. It usually accumulates in the acidic parts of the cells such as
lysosomes. It leads to the inhibition of enzymes in lysosomes that need an acidic pH. So the
fusion between lysosomes and autophagosomes are inhibited (Cheng et al., 2013). A study
done in clear cell carcinoma, CPI-613 along with chloroquine inhibited the fusion of
autophagosomes with lysosomes, induced necrosis in those cancer cells (Egawa et al.,
2018). Apatinib, a tyrosine kinase inhibitor along with chloroquine induced ER stress-related
apoptosis in human colorectal cancer by targeting autophagy (Egawa et al., 2018).
Blockage of autophagy with chloroquine in breast cancer cells showed recurrence of early
tumor (Agbi et al., 2018). Autophagic inhibition using chloroquine and 3-methyladenine
reduced rapamycin-induced protection against renal ischemia reperfusion (Li, Zhu, et al.,
2018). Autophagy inhibition by a lactone component from a Chinese plant Ligusticum
chuanxiong along with chloroquine reduced myocardial ischemia injury (Wang, Dai, et al.,
2018). Chloroquine induced a progressive reduction in autophagy after myocardial infarction
in rabbits(Chi et al., 2017). Hypoxic-ischemic (HI) treatment in a neonatal rat model of
encephalopathy showed presence of apoptosis and autophagy proteins and is inhibited
during chloroquine treatment. This inhibition of autophagy in the neurons worsened the

mitochondrial dysfunction characterized by high levels of ROS, less mitochondrial
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superoxide and less membrane potential (Li, Hao, et al., 2018). There was a similar report in
primary rat cortical neurons, where autophagy inhibition by bafilomycin and chloroquine
reduced mitochondrial quality and significantly reduced the mitochondrial OCR of basal,
ATP linked, maximal oxidative capacity and reserve capacity (Redmann et al., 2016). There
are no studies reported so far on the regulation of cardiac mitochondrial function in T2DM by

inhibiting autophagy using chloroquine.

1.5.5. Autophagy in heart

In a terminally differentiated cell like cardiomyocytes, autophagy plays a very important role
in the recycling of long lived proteins and organelles (Nishida et al., 2009). Since
cardiomyocytes are rich in mitochondria, mitophagy gains much importance. As the
damaged mitochondria release pro-apoptotic factors resulting in apoptosis of
cardiomyocytes (Gustafsson and Gottlieb, 2003), the clearing/degradation mechanism
should be properly maintained and be functional (Kim, Rodriguez-Enriquez and Lemasters,
2007). Autophagy plays a protective role in heart by maintaining in its basal level (Sciarretta
et al, 2012). In cardiac HL-1 cells, activating autophagy by beclin 1 over expression
reduced Bax activation and protection against ischemia-reperfusion injury (Hamacher-
Brady, Brady and Gottlieb, 2006). An Atg 5 deficient heart, in their ultra structural analysis
showed a aberrant, disorganized sarcomere and mitochondria were found. It resulted in
increase of damaged proteins and organelles, increase in ER stress and activation of
apoptosis (Sohal et al., 2001). A LAMP-2 deficient mice showed impaired degradation of
proteins with accumulation of autophagososmes and showed features of cardiomyopathy
(Nishino et al.,, 2000). These studies show the importance of basal autophagy and

mitophagy in the heart.
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1.5.6. Autophagy in diabetic heart

Autophagy is activated or inhibited during stress conditions. During stress and ageing,
autophagy is inhibited and associated with the development of cardiac problems (lkeda et
al., 2014). There is an inevitable chance of developing myocardial ischemia and other
related problems during T2DM. Several studies have shown that the metabolic disturbances
in diabetic heart are due to altered autophagy (Sciarretta et al., 2012). The epicardial
adipose tissue of diabetic patients showed increased autophagy and ER stress compared
to subcutaneous adipose tissue from the same patients (Burgeiro et al., 2018). In a study
done in STZ-induced diabetic mice showed suppressed autophagy and augmented
inflammation in the heart tissue and over expression of Tax 1 binding protein had increased
the autophagy, leading to decreased inflammation, reduced cardiac hypertrophy, apoptosis,
fibrosis and oxidative stress (Xiao et al., 2018). In another study done in OVE26 mice,
angiotensin |l inhibited autophagic process and accelerated cardiac hypertrophy in the early
stage of diabetes (Qian et al., 2017). Autophagy was found suppressed in a study done in
STZ-induced diabetic mice. Inhibition of advanced glycation end product (AGE) prevents the
cardiac remodeling and contractile dysfunction through increasing the autophagic process
(Pei et al., 2018). High glucose condition in H9c2 cells had suppressed autophagy. In this
study ULK 1 plays a crucial role in mitochondrial aldehyde dehydrogenase 2-offered
protective effect against high glucose-induced cardiomyocyte injury by increasing autophagy
(Liu et al., 2018). In obese diabetic (ob/ob) mice, cardiac autophagic flux was suppressed
due to impaired formation of autophagosome and the suppression of autophagy is due to
mTOR activation. IGF-1 (Insulin-like growth factor 1) receptor-mediated Akt activation
resulted in development of hypertrophy, but it was not involved in mTOR activation and
autophagy suppression (Pires et al., 2017). In an STZ-induced diabetic model, polydatin, a
polyphenolic pytoalexin increased the autophagic flux and mitochondrial function by
activation of sirtuin 3. Also polydatin increased the autophagic flux of cardiomyocytes in high
glucose condition for 48 h (Zhang, Wang, et al., 2017). In a high fat-fed mice, blockage of

RAGE (Receptor for advanced glycation end product) receptors reduced mitochondrial
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damage and mitochondrial dysfunction by reducing the oxidative stress, and increasing the
autophagic pathway and mitochondrial dynamics (Yu, Wang, et al., 2017). High glucose
treated H9c2 cells, caused increased apoptosis with decreased autophagy and connexin43
expression. When the hyperglycemic H9c2 cells are co-treated with metformin, resulted in
reduced apoptosis, increased connexin4d3 expression mediated through the activation of
autophagic pathway(Wang, Bi, Liu, Zhao, et al., 2017). Dihydromyricetin administration to
STZ-induced diabetic C57B/6J mice improved the reduced autophagy during diabetes along
with reduction in oxidative stress, inflammation and improved the mitochondrial and cardiac
function (Wu et al., 2017). High glucose treated H9c2 cells caused reduction in autophagy,
which was enhanced by the treatment of HBSP (helix B surface peptide), a small peptide
derived from helix-B domain of erythropoietin (Lin et al., 2017). In STZ-induced diabetic
sirtuin3 knockout mice, increased cardiac apoptosis, mitochondrial injury and interstitial
fibrosis, along with suppressed autophagy and mitophagy were observed. Over expression
of sirtuin3 in diabetic mice enhanced autophagy and mitophagy, along with decreased
apoptosis and inhibited the mitochondrial injury that adds a protective effect for diabetic
cardiomyopathy (Yu, Gao, et al., 2017: 3). Apelin, an adipokine gene therapy in a STZ-
induced diabetic mice exhibited upregulation of cardiac autophagy by activating sirtuin3 and
suppression of ROS-NF-Kb pathway (Hou et al., 2015). In a rat model of T2DM, inhibition of
dipeptidyl peptidase-4 improves the survival rate and reduces the acute mortality after
myocardial ischemia through restoring autophagy by reducing the interaction of beclin-1 with
Bcl-2 (Murase et al., 2015). A study in db/db type 2 diabetic mice, increased formation of
autophagosome was observed, but the autophagic process is suppressed at final step, i.e.,
fusion of autophagososmes with lysosomes were defective (Kanamori et al., 2015).Otsuka
Long-Evans Tokushima fatty (OLETF) diabetic rats on calorie restriction (30% energy
reduction) improved diastolic function and increased cardiac telomerase activity and
autophagy(Makino et al., 2015). Enhanced autophagic flux by the treatment with resveratrol
in a STZ-induced diabetic mice reduced myocardial oxidative stress injury (Wang et al.,

n.d.). In type 2 diabetic rat model, O-GlcNAcylation of beciln-1 caused recuced autophagy in
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diabetic heart (Marsh et al., 2013). In diabetic OVE26 mice, chronic administration of
metformin improved the cardiac function by enhancement of autophagy through AMPK

activation (Xie et al., 2011).

In contrast to the above reports, STZ-induced diabetic mice, the upregulated autophagy
during diabetes was reduced by the action of catalase, which inhibited the translocation of
p65 to nucleus and prevented beclin 1 mediated upregulation of autophagy (Wang, Tao,
Huang, Zhan, et al., 2017). In db/db mice heart, down regulation of a transcription factor,
SP1 (Specificity protein 1) exhibited loss of Mir30c and subsequent activation of autophagy
by activation of beclin1 and it lead to diabetic cardiomyopathy (Chen et al., 2017).
Liraglutide, a glucose lowering agent given to Zucker diabetic fatty rats restored the
autophagy and reduction of myocardial damage by enhancement of autophagy through the
activation of AMPK and inhibition of mTOR (Zhang, Ling, et al., 2017). In STZ-induced
diabetes in Sprague-Dawley rats, increased autophagy was reported in myocardial
ischemia-reperfusion injury. The diabetic rats when treated with N-acetylcysteine, reduced
the ischemia-reperfusion injury by inhibiting the pathway of autophagy (Wang, Wang, Yan,
Wang, et al.,, 2017). H9c2 cells cultured in a low-after-high glucose caused reduced
expression of connexin4d3 by enhancement of autophagy involving PI3K/Akt/mTOR and
MEK/ERKj,, signaling pathways(Bi et al., 2017). STZ-induced diabetic HFpEF (heart failure
with preserved ejection fraction) mice showed excessive autophagy with decreased cardiac
function and chloroquine (inhibitor of autophagy) treatment in these animals improved the
cardiac diastolic function by inhibiting the process of autophagy (Yuan et al., 2016).
Enhanced myocardial autophagy and fibrosis were reported in STZ-induced diabetes in rats
and the treatment with sodium hydrosulfide significantly reduced fibrosis and autophagy by
upregulation of PI3K/Akt1 signaling pathway (Xiao et al., 2016). Through activation of
beclin-1 mediated pathway, increased autophagy was reported in right atrial appendage
tissue of diabetic patients in New Zealand population (Munasinghe et al., 2016). Attenuation
of cardioprotective miR-133a in left ventricular apex tissue of diabetic heart failure patients

undergoing mechanical unloading resulted in upregulation of autophagy and hypertrophy
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(Nandi et al., 2015). STZ-induced diabetic rat showed significant enhancement of
autophagy, which played a role in juvenile diabetic cardiomyopathy and caused retardation
of cardiac growth in those diabetic rats (Lee et al., 2012).

In most of the published reports, cardiac autophagy was reduced in type 2 diabetes while in
some papers it was reported to be in the enhanced state. Autophagic adaptations during
type 2 diabetes depend on the cellular environment, animal model, experimental conditions,
medications and other co-morbidities of the patients, duration of diabetes etc. In all these
studies on diabetes, autophagy was assessed at a single time point during the course of
study period. Since a single time point evaluation may only be revealing the status of
autophagy at that time point only and not at any other time point, it becomes difficult to
ascertain the observed changes in autophagy as a stable outcome due to the disease
condition. It is also not evident whether the activation or inhibition of autophagy at different
stages of T2DM may be a reason for the defects in metabolism of myocardium.
Hyperinsulinemic condition at the initial period and hypoinsulenimic condition at the later
stage of type 2 diabetes can cause fluctuations in cardiac autophagic status. Thus the
crucial role of autophagy in T2DM at different time points remains unclear and becomes an

important step in understanding its critical role.

11.5.7. Autophagy in gestational diabetes

In pregnancy, the role of autophagy starts from embryogenesis, survival of blastocysts,
formation of extravillous trophoblast, placental development, implantation of embryo into
uterus etc.,(Nakashima, Aoki and Saito, 2016). A single nucleotide polymorphism in
ATG16L in pregnant women influenced the time to delivery during labor induction with an
unfavourable cervix (Doulaveris et al., 2013). The placental nutrient supply from the mother
to the baby suddenly stops at birth and the neonates undergo severe starvation until it is
lactated by mother. At that starvation period, autophagy is upregulated in high levels for 3-
12 h in various tissues of the neonates to overcome the starvation (Kuma et al., 2004). A

recent study had shown that autophagic activity was increased in placenta and extravillous

60



trophoblast in GDM patients (Ji et al., 2017). Autophagy plays a crucial role in high glucose-
induced malformation in heart tube in chick embryos (Wang et al., 2015). Baicalin, a
polyphenolic flavanoid can reduce the hyperglycemia-induced cardiovascular malformation
in early chick embryos by suppressing the production of ROS and inhibiting autophagy
(Wang, Liang, et al., 2018). A study in human diabetic placenta and stillborn fetal pancreas
showed altered autophagy (Avagliano et al., 2017). Since heart is an important organ which
is affected in offsprings of diabetic mothers (ODM), autophagy - an important physiologic
process required for energy transaction is also supposed to play a significant role in
controlling the myocardial metabolism. There are no studies reported so far about the
cardiac autophagic status of ODM and it shows the importance of studying such process in

ODM.

Il. 6. Rationale of the study

It is clear from the previously published reports that type 2 diabetes leads to inhibited
autophagy in animal models and cell lines under hyperglycemic conditions and also the
modulators of autophagy were found to be favouring inhibition of autophagy in T2DM heart.
But studies that focus on autophagic status at different time points of type 2 diabetes are
very few in numbers and there is only one study that reported autophagy in type 2 diabetic
human heart. But no studies have been reported in Asian Indian population. Also there are
no studies that evaluate the role of autophagy in diabetic cardiac mitochondrial respiration.
No studies have so far been published with regard to cardiac autophagy in offsprings of
gestational diabetic mothers, even though a single paper was published on cardiac
mitochondrial respiration in offsprings of gestational diabetic rat. Based on this, we
proposed to evaluate cardiac autophagy in Asian Indian population. We also proposed to
analyze autophagy in cardiomyoblast (H9c2) at different time points of hyperglycemia.
Another study was initiated to evaluate cardiac autophagy and its role in regulating
mitochondrial respiration at two time points of T2DM in mice models. Due to the paucity in

data regarding effect of untreated gestational diabetes on cardiac autophagy and
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mitochondrial respiration in offsprings of GDM mothers, we developed a GDM rat model and
evaluated cardiac autophagy and mitochondrial respiration in their offsprings at weaning

and adult stages.

I.7. Hypothesis

1) Type 2 diabetes mellitus causes altered cardiac autophagy and thereby brings changes

in mitochondrial respiration

2) Untreated gestational diabetes in mothers will affect cardiac autophagy and mitochondrial

respiration in offsprings
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lILMATERIALS AND METHODS
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lll. 1. Reagents, kits, drugs and antibodies

Dulbecco’s modified Eagle’s medium (DMEM), Fetal Bovine Serum (FBS), Antibiotic
antimycotic solution for cell culture, reagents needed for the isolation of mitochondria,
various substrates, uncouplers and inhibitors for the cardiac oxygen consumption studies
were purchased from Sigma Aldrich, St. Louis, MO, USA. For analyzingmitochondrial DNA
copy number, gqRT PCR master mix (Origin Diagnostic and Research, India), and primers
(BR Biochem Life Sciences Pvt. Ltd, India) were purchased. All other reagents for the study
were purchased from Sigma Aldrich, St. Louis, MO, USA.

Drugs like Streptozotocin, Nicotinamide and chloroquine were purchased from Sigma
Aldrich, St. Louis, MO, USA. Resveratrol was purchased from MP Biomedicals, California,
USA.

Immunohistochemistry kit (Abcam, Cambridge, UK), Insulin assay kit (RayBiotech,
Norcross, GA), Glucometer and strips for random glucose analysis in mice and rat study
(Accu-Chek, Roche, Germany), HbA1c kit (Nyco card Kit, Alere Technologies AS, Oslo,
Norway), and plasma triglyceride assay kit (Accurex Biomedical, Mumbai, India).

Antibodies used in the study were purchased from:, LC3 B, Atg 14, Rubicon, PINK 1,
LAMP2, p62/SQSTM1, OXPHOS, ANT1, UCP3, MnSOD, Glutathione peroxidase, O-
GIcNAc (Abcam, Cambridge, UK), B-actin (Sigma- Aldrich, St Louis, MO, USA), Cathepsin
D (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), Beclin 1, Atgs (3,5,7,12,16L1),
ULK1, pULK1 (Ser 555), mTOR, pmTOR (Ser 2448), Parkin, AMPKa, pAMPKa, sirtuins
(SirT 3 and 5), vinculin, 3- Tubulin, Horse Radish Peroxidase (HRP) conjugated anti rabbit
and anti mouse IgG secondary antibodies (Cell Signaling Technology, Massachusetts,

USA).

lll. 2. Collection of human right atrial appendage

Right atrial appendage biopsy samples were obtained from type 2 diabetic and non-diabetic
patients with ischemic heart disease, who underwent coronary artery bypass grafting at

Sree Chitra Tirunal Institute for Medical Sciences and Technology (SCTIMST). The tissue
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samples were taken from the site of right atrial cannulation during the surgery. The study
was carried out with the approval of the institutional ethics committee (IEC), and informed
consent was obtained from patients whose tissues were collected for the study. A portion of
tissue sample was immediately dipped in buffered formalin for immunohistochemistry. A part
of the cardiac tissue was flash frozen in liquid nitrogen for protein assays and stored at -

80°C until assayed.

Figure 13: Study design for atrial tissue experiments
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Flow chart representing the number of samples taken for each experiment.

lll. 3. Cell culture and maintenance

H9c2, rat embryonic cardiac myoblast (adherent) cells were obtained from National Centre
for Cell Science (NCCS), Pune. In a humidified atmosphere of 5% CO, at 37°C, the cells
were grown in 25 mm cell culture flask as monolayer culture in DMEM (5.5mM glucose)
containing 10% FBS and antibiotic antimycotic solution (penicillin, streptomycin and
amphotericin B). Based on the growth rate, the medium was changed every 2 days for
maintaining the culture. For detaching the adherent cells from the plate/flask Trypsin-
Phosphate-Versene-Glucose (TPVG) was used. The cells were centrifuged and the
supernatant was removed. Then the cells were resuspended in 1.0 ml of freezing medium
(75% medium, 5% FBS, 20% DMSO) and stored at -80°C freezer.
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Upon reaching a confluence of 60-70%, the cells were incubated with control (5.5 mmol/L)
or high glucose (30 mmol/L) medium for two time points, 4h and 48 h respectively. To
account for medium hyperosmolarity, the cells were incubated with mannitol (24.5 mmol/L)
in normal medium containing glucose (5.5mmol/L). For all experiments DMEM containing

1% FBS was added.

Figure 14: Study design for cell culture experiments
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Flow chart representing the study design taken for cell culture experiments.

lll. 3. 1. Reagents used

Ill. 3. 1. 1. DMEM preparation (1 litre) (pH 7.4)

5.5 mM DMEM (16 g), 30mM DMEM (5.5mM DMEM + 4.5 g dextrose), Sodium bicarbonate
(2.2 g), Sodium pyruvate (0.11 g), 100 U/ml Penicillin/ Streptomycin, Amphoterixcin B in

sterile distilled water, filtered and stored in autoclaved bottles.

lll. 3. 1. 2. Phosphate-buffered saline (PBS) (pH 7.4)

Sodium chloride 137 mM, potassium chloride 2.7 mM, disodium hydrogen phosphate 10.14
mM, potassium dihydrogen phosphate 1.76 mM in sterile deionised water.

lll. 3. 1. 3. TPVG solution (pH 7.4)

0.1% trypsin, 0.2% EDTA and 0.05% glucose in PBS.
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lll. 4. Animal models

Animals were treated according to the guidelines approved by the SCTIMST institutional
animal ethics committee (IAEC) for animal care and use. Animals were bred at division of
laboratory animal science, Biomedical Technology Wing, SCTIMST. For type 2 diabetes,
mice model was taken and for gestational diabetes, rat model was used. All animals were
housed in individually ventilated cages with proper bedding, humidity and light. They had
free access to standard chow and water.A drop of blood ~ 5 uL was taken from the tail tip of
animals and glucose levels were measured using glucometer. Blood glucose levels and
body weight were noted on a weekly basis. Their HbA1c levels were checked just before
euthanasia. After completing their corresponding time period of experiment, both mice and
rat groups were sacrificed by cervical dislocation and whole heart was collected and
immediately dipped in liquid nitrogen and stored at -80°C for protein assays. Blood was
collected just before sacrifice from orbital sinus and plasma was collected for insulin assay
and triglyceride assay. For mitochondrial oxygen consumption studies, the sample was

immersed in ice cold BIOPS solution and immediately taken for mitochondrial isolation.

lll. 4.1. Type 2 diabetic mice model

For the study, C57BL/6 male mice of 8 weeks (25 — 40 mg) were used. The mice were
divided into two groups: Control and diabetic. The control mice were injected with vehicle,
citrate buffer. T2DM was induced in mice by intraperitoneal injection of two doses of
nicotinamide (NA) (100 mg/kg) and streptozotocin (STZ) (120 mg/kg) each at alternate days
after fasting for 16 h. After 15 min of injection of NA, STZ will be injected to the mice.
Development of T2DM was confirmed by checking the blood glucose levels of the animals.
Both the control and the diabetic group were again divided to two groups based on the time
period of hyperglycemia. One group of mice were maintained hyperglycemic for 2 weeks
and and the other maintained hyperglycemic for 10 weeks. After the respective time point,

mice groups were sacrificed and heart and blood tissue were obtained.
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Figure 15: Study design for mice experiments
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Flow chart representing the study design adapted for type 2 diabetic mice experiments.

lll. 4.1.1. Oral Glucose Tolerance Test (OGTT) for mice

Both control and diabetic mice were subjected to 12h fasting and then orally given with
glucose solution (2mg/total body weight) in 200ul water. Glucose values were obtained from

tail tip blood before and after (at 10, 20, 30, 60 and 120 min) ingestion of glucose.

lll. 4.1.2. Drug treatment for mice

For studying the mitochondrial respiration in mice by modulating autophagy, an autophagic
activator, Resveratrol (5 mg/kg) and an autophagy inhibitor, Chloroquine (10 mg/kg) were
injected intraperitoneal on consecutive days for 2 weeks after maintaining hyperglycemia for

2 weeks and 10 weeks.
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Figure 16: Study plan for drug treatment in mice

Q C57BL/6 Mice
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Flow chart representing the study plan adapted for drug treatment in type 2 diabetic mice

lll. 4. 2. Gestational diabetic rat model

Pregnant 15-week-old Wistar rats (1% day of gestation, 250 to 350g) were taken for the
study. Pregnant rats were divided into two groups: control mothers and diabetic mothers.
Citrate buffer was given to the control mothers as vehicle. Diabetes was induced by
intraperitoneal injection of a single dose of streptozotocin (20 mg/kg) on the 5" day of
gestation. Hyperglycaemic status was analyzed by periodical checking of blood glucose
levels of pregnant rats. After delivery, the suckling offsprings were allowed to stay with the
mother till the weaning period. After weaning, the offsprings had free access to standard
chow and water. The offsprings of control and diabetic mothers were divided into two groups
both containing male and the female progenies, i.e., offspring of control mother (OCM) and
offspring of diabetic mother (ODM). Each group of offsprings were taken for the study at two
different time points, one at weaning age (21 days) and other at the adult age (120 days).
So totally there were 8 groups. The heart tissue and the blood were exercised from those

animals for further experiments.
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Figure 17: Study design for rat experiments
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Flow chart representing the study design adapted for gestational diabetic rat experiments.

lll. 4. 3. Reagents used

Ill. 4. 3.1. Saline preparation (1 litre)
Sodium chloride (0.9 %) in sterile autoclaved distilled water.

lll. 4. 3. 2. Sodium citrate buffer (1 litre) (pH 4.5)

Tri sodium citrate (2.94 g) in saline solution.

1ll. 4. 3. 3. Nicotinamide solution

(100 mg/kg) NA in saline solution.

Ill. 4. 3. 4. Streptozotocin solution

STZ (120 mg/kg) for mice model and (20 mg/kg) for rat model in 0.05M citrate buffer.
Ill. 4. 3. 5. Resveratrol solution

Resveratrol (5 mg/kg) in 100 % ethanol.

lll. 4. 3. 6. Chloroquine solution

Choloroquine (10 mg/kg) in saline solution.
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lll. 5. Western blot technique

lll. 5. 1. Whole cell and tissue lysate preparation

H9c2 cells were seeded on to 100 mm culture plates and treated with or without 5.5 mmol/L
DMEM, 30 mmol/L DMEM, 20 uM Chloroquine at respective time course described. At the
end of treatment, cells were harvested by scraping in ice-cold PBS. Cells were washed
twice with PBS and pelleted by centrifugation. The cell pellets were lysed in ice-cold Radio
Immuno Precipitation Assay (RIPA) buffer containing proteinase inhibitor and phosphatase
inhibitor cocktail for 1 h with intermittent vortexing (every 5 min). Lysed cells were
centrifuged at 13,000 rpm for 20 min and the supernatants were aliquoted in to equal
volumes and stored at -80°C.

The frozen cardiac tissue samples were first weighed cut in to very small pieces using
scissors inside a microfuge tube to which ice-cold RIPA buffer containing proteinase
inhibitor and phosphatase inhibitor cocktail is added. Then the tissue lysate was transferred
to an ice-cold homogenizer and homogenized the tissue for 5 min. The homogenized tissue
lysate was then transferred to a microfuge tube for 1 hr with intermittent vortexing (every 5
min) and centrifuged for collecting the supernatant at 13,000 rpm for 20 min. The

supernatant was then aliquoted in to equal volumes and stored at -80°C.

lll. 5. 2. Protein quantification

Using Pierce 660 nm method (Pierce Biotechnology, Massachusetts, USA), isolated
proteins from cells and tissue were quantified. Cell and tissue lysate were diluted and BSA
protein standards containing a range of 0.75 to 7.5 yg protein was prepared. Then a
standard curve of absorbance versus standard micrograms protein was plotted and the

concentration of proteins in the cell and tissue lysate was determined.
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lll. 5. 3. Gel electrophoresis

Isolated proteins from the cell and tissue lysate (30 — 80 ug protein) were heat denatured for
5 min and resolved on Sodium Dodecyl Sulphate- Poly Acrylamide Gel Electrophoresis
(SDS-PAGE) at 100V. Resolved proteins were transferred on to nitrocellulose
membrane/PVDF membrane at 10V for 40 minutes in a semi dry transfer apparatus.The
membrane was blocked for 1 h at room temperature with blocking buffer (1 % BSA in
TBST). The membrane was then probed with antibodies to LC3 B, Rubicon, PINK 1,
LAMP2, p62/SQSTM1, ANT1, UCP3, MnSOD, Glutathione peroxidase, O-GIcNAc,
Cathepsin D, Beclin 1, Atgs (3,5,7,12,14,16L1), ULK1, pULK1 (Ser 555), mTOR, pmTOR
(Ser 2448), Parkin, AMPKa, pAMPKa, sirtuins (SirT 3 and 5), (1:1000), OXPHOS (1;2500)
vinculin, B- Tubulin (1:5000) at 4°C overnight. HRP conjugated anti rabbit (1:5000),

(1:10,000) and anti mouse IgG (1:50,000) secondary antibodies were used for the study.

lll. 5. 4. Chemiluminescent detection

West Pico/ West Femto Chemiluminescence Detection Kit (Pierce Biotechnology,
Massachusetts, USA) or OptiBlot (Abcam, Cambridge, UK) was used for visualizing protein
bands. Equal volumes of luminol and peroxide solutions were mixed and added on to the
membranes. An X-ray film was used to capture light emitting bands. The film was then
developed and documented in Gel Doc™ XR Imaging System (Bio-Rad Laboratories,

Hercules, CA, USA) and quantified using Quantity One 1 D Analysis Software.

lll. 5. 5. Reagents used

lll. 5. 5. 1. Acrylamide 30%
Acrylamide- 29 % (w/v) and N, N’-methylene bisacrylamide- 1% (w/v) in 100 mL in

deionized water.

lll. 5. 5. 2. Blocking solution

BSA- 1 % (w/v) in 1X TBST.
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lll. 5. 5. 3. 10 X Electrode buffer (Running Buffer)( pH 8.3)

Trizma base — 25 mM, Glycine —192 mM, SDS -1% in deionised water.

lll. 5. 5. 4. Ponceau S stain

1% Ponceau in 5% glacial acetic acid.

lll. 5. 5. 5. 8 X Resolving gel buffer (pH 8.8)

SDS - 0.2%, Tris — 3 M in deionized water.

Ill. 5. 5 .6. RIPA (Radio Immuno Precipitation Assay) Buffer (pH 8.0)

Sodium chloride — 150 mM, NP-40 — 1.0%, Sodium deoxycholate — 0.5%, SDS — 0.1% in
deionized water.

lll. 5. 5. 7. SDS gel loading buffer (2X)( pH 6.8)

SDS - 4%, 2- mercaptoethanol — 10%, Glycerol — 20%, Bromophenol blue — 0.004%, Tris-,

HCI - 0.125 M in deionized water.

lll. 5. 5. 8. 4 X Stacking gel buffer (pH 6.8)

SDS - 0.1%, Trizma base 0.5 M in deionised water.

lll. 8. 5. 9. 10 X Towbin’s buffer (Transfer buffer, pH 8.3)

Trizma base — 25 mM, Glycine —192 mM, 20% methanol in deionised water.

lll. 5. 5. 10. Tris-buffered saline (10 X, pH 7.6)

Tris base- 24.2 g, sodium chloride- 80 g in 1L deionized water.

lll. 5. 5. 11. Tris-buffered saline with Tween-20 (TBST) [1 X]

1X TBS containing 0.5% Tween-20.

Ill. 5. 5. 12. To prepare 12% resolving gel (10 mL)

30% acrylamide: bis-acrylamide (29:1) -3 mL

8X resolving gel buffer -1.25mL
TEMED -10 puL
20% APS -20 puL
Deionised water -5.5mL
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Ill. 5. 5. 13. To prepare 5% stacking gel (5 mL)

Acrylamide- bis acrylamide gel (29:1) -0.625 mL

Stacking gel buffer -1.25mL
TEMED -10 puL
20% APS -13.5uL
Deionised water -3.125 mL

lll. 6. Immunohistochemistry

For demonstrating the presence and location of proteins (LC3 B, p62 and Beclin 1) in atrial
sections, immunohistochemistry technique (biotin- free immunoenzymatic antigen detection
system, Abcam, Cambridge, UK) was adapted. 5 ym-thick tissue sections were cut from
buffered formalin-fixed, paraffin-embedded atrial biopsies. Sections were deparaffinised and
rehydrated with different grades of alcohol and optimal antigen retrieval method (heat
mediated) is established for each of the target protein. After blocking of endogenous
peroxidases, blocking buffer is added to the sections. Antibodies to LC3 B, p62 and beclin 1
were used at a dilution of 1:100 and incubated overnight at 4°C. Immunohistochemical
staining was done by peroxide diamnobenzidine (DAB) method and then counterstained
with hematoxylin. The sections are then dehydrated and stabilized with mounting medium.
Images of tissue sections were taken in a microscope at 40X and quantified using Image J

software.

lll. 6. 1. Reagents used

lll. 6. 1. 1. Reagents for deparaffinization

Xylene, 100 % ethanol, 95 % ethanol, 70 % ethanol, running tap water

lll. 6. 1. 2. Antigen retrieval buffer

Solution A: (1 litre) (pH — 6) : Monohydrous citric acid (210.14 g) in deionised water

Solution B: (1 litre) (pH 9): Tri sodium citrate dehydrate (294.1g) in deionised water,1 mM

EDTA, in deionised water
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Mix 11.5 mL of solution A + 88.5 mL of solution B

lll. 6. 1. 3. Tris buffered Saline (TBS) 10X (1 litre)

Trisma HCI (24.23 g) and NaCl (80.06 g) in 800 mL deionised water. Adjust pH to 7.6 and

make up to 1000mL

lll. 6. 1. 4. Tris-buffered saline with Tween-20 (TBST) [1 X]

1X TBS containing 0.5% Tween-20.

lll. 6. 1. 5. Peroxide solution

Stock - 30 % H,0, From stock, 3 % H,O, was prepared.

Ill. 6. 1. 6. Blocking solution

BSA- 1 % (w/v) in 1X TBST.

lll. 7. Mitochondrial isolation

After sacrificing mice/rat, the whole heart was immediately immersed in ice-cold BIOPS

buffer for mitochondrial isolation. As described by Fontana et al published in Mitochondrial

Physiology Network Oroboros O2k protocols (2015), mitochondria were isolated from the

heart tissue by differential centrifugation. The isolated mitochondria were immediately used

for oxygen consumption studies.

The protocol is as follows:

The animals were sacrificed and dissected the heart without blood vessels and fat.
Immediately transferred the tissue into ice cold BIOPS and washed.

The weight of heart tissue was recorded.

Transfered heart to a cooling petridish containing BIOPS, excised ventricle (rat
experiments) or taken whole heart (mice experiments) and carefully eliminated
blood clots.

Transferred heart into 1.5 mL microfuge tube on ice with 0.5 mL of ice cold BIOPS
and cut the heart tissue into small pieces with cooled scissors.

Transferred the tissue paste into 5 mL motor glass and added 4 mL isolation buffer

and dounced slowly 6-8 times (maximum 1 min at 150 rpm).
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e Transferred tissue homogenate to 50 mL falcon tube and added 2 mL isolation
buffer.

e Centrifuged homogenate at 800 x g for 6 minutes at 4°C.

e Transferred supernatant to new 50 mL falcon tube.

e Centrifuged the supernatant at 10,000 x g for 10 min at 4°C.

e Removed the supernatant and carefully re-suspend the mitochondrial pellet in 500
pL isolation buffer and then made the volume up to 2 mL of isolation buffer. (Pipette
was not used to re-suspend, but by gentle tapping)

e Centrifuged at 10,000 x g for 10 min at 4C.

e Removed the supernatant and carefully re-suspended the mitochondrial pellet in
suspension buffer and the mitochondria was ready for using in oxygen consumption

measurements.

e The protein content of mitochondria was analyzed using pierce 660 nm method.

lll. 7. 1. Buffers for mitochondrial isolation

. 7.1.1. BIOPS

Final Conc. FW Stock Addition to 1

Solution litre final Vol:
CaK,EGTA 2.77 mM 100 mM 27.7 mL
KoEGTA 7.23 mM 100 mM 72.3 mL
Na,ATP 5.77 mM 551.1 3.180 g
MgCl,.6H,O 6.56 mM 203.3 1.334 g
Taurine 20 mM 125.1 2.502 g
Na,Phosphocreatine 15 mM 255.1 3.827 g
Imidazole 20 mM 68.1 1.362 g
Dithiothreitol (DTT) 0.5 mM 154.2 0.077 g

MES hydrate 50 mM 195.2 9.76 g

BIOPS contain the following ion concentrations:

Ca’" free 0.1uM
Mg~ free 1mM
MgATP 5mM

lonic strength 160mM
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Adjusted the pH to 7.1 (with 5 M KOH) at 0° C. Store BIOPS and

KoEGTA/CaK,EGTA solutions at -20° C in plastic vials.

lll. 7. 1. 2.Mitochondrial respiration medium (MiR05)

FW Final Addition to 1
Conc litre final Vol:
(mM)
EGTA 380.4 0.5 0.190 g
MgCl,.6H,O 203.3 3 0.610g
K-lactobionate 358.3 60 120 mL of
0.5 M stock
Taurine 125.1 20 2.502¢g
KH,PO, 136.1 10 1.361g
HEPES 238.3 20 4.77g
Sucrose 342.3 110 37.65¢g
BSA (FA free) 1g/L 19

Preparation of MiR05 stock solution

Weighed given amounts of the listed chemicals (expect BSA and lactobionic acid)
and transferred to a 1000 mL glass beaker.

The big lumps were mechanically disrupted. (It was recommended to do this before
adding water, because during dissolution these lumps do not disintegrate easily).
Added ~ 800 mL H,O and dissolved using a magnetic stirrer at ~30°C.

Added 120 mL of K-lactobionate stock solution.

Adjusted the pH to 7.1 with 5 N KOH at 30°C.

Dissolved the BSA in a subsample of the MiR05 stock solution and added to the
final MiR0O5 (Separate preparation of the BSA solution is recommended, since BSA
produces foams that do not dissolve easily).

Added H,O0 to a final volume of 1000 mL and checked the pH and finally MiR05 was
prepared.

Divided into 40 mL portions in plastic vials and stored at -20°C.

Each vial was warmed to 37°C before use and foam formation was avoided by
gentle shaking. (It was recommended to use the stock solution on a single day only,

to avoid microbial contamination of the respiration medium).
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Preparation of K-lactobionate stock solution
Dissolved 35.83 g lactobionic acid in 100 mL H,O, adjust pH to 7.0 with KOH, and adjusted

volume to 200 mL with H,O. pH - 7.1 (6 N KOH), divided and frozen at -20° C in falcon tube.

lll. 7. 1. 3.Isolation buffer

Stock solution Final Addition to 200 ml final volume
Conc.
D-Mannitol 225 mM 90 mL
Sucrose 75 mM 30 mL
EGTA 1 mM 2mL
BSA 1g/L 0.2g

Ill. 7. 1. 4. Suspension buffer

Stock Conc. Fw Addition to 1 litre final
Solution volume
D-Mannitol 0.5M 182.17 91.085¢g
Sucrose 05M 342.3 17115 g
EGTA 0.1 M 380.35 38.35¢

lll. 8. Mitochondrial function studies

Mitochondrial oxidative phosphorylation and oxygen consumption as an element of
mitochondrial function was done using Oxygraph O2K. Isolated cardiac mitochondrial
suspension (10 pyL) was added to each 2-mL chamber containing mitochondrial respiration
buffer (MiR05). Data acquisition and analysis of oxygen consumption rate (OCR) were done
with Datlab 5 software (Oroboros, Innsbruck, Austria). Using micro syringes, the various
substrates or inhibitors or uncouplers for respiratory experiments were carefully added to

the respiration medium in the chambers in a step-by-step manner.

For the oxygen consumption study of cardiac mitochondria, two mitochondrial

substrate/inhibitor protocols were adapted:
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Fatty acid + Carbohydrate protocol (Chamber A)

State 1, the first respiratory state in an oxygraphic protocol is achieved when isolated
mitochondria are added to mitochondrial respiration medium containing oxygen and
inorganic phosphate, but no ADP and no reduced respiratory substrates. State 2, substrate
limited state of residual oxygen consumption was measured with palmitoyl- L-carnitine (Pal)
(25 pmol/L) and malate (M) (2 mmol/L) (PalM,), give oxygen consumption rate through B
oxidation. After addition of ADP (5 mmol/L) to the medium, state 3 respiration (PalMapp) is
achieved which will provide electrons to electron transferring flavoprotein (ETF) and
complex |. The outer mitochondrial membrane integrity was evaluated by stimulation of
respiration by exogenously added cytochrome ¢ (2 pmol/L). The normalized c effect was
expressed as flux control factor. Then the carbohydrate substrates like pyruvate (PalMPapp)
(5 mmol/L), glutamate (PaIMPGppp) (10 mmol/L) and succinate (PalMPGSpp) (10 mmol/L)
are sequentially added. Adding pyruvate or glutamate as substrates, display capacity of
complex | and succinate give that of complex Il by being donors of electrons to specific

molecules in electron transport system.

Figure 18: Fatty acid + Carbohydrate protocol
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Datfile representing the fatty acid + carbohydrate protocol of isolated cardiac mitochondria.

Carbohydrate protocol (Chamber B)

In this protocol, carbohydrate substrate combinations were only used to detect electron flow

through complexes | and Il. Complex |-dependent state 2 respiration was determined in the
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presence of 10 mmol/L glutamate (G) and 2 mmol/L malate (GMy). In the presence of 5
mmol/L ADP, Complex I|-dependent state 3 respiration (GMapp) was measured. The
integrity of the outer mitochondrial membrane was confirmed by the absence of a significant
increase in respiration after the addition of cytochrome ¢ (2 pmol/L). Followed, pyruvate (P)
(5 mmol/L) stimulated complex | dependent state 3 respiration (GMPapp) and succinate

(S)(10 mmol/L) stimulated complex Il respiration (GMPSpp) was measured.

Figure 19: Carbohydrate protocol
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Datfile representing the carbohydrate protocol of isolated cardiac mitochondria.

In both protocols, after succinate addition, complex | was inhibited by rotenone (0.05
pmol/L), and complex IlI-dependent state 3 respiration (Sg,) was obtained. State 4
respiration or LEAK respiration (Somy) obtained after state 3, was determined by addition of
an inhibitor of ATP synthase, oligomycin (2.5 ymol/L). In the presence of an uncoupler
FCCP (1 umol/L), complex II- dependent maximal respiratory capacity (Sgccp) was
measured. Finally the concentration of oxygen is depleted in the closed oxygraph chamber
and zero oxygen was brought down by the addition of antimycin-A (AA) (2.5 uymol/L) to

inhibit complex Ill- mediated respiration.

80



Table 1: Two protocols for mitochondrial oxygen consumption study

Fatty Acid + Carbohydrate Carbohydrate protocol
Protocol (Chamber B)
(Chamber A)
S/ U/ Event | Volu State S/ U/ Event Volume State
me (L)
(uL)
Mitochondria MITO 10 State 1 Mitochondria MITO 10 State 1
Palmitoyl- 5 Glutamate 10
Carnitine PCM State 2 GM State 2
Malate 5
Malate 5
Adenosine 5’ ADP 20 Adenosine 5’ ADP 20
diphosphate State 3 diphosphate State 3 CI
ETF
Cytochrome ¢ C 1 Cytochrome (¢} 1
c
Pyruvate P 5 State 3 Pyruvate G 5
ETF + State 3 Cl
Cl
Glutamate G 10 State 3 Succinate S 20 State 3
ETF + Cl+Cl
Cl
Succinate S 20 State 3 Rotenone Rot 1
ETF + State 3 Cll
Cl+Cl
Rotenone Rot 1 State 3 Oligomycin (6] 1 State 4
Cll
Carbonyl
cyanide p-
trifluoro-
Oligomycin (0] 1 State 4 methoxy FCCP 1+1 ETS
phenyl-
hydrazone
Carbonyl
cyanide p-
trifluoro-
methoxy FCCP 1+1 ETS Antimycin A AA 1 ROX
phenyl-
hydrazone
Antimycin A AA 1 ROX - - - -
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lll. 8. 1. Chemicals for mitochondrial substrate-uncoupler-inhibitor
titration (SUIT) protocols

lll. 8. 1. 1 Substrates

Substrate FW Stock Stock Final Conc. In 2ml
solution solution Chamber Chamber
Conc. Amount A B
(mM)
G: L- Glutamic acid 169.1 2000 3.382 ¢/ 10 mM 10 mM
10 mL
H,O
M: L-Malic acid 1341 400 536 2 mM 2 mM
mg/10
mL H2O
P: Pyruvic acid 110 2000 44 mg/ 5mM 5 mM
sodium salt 0.2mL
H,O
S: Succinate 270.1 1000 2.701 g/ 10 mM 10 mM
disodium salt, 10 mL
hexahydrate H,O
Pal: 436.1 10 8.72 mg/ 25 uM -
Palmitoyl-DL- 2mL
carnitine-HCI H,O
c: Cytochrome ¢ 12500 4 50 mg/ 2 uM 2 uM
mL H20
D: ADP (Adenosine | 501.3 500 0.501 g/ 5mM 5 mM
5’ diphosphate, 2mL
potassium salt) H,O

lll. 8. 1. 2. Uncouplers

Uncouplers FW Stock Stock Final concentration in 2ml
solution solution Chamber Chamber
Conc Amount A B
(mM)
F(FCCP): 254.2 1 2.54 mg/ | 0.5+0.5 yM 0.5+0.5 yM
Carbonyl cyanide p- 10mL
(trifluoro-methoxy) ethanol
phenyl-hydrazone
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lll. 8. 1. 3.Inhibitors

Inhibitors FW Stock Stock Final concentration in 2ml
solution solution Chamber A Chamber
Conc. Amount B
(mM)
AA: 540 5 11 mg/ 4mL 2.5uM 2.5 uM
Antimycin A ethanol
Omy: 800 5 4 mg/ 1mL 2.5uM 25uM
Oligomycin ethanol
Rot: 3944 1 3.94 0.05 yM 0.05 uyM
Rotenone mg/10mL
ethanol

lll. 9. Statistical analysis

All statistical calculations were carried out with the SPSS tool and graphs were prepared
using Graph Pad Prism software program. Values are expressed as the mean + standard
deviation (SD). The significance of the difference from the respective control for each
experimental test conditions was assayed by Student's t-test wherever the respective
distribution is normal otherwise Mann Whitney U test was followed. For all statistical
analysis, differences between means were considered statistically significant at a p- value of

less than 0.05.
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Human study

IV.A.1.Patient Characteristics

Right atrial appendage was obtained from 40 human patients who underwent coronary
artery bypass surgery, during a period of 24 months and those tissue samples were used for
western blot analysis and immunohistochemistry. The characteristics of the patients taken

for the study are presented in Table 2.

Table 2: Patient characteristics

Characteristics Non diabetic Diabetic p value
(n=20) (n=20)
Age (years) 56.9+ 1.4 59.38+ 1.1 0.18
BMI (kg/m?) 23.42+ 0.75 25.27+ 0.49 0.036*
HbA1c (mg/dL) 6.21+ 0.12 7.87+0.19 <0.001***
Random blood glucose 104.15+ 5.01 169.67+ 7.86 <0.001***
(mg/dL)
LVEF (%) 62.12+ 1.41 62.03+ 1.2 0.963
Total cholesterol (mg/dL) 161.4+ 7.7 142.04+ 6.06 0.051
HDL cholesterol (mg/dL) 36.96+ 2 36.74+ 1.16 0.215
Triglycerides (mg/dL) 41.44+ 6.7 30.66+ 4.4 0.184
NYHA class Class Il Class Il

The total number of non-diabetic patients selected for various experiments in the study is 20
and that of diabetic patients is 20. The HbA1c and random blood glucose levels vary
significantly between the 2 groups, while all other parameters are matched, except BMI,
which was also varied significantly in diabetic patients when compared with non-diabetic
patients. (p-value *<0.05, ***<0.001)

The patient subjects selected for the study were grouped to non-diabetic and diabetic based
on their HbA1c and random blood glucose levels. The diabetic group was having a mean
HbA1c level of 7.87% and mean random blood glucose level of 169.67mg/dL that were
significantly higher than non-diabetic group. All other parameters were not significantly

different including BMI, triglyceride level, cholesterol level, left ventricular ejection fraction

and NYHA class. Patients with type 1 diabetes, atrial fibrillation, or left ventricular ejection
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fractions less than 30 % were excluded from this study.

IV.A.1.1. Decreased autophagy in human diabetic heart

In order to study the process of autophagy in diabetic human heart, we evaluated the
expression of some of the important markers of autophagic machinery by western blot

technique and immunohistochemistry.

Beclin 1 (mammalian homolog of Atg 6), interacts with other proteins (Atg 14, rubicon etc)
and help in the formation of Beclin 1-Vps34-Vps15 core complexes, thereby promotes the
autophagic process. Western blot analysis revealed no significant difference in expression

of Beclin 1 in diabetic heart tissue when compared with the non- diabetic (Figure 20)

Figure 20: Expression of Beclin 1
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Expression of Beclin 1 was showed by western blotting (A) and IHC (C) in diabetic human
heart tissue. (B)The bar graphs represent the fold change in expression of the respective
protein. Error bars represent +SD (n = 8 in each group)

p62 is widely used as an autophagic marker. It isan adaptor molecule that targets the
cytoplasmic cargoes for autophagy, which directly binds with LC3 in the autophagosome
membrane and is selectively degraded during autophagy. Thus degradation of p62 and
theresultant decreased levels of p62 indicates the occurrence of autophagy, while increased

levels of p62 indicates inhibited autophagy. In the present study, significant increase in p62

expression levels in the diabetic than the non diabetic heart tissue was observed (Figure 21)

Figure 21: Expression of p62
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Expression of p62 was showed by western blotting(A) and IHC (C) in diabetic human heart
tissue. (B)The bar graphs represent the fold change in expression of p62. Error bars
represent +SD (p-value*<0.05) (n = 8 in each group)
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The most widely used autophagic marker is LC3 (mammalian homologue of Atg 8) because
the level of LC3-1l indicates the number of autophagosomes in the cells. Expression of LC3-
Il level at a given time point (steady state level) was analyzed using western blot technique
and was found to be decreased in the diabetic than the non diabetic heart tissue (Figure 22)
Figure 22: Expression of LC3 Il
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Expression of LC3 Il was showed by western blotting(A) and IHC (C) in diabetic human
heart tissue.(B) The bar graphs represent the fold change in expression of LC3Il. Error bars
represent +SD (p-value***<0.001) (n = 18 in each group)

Since LC3 Il was formed from LC3 I, a ratio of LC3 II/l was also analyzed. LC3 Il/I ratio was

also significantly reduced in the diabetic than the non diabetic heart tissue (Figure 23)
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Figure 23: Expression of LC3 I/l
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LC3 I/l ratio was calculated from the western blot data and the bar graphs represent the
fold change of the LC3Il/I ratio in diabetic cardiac tissue. Error bars represent +SD (p-value
***<0.001)(n =18 in each group)

Findings:

* In diabetic human heart,reduced expression of LC3 Il and LC3 Il/l ratio was
observed which denoted the reduced formation of autophagosomes or
reduced autophagy

* Increased expression of p62 indicated that the p62 was not degraded properly
and the fusion between autophagosome and lysosome were defective/
altered.

* No significant change was found in Beclin 1 expression between the diabetic
and non-diabetic groups.

* In short, myocardial autophagy was found to be reduced in diabetic than the

non-diabetic human subjects.
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Cell Line study

To study the process of cardiomyocyte autophagy in hyperglycemic conditions, H9c2 cells

were incubated with control (5.5 mmol/L) or high glucose (30 mmol/L) medium for two time

points, 4 h and 48 h respectively.

IV.A.2. Autophagic profile in hyperglycemic H9c2 cells

In order to study the process of autophagy in two different time points of hyperglycemia (4 h
and 48 h), we evaluated the expression of some of the important autophagic proteins,
mitophagic proteins, lysososmal proteins and regulators of autophagic machinery.If there is
lack of adequate nutrients, ULK1 (mammalian homolog of Atg 1) can recruit ATG11,
ATG13, and ATG17 to form a complex that signals induction of autophagy. The expression

of ULK1 was found unchangedat the 4 h and 48 h of hyperglycemic condition in H9c2 cells

(Figure 24)

Figure 24: Expression of ULK1
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(A) Expression of ULK1 was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of ULK1 in H9c2 cells at specific time points. Error bars represent +SD of determinations
from three independent experiments.

Its phosphorylated form pULK1 was found to be unchanged at the 4 h and significantly

reduced at 48 h of hyperglycemic condition in H9c2 cells (Figure 25)

Figure 25: Expression of pULK1
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(A) Expression of pULK1 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of pULK1 in H9c2 cells at specific time points. Error bars represent +SD of
determinations from three independent experiments.

Activated ULK1 phosphorylates another molecule, Beclin 1(mammalian homolog of Atg 6),
thereby increasing the activity of Atg 14 containing complexes, which promotes the

autophagic process. Western blot analysisrevealed no significant difference in expression of

Beclin 1 at the 4 h and 48 h of hyperglycemic condition in H9c2 cells (Figure 26)
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Figure 26: Expression of Beclin 1
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(A) Expression of Beclin 1 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of beclin1 in H9c2 cells at specific time points. Error bars represent +SD of

determinations from three independent experiments.

The expression of Atg 14 was found unchanged at the 4 h and 48 h of hyperglycemic

condition in H9c2 cells (Figure 27)

Figure 27: Expression of Atg 14
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(A) Expression of Atg 14 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of Atg14 in H9c2 cells at specific time points. Error bars represent +SD of

determinations from three independent experiments.

Beclin 1 binds with another molecule, Rubicon if there is inhibition in the initiation step of
autophagy. We didn’t observe any change in the expression of rubicon at the 4 h and 48 h

of hyperglycemic condition in H9c2 cells (Figure 28).

Figure 28: Expression of Rubicon
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(A) Expression of Rubicon was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of rubicon in H9c2 cells at specific time points. Error bars represent +SD of
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determinations from three independent experiments.

Once the maturation of autophagosome started, Atg 7 is recruited and it helps in the
conjugation of Atg 5 to Atg 12 through a glycyl lysine isopeptide bond and Atg 5-Atg12
conjugate form a multimeric complex with Atg 16L. The expression of Atg 5 was significantly
reduced at 48 h, while no change was observed at 4 h hyperglycemic condition of H9c2
cells (Figure 29).

Figure 29: Expression of Atg 5
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(A) Expression of Atg 5 was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of Atg5 in H9c2 cells at specific time points. Error bars represent +SD of determinations
from three independent experiments. (p-value**<0.01)

The expression of Atg 7 (Figure 30), Atg 12 (Figure 31) and Atg 16 (Figure 32) was found

unchanged at 4 h and 48 h of hyperglycemic condition in H9c2 cells
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Figure 30: Expression of Atg 7
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(A) Expression of Atg 7 was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of Atg7 in H9c2 cells at specific time points. Error bars represent +SD of determinations

from three independent experiments.
Figure 31: Expression of Atg 12
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(A) Expression of Atg 12 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of Atg12 in H9c2 cells at specific time points. Error bars represent +SD of
determinations from three independent experiments.

Figure 32: Expression of Atg 16
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(A) Expression of Atg 16 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of Atg16 in H9c2 cells at specific time points. Error bars represent +SD of
determinations from three independent experiments.

Fold change

The Atg5-Atg12 complex functions like an E3-like enzyme to start the next step of
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autophagososme formation where LC3 is attached to the phosphatidylethanolamine (PE) in
the membrane. Enzymes like Atg 3 and Atg 7 are mediating the conjugation of LC3 to PE in
which the (non lipidated form) LC3 | is converted to (lipidated) LC3 Il, which binds to PE,
help in the elongation of the autophagosome membrane. We analyzed the expression of Atg
3 and found to be unaltered at 4 h and 48 h of hyperglycemic condition in H9c2 cells (Figure

33)

Figure 33: Expression of Atg 3
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(A) Expression of Atg 3 was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of Atg3 in H9c2 cells at specific time points. Error bars represent +SD of determinations
from three independent experiments.

Fold change

Degradation of p62, an adaptor molecule that target the cytoplasmic cargoes for autophagy,
which directly binds with LC3 in the membrane and is selectively degraded during
autophagy. So p62 is also widely used as a autophagic marker along with LC3. The p62
expression levels showed a significant increase at 48 h and unchanged at 4 h

hyperglycaemic condition of H9c2 cells (Figure 34)

97



Figure 34: Expression of p62
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(A) Expression of p62 was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of the respective protein in H9c2 cells at specific time points. Error bars represent +SD of
determinations from three independent experiments. (p-value **<0.01)

The most widely used autophagic marker is LC3 (mammalian homologue of Atg 8) because
the level of LC3-1l indicates the number of autophagosomes in the cells. Expression of LC3-
Il level at a given time point (steady state level) was analyzed using western blot technique

and was found to be unchanged at 4 h and a significant reduction is observed at 48 h of

hyperglycemia of H9c2 cells (Figure 35).

Figure 35: Expression of LC3 Il
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(A) Expression of LC3 Il was showed by western blotting in H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in expression
of the respective protein in H9c2 cells at specific time points. Error bars represent +SD of

determinations from three independent experiments.

Since LC3 Il was formed from LC3 [, a ratio of LC3 I/l was also analyzed. LC3 I/l ratio was
also significantly unchanged at 4 h and a significant reduction is observed at 48 h of

hyperglycemia of H9c2 cells (Figure 36).

Figure 36: Expression of LC3 I/l
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LC3 I/l ratio was calculated from the western blot data of H9c2 cells at specific time points
(4 h and 48 h of hyperglycemia). The bar graphs represent the fold change of the LC3Il/I
ratio in H9c2 cells at specific time points. Error bars represent +SD SD of determinations

from three independent experiments. (p-value *<0.05)
We have also analyzed the expression of two important molecules, Parkin and PINK 1
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involved in mitophagy. Upon mitochondrial depolarization, PINK 1 will be activated on the
outer membrane and it recruits parkin to the mitochondria. Parkin will ubiquitinates different
proteins on the mitochondrial membrane. The adaptor molecule, p62 will binds to the
ubiquinated proteins and attach with LC3 that target the clearance of dysfunctional
mitochondria by autophagososmes. The expression of PINK 1 was observed to be
unchanged at 4 h and a significant lower expression noted at 48 h of hyperglycemic

condition in H9¢c2 cells (Figure 37).

Figure 37: Expression of PINK 1
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(A) Expression of PINK 1 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments. (p-value *<0.05)

The expression of Parkin also was found to be unaltered at 4 h and a significant lower

expression observed at 48 h of hyperglycemic condition in H9c2 cells (Figure 38).
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Figure 38: Expression of Parkin
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(A) Expression of Parkin was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments. (p-value **<0.01)

Since lysosomes play an important role in autophagy, we have analyzed two molecules,
cathepsin D and LAMP-2 associated with lysosomes. Cathepsin D, a lysososmal aspartyl
protease was found to be unchanged at 4 h and 48 h of hyperglycemic condition in H9c2

cells (Figure 39).

Figure 39: Expression of Cathepsin D
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(A) Expression of Cathepsin D was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments.

LAMP-2, lysosome associated membrane protein-2, a receptor seen in lysosomes for the
selective degradation of cytosolic proteins was found to be unchanged at 4 h and 48 h of

hyperglycemic condition in H9c2 cells (Figure 40).

Figure 40: Expression of LAMP-2
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(A) Expression of LAMP-2 was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments.

We have analyzed some of the important regulators of autophagy, AMPK and mTOR.
During starvation or ATP depletion, autophagy is activated by the energy sensor molecule,
AMPK through its capacity to inhibit mMTOR complex I. AMPKa expression was found to be

unchanged at 4 h and 48 h of hyperglycemic condition in H9c2 cells (Figure 41).

Figure 41: Expression of AMPKa
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(A) Expression of AMPKa was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments.

Phosphorylated form of AMPKa was also found to be unchanged inat 4 h and 48 h of

hyperglycemic condition in H9c2 cells (Figure 42).
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Figure 42: Expression of pAMPKa
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(A) Expression of pAMPka was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars

represent +SD of determinations from three independent experiments.

mTOR, an inhibitor of autophagy, was also found to be unchanged at 4 h and 48 h of

hyperglycemic condition in H9c2 cells (Figure 43).

Figure 43: Expression of mTOR
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(A) Expression of mTOR was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments.

The phosphorylated mTOR was also found to be be unchanged at 4 h and 48 h of

hyperglycemic condition in H9c2 cells (Figure 44).

Figure 44: Expression of pmTOR
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(A) Expression of pmTOR was showed by western blotting in H9c2 cells at specific time
points (4 h and 48 h of hyperglycemia). (B) The bar graphs represent the fold change in
expression of the respective protein in H9c2 cells at specific time points. Error bars
represent +SD of determinations from three independent experiments.

Findings:

e In H9C2 cells, no change was observed in the autophagic proteins ( ULK1,
pULK1, Beclin 1, Rubicon, Atgs -3,5,7,12,14 &16, p62), mitophagic proteins
(PINK 1, Parkin), lysosomal proteins(Cathepsin D, LAMP-2) and regulators of

autophagy (AMPKa, pAMPKa, mTOR, pmTOR) at 4 h of hyperglycemia.

¢ No change was observed in the steady state level of LC3 Il and its LC3 Il/l
ratio at 4 h indicated autophagosome formation was similar like its

corresponding control

e A reduced expression of phosphorylated ULK1 was noted at 48 h of
hyperglycemia indicates the initial complex formation with Atg 11, 13 and 17

may get altered or reduced

e A significant reduced expression is noted in Atg 5, at 48 h indicates a reduced

formation of Atg5-Atg12 complex.

¢ ULK 1, Beclin 1, Rubicon and other Atgs (3, 7, 12, 14 and 16) didn’t show any

change with corresponding controls at 48 h.

e The increased expression of p62 at the 48 h of hyperglycemia shows that the

degradation of autophagosomes is blocked/reduced.

e The reduced steady state level of LC3 Il and LC3 Il/l ratio at 48 h indicates
reduced formation of autophagosomes or reduced autophagy.
¢ The mitophagy proteins, Parkin and PINK 1 showed reduced expression at 48

h indicates the improper clearance of damaged mitochondria.
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e The lysosomal proteins (cathepsin D and LAMP-2) and the regulators of
autophagy (AMPKa, pAMPKa, mTOR, pmTOR) were found unchanged at 48 h

of hyperglycemia.
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Mice study

IV.A.3. Establishment of T2DM mice model

For the study, C57BL/6 mice were used for creating STZ/NA-induced type 2 diabetes
mellitus. Weekly analysis of blood glucose and body weight of the animal indicated that
STZ/NA-injected mice had significantly high glucose levels (Figure 45), while maintaining

same body weight as the controls throughout the 10 weeks of the study (Figure 46).

Figure 45: Random blood glucose measurements over time
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The random blood glucose measurements over time were higher for diabetic mice at 2
weeks(A) and 10 weeks (B). Error bars represent + SD. (n=6 in each group)

Figure 46: Body weight measurement over time
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The body weight of diabetic mice wassimilar to that of the control mice at 2 weeks (A) and
10 weeks (B). Error bars represent + SD.(n=6 in each group)
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The oral glucose tolerance test showed that the blood glucose level after glucose load (a

gold standard for detecting type 2 diabetes) was higher in diabetic mice than the control

mice (Figure 47).

Figure 47: Oral glucose tolerance test
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Higher level of plasma glucose was observed in diabetic mice on glucose load at both 2
weeks(A) and 10 weeks (B).Error bars represent +SD.(n=6 in each group)

The glycosylated hemoglobin levels checked at the time of euthanasia in diabetic mice at
two time points were significantly higher than their corresponding controls (Figure 48 A).
The plasma insulin levels in diabetic mice were not significantly different from that of control
micein 2 weeks and 10 weeks and this indicated that the STZ/NA-induced diabetes mellitus
was type 2 and not type 1 (Figure 48 B). The plasma triglyceride level (Figure 48 C) was not
altered in diabetic mice while there were significantly higher levels of plasma cholesterol

levels in diabetic mice at 2 weeks time point but not at 10 weeks (Figure 48 D).
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Figure 48: Blood plasma parameters
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(A)Higher HbA1c levels in 2 week and 10 week diabetic mice (B) Plasma insulin levels in
STZ/NA-induced diabetic mice weresimilar to that of control mice. (C) Plasma triglyceride
levels showed unaltered levels in diabetic mice (D) A significant increase in plasma
cholesterol levels at 2 weeks time point. Error bars represent + SD.(p-value
*<0.05**<0.01***<0.001) (n=6 in each group)

The heart weight: body weight ratio was calculated in diabetic mice at both time points and
found that the values were similar to that of their corresponding controls (Figure 49). This
indicated that till 10 weeks of untreated diabetes, no structural changes like

hypertrophy/cardiomyopathy occurred in mice diabetic heart.
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Figure 49: Heart weight to body weight ratio
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Bar graph showing the ratio of heart weight (milligrams) and body weight (grams) of mice at
2 weeks and 10 weeks of untreated diabetes. The error bars represent + SD. (n=6 in each

group)

Findings:

¢ Hyperglycemia was maintained in C57BL/6 mice till 10 weeks, which was the
longest duration selected for the study

¢ Unchanged body weight and insulin levels showed that the diabetes mellitus
developed in mice was of type 2

e No change in heart weight: body weight ratio showed absence of hypertrophy

or cardiomyopathy at two time points

IV.A.3.1. Cardiac autophagic profile in type 2 diabetes

In order to study the cardiac autophagic process in 2 week and 10 week diabetic mice, we
evaluated the expression of some of the important markers and regulators of autophagic

machinery by western blot technique.

ULK1 (mammalian homolog of Atg 1) is found unchanged in the 2 week and reduced in 10

week diabetic mice heart (Figure 50).
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Figure 50: Expression of ULK1
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(A) Expression of ULK1 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

Active form, pULK1 is also found to be unchanged in the 2 week and significantly reduced in

10 week diabetic mice heart (Figure 51)

Figure 51: Expression of pULK1
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(A) Expression of pULK1 was showed by western blotting in 2 week and 10 week
diabetic mice heart. (B) The bar graphs represent the fold change in expression of the
respective protein in 2 week and 10 week diabetic mice heart. Error bars represent

+SD. (n=6 in each group).

Western blot analysis revealed that no significant difference in expression of Beclin 1

was noted in the 2 week and 10 week diabetic mice heart (Figure 52).

Figure 52: Expression of Beclin 1
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(A) Expression of Beclin 1 was showed by western blotting in 2 week and 10 week
diabetic mice heart. (B) The bar graphs represent the fold change in expression of the
respective protein in 2 week and 10 week diabetic mice heart. Error bars represent

+SD. (n=6 in each group).
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Atg 14 expression was found unchanged in the 2 week and 10 week diabetic mice heart
(Figure 53).

Figure 53: Expression of Atg 14
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(A) Expression of Atg 14 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

group).
No change in the expression of rubicon was noticed in the 2 week and 10 week diabetic

mice heart (Figure 54)

Figure 54: Expression of Rubicon
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(A) Expression of Rubicon was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

group).
The expression of Atg 5 (Figure 55), Atg 7 (Figure 56) and Atg 12 (Figure 57) were found
unchanged in the 2 week and 10 week diabetic mice heart.

Figure 55: Expression of Atg 5
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(A) Expression of Atg 5 was showed by western blotting in 2 week and 10 week
diabetic mice heart. (B) The bar graphs represent the fold change in expression of
the respective protein in 2 week and 10 week diabetic mice heart. Error bars

represent +SD. (n=6 in each group).

115



Figure 56: Expression of Atg 7
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(A) Expression of Atg 7 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

group).

Figure 57: Expression of Atg 12
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(A) Expression of Atg 12 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

group).

There was no change in expression of Atg 16 in 2 week diabetic heart, while a significant
reduction was observed in 10 week diabetic mice heart (Figure 58).

Figure 58: Expression of Atg 16
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(A) Expression of Atg 16 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (p-value

*<0.05) (n=6 in each group).
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The expression of Atg 3 was found to be unaltered in 2 week and 10 week diabetic mice

heart (Figure 59).
Figure 59: Expression of Atg 3
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(A) Expression of Atg 3 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD. (n=6 in each

group).

The p62 expression levels showeda significant increasein 2 week and 10 week diabetic

mice heart (Figure 60).
Figure 60: Expression of p62
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(A) Expression of p62 was showed by western blotting in 2 week and 10 week diabetic mice
heart. (B) The bar graphs represent the fold change in expression of the respective protein
in 2 week and 10 week diabetic mice heart. Error bars represent +SD.

(p-value *<0.05**<0.01) (n=6 in each group).

Expression of LC3-Il level at a given time point (steady state level) was analyzed using
western blot technique and is found to be unchanged in 2 week and 10 week diabetic mice

heart (Figure 61).

Figure 61: Expression of LC3 I
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(A) Expression of LC3 Il was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).

LC3 II/l ratio was also significantly increased in 2 week, while no change was observed in

10 week diabetic mice (Figure 62).

Figure 62: Expression of LC3 Il/l
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LC3 I/l ratio calculated from the western blot data of 2 week and 10 week diabetic mice.
The bar graphs represent the fold change of the LC3Il/I ratio in 2 week and 10 week diabetic
mice. Error bars represent +SD.(p-value *<0.05)(n=6 in each group).

The expression of PINK 1 was observed to be unchanged in in 2 week and 10 week diabetic

mice heart (Figure 63).

Figure 63: Expression of PINK 1
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(A) Expression of PINK 1 was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).
The expression of Parkin also was found to be unaltered in 2 week and a significant
reduction is noted in 10 week diabetic mice heart (Figure 64).

Figure 64: Expression of Parkin
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(A) Expression of Parkin was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
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protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(p-value
*<0.05)(n=6 in each group).

Cathepsin Dwas found to be unchanged in 2 week and 10 week diabetic mice heart (Figure

65).
Figure 65: Expression of Cathepsin D
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(A) Expression of Cathepsin D was showed by western blotting in 2 week and 10 week
diabetic mice heart. (B) The bar graphs represent the fold change in expression of the
respective protein in 2 week and 10 week diabetic mice heart. Error bars represent

+SD.(n=6 in each group).

LAMP-2 (lysosome associated membrane protein-2) was found to be unchanged in 2 week
and 10 week diabetic mice heart (Figure 66).

Figure 66: Expression of LAMP-2
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(A) Expression of LAMP-2 was showed by western blotting in 2 week and 10 week
diabetic mice heart. (B) The bar graphs represent the fold change in expression of the
respective protein in 2 week and 10 week diabetic mice heart. Error bars represent

+SD.(n=6 in each group).

AMPKa expression was found to be unchanged in 2 week and 10 week diabetic mice heart

(Figure 67).
Figure 67: Expression of AMPKa
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(A) Expression of AMPKa was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).
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Phosphorylated form of AMPKa was found to be unchanged in 2 week and 10 week diabetic

mice heart (Figure 68).
Figure 68: Expression of pAMPKa
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(A) Expression of pAMPKa was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).

mTOR was also found to be unchanged in 2 week and 10 week diabetic mice heart (Figure

69).
Figure 69: Expression of mTOR

A

2 WEEKS 10 WEEKS
Control Diabetic Control Diabetic

Ll L e LU

S s Rm Vinculin  [geessstlilll

124



mTOR

Control
H Diabetic

= - N
o o o

Fold change

d
o

2 Weeks 10 Weeks

(A) Expression of mTOR was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).
Phosphorylated mTOR was also found to be be unchanged in 2 week and 10 week diabetic
mice heart (Figure 70)

Figure 70: Expression of pmTOR
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(A) Expression of pmTOR was showed by western blotting in 2 week and 10 week diabetic
mice heart. (B) The bar graphs represent the fold change in expression of the respective
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protein in 2 week and 10 week diabetic mice heart. Error bars represent +SD.(n=6 in each

group).

Findings:

No change was observed in the cardiac autophagic proteins ( ULK1, pULK1,
Beclin 1, Rubicon, Atgs -3,5,7,12,14 &16), mitophagic proteins (PINK 1,
Parkin), lysosomal proteins (Cathepsin D, LAMP-2) and regulators of

autophagy (AMPKa, pAMPKa, mTOR, pmTOR) in 2 weeks of diabetic mice

The steady state level of LC3 Il was found unchanged, but the LC3Il/l ratio was
found to be increased at 2 week indicates an increased autophagosome
formation or impaired degradation/ accumulation of autophagosome.

A reduced expression of ULK1 and pULK1 was noted in 10 week diabetic mice
indicates the initial complex formation with Atg 11, 13 and 17 may get altered

or reduced

Beclin 1, Rubicon and other Atgs (3, 5, 7, 12, 14 and 16) didn’t show any

change with corresponding controls in 10 week diabetic mice.

The increased expression of p62 in 2 week and 10 week diabetic mice shows

that the degradation of autophagosomes is blocked/reduced.

No change was observed in the steady state level of LC3 Il and its LC3 Il/l
ratio in 10 week diabetic mice indicated autophagosome formation was

similar like the control

The mitophagy proteins, Parkin showed reduced expression; while no change
was observed in PINK 1 indicates the improper clearance of damaged

mitochondria in the 10 week diabetic mice.

The lysosomal proteins (cathepsin D and LAMP-2) and the regulators of
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autophagy ( AMPKa, pAMPKa, mTOR, pmTOR) were found unchanged in 10

week diabetic mice

IV.A.3.2. Analysis of cardiac mitochondrial respiration by

modulating autophagy

In order to analyze the activity of mitochondrial electron transport chain complexes by
regulating the process of autophagy in type 2 diabetic conditions, high-resolution
respirometry was used. For that 10yl aliquot of the isolated mitochondrial suspension (from
the treated and non-treated mice whole heart at specific time points) is added to chamber A
and chamber B, then followed by the step by step addition of substrates (palmitoyl L-
carnitine, malate, ADP, pyruvate, glutamate, succinate), uncoupler (FCCP) and inhibitors
(rotenone, oligomycin, antimycin).The OCR was expressed in pmol/s*mg of mitochondrial
protein and the values are ROX corrected. ROX represented the residual oxygen flux due to
some oxidative side reactions when electron transport pathway is inhibited in the

mitochondria by antimycin.

IV.A.3.2.1. Cardiac mitochondrial respiration by activating autophagy

(Resveratrol)

Fatty acid + carbohydrate SUIT protocol

To determine whether an activator of autophagy (Resveratrol) can alter cardiac
mitochondrial function in diabetic conditions, the animals were treated with resveratrol for 2
weeks after maintaining the hyperglycemic condition for 2 weeks and 10 weeks respectively.
After the addition of palmitoyl L-carnitine and malate in chamber A, the untreated diabetic
mice mitochondria showed an increase in the state 2 (leak) fatty acid-mediated respiration
(PalMy) at 2 weeks, while there was no change in 10 weeks when compared with their
corresponding controls. Upon treatment of diabetic mice with resveratrol, the mitochondria
showed a significant increase in the state 2 fatty acid-mediated respiration (PalM,) at 2

weeks and 10 weeks (Figure 71).
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Figure 71: Resveratrol increased fatty acid-mediated state 2 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM,) mediated state 2 complex | respiration.
Values are represented as mean + SD. (p-value*<0.05, **<0.01, ***<0.001) (n=6 in each

group)

In state 3 fatty acid-mediated respiration (PalMapp), the untreated diabetic mice
mitochondria showed an increase at 2 weeks, while there was no change noted in 10 weeks
when compared with their respective controls. When treated with resveratrol, the
mitochondria isolated from diabetic mice showed a significant increase in the state 3

palmitoyl L- carnitine, mediated respiration (PalMapp) at 2 weeks and 10 weeks (Figure 72).
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Figure 72: Resveratrol increased fatty acid-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP-mediated state 3
complex | respiration. Values are represented as mean + SD. (p-value *< 0.05, **<0.01)
(n=6 in each group)

The state 3 complex | respiration mediated by pyruvate (PalMPapp) showed an increase at 2
weeks, while there was no change noted in 10 weeks in untreated diabetic mice
mitochondria. The resveratrol treatment further enhanced the pyruvate-mediated state 3
complex | respiration(PalMPapp) in mitochondria of diabetic mice at 2 week and 10 week
time points (Figure 73).

Figure 73: Resveratrol enhanced pyruvate-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP and pyruvate-mediated
state 3 complex | respiration. Values are represented as mean + SD. (p value * <0.05,
**<0.01) (n=6 in each group).

Like the pyruvate-mediated state 3 complex | respiration, when the substrate glutamate was
added to the mitochondria, state 3 complex | respiration (PalMPGapp) showed an increase
at 2 weeks, while there was no change noted in 10 weeks in untreated diabetic mice
mitochondria. The resveratrol treatment further enhanced the glutamate (PalMPGapp)

mediated state 3 complex | respiration in mitochondria of diabetic mice at 2 week and 10

week time points (Figure 74 ).

Figure 74: Resveratrol enhanced glutamate-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitineand malate (PalM) followed by ADP, pyruvate and
glutamate-mediated state 3 complex | respiration. Values are represented as mean + SD.
(p-value *<0.05, **<0.01) (n=6 in each group).

Unlike the palmitoyl L-carnitine/malate, pyruvate and glutamate-mediated state 3 complex |
respiration, when succinate was added, there showed a decreased state 3 complex | + Il
respiration(PalIMPGS,pp) at 2 weeks untreated diabetic mice, even though no change was
observed in 10 weeks untreated diabetic mice. But after the resveratrol treatment, state 3

complex | + Il respiration (PaIMPGS,pp) was enhanced in mitochondria of diabetic mice at 2

week and 10 week time points (Figure 75).
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Figure 75: Resveratrol treatment caused increase in complex | + Il state 3

respiration in both 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine/malate (PalM) followed by ADP, pyruvate, glutamate and
succinate-mediated state 3 complex | + |l respiration. Values are represented as mean +

SD. (p-value *< 0.05,**<0.01) (n=6 in each group).

State 3 complex Il respiration (obtained after addition of rotenone, inhibitor of complex 1),
(Srot) showed a decreased OCR at 2 weeks and unchanged respiration was observed in 10
weeks untreated diabetic mice mitochondria. The resveratrol treatment in the diabetic mice

at 2 week and 10 week time points enhanced the succinate mediated complex Il respiration

(Srot) (Figure 76).

Figure 76: Resveratrol treatment caused increase in state 3 complex Il

respiration in both 2 week and 10 week diabetic mice
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Substrates succinate and ADP, inhibitor- rotenone mediated state 3 complex Il respiration.
Values are represented as mean + SD (p-value *< 0.05**<0.01) (n=6 in each group).

State 4 respiration obtained after the addition of oligomycin (Son,) was found to be
decreasedat 2 weeks and unchanged respiration was observed in 10 weeks untreated
diabetic mice mitochondria. The resveratrol treatment in the diabetic mice at 2 week and 10

week time points enhanced complex Il mediated state 4 respiration (Figure 77).

Figure 77: Resveratrol treatment enhanced state 4 complex Il respiration

in both 2 week and 10 week diabetic mice
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Succinate-mediated complex Il state 4 respiration in presence of oligomycin. Values are
represented as mean + SD (p-value *< 0.05**<0.01) (n=6 in each group).

The maximal respiratory capacity obtained after the addition of uncoupler FCCP (Sgccp) was
found to be decreasedat 2 weeks and unchanged respiration was observed in 10 weeks
untreated diabetic mice mitochondria. The resveratrol treatment in the diabetic mice at 2
week and 10 week time points significantly enhanced complex Il mediated maximal

respiration (Figure 78).
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Figure 78: Resveratrol treatment enhanced complex limaximal respiration in

both 2 week and 10 week diabetic mice
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Complex Il maximal respiration in presence of FCCP. Values are represented as mean +
SD (p-value *< 0.05**<0.01) (n=6 in each group).

Findings:

e The fatty acid-mediated state 2 and glutamate and pyruvate-mediated state 3
complex | respiration was found to be increased in the 2 week hyperglycemic
condition, while an unchanged state 2 and state 3 complex | respiration was
observed in the 10 week untreated diabetic mice mitochondria

¢ Succinate-mediated complex | + Il and complex Il respiration werelower in the
2 week time period, even though no change was noticed in 10 week period of
hyperglycemia in untreated diabetic mice mitochondria

e State 4 respiration and maximal respiratory capacity was observed to be
decreased in 2 weeks while an unchanged respiration was observed in the 10
week untreated diabetic mice mitochondria

e Resveratrol (activator of autophagic process) further enhanced the fatty acid-
mediated state 2 and glutamate, pyruvate-mediated state 3 complex |

respiration in 2 week diabetic mice mitochondria
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The unchanged state 2 and state 3 complex | respiration shown by the
untreated diabetic mice mitochondria in 10 week time point was significantly
increased by the resveratrol treatment

The decreased respiration shown by succinate-mediated complex | + Il and
complex Il by the 2 week untreated diabetic mice mitochondria was
significantly enhanced by the resveratrol treatment

The unchanged succinate-mediated complex | + Il and complex Il respiration
shown by the untreated diabetic mice mitochondria in 10 week time point was
significantly increased by the resveratrol treatment

Resveratrol treatment in the diabetic mice increased the state 4 respiration
and maximal respiratory capacity in 2 weeks and the unchanged OCR in 10

weeks untreated diabetic mice was also significantly enhanced

134



Carbohydrate SUIT protocol

After the addition of glutamate and malate in chamber B, the untreated diabetic mice
mitochondria showed unchanged state 2 (leak) respiration (GMy) at 2 weeks and 10 weeks
when compared with their corresponding controls, while resveratrol treated diabetic mice

mitochondria showed a significant increase in the glutamate/malate-mediated state 2 (leak)

respiration at 2 weeks and 10 weeks (Figure 79).

Figure 79: Resveratrol treatment increased glutamate-mediated state 2

complex | respiration in both 2 week and 10 week diabetic mice
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Substrates glutamate/malate-mediated state 2 complex | respiration. Values are
represented as mean * SD. ( p-value*< 0.05**<0.01) (n=6 in each group).

In state 3 glutamate-mediated respiration (GMapp), the untreated diabetic mice mitochondria
showed a decrease at 2 weeks, while no change was noticed in 10 weeks. Resveratrol
treated diabetic mice mitochondria showed a significant increase in the state 3 glutamate-

mediated respiration (GMapp) at 2 weeks and 10 weeks (Figure 80).
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Figure 80: Resveratrol treatment caused increase in glutamate-mediated state

3 complex | respiration in both 2 week and 10 week diabetic mice
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Substrates glutamate and malate followed by ADP-mediated state 3 complex | respiration.
Values are represented as mean + SD. (p-value*< 0.05**<0.01) (n=6 in each group).

The state 3 complex | respiration mediated by glutamate, malate and pyruvate (GMPpp)
showed a decrease at 2 weeks, while there showed increased respiration in 10 week
untreated diabetic mice mitochondria. The resveratrol treatment also enhanced the
pyruvate- mediated state 3 complex | respiration (GMPxpp) in mitochondria of diabetic mice

at 2 week and 10 week time points (Figure 81).

Figure 81: Resveratrol treatment enhanced pyruvate-mediated state 3

complex | respiration in both 2 week and 10 week diabetic mice

Control & Control Resveratrol
l Diabetic § Diabetic Resveratrol
150

-
o
o

pmol/s*mg protein
a
o

' GMPaDP 2 weeks  GMPADP 1 weeks

136



Substrates glutamate and malate followed by ADP and pyruvate-mediated state 3 complex |
respiration. Values are represented as mean + SD. (p-value*< 0.05**<0.01) (n=6 in each

group).

When succinate was added, there showed a decreased state 3 complex | + I
respiration(GMPSapp) at 2 weeks untreated diabetic mice. Even though no change was
observed in 10 weeks untreated diabetic mice mitochondria, the resveratrol treatment
enhanced state 3 complex | + |l respiration (GMPSapp) in mitochondria of diabetic mice at 2

week and 10 week time points (Figure 82).

Figure 82: Resveratrol treatment enhanced state 3 complex | + Il respiration in

both 2 week and 10 week diabetic mice
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Substrates glutamate and malate followed by ADP,pyruvate and succinate mediated state 3
complex | + Il respiration. Values are represented as mean + SD. (p-value**<0.01) (n=6 in
each group).

State 3 complex Il respiration (obtained after addition of rotenone, inhibitor of complex I),
(Srot) showed a decreased OCR at 2 weeks and unchanged respiration was observed in 10
weeks untreated diabetic mice mitochondria. The resveratrol treatment in the diabetic mice

at 2 week and 10 week time points enhanced the succinate mediated complex Il respiration

(Srot) (Figure 83).
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Figure 83: Resveratrol treatment enhanced state 3 complex Il respiration in

both 2 week and 10 week diabetic mice
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State 3 complex Il respiration of control and diabetic mitochondria with substrate succinate
and inhibitor rotenone. Values are represented as mean + SD. (p-value **<0.01) (n=6 in
each group).

State 4 respiration obtained after the addition of oligomycin (Som,) was found to be
decreasedat 2 weeks and unchanged respiration was observed in 10 weeks untreated

diabetic mice mitochondria. The resveratrol treatment in the diabetic mice at 2 week and 10

week time points enhanced state 4 respiration (Figure 84).

Figure 84: Resveratrol treatment enhanced complex Il state 4 respiration in

both 2 week and 10 week diabetic mice
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State 4 respiration in presence of oligomycin. Values are represented as meant SD (p-
value *< 0.05**<0.01) (n=6 in each group).
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The maximal respiratory capacity obtained after the addition of uncoupler FCCP (Sgccp) was
found to be decreasedat 2 weeks and unchanged respiration was observed in 10 weeks
untreated diabetic mice mitochondria. The resveratrol treatment in the diabetic mice at 2
week and 10 week time points significantly enhanced maximal respiration of complex Il

(Figure 85).

Figure 85: Resveratrol treatment enhanced maximal respiration of

complex Il in both 2 week and 10 week diabetic mice
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Maximal respiration of complex Il in presence of FCCP. Values are represented as mean +
SD (p-value *< 0.05**<0.01) (n=6 in each group).

Findings:

¢ The glutamate/malate-mediated state 2 complex | respiration was found to be

unchanged in 2 week and 10 week untreated diabetic mice mitochondria

e State 3 respiration of complex | mediated by glutamate/malate in presence of
ADP was found to be decreased in 2 week, even though no change was
observed in 10 week untreated diabetic mice mitochondria

e State 3 complex | respiration mediated by pyruvate was found to be
decreased in 2 week, but showed an increase in the 10 week untreated

diabetic mice mitochondria
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Succinate-mediated complex | + Il and complex Il respiration was lower in the
2 week time period, even though no change was noticed in 10 week period of

hyperglycemia in untreated diabetic mice mitochondria

State 4 respiration and maximal respiratory capacity was observed to be
decreased in 2 weeks while an unchanged respiration was observed in the 10
week untreated diabetic mice mitochondria

Resveratrol (activator of autophagic process) enhanced glutamate-mediated
state 2 respiration and glutamate/malate and pyruvate-mediated state 3
complex | respiration in 2 week and 10 week diabetic mice mitochondria

The decreased succinate-mediated complex | + Il and complex Il respiration
shown by the 2 week untreated diabetic mice mitochondria was significantly
enhanced by the resveratrol treatment

The unchanged succinate-mediated complex | + Il and complex Il respiration
shown by the untreated diabetic mice mitochondria in 10 week time point was
significantly increased by the resveratrol treatment

Resveratrol treatment in the diabetic mice increased the state 4 respiration
and maximal respiratory capacity in 2 weeks and the unchanged OCR in 10

weeks untreated diabetic mice was also significantly enhanced

IV.A.3.2.2. Cardiac mitochondrial respiration by inhibiting autophagy

(Chloroquine)

Fatty acid + carbohydrate SUIT protocol

To analyze whether an inhibitor of autophagy (Chloroquine) can alter cardiac mitochondrial

function in diabetic conditions, the animals were treated with chloroquine for 2 weeks after

maintaining the hyperglycemic condition for 2 weeks and 10 weeks respectively. After the

addition of substrates, inhibitors and uncouplers in chamber A, the untreated diabetic mice

mitochondria showed an increase in the state 2 (leak) fatty acid mediated respiration
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(PalMy) at 2 weeks while there was no change in 10 weeks when compared with their
corresponding controls. Upon treatment of the diabetic mice with chloroquine, the isolated
cardiac mitochondria showed a further decrease in the state 2 fatty acid-mediated

respiration (PalM) at 2 weeks and 10 weeks (Figure 86).

Figure 86: Chloroquine decreased fatty acid-mediated state 2 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM,) mediated state 2 Complex | respiration.
Values are represented as mean + SD. (p-value **<0.01) (n=6 in each group)

In state 3 fatty acid-mediated respiration (PalMapp), the untreated diabetic mice
mitochondria showed a significant increase at 2 weeks, while there was no change noted in
10 weeks. When treated the diabetic mice with chloroquine, the mitochondria showed a
significant decrease in the state 3 palmitoyl L- carnitine, mediated respiration (PalMapp) at 2

weeks and 10 weeks (Figure 87).
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Figure 87: Chloroquine decreased fatty acid-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP-mediated state 3
complex | respiration. Values are represented as mean+ SD. (p-value **<0.01) (n=6 in each

group)

The state 3 complex | respiration mediated by pyruvate (PalMPspp) showed an increase at 2
week, while there was no change noted in 10 weeks untreated diabetic mice mitochondria.
When ftreated the diabetic mice with chloroquine, the mitochondria showed a significant
decrease in the state 3 pyruvate mediated respiration (PalMPapp) at 2 weeks and 10 weeks
(Figure 88).

Figure 88: Chloroquine decreased pyruvate-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP and pyruvate-mediated
state 3 complex | respiration. Values are represented as means + SD. (p value, **<0.01)
(n=6 in each group).

Like the pyruvate-mediated state 3 complex | respiration, when the substrate glutamate was
added to the mitochondria, state 3 complex | respiration (PalMPGapp) showed an increase
at 2 weeks, while there was no change noted in 10 weeks in untreated diabetic mice
mitochondria. The chloroquine treatment further decreased the glutamate (PalMPGapp)

mediated state 3 complex | respiration in mitochondria of diabetic mice at 2 week and 10

week time points (Figure 89).

Figure 89: Chloroquine decreased glutamate-mediated state 3 complex |

respiration in 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP, pyruvate and
glutamate-mediated state 3 complex | respiration. Values are represented as mean + SD. (p
value, **<0.01) (n=6 in each group).

Unlike the palmitoyl L-carnitine/malate, pyruvate and glutamate-mediated state 3 complex |
respiration, when succinate (PalMPGSapp) was added, there was a decreased state 3
complex | + |l respiration at 2 weeks untreated diabetic mice. Even though no change was
observed in 10 weeks untreated diabetic mice,. the chloroquine treatment further decreased

state 3 complex | + |l respiration (PaIMPGS,pp in mitochondria of diabetic mice at 2 week

and 10 week time points (Figure 90).
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Figure 90: Chloroquine treatment caused decrease in complex | + Il state 3

respiration in both 2 week and 10 week diabetic mice
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Substrates palmitoyl L-carnitine and malate (PalM) followed by ADP, pyruvate, glutamate
and succinate-mediated state 3 complex | + Il respiration. Values are represented as mean
+ SD. (p value, **<0.01) (n=6 in each group)

State 3 complex Il respiration (obtained after addition of rotenone, inhibitor of complex 1),
(Srot) showed a decreased OCR at 2 weeks and unchanged respiration was observed in 10
weeks untreated diabetic mice mitochondria. The chloroquine treatment in the diabetic mice

at 2 week and 10 week time points further decreased the succinate-mediated complex Il

respiration (Sret) (Figure 91).

Figure 91: Chloroquine treatment caused decrease in state 3 complex Il

respiration in both 2 week and 10 week diabetic mice
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Substrates succinate and ADP, inhibitor- rotenone mediated state 3 complex Il respiration.
Values are represented as mean + SD (p-value *< 0.05**<0.01) (n=6 in each group).

State 4 respiration obtained after the addition of oligomycin (Son,) was found to be
decreasedat 2 weeks and unchanged respiration was observed in 10 weeks untreated
diabetic mice mitochondria. The chloroquine treatment in the diabetic mice at 2 week and 10

week didn’t change the state 4 respiration (Figure 92).

Figure 92: Chloroquine treatment did not alter state 4 respiration in both 2

week and 10 week diabetic mice
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State 4 respiration in presence of oligomycin. Values are represented as means + SD (p-
value **<0.01) (n=6 in each group).

The maximal respiratory capacity obtained after the addition of uncoupler FCCP (Sgccp) was
found to be decreasedat 2 weeks and unchanged respiration was observed in 10 weeks
untreated diabetic mice mitochondria. The choroquine treatment in diabetic mice at 2 week

and 10 week time points significantly decreased the complex || maximal respiration (Figure

93).
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Figure 93: Chloroquine treatment decreased complex Il maximal respiration in

both 2 week and 10 week diabetic mice
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Complex Il maximal respiration in presence of FCCP. Values are represented as mean +
SD (p-value **<0.01) (n=6 in each group).

Findings:

e The fatty acid-mediated state 2 and glutamate, pyruvate-mediated state 3
complex | respiration was found to be increased in the 2 week hyperglycemic
condition, while an unchanged state 2 and state 3 complex | respiration was
observed in the 10 week untreated diabetic mice mitochondria

e Succinate-mediated Complex | + Il and Complex Il respiration was lower in the
2 week time period, even though no change was noticed in the Complex | + Il
and Complex Il respiration in 10 week period of hyperglycemia in untreated

diabetic mice mitochondria

e State 4 respiration and maximal respiratory capacity was observed to be
decreased in 2 weeks while an unchanged respiration was observed in the 10
week untreated diabetic mice mitochondria

e Chloroquine (inhibitor of autophagy) decreased the fatty acid-mediated state
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2 and glutamate, pyruvate-mediated state 3 complex | respiration in 2 week
diabetic mice mitochondria

e The unchanged state 2 and state 3 complex | respiration shown by the
untreated diabetic mice mitochondria in 10 week time point was drastically
decreased by the chloroquine treatment

e The decreased respiration shown by succinate-mediated complex | + Il and
complex Il by the 2 week untreated diabetic mice mitochondria was again
significantly reduced by the chloroquine treatment

e The unchanged succinate-mediated complex | + Il and complex Il respiration
shown by the untreated diabetic mice mitochondria in 10 week time point was
significantly decreased by the chloroquine treatment

e Chloroquine treatment didn’t alter the state 4 respiration, but the maximal
respiratory capacity was significantly reduced in 2 weeks diabetic mice and
the unchanged OCR in 10 weeks untreated diabetic mice was significantly

reduced

Carbohydrate SUIT protocol (Chloroquine)

After the addition of glutamate and malate in the chamber B, the untreated diabetic mice
mitochondria showed unchanged state 2 (leak) respiration (GMy) at 2 weeks and 10 weeks
when compared with their corresponding controls. When treated the diabetic mice with
chloroquine, the mitochondria showed a significant decrease in the glutamate and malate

mediated state 2 (leak) respiration at 2 weeks and 10 weeks (Figure 94).
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Figure 94: Chloroquine treatment show decreased glutamate-mediated state 2

complex | respiration in both 2 week and 10 week diabetic mice
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Substrates glutamate and malate mediated state 2 complex | respiration. Values are
represented as mean * SD. ( p-value**<0.01) (n=6 in each group).

In state 3 glutamate-mediated respiration (GMapp), the untreated diabetic mice mitochondria
showed a decrease at 2 weeks, while no change was noticed in 10 weeks. Chloroquine
treated diabetic mice mitochondria showed a significant decrease in the state 3

glutamate/malate-mediated respiration (GMupp) at 2 weeks and 10 weeks (Figure 95).

Figure 95: Chloroquine treatment caused decrease in glutamate-mediated

state 3 complex | respiration in both 2 week and 10 week diabetic mice
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Substrates glutamate and malate followed by ADP-mediated state 3 complex | respiration.
Values are represented as mean + SD. ( p-value**<0.01) (n=6 in each group).

The state 3 complex | respiration mediated by glutamate, malate and pyruvate (GMPpp)
showed a decreased respiration at 2 weeks, while there showed a increased respiration in
10 week untreated diabetic mice mitochondria. The chloroquine treatment significantly
decreased the pyruvate-mediated state 3 complex | respiration(GMPapp) in mitochondria of

diabetic mice at 2 week and 10 week time points (Figure 96).

Figure 96: Chloroquine treatment decreased pyruvate-mediated state 3

complex | respiration in both 2 week and 10 week diabetic mice
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Substrates glutamate and malate followed by ADP and pyruvate-mediated state 3 complex |
respiration. Values are represented as mean + SD. (p-value*< 0.05**<0.01) (n=6 in each

group).

When succinate was added, there showed a decreased state 3 complex | + |l respiration
(GMPSapp) at 2 weeks untreated diabetic mice. Even though no change was observed in 10
weeks untreated diabetic mice mitochondria, the chloroquine treatment lowered state 3
complex | + Il respiration (GMPSapp) in mitochondria of diabetic mice at 2 week and 10

week time points (Figure 97).
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Figure 97: Chloroquine treatment reduced state 3 complex | + Il respiration in

both 2 week and 10 week diabetic mice
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Substrates glutamate and malate followed by ADP and pyruvate and succinate-mediated
state 3 complex | + Il respiration. Values are represented as mean + SD. (p-value*<
0.05**<0.01) (n=6 in each group).

State 3 complex Il respiration (obtained after addition of rotenone, inhibitor of complex 1),
(Srot) showed a decreased OCR at 2 weeks and unchanged respiration was observed in 10
weeks untreated diabetic mice mitochondria. The chloroquine treatment in the diabetic mice

at 2 week and 10 week time points reduced the succinate mediated complex Il respiration

(Srot) (Figure 98).

Figure 98: Chloroquine treatment reduced state 3 complex Il respiration in

both 2 week and 10 week diabetic mice
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State 3 complex Il respiration of control and diabetic mitochondria with substrate succinate
and inhibitor rotenone. Values are represented as mean + SD. (p-value*< 0.05**<0.01) (n=6
in each group).

State 4 respiration obtained after the addition of oligomycin (Somy) was found to be
decreasedat 2 weeks and unchanged respiration was observed in 10 weeks untreated

diabetic mice mitochondria. The chloroquine treatment in the diabetic mice at 2 week and 10

week didn’t change the state 4 respiration (Figure 99).

Figure 99: Chloroquine treatment didn’t alter state 4 respiration in both 2

week and 10 week diabetic mice
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State 4 respiration in presence of oligomycin. Values are represented as means + SD (p-
value *< 0.05**<0.01) (n=6 in each group).

The maximal respiratory capacity obtained after the addition of uncoupler FCCP (Sgccp) was
found to be decreasedat 2 weeks and unchanged respiration was observed in 10 weeks
untreated diabetic mice mitochondria. The chloroquine treatment in the diabetic mice at 2
week and 10 week time points significantly reduced complex Il maximal respiration (Figure

100).
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Figure 100: Chloroquine treatment lowered complex Il maximal respiration in

both 2 week and 10 week diabetic mice
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Complex Il maximal respiration in presence of FCCP. Values are represented as means
1SD (p-value *< 0.05**<0.01) (n=6 in each group).

Findings:

e The glutamate/malate-mediated state 2 complex | respiration was found to be

unchanged in 2 week and 10 week untreated diabetic mice mitochondria

e State 3 complex | respiration mediated by glutamate and malate in presence
of ADP was found to be decreased in 2 week, even though no change was
observed in 10 week untreated diabetic mice mitochondria

e State 3 complex | respiration mediated by pyruvate was found to be
decreased in 2 week, but showed an increase in the 10 week untreated
diabetic mice mitochondria

e Succinate-mediated complex | + Il and complex Il respiration was lower in the
2 week time period, even though no change was noticed in the complex | + I
and complex Il respiration in 10 week period of hyperglycemia in untreated

diabetic mice mitochondria
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State 4 respiartion and maximal respiratory capacity was observed to be
decreased in 2 weeks while an unchanged respiration was observed in the 10
week untreated diabetic mice mitochondria

Chloroquine (inhibitor of autophagy) decreased glutamate/malate-mdiated
state 2 and state 3 complex | respiration and pyruvate-mediated state 3
complex | respiration in 2 week diabetic mice mitochondria

The unchanged state 2 and state 3 complex | respiration shown by the
untreated diabetic mice mitochondria in 10 week time point was drastically
decreased by the chloroquine treatment

The decreased respiration shown by succinate-mediated complex | + Il and
complex Il by the 2 week untreated diabetic mice mitochondria was again
significantly reduced by the chloroquine treatment

The unchanged succinate-mediated complex | + Il and complex Il respiration
in the untreated diabetic mice mitochondria at 10 week time point was
significantly decreased by the chloroquine treatment

Chloroquine treatment didn’t alter the state 4 respiration, but the maximal
respiratory capacity was significantly reduced in 2 weeks diabetic mice and
the unchanged OCR in 10 weeks untreated diabetic mice was also

significantly reduced
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V.A. DISCUSSION
(T2DM)

154



V.A.1. Autophagy in diabetic human heart

The aim of the study was to evaluate the autophagic status in right atrial appendage tissue
obtained from diabetic patients undergoing CABG surgery. Based on our results, myocardial
autophagy is reduced in diabetic than the non-diabetic patients. This is the first report on
Asian Indian cardiac autophagy in type 2 diabetes. Only a single work has been published
so far regarding the autophagy in diabetic human cardiac tissue. In that study, contrast to
our results, increased autophagy was reported in diabetic than the non-diabetic patients of
New Zealand population (Munasinghe et al., 2016). Our results showed reduced expression
of LC3 Il and LC3 I/l ratio indicating the reduced formation of autophagosomes. The
adaptor molecule p62 expression was increased and Beclin-1 levels were unchanged in
diabetic samples. In the study conducted in New Zealand population, they found a marked
increase in LC3 Il and Beclin-1 and decrease in p62. Even though the number of samples
taken is almost same in both studies, the contrasting result may be due to the difference in
ethnicity/NYHA class of human subjects included in the study. Our study included Asian
Indians belonging to NYHA class Il. The duration of diabetes in each of the patients may
vary in both the studies. T2DM is always associated with obesity and include risk factors like
high circulating LDL, triglycerides, amino acids etc and this high intracellular nutrient energy
status may lead to suppression of autophagy in T2DM. In Munasinghe’s study, cardiac
autophagy was compared between diabetic and non-diabetic patient groups of similar BMI
values, but in our study the BMI status of diabetic patients differ significantly. The
explanation to the increased autophagy may be the role of fatty acids collected in the heart
during type 2 diabetes which was reported by Rovito ef al and they have shown that fatty
acids induced autophagy by activating PPARy (Rovito et al., 2015). However, we have not
provided any evidence in the current study regarding the role of fatty acids behind the
altered autophagy. Another report contrasting to our results was published, in which
upregulation of autophagy and hypertrophy were observed after attenuation of
cardioprotective miR-133a in left ventricular apex tissue of diabetic heart failure patients

undergoing mechanical unloading (Nandi et al., 2015). In a recent study done in peripheral
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mononuclear cells of newly diagnosed T2DM and advanced duration of T2DM patients
showed decreased expression of LC3ll and mitophagic markers like parkin and PINK
1(Bhansali et al.,, 2017). In our study, there were some limitations regarding the
unavailability of healthy human heart, a true control for the study. The tissue samples
obtained from the non diabetic CABG patients cannot be a perfect control for the study. The
patients, both diabetic and non-diabetic included in the study were having ischemic heart
disease and were on numerous medications. However, we have selected groups similar
with respect to age, sex, lipid levels, NYHA class, medications etc., while a single variable,
hyperglycemic status, was different among the patient groups. In order to avoid such
limitations, studying the autophagic process in high glucose-treated H9c2 cell line and
C57BL/6J mice model with induced type 2 diabetes, can provide a perfect control and

evaluate autophagic status at two different time points of diabetes.

V.A.2. Autophagic adaptations in hyperglycemic H9c2 cells

The main objective of the study in H9c2 cells was to analyze autophagic status in high
glucose condition at two time points, considerably a shorter time period of 4 h and longer
time point of 48 h. We didn’'t observe any change in the autophagic, mitophagic proteins,
proteins associated with lysosomes and the regulators of autophagy in high glucose-treated
H9c2 for 4 h time period of hyperglycemia. But the high glucose-treated H9c2 cells
maintained for 48 h showed significant decrease in autophagy, exhibited by the decreased
levels of LC3 Il, pULK1, Atg 5, parkin and PINK 1 and increased p62 levels, even though
the lysososmal proteins and regulators were found unchanged at 48 h of hyperglycemia.
The results indicated the effect of duration of hyperglycemia on regulating the process of
autophagy in H9c2 cells. A time period of 48 h of hyperglycemia can damage or alter the
various proteins in the cells including autophagic proteins. The mitophagy proteins, parkin
and PINK 1 showed reduced expression at 48 h and indicated the improper clearing
mechanism of damaged mitochondria. In a recent study, it was shown that high glucose

condition in H9¢2 cells suppressed autophagy. In this study ULK 1 played a crucial role in

156



mitochondrial aldehyde dehydrogenase 2-mediated protective effect against high glucose-
induced cardiomyocyte injury by increasing autophagy (Liu et al., 2018). A study done in
high glucose (33.3 mM) treated H9c2 cells for 96 h showed decreased autophagy and
administration of metformin protected H9c2 cells against high glucose induced apoptosis
and connexin43 downregulation through the induction of autophagic pathway (Wang, Bi,
Liu, Zhao, et al., 2017). Wang et al., in another study showed that treatment with resveratrol
can also protect H9c2 cells against high glucose (25 mM for 24 h) induced apoptosis and
connexind3 downregulation through the induction of autophagic pathway (Wang, Bi, Liu,
Han, et al., 2017). High glucose-treated neonatal mouse cardiomyocytes for 48 h showed
decreased autophagy and treatment withpolydatin, a phytoalexin, increased the autophagic
flux (Zhang, Wang, et al., 2017).High glucose (33 mM) treated H9c2 cells for 48 h caused
reduction in autophagy, which was enhanced by the treatment of HBSP (helix B surface
peptide), a small peptide derived from helix-B domain of erythropoietin (Lin et al., 2017).
Excessive palmitate-treated (400 uM) H9c2 for 24 h induced apoptosis through the inhibition
of autophagy (Hsu et al., 2016). Through activation of autophagy, fasudil, a Rho-kinase
inhibitor suppressed high glucose (25 mM for 24 h) induced apoptosis in H9c2 cells (Gao et
al.,2016). Exposure of H9c2 to high glucose (30 mM) for 48 h inhibited autophagy by the
reduced expression of AMPK and treatment with metformin normalized autophagy and
reduced apoptosis (He et al., 2013). In our results also at 48 h, autophagy is reduced but
the AMPK levels were unchanged. In contrast to our results, a study in high glucose (25
mM) - treated H9c2 for 24 h caused enhancement of autophagy mediated by FoxO1 and
when they were treated with epigallocatechin-3-gallate (EGCG, a green tea-derived
polyphenol) reduced FoxO1 expression and ROS resulting in reduced autophagy (Liu et al.,
2014). High glucose (28mM) treated H9c2 cells for 48 h exhibited cardiomyocyte death
mediated through MCP-1 (monocyte chemotactic protein-1) along with increased
autophagy, ROS and ER stress (Younce et al., 2010). Autophagic status in high glucose
condition in H9c2 cells are evaluated at a single time point in all these published reports. No

reports are published so far regarding autophagy at different time points as autophagic
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status during hyperglycemia fluctuates depending upon the concentration of metabolites at

a specific time point in the cells.

V.A.3. Type 2 diabetic mice model

The present study was carried out in order to check the effect of untreated T2DM for two
different time periods of hyperglycemia (2 and 10 weeks)on cardiac autophagy and to
analyze the cardiacmitochondrial respiration modulated by autophagy by using an
autophagic activator (resveratrol) and an inhibitor of autophagy (chloroquine). These time
periods are equivalent to 1.7 years and 8.3 years of untreated T2DM in human(The Mouse
in Biomedical Research, Volume 4 - 2nd Edition,” n.d.). For the study,T2DM was developed
by injecting streptozotocin and nicotinamide in C57BL/6 mice. As described by Nakamura et
al., using this combination of STZ/NA, we were able to develop a non- obese type 2 diabetic
mice model(Nakamura et al., 2006). Body weight, random blood glucose and oral glucose
tolerance test (OGTT) data were analyzed and these revealed that the mice developed
hyperglycemia and it was maintained for 10 weeks without any decrease or increase in body
weight. Heart weight to body weight ratio was found to be unchanged in diabetic mice which
indicates that at the time of sacrifice, the diabetic mice heart did not develop hypertrophy or
other structural changes till the 10 week period of hyperglycemia. Also the HbA1c levels
during sacrifice were high for the diabetic mice at 2 week and 10 week time
period.Theinsulin levels of 2 week diabetic mice were maintained similar to that of the
control group and an increase in its levels were observed at 10 week time point, although
insignificant, indicated a trend towards development of hyperinsulinemia at an extended
time period of T2DM. Plasma triglyceride levels were unchanged in 2 week and 10 week
diabetic mice while total cholesterol levels were found to be increased after 2 weeks of
hyperglycemia and then maintained like control group at 10 weeks. Together these data

showed the development of a non-obese T2DM mice model.
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V.A.3.1 Autophagic status in type 2 diabetic mice

The main objective of the study in type 2 diabetic mice was to analyze cardiac autophagic
status at two time points of diabetes, 2 weeks and 10 weeks of hyperglycemia. Mitophagic
proteins, lysosomal proteins and the regulators of autophagy were found unchanged in 2
weeks of diabetic mice heart when compared with their corresponding controls. The LC3 Il
ratio was found unchanged even though the LC3 Il/l ratio and p62 levels was increased in 2
week diabetic mice indicated an impaired autophagy with accumulation of autophagosomes.
In 10 week diabetic mice, a significant reduction was noted in ULK1, pULK1 and increase in
p62 was noted. LC3 Il and LC3 II/l ratio was unchanged at 10 week hyperglycemia when
compared to specific controls. Reduction in parkin levels indicated that the mitophagy
pathway is altered and accumulation of damaged or dysfunctional mitochondria may occur
in heart tissue. In a study done in obese diabetic (ob/ob) mice, cardiac autophagic flux is
suppressed due to impaired formation of autophagosome and the suppression of autophagy
is due to mTOR activation. The LC3 Il and Atg 3 levels were found to be decreased and the
p62 and Atg 7 expression were increased in the ob/ob mice. The Atg 5 and Atg 12 were
found unchanged in this study (Pires et al., 2017). In an STZ-induced diabetic model,
polydatin, a polyphenolic pytoalexin increased the autophagic flux and mitochondrial
function by activation of sirtuin 3. There observed an increased LC3 Il and decreased p62
during polydatin treatment (Zhang, Wang, et al., 2017). In a high fat-fed mice, blockage of
RAGE (Receptor for advanced glycation end product) receptors reduced mitochondrial
damage and mitochondrial dysfunction by reducing the oxidative stress, and increasing the
autophagic pathway and mitochondrial dynamics. The ratio of LC3 Il/I ratio, p62 and parkin

were found unchanged in high fat — fed wild type mice while a high LC3 ratio and parkin with
decreased p62 was observed in normal diet RAGE™~ mice (Yu et al., 2017).

Dihydromyricetin administration to STZ-induced diabetic C57B/6J mice improved the
reduced autophagy during diabetes along with reduction in oxidative stress, inflammation
and improved the mitochondrial and cardiac function. In this study western blot analysis

revealed reduced LC3 I/l ratio, beclin-1 and Atg 7, while p62 expression was increased.
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Dihydromyricetin administration to the diabetic animals restored autophagy by increasing
LC3 II/l ratio, beclin-1 and Atg 7 and decreased p62 levels (Wu et al., 2017). Increased
cardiac apoptosis, mitochondrial injury and interstitial fibrosis, along with suppressed
autophagy and mitophagy were observed in STZ-induced diabetic sirtuin3 knockout mice.
Transmission electron microscopy revealed less number of autophagososmes and LC3 I
expression was also reduced in STZ- treated wild type mice and in Sirt3 knockout mice,
further reduction of autophagosomes and LC3 Il were noticed. Over expression of sirtuin3 in
diabetic mice enhanced autophagy and mitophagy, along with decreased apoptosis and
inhibited the mitochondrial injury that adds a protective effect for diabetic cardiomyopathy
(Yu, Gao, et al., 2017: 3). Apelin, an adipokine gene therapy in a STZ-induced diabetic mice
exhibited upregulation of cardiac autophagy showed by the increased expression of beclin-1
and LC3 Il and activating sirtuin3 and suppression of ROS-NF-Kb pathway (Hou et al.,
2015).In a rat model of T2DM,through restoring autophagy by reducing the interaction of
beclin-1 with Bcl-2, inhibition of dipeptidyl peptidase-4 improves the survival rate and
reduces the acute mortality after myocardial ischemia. The LC3 Il levels and the LC3
positive autophagososmes were not changed in diabetic rat after myocardial infarction (MI).
But the altered expression was shown by reduced AMPK/ULK1 levels, reduced
Akt/mTOR/S6 and increased beclin 1 levels after MI. Vildagliptin, an anti-diabetic drug,
inhibitor of DPP-4 reduced beclin 1-Bcl-2 interaction and the expression of LC3 Il and
number of autophagososmes are increased in diabetic mice.(Murase et al., 2015). Like this
study, in our results also, the cardiac autophagic alterations at 10 week hyperglycemia was
shown by reduced expression of ULK1 and pULK1, while no change was observed in LC3
II, AMPK, mTOR and beclin-1. A study in db/db type 2 diabetic mice, increased formation of
autophagosome was observed, but the autophagic process is suppressed at final step, i.e.,
fusion of autophagososmes with lysosomes were defective. The expression of LC3 Il, p62
and mTOR in type 2 diabetic mice was high, but the cathepsin level was reduced.
Ultrastructural examination showed very few lysosomes, degenerated mitochondria and

incomplete autolysosomes in type 2 diabetic hearts. The AMPK expression and the ATP
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content were also reduced in them. Treatment with resveratrol in diabetic mice improved the
cardiac diastolic function while chloroquine administration aggravated the systolic and
diastolic function in type 2 diabetic mice.(Kanamori et al., 2015). Otsuka Long-Evans
Tokushima fatty (OLETF) diabetic rats on calorie restriction (30% energy reduction)
improved diastolic function and increased cardiac telomerase activity and autophagy. LC3 Il
was significantly increased in diabetic rats, while no change was observed in beclin-1

expression on calorie restriction in diabetic rats (Makino et al., 2015).

V.A.3.2. Mitochondrial respiration regulated by autophagy

The present study was carried out to assess the cardiac mitochondrial respiration in T2DM
by modulating autophagic process. Autophagy is an important cellular pathway involved in
the degradation and quality maintenance of proteins, lipids, organelles especially
mitochondria. So in our study, we wanted to analyze the role of autophagy in controlling the
mitochondrial respiration by either activating or inhibiting autophagy. For development of
T2DM model, diabetes was induced by intraperitoneal injection of STZ/NA in C57BL/6 mice
(Materials and Methods). After maintaining the hyperglycemic condition in mice for a period
of 2 weeks and 10 weeks, the autophagic activator (Resveratrol) and inhibitor (Chloroquine)

is administered for continuous 14 days and the mice were sacrificed for heart tissue.

V.A.3.2.1. Regulation of cardiac mitochondrial function by activating

autophagy (Resveratrol)

Resveratrol was used as autophagic activator in the study. Resveratrol treatment didn’t
change the body weight or blood glucose/HbA1c level in the diabetic mice. As previously
described, mitochondria were isolated from the whole heart of untreated and treated control
and diabetic mice and their OCR was analyzed using high resolution respirometry. In the
two different SUIT protocols, resveratrol had enhanced the complex | and complex Il
respiration in type 2 diabetic mice at both 2 week and 10 week time points. Resveratrol
increased the activity of electron transport chain complexes in presence of fatty acid and

carbohydrate substrates at the two time points in diabetic mice. The fatty acid +
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carbohydrate-mediated and carbohydrate substrate-mediated state 2 complex | respiration,
their state 3 complex | respiration along with pyruvate and glutamate and succinate
mediated complex | + Il , complex Il respiration were significantly increased in the diabetic
mice. Our data correlates to a study done in a rat model, in which resveratrol co-treatment
enhanced the pyruvate-mediated state 3 complex | respiration in cardiac mitochondria by
attenuating the effect of HIV protease inhibitors (Symington et al., 2017). The complex II-
dependent leak or state 4 respiration was also increased in diabetic mice indicates a change
in proton leak or mitochondrial membrane potential due to substrate oxidation(Brand and
Nicholls, 2011). The FCCP-mediated maximal respirationwas found to be increased in the
resveratrol treated diabetic mice at two time periods. It is to be noted thatin our study, the
heart mitochondrial succinate-mediated complex | + Il respiration in the untreated control
and diabetic mice heart showed the maximal respiratory capacity than the FCCP-mediated
respiration (eventhough FCCP-mediated respiration is named maximal respiration, the
maximal respiration is obtained only when succinate was added in the case of cardiac
mitochondria). Same scenario was noted in a mitochondrial respiratory study done in human
heart failure patients (right atrial appendage), where the maximal ETS capacity was
obtained from complexes | + Il when the substrate succinate was added to the mitochondria
(PMGSppp)(Lemieux et al., 2011). In a study done in human cardiac microvascular
enthothelial cells exposed to hyperglycemia, ATP linked mitochondrial respiration and the
FCCP-mediated maximal respiration were significantly lower and resveratrol treatment
improved the mitochondrial function (Joshi et al., 2015). A recent study done in human
nucleus pulposus cells, resveratrol reduced the mitochondrial dysfunction and apoptosis
induced by the cytotoxicity of H,O, by activating autophagic process (Zhang, Xu, et al.,
2017) . In a primary skin fibroblast cells obtained from patients with Parkinson disease,
resveratrol treatmentenhanced the mitochondrial oxidative capacity (Ferretta et al., 2014).In
a STZ diabetic model of C57BL/6 mice, resveratrol treatment reduced cardiac dysfunction
and remodeling and it reduced the apoptosis and oxidative stress through enhancing the

pathway of autophagy (Wang et al., 2014). In an autophagy deficienct mice model (Atg 7"
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conditional kockout ) in pancreatic B cell and skeletal muscle, damaged and dysfunctional
mitochondria were accumulated and intracellular ROS was very high and an altered basal
mitochondrial OCR and a pronouncedreduction was observed in FCCP mediated maximal
oxidative capacity (Wu et al.,, 2009). In a type 2 diabetic model of db/db mice,
cardiacautophagy was found to be suppressed at the final degradation step. Resveratrol
treatment enhanced autophagy, suppressed hypertrophy and fibrosis and improved the
cardiac function in those db/db type 2 diabetic mice (Kanamori et al., 2015). In our study
resveratrol treatment, (the autophagic activator) improved the cardiac mitochondrial oxygen

consumption rate in 2 week and 10 week diabetic mice.

V.A.3.2.2. Modulation of cardiac mitochondrial function by inhibiting

autophagy (Chloroquine)

In the current study, chloroquine, autophagy inhibitor neither changed the body weight or
blood glucose level of control and diabetic mice. Chloroquine decreased the complex | and
complex Il respiration when two different SUIT protocols were followed to study
mitochondrial respiration in type 2 diabetic mice at both 2 week and 10 week time
points.The activity of electron transport chain complexes in presence of fatty acid and
carbohydrate substrates was decreased by chloroquine treatment at the two time points in
diabetic mice. The fatty acid + carbohydrate substrate combination- mediated and
carbohydrate substrate-mediated state 2 complex | respiration, state 3 complex | respiration
along with pyruvate, glutamate and succinate-mediated complex | + II, complex |l respiration
were significantly decreased in the diabetic mice. Chloroquine treatment didn’t alter the
complex Il dependent leak or state 4 respiration in diabetic mice and this indicated that the
proton leak or mitochondrial membrane potential was not altered. The FCCP-mediated
uncoupled respiration was found to be decreased in the chloroquine treated diabetic mice at
two time periods. In a study done in rat model of pressure overload hypertrophy, high dose
chloroquine (50 mg/kg/day for 2 weeks) caused mitochondrial fragmentation and cristae

destruction. They found large number of autophagosomes containing fragmented
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mitochondria (Chaanine et al., 2015). Hypoxic-ischemic (HI) treatment in a neonatal rat
model of encephalopathy showedpresence of apoptosis and autophagy proteins and is
inhibited during chloroquine treatment. This inhibition of autophagy in the neurons worsened
the mitochondrial dysfunction characterized by high levels of ROS, less mitochondrial
superoxide and less membrane potential(Li, Hao, et al., 2018). There was a similar report in
primary rat cortical neurons, where autophagy inhibition by bafilomycin and chloroquine
reduced mitochondrial quality and energetic function. Another study which corroborated our
result was reported, where chloroquine (40 uM) along with bafilomycin (10 nM) treatment in
the primary neurons significantly reduced the basal mitochondrial respiration, ATP-linked

respiration, maximal oxidative capacity and reserve capacity (Redmann et al., 2016).

164



VI.A. CONCLUSION
(T2DM)
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The current study in cardiac type 2 diabetes involves three model systems. They are human
heart tissue, H9c2 cell line and an animal model of type 2 diabetes. Cardiac autophagy was
analyzed in three models of diabetes. In mice model of type 2 diabetes, the cardiac
mitochondrial respiration regulated by autophagy was also evaluated.

In contrast to the available single work published by Munasinghe et al., on human cardiac
autophagy in type 2 diabetes in New Zealand population, our results indicates decreased
autophagy in diabetic than non-diabetic subjects. This is the first report regarding cardiac
autophagy in type 2 diabetic subjects of Asian Indian population.

The main objective of the study in H9c2 cells was to analyze autophagic status in high
glucose condition at two time points, 4 h and 48 h. All the autophagic proteins, mitophagic
proteins, lysosomal proteins and the regulators of autophagy analyzed in the study were
found unchanged at 4 h time period of hyperglycemia. It was found that when the duration of
hyperglycemia was increased for 48 h for H9c2 cells caused significant reduction in
autophagic and mitophagic proteins indicates that the recycling mechanism was impaired in
the cardiomyoblast cells.

The main objective of the study in untreated type 2 diabetic mice was to analyze cardiac
autophagic status at two time points of diabetes, 2 weeks and 10 weeks of hyperglycemia.
Mitophagic proteins, lysosomal proteins and the regulators of autophagy were found
unchanged in 2 weeks of diabetic mice heart when compared with their corresponding
controls. LC3 I/l ratio and p62 levels was increased in 2 week diabetic mice indicated an
impaired autophagy with accumulation of autophagosomes. In 10 week diabetic mice, even
though LC3 Il was unchanged, a significant reduction was noted in ULK1, pULK1 and parkin
and increase in p62 was observed. Both 2 week and 10 week diabetic mice showed altered
cardiac autophagy indicates the accumulation of damaged or dysfunctional proteins,
organelles like mitochondria inside the cardiomyocytes that in turn will worsen the oxidative
stress and defective metabolism in diabetic heart.

Analysis of cardiac mitochondrial respiration in type 2 diabetes by regulating autophagy

showed that administration of an autophagic activator (Resveratrol) at 2 week and 10 week
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of diabetic mice activated mitochondrial respiration in the heart tissue. When the diabetic
mice were treated with an autophagic inhibitor (Chloroquine) at 2 week and 10 weeks, the
cardiac mitochondrial respiration was significantly reduced. This study implies the
importance of autophagic regulation in heart tissue during type 2 diabetes and the role of
autophagy in maintaining the cardiac mitochondrial respiration.

Combining the data from three models of diabetes, we can propose that myocardial
autophagy is reduced in type 2 diabetic conditions, even though the duration of
hyperglycemia plays an important role in regulating autophagic proteins. Our results shows
that the autophagy status in diabetic conditions is fluctuating throughout the different stages
of diabetes and its profile cannot be explained by evaluating the process in a single time
point. In cardiac tissue, the impairment in the process of autophagy may lead to the
accumulation of damaged and dysfunctional organelles and proteins (especially
mitochondria). It can also slow down the rate of formation of macromolecules as autophagic
degradation can result in release of amino acids, nucleotides etc. Since autophagy
regulates mitochondrial respiration, defect in this process can create imbalance in energy

generation within cardiomyocytes which in turn affect the normal functioning of heart.
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IV.B. RESULTS
(GDM)

168



Rat study

IV. B.1. Development of gestational diabetes model

Pregnant wistar rats were used for the development of gestational rat model using
streptozotocin as described in a paper (Nasu-Kawaharada et al., 2013). In that paper they
had injected 60 mg/kg STZ on 2”dday of gestation. We had adopted that method, but the
mortality rate of offsprings was so high. So we standardized the STZ amount and reduced it
to20 mg/kg STZ and injection is given to rats on 5t day of gestation. Animals were
hyperglycemic within 2 days after the injection and the animals with glucose level higher
than 400mg/dL was taken as diabetic for the study. On every 7 day till the delivery of rat,
body weight and random glucose were noted and it revealed that the animals were
maintaining the hyperglycemic condition throughout the pregnancy period. The body weight

of diabetic mother was slightly lower than the control mother (Figure 101).

Figure 101: Body weight measurements over time
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The body weight of control and diabetic mother rat till the delivery.Error bars represent +SD.
(n=6 in each group)
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Figure 102: Random blood glucose measurements over time

Random blood glucose (mother)
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Random blood glucose measurements till delivery of control and diabetic mother rat. Error
bars represent + SEM. (n=6 in each group)

The blood glucose of the mother were checked until the pups were weaned on the 22" day
in order to know whether the GDM mother maintained the hyperglycemic condition (Figure
102), so that the pups could drink milk rich in glucose. The HbA1c level of the diabetic
mother at the time of weaning of offsprings was > 7% and is significantly higher than the

control mother rats (Figure 103).

Figure 103: HbA1c levels

HbAlc (mother)

Fold change

Control Diabetic

HbA1c levels of control and diabetic mother rats at the time of delivery. Error bars represent
+ SEM. (p-value ***<0.001) (n=6 in each group)

The number of offsprings in diabetic mothers was less than control mothers. Still birth was
high in GDM mothers. Also the lactation was not properly maintained and the mortality rate

of offsprings (immediately after delivery) was high in diabetic mothers.
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Body weight noted at the time of euthanasia of the weaning group (male and female) ODM
didn’t change when compared to their OCM, but the adult group (male and female) ODM

showed a significant weight gain than the corresponding OCM (Figure 104).

Figure 104: Body weight of offsprings
A B
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The body weight of male(A) and female(B) offsprings at the time of euthanasia. Error bars
represent + SD. (p-value *<0.05) (n=6 in each group)

Even though offsprings are born to a diabetic mother, both male and female offsprings were
normoglycemic at weaning and adult period and their HbA1c level at the time of euthanasia

was similar to that of their corresponding controls.

The heart weight: body weight ratio was calculated in offsprings of diabetic mothers at both
time points and found that the values were similar to that of their corresponding controls in
the weaning and adult group of male and female ODM. This indicated that no structural
changes like hypertrophy/cardiomyopathy occurred in the heart tissue of male and female

ODM (Figure 105).
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Figure 105: Heart to body weight ratio
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Bar graph showing the ratio of heart weight (milligrams) and body weight (grams) of rat at
weaning and adult group of male(A) and female(B) ODM. The error bars represent + SD.
(n=6 in each group)

Findings:

Hyperglycemia was maintained in diabetic mother wistar rats throughout

pregnancy

e Body weight of weaning male and female ODM was similar to their
corresponding OCM

e A significant increase in body weight was shown by adult male and female
ODM

e No change in heart weight: body weight ratio showed absence of hypertrophy
or cardiomyopathy in weaning and adult group of male and female ODM

e Both weaning and adult group of male and female ODM were normoglycemic

throughout the study

IV. B.2. Cardiac autophagic profile in offsprings of diabetic

mothers

In order to study the cardiac autophagic process in offsprings of diabetic mothers, we
evaluated the expression of some of the important markers and regulators of autophagic

machinery.
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ULK1 (mammalian homolog of Atg 1) is found unchanged in the weaning and adult group of

male (Figure 106 A & B) and female (Figure 106 A & C) ODM.

Figure 106: Expression of ULK1
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Expression of ULK1 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female(C) ODM. Error bars represent +SD. (n= 6 in each group).

pULK1 is also found to be unchanged in the weaning and adult group of male (Figure 107 A

& B) and weaning female (Figure 107 A & C) ODM. But a significant reduction was

observed in adult female ODM.
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Figure 107: Expression of pULK1
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Expression of phosphorylated form of pULK1 was showed by western blotting in male and
female ODM (A). The bar graphs represent the fold change in expression of the respective
protein in male (B) and female (C) ODM. Error bars represent +SD. (p-value *<0.05) (n= 6 in

each group).

No significant difference in expression of Beclin 1 was noted in the weaning and adult group

of male (Figure 108 A & B) and female (Figure108 A & C) ODM.
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Figure 108: Expression of Beclin 1
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Expression of Beclin 1was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

The expression of Atg 14 was found decreased in adult male ODM, while no change was

observed in weaning male (Figure 109 A & B) ODM and weaning and adult female (Figure

109 A & C) ODM.
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Figure 109: Expression of Atg 14
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Expression of Atg 14 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05) (n= 6 in each group).

We didn’t observe any change in the expression of rubicon in weaning and adult group of

male (Figure 110 A & B) and female (Figure 110 A & C) ODM.
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Figure 110: Expression of Rubicon
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Expression of Rubicon was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

The expression of Atg 5 (Figure 111), Atg 7(Figure 112) and Atg 12 (Figure 113) were found

unchanged in weaning and adult group of male and female ODM.
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Figure 111: Expression of Atg 5
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Expression of Atg 5 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and

female (C) ODM. Error bars represent +SD. (n= 6 in each group).

Figure 112: Expression of Atg 7
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Expression of Atg 7 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and

female (C) ODM. Error bars represent +SD. (n= 6 in each group).

Figure 113: Expression of Atg 12
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Expression of Atg 12 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

There was no change in expression of Atg 16 in weaning and adult male ODM (Figure 114
A & B), even though a significant increase in the levels of Atg 16 was observed in weaning
female ODM and a significant reduction is noted when they became adult (Figure 114 A &
C).

Figure 114: Expression of Atg 16
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Expression of Atg 16 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05**<0.01) (n= 6 in each group).
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Atg 3 expression was significantly reduced in adult male ODM (Figure 115 A & B), weaning

and adult female ODM (Figure 115 A & C). A reduction in Atg 3 is observed in weaning male

ODM, but insignificant.
Figure 115: Expression of Atg 3
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Expression of Atg 3 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05**<0.01) (n= 6 in each group).

The p62 (adaptor molecule) expression levels were unaltered in the weaning male and

female ODM, while a significant increased expression is noted in adult male (Figure 116 A &

B) and female (Figure 116 A & C) ODM.
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Figure 116: Expression of p62
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Expression of p62 was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and

female (C) ODM. Error bars represent +SD. (p-value**<0.01) (n= 6 in each group).

Expression of LC3-1l level at a given time point (steady state level)was analyzed using
western blot technique and is found to be significantly reduced in adult male (Figure 117 A &

B) and female (Figure 117 A & C) ODM. An increased expression of LC3 Il is found in the

weaning group of male and female ODM, but in females it is not significant.
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Figure 117: Expression of LC3 Il
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Expression of LC3 Il was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05**<0.01) (n= 6 in each group).

Like the LC3 Il expression, LC3 I/l ratio was also significantly reduced in adult male (Figure
118 A) and female (Figure 118 B) ODM. Unchanged LC3 I/l ratio was noted in weaning

female ODM, while a significant increase was noted in weaning male ODM.
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Figure 118: Expression of LC3 I/l
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The bar graphs represent the fold change of the LC3Il/I ratio in male (A) and female (B)
ODM. Error bars represent +SD. (p-value *<0.05**<0.01) (n= 6 in each group).
The expression of PINK 1 was observed to be unchanged in weaning and adult group of

male (Figure 119 A & B) and female (Figure 119 A & C) ODM.
Figure119: Expression of PINK 1
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Expression of PINK 1 was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

The expression of Parkin also was found to be unaltered in weaning and adult group of male
(Figure 120 A & B) and female (Figure 120 A & C) ODM.

Figure 120: Expression of Parkin
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Expression of Parkin was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

Cathepsin D, a lysososmal aspartyl protease was found to be unchanged in weaning and

adult group of male (Figure 121 A & B) and female (Figure 121 A & C) ODM.

Figure 121: Expression of Cathepsin D
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Expression of Cathepsin D was showed by western blotting in male and female ODM (A).
The bar graphs represent the fold change in expression of the respective protein in male (B)
and female (C) ODM. Error bars represent +SD. (n= 6 in each group).

LAMP-2 was significantly reduced in the adult male (Figure 122 A & B) and female (Figure

122 A & C) ODM, while no change was observed in weaning male and female ODM.



Figure 122: Expression of LAMP-2
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Expression of LAMP-2 was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05) (n= 6 in each group).

AMPKa expression was found to be significantly decreased in the adult group of female

ODM, while no change was observed in adult male (Figure 123 A & B) ODM. It showed an

increased expression in the weaning male and unchanged in weaning female (Figure 123A
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Figure 123: Expression of AMPKa
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Expression of AMPKa was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (p-value *<0.05**<0.01) (n= 6 in each group).
PAMPKa was found to be unchanged in weaning and adult group of male (Figure 124 A &

B) and female (Figure 124 A & C) ODM.
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Figure 124: Expression of pAMPKa
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Expression of pAMPKa was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and

female (C) ODM. Error bars represent +SD. (n= 6 in each group).

mTOR, an inhibitor of autophagy, was also found to be unchanged in weaning and adult

group of male (Figure 125 A & B) and female (Figure 125 A & C) ODM.
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Figure 125: Expression of mTOR
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Expression of mTOR was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

The phosphorylated mTOR was also found to be be unchanged in weaning and adult group

of male (Figure 126 A & B) and female (Figure 126 A & C) ODM.
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Figure 126: Expression of pmTOR
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Expression of pmTOR was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and

female (C) ODM. Error bars represent +SD. (n= 6 in each group).

Findings:

¢ No change was observed in the cardiac autophagic proteins ( ULK1, Beclin 1,
Rubicon, Atgs - 5, 7 & 12), mitophagic proteins (PINK 1, Parkin), lysosomal

proteins (Cathepsin D) and regulators of autophagy (pAMPKa, mTOR,

pmTOR) of weaning and adult group of male and female ODM

e Areduced expression of pULK1 was noted in adult female ODM indicates the

initial complex formation with Atg 11, 13 and 17 may get altered or reduced
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A reduced expression of Atg 14 was noted in adult male ODM indicates the
complex formation of Atg 14 with beclin 1 may get reduced, resulting in the

reduced formation of autophagosome

Atg 16 was found unchanged in weaning and adult male ODM, while a
significant increase was noted in weaning female ODM and a reduction was
noted in adult female ODM, indicates the multimeric complex formation of Atg
16 with Atg 5-Atg12 complex may get altered resulting in reduced formation of
autophagosome in adult female ODM, while Atg 16 favours autophagosome

formation in weaning female ODM

Atg 3 which helps in the incorporation of LC3 into PE was significantly
reduced in adult male and weaning and adult female ODM, while no change
was observed in weaning male ODM. It indicates the reduced formation of

autophagosome in adult male and weaning and adult female ODM

The increased expression of p62 in adult male and female ODM shows that
the degradation of autophagosomes is blocked/reduced, while no change was

observed in weaning male and female ODM

No change was observed in the steady state level of LC3 Il and its LC3 Il/l
ratio in weaning female ODM, while a significant increase was noted in
weaning male ODM indicated autophagosome formation was increased. But
in adult male and female ODM, there showed a significant reduction in LC3 Il
and LC3 II/l ratio indicated reduced formation of autophagosome or reduced

autophagy

The lysosomal proteins LAMP-2 was seen unchanged in weaning male and
female ODM, while it is significantly reduced in adult male and female ODM,

shows that the number of lysososmes may be reduced in the adult group and
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as result, it will affect the fusion between autophagosomes and lysosomes

and the cargoes will not get properly degraded

The regulators of autophagy, AMPKa were found unchanged in adult male
and weaning female ODM, while a increase in weaning male ODM and
decrease in adult female ODM was observed. Even though the

phosphorylated form of AMPKa was found unchanged in all groups

IV.B.3. Analysis of expression of antioxidant enzymes

Inorder to check whether the gestational diabetes had affected the antioxidant system of

offspring’s cardiac tissue, we analyzed the expression of two antioxidative enzymes,

MnSOD and glutathione peroxidase. Mitochondrion-located superoxide dismutase (MnSOD)

was observed to be unchanged inweaning and adult group of male (Figure 127 A & B) and

female (Figure 127 A & C) ODM.

Figure 127: Expression of MnSOD
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Expression of MnSOD was showed by western blotting in male and female ODM (A). The
bar graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

The expression of cytosolic glutathione peroxidase (GPx) was also found to be unchanged
inweaning and adult group of male (Figure 128A & B) and female (Figure 128A & C) ODM.

Figure 128: Expression of GPx
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Expression of GPx was showed by western blotting in male and female ODM (A). The bar
graphs represent the fold change in expression of the respective protein in male (B) and
female (C) ODM. Error bars represent +SD. (n= 6 in each group).

Findings:

e The antioxidant enzymes, MnSOD and GPx were found unchanged in weaning
and adult male and female ODM indicated that the gestational diabetes didn’t

influence the antioxidant mechanism in offsprings

IV.B.4. Cardiac mitochondrial respiration in offsprings of
diabetic mothers (ODM)

To analyze whether gestational diabetes mellitus alter cardiac mitochondrial function in the
offsprings (male and female) of diabetic mothers (ODM), we checked the mitochondrial
respiration in isolated mitochondria (from rat ventricle) by high-resolution respirometryand
compared with their corresponding controls (offsprings of control mother (OCM)). After the
addition of 10yl aliquot of the mitochondrial suspension to each of the chambers A and B,
then followed by the step by step addition of substrates (palmitoyl L- carnitine, malate, ADP,
pyruvate, glutamate, succinate), uncoupler (FCCP) and Inhibitors (rotenone, oligomycin,

antimycin).

IV. B.4.1. Maternal hyperglycemia altered mitochondrial respiration in
adult male ODM

Fatty acid + carbohydrate SUIT protocol

The addition of palmitoyl L- carnitine and malate showed no significant difference in the
mitochondrial state 2 respiration complex | respiration in the weaning male ODM, while a
significant reduction is observed in fatty acid-mediated state 2 respiration (PalMg) of adult
male ODM when compared with their corresponding male OCM. State 3 complex |

respiration mediated by palmitoyl L- carnitine and malate (PalMapp) in presence of ADP in
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mitochondria of weaning male ODM and adult male ODM showed significant lower OCR
when related to their specific male OCM. Pyruvate- (PaIMPspp) and glutamate- (PalMPGapp)
mediated state 3 complex | respiration was also found to be decreased in mitochondria of
weaning and adult male ODM. Succinate-mediated state 3 complex | + || (PaIMPGSpp)
mitochondrial respiration was seen to be unchanged in weaning male ODM, but a significant
reduction is noted in the adult male ODM. Succinate-mediated state 3 complex Il respiration
(in presence of rotenone) (Sgot) in weaning male ODM was similar to that of weaning male
OCM. But a significant reduction is observed in adult male ODM. Complex Il dependent
state 4 or leak respiration (in presence of oligomycin) (Somy) is noted to be unchanged in
weaning male ODM, while a significant reduction was noted in adult male ODM when
compared to their respective male OCM. When the uncoupler FCCP was added to the
chamber A, the complex ll-dependent maximal respiration (Sgccp), Was seen to be
unchanged in weaning male ODM,but in the adult male ODM, it was found to be significantly

decreased (Figure 129 and 130).

Figure 129: Mitochondria of weaning male ODM show altered fatty acid,

pyruvate & glutamate substrate utilization
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Mitochondrial states of respiration of weaning male offsprings with substrates palmitoyl L-
carnitine and malate followed by pyruvate, glutamate and succinate, inhibitors rotenone and
oligomycin and the uncoupler FCCP. PalM, - State 2 respiration, PalMspr - State 3
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respiration of palmitoyl L- carnitine and malate, PalMP.pp - State 3 respiration of both
palmitoyl L-carnitine, malate and pyruvate, PaIMPG- State 3 respiration of palmitoyl L-
carnitine, malate with pyruvate and glutamate, PaIMPGS- State 3 respiration of palmitoyl L-
carnitine, malate with pyruvate, glutamate and succinate, Sg, - State 3 respiration of
succinate after inhibition of complex | activity by rotenone, Som, - State 4 respiration by
oligomycin, where complex V activity is blocked and Sgccp - complex II-dependent maximal
respiratory capacity by FCCP. Values are represented as mean + SD. (p-value
*<0.05**<0.01) (n=8 in each group).

Figure 130: Mitochondria of adult male ODM show altered fatty acid +

carbohydrate substrate utilization
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Mitochondrial states of respiration of adult male offsprings with substrates palmitoyl L-
carnitine and malate followed by pyruvate, glutamate and succinate, inhibitors rotenone and
oligomycin and the uncoupler FCCP. PalM, - State 2 respiration, PalMspr - State 3
respiration of palmitoyl L- carnitine and malate, PalMP.pp - State 3 respiration of both
palmitoyl L-carnitine, malate and pyruvate, PaIMPG- State 3 respiration of palmitoyl L-
carnitine, malate with pyruvate and glutamate, PaIMPGS- State 3 respiration of palmitoyl L-
carnitine, malate with pyruvate, glutamate and succinate, Sg, - State 3 respiration of
succinate after inhibition of complex | activity by rotenone, Sonm, - State 4 respiration by
oligomycin, where complex V activity is blocked and Sgccp - complex II-dependent maximal
respiratory capacity by FCCP. Values are represented as mean + SD. (p-value
*<0.05**<0.01***<0.001) (n=8 in each group).
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Findings:

e The fatty acid-mediated state 2 complex | respiration was unchanged in

weaning male ODM while it is reduced in adult male ODM

e The palmitoyl L- carnitine, pyruvate and glutamate-mediated state 3 complex
| respiration was reduced in weaning and adult male ODM

e Succinate-mediated complex | + Il and complex Il respiration was not altered
in weaning male ODM while a significant reduction was observed in adult

male ODM

e Complex Il dependent state 4 respiration and maximal respiratory capacity
was observed to be unchanged in weaning male ODM while a significant

reduction was noticed in adult male ODM

Carbohydrate SUIT protocol

When the substrates glutamate and malate was added to chamber B, the state 2 complex |
respiration in mitochondria for the weaning male ODM and OCM was found to be similar,
while a significant reduction is observed in state 2 respiration (GMy) of adult male ODM.
State 3 complex | respiration mediated by glutamate and malate (GMapp) in presence of
ADP in mitochondria of weaning male ODM and adult male ODM were unchanged with
respect to their specific male OCM. Mitochondria of weaning male ODM showed no
significant change in pyruvate-mediated state 3 complex | respiration(GMPapp). But the
adult male ODM presented a significantly reduced pyruvate mediated state 3 complex |
respiration. Succinate-mediated state 3 complex | + Il (GMPSpp) mitochondrial respiration
was seen to be unchanged in weaning male ODM, but a significant reduction is noted in the
adult male ODM. Succinate-mediated state 3 complex Il respiration (in presence of
rotenone) (Sget) in weaning male ODM showed an increasing tendency in weaning male
OCM. But a significant reduction is observed in adult male ODM. An increased state 4

complex |l respiration or leak respiration (in presence of oligomycin) (Somy), eventhough not
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significant, was observed in weaning male ODM, while a significant reduction was noted in
adult male ODM when compared to their respective male OCM.The complex IlI-dependent
maximal respiration by adding FCCP, (Sgccp) also showed an increasing trend in weaning

male ODM and it was significantly decreased in the adult male ODM (Figure 131 and 132).

Figure 131: Mitochondria of weaning male ODM show unaltered carbohydrate

substrate utilization
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States of respiration in mitochondria of weaning male ODM with substrates glutamate,
malate, pyruvate and succinate, inhibitors rotenone and oligomycin and the uncoupler
FCCP.GM, - State 2 respiration, GMapp — glutamate/malate-mediated state 3 complex |
respiration, GMPape— glutamate/malate and pyruvate-mediated state 3  complex |
respiration, GMPS,pp— glutamate/malate, pyruvate and succinate mediated state 3 complex
I + Il respiration, Sgy — succinate mediated state 3 complex Il respiration after inhibition of
complex | by rotenone, Som, - State 4 respiration by oligomycin, where complex V activity is
blocked and Sgccp - complex Il dependent maximal respiratory capacity by FCCP. Values
are represented as mean + SD. (n=8 in each group).
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Figure 132: Mitochondria of adult male ODM show altered carbohydrate

substrate utilization
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States of respiration in mitochondria of adult male ODM with substrates glutamate, malate,
pyruvate and succinate, inhibitors rotenone and oligomycin and the uncoupler FCCP.GM, -
State 2 respiration, GMypp — glutamate/malate-mediated state 3 complex | respiration,
GMP,p— glutamate/malate and pyruvate-mediated state 3 complex | respiration,
GMPSp— glutamate/malate, pyruvate and succinate-mediated state 3 complex | + Il
respiration, Sg, — succinate-mediated state 3 complex Il respiration after inhibition of
complex | by rotenone, Son,~ State 4 respiration byoligomycin, where complex V activity is
blocked and Sgccp - complex Il dependent maximal respiratory capacity by FCCP. Values
are represented as mean+ SD. (p-value *<0.05**<0.01) (n=8 in each group).

Findings:

e The glutamate/malate-mediated state 2 complex | respiration and the
glutamate/malate and pyruvate-mediated state 3 complex | respiration was

unchanged in weaning male ODM

e Succinate-mediated complex | + Il, complex Il respiration, complex II-
dependent state 4 respiration and maximal respiratory capacity showed an

increasing tendency, but it was not significant in weaning male ODM.
¢ No change was observed in glutamate/malate-mediated state 3 complex |
respiration in adult male ODM

e State 2 complex | respiration of glutamate/malate respiration, state 3 complex

| respiration of glutamate/malate, pyruvate and succinate-mediated state 3
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complex | + Il respiration, succinate-mediated complex Il respiration, state 4
respiration and maximal respiratory capacity were significantly reduced in

adult male ODM

IV.B.4.2. Mitochondrial OCR was less affected in female ODM

Fatty acid + carbohydrate SUIT protocol

Fatty acid-mediated (palmitoyl L- carnitine and malate) state 2 complex | respiration (PalMy)
showed no significant difference in the mitochondria of weaning and adult female ODM
when compared with their corresponding female OCM. State 3 complex | respiration
mediated by palmitoyl L- carnitine and malate (PalMapp) in presence of ADP in mitochondria
of weaning and adult female ODM showed unchanged OCR. Pyruvate (PalMPapp) and
glutamate (PalMPGapp) mediated state 3 complex | respiration of weaning and adult female
ODM was similar to their respective female OCM. Succinate-mediated state 3 complex | +lI
(PalMPGSapp) mitochondrial respiration showed an increasing tendency, but not significant
in weaning female ODM, but a significant reduction is noted in the adult female ODM.
Succinate-mediated state 3 complex Il respiration (in presence of rotenone) (Sge) in
weaning female ODM presented an increased respiration (not significant). But a significant
reduction was observed in adult female ODM. Complex ll-dependent state 4 or leak
respiration (in presence of oligomycin) (Somy) is noted to be unchanged in weaning and
adult female ODM. When the uncoupler FCCP was added to the chamber A, the complex II-
dependent maximal respiration (Sgccp), Was noted to be increasing, eventhough not
significant in weaning female ODM,but in the adult female ODM, it was significantly

decreased (Figure 133 and 134).
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Figure 133: Mitochondria of weaning female ODM showed unaltered fatty

acid + carbohydrate substrate utilization
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Mitochondrial states of respiration of weaning female offsprings with substrates palmitoyl L-
carnitine and malate followed by pyruvate, glutamate and succinate, inhibitors rotenone and
oligomycin and the uncoupler FCCP. PalM, - State 2 respiration, PalMspr - State 3
respiration of palmitoyl L- carnitine and malate, PalMPpp - State 3 respiration of both
palmitoyl L-carnitine, malate and pyruvate, PaIMPG pp- State 3 respiration of palmitoyl L-
carnitine, malate with pyruvate and glutamate, PaIMPGS spp- State 3 respiration of palmitoyl
L-carnitine, malate with pyruvate, glutamate and succinate, Sg, - State 3 respiration of
succinate after inhibition of complex | activity by rotenone, Som, - State 4 respiration by
oligomycin, where complex V activity is blocked and Sgccp - complex II-dependent maximal
respiratory capacity by FCCP. Values are represented as mean + SD. (n=8 in each group).
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Figure 134: Mitochondria of adult female ODM showed altered succinate

mediated complex Il respiration
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Mitochondrial states of respiration of adult female offsprings with substrates palmitoyl L-
carnitine and malate followed by pyruvate, glutamate and succinate, inhibitors rotenone and
oligomycin and the uncoupler FCCP. PalM,- State 2 respiration, PalMpp- State 3
respiration of palmitoyl L- carnitine and malate, PalMP,pp- State 3 respiration of both
palmitoyl L-carnitine/malate and pyruvate, PaIMPG ,pp- State 3 respiration of palmitoyl L-
carnitine/malate with pyruvate and glutamate, PaIMPGSpp- State 3 respiration of palmitoyl
L-carnitine/malate with pyruvate, glutamate and succinate, Sg, - State 3 respiration of
succinate after inhibition of complex | activity by rotenone, Som,~ State 4 respiration
byoligomycin, where complex V activity is blocked and Sgccp - complex Il dependent
maximal respiratory capacity by FCCP. Values are represented as mean *+ SD. (p-value
*<0.05**<0.01***<0.001)(n=8 in each group).

Findings:
e The fatty acid-mediated state 2 complex | and palmitoyl L- carnitine/malate,

pyruvate and glutamate-mediated and state 3 complex | respiration was

unchanged in weaning female ODM corresponding to their female OCM

e Succinate-mediated complex | + Il, complex I, complex ll-dependent state 4
respiration and maximal respiratory capacity showed an increasing tendency,

but it was not significant in weaning female ODM.

¢ No change was observed in fatty acid-mediated state 2 complex |, palmitoyl
L- carnitine/malate, pyruvate and glutamate-mediated state 3 complex | and

state 4 respiration was observed in adult female ODM
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e Succinate-mediated state 3 complex | + Il respiration, complex Il respiration,
and maximal respiratory capacity were significantly reduced in adult female

ODM

Carbohydrate SUIT protocol

When the substrates glutamate and malate were added to chamber B, the mitochondrial
state 2 (GMy) and state 3 (GMapp) complex | respiration in the weaning and adult female
ODM were found to be unchanged. Mitochondria of weaning and adult female ODM showed
no significant change in pyruvate-mediated state 3 complex | respiration(GMPapp). The
succinate-mediated state 3 complex | + Il (GMPSapp), complex |l respiration (Sgot), complex
Il dependent state 4 (Somy) and maximal respiratory capacity (Sgccp) Showed an increasing
propensity in mitochondrial respiration, but not significant in weaning female ODM while
adult female ODM showed a decreasing tendency, but not significant when compared with
their corresponding female OCM (Figure 135 and 136).

Figure 135: Mitochondria of weaning female ODM showed unaltered
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States of respiration in mitochondria of weaning female ODM with substrates
glutamate/malate, pyruvate and succinate, inhibitors rotenone and oligomycin and the
uncoupler FCCP.GM, - State 2 respiration, GMspp — glutamate/malate- mediated state 3
complex | respiration, GMP,pe— glutamate/malate and pyruvate-mediated state 3 complex |
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respiration, GMPS pe— glutamate/malate, pyruvate and succinate-mediated state 3 complex
| + Il respiration, Sgy — Succinate-mediated state 3 complex Il respiration after inhibition of
complex | by rotenone, Son,~ State 4 respiration byoligomycin, where complex V activity is
blocked and Seccp - complex Il dependent maximal respiratory capacity by FCCP. Values
are represented as mean + SD. (n=8 in each group).

Figure 136: Mitochondria of adult female ODM showed unaltered

carbohydrate substrate utilization
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States of respiration in mitochondria of adultfemale ODM with substrates glutamate/malate,
pyruvate and succinate, inhibitors rotenone and oligomycin and the uncoupler FCCP.GM, -
State 2 respiration, GMupp — glutamate/malate-mediated state 3 complex | respiration,
GMP,p— glutamate/malate and pyruvate-mediated state 3  complex | respiration,
GMPSp— glutamate/malate, pyruvate and succinate mediated state 3 complex | + Il
respiration, Sg, — succinate mediated state 3 complex Il respiration after inhibition of
complex | by rotenone, Sop,~ State 4 respiration byoligomycin, where complex V activity is
blocked and Seccp - complex Il dependent maximal respiratory capacity by FCCP. Values
are represented as mean + SD. (p-value *<0.05**<0.01)(n=8 in each group).

Findings:

e The glutamate/malate-mediated state 2 complex | respiration and the
glutamate/malate and pyruvate-mediated state 3 complex | respiration was
unchanged in weaning and adult female ODM

e Succinate-mediated complex | + I, complex Il respiration, complex IlI-

dependent state 4 respiration and maximal respiratory capacity shown an
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increasing tendency, but it was not significant in weaning female ODM.

Succinate-mediated complex | + Il, complex Il respiration, complex Il-
dependent state 4 respiration and maximal respiratory capacity shown a

decreasing tendency, but it was not significant in adult female ODM.
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V.B. DISCUSSION
(GDM)
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V.B.1. Gestational diabetic rat model

The present study was done to evaluate the effect of untreated gestational diabetes of
mother on offspring’s cardiac autophagy and mitochondrial respiration at two stages of their
life, weaning and adult time period. For the study, pregnant wistar rats were used and GDM
was induced by streptozotocin. On every 7" day till the delivery of rat, body weight and
random glucose of the mother were noted and it revealed that the animals were maintaining
the hyperglycemic condition throughout the pregnancy period. HbA1c values checked at the
time of euthanasia of diabetic mother (when the offsprings are weaned from the mother at
the 22" day) was >7%. This indicated that till the weaning period, diabetic mother
maintained hyperglycemia, so that the offsprings could drink the milk containing high
glucose(Holemans et al., 1999).The number of offsprings in diabetic mothers was less than
control mothers. Still birth was high in GDM mothers. Also the lactation was not properly
maintained and the mortality rate of offsprings (immediately after delivery) was high in
diabetic mothers. Body weight (taken at the time of euthanasia) of the weaning group (male
and female) ODM didn’t change when compared to their OCM, but the adult group (male
and female) ODM showed a significant weight gain than the corresponding OCM. In human
beings, usually macrosomic babies are born to GDM mothers (Ragnarsdottir and Conroy,
2010). Unchanged heart weight: body weight ratio was observed in weaning and adult group
of male and female ODM when compared with their corresponding OCM indicated that no
structural changes like hypertrophy/cardiomyopathy occurred in the heart tissue. Even
though offsprings are born to a diabetic mother, both male and female offsprings were
normoglycemic at weaning and adult period and their HbA1c level at the time of euthanasia

was normal in range.
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V.B.1.1 Autophagic profile of offsprings of gestational

diabetic mothers

The aim of present study was to evaluate the status of cardiac autophagy in offsprings of
untreated diabetic mothers at two stages of their life, weaning and adult time period. Both
the male and female ODM are included in the study. This is the first report regarding cardiac
autophagy at two stages of life of male and female offsprings of gestational diabetic
mothers. Following the evaluation of various proteins involved in cardiac autophagy, no
change in expression was observed in ULK1, Beclin 1, Rubicon, Atgs - 5, 7 and 12,
mitophagic proteins (PINK 1 and Parkin), lysosomal proteins (Cathepsin D) and regulators
of autophagy (pPAMPKa, mTOR, pmTOR) of weaning and adult group of male and female
ODM.

In adult female ODM, reduced expression of pULK1 (Atg 1) was noted indicates the initial
complex formation with Atg 11, 13 and 17 may get altered and will affect the initiation
process of autophagy (Marifio and Lopez-Otin, 2004). A reduced expression of Atg 14 was
noted in adult male ODM indicates the complex formation of Atg 14 with beclin 1 may get
reduced, resulting in the reduced formation of autophagosome(Kang et al., 2011: 1). Atg 16
was found unchanged in weaning and adult male ODM, while a significant increase was
noted in weaning female ODM and a reduction was noted in adult female ODM, indicates
the multimeric complex formation of Atg 16 with Atg 5-Atg12 complex may get altered
resulting in reduced formation of autophagosome in adult female ODM, while Atg 16 favours
autophagosome formation in weaning female ODM. Atg 3 which helps in the incorporation
of LC3 into PE was significantly reduced in adult male and weaning and adult female ODM,
while no change was observed in weaning male ODM(Marifio and Lépez-Otin, 2004). It
indicates the reduced formation of autophagosome in adult male and weaning and adult
female ODM. The increased expression of p62 in adult male and female ODM shows that
the degradation of autophagosomes is blocked/reduced, while no change was observed in
weaning male and female ODM. No change was observed in the steady state level of LC3 I

and its LC3 Il/I ratio in weaning female ODM, while a significant increase was noted in
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weaning male ODM indicated autophagosome formation was increased. But in adult male
and female ODM, there showed a significant reduction in steady state level of LC3 Il and
LC3 I/l ratio indicated reduced formation of autophagosome or reduced autophagy(Kabeya
et al., 2000). In a study done in stillborn human fetal pancreas of GDM mothers, showed
significant increase in the LC3 Il levels. They also found increased LC3 Il and P62 in the
human diabetic placenta, while beclin -1 was significantly reduced and the data represents
altered autophagy in diabetic pregnancy (Avagliano et al., 2017). Another study done in
GDM patients showed autophagic activity was increased in placenta and extravillous
trophoblast. In this study they observed increased LC3 Il and decreased p62 expression in
the diabetic placenta. Atg 5 expression, necessary for autophagosome formation and also in
embryonic cavitation development was found to be significantly increased in placenta of
GDM subjects than normal pregnant ones (Ji et al, 2017).Hyperglycemia-induced
cardiovascular malformation in early chick embryos was attenuated by the treatment
ofbaicalin, a polyphenolic flavanoid by suppressing the production of ROS and inhibiting
autophagy. Bicalin administration reduced the expression of LC3 Il, p62 and Beclin1 (Wang,
Liang, et al., 2018).In our study, the lysosomal proteins LAMP-2 was seen unchanged in
weaning male and female ODM, while it is significantly reduced in adult male and female
ODM, shows that the number of lysososmes may be reduced in the adult group and as
result, it will affect the fusion between autophagosomes and lysosomes and the cargoes will
not get properly degraded. The regulator of autophagy, AMPKa were found unchanged in
adult male and weaning female ODM, while a increase in weaning male ODM and decrease
in adult female ODM was observed. Even though the phosphorylated form of AMPKa was
found unchanged in all groups. Most of the autophagic proteins evaluated in male and
female ODM at their weaning period didn’t show a significant change when compared with
corresponding OCM. But they became adult, both male and female showed reduced or
altered autophagy suggesting an impaired recycling mechanism in cardiac tissue of
offsprings of GDM mothers. As a result of altered autophagy, the accumulation of

dysfunctional organelles especially mitochondria occurs in a terminally differentiated cell like
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cardiomyocytes. Unchanged expression of the antioxidant enzymes, MnSOD and GPx in
weaning and adult male and female ODM indicated that the diabetic pregnancy didn’t

influence the antioxidant mechanism in offsprings.

V.B.1.2. Mitochondrial respiration in offsprings of diabetic

mothers

The main objective of this study was to evaluate the mitochondrial function of offsprings
(male and female) of untreated gestational diabetic mothers at two different time points of
their life, weaning and adult time period. The same gestational rat model and their groups
for the cardiac autophagy study were used for mitochondrial respiration experiments. We

adopted high resolution respirometry for mitochondrial OCR analysis.

The fatty acid-mediated state 2 complex | respiration was unchanged in weaning male
ODM. Even though state 3 complex | respiration mediated by the substrates, palmitoyl L-
carnitine/malate, pyruvate and glutamate was significantly reduced in weaning
group,succinate-mediated complex | + Il and complex Il respirationwere not altered in
weaning male ODM. Complex llI-dependent state 4 respiration by oligomycin and maximal
respiratory capacity obtained by FCCP in the fatty acid + carbohydrate protocol were
observed to be unchanged in male weaning group. When followed the carbohydrate SUIT
protocol, no change was noticed in the glutamate/malate-mediated state 2 and state 3
complex | respiration, pyruvate-mediated state 3 complex | respiration, succinate-mediated
complex | + |l respiration and complex Il respiration, complex Il-dependent state 4
respiration and FCCP-mediated maximal respiration in the waening male ODM. Even
though a slight increase in mitochondrial OCR was noted in succinate-mediated complex | +
Il respiration and complex Il respiration, complex Il dependent state 4 respiration and

FCCP-mediated maximal respiration in the weaning male ODM, those were not significant.

In adult male ODM, the fatty acid-mediated state 2 respiration, their state 3 complex |
respiration mediated by the substrates, palmitoyl L- carnitine, malate, pyruvate and

glutamate, succinate-mediated complex | + Il and complex Il respiration, complex Il
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dependent state 4 respiration by oligomycin and maximal respiratory capacity obtained by
FCCP in the fatty acid + carbohydrate protocol were observed to be significantly reduced. In
carbohydrate protocol also, glutamate/malate-mediated state 2 respiration, state 3
respiration mediated by pyruvate, succinate-mediated complex | + Il and complex Il
respiration, complex Il dependent state 4 respiration by oligomycin and maximal respiratory
capacity obtained by FCCP were significantly lowered in adult male ODM than their
corresponding adult OCM. The glutamate/malate-mediated state 3 complex | respiration

was found unchanged.

In both protocols done in weaning female ODM,state 2 respiration, state 3 complex |
respiration mediated by the substrates, palmitoyl L- carnitine/malate, pyruvate, glutamate,
scuccinate-mediated complex | + || and complex Il respiration, complex ll-dependent state 4
respiration by oligomycin and maximal respiratory capacity obtained by FCCP were
unchanged when compared to their respective OCM. Even though a slight increase in
mitochondrial OCR was noted in succinate-mediated complex | + |l respiration, complex Il
respiration, complex Il-dependent state 4 respiration and FCCP-mediated maximal
respiration in the weaning female ODM, those were not significant in the two SUIT

protocols.

In adult female ODM, the fatty acid-mediated state 2 complex | respiration, state 3 complex |
respiration mediated by pyruvate and glutamate and state 4 respiration were not altered with
respect to their controls. But the succinate-mediated complex | + Il and complex |l
respiration and maximal respiratory capacity obtained by FCCP were significantly reduced
in the adult female ODM. When followed the carbohydrate SUIT protocol, no change was
noticed in the glutamate/malate-mediated state 2 and state 3 respiration,pyruvate-mediated
state 2 and state 3 complex | respiration, succinate-mediated complex | + Il respiration,
complex |l respiration, complex ll-dependent state 4 respiration and FCCP-mediated
maximal respiration in the weaning female ODM. Even though a slight increase in

mitochondrial OCR was noted in succinate-mediated complex | + |l respiration, complex I
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respiration, complex Il-dependent state 4 respiration and FCCP-mediated maximal

respiration in the weaning female ODM, those were not significant.

The mitochondrial respiration of the weaning (male and female)ODMirrespective of
substrate combination was found to be unchanged compared to their respective
OCM(except the state 3 complex | respiration in the fatty acid + carbohydrate protocol of
male). But when the male ODM became adult, a significant reduction in mitochondrial OCR
was observed in the two protocols followed.In the case of female adult ODM, the
mitochondrial OCR show a decreased tendency, but insignificant in both protocols (except
reduced succinate-mediated complex | + Il, complex Il and maximal respiratory capacity in
fatty acid-mediated protocol)compared to their corresponding OCM. In a study of STZ model
of diabetic pregnancy reported cardiovascular dysfunction like increased blood pressure,
decreased heart rate, increased sensitivity to nor adrenaline and abnormal endothelium
dependent relaxation to acetyl choline and bradykinin in the adult female offsprings
(Holemans et al., 1999).In a study done to evaluate the effect of maternal diabetes on
prostacyclin synthesis in aorta and heart tissue, they didn’t observe any difference at birth,
but during the weaning period, a significant rise in synthesis of prostacyclin in aorta and a
decrease in the heart tissue were observed. Their study had shown that the consequence of
maternal hyperglycemia on the offsprings may be evident/expressed during the later time
period of life (Bydlowski, Yunker and Subbiah, 1985). Likewise in our study, effect of
maternal diabetes on the cardiac mitochondrial respiration of offsprings was prominently
expressed at their adult age in males, while no such significant changes were observed in
the weaning period. Thus our study showed that the changes in offsprings due to diabetic
pregnancy were evident in their future life. A study of maternal obesity where the skeletal
muscle mitochondria of 3-month-old male offspring showed decreased complex Il and llI
activity, while no change was observed in female offsprings (Shelley et al., 2009). Similar to
this study, our results also denoted that the cardiac mitochondrial respiration was highly
affected in adult male offsprings while the females were less affected by maternal

hyperglycemia. When we compared the mitochondrial respiration of adult male and female
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ODM, there seemed to be a protective mechanism in female offsprings of diabetic mothers
in maintaining their cardiac mitochondrial respiration compared to male rats. The presence
of estrogen may be a reason for the protective effect in females. The role of estrogen in
maintaining cardiac mitochondrial functions were shown in a study done in ovariectomized
rats. Those animals had reduced complex | mediated ATP synthesis, altered structural
assembly of mitochondria, high ROS production etc, in the absence of estrogen
(Rattanasopa et al., 2015). A reduced ETC enzyme complex activity in the liver tissue of
offsprings was observed in a rat model of high fat diet pregnancy (Bruce et al., 2009). In
another study of high fat-fed model of pregnancy, rat aortas showed reduced expression of
mitochondrial complexes I, Il and Il in 6-month-old offsprings (Taylor et al., 2005). A work
done in high fat fed pregnancy in rat showed reduced expression of complex | in soleus
muscle of male offspring(Pileggi et al., 2016). Only a single work has been published
recently, which showed showed impaired cardiac function due to mitochondrial dysfunction
and metabolic stress in offsprings of high fat-fed STZ model of pregnancy. They had
analyzed the cardiac and mitochondrial function in newborn pups and they showed altered
contractile and diastolic function in them. Reduced basal, maximal mitochondrial respiration,
reduced ATP levels, altered spare respiratory capacity and proton leak were observed in

mitochondria of neonatal isolated cardiomyocytes of ODM (Mdaki et al., 2016).
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VI.B. CONCLUSION
(GDM)
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The aim of present study was to evaluate the status of cardiac autophagy and mitochondrial
respiration in male and female offsprings of untreated gestational diabetic mothers at two
stages of their life, weaning and adult time period. Our results showed that cardiac
autophagy is reduced or altered in the adult group of male and female ODM. But cardiac
autophagy was less affected in the weaning group of male and female ODM. Most of the
mitophagic and autophagic proteins were unchanged in male and female weaning group
ODM. This is the first report on cardiac autophagy in male and female offsprings of
gestational diabetic mothers. The study implies the impact of diabetic pregnancy or the
hyperglycemic condition in the uterine environment in regulating a metabolic process,
autophagy in the offsprings during their life time. It shows that the impairment or defects is
more evident in their adult life. The another objective of this study was to evaluate the
mitochondrial function of offsprings (male and female) of untreated gestational diabetic
mothers at two different time points of their life, weaning and adult time period. The
available single work published by Mdaki et al, showed significant reduction in cardiac
mitochondrial respiration in new born pups of diabetic mothers. Our study didn’t include new
born pups, but included the weaning and adult stage of both male and female offsprings of
diabetic mothers. The mitochondrial respiration of the weaning (male and female) ODM
irrespective of substrate combination was found to be less affected or unchanged compared
to their respective OCM. But in the adult group of male ODM, a significant reduction in
mitochondrial oxygen consumption was observed. The mitochondrial respiration in female
adult ODM are found unchanged or less affected by diabetic pregnancy, even though they
exhibited significant reduction in succinate-mediated complex | and Il respiration in one of
the protocol. There seems to be a protective mechanism in female offsprings in maintaining
their cardiac mitochondrial respiration, may be the specific role of estrogen in female heart.

Our results suggest that gestational diabetes can cause impaired cardiac autophagy and
mitochondrial respiration in the offsprings which might become more evident in their future
life. As a result of impairment in these cellular processes, the total generation of ATP may

be reduced, affecting the normal function of heart in the offsprings of diabetic mothers.
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VII. LIMITATION OF THE STUDY
(T2DM & GDM)

Both diabetic and non-diabetic patients were ischemic in the human study. A
healthy heart tissue sample is needed in order to get a perfect control for the
study.

It is better to maintain hyperglycemia for a period of 20 weeks or more in order
to study a later time point of diabetes in the mice study.

Only hyperglycaemic model was generated for the mice and rat study. If a high
fat model along with streptozotocin treatment is introduced, a hyperlipidemic
and hyperglycaemic condition can be availed as in human patients.
Transmission electron microscopic analysis needed for autophagic evaluation of
autophagosomes and mitochondria were not analyzed.

Cardiac functional analysis like ECG, Echo was not done in mice and rat
models.

Generalized autophagic activation and inhibition using pharmacological

compounds.
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