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Nitric Oxide (NO) is the first gas known to act as a biological messenger. It is a free

radical that plays critical roles in the regulation of a multitude of cellular processes in

both health and disease conditions. When released from the endothelium, it regulates

normal blood flow delivery of nutrients to tissues. The endothelial NO synthase (eNOS)

is the major contributor of NO under normal physiological conditions, but the

bioavailable NO from this so-called classical pathway of NO synthesis is routinely

depleted during conditions pertaining to cardiovascular disease and dysfunction. Both

Type 1 & Type 2 diabetic (T1DM & T2DM) patients have been found to possess a

reduced ability to generate NO from L-arginine. This reduction in the bioavailability of

NO is partly due to the quenching of NO molecules by superoxide anions. NO quenched

by superoxides lead to the production of ONOO¯ that react with tyrosine residues in

specific proteins and consequently nitrating them, depending upon the oxidative status of

the microenvironment. Exogenous application of nitrate or nitrite can significantly

enhance the systemic NO availability and has been shown to contribute to

cardioprotection in experimental studies. Sodium nitrite administration provides

protection against myocardial ischemia-reperfusion (I/R) injury in a pig regional ischemia

model when compared to control pigs. Here, the beneficial effects included an increase in

reactive oxygen species (ROS) scavenging enzymes like glutathione peroxidase (GPx),

superoxide dismutase (SOD) and catalase with a concomitant rise in NO2– /NO3– levels.

The preservation of mitochondrial structure and function remains the central objective in

cardioprotection strategies. In the setting of T2DM, a major manifestation is the

fragmentation of the cardiac mitochondrial network, which is associated with a

significant downregulation of mitochondrial fusion machinery. The effect of

hyperglycemia per se has been studied in neonatal rat ventricular myocytes, where high

glucose-mediated mitochondrial dysfunction was linked to dynamin-related protein

(Drp1)-induced mitochondrial fission and activation of pro-apoptotic pathways. In

another study with cardiomyocytes, prolonged exposure to high glucose elevates ROS

levels, derails the tubular network of mitochondria and subsequently induces

mitochondrial permeability transition (MPT) pore opening. Consequently, there is a

perturbed mitochondrial function and increased myocardial oxidative stress. The nitrite

anion is reported to modulate mitochondrial fission under normoxia too; nitrite
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preconditioning activates Protein kinase A (PKA), a pro-survival kinase and inactivates

Drp1 thereby promoting mitochondrial fusion and renders cytoprotection on an ensuing

simulated Ischemia/Reperfusion. There are reports that inorganic nitrite therapy may be

involved in the regulation of glucose-insulin homeostasis and fatty acid metabolism in

skeletal muscle though no studies have been done pertaining to organ-specific beneficial

effects on cardiac muscle in the setting of hyperglycemia. Nevertheless, the

administration of compounds those endow with bioavailable NO is delimited by several

drawbacks: toxicity, tolerance, systemic hypotension (due to their inability of site-

specific NO delivery) and aggravation of endothelial dysfunction. These negative effects

are related to the massive production of reactive species derived from oxygen or nitrogen,

which trigger oxidative and nitrosative stress. The primary scope of this study can be

delineated as to analyze beneficial/detrimental alterations in mitochondrial dynamics and

function in cardiac and skeletal myoblasts inflicted by nitrite or NO donor

supplementation under hyperglycemia.

Methods: H9c2 myoblasts of rat embryonic heart origin were used for the majority of the

experiments while some experiments were performed with C2C12 murine skeletal

myoblasts also. H9c2 cells were used to study the effect of inorganic nitrite and NO

donor SNAP in the presence of hyperglycemia. The myoblasts were serum-deprived for

24 h at 80% confluency and supplied with 1% FBS containing DMEM having either 5.5

mM [Normal Glucose (NG)] or 30 mM [(High Glucose (HG)] along with and without

sodium nitrite (500 µM). The treatment duration was 24 h for all experiments but the

respirometric analysis where 48 h time point was used. The NO donor SNAP treatment

was given only for the last 4 h of the different glucose treatments owing to its short half-

life. Cell viability analysis and ROS measurements were done to validate the model.

Fluorescence techniques, high-resolution respirometry, and western blot were the major

methods used. The in vitro effects of inorganic nitrite supplementation on mitochondrial

ROS generation, dynamics and respiration and levels of antioxidant enzymes were

studied in the first part under normal and high glucose (NG and HG) conditions. The

second set of experiments analyzed the specific effect of the above treatments on Drp1

influence the former elsewhere. In the third part, the differential effects of Drp1 silencing



xvii

over nitrite supplementation under the two glycemic levels were studied. Silencing of

Drp1 was done using 50 nM Drp1 siRNA which rendered maximum reduction in Drp1

protein expression at 48 h post-transfection. The high glucose and nitrite additions were

done along with respective controls at the final 24 h post-transfection for most

experiments but were extended for another 24 h for the respirometric studies. In

statistical analysis, multiple comparisons between groups were done using either one-way

or two-way ANOVA followed by Tukey’s or Dunnett’s post hoc multiple comparison

tests. Data represented in percentages were analyzed by Kruskal Wallis with Dunn’s post

Major findings: Inorganic nitrite treatment reduces the intracellular ROS levels

insignificantly under high glucose (HG) condition, besides decreasing the mitochondrial

ROS production in particular. However, nitrite further reduces the diminished

mitochondrial membrane potential inflicted by HG as indicated by less tubular

mitochondria on JC1 staining. Concomitantly, nitrite treatment under HG leads to

enhanced expression of mitochondrial membrane proteins, uncoupling protein 3 (UCP3)

and adenine nucleotide translocase 1 (ANT1) and alterations in levels of the antioxidant

enzymes GPx4 and mitochondrial SOD (SOD2). These indicate that nitrite is abrogating

the high glucose-induced mitochondrial fragmentation and MPT opening albeit without a

concomitant increase in ROS levels. Respirometric studies conducted with a

polarographic oxygen sensor (Oroboros Oxygraph O2k) showed no significant changes in

coupling efficiency by the cells treated with nitrite/SNAP under HG in comparison with

their respective controls. Coupling efficiency represents the percent of oxygen

consumption linked to ATP production with that linked to basal respiration of the intact

cells at 37°C. Basal or routine respiration includes both the oxygen consumption driven

by the ATP demand as well as by the proton leak pathways. The absence of changes in

coupling efficiency even at 48 h time point suggests a maintained mitochondrial function

pertaining to oxygen consumption. Immunoblot analysis showed that both nitrite and

SNAP caused Akt1 inactivation (reduction in the activation phosphorylation at Ser473)

under HG and a concomitant Drp1 activation leading to altered mitochondrial

morphology (less reticulate mitochondria). Moreover, HG-nitrite reduced activation of

Akt1 is linked with a reduction in the expression of a pro-survival kinase, Pim1 which
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has been reported to increase the inactivation phosphorylation at Ser-637 residue of Drp1.

kinase domain is rendered inactive by phosphorylation at Ser-9 by an activated Akt1.

Nevertheless, the Ser-9 phosphorylation was insignificantly reduced in HG-nitrite group

inner mitochondrial membrane fusion was also not altered by either nitrite or SNAP

under HG implying absence of repercussions on fusion machinery, though fission is

being upregulated.

Silencing of Drp1 leads to differential effects by nitrite under NG vs. HG conditions.

Drp1 silencing elevates the expression of OPA1 in normoglycemia with/without nitrite

treatment whereas in HG OPA1 was already elevated that Drp1 silencing rendered an

insignificant change in OPA1 expression. Nitrite supplementation enhances

mitochondrial coupling efficiency of Drp1-silenced cells under NG but not under HG. On

analyzing the protein levels of molecules involved in apoptosis and mitophagy, two

processes that are closely related to mitochondrial fission, significant alterations were

observed. Caspase 7, an effector caspase in apoptotic signaling, is downregulated in Drp1

silenced cells under HG with/without nitrite supplementation, whereas no significant

change was observed under NG. However, the apoptotic marker cleaved PARP levels

were not altered by Drp1 silencing under HG. Anti-apoptotic protein, Bcl2 is reduced in

Drp1 silenced cells under HG with/without nitrite supplementation but not under NG. In

the case of mitophagy regulators, PTEN induced kinase 1 (Pink1) is reduced in Drp1

silenced cells under both glycemic levels irrespective of nitrite treatment. Another

molecule involved maintaining mitochondrial integrity and autophagy is Parkin. The

Parkin levels are elevated from endogenous levels in Drp1 silenced cells only under

normoglycemia with/without nitrite supplementation. The supplementation of nitrite in

the presence of high glucose not only deteriorates the mitochondrial derangements

pertaining to the fission machinery but also does not improve the respiratory efficiency as

reported in previous literature. Moreover, downregulation of pro-survival pathways

reveals the deleterious effects imparted by the anion. These observations, albeit requiring

further validation, underscore the key role played by Drp1 in determining the effects of

nitrite and HG on myoblasts.
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Discussion: Inorganic nitrite is reported to increase mitochondrial fusion in

cardiomyocytes by modulating the Drp1 activity. Subsequently, this leads to the

enhancement of mitochondrial membrane potential and superoxide generation from the

fused mitochondria. These events have been demonstrated under normoxic conditions

where there are basal levels of ROS being generated. However, the presence of high

levels of ROS in the setting of hyperglycemia exhibit a new challenge for the nitrite

mediated cytoprotection. In the present study, we addressed the same and investigated the

effects and mechanisms of nitrite mediated modulations on mitochondria under

hyperglycemia. Interestingly, it was observed that nitrite reduces albeit insignificantly the

ROS levels that are elevated in high glucose condition as opposed to the effect seen under

normoxia/normoglycemia. There was a contrast in the associated events too. The

mitochondrial membrane potential diminished with a simultaneous increase in

mitochondrial fission. A decrease in the inhibitory phosphorylation of Drp1 and a

concomitant decrease in Akt1 activity and Pim1 kinase expression bestow a possible

mechanism behind the above events. Also, the studies with Drp1 silencing revealed a

differential effect of nitrite on cardiomyoblasts depending on the glycemic levels

highlighting the significance of Drp1 in nitrite mediated changes under hyperglycemia.

Significance of the study: Our data substantiate the need for addressing the systemic

effect of nitrite/nitrate therapy covering individual organs so as to validate the reported

benefits in the setting of metabolic disorders. The above findings uphold a pressing need

for addressing any inexactitude of optimistic outcomes from clinical trials pertaining to

cardiovascular health in metabolic syndrome. In a scenario where a dichotomy prevails in

the current stance of the scientific community about the use of nitrite/nitrate as

supplements to patients with metabolic syndrome, there is a need for delving deep into

their molecular and biochemical targets and the changes effected by them.
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“Over the long term, symbiosis is
more useful than parasitism. More
fun, too. Ask any mitochondria.”

— Larry Wall
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Nitric Oxide (NO) is the first gas known to act as a biological messenger. It is a free

radical that plays critical roles in the regulation of a multitude of cellular processes in

both health and disease conditions. When released from the endothelium, it regulates the

normal blood flow for delivery of nutrients to tissues. The endothelial NO synthase

(eNOS) is the major contributor of NO under normal physiological conditions, but the

bioavailable NO from this so-called classical pathway of NO synthesis is routinely

depleted during conditions pertaining to cardiovascular disease and dysfunction

(Lundberg et al., 2008). Both Type 1 & Type 2 diabetic (T1DM & T2DM) patients have

been found to possess a reduced ability to generate NO from L-arginine. Apart from this,

increased scavenging of NO by the formation of reactive oxygen species may also lead to

NO deficiency (Omar et al., 2016; Omar and Webb, 2014; PACHER et al., 2007). This

reduction in the bioavailability of NO plays a key role in the pathophysiology of

metabolic dysfunction (d’El-Rei et al., 2016). NO has an essential role in endothelium-

dependent vasodilation and hence regulation of vascular tone (Walker et al., 2019).

Nevertheless, NO has also been associated with detrimental effects in the cells which can

be particularly attributed to its oxidative product peroxynitrite (ONOO¯) interacting with

proteins, lipids and DNA (PACHER et al., 2007). NO combines with superoxides leading

to the production of ONOO¯ that react with tyrosine residues in specific proteins and

consequently nitrating them, or nitrosylate proteins like Glutathione peroxidase, both

rendering an altered activity of the targeted proteins (Kuzuya and Nishida, 2000;

Landino, 2008; PACHER et al., 2007).

I.1. Background studies

In the mid 1990s, it was found that apart from the nitric oxide generated by the NO

synthases (NOS), biological tissues can generate NO from other oxides of nitrogen, the

nitrate and nitrite anions that circulate throughout the mammalian system (Benjamin et

al., 1994; Lundberg et al., 1994; Zweier et al., 1995). This NO production was initially

thought to be non-enzymatic and mediated through redox reactions under acidic and

hypoxic conditions (Lundberg et al., 1994; Zweier et al., 1995), but later on several

enzymes were found to be involved (Damacena-Angelis et al., 2017; Godber et al., 2000;
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Hansen et al., 2016; Jansson et al., 2008; Li et al., 2003; Sparacino-Watkins et al., 2014;

Webb et al., 2008). Since then, the inorganic form of nitrate and nitrite have been studied

for their beneficial effects in varying aspects including cardiovascular health, exercise

physiology, platelet aggregation and more lately, as an antioxidant (Apostoli et al., 2014;

Bailey et al., 2014; Lundberg et al., 2011a; Menezes et al., 2019; Raubenheimer et al.,

2017; Vanderpool Rebecca and Gladwin Mark T., 2015; Vanhatalo et al., 2010;

Velmurugan et al., 2013; Velmurugan et al., 2015; Walker et al., 2019; Weitzberg et al.,

2010). Exogenous application of nitrate or nitrite can significantly enhance the systemic

NO availability and has been shown to contribute to cardioprotection in experimental

studies (Lundberg et al., 2008; Lundberg et al., 2009; Lundberg et al., 2011a; Omar and

Webb, 2014; Siervo et al., 2018). The role of nitrate or nitrite derived bioactive oxides of

nitrogen becomes momentous when the NOSs are dysfunctional (Lundberg et al., 2011a).

The classical pathway of NO synthesis, the L-arginine–NOS–NO pathway is

complemented by non-classical nitrate–nitrite–NO pathway (Carlström et al., 2013;

Lundberg et al., 2008; Lundberg et al., 2011a; Lundberg et al., 2011b). Inorganic nitrate

supplementation increased tissue and plasma levels of bioactive nitrogen oxides and has

been associated with a reduction in blood pressure and improvement in endothelial

function (Walker et al., 2019). Nitrite has a half life of approximately 20 minutes in the

circulation while the half-life for nitrate in plasma is relatively long, approximately 3.8

hours (Guillermo et al., 1995). The activity of oral commensal bacteria and gut flora

converts the nitrate to nitrite, which then gets assimilated into circulation, concomitantly

leading to an increased plasma nitrite level (Weitzberg et al., 2010). Studies done by

Gilchrist et al., have implicated the therapeutic potential of nitrate and nitrite in blood

pressure control (Gilchrist et al., 2011a; Gilchrist et al., 2013). Also in eNOS- deficient

mice, dietary nitrate supplementation reversed several features of metabolic syndrome

including lowering of serum triglycerides and improving the blood pressure (Carlström et

al., 2010; d’El-Rei et al., 2016). The use of nitrite salt as a NO prodrug for the treatment

of various pathophysiological conditions involving decreased NO bioavailability has ipso

facto become increasingly attractive. A clinical trial (ClinicalTrials.gov Identifier:

NCT01681810; Start date: October 2012) is being conducted absorbing overweight/obese

adults with metabolic syndrome and high blood pressure to examine the effects of daily
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inorganic nitrate and nitrite treatment on the cardiometabolic and hormonal disturbances

observed in them. This is claimed to be the first human study to investigate the inorganic

nitrate or nitrite effects (in any form) on insulin sensitivity in a patient population. Other

studies incorporating nitrite and nitrate supplementations have revealed that the former

ensures rapid acting effects upon absorption, whereas the latter would constantly provide

a slow formation of nitrite over a prolonged period of time via the enterosalivary

circulation pathway. In this scenario, elucidation of the biochemical, molecular and

physiological activities of nitrite has caught the interest of a school of researchers

exploring miscellaneous conditions in normal physiology and pathophysiology of the

heart. Mitochondria a critical organelle comprising approximately one-third of the mass

of the heart, form a vital component in cellular energy metabolism and regulation of

intracellular signaling including apoptotic and non-apoptotic cell death (Camara et al.,

2011; Tait and Green, 2012). Maintenance of mitochondrial homeostasis is vital for

cardiac cell survival and dysfunction of mitochondria is central to several disorders

affecting the heart such as diabetes and ischemic heart diseases (Camara et al., 2011;

Carreira et al., 2011). Regulators of mitochondrial dynamics are being sought after as

therapeutic targets with more causes and consequences of dysregulated mitochondrial

dynamics being discovered each year (Frohman, 2015; Ong et al., 2015; Sharp, 2015;

Sharp and Archer, 2015; Tait and Green, 2012). The preservation of mitochondrial

structure and function hence remains the central objective in cardioprotection strategies

(Ong et al., 2015).

I.2. Identification of the problem

In the setting of T2DM, a major manifestation is the fragmentation of the cardiac

mitochondrial network, which is associated with a significant downregulation of

mitochondrial fusion machinery. The effect of hyperglycemia per se has been studied in

neonatal rat ventricular myocytes, where high glucose-mediated mitochondrial

dysfunction was linked to dynamin-related protein (Drp1)-induced mitochondrial fission

and activation of pro-apoptotic pathways (Frank et al., 2001; Yu et al., 2006). In another

study with cardiomyocytes, prolonged exposure to high glucose elevates ROS levels,
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derails the tubular network of mitochondria and subsequently induces mitochondrial

permeability transition (MPT) pore opening (Yu et al., 2008). Consequently, there is a

perturbed mitochondrial function and increased myocardial oxidative stress. Inorganic

nitrite has been shown to modulate mitochondrial function in the cardiac and skeletal

muscles thereby preventing the hypoxia-induced mitochondrial dysfunction (Horscroft et

al., 2019). The nitrite anion has been earlier reported to modulate mitochondrial fission

under normoxia too; nitrite preconditioning activates Protein kinase A (PKA), a pro-

survival kinase and inactivates Drp1 thereby promoting mitochondrial fusion and renders

cytoprotection on an ensuing simulated Ischemia/Reperfusion (Pride et al., 2014). There

are reports that inorganic nitrite therapy may be involved in the regulation of glucose-

insulin homeostasis and fatty acid metabolism in skeletal muscle (Ashmore et al., 2015;

Gheibi et al., 2017; Jiang et al., 2014; O’Brien et al., 2019; Ohtake et al., 2015; Roberts et

al., 2017; Wylie et al., 2019) though no studies have been done pertaining to organ-

specific beneficial effects on cardiac muscle in the setting of hyperglycemia. Also, there

is a paucity of studies pertaining to molecular changes introduced by inorganic

nitrite/nitrate during hyperglycemia. The primary scope of this study can be delineated as

to analyze beneficial/detrimental alterations in mitochondrial dynamics and function in

cardiac and skeletal myoblasts inflicted by nitrite or NO donor supplementation under

hyperglycemia.

I.3. Hypothesis

The nitrite/NO donor supplementation will result in an altered mitochondrial function and

dynamics, and consequent metabolic and redox status from that induced by

hyperglycemia in cardiac and skeletal myoblasts.
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I.4. Broad objectives and sub-objectives of the study

A. To analyze the changes rendered by nitrite/NO donor supplementation under normal

glucose (NG) and high glucose (HG) condition to myoblasts pertaining to mitochondrial

redox status, function and dynamics.

Sub-objectives

I. To analyze the changes in intracellular and mitochondrial ROS production.

II. To examine the status of mitochondrial membrane potential.

III. To measure the changes in mitochondrial respiration.

IV. To investigate the alterations in proteome of myoblasts exposed to nitrite.

B. To investigate the role of Drp1 activity and the mechanisms of its regulation under

high glucose conditions in the presence of inorganic nitrite.

Sub-objectives

I. To check status of Drp1 phosphorylation in myoblasts exposed to the HG with

inorganic nitrite and to analyze the molecular pathways activated concomitantly

a.

II. To analyze the effect of HG/Nitrite after Drp1 silencing on mitochondrial

respiration and dynamics and mitochondria mediated cellular processes
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II. Review of Literature
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II.1. Nitric Oxide- The signaling molecule

Nitric oxide (NO) is a gas that is both an endogenous vasodilator as well as a

neurotransmitter. NO may diffuse into smooth muscle cells and bind to soluble guanylate

cyclase (sGC) initiating confined vasodilation. In other cases, NO may be transported

bound to the heme iron in red blood cells and released at vascular sites of deficient NO

synthesis. Both Type 1 & Type 2 diabetic patients have been found to possess a reduced

ability to generate NO from L-arginine. This reduction in bioavailability of NO is partly

due to the quenching of NO molecules by superoxide anions (PACHER et al., 2007). In

case of Type 2 Diabetes Mellitus (T2DM) particularly, the reduced NO production may

be under the influence of associated insulin resistance, since the stimulation of NOS

activity is one of the downstream effects of Akt activation rendered by insulin (Li et al.,

2009; Symons et al., 2009). Moreover, the major role of insulin as a cardio-protective

agent results from the phosphatidyl inositol 3'-kinase-protein kinase B-endothelial NOS

(PI3K-Akt-eNOS)-dependent signaling mechanism which acts to phosphorylate eNOS

and increase NO production (Dimmeler et al., 1999; Fulton et al., 1999). Prior to this

comprehension, Steinberg et al. in 1994 had revealed insulin-mediated vasodilation of

skeletal muscle vasculature to most likely occur via increasing endothelium-derived NO

synthesis/release (Steinberg et al., 1994). In addition, studies have shown that reduced

synthesis of nitric oxide (from L-arginine) in endothelial cells is a major factor

contributing to the impaired action of insulin in the vasculature of diabetic subjects

(Federici Massimo et al., 2002; Wu and Meininger, 2009). Supplementation of inorganic

nitrite and nitrate as nitric oxide pro-drugs is therefore a potential therapeutic approach

being employed in treatment regimens for coronary artery disease, ischemic syndrome,

hypertension and other cardiovascular pathologies. Recently, nitrite supplementation has

been shown restore the impaired NO-dependent nitrosation of GLUT4 which is necessary

for its translocation to the plasma membrane and subsequent role in glucose uptake in

rodent skeletal muscle. Thus, nitrite can improve insulin signaling through providing a

backup for the NO-mediated effects in a scenario of abated NO bioavailability (Gheibi et

al., 2017; Jiang et al., 2014). Thus, exogenous administration of nitrite has proved its



9

potential to become an important component in the prevention and treatment of metabolic

disorders too.

II.2. Nitric Oxide and Nitrate/Nitrite in Physiology and Pathology

NO is a free radical that plays critical roles in the regulation of a multitude of cellular

processes in both health and disease conditions. This has reinforced the pivotal position

of the gas in various signaling pathways. On endothelial released of this gaseous

hormone, it regulates normal blood flow delivery of nutrients to tissues. The endothelial

NO synthase (eNOS) is the major contributor of NO under normal physiological

conditions, but the bioavailable NO from this so-called classical pathway of NO synthesis

(Martínez-Ruiz et al., 2011) is routinely depleted during conditions pertaining to

cardiovascular disease and dysfunction. Under such situations of compromised NOS

dependent NO generation as in physiological stress and in various risk factors of CVD

like hypertension and metabolic syndrome, an alternative NO3¯—NO2¯—NO pathway

has been proposed to act as a backing (Lundberg et al., 2008).

Nitrite and nitrate anions have a relatively longer half life than the NO radical (Zeballos

et al., 1995) as discussed before, and act as a reservoir for NO through the assimilation

into circulation (Lundberg et al., 2009; Lundberg et al., 2011b). Nitrite is also formed

endogenously by the oxidation of NO mediated by the mitochondrial protein, cytochrome

oxidase in cells and ceruloplasmin in blood (Bailey et al., 2014; Shiva et al., 2006). A

study by Gilchrist et al., has pointed out the therapeutic potential of nitrate and nitrite for

blood pressure control (Gilchrist et al., 2011b). The nitrite anion has evolved its status

from an inert metabolic product of NO oxidation at its physiological levels to a storage

reservoir of NO in the setting of low pH and hypoxic conditions (Bailey et al., 2014).

Thus a metabolite which was considered to be the end point or waste products of NO

metabolism is now believed to be a precursor of NO under pathological conditions

(Calvert and Lefer, 2009). Nitrite reduction is found to occur primarily in somatic tissues

unlike eNOS-mediated production of NO from arginine that occurs in the endothelium,

NO production from nitrite occurs in the endothelium (Lundberg et al., 2009). The nitrite,

in circulation exhibits dual reaction paths leading to different metabolites. It can either
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form nitrate and methemoglobin (MetHb) by reaction with oxygen-bound hemoglobin or

form NO, nitrosyl-hemoglobin, and other NO adducts by reaction with deoxyhemoglobin

(Gladwin et al., 2009).

II.3. Landmarks in nitrite therapy pertaining to cardiovascular health

Formation of MetHb, which is incapable of transporting oxygen to the body's tissues and

organs, is a major concern regarding the toxicology of nitrite (Mohler et al., 2014). Dose-

dependent protective effects on cellular necrosis and apoptosis were observed by

Duranski et al., in the setting of hepatic ischemia-reperfusion injury in mice, when

sodium nitrite solution was administered, with highly significant protective effects

observed at near-physiological nitrite concentrations. In the same study, since nitrite

intervention to myocardial I/R injury showed 67% reduction in infarct size, it was

corroborated that such protection of liver and heart from ischemic injury was contributed

by nitrite-derived NO (Duranski et al., 2005). A notable observation was that highly

significant protective effects were observed at near-physiological nitrite concentrations

and that it was independent of eNOS activity, the regular contributor of vascular NO

formation. A placebo-controlled study has been done, which tested multiple doses of oral

sodium nitrite in patients, most diabetics, suffering from peripheral artery disease. The

study investigated the safety and tolerability over a period of 10 weeks considering

endothelial flow-mediated dilatation (FMD) as the primary efficacy endpoint. The study

results showed that FMD was significantly higher in diabetic patients who received a 80

mg dose of nitrite compared to controls (Mohler et al., 2014). Sodium nitrite

administration provides protection against myocardial ischemia–reperfusion (I/R) injury

in a pig regional ischemia model when compared to control and sodium nitrate treated

pigs. Here, the beneficial effects included an increase in reactive oxygen species (ROS)

scavenging enzymes like GPx, superoxide dismutase (SOD) and catalase with

concomitant rise in NO2
– /NO3

– levels. There was also a decrease in the oxidative stress

marker malondialdehyde (MDA) both in tissue and blood samples (Doganci et al., 2012).

G. Johnson and associates investigated the effects of acidified sodium nitrite combined
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with human SOD in a six hour model of myocardial ischemia (MI) with reperfusion in

open-chest, anesthetized cats and found significant protection (Johnson et al., 1990).

Inorganic nitrate/nitrite supplementation increased tissue and plasma levels of bioactive

nitrogen oxides (NOX) and has been associated with a reduction in blood pressure and

improvement in endothelial function. In this scenario, elucidation of the biochemical,

molecular and physiological activities of nitrite has caught the interest of a school of

researchers exploring miscellaneous conditions in normal physiology and

pathophysiology of the heart. Despite the short half-life of NO, several NO-donor

compounds have been in the market for decades, for instance, organic nitrates like

nitroglycerin and nitroprusside, which provide a preconditioning effect and relief from

angina crisis (Murrell, 1879). Contemporary research has focused on the beneficial

effects of nitrite/nitrate supplementation in varied forms through different routes unlike

earlier studies majority of which dealt with the negative consequences of the oxides of

nitrogen inside the body. In vivo studies (mouse models) have been done where the

animals are treated with nitrites/nitrates and the effect on blood pressure, myocardial

ischemia reperfusion etc., has been analyzed. They have reported that dietary

supplementation of nitrites/nitrates has beneficial effects in diseased conditions (Baliga et

al., 2012; Bryan et al., 2007; Carlström et al., 2011). Even in physiological stress

conditions as during aerobic exercise augmented NO availability improved muscle

mitochondrial efficiency, indicated by reduced oxygen costs and ATP cost of muscle

contractile force production (Layec et al., 2016; Shannon et al., 2017). Nevertheless, the

administration of compounds those endow with bioavailable NO is delimited by several

drawbacks: toxicity, tolerance, systemic hypotension (Parker and Gori, 2009; Thadani

and Rodgers, 2006) (due to their inability of site-specific NO delivery) and aggravation

of endothelial dysfunction. These negative effects are related to massive production of

reactive species derived from oxygen or nitrogen, which trigger oxidative and nitrosative

stress (PACHER et al., 2007; Patel et al., 1999). New NO donors are under development

to overcome those disadvantages. In this hunt for prospective candidates, the prospects of

nitrite and nitrate salts as NO pro-drugs for the treatment of various pathophysiological

conditions involving decreased NO bioavailability is becoming increasingly attractive.
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II.4. Prospects of nitrite therapy for metabolic syndrome

A horde of proteins has now been shown to be capable of producing NO via nitrite

reductase activity under physiological conditions (Kim-Shapiro and Gladwin, 2014)

(Omar and Webb, 2014). These include hemoglobin, myoglobin, xanthine oxidoreductase

(XOR), aldehyde oxidase (AO), cytochrome P450, NOS enzymes and mitochondrial

proteins like cytochrome oxidase. In the setting of hypoxia and acidosis, all of these

proteins exhibit elevated activity. One or more of these enzymes take leading role in

nitrite reduction in various organs for instance, myoglobin and XOR/AO are more active

in the heart (Kim-Shapiro and Gladwin, 2014) (Omar and Webb, 2014). The former has

been shown to be critical regulator of NO-mediated responses in the setting of cellular

hypoxia and reoxygenation (Hendgen-Cotta et al., 2008) while the latter have been

implicated in pro-angiogenic effects of nitrite salt supplementation during ischemic insult

of diabetic mice (Jia and Sowers, 2014). The fact that the NOS enzymes are not the

critical player in nitrite reductase activity during physiological stress points to an

advantage of nitrite that its bioactivation can occur even in conditions typified by reduced

eNOS activity. When the nitrite is taken orally, its intragastric conversion to NO

contributes to vasodilation and the consequential anti-hypertensive effect (Pinheiro et al.,

2012). Apart from this bioactivation pathway, nitrite-induced vasodilation may involve

modes of actions through intermediates like S-nitrosothiols and nitro-fatty acids, both of

which have cardioprotective effects during ischemia (Omar and Webb, 2014). The

existence of eNOS/NO independent modes of nitrite action suggests a critical impact of

exogenous nitrite in metabolic disorders (like diabetes mellitus), which are characterized

by low NO bioavailability owing to eNOS uncoupling and generation of significantly

high levels of ROS. Moreover, there are findings suggest that inorganic nitrite therapy

may be involved in the regulation of glucose-insulin homeostasis (Jiang et al., 2014).

These developments have attracted researchers towards the effects of nitrite therapy on

cardiovascular health in the setting of metabolic disorders.
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II.5. Apprehensions towards the Nitrite Therapy

In spite of all the above-mentioned promises, there are reports which bring into light the

concerns that need to be addressed while administering nitrite/nitrate over a long

duration. Supraphysiologically elevated NO levels can trigger inflammatory responses

pancreatic islets (Shimabukuro et al., 1997). Prolonged ingestion of nitrite/nitrate may

lead to the formation of carcinogenic N-nitrosamines (Hecht and Hoffmann, 1998;

Tricker, 1997). There are reports disclosing the role of NO in the destruction of the

pancreatic beta cells during development of type 1 diabetes mellitus (T1DM) in mice

although with inadequate proofs (Cnop et al., 2005; Gurgul-Convey and Lenzen, 2015).

Hence, there exists an admonitory need to consider the harmful effects of the same.

Involvement of mitochondrial dysfunction in diabetic heart has been shown in many

studies and the cause of this dysfunction has been always under dispute, although the role

of oxidative stress (ROS/RNS) is proved by strong experimental data. Hence, while

investigating the cardiovascular benefits in the setting of metabolic disorders, the

monitoring of systemic effects of nitrite/nitrate therapy should be considered a mandate.

The above findings support the notion that the inaccuracies in the positive results from

animal and human studies pertaining to the diabetic heart, needs to be tackled. In this

scenario, there is a need for delving deep into their molecular and biochemical targets and

the changes effected by them (Ghasemi and Zahediasl, 2013). It is also imperative to

investigate the signaling mechanisms influenced by nitrite, the regulation of its uptake

into the cell and subsequent compartmentalization and ultimately obtaining the hitherto

elusive leads to NOX biology. The vast therapeutic implications being suggested for

nitrite/nitrate therapy encompasses reduction of oxidative stress (Carlström et al., 2011)

and mitochondrial uncoupling leading to improved systemic mitochondrial efficiency in

humans (Larsen et al., 2011). Bringing cardiac tissue to attention, impairment in

mitochondrial state 3 respiration and/or ATP synthesis rates and reduced expression of

respiratory chain complexes in myocardium have been revealed in animal models of

diabetes mellitus and transgenic models mimicking metabolic alterations of diabetic

hearts (Bugger and Abel, 2010).
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II.6. Mitochondria- the dynamic organelle

At the beginning of the 20th century, there were various studies done world-wide

regarding the metabolic processes and pathways linked to mitochondria (Chandel, 2018).

The mitochondrion is an essential organelle in the cell and is primarily important for its

role in ATP synthesis required for various cellular processes (Tait and Green, 2012).

Apart from energy production for the cell, mitochondria also regulate calcium buffering

and apoptosis. Mitochondrial dynamics is a major determinant in maintaining the

organelle’s function, quality and homeostasis (Ashrafi and Schwarz, 2013; Chen and

Chan, 2005; Zhu et al., 2018). Mitochondria undergo coordinated cycles of fission and

fusion to maintain its shape, size, and distribution, with which mitochondria is known as

the highly dynamic organelle of the cell. Any defects or mutations affecting

mitochondrial dynamics are associated with various diseases in humans (Tilokani et al.,

2018). Mitochondrial fission involves the division of single mitochondrion into two new

ones, whereas the union of two mitochondria to form a single one is termed as

mitochondrial fusion. Any imbalance in the mitochondrial dynamics will not only affect

the mitochondrial function but also numerous other requirements of the cell or even

activation of mitochondrial transition pore (Balog et al., 2016; Wai and Langer, 2016).

There are two major types of fusion occurring in the mitochondria- the transient fusion

and the complete fusion, where the former requires only the outer membrane of

mitochondria and the latter involves the merging of both the inner as well as the outer

membrane. Two homologous proteins Mfn1 and Mfn2 (Mitofusins) function together for

merging the outer membranes of mitochondria (Ferree and Shirihai, 2012). Following the

Mfn-mediated outer membrane fusion, Optic Atrophy type 1 (OPA1) mediates the inner

membrane fusion (Lee et al., 2017). OPA1 is a dynamin-related guanosine triphosphatase

that resides in the mitochondrial inner membrane and is essential for mitochondrial fusion

and cellular health (MacVicar and Langer, 2016). It also helps in stabilization of the

mitochondrial structure and elevates the mitochondrial respiratory efficiency (Varanita et

al., 2015). Just like fusion mitochondria, its fission is also crucial for the preservation of

the mitochondrial network and is mainly dependent on another GTPase protein called

Dynamin-related protein1 or Drp1 (Bliek et al., 2013). A study in 2016 by Lee at al.
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suggests that along with Drp1, another dynamin protein called DNM2 is also involved in

the mitochondrial fission machinery (Lee et al., 2016). But contradictory to this, a recent

study by Fonseca et al. shows that mitochondrial fission is completely depended on Drp1

and not on other dynamin proteins (Fonseca et al., 2019). However, the balance of all

these fusion, as well as fission proteins is essential for the proper formation of healthy

mitochondrial networks (Bliek et al., 2013). Any disturbance happening to the

mitochondrial dynamics or balance is an indication of various stress conditions and

diseases which leads to mitochondrial fragmentation and finally results in cell senescence

(MacVicar and Langer, 2016) and in addition, fusion, as well as fission play an essential

roles in disease-related processes like mitophagy and apoptosis (Bliek et al., 2013).

II.7. Role of Drp1 in mitochondrial dynamics and homeostasis

Even though Drp1 is basically known as a cytoplasmic protein, it is also found in the

mitochondria (Lima et al., 2018). The translocation of Drp1 to mitochondria occurs when

a stimulus like an uncoupling of mitochondrial membrane exists. Some of the proteins

that are required for Drp1 recruitment includes mitochondrial fission factor (MFF),

Fission 1 protein (FIS1), Endophilin-B1, Ganglioside-induced differentiation-associated

protein 1 (GDAP1), and Mitochondria protein 18 kDa (MTP18) (da Silva et al., 2014).

The mitochondrial morphology in yeast is regulated by the dynamin-related GTPase

Dnm1 which controls the mitochondrial fission (Bleazard et al., 1999). In mammals,

Drp1 activity inhibition leads to the formation of an elongated mitochondria (Lee et al.,

2004). An illustration of the actions of Drp1 and other proteins involved

inmitochondrial dynamics are shown in Fig. II.1.

Drp1 is a widely studied dynamin protein implicated in different pathological

conditions. Inhibition of Drp1 results in an inhibition of BAX-BAK dependent release

of cytochrome c (Cassidy-Stone et al., 2008), Drp1 helps in caspase-3 activation (Inoue-

Yamauchi and Oda, 2012). It is reported in 2012, in lung cancer, Drp1 is required for

cell proliferation and inhibition of Drp1 is associated with an increased apoptosis

(Rehman et al., 2012), Drp1 phosphorylation on Ser-585 favors mitochondrial fission

(Taguchi et al., 2007) and inhibition of Drp1 results in an increase oxidative capacity of
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mitochondria (Zou et al., 2016). Drp1 also is the major protein that helps in tubule

distribution which is crucial for the dynamic nature of mitochondria (Bereiter-Hahn and

Vöth, 1994; Smirnova et al., 1998).

Fig. II.1. Mitochondrial homeostasis maintained by fission and fusion

(Balog et al., 2016)

II.8. Mitochondrial dynamics and cardiac function

Adult heart mitochondria have the ability to undergo both fission as well as fusion, which

suggests that there is machinery to regulate the mitochondrial dynamics in adult heart.

Most of the in vitro experiments done to study the role of mitochondrial dynamics in

heart is carried out in H9c2 (cardiac embryonic myoblasts), HL-1 cells (transformed

cardiac muscle cell line), VSMC (Vascular Smooth Muscle Cells), neonatal

cardiomyocytes and so on. Since the mitochondria in adult cardiomyocyte are aligned

closely, one in close contact with the other, they are relatively static. At the time of early

cardiac differentiation, Drp1-mediated mitochondrial fission coincides with mitophagy

(the removal of mitochondria) via p62. Also in the adult heart, Drp1 inhibition leads to

impaired mitophagy, which later leads to cardiomyopathy. This shows that Drp1 is

crucial for maintaining the mitochondrial network. Hence, from all these findings, it is
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well corroborated that the inhibition of Drp1 for a long time period could be detrimental

for the normal functioning of the heart (Ong et al., 2013). In addition to the above

findings, there are reports from Kasahara et al. showing that Mfn1, Mfn2 and OPA1

plays a crucial role in the development of heart and also are essential for the proper

functioning of heart (Kasahara et al., 2013).

II.9. Pro-survival kinases in the regulation of mitochondrial function

Phosphatidylinositol-3-kinase (PI3K) is a hydrophobic second messenger. It is a kinase

that is essential for the Akt translocation to the plasma membrane where it gets activated

by phosphoinositide-dependent kinases (PDKs). Activation of Akt, a Ser/Thr kinase plays

a key role in cell proliferation and survival by phosphorylating various substrates (Osaki

et al., 2004). Akt inhibits the apoptotic pathway by preventing the release of cytochrome

anti-apoptotic genes and thus called as a survival factor. (Whang et al., 2004) PI3K-

PKB/Akt (phosphoinositide-3-kinase–protein kinase B/Akt) pathways is a well conserved

pathway and its activation occurs through a multistep process (Hemmings and Restuccia,

2012).

The Pim kinases are the serine/threonine kinases consisting of three proteins Pim-1, Pim-

2, and Pim-3 which belong to the CAMK (calmodulin-dependent protein kinase-related)

group (Bullock et al., 2005). The enzyme is involved in regulating cell differentiation and

proliferation and also reported to have a role in cell survival in myeloid and lymphoid

cells (Wang et al., 2002). Pim-1 is an essential downstream molecule of Akt. Akt

overexpression is found to increase Pim-1 expression in neonatal rat cardiomyocytes. It is

also reported that PI3K-like kinases have dual effects on the regulation of Pim kinases

(Fig. II.2.).

PI3K-like kinases can upregulate or downregulate Pim-1 expression. LY294002

(inhibitor of the PI3K-like kinases) increases Pim-1 expression (Liang and Li, 2014). In

hematopoietic cells, Pim kinases act as an essential mediator of cytokine signaling

pathways, and they also have roles in the progression of tumors including hematological
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malignancies, prostate cancer and various other solid tumors (Brault et al., 2010). Many

cytoplasmic and nuclear proteins are phosphorylated by the enzyme Pim kinase in vitro

and these include transcriptional repressors (HP1), PAP1 (Pim-1 associated protein 1,

activators (NFATc1 and c-Myb), and co-activators (p100), cell cycle regulators

(p21WAF1/CIP1 (a cyclin-dependent kinase inhibitor), a phosphatase Cdc25A, and the

kinase C-TAK1/MARK3/Par1A), TFAF2/SNX6 (membrane-associated protein) and

nuclear mitotic apparatus protein (NuMA) (Bullock et al., 2005; Wang et al., 2002)

Fig.II.2. Pim-1 regulation by PI3K-like kinases

(Liang and Li, 2014)

Pim kinases are also found to phosphorylate BAD (the pro-apoptotic protein) and induce

apoptotic resistance when there is a deprivation of growth factor (Fox et al., 2003).

Likewise, cardiomyocytes overexpressing Pim-1 kinase show increased levels of Bcl-2

and Bcl-XL (anti-apoptotic markers) along with the inactivation of Bad. Pim-1 is an

important mediator of cardioprotection and is downstream of JAK/STAT and Akt. The

absence of Pim-1 in the myocardium results in the decreased levels of proteins involved

in mitochondrial protection after myocardial infarction and hence increases fibrosis

(Borillo Gwynngelle A. et al., 2010a; Muraski et al., 2007).
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Din et al have shown that ischemic challenge promotes Drp1 translocation to the

mitochondria in myocytes, which leads to the fragmented mitochondria, but Pim-1

kinase, the upstream molecule of Drp1 prevents those effects. Overexpression of Pim-1 is

found to prevent the accumulation of Drp1 in the cardiac mitochondria and also decreases

the total Drp1 levels. Drp1 translocation was found to be inhibited by Pim-1. Pim-1-Drp1

interaction occurs under basal as well as ischemic conditions. Pim-1 overexpression

increases Drp1 phosphorylation at S637. Since Pim-1 has been shown to be involved in

cardioprotective activity, Pim-1 could be a potential therapeutic agent against diseases

characterized by cardiac cell death (Din et al., 2013).

Glycogen synthase kinase-3 (GSK-3) is another multi-functional serine/threonine kinase

that is ubiquitously expressed and consists of two isoforms, alpha and beta and both exert

mitochondria (Yang et al., 2017). GSK-3 isoforms have been associated with various

pathological conditions like ischemic injury, heart failure, diabetes, Alzheimer’s disease,

myocardial aging, cardiomyocyte proliferation, myocardial fibrosis, inflammation, and

cancer. It is one of the few protein kinases that can be inactivated by the addition of

serine residues at 21st and 9th

proliferation of cardiomyocytes in the injured heart, and also in ischemic heart, the

has been shown to regulate mitochondrial biogenesis, mitochondrial motility,

mitochondrial bioenergetics, mitochondrial permeability and mitochondria-dependent

apoptosis (Fig. II.3.) (Yang et al., 2017).
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(Yang et al., 2017)

Both the GSK-3 proteins get activated upon dephosphorylation and it becomes

inactivated upon phosphorylation by Akt.

condition and its phosphorylation or inactivation plays an important role in cardiac

glucose metabolism (Wang et al., 2009).

cardiac myocytes is reported to be protective after ischemia (Hall, 2014).

deletion in the hearts of the embryos resulted in hypertrophic cardiomyopathy signifying

the vital roles played by this kinase (Zhou et al., 2010).

II.10. Mitochondrial membrane potential and permeability transition

pore

Mitochondrial permeability transition pore (mPTP) is present in the inner mitochondrial

membrane and it consists of three main components- Adenine Nucleotide Translocase

(ANT), cyclophilin D (CyP-D) and voltage-dependent anion channel (VDAC). mPTP is

triggered and opened during stressful conditions such as oxidative stress and Ca2+

overload. The threshold for mPTP opening is positively correlated to the phosphor-Ser9-

modulate respiratory chain activity (Yang et al., 2017).
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Just like the inner mitochondrial membrane, the outer membrane of mitochondria too

possesses various channels for the influx and efflux of metabolites. VDAC, otherwise

called as mitochondrial porin, thus regulates the cross-talk between mitochondria and

other cellular components. VDAC plays multiple functions in the mitochondria which

includes the regulation of mitochondrial metabolism and energetics, mitochondria-

mediated apoptosis and is also a crucial element for various cell survival and death

signals by interacting with other proteins and ligands (Shoshan-Barmatz et al., 2010).

Adenine nucleotide translocase or translocator (ANT) is a protein complex in the family

of integral membrane transport molecules, which consists of two subunits and is located

in the IMM. It helps in the exchange of cytosolic ADP and mitochondrial ATP (Sharer,

2005). There are four different isforms of ANT proteins in humans. They are: ANT1, a

predominantly expressed isoform in the mitochondria of heart, brain and skeletal muscle

tissue, ANT2 is commonly seen in the liver and in those cells with high proliferation

capacity, and is sparse in differentiated cells. ANT3 is ubiquitously expressed. ANT4 is

specific for testis, liver, and undifferentiated embryonic stem cells (Chevrollier et al.,

2011; Dolce et al., 2005). ANT plays several important roles including the constant

supply of ADP required for the maintenance of the oxidative phosphorylation. ATP/ADP

exchange by ANT plays an essential role for the maintenance of ATP synthase activity

and mitochondrial membrane potential. Impaired ANT activity of reduces the intra

mitochondrial ADP and ATP production which increases the mitochondrial membrane

potential (Fiore et al., 1998; Vander Heiden et al., 1999). It is the only carrier for ADP

and ATP present in the mitochondria, helping in the energy production in mitochondria

and energy consumption in the cytosol (Nebigil Canan G. et al., 2003). In case of

impaired ATP/ADP exchange, ANT plays an essential role in ROS production and

apoptosis apart from this, ANT also involved in fatty acid mediated uncoupling of

mitochondria (Kim et al., 2010).

When electron transport is not used to drive ATP synthesis or any other useful work, the

process is termed as “mitochondrial uncoupling” (Mookerjee et al., 2010). Mitochondrial

uncoupling is mainly mediated by proteins like UCPs, ANT, and mitochondrial

thioesterase I (MTE-1) (Boudina et al., 2007). Uncoupling proteins (UCPs) are anion
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carrier proteins that reside in the IMM that are capable of inducing proton leak and

dissipate the proton gradient, thereby affecting the efficiency of energy metabolism.

Several isoforms of UCPs are associated with diabetes and obesity which includes UCP-

1, 2 and 3. Out of these, UCP3 is found to regulate fatty acid metabolism especially in the

skeletal muscle. Also it is upregulated in response to oxidative stress and prevents ROS

generation and ROS mediated DNA damage (Busiello et al., 2015; Cadenas, 2018).

UCP3 plays a critical role in cytoprotection in the setting of type 2 diabetes (T2DM) in

skeletal muscle and cardioprotection during I/R and also in adaptive responses to acute

exercise and starvation (Busiello et al., 2015; Cadenas, 2018; Ozcan et al., 2013). UCP3

is expressed mainly in skeletal muscle, heart and brown adipose tissue, and is linked with

energy metabolism in whole body (Busiello et al., 2015; Schrauwen, 2002). As

mentioned above, it also protects the heart from I/R injury, mainly through preventing

myocardial necrosis, contractile dysfunction, and arrhythmias and hence is a major

determinant of infarct size and post-ischemic cardiac remodeling (Cadenas, 2018; Ozcan

et al., 2013). All these evidence suggests that UCPs are one of the important potential

therapeutic targets for IR injury and also, cardiovascular risk factors like obesity, T2DM

and atherosclerosis (Cadenas, 2018).

II.11. Mitochondria and oxidative stress

Mitochondrial oxidative stress occurs due to the overproduction of reactive oxygen

species (ROS), which can cause mtDNA mutations, can damage mitochondrial

respiratory chain, alter the membrane permeability of mitochondria, and influence

mitochondrial defense systems (Guo et al., 2013). Superoxide free radicals and their

product, hydrogen peroxide (H2O2) are referred as ROS (He et al., 2016). Oxidative stress

has been proved to have roles in various pathological conditions including I/R injury

(Halestrap et al., 1998). Mitochondria are usually protected from oxidative damage with

the action of anti-oxidant systems present in the mitochondria like superoxide dismutase

(SOD), glutathione peroxidase (GPx), catalase and glutathione reductase (Green et al.,

2004; Wei et al., 2001). When the balance between ROS and these antioxidants gets
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disrupted due to the excess free radicals, it results in the damage of DNA, protein as well

as lipid degradation (Guo et al., 2013).

SOD2/ MnSOD (a Manganese-dependent enzyme) is the mitochondrial isoform of SOD

and is localized within the mitochondrial matrix, which is the major free radical

production site (from electron transport chain) (Flynn and Melov, 2013). Inside the

mitochondrial matrix, SOD2 helps in converting superoxide to H2O2, which further gets

metabolized by Gpx1 and peroxiredoxin (PrxIII). SOD2 overexpression diminishes

mitochondrial ROS production, protects mitochondrial respiratory function and prevents

apoptosis. Gpx4, otherwise known as phospholipid hydroperoxide glutathione peroxidase

is a membrane-associated anti-oxidant enzyme with a small fraction localized in the

mitochondria. Gpx4 helps in reducing the hydroperoxide groups on lipoproteins,

phospholipids and cholesteryl esters (Ott et al., 2007). GPx1, another important isoform

of GPx mainly resides in the cytosol, but a small fraction is also present within the

mitochondrial matrix (Pushpa-Rekha et al., 1995). Diabetes is characterized by metabolic

events leading to oxidative stress which in turn induces overproduction of mitochondrial

superoxide (Giacco and Brownlee, 2010; Pieme et al., 2017). Overexpression of SOD2

can reverse diabetes induced disruption of cardiac morphology and impaired contractility,

whereas it has no effects on non-diabetic hearts. It also improved the abnormal

mitochondrial function and mass associated with diabetes (Shen et al., 2006).

Reduced levels and the activities of the antioxidant enzymes, GPx, SOD, and catalase

observed in patients with T2DM in comparison with normal subjects also indicate the

impact of enhanced oxidative stress in the manifestations of diabetes (Ansley and Wang,

2013).

Aconitase is an enzyme that catalyses citrate to isocitrate and it exists in two different

forms- cytosolic aconitase (aconitase 1) and mitochondrial aconitase (aconitase 2). The

enzyme possesses an iron-sulfur cluster which is sensitive to oxidation and it helps in the

regulating cell metabolism. One of the major factors that regulate aconitase function is

ROS. The enzyme undergoes modification and inactivation in aging and some of the

oxidative stress-related disorders. Aconitase2, the mitochondrial isoform helps in the

conversion of citrate to isocitrate and is involved in the Krebs cycle (Lushchak et al.,
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2014a). It was proved that when exposed to NO donors, certain cell shows a loss of

aconitase 2 activity. Exposure of aconitase at higher concentrations for longer period can

inactivate the enzyme (Tórtora et al., 2007). Lin et al. have suggested that aconitase

phosphorylation may impair the Krebs cycle function, which could lead to the

dysfunction of mitochondria in the diabetic heart. Aconitase phosphorylation may be a

common mechanism of aconitase activity regulation in the heart in both type 1 as well as

type 2 diabetes. It was found that under the conditions of high oxidative stress, aconitase

2 activity was unchanged or increased in skeletal muscle subjected to exercise (Lin et al.,

2009).

II.12. Mitochondrial transcription factor A (TFAM)- A regulator of

mitochondrial copy number

Mitochondrial transcription factor A (TFAM) is a protein that belongs to the high-

mobility-group (HMG). It performs various functions for mitochondrial DNA (mtDNA).

Some of them are: mtDNA maintenance, mtDNA transcription, mtDNA replication,

packaging of mtDNA into nucleoids and mtDNA repair. The interaction between TFAM

and mtDNA also helps in the regulation of mitochondrial biogenesis. Its interaction with

mtDNA helps in reducing ROS production and calcium mishandling (Kunkel et al., 2016;

W. R. Lee et al., 2017; Picca and Lezza, 2015; Suarez et al., 2008). Since TFAM is

essential for mtDNA, mitochondrial function is impaired in hyperglycemic conditions

with reduced TFAM expression or activity (Choi et al., 2001; Kanazawa et al., 2002;

Nishio et al., 2004; Palmeira et al., 2007). TFAM disruption in cardiomyocytes leads to

deletion of mtDNA and hence results in dilated cardiomyopathy. Therefore, TFAM can

be considered as a therapeutic target for mitochondrial dysfunction (Suarez et al., 2008).

II.13. Drp1 and mitophagic regulators

Mitophagy is a form of autophagy that removes dysfunctional or damaged mitochondria

(Li et al., 2015). Some of the important molecules involved in mitophagy are PTEN-

induced kinase 1 (PINK1) and Parkin and the mitophagic mechanism can be either

PINK1/Parkin-independent or PINK1/Parkin-dependent mechanism. The latter is the
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most well documented mechanism of mitophagy (Yoshii et al., 2011; Youle and

Narendra, 2011). Park et al. have shown that inhibition of Drp1 reduced the expression of

Parkin, PINK, and LC3II (an autophagic marker). This finding thus suggests that Drp1 is

involved in the regulation of PINK1/Parkin mediated mitophagy pathway. Drp1

knockdown using siRNA in SHSY5Y cells increased the level of PINK1 in the cytosol by

blocking its translocation into mitochondria (Park et al., 2018). All these suggest that Drp1-

dependent fission can coordinate with Parkin and PINK1 to trigger mitophagy.

II.14. Apoptosis and mitochondrial dynamics

Activation of Drp1 leads to structural and functional abnormalities in the mitochondrial,

which in turn inhibits the ATP generation, and results in the activation of pro-apoptotic

signaling cascades (Frank et al., 2001; Reddy et al., 2011). OPA1 overexpression blocks

mitochondrial fission and protects cells from apoptosis occurring through the

intrinsic/mitochondrial pathway (Frezza et al., 2006). When the fission proteins like Fis1

or Drp1 gets downregulated, it leads to the inhibition of mitochondrial fission and thus

reduces apoptosis (Lee et al., 2004).

II.15. Rationale of the study

From the literature discussed above, it is unknown whether the nitrite/nitrate derived NO

or the anions themselves could render changes in mitochondrial function and metabolic

status of myocytes in the setting of hyperglycemia. So, the present study focuses on the

effects of sodium nitrite supplementation on myoblasts under hyperglycemic conditions

as compared to under normoglycemic conditions. Also, to check the acute effects of NO

under the above glycemic levels, an NO donor was used. The changes pertaining to

mitochondrial dynamics, respiration, ROS generation and the mitochondrial fission

regulator, dynamin-related protein1 was focused.
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II.16. Hypothesis

The nitrite/NO donor supplementation will result in an altered mitochondrial number and

function, and consequent metabolic and redox status from that induced by hyperglycemia

in cardiac and skeletal myoblasts
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III. Materials and Methods
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III.1. Reagents, antibodies, drugs and Instruments used

III.1.A. Reagents, antibodies and drugs

The inhibitors and FCCP for respirometric studies and most chemicals needed for other

Nitro-L-arginine Methyl Ester (L-NAME) and carboxy-phenyl-tetramethylimidazoline-1-

oxyl-3oxide (cPTIO) were purchased from Sigma Aldrich (St. Louis, MO, USA).

Acrylamide-Bis-acrylamide solution, West Pico Chemiluminescence Detection Kit, BCA

protein assay kit, West femto Enhanced Chemiluminescent reagents, RIPA buffer,

Protease and Phosphatase Inhibitor cocktails were from Pierce Biotechnology (MA,

USA). OptiBlot ECL from Abcam (Cambridge, UK) and ClarityMax ECL Kit from Bio-

Rad Laboratories (Hercules, CA, USA) were also used. TaqMan gene expression assay

master mix and TaqMan probes were from Applied Biosystems (Beverly, MA, USA).

Pure link RNA mini kit was from Invitrogen Corporation (Carlsbad, CA, USA).

p-Drp1, Drp1, OPA1, cleaved Caspase 7 and 3, cleaved PARP, Bcl2 and Aco2, Horse

Radish Peroxidase (HRP)-conjugated secondary antibodies and the chemical LY294002

antibody was from Sigma. PVDF membrane, syringe filters and filter membranes for

UCP3, MnSOD, GPx4, Pink1, Parkin and VDAC were from Abcam (Cambridge, UK)

and Pim1 from ImmunoTag (St. Louis, MO, USA). Rapigest SF was from Waters

(Milford, MA, USA), siRNA from Eurogentec (Seraing, Belgium) and Transfection

reagent from Polyplus Transfection SA (Illkirch-Graffenstaden, France).

Consumables/plasticwares were purchased from Tarsons (Kolkata, India) and Axygen

Scientific (Union City, CA, USA). Culturewares were procured from Nunc

(Thermofisher Scientific, MA, USA) and Becton Dickinson (Franklin Lakes, NJ, USA).
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III.1.B. Instruments

PCR Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA), ELISA plate reader

(Bio-Tek Instruments, Winooski, Vermont, USA), Oroboros O2K Oxygraph (Innsbruck,

Austria), Mini-PROTEAN Tetra Cell Electrophoresis Unit, Powerpac universal, Semi

Dry Blot Apparatus and Wet-transfer Apparatus (Bio-Rad Laboratories, Hercules, CA,

USA), UV-visible spectrophotometer (Shimadzu, Kyoto, Japan), Water bath (Julabo,

Seelbach, Germany), Weighing balance (Sartorius, Gottingen, Germany), pH meter

(Eutech, Singapore), Magnetic Stirrer (Schott, Mainz, Germany), Micro-Pipettes

(Eppendorf, Hamburg, Germany), -20oC Freezer (Vest frost, Falkevej, Denmark), -80oC

Freezer (New Brunswick Scientific, Sayreville, NJ, USA), Cooling centrifuge

(Eppendorf, Hamburg, Germany), Centrifuge (REMI, Mumbai, India), MultiTherm

shaker (Benchmark Scientific Inc., Edison, NJ, USA), CO2 incubator (Sanyo, Osaka,

Japan), Laminar Air Flow Hood (MicroFilt, Pune, India), BD FACS Jazz Cell Sorter

(Becton and Dickinson, Franklin Lakes, NJ, USA), Phase Contrast Microscope with

fluorescence filters (Olympus, Shinjuku, Tokyo, Japan), Gel Documentation System

(Bio-Rad Laboratories, Hercules, CA, USA), 7500 Real-Time PCR System (Applied

Biosystems, Foster City, CA, USA).

III.2 Cell culture and maintenance

III.2.A Procedure

Embryonic rat cardiac myoblasts- H9c2 and mouse skeletal myocytes- C2C12 were

obtained from National Centre for Cell Science (NCCS), Pune, India. The cells were

grown in monolayer culture in DMEM containing 10% FBS and antibiotic-antimycotic

cocktail (Sigma, MO, USA) in a humidified atmosphere of 5% CO2 at 37°C. For all

treatments during experiments, DMEM containing 1 % FBS (H9c2)/2% FBS (C2C12)

were used or else specified.

For culture maintenance, media were changed every 2-3 days, depending on rate of

growth of cell lines, H9c2 being a slow multiplier than C2C12. Cultures were split at

confluency to 1:3 ratios. The cells were removed from the dish/flask by using Trypsin-
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Phosphate-Versene-Glucose (TPVG). The cells were centrifuged and the supernatant was

removed. Then the cells were resuspended in 1.0 ml of freezing medium (50% FBS and

5% DMSO in Low Glucose DMEM) and stored at -80 °C freezer.

III.2.B. Reagents Used

III.2.B.1. DMEM preparation (1 litre) (pH 7.4)

Low Glucose DMEM powder (16g), 2g NaHCO3 (Sodium bicarbonate), 10 mL

Antibiotic-antimycotic cocktail (100x) mixed in sterile distilled water, filtered and stored

in autoclaved bottles.

III.2.B.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.

III.2.B.3. TPVG solution (pH 7.4)

0.1% trypsin, 0.2% EDTA and 0.05% glucose in PBS.

III.2.C. High glucose treatment

High-glucose medium containing 30 mmol/L glucose and 2% FBS H9c2 cells were used

to incubate with H9c2 cells for 24 h and 48 h after achieving 70% confluence. The D-

glucose (Sigma) was dissolved in normal medium to prepare a medium with 30 mmol/L

glucose.

III.2.D. Other reagents used

III.2.D.1. LY294002 stock (50 mM)

1.5 mg in 98 µL DMSO

III.2.D.2. DCFDA stock (10 mM)

5 mg in 1.026 mL DMSO
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III.2.D.3. DAF-FM DA stock (10mM)

50 µg (one pack) in 10 µL DMSO

III.2.D.4. MitoSOX Red Stock (5 mM)

50 µg (one pack) in 13 µL DMSO

III.3. Cell viability assays

III.3.A. MTT assay procedure

Cell growth assays were carried out by MTT assay as described elsewhere with slight

modifications (Babykutty et al., 2012). This is a colorimetric assay that measures the

reduction of yellow 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)

by dehydrogenase present in the viable cells. The MTT enters the cells and passes into

the cell where it is reduced to an insoluble, coloured (dark purple) formazan crystals.

To analyse NO/nitrite induced cell death, cells were grown in 96-well microtitre plates (1

x 104 cells/well) and incubated with or without different concentrations of SNAP (200-25

foetal bovine serum. After incubation periods, the medium was removed; fresh medium

was added and MTT (1 mg/mL) in HBSS was added to each well. The plates were

incubated for another 3 h, the formazan crystals formed by metabolically viable cells

were solubilized with 150 µl of acidic isopropanol. The color developed was quantified

(Measuring wave length: 570 nm, Reference wave length: 630 nm) with a 96 well

Microplate Reader (BioTek instruments, Winooski, VT, USA). The cell viability was

expressed as percentage over the control by using the formula (T/C) x 100 where T= test

sample and C= control.

III. 3.B. Hoechst –PI staining procedure

Cell death analysis was performed using Hoechst/PI double staining method. After

Louis, MO, USA) at room temperature for 15 min and then 1mg/ml PI (Propidium
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Iodide, Sigma-Aldrich, St. Louis, MO, USA) for 5 min. The cell death percentage was

then calculated using the formula; [(PI/H)Test / (PI/H)Control]x100 , where PI= No. of PI

stained nuclei and H= No. of Hoechst stained nuclei.

III. 3.C. Reagents Used

III.3.C.1. SNAP stock (100 mM)

25 mg in 500 µl DMSO

III.3.C.2. Sodium Nitrite stock (100 mM)

69 mg in 10 mL PBS

III.3.C.3. MTT stock

MTT salt 5 mg in 1 ml PBS. (Freshly prepared)

III.3.C.4. LY294002 stock (50 mM)

1.5 mg in 98 µL DMSO

III.3.C.5. Hoechst 33342 stock (10 mM)

2 mg in 1 mL DMSO

III.3.C.6. Propidium iodide stock (10 mg/mL)

5 mg in 500 µL DMSO

III.4. Measuring the levels of intracellular and mitochondrial ROS

III.4.A. Intracellular ROS measurement by H2DCFDA staining

For fluorescent microscopic studies, the cells were seeded in 24-well plates and after

treatments were incubated with 10 µM DCFH-DA at 37 °C in the dark for 30 min. Cells

treated with H2O2 were used as a positive control. Cells were then washed twice with

HBSS and counterstained with nuclear stain, Hoechst 33342 (Sigma-Aldrich).

Fluorescence was measured over the entire field of vision by using a fluorescence

microscope (IX50, Olympus, Tokyo, Japan) connected to a color camera linked with the

Image processing software, Progres Capture. The MFI (Mean Fluorescence Intensity)
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from five random fields was measured using Image J 1.49a software, and the MFI was

used as an index of the quantity of ROS.

For fluorimetry, cells were cultured in a black 96-well plate with DMEM medium. After

the different treatments, the wells were washed two times with HBSS and H2DCF-DA

incubation was done as above. The wells were washed twice with HBSS, and the DCF

fluorescence was measured from the wells using Fluorimeter (BioTek instruments,

Winooski, VT, USA).

Fig. III.1. Mechanism of DCFDA processing inside a cell yielding the fluorescent DCF moiety

Caption on next page



34

H2DCFDA on entering the cell is acted upon by cellular esterases to release the reduced form of DCF
which is non-fluorescent. Depending on the level of ROS present inside the cell, H2DCF gets oxidized to the
fluorescent DCF moiety.

Flow Cytometric analysis was done with cells cultured in 60 mm dishes and given the

treatments. The cells were harvested and resuspended in HBSS. After a single wash, the

cells (1 x 106) were transferred to Falcon round-bottom polystyrene tubes and incubated

with DCFH-DA as above. The cells were then centrifuged at 150 g for 5 min, washed

with pre-warmed HBSS and then directly subjected to flow cytometry (BD FACS Jazz,

BD Biosciences, San Jose, CA, USA). Forward and Side scatter gating was established to

exclude cell aggregates and debris from analysis. DCF fluorescence was analyzed at

Ex/Em = 488/535 nm.

III.4.B. Mitochondrial ROS measurement by MitoSOX Red staining

Mitochondrial ROS generation was determined by the mitochondria-targeted probe

MitoSOX Red (Molecular Probes [Invitrogen] Eugene, OR, USA). The fluorogenic probe

is selectively targeted to the mitochondria where it is oxidized by superoxide and

becomes fluorescent on binding to nucleic acids. MitoSOX Red stock was prepared by

dissolving 50 µg of probe in 13 µL anhydrous DMSO and the working solution was

prepared in warm HBSS (with Ca2+).

Overnight starved cells in 96-well plates were given the treatments for 24 h, washed and

were incubated with 5 µM of MitoSOX Red probe for 10 min at 37 °C. After two washes

with warm HBSS, the cells were counterstained with Hoechst 33342. Fluorescent (Ex-

500nm/Em-590nm) emission was imaged using an Olympus fluorescence microscope

(IX 51; Olympus Corporation, Tokyo, Japan), images analyzed using Image J 1.49a and

relative fluorescence intensity was calculated as percentage fluorescence normalized to

control.

III.5. Measuring the levels of intracellular NOX production

An essentially non-fluorescent cell permeable reagent, 4-Amino-5-Methylamino-2’,7’-

difluorofluorescein Diacetate (DAF-FM DA) (Molecular Probes [Invitrogen] Eugene,

OR, USA) can measure low concentrations of NO in live cells by conversion into a
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benzotriazole derivative on combining with NO as shown in Fig. III.3. (Kojima et al.,

1998a; Kojima et al., 1998b)(Kojima et al., 1998).

Fig. III.2. Mechanism of MitoSOX Red entry specifically to mitochondria and its oxidation

MitoSOX on entering the cell is directed specifically to the mitochondria where the superoxide anions
oxidize it to form a red fluorescence emitting moiety.

Analysis of NOX production by fluorimetry was performed with cells seeded in 96 well

black culture plates at a seeding density 5 x 103 cells/well. The cells on completion of

treatments were washed in HBSS and then DAF-FM DA was added to a final

concentration 10 µM to the cells and incubated for 30 min at 37 °C. Finally, the excess

dye was washed off and the DAF-FM fluorescence at Ex-490nm/Em-515nm was

measured with a Fluorimeter (BioTek instruments, Winooski, VT, USA).

Cells were seeded in 24-well plates at a density of 1 x 104 cells/well for fluorescent

imaging, and after different treatments, were incubated with DAF-FM DA as above.

Cells were then washed twice with HBSS and counterstained with the nuclear stain,
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Hoechst 33342 (Sigma-Aldrich). Fluorescence was measured over the entire field of

vision by using a fluorescence microscope (IX50, Olympus, Tokyo, Japan) connected to

a color camera with linked Image processing software, Progres Capture. The MFI (Mean

Fluorescence Intensity) from five random fields was measured using Image J 1.49a

software, and the MFI was used as an index of the quantity of NOX.

Fig. III.3. Mechanism of DAF-FM DA processing inside a cell yielding a fluorescent derivative

DAF-FM DA on entering the cell is acted upon by cellular esterases to release the weakly fluorescent form
of DAF-FM. Depending on the level of NOX present inside the cell, DAF-FM gets converted to the
fluorescent benzotriazole derivative.
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III.6. Measuring the mitochondrial membrane potential, morphology

and mass

The cells were cultured on 24 well plates. After nitrite treatment under hyperglycemia for

24 h along with respective controls, the media were changed to HBSS (with Ca2+ or

Mg2+; Himedia Labs, India) with a cyanine dye, JC1 (Molecular Probes, Eugene, OR,

USA), which gets localized to the mitochondria to form either aggregates or remain as

monomers (Perelman et al., 2012; Reers et al., 1991; Smiley et al., 1991). The fluorescent

minutes and the distribution of fluorescent intracellular JC1 was observed under a

fluorescence microscope (IX 51; Olympus Corporation, Tokyo, Japan) for green and red

fluorescence emissions. The relative fluorescence intensity was calculated as ratio of

green to red fluorescence measurements using ImageJ 1.49a and normalized to control.

For estimating the morphological parameters, the images of red fluorescence were

background corrected using a Gaussian filter, binarized and threshold adjusted for

resolving the individual mitochondria. This was then subjected to particle analysis in

ImageJ (‘Analyze Particles’ command) to get the morphological measurements that can

be used to calculate the parameters- Aspect Ratio (Major axis/minor axis) and Form

Factor (Perimeter2

Lee, 2016). Images of 20 individual cells were assessed for each treatment group and

control. The percentages of mitochondria (Particles) having Form Factor < 2 and Aspect

Ratio < 3 were estimated as a measure of decline in mitochondrial elongation or reticulate

property. For analysis of mitochondrial mass, the treated cells were incubated with 100

nM MitoTracker Deep Red FM (Invitrogen, Carlsbad, CA, USA) for 20 min at 37 °C and

washed with HBSS for 5 min twice. MitoTracker Deep Red fluoresces on entering

mitochondria regardless of membrane potential. For counterstaining, Hoechst stain (360

nm/450 nm) was used to fluorescently label the nuclei. The fluorescent images were

obtained at 590 nm excitation / 650 nm emission wavelengths. The images were

binarized and threshold adjusted using ImageJ and the mean fluorescent area was

calculated after normalizing with the nuclei count.
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III.7. Western blot

III.7.A. Cell lysate preparation

The culture plates having either H9c2 or C2C12 were decanted off the media and washed

twice thoroughly with ice-cold PBS to remove all traces of media and other chemicals.

After decanting off the PBS, the cells were incubated for 5 min in ice-cold Radio

Immunoprecipitation Assay (RIPA) buffer containing protease/phosphatase inhibitor

cocktail. The cells were scrapped using a cell scrapper to collect the suspension of lysed

cells into a microcentrifuge tube. The lysates were vortexed in a Multitherm shaker at

4°C for 30 min. The cell lysates were centrifuged at 16,000 rcf for 20 min and the

supernatants were stored at -80°C.

III.7.B. Protein quantification

RIPA soluble cell proteins were quantified using Bicinchoninic acid assay method (Smith

et al., 1985) as per kit instructions (Pierce Biotechnology, MA, USA). For microplate

assay, the cell lysates diluted 10-times and BSA protein standards containing a range of

‘A’ and BCA Reagent ‘B’ was prepared and 200 µL added to each well. The plate was

incubated for half an hour in dark at 50°C and absorbance was measured at 562 nm after

the plate cooled to room temperature. A standard curve of absorbance vs. micrograms

protein of standard was plotted to get a linear equation using which the concentration of

protein in µg/µL in the lysates were determined.

III.7.C. Electrophoresis and Blotting

The protein lysates (30-60 µg) were mixed with 6x Laemmli buffer containing 2-

mercaptoethanol (2-ME), heat denatured for 5 min at 95°C and resolved on 5-12%

polyacrylamide gels using Tris-Glycine-SDS buffer. The gels after the Sodium Dodecyl

Sulphate- Poly Acrylamide Gel Electrophoresis (SDS-PAGE) at 100V were equilibrated

with transfer buffer and excess SDS was removed. The resolved proteins in the gel were

electrophoretically transferred (Burnette, 1981) using a Trans Semi Dry Blot apparatus

(Bio-Rad Laboratories, Hercules, CA, USA), on to a PVDF membrane (pre-wetted with
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100% methanol) at 10V for 30-40 min. The membrane was blocked for 1 h at room

temperature using either 5% skimmed milk (for non-phosphoprotein detection) or 1%

Bovine Serum Albumin (BSA) solutions in TBST (Refer III.F.5.11.). The membrane was

then probed with antibodies (prepared in 3% BSA-TBST) specific to target proteins at

4°C overnight. Secondary antibodies conjugated to Horse Radish Peroxidase (HRP); anti

rabbit IgG; 1:5000-1:8000, anti mouse IgG; 1:10000-1:20000 (Cell Signaling

Technology, Danvers, MA, USA) were used to probe the primary antibodies by

incubation for 1 h at room temperature.

III.7.D. Chemiluminescent detection

Protein bands were visualized using Enhanced Chemiluminescence detection. Equal volumes

of luminol and peroxide solutions were mixed and added on to the membranes. Light

emitting bands were captured on an X-ray film and developed and then documented in Gel

Doc XR Imaging System (Bio-Rad Laboratories, Hercules, CA, USA) and quantified using

Quantity One 1 D Analysis Software.

III.7.E. Reagents Used

III.7.E.1. Acrylamide 40%

Acrylamide- 38.67 % (w/v) and N, N’-methylene bisacrylamide- 1.33% (w/v) in 100 ml

in deionized water.

III.7.E.2. Blocking solution

Skim milk- 5% (w/v) in 1X TBST (For detecting Non-phospho proteins)

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

III.7.E.3. 10 X TGS buffer (Running Buffer, pH-8.3)

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

III.7.E.4. Ponceau S stain

1% Ponceau in 5% glacial acetic acid.
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III.7.E.5. 8 X Resolving gel buffer (pH - 8.8)

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

III.7.E.6. RIPA (Radio Immuno Precipitation Assay) Buffer pH – 8.0

25 mM Tris HCl (pH-7.6), Sodium chloride – 150 mM, Nonidet-P-40 (NP-40) – 1.0%,

Sodium deoxycholate – 0.5%, SDS – 0.1% in deionized water.

Protease and Phosphatase Inhibitors (Cocktails) added as required

III.7.E.7. SDS gel loading buffer (6X) pH – 6.8

SDS – 12%, 2- mercaptoethanol – 12.5% (Add fresh), Glycerol – 60%, Bromophenol

blue – 0.012%, Tris-, HCl - 0.375 M (pH-6.8) in deionized water.

III.7.E.8. 4 X Stacking gel buffer (pH– 6.8)

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

III.7.E.9. 10 X Towbin’s buffer (Transfer buffer, pH-8.3)

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

III.7.E.10. Tris-buffered saline (10 X, pH-7.6)

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

III.7.E.11. Tris-buffered saline with Tween-20 (TBST) [1 X]

1X TBS containing 0.5% Tween-20.

III.7.E.12. To prepare 10% resolving gel (~10 mL)

40% acrylamide: bis-acrylamide (29:1) - 2.5 mL

8X resolving gel buffer - 1.25 mL

TEMED - 10 L
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20% APS - 20 L

Deionised water - 6 mL

III.7.E.13. To prepare 5% stacking gel (~5 ml)

40% Acrylamide- bis acrylamide gel (29:1) - 0.625 ml

Stacking gel buffer - 1.25 ml

TEMED - 5 l

20% APS - 10 l

Deionised water - 3.125 ml

III.8. Gene Expression Assays

III.8.A. Reagents for Agarose Gel electrophoresis

III.8.A.1.TBE Buffer (5X)

1.1M Tris, 900 mM Borate & 25 mM EDTA, pH 8.3.

III.8.A.2. 1% agarose gel

Low EEO Agarose (1%) molten in 1X TBE and casted in a gel cast

III.8.A.3. Ethidium bromide (EtBr)

EtBr dissolved at 3% concentration in distilled water.

III.8.B. RNA extraction and cDNA synthesis

Cells after treatments were washed with HBSS; lysed and total RNA was extracted using

PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) as per the kit instructions

provided. Briefly, cells were added lysis buffer and homogenized by passing through 21G

needle 8-10 times. The lysate was centrifuged at 16000 rcf and the supernatant was added

with one volume of 70% ethanol and mixed well. The mixture was transferred in to spin

cartridges, centrifuged and the flow-through was discarded. The columns were then

washed with wash buffer I and wash buffer II. The RNA bound to the spin columns were

eluted in 40 µL RNase free water. The concentration and purity of the extracted RNA
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was checked using BioPhotometer Plus (Eppendorf AG, Hamburg, Germany) by

measuring A260, A260/A230 and A260/A280 absorbance. Intactness of RNA was

ascertained by 1% agarose gel electrophoresis by observation of intact 28S and 18S

rRNA bands. The RNA samples were aliquoted and stored at -80oC till use. Repeated

freeze-thaw was avoided to minimize RNA degradation. Using 1 µg RNA for each

sample, first strand cDNA was synthesized in a Thermocycler- iCycler (Bio-Rad,

Hercules, CA, USA), as per manufacturer’s protocol, using the Reverse Transcriptase

Core Kit (Eurogentec, Seraing, Belgium). Briefly, the reaction mix was prepared as per

Table (III.1.) keeping all reagents on ice.

Component Volume (µL) Final concentration

10x reaction buffer 1 1x

25 mM MgCl2 2 5 mM (or as required)

2.5 mM dNTP 2 500 µM each dNTP

Random nonamer 0.5 2.5 µM

RNAse Inhibitor 0.2 0.4 U/µL

EuroScript RT 0.25 1.25 U/µL

RNase free water 3.05 -

Template 1 1µg - 2µg Total RNA

Total Mix 10 µL

Table III.1. Reaction mix for reverse transcription PCR

To PCR tubes containing equal quantities of the reaction mix, the templates were added.

A negative control was kept by adding water instead of template. The PCR tubes were

kept on the thermal cycler and the program was set as below.

Initial step 10 minutes at 25°C

Reverse Transcriptase step 30 minutes at 48°C

Inactivation of the RT enzyme 5 minutes at 95°C
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III.8.C. Quantitative PCR for TFAM

The cDNA was used for qPCR analysis of TFAM mRNA expression using Applied

Biosystems TaqMan Gene Expression Assays. The assay primers/probes used were: Rat

for comparative Ct method of TaqMan qPCR assays was performed in the Applied

Biosystems 7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA) using

TaqMan Gene Expression Master Mix. Briefly, 2 min hold at 50 °C for Uracil DNA

Glycosylase (UDG) activity followed by 10 min hold at 95 °C for activation of the Taq

Polymerase and then 40 cycles of Denaturation: 15 sec at 95 °C and

Annealing/Extension: 1 min at 60 °C. The Ct values obtained for each reaction were used

normalized expression level of the target gene TFAM was calculated as 2 (Livak and

Schmittgen, 2001). Values are expressed as fold of the control.

target-Ctreference gene

treatment – control

Relative fold of target mRNA levels of treated with respect to control = 2

III.9. Mass Spectrometric Analysis

III.9.A. Protein extraction with Rapigest SF

III.9.A.1 Reagent Preparation

Rapigest Extraction buffer

Preparation of the Rapigest-50mM NH4HCO3/DNAse/Protease inhibitor, further referred

to as Rapigest Extraction Buffer

Prepare 1mL 50 mM NH4HCO3 buffer using analytical-grade (mili-Q) water:

o MW of NH4HCO3 = 79.06 ; Dissolve 3.95 mg NH4HCO3 in 1 mL H2O.
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100mM Stock solution dissolved in isopropanol.

NH4HCO3/DNAse/Protease inhibitor buffer and re-suspend vigorously.

III.9.A.2. Extraction of protein using sonication/freeze-thaw/detergent

The cells at a density of 1.5 x 106 per mL were used for processing after washing twice

with ice cold PBS. After the second wash, the pellet was dispersed in 300 µL PBS in a

1.5 mL safe-lock tube and spin down vigorously. The supernatant is removed from the

vigorously. The suspension is then sonicated for 10 minutes in a water bath without ice,

at room temperature to allow DNAse to be active. If slimy threads are persisting on

pipetting, sonication was repeated for another 10 minutes. The lysate was then

centrifuged at 16000 rcf for 10 minutes and the supernatant was collected leaving the

debris in the tube. The clear supernatant was stored at -80°C freezer as aliquots after

quantifying the protein using BCA assay. Each aliquot would have 100 µg of protein

which is the optimal concentration for proteomic analysis.

III.9.B. Proteomic profiling

The RapiGest-extracted proteins were subjected to in-solution trypsin digestion to get a

solution of digested peptides. This solution is then centrifuged at 16000 rcf for 15

minutes, and the supernatants were subjected to Liquid Chromatography-tandem mass

spectrometry (LC/MS/MS) based proteomics analysis. Three technical replicates runs

were performed for each sample. A nano ACQUITY UPLC® chromatography system

(Waters, Milford, MA, USA) coupled to a Quadrupole-Time of Flight (Q/TOF) mass

spectrometer (SYNAPT-G2, Waters, Milford, MA, USA) controlled by MassLynx4.1

SCN781 software (Waters, Milford, MA, USA) was used for the proteomics analysis.

Proteins were identified and quantified using Progenesis QI for Proteomics (Non-linear

Dynamics, Newcastle upon Tyne, UK). The UniProt IDs for the peptides from Rattus
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norwegicus protein database were converted into gene symbols, and their relative

quantities were determined as fold change over control. The fold increase or decrease was

The fold increase or decrease was considered significant only when the ‘q’ values (p

III.10. High Resolution Respirometry

Cell cultured in 100 mm dishes were given different treatments for 24 h and 48 h,

trypsinized, washed and resuspended in serum free DMEM at a cell density of 1x106/mL,

to be loaded into the 2 mL chambers of O2k Oxygraph (Oroboros, Innsbruck, Austria) for

high resolution respirometry. The respiratory measurements were acquired at an oxygen

concentration of 185 nmol O2/mL medium, on air saturation at 100 kPa barometric

pressure. Oxygen consumption by the suspended cells stirred at 750 rpm was measured at

37 °C and recorded as oxygen flux per million live cells. The oxygen flux is derived as

the negative slope of the oxygen concentration vs. time using the DatLab6 Analysis

Software (Oroboros, Innsbruck, Austria). State 4 respiration (Leak) was determined by

the maximal mitochondrial respiratory capacity was determined in presence uncoupler

of non-mitochondrial respiration.

Data acquisition and analysis of oxygen consumption rate (OCR) were performed with

DatLab6 software. Uncoupler and inhibitors (Table III.2.) for respiratory experiments

were added to the serum free medium containing cells in a step-by-step manner with the

use of micro syringes.

The measurements obtained from the plot of oxygen consumption/flux JO2 were:

Basal (Routine) respiration (R): “Respiration used to meet the endogenous ATP demand

of the cell and drive proton leak pathways.”
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Leak Respiration (L): “Protons can leak across the inner mitochondrial membrane

independently of ATP synthase (oligomycin insensitive).”

Maximal Respiration (E): “The maximum rate of respiration induced by a protonophore

that dissipates the proton gradient.”

Residual oxygen consumption (ROX): “The oxygen consumption mainly due to the

activities of non-mitochondrial oxidases such as NAD(P)H oxidases and due to the

instrumental background.”

Chemical FW Stock

solution

Conc.

(mM)

Stock solution

Amount added

to 2 mL

chamber

Final

concentration in

2 mL

Antimycin A 540 5 1 µL 2.5 µM

Carbonyl cyanide p-

(trifluoro-methoxy)

phenyl-hydrazone

(FCCP)

254.21 1 1 µL titrations 0.5 µM per

addition

Oligomycin 800 5 1 µL 2.5 µM

Rotenone 394.4 1 1 µL 0.5 µM

Table. III.2. Stock preparation and working concentrations of chemicals for Oxygraph

All oxygen consumption values (JO2) were measured as slope in ‘dat’ files which are the

output files of Oroboros O2K Oxygraph and the mean values were extracted from

appropriately marked time points on the dat files. The first three respiratory

measurements are corrected for the ROX value and used for calculating the coupling

efficiency of the intact cell mitochondria.
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Coupling Efficiency is the percentage of mitochondrial oxygen consumption linked to

ATP synthesis at a given membrane potential. Mathematically,

Coupling Efficiency = 100 x (R-L)/R

OR 100*(ATP linked respiration/Basal respiration)

The fraction of routine respiration and leak respiration to the ETS capacity (E) was

represented as Flux Control Ratios. The routine control ratio will be R/E and the leak

control ratio is computed as L/E. The L/E ratio also represents the reciprocal of intact cell

respiratory control ratio, which is another measure of mitochondrial efficiency. All these

measurements are fractions and hence exclude the need for normalizing the data with cell

number, protein content or citrate synthase activity.

III.11. RNA silencing

The H9c2 cells cultured in 35 mm dishes were grown till 60% confluence. For 50 nM

concentration, 110 pmoles of Drp1 siRNA was mixed with 200 µL of jetPRIME® buffer

and mixed well by inversion. To this, 4 µL jetPRIME® reagent was added and the

mixture was then vortexed for 2 seconds, spun down and incubated at room temperature

for 10-15 minutes. The transfection mix was added to 2 mL of serum-free culture

medium for each dish. After addition of the medium containing the transfection mix, the

culture dishes were gently rocked back and forth and from side to side and then incubated

in CO2 incubator at 37°C. After 4 h, the media was changed to 2% DMEM to avoid the

toxicity of transfection reagent. The transfection was analyzed after 48 h of incubation at

37°C.

III.12. Statistical Analysis

All values are given as means ± Standard Error of Mean (SEM). A p- value of less than

0.05 was considered as significant for all statistical evaluations. Comparisons between

more than two groups were performed using one-way ANOVA followed by Tukey’s post
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hoc multiple comparison tests, if not mentioned otherwise. Some of the data were

analyzed by two-way ANOVA with Dunnett’s post hoc tests. {In the associated

publication, most data were analyzed by two-way ANOVA with Tukey’s post hoc tests to

differentiate between independent main effects and interactions between nitrite treatment

and hyperglycemia effects. Also the variations in the data were depicted by Standard

Deviation (SD) instead of SEM. Further, the numbers of replicates in most data were

using Graph pad Prism 6.
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IV. Results
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IV.1. Assessment of Cell Viability

The culture media used for the NO pro-drugs was having varying glucose concentrations

and so a viability test was conducted to determine the time-dependent effect of glucose

exposures on cell viability before determining the NO pro-drug concentrations to be

utilized. The viability of the cells after exposure to high glucose (HG), SNAP and nitrite

(NaNO2) was determined by MTT and Hoechst/Propidium iodide (PI) assays. DMEM

containing 30 mM glucose was considered as HG and DMEM containing normal glucose

concentration of 5.5 mM (NG) along with mannitol (24.5 mM) was taken as osmotic

control (Man) to account for hyperosmolarity of the medium (He et al., 2013; Xie et al.,

2008). The effect of HG on the metabolic activity (indirect measure of viability) of H9c2

cardiac myoblasts for different time durations- 3, 6, 12 and 24 h was first checked using

MTT assay. It was observed that a significant decrease in metabolic activity occurred at

24 h for H9c2 (Fig. IV.1. A). Further, a Hoechst-PI staining of the cells after 6, 12, 18, 24

and 48 h of HG exposure showed that the percent of PI stained nuclei (non-viable) over

Hoechst stained (total) nuclei increased from 18 h onwards but significantly in 24 h and

48 h time points (Fig. IV.1. B and C). HG exposure for 24 h, where initiation of a

significant cell death occurred was used for all subsequent experiments but for

respirometric studies 48 h time point was also studied to account for any functional

alterations in mitochondria. Such a selection of time point was in order to exclude the

drastic changes in cellular signaling happening on initiation of apoptotic pathways.

For determining the appropriate concentrations of SNAP and nitrite for ensuing

experiments, MTT assays were performed under both NG and HG. Serial dilutions of

SNAP with concentrations from 200 to 25 µM and sodium nitrite concentrations from

1000 to 1 µM were used from stocks prepared as discussed in methods. H9c2 cells

exposed for 24h to NG and HG and nitrite was supplemented throughout the 24 h while

SNAP was added 4 h prior to the end of the treatment. Thus, nitrite treatment represented

a chronic supplementation of an NO pro-drug while SNAP addition corresponds to an

acute exposure. The percent viability of cells was unaltered by SNAP concentrations up

to 50 µM compared to their respective controls under NG and HG.
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Fig. IV.1. Time dependent effect of high glucose (HG) on H9c2 cell viability

Sub confluent cultures of H9c2 were exposed to 30 mM glucose for different time durations and analyzed

by MTT and Hoechst-PI assays as discussed above. For MTT, the absorbance by the formazan formed are

calculated as percent over control and represented as mean ± SEM, n=5. Two-way ANOVA followed by

Tukey’s post hoc test was performed to analyze the data (A). For Hoechst-PI staining, the percentages of

PI to Hoechst ratio are represented as means ± SEM, n=3. Data analysis was done using one-way ANOVA

followed by Dunnett’s multiple comparisons test (B, C).

A

Magnification:

100X

High Glucose:

30 mM

C

B
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Fig. IV.2. Effect of different SNAP (4 h) and nitrite (24 h) concentrations on H9c2 cell viability under

NG and HG conditions

H9c2 cells were exposed for 24h to NG and HG along with either SNAP (A) or nitrite (B) treatments. The

percent viability over respective controls are shown as bar graphs of mean values and error bars represent

the SEM., n=4. Data were analyzed using one-way ANOVA followed by Dunnett’s post hoc test.

Nevertheless, the viability declined significantly on 100 µM and 200 µM SNAP

exposures under HG while under NG significant drop was observed at 200 µM exposure

(Fig. IV.2. A). After nitrite treatments at different concentrations, there was no significant

difference among the groups under both NG and HG conditions (Fig. IV.2. B). Hence, 50

µM SNAP and 500 µM nitrite was chosen for subsequent experiments. Nitrite

concentration of 500 µM was used by Roberts and associates (Roberts et al., 2017) with

C2C12 cells and they had also reported a plasma concentration of 500 µM nitrate

corresponding to metabolically improved phenotypes in mice on dietary nitrate

supplementation.

From the MTT results it was apparent that nitrite per se is not altering the viability of

H9c2 cells. In order to confirm this, a Hoechst-PI staining was performed with H9c2 in

96- well plates exposed to 500 µM nitrite under NG and HG and the percent of PI stained

cells to Hoechst stained cells was found to be decreased similarly in both HG and HG

with nitrite (HGN) when compared to NG and NG with nitrite (NGN) (Fig. IV.3 A & B).

A B
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Fig. IV.3. Hoechst-PI staining showing that HG induced cell death is unaltered on nitrite treatment

H9c2 cells were exposed for 24h to NG and HG with and without nitrite (500 µM) treatments and stained

with Hoechst and PI (A). The percentages of PI to Hoechst ratio on counting atleast 200 cells per well are

represented as means ± SEM, n=3 (B). One-way ANOVA followed by Tukey’s post hoc test was performed

to analyze statistical significance of differences between the means.

IV.2. Intracellular NOX production on nitrite treatment

In order to check whether nitrite supplementation augments the NOX generation in H9c2

cells, the NO sensitive fluorescence probe DAF-FM diacetate was used. Nitrite (500 µM)

treatment for 24 h increased the DAF fluorescence while it was abrogated by 1 h pre-

treatment followed by co-treatment with a pan nitric oxide synthase (NOS) inhibitor, L-

NAME (5 mM) or the NO scavenger, carboxy-PTIO (50 µM). The concentrations of the

antagonists of NO levels in the cell used were as mentioned in previous literatures

(Roberts et al., 2017; Villa-Abrille et al., 2008). The control group of cells was added

with DMSO at a final concentration 0.1% in cell medium and the pharmacological

compounds dissolved in DMSO were added such that final DMSO concentration was

B

24 h

A
100X
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2019; Truitt et al., 2018). The fluorescence micrographs revealed that nitrite treatment is

augmenting the NO levels inside the H9c2 cells (Fig. IV.4.).

Fig. IV.4. DAF-FM staining confirming that intracellular NOX levels increase on nitrite treatment

H9c2 cells were exposed for 24h to NG with and without nitrite (500 µM) treatments and stained with the

NO detection probe, DAF-FM diacetate and Hoechst 33342 counterstain for capturing fluorescent images.

H9c2 cells treated with L-NAME or cPTIO alone served as negative controls. The percent fluorescence

intensities are represented as mean ± SEM (n=3).

IV.3. Unaltered endothelial nitric oxide synthase activity by nitrite

Dietary supplementation of inorganic nitrite has been reported to reduce the endothelial

nitric oxide synthase (eNOS) activity in mice aorta (Carlström et al., 2013). In order to

Magnification: 100X
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verify if nitrite has similar effect in vitro on myoblasts cultured under NG and HG,

lysates of nitrite treated H9c2 and respective controls were examined for inhibitory

(Thr495) and activation (Ser1177) phosphorylations of eNOS. It was found that nitrite

under NG did not exert any significant effect on either of the phosphorylations. However

under HG irrespective of nitrite treatment, H9c2 cells showed enhanced Thr495

phosphorylation and a reduced Ser1177 phosphorylation of eNOS implying a reduced

activity. Hence, nitrite per se is not affecting the eNOS activity under both NG as well as

HG (Fig. IV.5.).

Fig. IV.5. Reduced activity of eNOS under HG with or without nitrite treatment

H9c2 cells lysates after treatment with NG and HG with and without nitrite (500 µM) were probed using

antibodies specific for eNOS phosphorylations at Thr495 (A) and Ser1177 (B). Their relative expressions

with total eNOS were quantified and represented as mean values of fold over control (NG). Mannitol

treated cells acted as osmotic control. Error bars refer to SEM, n=3.

IV.4. Altered intracellular ROS production on HG/Nitrite treatment

As Pride and associates have shown that nitrite preconditioning enhances mitochondrial

fusion and consequent mitochondrial ROS generation in cardiomyocytes (Pride et al.,

2014), it was imperative to verify the effect of nitrite on ROS production under high

A B
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glucose (HG) condition. With this intention, the H9c2 cells treated with nitrite under NG

and HG were labeled with H2DCFDA probe and analyzed with a flow cytometer.

Fig. IV.6. FACS analysis for ROS measurements in H9c2 and C2C12

H9c2 cells after HG treatment with or without nitrite along with respective controls were analyzed for ROS

induced DCF fluorescence. The percent count of cells with DCF fluorescence greater than or equal to 1 x

102 arbitrary fluorescence units are shown as bar graphs for H9c2 (A),n=3 and C2C12 (B) cells, n=2.

Cells in NG, pre-treated for 2 h with 5 mM N-acetyl cysteine (NAC) which abrogates

ROS levels, were used as the negative control (Rouschop et al., 2013; Valdivieso et al.,

2018; Wang et al., 2019). Similarly, a set of FACS analysis was performed with C2C12

A

B

A

B
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myoblasts along with a positive control of cells (NG) treated with 100 µM H2O2 one hour

prior to harvesting for H2DCFDA labeling.

Interestingly, inorganic nitrite treatment for 24 h reduces the intracellular ROS levels

insignificantly under HG, in both cell lines (Fig. IV.6). In order to confirm this

observation a similar set of treatments was done with H9c2 cells followed by H2DCFDA

labeling for fluorimetric analysis. Here, two sets of the nitrite treated cells under NG and

HG were used, one set with a NAC pretreatment and the other without it.

Fig. IV.7. Fluorimetric analysis with H2DCFDA probe for ROS measurements on nitrite

supplementation in H9c2 after depletion of basal ROS

H9c2 cells were treated similar to previous experiment with and without a 2 h NAC pre-treatment and

DCFDA assay was performed using fluorimetry. DCF fluorescence measured from fluorimeter was

represented as bar graph of mean values with arbitrary fluorescence units, and SEM denoted by error

bars.

From the fluorimetric measurements, it was observed that DCF fluorescence was high in

both the HG treated groups, while the 24 h nitrite treatments tends to decrease the

fluorescence levels insignificantly under both NG and HG. This is in contrast to the

preconditioning effect of nitrite on H9c2 cells where it transiently enhances ROS

generation (Pride et al., 2014). A remarkable observation that came across was the effect

of nitrite on cells depleted of basal ROS levels by NAC pretreatment. In the NG

conditions, nitrite significantly reduced the ROS generated in the cells after NAC

pretreatment. Meanwhile under HG, ROS production was found to be enhanced by nitrite

in comparison with the former group (Fig. IV.7.). These observations point to the
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differential effects of nitrite on cellular redox status based on the ROS environment

already prevailing in the cells.

IV.5. Altered mitochondrial ROS production on HG/Nitrite treatment

Apart from the total intracellular ROS, the mitochondrial specific superoxide generation

was analyzed in H9c2 cells after the nitrite treatments under NG and HG. For this, the

mitochondrial superoxide specific probe, MitoSOX was used and the fluorescent

micrographs revealed higher fluorescence intensity in both the high glucose treated

groups. However, compared to HG group the intensity was significantly lower in HGN

group indicating lesser mitochondria generated ROS. This observation is in concordance

with the FACS data where the total intracellular ROS was inclined to decrease in cells

given nitrite under HG (Fig. IV.8.). The superoxide generated from the mitochondrial

complexes during oxidative phosphorylation, especially complexes I and III are the major

source of intracellular ROS in myocytes having a high mitochondrial content (Bleier and

Dröse, 2013; Brand, 2010; Wong et al., 2017; Zhao et al., 2019).

IV.6. Altered expressions of antioxidant enzymes and the ROS sensitive

Aconitase 2 enzyme by HG, nitrite and SNAP treatment

As there is an elevated ROS under HG conditions, the effects on the antioxidant enzymes,

Glutathione Peroxidase4 (GPx4) and mitochondrial superoxide dismutase (SOD2)

expressions were examined. The former increased in HG treated cells while on SNAP

treatments under NG and HG, no significant change was observed. In the case of SOD2,

SNAP treatment under NG elevated the protein levels two-fold while HG also increased

its expression. Meanwhile on addition of SNAP under HG, the SOD2 levels were

significantly lower than the expression in NGS group (Fig. IV.9.). This indicates the

differential effect of SNAP in the normal and hyperglycemic levels on mitochondrial

antioxidant levels, but its implications are ambiguous as the activity of the SOD2 enzyme

might also be altered. A similar set of experiments where nitrite was given instead of

SNAP indicated a rise in both GPx4 and SOD2 levels after HG treatment, while nitrite
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non-significantly reduced the levels of MnSOD which is in concordance with the

MitoSOX results (Fig. IV.10.).

Fig. IV.8. Elevated mitochondrial ROS labeled by MitoSOX staining in HG and HGN groups

H9c2 cells were exposed for 24h to NG with and without nitrite (500 µM) treatments and stained with the

mitochondrial ROS detection probe, MitoSOX Red and nuclear stain Hoechst. The fluorescence intensity of

oxidized MitoSOX was high in both the HG treated groups but the intensity was significantly lower in the

A

B
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nitrite treated group as indicated by the bar graph denoting mean ± SEM. Representative images of one

field per group are shown, n=3.

Fig. IV.9. Equivocal expression of GPx4 and SOD2 after HG and SNAP treatments

Lysates of H9c2 cells prepared after treatment with SNAP under NG and HG were probed by

immunoblotting for GPx4 (A) and SOD2 (B). Their relative expressions with vinculin were quantified and

represented as mean values of fold over control (NG). Error bars denote the SEM, n=3.

Fig. IV.10. Altered expression of GPx4 and SOD2 after HG and nitrite treatments

A B

BA
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The H9c2 cell lysates were immunoblotted using GPx4 and SOD2 antibodies to know the effect of nitrite

treatment on antioxidant levels under NG and HG. The representative blots from four independent

experiments are shown and bar graphs represent the mean values with SEM.

Further, by examining the expression of the mitochondrial enzyme Aconitase2 under both

of the above conditions, the effect of SNAP and nitrite on a ROS sensitive enzyme was

studied (Lushchak et al., 2014b; Scandroglio et al., 2014). Also, Aco2 has been reported

in astrocytes to generate ROS when it gets inactivated by exogenous peroxide, thereby

exacerbating neurotoxicity (Cantu et al., 2009). The expression of Aconitase 2 in H9c2

cells showed no alterations after nitrite or HG treatments (Fig. IV.11. A) while SNAP

treatment imparted a downregulation under HG as opposed to when given under NG (Fig.

IV.11. B).

Fig. IV.11. Mitochondrial Aconitase expression on HG, SNAP and nitrite treatments

The aconitase 2 expressions in H9c2 cells are represented as mean ± SEM of fold change over control. The

bands were normalized with those of Vinculin as loading control, n=3. Bar graphs of SNAP/HG treatments

(A) and Nitrite/HG treatments are also shown (B).

A B
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IV.7. Decreased mitochondrial membrane potential in H9c2 cells on

HG, nitrite and SNAP treatment

As observed in Fig. IV.8. nitrite treatment reduced formation of superoxide in the

mitochondria under HG. The superoxide generation is closely linked to the membrane

permeability of the mitochondria and also the rate of ROS production from mitochondrial

complexes is dependent on the membrane potential (Düssmann et al., 2003; Suski et al.,

2012; Suski et al., 2018). So, a mitochondria specific dye, JC1 which is sensitive to

transient membrane potential changes induced by ADP or inhibition of oxidative

phosphorylation was used (Sivandzade et al., 2019; Smiley et al., 1991).

Fig. IV.12. Dwindling of mitochondrial membrane potential in H9c2 on HG treatments

The decline in red to green ratio of JC1 fluorescence in H9c2 cells on HG treatments with or without nitrite

compared to respective controls depicted in micrographs from epifluorescence microscope. The bar graphs

represent the mean values of ratio between red and green fluorescence intensities obtained simultaneously

from random fields. Three independent experiments were done and error bars represent SEM.

Magnification- 400X
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JC1 forms aggregates or exists as monomers emitting red and green fluorescence

respectively and thereby differentiates mitochondria with high membrane potential from

that with a low membrane potential (Garner and Thomas, 1999; Reers et al., 1991). JC-1

does not detect mitochondrial impairment as such, but simply indicates the cell’s health

status. However, JC-1 could be utilized as an alternative to the ATP assay for indirectly

determining membrane capacity to convert electrochemical gradient to ATP and should

be conducted at the 24 h time point only (Rana et al., 2011).

Fig. IV.13. Decreased mitochondrial membrane potential in H9c2 on HG/SNAP treatments

The ratio of red fluorescence to green fluorescence decreased on HG treatments indicating a decline in

mitochondrial membrane potential. The micrographs are representative of one field per experimental

group. The ratio of mean fluorescence intensities are represented by bar graphs in arbitrary units as means

± SEM. Magnification- 200X

For the JC1 staining experiments, H9c2 cells treated with SNAP and nitrite under NG

and HG were incubated with the dye as discussed in methods section. The red to green

fluorescence ratio decreased significantly in HG treated cells in comparison with control,
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irrespective of SNAP or nitrite additions. Further, a non-significant decrease in the

red/green ratio was observed in both SNAP and nitrite treated cells under hyperglycemia

when compared to their respective HG groups (Fig. IV.12 and Fig. IV.13). This indicates

that there is a concomitant decline in mitochondrial membrane potential under

hyperglycemic conditions along with increased superoxide production. The reduction in

mitochondrial superoxide generation on nitrite treatment under HG might be linked to the

minor reduction in membrane potential as it is reported that there is more superoxide

production and retention in mitochondria at high membrane potential and a reduction in

the mitochondrial potential usually inhibited the ROS production (Korshunov et al.,

1997; Skulachev, 1996; Suski et al., 2012; Suski et al., 2018).

Further on evaluating the morphological parameters of the mitochondrial population, the

aspect ratios and form factors were found to be affected by SNAP treatment under HG.

The Aspect Ratios (AR) estimated from the red fluorescence images of JC1 staining

showed that there is an increase in the population of mitochondria with AR < 3 in the

HGS and HGN groups as well as both the HG groups compared to their respective

controls (Fig. IV.14. A & C). The Form Factor (FF) derived from the area and perimeters

of individual mitochondrial networks were showing a trend similar to the Aspect Ratios.

The percent of mitochondria with FF < 2 were relatively higher in the HG and HGN

groups albeit non-significant, than the control (Fig. IV.14. B).

However, there was a significant increase in the population of mitochondria with AR < 3

in the HGS group compared to control (Fig. IV.14. D). Higher ARs depict the elliptical

nature and elongation of the mitochondrion, meanwhile higher FFs indicate longer, more

branched mitochondria.
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Fig. IV.14. Assessment of mitochondrial morphological parameters in H9c2 cells

The fluoromicrographs of JC1 staining were analyzed for mitochondrial dimensions and the Aspect ratios

and form factors of each individual mitochondrion were measured. The percent of mitochondria having

aspect ratios < 3 and form factors < 2 are represented as mean ± SEM for nitrite/HG treatments (A,B) and

SNAP/HG treatments (C,D).

The mitochondrial membrane proteins adenine nucleotide translocase (ANT1) and the

uncoupling protein, UCP3 are important determinants of the mitochondrial membrane

potential (MMP). Overexpression of ANT1 has been related to complete loss of MMP

and its upregulation during aging correlates to decrease in MMP (Heger et al., 2018; Jang

A
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et al., 2008; Skárka et al., 2003) whereas UCP3, when overexpressed led to decreased

MMP without a decrease in ATP content in human primary myocytes (García-Martinez

et al., 2001). Taking this into account, the expressions of UCP3 and ANT1 were analyzed

in H9c2 on nitrite and SNAP treated cells under NG and HG by immunoblotting.

IV.8. Altered expression of ANT1 and UCP3 in H9c2 cells on HG,

nitrite and SNAP treatments

The ANT1 expression was increased in the HG-nitrite treated cells over control while

UCP3 increased significantly only in the HG group (Fig. IV.15. A and Fig. IV.15. B).

This is in line with the reduced MMP observed above in the two HG treated groups

during JC1 assays. When SNAP treatments were given, the H9c2 cells showed increased

ANT1 expression under both NG and HG conditions (Fig. IV.16. A). This might be

contributing to the non-significant decrease of MMP in NGS vs. NG group and HGS vs.

HG group. Also the significantly increased expressions of UCP3 in both the HG treated

groups correlate with the decreased MMP observed in those groups with respect to

controls (Fig. IV.16. B).

Fig. IV.15. Augmented ANT1 and UCP3 expression in H9c2 on HG/nitrite treatments

The H9c2 cell lysates were analyzed for ANT1 and UCP3 protein levels to know the effect of nitrite

treatment under NG and HG. The ANT1 levels were upregulated in HGN (A) whereas UCP3 was

upregulated in HG group (B). Mean values and SEM are shown as bar graphs with error bars.

A B
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Fig. IV.16. Augmented ANT1 and UCP3 expression in H9c2 on HG/SNAP treatments

Immunoblots showing ANT1 and UCP3 protein levels on SNAP treatment under NG and HG. The ANT1

levels were upregulated by SNAP under both glycemic conditions (A) whereas UCP3 was upregulated by

HG with or without SNAP (B). Mean values and SEM are shown as bar graphs with error bars.

IV.9. Unaltered mitochondrial coupling efficiency in H9c2 myoblasts on

SNAP or nitrite treatments under NG and HG

Assessment of mitochondrial function through measuring the respiration or oxygen

consumption reflects the effect of any treatment or intervention on the intracellular

energy metabolism (Kuznetsov et al., 1998; Kuznetsov et al., 2008; Saks et al., 2004).

For this a polarographic oxygen sensing technique known as high resolution respirometry

was utilized. The respirometric experiments were conducted with intact H9c2 cells after

different treatments as discussed in methods section. The Basal (Routine) respiration (R),

Leak Respiration (L), Maximal Respiration (E) and Residual oxygen consumption (ROX)

were measured and the mean values were extracted from the ‘dat’ files. The ROX

corrected values of R and L were used for determining the changes in mitochondrial

coupling efficiency of the intact cell mitochondria after different treatments. Coupling

Efficiency is the percentage of mitochondrial oxygen consumption linked to ATP

synthesis at a given membrane potential. The Coupling efficiency decreased slightly in

SNAP treated cells under normal glucose whereas nitrite treatment does not alter the

A B
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intact cell mitochondrial coupling efficiencies under either glycemic condition (Fig.

IV.17.).

IV.10. Estimating the RNA expression of the mitochondrial

Transcription Factor A (TFAM) and the overall mitochondrial mass

The absence of any consequences of HG/Nitrite treatments in the mitochondrial coupling

efficiency despite lowering of mitochondrial membrane potential might be due to a

compensatory change in mitochondrial biogenesis. In order to verify whether such a

manifestation is occurring, the gene expression of mitochondrial Transcription Factor A

(TFAM) was quantified using real time PCR. Confluent cultures of H9c2 given the

HG/nitrite treatments for 24 h along with respective controls were lysed with a lysis

buffer containing guanidinium isothiocyanate provided with the RNA isolation kit as

discussed in the Methods. The total RNA was isolated as per kit instructions and then was

run on a 1% agarose gel to confirm the integrity of the RNA (Fig. IV.18. A). First strand

cDNA synthesis was done from 2 µg RNA using a mix of oligo-dT primer and random

hexamers and M-MLV reverse transcriptase. The cDNA was co-amplified for 40 cycles

Real-time qPCR analysis.

The TFAM gene expression in response to nitrite treatment for 6 h in NG conditions

remained at comparable levels with the control. Meanwhile the fold change of TFAM

mRNA over control significantly enhanced on HG treatment at 6 h time-point.

Interestingly, such a significant elevation was not observed in HG-Nitrite group when

compared to NG-nitrite group (Fig. IV.18. B). However at 24 h, the TFAM mRNA levels

dropped in HG group albeit non-significantly in respect of control and both the nitrite

treated groups were showing a trend towards an increase compared to their respective

controls (Fig. IV.18. C). The only significant difference observed among the groups was

the higher TFAM RNA in NGN with respect to HG. The initial increase in TFAM

mRNA on HG exposure might be the first response to the substrate excess and then

subsides afterward due to the high ROS generated (Palmeira et al., 2007).
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Fig. IV.17. Unchanged mitochondrial coupling efficiency in HG/SNAP and HG/Nitrite treated cells

The coupling efficiency of the mitochondria in intact H9c2 cells was not changed by HG/SNAP treatments

at both 24 h (A) and 48 h (B) or by HG/Nitrite treatments at 24 h (C) and 48 h (D) time-points. The data

are represented as mean values of percent coupling efficiency without normalizing to the values of control

group and error bars represent the SEM.

Further, on evaluating the effect of nitrite and/or hyperglycemia on mitochondrial mass

by MitoTracker staining, and it was observed that none of the treatment groups were

significantly different from each other and compared to control (Fig. IV.19.)

A
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Fig. IV.18. Agarose gel electrophoresis of total RNA isolated from H9c2 cells and Real time PCR for

mRNA expression of TFAM in H9c2 cells on HG/Nitrite treatments

The H9c2 cells given treatments same as previous experiment for 6 h and 24 h were lysed and the total

RNA was extracted. The RNA was subjected to 1% agarose gel electrophoresis. The presence of intact 28S

and 18S bands was documented using Bio-Rad Gel Documenting System (A). After cDNA preparation, the

TFAM expression was quantified using TaqMan Gene Expression assays. At 6 h time-point HG group was

showing significantly elevated TFAM gene expression in comparison with the NG groups but at 24 h, HG

vs. NG had no significant difference.

B C
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Fig. IV.19. Estimation of the overall mitochondrial mass in H9c2 cells

Fluoromicrographs representing the MitoTracker Deep Red staining of H9c2 cells and the representative

graph depicting the mean area of mitochondrial mass from three independent experiments (mean ± SEM).

Magnification: 200X
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IV.11. Alterations in proteome of H9c2 myoblasts exposed to Nitrite

To determine the effects of nitrite supplementation on the total proteome of the H9c2

myoblasts, protein digests of cells exposed to nitrite for 24 h were subjected to Liquid

Chromatography-tandem mass spectrometric (LC/MS/MS) analysis and the peptides

identified and quantified using Progenesis QI (Waters Corporation, MA, USA) for

Proteomics. The UniProt IDs from Rat protein database were converted into gene symbol

and their relative quantities were determined as fold change over control. The fold

increase or decrease was considered significant only when the ‘q’ values (p values

corrected for false discovery rate).

The significantly upregulated proteins were subjected to string analysis (www.string-

db.org) for interactions and cellular function related to organelles especially

mitochondria. Due to the small number of upregulated proteins which had reported

interactions among them, the only biological interpretation that can be reported is an

enrichment of proteins involved in organelle organization. The proteins were identified as

the cytoskeletal components, Tubulin alpha-4A chain (Tuba4a), Septin2 (Sept2) and

Phosphatidylinositol-binding clathrin assembly protein (Picalm) of which only Septin2

has a reported role related to mitochondria, the fission process. Septin2 can localize to

mitochondria, interact with Drp1 and thus regulate mitochondrial fission (Pagliuso et al.,

2016). The only mitochondrial protein found to be upregulated in the interactome was the

mitochondrial Aldehyde dehydrogenase1 (Aldhb1) enzyme that has association with the

cytosolic enzyme Acyl-CoA thioesterase-12 (Acot12) (Fig. IV.20.).

The mass spectrometry data gives leads about the group of interacting proteins that gets

altered relatively to a control and needs to be validated by further analysis like western

blotting.
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Fig. IV.20. Retrieval of interacting proteins using string analysis of the upregulated proteins in H9c2

cells after nitrite treatment under normal glucose conditions

The H9c2 cells treated with nitrite for 24 h under high glucose were processed for mass spectrometry and

the list of upregulated proteins was subjected to string analysis. The proteins represented are: Kif5a-

Kinesin heavy chain isoform 5A, Tuba4a- Tubulin alpha 4a chain, Sept2- Septin2, Picalm-

Phosphatidylinositol-binding clathrin assembly protein, Acaa1a- 3-ketoacyl-CoA thiolase_ peroxisomal,

Parva- Alpha-parvin, Acot12- Acyl-CoA thioesterase-12, Aldh1b1- Aldehyde dehydrogenase X_

mitochondrial, Aprt- Adenine phosphoribosyltransferase, and Enoph1- Enolase-phosphatase E1.
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IV.A. Key findings (Broad Objective A)

• Nitrite has differential effects on cellular redox status of myocytes based on the

ROS environment already prevailing in the cells.

• Both SNAP & Nitrite treatments decrease mitochondrial membrane potential of

H9c2 myoblasts under high glucose conditions.

• UCP3 & ANT1 levels are increased under HG conditions and by SNAP

correlating to the decreased mitochondrial membrane potential.

• Mitochondrial coupling efficiency is unchanged under HG on SNAP or nitrite

treatments.
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IV.12. Alteration of Drp1 activity by nitrite/SNAP under HG

As indicated from above results, nitrite and SNAP treatments under hyperglycemia leads

to reduction in the mitochondrial membrane potential without any alteration of its

coupling efficiency in H9c2. Now, for examining the effects of the above treatments on

mitochondrial dynamics, the focus was laid on the mitochondrial outer membrane fission

protein Drp1 and the inner membrane fusion protein OPA1.

Firstly, to check whether the above alterations in mitochondrial membrane potential and

superoxide generation is associated with molecules regulating in the mitochondrial

fission processes, changes in Drp1 activity were studied. H9c2 cells cultured under NG

and HG were given nitrite and SNAP were lysed and probed with pDrp1-Ser637 and

Drp1 specific antibodies after SDS-PAGE as discussed in Methods.

Fig. IV.21. Downregulation of Drp1 phosphorylation at Ser637 on nitrite treatment under HG

decreased ratio of pDrp1-Ser637 to Drp1 in the HGN group in comparison with NG and NGN groups. The

fold changes over NG group are represented in the bar graph as mean ± SEM from 4 independent

experiments.

Dephosphorylation of Drp1 at Ser637 might lead to increased Drp1-mediated fission

since studies have reported that repression of the dephosphorylation process in myocytes

leading to consequent suppression of mitochondrial fission (Kim et al., 2013; Marsboom

Glenn et al., 2012; Okada et al., 2016). The H9c2 cells after HG/nitrite treatments and

controls were analyzed for Drp1 phosphorylation and under hyperglycemia; nitrite

reduces phospho-Drp1 Ser637 levels (Fig. IV.21.). This might signal the translocation of
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Drp1 to mitochondria and leading to its activation. The activity of Drp1 is a key

determinant of mitochondrial membrane potential as cells expressing mutant Drp1 has

been found to exhibit high MMP (Tomer et al., 2018). The decrease in inhibitory

phosphorylation of Drp1 is possibly leading to its increased activity and hence can

contribute to lowering of MMP.

Fig. IV.22. Ratio of pDrp1-Ser637 to total Drp1 decreased on SNAP treatment under HG

H9c2 lysates probed for pDrp1-Ser637 and Drp1 along with Tubulin as loading control showed a

decreased ratio of pDrp1-Ser637 to Drp1 in the HGS group in comparison with NG and NGN groups. The

fold changes over NG group are represented in the bar graph as mean ± SEM from 3 independent

experiments.

A similar set of experiments when done with SNAP treatments, comparable levels of p-

Derp1 Ser637 was observed. Here as well, the inhibitory phosphorylation was

significantly lowered in the HG-SNAP treated cells compared to NG control (Fig.

IV.22.). This probably gives an indication that inorganic nitrite is acting through a

mechanism similar to or mediated through NO signaling.

To delve further into the possible mechanism of nitrite/SNAP action under

hyperglycemia, activity of some of the cellular kinases already reported to regulate Drp1

phosphorylation directly or indirectly was analyzed.

IV.13. Akt1 activity inhibition by nitrite/SNAP under HG

The Drp1 protein is under the regulation of several cellular kinases and since its reduced

activity is also related to mitochondria mediated cytoprotection (Cho et al., 2013; Ong et
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al., 2015), it was reasonable to examine whether the enhanced activity of Drp1 is

associated with a concomitant change in activity of a pro-survival kinases like Akt1.

Protein kinase B or Akt1 is a kinase upstream of two of the recognized modulators of

that Ser-473 phosphorylation (an activation phosphorylation) was found to be decreased

in the HGN and HGS groups similar to Drp1 phosphorylation (Fig. IV.23.). The

activation phosphorylation at Ser 473 residue of Akt1 reduced significantly in the nitrite

treated groups under HG but not in HG alone group indicating a combined effect of

nitrite and HG rather than standalone effects.

Fig. IV.23. Ratio of pAkt1-Ser473 to total Akt decreased on nitrite/SNAP treatment under HG

H9c2 lysates probed for pAkt1-Ser473 and t-Akt along with Vinculin as loading control showed a

significantly decreased pAkt1-Ser473 to t-Akt ratio in the HGN group in comparison with NG and NGN

A

B
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groups (A) and in the HGS group when compared to NGS group (B). The fold changes over NG group are

represented in the bar graphs as mean ± SEM from 4 independent experiments.

IV.14. Pharmacological inhibition upstream of Akt1 in the presence of

nitrite has no additional downstream effects

The Phosphatidyl Inositol 3-Kinase inhibitor, LY294002 reduces the activation

phosphorylation on Akt1 and also subsequently leads to reduced regulatory

2013). To check whether nitrite and LY294002 have synergistic effects on the

phosphorylation status of Akt1 and its downstream effectors, H9c2 cells were exposed to

LY294002 with or without nitrite for 4 h and lysates probed with phospho-specific

were analyzed. The LY294002 treated cells were showing significantly reduced

Also, a concomitant decrease in Ser637 phosphorylation and an increase in Ser616

phosphorylation was observed in the PI3-K inhibitor treated cells without any additional

effects by nitrite. Nitrite per se had no effect on any of the above phosphorylation levels

(Fig. IV.24).

the short time-point which was however sufficient for decline in Akt1 activity and

simultaneous Drp1 activation. Another reason might be the presence of other kinases

modulation of Drp-1 and Akt1 activities

The reduced activation of Akt1 might lead to alteration of the downstream kinases like

which is an inhibitory phosphorylation introduced by an activated Akt1 and the protein

levels of Pim1 kinase which has a constitutive kinase activity were analyzed. In the case
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nitrite group compared to control, which again might be due to the action of other kinases

residues in H9c2 lysates treated with LY294002 and nitrite under NG

The H9c2 cell lysates after 4 h of LY294002 and nitrite treatments alone and in combination under NG

conditions were immunoblotted for phospho-antibodies. The bar graphs represent the mean ± SEM from 4

independent experiments (A).The representative bands from a single experiment are shown (B).

A
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Pim1, a pro-survival kinase known to inhibit Drp1 by phosphorylating it at Ser637

(Borillo Gwynngelle A. et al., 2010b) was less expressed in the HG-nitrite group of H9c2

cells in comparison with both the NG treated groups (Fig. IV.25. B). These observations

point toward the possible link of Drp1 activation with the Akt1/Pim1 axis rather than the

preliminary observation and needs further corroboration and elucidation of the

mechanisms involved using techniques to analyze protein-protein interactions.

protein expression levels respectively. The bar graphs represent mean values from 4 independent

experiments and error bars denote the SEM.

IV.16. Opa1 expression in H9c2 is altered under HG, only on SNAP

treatment and not on nitrite treatment

As Drp1 activity is enhanced by nitrite and SNAP treatments under HG indicating

augmented mitochondrial fission, its counterpart OPA1, involved in regulation of

mitochondrial fusion was also examined at protein level. OPA1, a regulator of inner

mitochondrial membrane fusion was downregulated in H9c2 cells treated with SNAP

A B
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under HG in comparison with those treated under NG (Fig. IV.26. A). Nevertheless,

OPA1 was also not altered by nitrite under HG with respect to control (Fig. IV.26. B).

Fig. IV.26. Levels of OPA1 in H9c2 cells treated with HG, SNAP and nitrite.

The H9c2 cell lysates after HG/SNAP (A) and HG/nitrite (B) treatments along with respective controls

mean ± SEM, n=4.

IV.17. Silencing of Drp1 in H9c2 using siRNA

The influence of nitrite treatment under HG on Drp1 activity warranted the examination

of effects of the same treatment on Drp1-silenced cells. Also since, Drp1 is a key point of

contention in mitochondria-mediated cell death processes (Breitzig et al., 2018; Estaquier

and Arnoult, 2007; Vantaggiato et al., 2019; Xie et al., 2018), the effects of its silencing

on some of the apoptosis and mitophagy markers were examined.

The H9c2 cells were exposed to Drp1 siRNA at different concentrations of 50, 100 and

200 nM and scrambled siRNA at 100 nM as per the ‘methods’ section and the expression

of Drp1 was checked after 48 h and 72 h of transfection. It was found that the maximum

inhibition was observed at 50 nM concentrations particularly in the 48 h incubation

period (Fig. IV.27.). So 50 nM siRNA, with a 48 h transfection period was used for

ensuing experiments.

A B
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Fig. IV.27. Validation of Drp1 knockdown using siRNA in H9c2 cells

H9c2 cells were transiently transfected with Drp1 siRNA (5 pmol) or scrambled siRNA (Control groups),

loading control, n=2.

IV.18. Differential effects of Drp1 silencing on OPA1 levels

The H9c2 cells were exposed to Drp1 siRNA as above and for the final 24 h treated with

nitrite under NG and HG conditions. H9c2 cells treated with scrambled siRNA followed

with 24 h NG, HG and mannitol exposures served as different controls. The OPA1 levels

were elevated on Drp1 silencing under normoglycemia with/without nitrite treatment.

Meanwhile under HG, Drp1 silencing rendered no significant change in OPA1 expression

(Fig. IV.28.). Hyperglycemia thus suppressed the elevation of OPA1 on Drp1 silencing

irrespective of nitrite treatment.
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Fig. IV.28. Levels of OPA1 in H9c2 cells after Drp1 silencing

The H9c2 cell lysates after Drp1 silencing and nitrite treatments under NG and HG along with negative

IV.19. Effect of Drp1 silencing on mitochondrial respiration

The H9c2 cells were exposed to Drp1 siRNA and 24 h after transfection cells were

treated with nitrite under NG and HG conditions for 48 h. H9c2 cells treated with

scrambled siRNA along with 48 h NG and HG exposures as above, served as controls.

The mitochondrial respiration was measured using Oxygraph as described in ‘methods’

and the respiratory ratios were estimated.

IV.19.1. Effect on mitochondrial coupling efficiency

The coupling efficiency was calculated from the measurements of Basal and Leak

respirations as described in IV.9. It was observed that nitrite treatment enhances

mitochondrial coupling efficiency of Drp1 silenced cells under normoglycemia while the

silencing itself did not exert any effect. However under hyperglycemia, the coupling

efficiency was decreased by Drp1 silencing while nitrite did not have any additional

effect (Fig. IV.29. A).
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IV.19.2. Effect on mitochondrial routine control ratio

The routine control ratio is the fraction of basal (routine) respiration with respect to the

ETS capacity, R/E. The routine control ratio of Drp1 silenced cells gets reduced on nitrite

treatment under NG, while Drp1 silencing per se did not affect it. But under HG, Drp1

silencing significantly increased the R/E ratio and nitrite also had an additive effect (Fig.

IV.29. B)

Fig. IV.29. Bar graphs representing the mitochondrial respiration in H9c2 cells after Drp1 silencing

Bar graphs representing the coupling efficiency (A), routine control ratio (B) and leak control ratio (C) in

H9c2 cells after Drp1 silencing under NG and HG with or without nitrite treatments. Data represented as

mean ± SEM, n=3.

A

B
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IV.19.3. Effect on mitochondrial leak control ratio

The leak control ratio is the fraction of leak respiration with respect to the ETS capacity,

L/E. Under NG conditions, Drp1 silencing per se did not have any effect but on nitrite

treatment the leak control ratio declined considerably. The leak control ratio of Drp1

silenced cells increased in HG treated groups irrespective of nitrite treatments (Fig.IV.29.

C).

The increase in coupling efficiency in nitrite treated Drp1-silenced cells under NG is due

to almost a 40% reduction in leak respiration compared to control which might be

beneficial to the cells. Collectively, the above observations indicate a differential effect of

Drp1 silencing depending on the glycemic levels which needs further elucidation.

IV.20. Effect of Drp1 silencing on apoptosis and mitophagy markers

Drp1-silenced H9c2 cells were examined for the protein levels of molecules involved in

apoptosis and mitophagy, two processes that are closely related to mitochondrial fission.

H9c2 cells were given treatments as in IV.18., and the levels of cleaved PARP, cleaved

Caspase7, Bcl2, Pink1 and Parkin were analyzed. There are already reports in other cell

lines that inhibition of Drp1 impairs intrinsic apoptosis, and also decrease mitophagy

(Estaquier and Arnoult, 2007; Twig et al., 2008). PARP is a protein involved in DNA

repair which is cleaved by caspases during apoptosis into an 89 kDa fragment. The

cleaved PARP level was decreased by nitrite treatment in NG/Drp1 silenced group while

no significant change occurred in any of the HG treated groups (Fig.IV.30.). So, Drp1

silencing per se did not show any influence on cleaved PARP levels.

Caspase7 is an effector caspase in apoptotic signaling, and is downregulated in Drp1

silenced H9c2 cells under HG irrespective of nitrite supplementation, whereas no

significant change was observed under NG among any groups (Fig. IV.31. A). Bcl2 is an

anti-apoptotic protein that as a consequence of inhibition of apoptotic factors can

indirectly inhibit autophagy too (Lindqvist et al., 2014).
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Fig. IV.30. Cleaved PARP levels in Drp1 silenced cells

Bcl2 levels are reduced in Drp1 silenced cells under HG with/without nitrite

supplementation while under NG no change was observed in any of the treatment groups

(Fig. IV.31. B). Thus, Drp1 silencing reduces the apoptosis inhibitory signals under HG.

In the case of mitophagy regulators, PTEN induced kinase 1 (Pink1) is a serine-threonine

kinase that is degraded by mitochondrial proteases when the MMP is intact. Disruption of

MMP leads to accumulation of the protein (Narendra et al., 2010). Parkin is the

regulatory ubiquitin E3 ligase partner of Pink1 and a mitophagy promoter. Parkin is

critical for maintaining mitochondrial integrity and is reported to be upregulated on

cardiac-specific ablation of Drp1 in mice (Breitzig et al., 2018; Song Moshi et al., 2015).

Pink1 (55 kDa fragment) is reduced in Drp1 silenced cells under both glycemic levels

irrespective of nitrite treatment (Fig. IV.32. A). This fragment of Pink1 has been reported

to form in depolarized mitochondria (low MMP)(Becker et al., 2012) and Drp1

suppression is characterized by a low MMP (Choi et al., 2013).



87

Fig. IV.31. Cleaved Caspase 7 and Bcl2 levels in Drp1 silenced cells

actin. Data represented as mean ± SEM from 3 independent experiments.

Meanwhile Parkin is accumulated in the Drp1-silenced cells under NG and nitrite

treatment imparts an additive effect on Parkin levels. Nevertheless, the HG treated cells
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showed no significant difference in Parkin levels in the Drp1-silenced groups compared

to the HG-scrambled siRNA control. Interestingly, all the HG treated groups had higher

Parkin levels than the Mannitol control (Fig. IV.32. B). This observation implies that the

effect of HG on Parkin levels overrides that of Drp1 silencing. There are contrasting

reports revealing the role of Drp1 in regulation of mitophagy.

A
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Fig. IV.32. Pink1 and Parkin levels in Drp1 silenced cells

The bands of Pink1 (A) and Parkin (B) were normalized to Vinculin. Data represented as mean ± SEM

from 3 independent experiments.

In one scenario it has been displayed as the key regulator of Pink1-Parkin mediated

mitophagy whereas other reports present Drp1 activity to protect healthy mitochondrial

domains from elimination by unchecked Pink1–Parkin activity (Breitzig et al., 2018;

Burman et al., 2017). From the above results, it can be corroborated that hyperglycemia

and nitrite can act as additional determinants of Drp1’s role in apoptosis and mitophagy

or mitochondrial dynamics in general.
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IV.B Key findings (Broad Objective B)

Nitrite /SNAP activated Drp1 under high glucose and concomitantly decreased

the Akt1 activity in H9c2 cells.

phosphorylation

The inactivation of Akt under HG-nitrite was associated with reduced expression

of Pim1 kinase

Silencing of Drp1 leads to differential effects by nitrite under NG vs. HG

conditions, mainly pertaining to mitochondrial respiration and markers of

mitochondria-related processes like apoptosis and mitophagy.
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V. Discussion
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Inorganic nitrite is reported to increase mitochondrial fusion in cardiomyocytes by

modulating the Drp1 activity. This is rendered by increasing the inhibitory

phosphorylation on Drp1 at Ser637 residue and thereby abridging its translocation to

mitochondria (Pride et al., 2014). Subsequently, this leads to the enhancement of

mitochondrial membrane potential and superoxide generation from the fused

mitochondria (Pride et al., 2014). These events have been demonstrated under normoxic

conditions where there are basal levels of ROS being generated. However, the presence

of high levels of ROS in the setting of hyperglycemia exhibit a new challenge for the

nitrite mediated cytoprotection. In the present study, we addressed the same and

investigated the effects and mechanisms of nitrite mediated modulations on H9c2

mitochondria under hyperglycemia. Interestingly, it was observed that nitrite reduced,

albeit non-significantly, the ROS levels that are elevated in high glucose (HG) condition

as opposed to the effect seen under normoxia/normoglycemia. There was a contrast in the

associated events too. The mitochondrial membrane potential (MMP) was diminished

with a simultaneous increase in mitochondrial fission in H9c2 cells under hyperglycemia.

The addition of nitrite in this condition further reduced the diminished MMP inflicted by

HG as indicated by less tubular mitochondria on JC1 staining. Concomitantly, nitrite

treatment under HG leads to enhanced expression of mitochondrial membrane proteins,

uncoupling protein 3 (UCP3) and adenine nucleotide translocase 1 (ANT1) and

alterations in levels of the antioxidant enzymes GPx4 and mitochondrial SOD (SOD2).

This is in contrast to the results of a human study where the oral nitrate supplementation

decreased the levels of ANT1 and UCP3 in skeletal muscle tissue (Larsen et al., 2011).

The results of the present study also indicate that nitrite is abrogating the high glucose-

induced mitochondrial fragmentation and MPT opening albeit without a concomitant

increase in ROS levels. In order to check whether the modulations in mitochondrial ROS

and membrane potential have any repercussions on mitochondrial morphology, the aspect

ratio, form factor and interconnectedness of the mitochondrial populations were analyzed.

A decrease in ARs and FFs indicate less elongated mitochondria. While, high glucose

treatment had a negative impact on the aspect ratio and form factor of the mitochondria,

none of the morphological parameters significantly differed between the high glucose-

nitrite treated group and the group treated with high glucose alone. All these observations
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show that nitrite under hyperglycemic conditions are not exerting any additional effect on

the mitochondrial morphology, despite minimally reducing the membrane potential. The

membrane potential greatly impacts the ATP-linked respiration in mitochondria and

hence the mitochondrial coupling efficiency was measured. The aforementioned human

study had also reported an improved mitochondrial efficiency in skeletal muscle on oral

nitrate supplementation (Larsen et al., 2011), but in the current study the coupling

efficiency was not altered by nitrite/SNAP under HG. Coupling efficiency essentially

means the percent of oxygen consumption driven by the ATP production to the total basal

respiration of intact cells at 37°C. The absence of changes in coupling efficiency even at

48 h incubations under HG suggests a maintained mitochondrial function pertaining to

oxygen consumption despite changes in membrane potential. Increase in substrate

utilization by mitochondria has been associated to increased mitochondrial biogenesis

(Hey-Mogensen and Clausen, 2017). Also, reports show that nitrite supplementation can

facilitate mitochondrial biogenesis in vivo (Mo et al., 2012). In the present study, for

analyzing the effects on mitochondrial biogenesis, the mRNA levels of TFAM, one of the

major determinants of the mitochondrial copy number were quantified and further the

overall mitochondrial mass was determined by MitoTracker Red staining. Both the above

parameters were found to be unaffected by nitrite treatment under normal and high

glucose conditions which substantiates the unaltered mitochondrial respiratory quotients

observed. TFAM mRNA levels slightly declined under HG on nitrite treatment in

comparison to the NGN group, indicating a slight indirect brunt of glycemic levels on

biogenesis regulation.

The mitochondrial dynamics is yet another key factor that determines the mitochondrial

homeostasis in cells. This is regulated by the opposing processes of mitochondrial fission

and fusion. When the alterations in phosphorylation levels of key regulators of

mitochondrial form through immunoblot analysis significant changes were found in the

HG/SNAP or HG/nitrite treated groups. Both nitrite and SNAP treatments caused Akt1

inactivation (reduction in the activation phosphorylation at Ser473) under HG and a

concomitant Drp1 activation leading to altered mitochondrial morphology (less reticulate

mitochondria). When the effect of the nitrite anion under HG was further analyzed for

changes in downstream kinases of Akt1, it was observed that there is a reduction in the
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expression of a pro-survival kinase, Pim1. This protein has been reported to increase the

inactivation phosphorylation at Ser-637 residue of Drp1 (Din et al., 2013). Pim1 is proto-

oncogene which has been implicated in vascular diseases and particularly in

hyperglycemia, it is found to mediate vascular smooth muscle cell (VSMC) proliferation

(Wang et al., 2017). Another kinase that is downstream of Akt and upstream of Drp1 is

activated Akt1 (Beurel et al., 2015; Nitulescu et al., 2018). Nevertheless, the Ser-9

phosphorylation was non-significantly reduced in HG-nitrite group indicating the action

been associated with impaired insulin signaling (pro-survival) in rodent models (Zhang et

existence of other survival mechanisms. Optic atrophy 1 (OPA1), a regulator of inner

mitochondrial membrane fusion was also not altered by either nitrite or SNAP under HG

implying absence of repercussions on fusion machinery, though fission is being

upregulated. Moreover, the decrease in the inhibitory phosphorylation of Drp1 and a

concomitant decrease in Akt1 activity and Pim1 kinase expression bestow a possible

mechanism behind the above changes in regulators of mitochondrial fission and MMP.

In the next part of the study, nitrite and HG treatments with Drp1-silenced H9c2 cells

revealed a differential effect of nitrite on cardiomyoblasts depending on the glycemic

levels. Drp1 silencing elevated the expression of OPA1 in normoglycemia with/without

nitrite treatment whereas in HG, Drp1 silencing rendered a non-significant change in

OPA1 expression. OPA1, like Drp1 is known to interact with pro-apoptotic Bcl2 family

proteins and also plays a role in cytochrome c release during apoptosis (Knowlton and

Liu, 2015; Nan et al., 2017). When the mitochondrial respiration was measured after

Drp1 silencing, it was found that nitrite supplementation enhances mitochondrial

coupling efficiency of Drp1-silenced cells under NG but not under HG. Further, on

analyzing the protein levels of molecules involved in apoptosis and mitophagy, two

processes that are closely related to mitochondrial fission, significant alterations were

observed. Caspase 7, an effector caspase in apoptotic signaling, is downregulated in Drp1

silenced cells under HG with/without nitrite supplementation, whereas no significant

change was observed under NG. However, the apoptotic marker cleaved PARP levels
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were not altered by Drp1 silencing under HG. Anti-apoptotic protein, Bcl2 is reduced in

Drp1 silenced cells under HG with/without nitrite supplementation but not under NG. In

the case of mitophagy regulators, PTEN induced kinase 1 (Pink1) is reduced in Drp1

silenced cells under both glycemic levels irrespective of nitrite treatment. Another

molecule involved maintaining mitochondrial integrity and autophagy is Parkin. The

Parkin levels are elevated from endogenous levels in Drp1 silenced cells only under

normoglycemia with/without nitrite supplementation. The supplementation of nitrite in

the presence of high glucose not only deteriorates the mitochondrial derangements

pertaining to the fission machinery but also does not improve the respiratory efficiency as

reported in previous literature (Larsen et al., 2011). Moreover, downregulation of pro-

survival pathways reveals the deleterious effects imparted by the anion. These

observations, albeit requiring further validation, also underscore the key role played by

Drp1 in determining the effects of nitrite and HG on myoblasts.

V. 1. Significance of the study

Massive production of reactive species derived from oxygen or nitrogen, which trigger

oxidative and nitrosative stress is considered a possible side effect of elevated nitrite

levels. Our data substantiate the need of addressing the systemic effect of nitrite/nitrate

therapy covering individual organs so as to validate the reported benefits in the setting of

metabolic disorders. The above findings uphold a pressing need for addressing any

inexactitude of optimistic outcomes from clinical trials pertaining to cardiovascular

health in metabolic syndrome. In a scenario where a dichotomy prevails in the current

stance of the scientific community about the use of nitrite/nitrate as supplements to

patients with metabolic syndrome, there is a need for delving deep into their molecular

and biochemical targets and the changes effected by them.

V.2. Limitations of the study

• The cell line model provides information only about the in vitro effects of nitrite

anion/SNAP.

• High glucose simulates only hyperglycemia, not the multitude of manifestations

during diabetes or metabolic syndrome.
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• The myoblasts are metabolically different from the differentiated adult myocytes.

• The in vivo changes in cardiac mitochondrial function and physiology could not

be assessed
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VI. Summary
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The major findings from this study are:

• Nitrite has differential effects on cellular redox status of myocytes based on the

ROS environment already prevailing in the cells.

• Both SNAP & Nitrite treatments decrease mitochondrial membrane potential of

H9c2 myoblasts under high glucose conditions.

• UCP3 & ANT1 levels are increased under HG conditions and by SNAP

correlating to the decreased mitochondrial membrane potential.

• Mitochondrial coupling efficiency and the mitochondrial mass as well as

biogenesis are unchanged under HG on SNAP or nitrite treatments.

Nitrite /SNAP activated Drp1 under high glucose and concomitantly decreased

the Akt1 activity in H9c2 cells.

phosphorylation

The inactivation of Akt under HG-nitrite was associated with reduced expression

of Pim1 kinase, indicating a possible crosstalk with Drp1 activity.

Silencing of Drp1 leads to differential effects by nitrite under NG vs. HG

conditions, mainly pertaining to mitochondrial respiration and markers of

mitochondria-related processes like apoptosis and mitophagy.

Take home message:

The present study found potentially harmful molecular changes imparted by inorganic

nitrite or an NO donor in cardiac myoblasts, under high glucose conditions. This gives a

cautionary note to the clinical trials investigating the beneficial effects of inorganic nitrite

supplementation to human subjects with metabolic syndrome
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Summary Diagram

Fig. VI.1. Summary of the effects of nitrite in H9c2 under HG
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