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Abstract: 

Intimal hyperplasia (IH) is a complication of coronary intervention. Intimal injury happens 

after balloon angioplasty. This leads to neo-intimal formation which increases in thickness. 

This leads to further complications of restenosis, atherosclerosis and thrombosis. The thick 

intimal layer creates regions of hypoxia in the layers of the vessel. The aim of the study was 

to investigate the mitochondrial function in the IH. Expression of mitochondrial markers in 

the vascular smooth muscle cells (VSMC) in hypoxic and pro-inflammatory environment are 

studied.  

The results show that there is a significant decrease in the expression of mitochondrial 

biogenesis marker, PGC-1a in swine with IH (p=0.006: 95%CI: -48.8 to -27.4). PGC-1a 

expression was also decreased under influence of hypoxia to VSMCs (p=0.03, 95%CI: 4.6 to 

110.3). The study found no significant change in expression of mitochondrial markers PGC-

1a, citrate synthase, complex-1 under pro-inflammatory cytokines IL-6 and TNF-a (IL6: 

PGC-1a p=0.98: CS p=0.25: Complex-1 p=0.08) (TNF-a: PGC-1a p=0.30: CS p=0.72: 

Complex-1 p=0.08). Hypoxia significantly elevated reactive oxygen species (ROS) levels 

expression (p=0.0001, 95% CI: -157.48 to -136.9). ROS expression did not show any 

significance under IL-6 and TNF-a treatment of VSMCs (IL-6 p=0.20 95%CI: -1.5 to 7.1) 

(TNF-a: p=0.53, 95%CI: -9.9 to 5.1). Hypoxia and pro-inflammatory cytokines IL-6, TNF-a  

did not show any significant change in proliferation of VSMCs which was measured using 

BrdU (5 Bromo-2-deoxy-uridine) assay (hypoxia p=0.72: IL-6 p=0.09: TNF-a p=0.25).  

These findings demonstrate that there could be an association between decreased expression 

of mitochondrial biogenesis marker PGC-1a with IH. Hypoxia induced decrease in PGC-1a 

expression and increased ROS expression could be associated with IH in coronary artery. 
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Introduction: 

Post Angioplasty Intimal Hyperplasia 
 
Angioplasty is a lifesaving cardiovascular intervention. The coronary artery supplying blood 

to the heart occludes in Atherosclerosis. A balloon catheter inflates the stenosed vessel and 

restores the normal blood flow to the myocardium (Zain and Siddiqui 2019a). During this 

procedure, a stent may be left inside to keep the vessel open. Along with medical therapy the 

procedure reduces the risk of Myocardial Infarction (MI) and decreases the chances of having 

major cardiovascular events.  This intervention causes vascular injury. It incites inflammatory 

reaction which ultimately leads to recruitment of vascular smooth muscle cells (VSMC) to 

the intimal layer. These VSMC switch phenotype, proliferate and secrete extracellular matrix. 

This causes Intimal Hyperplasia (IH) which is also known as Neo-intimal hyperplasia (Zain 

and Siddiqui 2019b). 

 

Neointimal injury associated with balloon angioplasty is also studied to show vascular 

remodeling (Nakatani et al. 2003). The site of Neo-intimal hyperplasia can develop 

thrombosis and atherosclerosis. Rapamycin is believed to help in preventing intimal 

hyperplasia and is administered to patients undergoing Percutaneous Coronary Intervention 

(PCI) (Nakatani et al. 2003).  The IH is measured by optical coherence tomography (OCT). 

In place of bare metal stent, drug eluting stent has been used to prevent IH (Burzotta et al. 

2012). Intimal hyperplasia is also seen in patients treated with vascular grafts. IH is seen even 

after using drug eluting stents, posing to be a major problem. 
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  A       C B 

Figure 1: Balloon angioplasty in the coronary vasculature 

The figures A and B show balloon angioplasty where a catheter is inserted inside the 

coronary artery of heart (C) and the stenosed vessel or plaque is expanded by inflating the 

balloon. (picture credits: servier medical art). 

 

 

  A   B 

Figure 2: Intimal hyperplasia in coronary artery 

 Figure A shows cross-section of a coronary artrery after balloon angioplasty in swine. The 

cross section has hyperplasia of the intima, which is unevenly distributed through intimal 

layer. Figure B shows intimal hyperplasia where the thickness of intima is 982.26 µm and the 

thickness of the media is 273.97 µm. (20x) 
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Proliferation index of an adult free flowing artery is very low. When injury happens to the 

vessel or stress is applied the proliferation index rises. Injury to the vessel wall ruptures the 

plaque. The injury also might disrupt the media sometimes. The VSMCs start to migrate 24 

hrs. after the injury to the site (Zubilewicz et al. 2001). They start to proliferate and deposit 

extracellular matrix. Basic Fibroblast Growth Factor (bFGF) and Platelet Derived Growth 

Factor (PDGF) are the main growth factors contributing to the proliferation. The migrating 

cells must invade the thick matrix of intima. They release Matrix Metalloproteinases (MMP) 

which enzymatically helps the invading cells to enter the thick extracellular matrix area 

(Zubilewicz et al. 2001). These MMP also make the developing plaque weak and can 

contribute to the disruption of the plaque (Sluijter, de Kleijn, and Pasterkamp 2006). MMP 

inhibitors are being studied as therapeutic intervention to stabilize the plaque (Galis and 

Khatri 2002). The newly formed endothelium after the vascular injury is studied to have an 

impaired anticoagulant mechanism. Release of Nitric Oxide (NO) from endothelium is 

decreased after vascular injury. Endothelial progenitor cells are being studied to reduce the 

hyperplasia of the intima and its consequences (Patel et al. 2010). This additionally 

contributes to the plaque formation and initiation of atherosclerotic process (Newby and 

Zaltsman 2000). Patients with Intimal hyperplasia can develop coronary artery disease in 

future. Neo-atherosclerosis histology has been observed in patients who have had stent for a 

long time (Park et al. 2012). 
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Figure 3: Post angioplasty Intimal Hyperplasia Pathophysiology 

The figure shows the series of events that follow balloon angioplasty to cause intimal 

hyperplasia in the coronary artery. 

 

 

 

 

 

Trauma	to	the	vessel	wall	by	
balloon	angioplasty.	

Endothelial	injury,	platelet	aggregation,	
release	of	cytokines.	
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VSMC	migration	and	proliferation	
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Intimal Hyperplasia and hypoxia. 

Studies have related decreased oxygen level to occurrence of IH (Murphy et al. 2016). 

The media layer of the vessel receives its oxygen supply mainly from the lumen and from the 

vasa-vasorum of the adventitia. Studies creating a hypoxic environment in the medial layer 

have noticed to observe hyperplasia of the intimal layer (Barker et al. 1993). Hypoxia is 

believed to be a strong causative factor in IH. HIF-a (Hypoxia Induced Factor alpha), a 

marker for hypoxia and a factor which is stabilized upon hypoxia is studied to be increased in 

fistulas, grafts and other regions of vascular surgery. Supplying oxygen for short amount of 

time have been studied to reduce/prevent intimal hyperplasia in many studies (Lata et al. 

2013; Wan et al. 2014) (Tretinyak et al. 2002).This short term supply of oxygen is studied to 

reduce the expression of HIF-a and VEGF (Vascular Endothelial Growth Factor) (Lata et al. 

2013; Wan et al. 2014).  

 

There are several studies stating the hypothesis that IH is the initiation of atherosclerosis 

(Kumamoto, Nakashima, and Sueishi 1995). The neovascularization that occurs after IH is 

hypothesized to carry oxidized LDL from the deeper layers of the intima (Subbotin 2012) 

(Subbotin 2016). Hypoxia is studied to regulate proliferation of VSMCs differently 

depending on their origin. The VSMCs derived from artery is studied to proliferate with 

activation of PDGF. The proliferation of VSMCs derived from vein is studied to proliferate 

with activation of VEGF (Chanakira et al. 2015; Chanakira et al. 2012) 
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Hypoxia Marker HIF-a 
 
The cells sense longstanding hypoxia and stimulate HIF-a (Hypoxia inducible factor alpha) 

(Semenza and Wang 1992).  In Normoxia the HIF-a degrades via ubiquitin-proteasome 

pathway (Ke and Costa 2006). The alpha subunit of HIF-a undergoes hydroxylation in the 

presence of high levels of oxygen. Under hypoxia the a subunit gets stabilized without 

undergoing hydroxylation thus stabilizing the HIF-a. Then HIF-a binds to Hypoxia 

Responsive Elements which help in transcription of various proteins which help the cells 

adapt to the hypoxic environment (Kaluz, Kaluzova, and Stanbridge 2008). Some of the 

products of transcription are erythropoietin, VEGF and enzymes of glycolytic pathway 

(Semenza et al. 1997).  

 

In hypoxic environment HIF-a induces genes responsible for angiogenesis (Fong 2008). 

Increased expression of HIF-a is also studied in diseases with vascular formations, varicose 

veins, aneurysms (Comati et al. 2007; Lim et al. 2013). The tumor microenvironment is 

known to be hypoxic. HIF-a expression is widely studied in various tumor growths 

(Quintero, Mackenzie, and Brennan 2004). HIF-a in cancer cells help in cell growth and 

survival. It promotes angiogenesis which supports the growing cancer cells. Apart from 

hypoxia, HIF-a  is also studied to be stimulated with the mutations in various oncogenes 

(Semenza 2003).  

In kidney under hypoxia HIF-a is studied to be stabilized protecting the renal cells. But, it is 

also studied in renal cell cancer, that continual activation of the factor increases the growth of 

cancer cells (Eckardt et al. 2007). HIF-a  is also widely being studied as a target for 

intervention in cancer therapy (Chau et al. 2005; Powis and Kirkpatrick 2004). While 

inhibiting it is studied in cancer therapy, activating it is studied as a beneficial factor in 
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ischemic diseases. HIF-a  is studied to promote angiogenesis and improve the blood flow in 

hypoxic regions of heart and brain (Ke and Costa 2006). HIF-a is studied to activate the 

PI3K/AKT pathway and induce phenotype switch in vascular smooth muscle cells (Liu et al. 

2017). HIF-a also increases the expression of glucose transporter, increasing the glucose 

uptake and promoting survival of the cells. It increases glycolysis in the cells and protects the 

cells from oxidative damage (Yang et al. 2017). Hypoxia is shown to cause inflammation and 

an inflamed tissue is also known to be hypoxic. This is a two-way action that occurs in 

tissues. Inflamed tissues were shown to have increased levels of HIF-a. Hypoxia is studied to 

increase the NF-kB mediated increase of TNF-a (Chen et al. 2003). NF-kB mediated 

pathway also recruits leucocytes and stimulates phagocytosis. Hypoxia also elevates an anti-

inflammatory molecule called adenosine (Eltzschig and Carmeliet 2011). HIF-a is also 

studied to have bactericidal properties (Nizet and Johnson 2009). HIF-a also regulates 

immune cell function (Walmsley, Chilvers, and Whyte 2009). It helps dendritic cells, mast 

cells to function properly in innate immunity (Nizet and Johnson 2009). 
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Figure 4: Hypoxia induced HIF-a actions 

The figure shows what happens when HIF-a is stabilized after hypoxia. It helps in promoting 

angiogenesis. It is studied to release both pro and anti-inflammatory mediators. It causes 

more glycolysis with glucose uptake. It promotes VSMC phenotype switch and migration. 

 

 

 

HIF-a
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Pro-inflammatory cytokines IL-6 and TNF-a 
 
TNF-a (tumor necrosis factor-alpha) is primarily produced by the macrophages, adipocytes, 

neutrophils and smooth muscle cells. IL-6 (interleukin 6) is released during acute 

inflammatory response by the macrophages. It also promotes maturation of B-cells. It is also 

released by the adipocytes and smooth muscle cells. IL-6 and TNF-a constitute pro-

inflammatory adipokines secreted by the adipose tissue (Idriss and Naismith 2000). 

Angioplasty incites local vascular inflammatory response. A significant increase in the levels 

of cytokines has been noticed after coronary intervention (Brunetti et al. 2007). It is studied 

that VSMCs release IL-6 in an autocrine manner promoting its proliferation through 

activation of PDGF (Ikeda et al. 1991). Addition of IL-6 to cultured VSMCs is studied to 

induce phenotype switch from contractile to proliferative type. IL-6 is also studied to increase 

motility of the VSMCs through cytoskeletal reorganization (Wang and Newman 2003).  

 

IL-6 expression is also studied to be increased after coronary intervention in the blood (Hojo 

et al. 2000). It is also studied that TNF-a induced release of IL-6, which contributes to 

migration of VSMCs. Inhibiting the TNF-a release is found to reduce the levels of IL-6 and 

migration of VSMCs (Newman et al. 2003). VSMCs are known to produce TNF-a and also 

act as a target for TNF-a (Warner and Libby 1989). It is also studied to cause phenotype 

switch in the smooth muscle cells (Morisaki et al. 1993). It is through TNF-a mediated NF-

kB activation studies have correlated proliferation, migration and matrix deposition by the 

VSMCs (Lindner 1998) 
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 With increased stress on the vascular wall, TNF-a is found to be increased. This along with 

TGF beta (transforming growth factor beta), are studied to act as growth inhibitors.  TNF-a is 

also studied in relation to regression of myointimal hyperplasia. When combined with TGF 

beta (transforming growth factor beta), TNF-a is studied to inhibit the growth of smooth 

muscle cells in the vein grafts (Sterpetti et al. 2017). TNF-a induces secretion of interleukin-

1 and PDGF by the smooth muscle cells. PDGF plays an important role in proliferation of 

smooth muscle cells in the vessels. In a study, TNF-a is studied to be inversely associated 

with myointimal hyperplasia regression. Decreased levels of TNF-a is associated with 

regression of hyperplasia. Similar study found regression of hyperplasia to be associated with 

increased levels of TGF-beta (Sterpetti et al. 1998).   

 

In human airways, smooth muscle cells proliferation is studied. TNF-a, in this study 

stimulated endothelin receptors. The downstream signaling led to activation of IL-6 and GM-

CSF (granulocyte monocyte colony stimulating factor). Both the factors combined are 

studied to increase smooth muscle proliferation. When cells were treated with endothelin 

antagonists the proliferation was noted to be decreased (Knobloch et al. 2016). In a study 

treatment with endothelin receptor antagonist Anagliptin, smooth muscle cell proliferation 

was found to be decreased in the vessel. Treatment with the drug Anagliptin, also found to 

decrease the serum levels of IL-6 and TNF-a. The study concluded saying the drug decreased 

intimal hyperplasia post balloon angioplasty by decreasing the levels of pro-inflammatory 

cytokines (Li et al. 2017).  
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Mitochondria 
 
Mitochondria are eukaryotic cell organelle which have its own genome (van der Bliek, 

Sedensky, and Morgan 2017). It is a double membraned organelle with outer membrane, 

inner membrane and intermembrane space. The inner membrane folds to form cristae and the 

space contained in the inner membrane is called matrix. The outer membrane protects the 

mitochondria from the contents of the cytosol. The inner membrane is the site for oxidative 

phosphorylation. It also hosts the enzyme ATP (adenosine triphosphate) synthase which 

produces ATP into the matrix. The cristae increase the area of the inner membrane thus 

increasing the production of the ATP (Valero 2014). 

 

 The citric acid cycle (TCA) takes place in the matrix along with oxidation of fatty acids and 

pyruvate. After glycolysis happens in the cytosol, pyruvate moves into the mitochondria and 

undergoes oxidation. The fatty acids and the pyruvate are converted into Acetyl CoA in the 

matrix. Acetyl CoA is the substrate for the citric acid cycle which reduces NAD 

(nicotinamide adenine dinucleotide) and FAD (Flavin adenine dinucleotide) to NADH2 

(nicotinamide adenine dinucleotide and hydrogen) and FADH2 (Flavin adenine dinucleotide 

and hydrogen). Oxidative phosphorylation takes place in the inner mitochondrial membrane. 

As crucial oxidative phosphorylation is, it also releases reactive oxygen species (ROS) (Wirth 

et al. 2016). Free radicals are released from the hydrogen peroxide and superoxide which 

contribute to various disease pathologies, damaging the cells and cause aging. Mitochondrial 

transcription factor A (TFAM) is required for mitochondrial transcription and replication. It 

regulates the mitochondrial DNA (mtDNA). Damage in the mtDNA, decreased expression of 

TFAM and ROS are studied to be associated with the left ventricular remodeling contributing 

to the heart failure (Ide et al. 2001).Free radicals produced from the oxidative stress damage 



	 12	

the mtDNA, they activate matrix metalloproteinases and contribute to progression of 

ventricular remodeling and heart failure. Transgenic mice with increased expression of 

TFAM is studied to decrease the ventricular remodeling (Ikeuchi et al. 2005) (Tsutsui, 

Kinugawa, and Matsushima 2009). During the event of Ischemia, the cardiomyocytes 

undergo cell injury. The permeabilization of the mitochondrial outer membrane is increased 

which leads to activation of apoptosis (Maximilian Buja 2017).  

 

Ischemic preconditioning (IP) protects the heart from reperfusion injuries. During 

reperfusion, the Mitochondrial Permeability Transition Pores (MPTP) open and causes 

oxidative stress. IP reduces the opening of MPTP and decreases the oxidative stress. The 

mechanism by which this process occurs is still not clear (Clarke et al. 2008) (Halestrap, 

Clarke, and Khaliulin 2007). Mitochondria is a major consumer of oxygen. Mitochondria 

regulates responses to the availability of oxygen. The electron transport chain senses the level 

of hypoxia releases ROS. This causes pulmonary vasoconstriction. It also helps the carotid 

body to sense the deficit of oxygen (McElroy and Chandel 2017). Role of hypoxia in ROS is 

studied to be varying in different organ systems. In smooth muscle cells of pulmonary 

arteries the hypoxia is studied to decrease the ROS (Shimoda and Semenza 2011). This ROS 

causes closure of potassium channels and opening calcium channels leading to 

vasoconstriction. The contrary is studied to happen in smooth muscle cells elsewhere 

(Waypa, Smith, and Schumacker 2016). 
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PGC-1a- marker for mitochondrial biogenesis 
 
Mitochondrial biogenesis is increase in number of mitochondria in response to its increased 

demand and oxidative stimulus. Peroxisome proliferator-activates receptor g coactivator 

(PGC1a) is the key regulator for mitochondrial biogenesis. PGC1a is a transcriptional 

coactivator for various receptors. It was first discovered in thermogenic tissues of mice upon 

exposure to cold (Puigserver et al. 1998).  It has alpha, beta, delta and gamma isoforms. It 

plays a major role in mitochondrial biogenesis. It is located in tissues which have high energy 

demands (Knutti, Kaul, and Kralli 2000). It induces mitochondrial genes through nuclear 

respiratory factors (NRF). It increases the number of mitochondria and oxidative metabolism 

(Puigserver and Spiegelman 2003). This leads to activation of mitochondrial transcription 

factor which travels inside the mitochondria and causes replication of mitochondrial DNA 

and causes its replication. NRF also increases transcription of mitochondrial enzymes and 

factors required for electron transport chain. When mice with deficient PGC1a/ PGC1b were 

studied, it was found that they had severe defects leading to cardiac failure and death 

immediately after birth (Lai et al. 2008). These mice also showed dysfunctional mitochondria 

and decreased mitochondrial biogenesis (Lai et al. 2008). 

 

In skeletal muscles PGC1a promotes muscle fiber switch to oxidative type 1 muscle fiber 

(Lin et al. 2002). Endurance training is also studied to increase the levels PGC1a in skeletal 

muscle (Russell et al. 2003). Through nuclear transcription factors it regulates mitochondrial 

proteins expression. PGC1a also regulates the glucose metabolism. It promotes glucose 

uptake in the skeletal muscles with decreasing oxidation of glucose and increasing glycogen 

synthesis. In liver, it decreases gluconeogenesis and promotes fatty acid oxidation (Cheng, 
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Ku, and Lin 2018). These functions of PGC1a have made it a potential target for 

pharmacotherapy in diabetes (Wu et al. 2016).  

 

High fat diet and obesity has been studied to decrease the levels of PGC1a (Barroso et al. 

2018). In tumor biology PGC1a is shown to act as a tumor suppressor and tumor promoter. 

PGC1a is studied in various tumors. In breast cancer it is shown to regulate glutamine 

metabolism through PGC-1α/ERRα (estrogen related receptor alpha) axis (McGuirk et al. 

2013). In melanoma PGC1a is studied to have a dual function. It is shown to improve the cell 

viability under oxidative stress. cells showing decreased expression of PGC1a are found to 

be more sensitive to drugs inducing ROS (Vazquez et al. 2013). In pancreatic cancer c-MYC 

oncogene is studied to regulate the expression of PGC1a. Their ratio is studied to determine 

the tumor cell plasticity and phenotype (Sancho et al. 2015).  In colon cancer PGC1a 

expression is found to be increased after chemotherapy. This increased expression is studied 

to improve the survival of the tumor cells making them resistant to the chemotherapy 

(Vellinga et al. 2015). Mitochondrial dysfunction has been found in many neurodegenerative 

diseases. Studies have indicated a dysfunction of PGC1a in Huntington’s disease (Johri, 

Chandra, and Flint Beal 2013). PGC1a is being studied in Neurodegenerative diseases as a 

potential pharmacological target for intervention (Nierenberg et al. 2018). 
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Figure 5: Actions of PGC1a. 

The figure shows the actions of PGC1a. It promotes mitochondrial biogenesis. In skeletal 

muscles, it promotes glucose uptake and increases insulin sensitivity. In liver, it promotes 
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fatty acid oxidation. It promotes adipogenesis. It regulates energy metabolism in heart and 

protects the brain from degenerative diseases. (picture credits: servier medical art). 

 

Citrate synthase 
 
Citrate synthase (CS) is the enzyme that carries out the reaction between oxaloacetate and 

acetyl Co-A to form citrate. CS is encoded by nuclear DNA in the cytosol and then 

transported to the mitochondria. This is the first step in the TCA cycle. This citrate helps in 

fatty acid synthesis (Srere 1992). It also regulates glycolysis by negative feedback on the 

enzyme phosphofructokinase. It is downregulated by high amount of ATP, NADH  and 

succinyl Co-A (Beeckmans 1984). CS can be used as a marker to study the density of 

mitochondria.  Decrease in expression of CS has been linked to increased production of ROS 

(Cai et al. 2017). 

 

 

 

 

 

Endurance training is studied to increase the levels of CS expression in the skeletal muscles 

(Siu et al. 2003). In the similar study done by Siu et al, endurance training did not increase 

the expression of CS in the cardiac muscles. CS is also studied in cancer studies. Inhibition of 

CS enzyme in knock out mice is studied to increase the tumor growth. These cells are studied 

to show increased glycolytic metabolism (Lin et al. 2012). Oxaloglutarate a product in TCA 

cycle is a precursor for glutamate which can convert to glutamine. This glutamine is 

necessary for DNA synthesis. The role of citrate synthase in contributing to fatty acid 

synthesis is studied in tumor cells. This is studied to enhance the membrane lipid synthesis of 

Acetyl	co-A	+	Oxaloacetate														CS													Citrate	
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the tumor cells (Schlichtholz et al. 2005). Lack of this enzyme in studies have been studied to 

be associated with shift to glycolysis from mitochondrial respiration (Lin et al. 2012). The 

enzyme citrate synthase reflects the oxidative capacity of a skeletal muscle. Skeletal muscles 

which suffered paresis after an episode of stroke were studied to have reduced levels of CS 

activity (Severinsen et al. 2016) 

 

Complex-1 
 
Complex-1 is the first enzyme of the electron transport chain(ETC). It is located in the inner 

mitochondrial membrane, extending into the lumen of the mitochondria. It transfers electrons 

to the Ubiquinone, a soluble carrier from the NADH. It has fourteen central subunits and 30 

accessory subunits (Wirth et al. 2016). It is the main site to produce ROS. Complex-1 and 

Complex-3 are the main sites for the premature electrons to escape in the ETC. Rotenone is a 

well-known inhibitor of the Complex-1 enzyme (Lenaz et al. 2006). Inhibition of complex-1 

leads to decreased mitochondrial function and decreased generation of ATP. It can also lead 

to liver dysfunction. Some well-known drugs which can inhibit Complex-1 are Biguanides, 

Metformin, Amilorides, anti-helminthic medications (Murai and Miyoshi 2016).   

 

The dysfunction of complex-1 is studied in association with the smooth muscle glycolytic 

switch in pulmonary hypertension. The energy metabolism of the VSMCs switches from 

oxidative phosphorylation to glycolysis. Complex-1 is studied to support the phenotype 

switch of the VSMCs from contractile type to proliferative type in pulmonary hypertension. 

(Rafikov et al. 2015). Complex-1 is also studied in cell proliferation in various cancers. Its 

exact role is although not clear. It is studied both as a tumor suppressor and a tumor 

promoter. The role of oxidation of NADH2 is crucial for production of aspartate. Aspartate 
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helps in DNA replication during cell proliferation. Complex-1 is also studied in migration of 

the cells in metastasis (Urra et al. 2017).  

 

Complex-1 is also studied to be associated with the apoptosis function of cells (Chomova and 

Racay 2010). Complex-1 also helps in the production of nitric oxide. When Complex-1 is 

inactivated it is shown that mitochondrial nitric oxide becomes more oxidative (Parihar et al. 

2008). This nitric oxide in the mitochondria regulates the oxygen gradient in the tissues 

(Haynes et al. 2003). Complex-1 deficiency in humans is very fatal to life. Conditions 

associated with defects in Complex-1 are Leber Hereditary Optic Neuropathy (LHON), 

Mitochondrial Encephalopathy, Lactic acidosis, stroke like episodes (MELAS), Leigh 

Syndrome, Lethal infantile mitochondrial disease (Mimaki et al. 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 19	

Hypothesis. 
 
Intimal hyperplasia following coronary intervention compromises the oxygen flow leading to 

hypoxia with altered mitochondrial biogenesis and mitochondrial function.  

 

Aims: 
 

1. Determine the presence of intimal hyperplasia in post angioplasty swine. 

2. Characterize the association of mitochondrial markers PGC-1a, Citrate Synthase, 

Complex-1 and hypoxia marker HIF-a with Intimal hyperplasia. 

3. Determine the expression of mitochondrial markers PGC-1a, Citrate Synthase, 

Complex-1, ROS and hypoxia marker HIF-a in vivo under hypoxia and pro-

inflammatory environment in vascular smooth muscle cell. 
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Methods: 

1. Swine model 
 
Female Yucatan swine were recruited to study.  The study protocol was approved by the 

Institutional Animal Care and Use Committee (IACUC). The swine used in this study are 

numbered as follows: 19-445, 33-143, 33-149, 33-155, 53-051, 18-888. High fat (45%) and 

high fructose diet (20%) was given to the swine. The swine were placed on the diet for 

around a period of 12 months. Coronary intervention was done on these swine. Angioplasty 

was performed on the coronary arteries. Peripheral access was obtained from femoral artery. 

Catheter was inserted and inflated when it reached the coronary artery. These swine were 

euthanized after 5-8 months of performing angioplasty on them. The normal swine was 

recruited into study at 6-7 weeks of age. Experimental diet was initiated and the swine was 

euthanized at 17-20 weeks.  
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Figure 6: Swine model. 

Fig A shows the normal swine which was put on normal diet and euthanized. Fig B shows 

swine put on HFHC (high fructose high cholesterol swine) on which balloon angioplasty was 

done and euthanized later. (picture credits: servier medical art). 
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2. Metabolic profile 

Blood samples from the swine were collected before euthanasia. These samples were sent to 

pathology lab for measuring the metabolic profile of the swine. The levels of glucose and 

insulin were measured. The lipid profile was also measured. The total body cholesterol along 

with LDL and HDL levels were measured and noted. 

 

3. Histology 
	
Sections of the coronary arteries where angioplasty was done after euthanizing were taken to 

make formalin fixed paraffin embedded tissues. Tissues were fixed in 10% formalin and 

embedded into proper cassettes. Paraffin blocks were cut at 5µm and mounted onto slides. 

Sections were baked and later used. 

 

4. Hematoxylin and Eosin 
	
The paraffin slides were deparaffinized and rehydrated in xylene and different concentrations 

of ethanol. The slides were immersed in Harris Hematoxylin for 10 seconds. The slides were 

washed under distilled water. Then the slides were immersed in Eosin stain for 30 seconds. 

The slides were rehydrated in ascending concentrations of alcohol. The slides were cleared in 

xylene and mounted with coverslip. 
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5. Trichrome staining 
	
The slides were deparaffinized and rehydrated through various concentrations of alcohol. 

They were refixed in Bouin’s solution for one hour to improve the staining. Rinse through tap 

water. They were stained in Weigert’s hematoxylin solution for 10 minutes followed by a 

wash in tap water. Then the slides were stained in Biebrich scarlet-acid fuchsin solution and 

washed again in distilled water. The slides were differentiated in phosphomolybidic-

phosphotungstic acid solution until the collagen is turned red. Sections were then transferred 

to aniline blue solution. In the end the slides were dehydrated in ethyl alcohol and cleared in 

xylene. 

 

6. Verhoeff’s Elastic Stain  
	
Slides were deparaffinized and rehydrated through various concentrations of alcohol. Slides 

were placed in Verhoeff’s working elastic satin for 15 minutes. Slides were washed in water. 

Slides were placed in 2% ferric chloride solution for 2 minutes. After washing under tap 

water slides were placed in 5% sodium thiosulphate. After washing the slides were placed in 

aqueous phloxine for 30 seconds. Slides were dehydrated and changed in xylene 

concentrations. 

 

7. Immunofluorescence 
	
Immunofluorescence (IF) protocol was performed on paraffin embedded sections of normal 

and swine with post-angioplasty intimal hyperplasia. The slides are deparaffinized in xylene 

and different concentrations of ethanol. The slides are then transferred to antigen retrieval 

solution. The slides are cooled down in the tank to 65C and kept at room temperature for 20 

min. The slides are washed in PBS and incubated with horse blocking serum for 1 hour. The 
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slides are then incubated with primary antibody overnight under 4C. After overnight 

incubation, the slides were washed in PBS. Secondary antibody was added the slides are 

incubated for 1 hr. After washing with PBS, DAPI is added and coverslips are added and 

sealed. The slides are imaged under fluorescence microscopy.  

 

8. Isolation of VSMC 

Tissues are obtained from the swine. The fat around the tissue was cleaned in a petri dish 

containing DMEM+P/S (1%). The lumen is cut open and the vessel was very gently scraped 

off the intima and adventitia. Cleaned tissue was transferred to another petri dish and cut into 

small pieces. It was transferred into DMEM in 50 ml tube and centrifuged at 1500rpm for 5 

minutes. Supernatant is discarded. Trypsin was added to the precipitate and kept in incubator 

for 30 min. Equal volume of DMEM+P/S was added and centrifuged again at 1500rpm for 5 

min. Supernatant was discarded again. 1:4 collagenase sample was added to each sample and 

incubated for 3 hours. After 3hrs, 2 ml of SMCM was added and centrifuged at 1500rpm for 

5 min. Supernatant was discarded again. The 4 ml of SMCM was added and cells are seeded 

in pre-coated 25 cm2 corning flask and kept in the incubator. The flasks were marked 

appropriately. 

 

9. Induction of Hypoxia 

Hypoxic chamber was used to create a hypoxic environment to the cultured cells. Chamber 

slides were placed inside the hypoxic chamber. A nitrogen tank was used. Nitrogen was 

released into the hypoxic chamber slowly to decrease the level of oxygen to the desired level. 

The increase of nitrogen flow gradually decreased the oxygen level as shown in the digital 

reader in the hypoxic chamber. The tubing’s of the chamber were closed once desired level is 
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reached. The O-ring and the clamp sealed the chamber tightly. Oxygen level less the 2% was 

used to create hypoxia environment to cultured cells. The chamber is incubated overnight.  

 

10. Treating cells with IL-6 and TNF-a 
	
Recombinant IL-6 and TNF-a were purchased from Peprotech. MTT assay was performed to 

see the effective concentration of IL-6 and TNF-a. A stock solution was prepared for IL-6 

and TNF-a. After 10ng/ml IL-6 reached its effective concentration in MTT assay. After 

25ng/ml TNF-a reached its effective concentration. Volume of IL-6 and TNF-a to be added 

was calculated for all the chamber slides. Cells were treated appropriately and were incubated 

overnight. 

 

11. MTT Assay 
	
MTT assay was done to check for the viability of the cells. It was used to measure the cell 

viability after adding serial concentrations of IL-6 and TNF-a to reach an effective 

concentration. 5mg/ml of MTT solution was prepared in the PBS. 50µl of MTT was added to 

each well and incubated for 3 hours. After incubation 100µl of DMSO was added to each 

well to dissolve the formazan crystals. The plate was read at OD= 450nm absorbance. 

Corrected absorbance was measured. Graph was plotted to for IL-6 and TNF-a treatments to 

determine the effective concentrations.  
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12. Mito-SOX Assay 
	
MitoSOX Red (M36008 Invitrogen) was used to determine the mitochondrial superoxide. 

MitoSOX Red was used for VSMCs cultured in hypoxia, IL-6 and TNF-a. The VSMCs are 

cultured in overnight hypoxia at <2% oxygen, in IL-6 and TNF-a treated chamber slides. 

Manufacturer’s instructions are followed. Stock solution of the MitoSOX reagent is prepared 

by dissolving 50 µg of superoxide indicator in dimethylsulfoxide. The stock solutions diluted 

to a working solution. Cells are incubated with 5µM MitoSOX reagent for 10 min. Cells were 

protected from light. Cells are washed with the buffer and counterstained and mounted. Live 

cell imaging is performed 

 

13. Immunofluorescence of cell lines 
	
The chamber slides are incubated in Hypoxia (oxygen <2%) overnight, Hypoxia with IL-6 

treatment, hypoxia with TNF-a treatment, normoxia IL-6 and TNF-a treatment. Cells are 

washed in PBS and fixed in formalin at room temperature for 15 min. Cells are permeabilized 

with PBS+0.1% Triton X. Cells are then blocked with serum. Cells are incubated for 60 min 

after adding primary antibody. Cells are washed with PBS and secondary antibody is added 

and left for 30 min. cells are left in the dark to preserve the fluorescence after adding the 

secondary antibody. After washing the cells, DAPI is added to mount the cells. Imaging is 

done with the fluorescent microscope. 

 

14. BrdU cell proliferation assay 
	
BrdU (5-Bromo 2-Deoxyuridine) cell proliferation assay kit from Cell signaling Technology 

was used. During cell proliferation BrdU incorporates into cellular DNA. Using anti-BrdU 

antibody in the assay, cell proliferation is studied. HRP linked antibody recognizes the bound 
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antibody. TMB substrate develops color whose absorbance is studied. Cells were plated in a 

96 well plate. 1X concentration of BrdU solution was added to the wells and incubated for 

24hrs duration. Fixing solution was added to the cells and left at room temperature for 30 

min. Detection antibody was added to the wells and incubated for an hour. 1X conjugated 

secondary antibody was added followed by a TMB substrate. Finally stop solution was added 

and absorbance was read at 450nm.  
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Statistical Analysis 
	
Intensity of the immunofluorescence was quantified using ImageJ software. Data was 

collected in the Microsoft Excel software. An a equal to 0.05 was used for statistical 

analysis. Graph pad was used to calculate all the statistical results. One sample t test was used 

to calculate the histology sections as there was only one normal tissue whose values were 

used as the hypothetical mean. One sample t test was also used to calculate the metabolic 

profile values. P (probability) value, CI (confidence interval), SEM (standard error of mean) 

were calculated and graphed. For cell line (n=3), two sample t test was used to calculate all 

the values. P value, CI, SEM were calculated and graphed. 
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Results 
	
Slides are prepared from the paraffin embedded blocks and stained to study the histology. On 

a hematoxylin and eosin stain the structural architecture of the vessel is studied. In the swine 

which underwent angioplasty, intimal thickness was noted. The thickness of the intima and 

the media are measured to compare the hyperplasia. It was noted that a single cross-section of 

the artery had varying thickness of the intimal hyperplasia. There were regions where intimal 

layer was more than the media and vice versa. The ratio of maximal thickness was calculated. 

The ratio of intima to media thickness ranged from 0.2 to 1.9 in the swine which underwent 

angioplasty. The ratio in the normal swine was noted to be 0.01 (normal swine n=1: Post 

angioplasty IH swine n=5).  

 

 

 Figure 7: Histological section with trichrome stain of a normal coronary artery 

Normal coronary artery shows a thin layer of intima. The above figure shows intimal layer to 

be 2.58µm and the media layer to be 185.61µm. (20x) 

 
 
 



	 30	

A  B    
 

C  D 
 
 
 
Figure 8: Histological sections showing Intimal hyperplasia in coronary artery following 
intervention 

Showing sections of artery with Intimal hyperplasia. The above sections A-D show intimal 

hyperplasia. The thickness of the intimal layer and the media layer are labelled in the 

sections. Arteries show varied thickness in a single cross section. Some regions have intimal 

thickness more than the media and some less than the media. (20x) 
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TRICHROME STAIN 
	
The Trichrome staining shows the region of intimal hyperplasia. The extracellular matrix 

deposition is depicted as blue colored layer in the stain. The VSMC layer is shown to be pink 

in color. It gives a better visual picture of the hyperplasia. The pictures in the stain are 

measured for their intimal and medial layer thickness.  

 

Figure 9: Trichrome stained histology section of Intimal hyperplasia 

This Trichrome stain section shows a bluish stain for the thickness of the IH. It gives a better 

picture to study the intimal thickness. The above section has a labelled thickness of the intima 

and the media. Intima-208.69µm, Media-108.45µm. (20x) 
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 A  B 

Figure 10: Trichrome stained histology sections: 

Showing trichrome stained histology sections A-B of the intimal hyperplasia regions in the 

artery. The sections of trichrome stained tissues can be visualized. The IH can be seen in 

them. The thickness of the layers is measured and labelled in the slides. (20x) 
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Swine I/M Ratio 

N 0.01 

  

IH1 1.812703795 

IH2 1.943296833 

IH3 0.780529981 

IH4 0.357211022 

IH5 0.214108178 

MEAN 1.021569962 

 

Figure 11:  Table showing ratio of Intima to media in Normal swine (N) and Intimal 
Hyperplasia swine (IH): 

The table shows the measurements of the intima and the medial layers as a ratio. The ratio 

can be seen to be increased in IH1 to IH5 swine which have undergone balloon angioplasty. 

The ratio of IH varied from 0.2 to 1.9 in the thickest regions. 
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Figure 12: Graph showing ratio between Intima and media. 

Normal swine (N) and swine with Intimal Hyperplasia (IH): The graph shows comparison of 

intimal to medial thickness ratio among all the swine. It can be seen to be greatly increased in 

IH1 to IH5 swine which underwent balloon angioplasty. 
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Microvasculature in Ventricular Muscle 
	
Trichome staining was done to the ventricular muscle to see the microvasculature. It was seen 

that the microvasculature of the swine within the ventricular muscle also showed signs of 

intimal hyperplasia. While it was not evident on all the swine, one of the swine showed 

increased intimal thickness. This is thought to be an interesting finding as the hyperplasia of 

the intimal layer was not just limited to the main coronary vessel but it also extended to the 

microvasculature in the ventricles. There needs to be further study in this area before 

anything can be mentioned as conclusions of the study.  

 

 

 

Figure 13: Microvasculature in ventricle 

 This figure shows the microvasculature in the ventricular muscle in the normal swine upon 

trichrome staining. (20x) 
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Figure 14: Ventricular muscle of post-angioplasty swine 

The figure shows the presence of intimal hyperplasia in the microvasculature of the 

ventricular muscle. (20x) 
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Verhoeff’s Elastic Stain  
	
Verhoeff’s stain is performed to check for the internal elastic lamina in the vessel. In a 

normal vessel, the elastic lamina remained intact. With intimal hyperplasia, the elastic lamina 

of the artery remained intact when the IH was minimal. When the IH increased in thickness 

the elastic lamina doesn’t remain intact. Some vessels showed a break in the internal elastic 

lamina with increased thickness of the intimal layer. This stain helps to understand the extent 

of hyperplasia, when the overgrowth breaks the internal elastic lamina. 

 

 

 

 

Figure 15: Intact internal elastic lamina 

This figure shows the intact elastic lamina. (20x) 
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Figure 16: Broken internal elastic lamina 

This figure shows an irregular elastic lamina below the intimal hyperplasia. (20x) 

 

  

METABOLIC PROFILE 
	
The levels of glucose and insulin were measured and noted. The lipid profile of the swine 

was also calculated. The total body cholesterol, HDL, LDL were calculated and noted. The 

mean glucose level was elevated to 120.8mg/dl in the post-angioplasty swine compared to the 

level of 81 of the normal swine but the increase did not reach a statistical significance 

(p=0.138) (95% CI: From -19.924 to 99.524). The mean insulin level of the normal swine 

was 1.1mg/dl and post-angioplasty swine was 3.36 mg/dl. These levels showed there is no 

statistical difference (p=0.09) (95% CI: -0.59 to 5.1). The total body cholesterol was 

significantly elevated in the post-angioplasty swine (p=0.004) (95% CI: 88.5 TO 250). The 

levels of LDL are significantly elevated in the post angioplasty swine (p=0.0001) (95% CI: 

45.7 TO 65.1). The levels of HDL levels are also significantly increased in the post-

angioplasty swine (p=0.0136) (95% CI: 38.9 TO 190.2).  
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Swine No Glucose 
mg/dl 

insulin mg/dl cholesterol 
mg/dl 

HDL 
 mg/dl 

LDL  
mg/dl 

N19445 81 1.1 102 49 47 
            
            

IH33143 133 5.1 308 104 198 
IH33155 174 4 208 109 95 
IH33159 156 1.3 237 91 139 
IH53051 71 0.6 367 110 248 
IH18888 70 5.8 239 108 128 

MEAN 120.8 3.36 271.8 104.4 161.6 
SD 48.16326401 2.304994577 64.67379686 

 
7.829431652 60.96146324 

 

Figure 17: Table showing levels of glucose, insulin, cholesterol, HDL and LDL levels 

Table showing levels of glucose, insulin, cholesterol, HDL and LDL levels in IH swine levels 

in mg/dl. The table shows blood values of the swine for glucose, insulin, total body 

cholesterol, HDL, LDL. The values in IH swine which underwent balloon angioplasty are 

elevated compared to the normal swine. 
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Figure 18: Graph showing levels of cholesterol, HDL and LDL 

Graph showing levels of CHOL (cholesterol), HDL and LDL in N (normal) swine and IH 

(swine with intimal hyperplasia): The graph shows a significant elevation in cholesterol 

levels, HDL, LDL levels in IH swine which underwent balloon angioplasty (cholesterol 

(p=0.004) (95% CI: 88.5 TO 250). HDL(p=0.0136) (95% CI: 38.9 TO 190.2) 

LDL(p=0.0001) (95% CI: 45.7 TO 65.1). 
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IF for Mitochondrial Markers 

The immunofluorescence on the slides was performed to study the mitochondrial markers 

and the expression was quantified (n=5IH swine, n=1 normal swine). It was noted that the 

mitochondrial marker PGC-1a was significantly expressed lower in the IH swine compared 

to the normal swine (p=0.006) (95% CI: -48.8 to -27.4). The expression of HIF-a was higher 

significantly in the IH swine compared to normal swine (p=0.014) (95% CI: 15.9 to 80.5). the 

expression of the mitochondrial marker citrate synthase was significantly lower in IH swine 

compared to the normal swine (p=0.025) (95% CI: -24 to -2.6). the expression of complex-1 

did not reach any significance between both the groups (p=0.16) (95% CI: -73.36 TO 18.21). 
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  A. 

   B. 

   C. 

Figure 19: PGC-1a expression 

Showing PGC-1a expression in A. normal swine B.C. IH swine: The figure A shows PGC-

1a expression in normal swine artery.  Fig B and C show decreased expression of PGC-1a in 

the swine with intimal hyperplasia (IH). (20x) 
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   A. 

  B. 

   C. 

Figure 20: expression of HIF-a 

Showing expression of HIF-a in A. normal swine B.C. IH swine. Fig A. shows expression of 

HIF-1a in normal swine. Fig B and C show increased expression of HIF-1a in swine with 

Intimal Hyperplasia (IH). (20x) 
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   A. 

    B. 

      C. 

 

Figure 21: expression of Citrate Synthase 

Showing expression of Citrate Synthase in A. Normal swine B.C. Swine with IH. Fig A 

shows CS expression in Normal swine. Fig B and C show CS expression which is decreased 

in the IH swine. (20x) 
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Figure 22 : Graph showing PGC-1a MFI 

Graph showing PGC-1a MFI (mean fluorescence intensity) expression in N (normal swine) 

IH (swine with intimal hyperplasia). The expression of PGC-1a is significantly decreased in 

IH (intimal hyperplasia) swine (p=0.006) (95% CI: -48.8 to -27.4). 
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Figure 23: Graph showing HIF-a MFI expression 

Graph showing HIF-a MFI expression in N (normal swine) IH (swine with intimal 

hyperplasia). The expression of HIF-1a is significantly elevated in IH swine which 

underwent balloon angioplasty when compared to the normal swine (p=0.014) (95% CI: 15.9 

to 80.5)  
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Vascular Smooth Muscle Cell Markers: 
	
The cell lines showed no expression of the negative marker CD45 for VSMCs and showed 

expression for positive marker Vimentin.  

 

A. B. 

 

Figure 24: CD 45 Negative Marker, Vimentin- Positive Marker 

The figure A shows no expression of the negative marker for the VSMC CD45. The fig B 

shows expression of positive marker Vimentin. (20x) 
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MTT Assay 
	
MTT assay was used to assess the effective concentration of IL-6 and TNF-a. Serial 

concentrations of IL-6 and TNF-a were used in MTT assay. Concentrations of 0.5ng/ml, 

1ng/ml, 10ng/ml, 25ng/ml, 50ng/ml, 100ng/ml. Absorption at 450 nm for the viability is 

noted. It was noted for IL-6, the cells reached an effective viability at the concentration of 

10ng/ml. after 10ng/ml, the viability seemed to do not reach any more significance. For TNF-

a, after the concentration of 25ng/ml, the effective viability did not show any more 

significant increase. Considering the results of this assay, effective concentration of IL-6 is 

fixed to be 10ng/ml and concentration of TNF-a is fixed to be 25ng/ml.  
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  A  

 B 

Figure 25: Showing effective concentration of IL-6 and TNF-a: 

The graphs A and B show that at the concentration of 10ng/ml and 25ng/ml IL-6 and TNF-a 

reached an effective cell viability O.D (optical density) in the MTT assay. 
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MitoSOX Assay 
	
The MitoSOX assay measured the ROS between the groups (n=3). The cells treated with 

hypoxia showed significant increase in the production of ROS (P=0.0001) (95% CI: -157.48 

to -136.9). treatment of the cells with IL-6 and TNF-a did not show any significant increase 

in the ROS (IL-6 p=0.20 95%CI: -1.5 to 7.1) (TNF-a: p=0.53, 95%CI: -9.9 to 5.1).  

 

A   B 

Figure 26: MitoSOX expression 

Showing MitoSOX expression of ROS under Normoxia and Hypoxia: The fig A shows ROS 

expression under live imaging when quantified using ImageJ. The cells were individually 

marked, measured and counted. The fig B shows increased expression of ROS under 

hypoxia. (20x). 
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Figure 27: Graph showing ROS MFI 

Graph showing ROS MFI (mean fluorescence intensity) expression under Normoxia, 

Hypoxia, IL-6 and TNF-a treatment. The graph compares the MFI of the ROS expression 

under Normoxia, Hypoxia, IL-6 and TNF-a treatment. under hypoxia there is a significant 

increase in ROS (P=0.0001) (95% CI: -157.48 to -136.9). There is no significant difference in 

expression of ROS under IL-6 and TNF-a treatment (IL-6 p=0.20 95%CI: -1.5 to 7.1) (TNF-

a: p=0.53, 95%CI: -9.9 to 5.1).  
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IF on VSMCs: 
	
Mitochondrial markers were studied under hypoxia, IL-6 and TNF-a treatment (n=3). Under 

hypoxia the cells showed significantly decreased expression of PGC-1a (p= 0.03, 95%CI: 4.6 

to 110.3). Under IL-6 and TNF-a treatment PGC-1a did not show any significant difference 

in expression (IL-6: p=0.98, 95% CI: -51 to 51.72) (TNF-a: p=0.30, 95%CI: -33 to 81.6). 

With induction of hypoxia there was significant expression of the hypoxia marker HIF-a 

(p=0.038, 95% CI: -176 to -7.9). The expression of citrate synthase under hypoxia did not 

show any significant expression (p=0.34, 95% CI: -29 to 67). With treatment of IL-6 and 

TNF-a, there was no significant change in expression of CS (IL-6: p=0.25, 95% CI: -18.5 to 

52.5) (TNF-a: p=0.72, 95% CI: -59 to 45.2). The expression of complex-1 did not show any 

significant difference upon induction of hypoxia to the cells (p=0.08, 95% CI: -276 to 26). 

Complex-1 did not show any significant difference upon treating the cells with IL-6 and 

TNF-a (IL-6: p=0.06, 95%CI: -276 to 14.98) (TNF-a: p=0.14, 95% CI: -287 to 61.2). 
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A   B 

 C D 

Figure 28: PGC-1a expression in Normoxia 

Showing PGC-1a expression in Normoxia. Fig A-D show expression of PGC-1a in normal 

VSMCs. (20x) 
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A  B 

Figure 29: Hypoxia- PGC-1a expression 

Showing Hypoxia- PGC-1a expression. Fig A and B show decreased expression of PGC-1a 

under hypoxia. The decrease is significant when compared to the normoxia cells (p= 0.03, 

95%CI: 4.6 to 110.3). (20x) 
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 A   B 

Figure 30: TNF-a- Expression of PGC-1a: 

Showing TNF-a- Expression of PGC-1a. Fig A and B show expression of PGC-1a when the 

VSMCs were treated with 25ng/ml of TNF-a concentration (TNF-a: p=0.30, 95%CI: -33 to 

81.6). (20x) 

 

 

 A  B 

Figure 31: IL-6-PGC-1a Expression 

Showing IL-6-PGC-1a Expression. Fig A and B show expression of PGC-1a when the cells 

were treated with 10ng/ml concentration of IL-6 (IL-6: p=0.98, 95% CI: -51 to 51.72). (20x). 
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Figure 32: Graph showing MFI (mean fluorescence intensity) values of PGC-1a 

Graph showing MFI (mean fluorescence intensity) values of PGC-1a marker in N 

(normoxia), HY (hypoxia), IL-6 and TNF-a treatment. The graph shows a significant 

decrease in PGC-1a expression in hypoxia (p= 0.03, 95%CI: 4.6 to 110.3). The MFI under 

IL-6 and TNF-a treatment did not show any significant difference (IL-6: p=0.98, 95% CI: -

51 to 51.72) (TNF-a: p=0.30, 95%CI: -33 to 81.6). 
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 A  B. 

 C  D. 

Figure 33: Expression of HIF-a under A. normoxia B. hypoxia 

Showing expression of HIF-a under A. normoxia B. hypoxia. The figure A-D shows 

expression of the HIF-a marker in VSMC. Fig A-B show its expression in normoxia. Fig C-D 

show its expression in hypoxia environment. (20x). 
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Figure 34 : Graph showing HIF-a MFI. 

Graph showing HIF-a MFI (mean fluorescence intensity) expression under N(normoxia) and 

HY(hypoxia). The graph shows that under hypoxia there is a significant elevation of HIF-a 

(p=0.038, 95% CI: -176 to -7.9) 
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A    B 

Complex-1, Citrate Synthase-NORMOXIA 

 C  D 

Complex-1, Citrate Synthase-HYPOXIA 

 E  F  
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Complex-1, Citrate Synthase-IL-6 Treatment. 

 G    H 

Complex-1, Citrate Synthase-TNF-a treatment. 

Figure 35 : VSMC expression of markers 1. Complex-1 2. Citrate synthase 

Showing VSMC expression of markers 1. Complex-1 2. Citrate synthase under Normoxia, 

Hypoxia, IL-6 and TNF-a treatment: The figure A and B show expression of complex-1(C-1) 

and citrate synthase(CS) markers under normoxia. The fig C and D show expression of C-1 

and CS under hypoxia. The fig E and F show expression of C-1 and CS under IL-6 treatment 

of VSMCs. the fig G and H show expression of C-1 and CS in TNF-a treated VSMCs. 

Hypoxia C-1 (p=0.08, 95% CI: -276 to 26). CS (p=0.34, 95% CI: -29 to 67).  C-1(IL-6: 

p=0.06, 95%CI: -276 to 14.98) (TNF-a: p=0.14, 95% CI: -287 to 61.2). CS (IL-6: p=0.25, 

95% CI: -18.5 to 52.5) (TNF-a: p=0.72, 95% CI: -59 to 45.2). (20x) 
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BrdU Assay 
	
BrdU assay is performed on cells incubated in hypoxia and on cells treated with IL-6 and 

TNF-a. The cell proliferation is studied with absorbance at 450 nm. The cells treated with 

IL-6 and TNF-a did decrease mean absorbance level but did not show any significant 

difference compared to the normal cells (IL-6: p=0.09, 95% CI: -0.015 to 0.18) (TNF-a: p= 

0.066, 95% CI: 0.053 to 0.18). The cells incubated in hypoxia over 24hrs also did not show 

any significant difference in proliferation (p=0.72: 95%CI: -0.14 to 0.19). 

 

 

 

Figure 36: BrdU assay graph 

Showing BrdU assay graph. The graph shows the mean absorbance values under the 

influence of hypoxia, IL-6 and TNF-a treatment. There was no significant difference in cell 

proliferation under any condition. Hypoxia (p=0.72: 95%CI: -0.14 to 0.19). (IL-6: p=0.09, 

95% CI: -0.015 to 0.18) (TNF-a: p= 0.066, 95% CI: 0.053 to 0.18).  

 

0.228
0.206

0.144625
0.162875

0

0.05

0.1

0.15

0.2

0.25

0.3

N H IL-6 TNF

O
.D

MEAN

p=0.72

p=0.09

p=0.066



	 62	

Discussion 
	
The vascular smooth muscle cell layer forms the tunica media of the vessel wall. The 

endothelium overlying the media protects the smooth muscle cells beneath it. After coronary 

intervention, the arterial injury causes loss of the endothelium and stretches the vessel wall.  

The endothelium layer undergoes repair after the injury. Use of drugs like rapamycin, drug 

eluting stents inhibit proper repair of the layer. Though they reduce the rate of restenosis by 

inhibiting proper repair, they contribute to late stage thrombosis (Nakazawa et al. 2011). 

After angioplasty in the vessel, the streamlined flow of blood changes to non-laminar flow. 

This creates a sheer stress on the underlying VSMCs. It is studied that under sheer stress, the 

VSMCs switch to proliferative phenotype (Asada et al. 2005). 

 

Studies have shown association of hypoxia with intimal hyperplasia (Lee et al. 2000) (Wan et 

al. 2014). When the intimal thickness increases, the supply of oxygen to the layer beneath the 

intima decreases. The media receives less oxygen. As a compensatory mechanism there is 

neo-angiogenesis that develops to provide blood supply and oxygen to the layer beneath the 

thick intima (Atkinson et al. 2005). This study looked into the effect of such hypoxia on 

mitochondrial function in the VSMCs. The VSMCs contribute the layer where hypoxia is 

prominent. Similarly, in an atherosclerotic plaque decreased oxygen levels stimulate 

angiogenesis and new vessels to develop into the plaque (Moreno et al. 2006). By creating 

hypoxic environment to VSMCs, this study examined the mitochondrial function of the cells. 

This study also induces pro-inflammatory environment by adding IL-6 and TNF-a to the 

cultured cells and see if they have any influence on the mitochondrial function. The 

mitochondrial function is studied through expression of mitochondrial markers PGC-1a, 

citrate synthase, complex-1. 
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Mitochondria in the coronary vessel are major consumers of oxygen. They regulate energy 

production by generating ATP. The mitochondrial ROS is studied to be involved in various 

cardiovascular pathologies. ROS is also studied in relation to IH. ROS is studied to promote 

PDGF induced VSMC migration (Clempus and Griendling 2006). ROS is also noticed to 

promote phenotype switch of VSMC through MAPK pathway (Su et al. 2001). This study 

found ROS expression to be significantly elevated in the presence of hypoxia (p=0.001). This 

could have played an essential role in IH. Superoxide radicals are elevated during neo-intima 

formation. Manganese superoxide dismutase (MnSOD) scavenges the free radicals. Upon 

inhibition of MnSOD, studies noticed an increased intimal hyperplasia and vice versa (Wang, 

Shi, and Chen 2012).  

 

Mitochondrial fission and fusion play a major role in any cell migration. It is studied that in 

IH, by limiting mitochondrial fission a decreased VSMCs proliferation has been notice 

(Wang et al. 2015).  Dysfunction of mitochondrial fusion protein is also studied to be 

associated with VSMC proliferation (Chiong et al. 2014). These proliferating VSMC cells 

have been noticed to derive energy from glucose metabolism rather than oxidative 

phosphorylation (Chiong et al. 2013). It was found that during VSMC phenotype switch, 

mitochondria switches to oxidation of fatty acids from oxidation of glucose (Salabei and Hill 

2013). 

 

PGC-1a regulates the mitochondrial biogenesis. It regulates glucose metabolism and its 

increased expression is studied with production of gluconeogenic genes. It increases the 

insulin sensitivity in the muscle. PGC-1a switches the muscle towards more fatty acid 

oxidative metabolism. This decreases the fat accumulation and increases insulin sensitivity.  

This mechanism has been used to pharmacologic advantage in treating diabetes through 
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thiazolidinedione drugs which activate PGC-1a (Liang and Ward 2006). It is also studied to 

display anti-inflammatory properties. It is studied to inhibit pro-inflammatory cytokines like 

TNF-a. It also increases Nitric Oxide production from the endothelium which has a 

protective benefit on the vascular health (Calnek et al. 2003). PGC-1a is studied to reduce 

oxidative stress in the cells. Its overexpression is associated with reduced levels of ROS in 

studies (Xiong et al. 2013). 

 

Pioglitazone, a PGC-1a activator has been studied to decrease growth factor mediated 

proliferation of vascular smooth muscle cells in rats contributing to decreased hypertensive 

effect (Dubey et al. 1993). Troglitazone has been studied in post-angioplasty rats. Rats 

underwent arterial balloon injury. The drug was studied to inhibit PDGF mediated VSMC 

migration. Administration of the drug also significantly reduced intima to media thickness 

ratio (Law et al. 1996).  In our study, PGC-1a showed significant decrease of expression in 

the intimal hyperplasia arteries on immunofluorescence (p=0.006). When VSMCs were 

cultured under hypoxia, PGC-1a expression was found to be significantly decreased 

(p=0.03). This shows hypoxic environment might contribute to the decreased mitochondrial 

biogenesis and promote more vascular smooth muscle cell proliferation. Troglitazone when 

used in human subjects with diabetes showed a decrease of intima medial thickness in the 

carotid artery (Minamikawa et al. 1998). Angiotensin II plays a major role in migration of 

VSMCs contributing to IH. It is studied that Troglitazone inhibits this angiotensin II 

mediated action (Graf et al. 1997). 
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Figure 37 : Decreased mitochondrial biogenesis marker PGC-1a and associated 
consequences studied. 
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Though there have been studies showing hypoxia induced VSMC proliferation, our study did 

not show any significant increase in VSMCs under hypoxia (p=0.72). Hypoxia is widely 

studied in relation to increasing VSMCs proliferation along with studies showing 

administration of oxygen decreased the rate of proliferation (Lata et al. 2013; Wan et al. 

2014) (Tretinyak et al. 2002). High rate of telomerase activity has been studied when the cells 

were induced hypoxia (Minamino, Mitsialis, and Kourembanas 2001). It needs to be further 

evaluated whether the hypoxic influence depends on the duration of induction of hypoxia. 

Percentage of oxygen available to cells should also be taken into consideration. Considering 

this, there might be a multifactorial way to hypoxia leading to VSMCs proliferation if it does 

so.   

 

 HIF-a is a marker and regulator of hypoxia. It is essential to regulate angiogenesis in the 

vessel layer under hypoxia (Corley, Taylor, and Lilly 2005). By contributing to activation of 

Nf-kappaB pathway it is studied to contribute to inflammation. HIF-a is also studied to 

upregulate PDGF and VEGF to promote vascular proliferation and promote angiogenesis. It 

is studied to be associated with atherosclerosis in causing endothelial dysfunction. It is also 

studied to upregulate the levels of ROS (Jain et al. 2018). Hypoxia induced HIF-a plays a role 

in regulating migratory inhibiting factor (MIF). MIF regulates the migration and proliferation 

of VSMCs in atherosclerosis and vascular remodeling (Fu et al. 2010). Knockdown of HIF-a 

has been studied to correlate with decreased thrombospondin induced VSMC migration and 

proliferation (Jain et al. 2018) 
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In our current study HIF-a was significantly raised in swine with IH (0.143). VSMCs when 

induced to hypoxia <2% oxygen, showed significant increase in expression of HIF-a 

(p=0.03). This expression of HIF-a could be associated with development of IH. HIF-a could 

also be said to be associated with reduced expression of PGC-1a and increased ROS 

production in our study. Inhibition of HIF-a has been studied to be associated with reduced 

IH and its overexpression vice versa (Christoph et al. 2014). Despite of such studies, it needs 

to be further evaluated as the duration and amount of hypoxia in vivo and vitro could result in 

different outcomes.  

 

Our study showed a significant decrease in expression of CS in immunofluorescence of the 

tissues (p=0.025). But upon induction of hypoxia and treatment of cells with IL-6 and TNF-

a, there is no significant change in the expression of the CS. CS has been used as a marker 

for the density of mitochondria. Though it could relate to presence of decreased number of 

mitochondria in IH, the reason is unclear. The study signifies there is no association between 

mitochondrial density upon hypoxia and pro-inflammatory cytokine induction, which further 

needs to be evaluated. This study did not show any statistical difference in change in 

expression of Complex-1 in IH, VSMCs under hypoxia, IL-6 and TNF-a treatments. Though 

complex-1 is studied in association with cell migration, proliferation and glycolytic 

metabolism in smooth muscles, it needs to be further explored to confirm any result.  

 

Downregulating pro-inflammatory cytokines by silencing TLR4 has been studied to show a 

reduction of IH (Zhu et al. 2016). Upon treating cells with pro-inflammatory cytokines IL-6 

and TNF-a, no increase in the cell proliferation was noted (p= 0.09, p=0.25). Mitochondrial 

markers and expression of ROS was studied on cytokines IL-6 and TNF-a treatment. VSMCs 

upon treatment showed no significant difference in expression of mitochondrial markers 
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PGC-1a, complex-1 and CS expression. There was no significant change in the expression of 

ROS. Through AMPK pathway, IL-6 is studied to increase mitochondrial biogenesis in a 

study (Chen et al. 2018). But our study showed no significant change in the marker for 

mitochondrial biogenesis, PGC-1a expression with pro-inflammatory cytokine treatment.  

 

Oral statins are studied to reduce the hyperplasia of the intimal layer (Helkin et al. 2019; 

Bledsoe et al. 2006). A glucoside saponin drug called Dioscin is being studied for its anti-

proliferative and anti-migratory effects (Fan et al. 2019). New bio-absorbable scaffolds are 

being studied to prevent the side effects of a bare stent (Haude et al. 2016). Bioengineered 

stents which release CD 34 antibody have failed to show any significant reduction in intimal 

growth (den Dekker et al. 2011). There is a need to reduce the side effects from current 

interventions and to develop new pharmacologic support for current intervention to prevent 

the IH.  
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Conclusion 
	
This study concludes that there could be an association between IH after coronary 

intervention and mitochondrial biogenesis. Decreased mitochondrial biogenesis and increased 

ROS could be associated in contributing to the hyperplasia of the intimal layer. Hypoxia to 

the VSMCs causes decreased mitochondrial biogenesis as seen by decreased expression of 

PGC-1a. Hypoxia is also studied to increase expression of ROS. These further contribute to 

vascular pathologies. The study also concludes that pro-inflammatory cytokines IL-6 and 

TNF-a did not show any significant change in mitochondrial function. Hypoxia and pro-

inflammatory cytokines showed no association with VSMCs proliferation in cell lines.  
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Figure 38.  Figure showing conclusion of the study.	

Figure shows that balloon angioplasty causes Intimal Hyperplasia (IH). IH further causes 

hypoxia. Hypoxia leads to increased expression of HIF-a, increased expression of ROS, 

decreased expression of PGC-1a. HIF-a further leads to decreased expression of PGC-1a 

and increased expression of ROS. These effects further contribute to intimal hyperplasia. 
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Potential limitations of the study 
	
Some of the potential limitations of the study are sample size of the swine used. If the sample 

size was increased there could be a difference in values noticed. The experiment was 

performed in vitro which could vary with in-vivo environment. The study considers few 

mitochondrial markers. Further mitochondrial markers need to be explored to have better 

understanding of mitochondrial biogenesis and mitochondrial functioning in IH. 

Mitochondria could be studied using electron microscopy. The mitochondrial markers are 

studied only with IF in tissues, tissue sample studies could have done for confirming the 

results. In case of cell lines only IF was done to study mitochondrial markers, confirmatory 

studies have not been done. To support the conclusions quantitative studies could be done. 

Hypoxia and pro-inflammatory environment simulation results can be varied if different 

oxygen levels were used, or if different pro-inflammatory cytokines were used. Hypoxia was 

induced using hypoxic chamber, if other methods of hypoxia induction were performed the 

results would have varied. The proliferation of VSMCs did not show any significant 

difference in experimental groups. The only method used to assess the proliferation was 

BrdU assay. If other methods of proliferation assay were used the results might have varied. 
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