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ABSTRACT 

Hyperhomocysteinemia (HHcy) has been linked to an increased risk of cardiovascular 

diseases. High levels of homocysteine (Hcy) cause damage to endothelial cells by 

promoting endoplasmic reticulum (ER) stress that increases reactive oxygen species 

(ROS), and cause endothelial nitric oxide synthase (eNOS) uncoupling, leading to 

endothelial dysfunction. Thymoquinone (TQ) is the major active ingredient in Nigella 

sativa seeds volatile oil and is shown to have a cardioprotective effect. However, no 

study evaluated the effect of TQ against Hcy-induced endothelial dysfunction. Thus, 

this study aims to investigate the effects and mechanisms of TQ in reversing Hcy-

induced endothelial dysfunction. Isolated aorta from male Sprague-Dawley (SD) rats 

were incubated with Hcy (500µM) as inducer for HHcy and co-treated with or without 

TQ (0.1 µM, 1 µM, and 10 µM), 20 µM Taurine-Conjugated Bile Acid (TUDCA), 100 

µM apocynin or 1 mM Tempol as positive control in organ bath to study the 

endothelium dependent relaxation (EDR) and endothelium independent relaxation 

(EIR). Additionally, human umbilical vein endothelial cells (HUVECs) were incubated 

with Hcy (10 mM) and various concentrations of TQ (1 and 10 𝜇M), apocynin (100 

𝜇M), TUDCA (100 𝜇M) or H2O2 (0.20 mM) to evaluate the cell viability by using a 

phase contrast microscope and dye exclusion assay. Involvement of endoplasmic 

reticulum (ER) stress pathway, reactive oxygen species (ROS) and nitric oxide (NO) 

bioavailability were accessed via immunoassay and fluorescent staining respectively. 

Our results revealed that Hcy impaired endothelium-dependant relaxation in isolated 

aorta, as well as induced apoptosis in HUVECs. These effects were reversed by TQ, 

TUDCA, tempol and apocynin. Treatment with TQ (10 𝜇M) also reduced ROS level, 

improved NO bioavailability and reduced glucose-regulated protein 78 (GRP78) and 

nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) protein in HUVECs. 

Taken together, the present results suggest that TQ preserved endothelial function in rat 

aorta and reduced apoptosis of HUVECs induced by Hcy through the inhibition of ER 

stress-mediated ROS and eNOS uncoupling, suggesting that TQ could be an adjunct 

treatment for HHcy.  
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CHAPTER 1  

INTRODUCTION 

1.1 Research Background 

Hyperhomocysteinemia (HHcy) is a major risk factor for cardiovascular 

diseases such as atherosclerosis, vascular disease and hypercoagulability states (P. 

Ganguly & S. F. Alam, 2015). According to the World Health Organization, 17.9 

million deaths were reported from cardiovascular disease, accounting for 32% of all 

global fatalities, and 85% of these deaths are the result of a heart attack or a stroke in 

2019 (Mahadir Naidu et al., 2019). The earliest sign of atherosclerosis and vascular 

disease is endothelial dysfunction (Nappi & Avtaar Singh, 2023).  

According to several studies, homocysteine (Hcy) negatively impairs 

endothelial function (Barroso et al., 2016; Da Silva, Barroso, Moura, Castro, & Soveral, 

2018; Dubey et al., 2022; Kern et al., 2022; Xun Wu et al., 2019; Z. Zhang et al., 2017a). 

HHcy may impair endothelial-dependent dilatation through activation of endoplasmic 

reticulum (ER) stress which elevates oxidative stress and disrupts uncoupling of nitric 

oxide (NO) synthase activity (X. Wu et al., 2019) . Elevated Hcy levels have been 

demonstrated to cause ER stress by interrupting normal protein folding and processing 

in the ER, resulting in a build-up of misfolded proteins via activation of unfolded protein 

response (UPR) (Lindholm, Korhonen, Eriksson, & Kõks, 2017b). UPR mitigates the 

misfolded protein burden by upregulating ER protein folding capacity through 

increased production of chaperones such as glucose-regulated protein 78 (GRP78) and 

downregulating the ER protein load by suppressing protein transcription and translation 

(Amen, Sarker, Ghildyal, & Arya, 2019). Three parallel signal transduction pathways 

mediate such response: inositol requiring enzyme 1 (IRE1), RNA-activated protein 

kinase-like ER kinase (PERK) and activating transcription factor 6 (ATF6) (Oslowski 

& Urano, 2011).  

The UPR activation increases reactive oxygen species (ROS) generation. 

Several studies have described the function of NADPH oxidase 4 (NOX4) in ROS 

generation in ER stress-induced endothelial dysfunction (Amanso, Debbas, & Laurindo, 

2011; Loughlin & Artlett, 2010; Santos, Tanaka, Wosniak Jr, & Laurindo, 2009). NOX4 

activity is controlled by the availability of its cofactor, nicotinamide adenine 




