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Abstract 

MUHAMMAD FARHAN. Gene Expression Changes Of The Oxidant and Antioxidant System 

Due To High Cholesterol Diet In Nox4 Knock-Out Rabbit. Supervised by BODROGI LILLA and 

TIMEA PINTER. 

 

The role of NADPH oxidase enzymes in the regulation of many physiological functions is 

still not fully understood. The use of NOX inhibitors may help to highlight how NOX regulates 

these pathways and NOX inhibitors have also a potential therapeutic purpose. Indeed, while the 

physiological activity of NOX is crucial for health, oxidative stress due to excessive activity of 

NOX may lead to pathology. The aim of this study was to better understand the role of one of the 

isoforms of the NOX family of enzymes, NOX4 in the pathogenesis of atherosclerosis by the 

investigation of the gene expression changes of the oxidant and antioxidant system in response to 

high cholesterol diet in Nox4 knock-out rabbits. The rabbits were divided into two groups: one 

fed a high cholesterol diet and the other a normal diet. Gene expression analysis of the oxidant 

and antioxidant system was performed using real-time PCR. The results showed that the high 

cholesterol diet led to a significant increase in the expression of catalase in wild type animals and 

the increase of PRDX in the Nox4 knock-out group. In contrast, the expression of Nrf2 and Gpx1 

genes were significantly decreased in both groups, but the Nrf2 expression was higher in the 

Nox4 knock-out group. These findings suggest that Nox4 knock-out may enhance the antioxidant 

defense system in response to a high cholesterol diet, potentially providing a protective effect 

against oxidative stress. Further studies are warranted to elucidate the underlying mechanisms of 

these effects. 
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Introduction 

 

Cardiovascular disease (CVD), mainly ischemic heart disease (IH) and stroke are major 

causes of global mortality and contribute to disability. CVD is also a major cause of the 

increasing health care costs and becoming a global burden. The burden of CVD continues to rise 

globally in number of deaths, years of life lost, and disability-adjusted life years. From 1990 to 

2019, the prevalent case of CVD had nearly doubled, and the mortality of CVD had steadily 

continued to increase. (Roth et al. 2020). The Global Burden of Cardiovascular Disease Study 

has identified leading risk factor of cardiovascular disease death: high blood pressure, dietary 

risk, low density lipoprotein cholesterol (LDL-C), air pollution, tobacco smoking and secondhand 

tobacco smoke, high body mass index (BMI), high fasting plasma glucose closely related to 

diabetes, kidney dysfunction, lead exposure, non-optimal temperature, low physical activity, high 

alcohol consumption, and COVID-19 (Vaduganathan 2022). 

Dyslipidemia, smoking, and hypertension are found to be the most frequent risk factors 

(RF) for cardiovascular events (CVEs) in the 15 cities young stroke study in Europe. Several 

European long-term young stroke studies have shown recurrent of CVEs, such as myocardial 

infarction (MI), angina, peripheral arterial disease (PAD), ischemic stroke (IS), and mortality 

mainly caused by coronary atherosclerosis (CA). Atherosclerosis is highly prevalent in young 

stroke patients and even in control patients showing that CVEs are only ‘the tip of iceberg’ and 

clinical and subclinical atherosclerosis may start early in life (Nawaz et al. 2021). Symptomatic 

intracranial atherosclerotic disease (ICAD) is associated with early recurrence of ischemic stroke. 

Intracranial atherosclerotic plaque rupture or intraplaque hemorrhage and thrombus formation is 

thought to be mechanism of stroke in ICAD (Yaghi et al. 2019). 

 The term atherosclerosis is from Greek language, ‘athere’ meaning gruel or lipid 

accumulation and ‘sclerosis’ meaning hardening. Atherosclerosis is characterized by cholesterol 

accumulation, macrophages infiltration, smooth muscle cells (SMC) proliferation, connective 

tissue components accumulation, and thrombus formation. Hyperlipidemic state, smoking, stress, 

and hypertension are some of the risk factors of atherosclerosis (Singh et al. 2002). 

Atherosclerosis lesion develops in the intima layer of the arterial wall. Lesion development is 

accompanied by local increase of macrophages and hematogenous cells. Pericyte-like cells, 



` 

 9 

macrophages, and some smooth muscle cells accumulate lipids and turn it into foam cells. The 

primary source of accumulated lipids is low density lipoprotein (LDL). LDL is susceptible to 

modifications. Atherogenic modification of LDL starts with desialylation, continued by changes 

of lipoprotein in size, density, and electric charge resulting in small dense and electronegative 

LDL fraction. The interaction of the immune system and LDL induces formation of foam cells. 

The primary event of atherosclerotic lesion development is local endothelial activation and 

permeability increase. Endothelial activation express cytokines and chemokines (interleukin 1 

[ILL-1]), tumor necrosis alpha (TNF-α), chemokines monocyte chemoattractant (MCP-1), 

platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and adhesion 

molecules.  Thus, resulting in endothelium interaction increase and penetration into the 

subendothelial space. This violation of immune response causes inflammation chronification and 

leads to atherosclerotic lesion development (Markin et al. 2020). Increased generation of reactive 

oxygen species (ROS), especially superoxide is associated with endothelial dysfunction. 

Superoxide is well studied to have an important role as signaling molecules in normal vascular 

function, but excess production of ROS is highly pathological and associated with atherogenesis 

by damaging proteins, lipids, and NO from the blood vessel wall (Douglas and Channon 2014). 

 Excessive production of ROS outpacing the capability of antioxidant system generates 

oxidative stress. Several ROS-producing systems are present in blood vessels, such as xanthine 

oxidase (XO), uncoupled endothelial nitric oxide synthase (eNOS), mitochondrial respiratory 

chain enzymes, and Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX). 

Oxidative stress has been studied and shown to be an important factor in atherogenesis. These 

conditions induce cell injury by directly oxidizing and damaging cellular proteins, lipid, and 

DNA (Yang et al. 2017).   

 However, unlike NOX1 and NOX2 which have been proven in the development of 

atherosclerosis and other related CVDs, the role of NOX4 remains unclear and uncertain in CVD 

pathogenesis, including atherosclerosis pathogenesis. NOX4 was suggested to have 

vasoprotective role in atherosclerosis (Fulton and Barman 2016; Schroder et al. 2012), while 

NOX4 was also suggested to upregulate the migration of SMCs and lead neointimal plaque 

formation through specific activation (Kim et al. 2019). 
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The present study is a part of a broader research program to preserve a better and concrete 

understanding of NOX4 role in cardiovascular diseases and other related degenerative diseases. 

This study particularly focused on the gene expression analysis of four antioxidant genes in Nox4 

knock out (KO) rabbits. Previously, NOX4 KO rabbit line was successfully generated and bred to 

establish a homozygous population of animals.  

Question 

How does high cholesterol affect the gene expression profile of antioxidant system in 

NOX4 knock-out rabbits? 

Objectives 

  The present study is a part of a broader research program to preserve a better and concrete 

understanding of NOX4 role in cardiovascular diseases and other related degenerative diseases. 

This study particularly focused on the gene expression analysis of four antioxidant genes in Nox4 

knock out (KO) rabbits. Previously, NOX4 KO rabbit line was successfully generated and bred to 

establish a homozygous population of animals. 

 Experimental groups of Nox4-KO and wild type male rabbits were fed with cholesterol 

enriched diet (0,5 w/e) for 8 weeks. Blood samples were taken twice, at the start of the 

experiment (week 0) and after 8 weeks of feeding with cholesterol rich diet. Total RNA was 

extracted, and cDNA was synthetized. Lastly, gene expression analysis was carried out using 

qPCR of the synthesized cDNA. 
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Literature Review 

Reactive oxygen species 

Reactive oxygen species (ROS) are reactive molecules and free radicals containing 

oxygen, such as superoxide anion (O2•-), hydrogen peroxide (H2O2), hydroxyl radical (•OH) and 

other common reactive oxygen species shown in Figure 1. Most ROS are formed naturally as 

byproducts of mitochondrial electron of aerobic respiration metabolism, produced by 

oxidoreductase enzymes and metal catalyzed oxidation (Zorov, Juhaszova, Sollott 2014). ROS 

also can be generated in response to various exogenous stimuli such as UV radiation, air 

pollution, environmental toxins, and smoking (Tavassolifar et al. 2020). ROS plays important 

roles in various cellular processes such as signaling, gene expression, and host defense against 

pathogens. However, excessive ROS production can lead to oxidative damage to cellular 

components such as DNA, proteins, and lipids, which has been implicated in the pathogenesis of 

various diseases including cancer, cardiovascular disease, and neurodegenerative disorders (Saha 

et al. 2017; Dubois-Deruy 2020; Boas, Joyce and Cowell 2021). Source of reactive oxygen 

species is rich under physiological and pathological conditions as well. Cells distribute multiple 

sources ROS, including mitochondria, endoplasmic reticulum, peroxisomes, NAD(P)H oxidases, 

and monoamine oxidases (Yu and Xiao 2021). Mitochondria acts as a major ROS producer since 

oxidative phosphorylation produces an incomplete oxygen reduction (Sharafi-Rad et al. 2020).   

 

Figure 1. Lewis structure of common reactive oxygen species  
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The generation and scavenging of ROS are tightly regulated by various enzymatic and 

non-enzymatic mechanisms in cells. Enzymes such as superoxide dismutase (SOD), catalase 

(CAT), and glutathione peroxidase (GPX) play crucial roles in the detoxification of ROS 

(Ighodaro and Akinloye 2018). Non-enzymatic antioxidants such as vitamins C and E, 

glutathione, and carotenoids also play important roles in scavenging ROS (Kurutas 2016). 

Dysregulation of ROS production and antioxidant defense mechanisms can result in oxidative 

stress, which is characterized by an imbalance between ROS production and antioxidant capacity 

(Schieber and Chandel 2014).  

ROS plays a crucial role in cellular signaling and regulation. Low levels of ROS can act 

as second messengers and activate signaling pathways involved in cell proliferation, 

differentiation, and apoptosis (Sinenko et al 2021; Milkovic et al. 2019; Circu and Aw 2010).  

ROS are also able to modulate the activity of transcription factors such as NF-κB, AP-1, and 

Nrf2, which regulate the expression of genes involved in stress response and antioxidant defense 

(Lingappan 2018; Shi and Gibson 2007; Hiebert 2021). 

 

Oxidative stress and atherosclerosis 

Atherosclerosis is a disease characterized by the accumulation of lipids, fibrous elements, 

and calcification within the arteries. Its development starts with endothelial cell (EC) activation, 

followed by several signaling pathways leading to plaque buildup within the arteries, narrowing 

of the blood vessels and eventually resulting in an increased risk of cardiovascular disease 

(Jebari-binslaiman 2022). Atherosclerosis is initiated by endothelial dysfunction with low density 

lipoprotein (LDL) retention and its modification in the intima (Hermadi N et al. 2014; Mundi S, 

et al. 2018).  

Both hyperlipidemia and oxidative stress are thought to play a role in the development 

and progression of atherosclerosis. Lipid overload increases lipopolysaccharides (LPS) 

circulating levels and oxidative stress. Oxidative stress occurs when there is an imbalance 

between the production of reactive oxygen species (ROS) and the antioxidant defense and causes 

lipoprotein oxidation which is involved in atherosclerosis pathogenesis and changing cellular 

function. Oxidized low density lipoprotein (oxLDL) are proven to induce several proatherogenic 

processes, including oxidative burst modulation, dendritic cells maturation, alternative (M2) 
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macrophage activation, T2 helper response [Figure 2] that involved in plaque development 

(Peluso et al. 2012). 

NAPDH oxidases (NOX) are probably the most important ROS generating system in the 

cardiovascular system. NOX activity induces expression of vascular smooth muscle cell (VSMC) 

proliferation, endothelial adhesion, and monocytes infiltration, Activation of NOX generates 

superoxide anion by transferring electron from NADPH to oxygen molecule (Kattoor et al. 

2017). 

 

Figure 2. Molecular and cellular regulation of redox status and oxidative burst during the 

interaction of LDL and leukocytes (Peluso et al. 2012). 

Excessive ROS also contributes to the development of atherosclerosis by damaging the molecules 

that make up the walls of the arteries and cause inflammation (Chen et al. 2018). This can lead to 

the formation of plaque, which is made up of cell lesions, foam cells, cholesterol ester, calcium, 

and a mass of fatty acids that accumulate in the arteries (Rafieian-Kopaei 2014). Atherosclerotic 
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plaque can narrow the arteries and make it difficult for blood to flow through them, increasing the 

risk of heart attack and stroke (Arboix 2015). 

NADPH oxidases  

There are several different types of NADPH oxidases, which are found in different cell 

types and play different roles in the body. Humans have a family member of seven different 

enzymatic isoforms, NOX1-5 and DUOX1-2. In general, NADPH oxidases are involved in the 

production of ROS in response to various stimuli, such as inflammation, stress, and immune 

system activation (Buvelot et al. 2019).  NADPH oxidases reduce oxygen to superoxide radical 

anion (O2
2-) by using NADPH as an electron donor according to reaction below: 

NADPH + O2                    NADP+ + 2O2
2- + H+ 

ROS produced by NADPH oxidases have very diverse functions, both beneficial and 

harmful effects on the body. On the one hand, ROS produced by NADPH oxidases play 

important roles in cell signaling and in the immune system against microorganism through 

oxidative burst. They can act as signaling molecules to regulate various cellular processes, such 

as endothelial signaling, serotonin biosynthesis, regulation of renal function, and cellular 

proliferation. But their overexpression is also associated with various neurological diseases and 

types of cancer (Skonieczina et al. 2017). 

On the contrary, ROS produced by NADPH oxidases also play an important role in the 

pathogenesis of several neurodegenerative diseases and neuroinflammation. NOX activation in 

the hippocampus has been associated with cognitive damage followed by cerebral ischemia and 

hippocampal cell death (Tarafdar and Pula 2018). NOX also cause damage and further injury in 

traumatic brain injury (TBI), stroke, amyotrophic lateral sclerosis (AML) (Rastogi 2017).  In 

diabetic melitus patients, hyperglycemia condition induces ROS production increase by NOX 

enzymes and believed to play a pivotal role in cardiovascular dysfunction ((Lu et al. 2020; 

Teshima et al. 2014; Wang et al. 2021).  

In induced pluripotent stem cells (iPSCs) derived from X-linked Chronic Granulomatous 

Disease (X0CGD) patients with NOX2 deficiency, and AR220CGD patients with p22phox 

subunit deficiency which reduces NOX1, NOX2, NOX3 and NOX4 activity. NOX4 is the main 

NOX enzyme which is engaged in the initial phases of iPSC-derived hematopoietic development 
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and its activity can influence the amount, hematopoietic potential, and phenotype of CD34+ 

(Brault et al. 2019). 

The Nox4 deficit drives proinflammatory macrophage M(LPS+IFN) and lowers wound-

healing macrophage M(IL4+IL13) polarization. In comparison to wild type M(LPS+IFN)-

polarized macrophages, Nox4-/- macrophages express more Nox2 and generate more superoxide 

anions. The greater level of Nox2 in Nox4-deficient M(LPS+IFN)-polarized macrophages is 

caused by the increased NFκB activity, which is caused by the reduced STAT6 activation and 

increased NFκB activity that Nox4 deficiency causes. According to those findings, Nox4 loss 

induces the production of proinflammatory genes and cytokines in vivo in a murine 

inflammation-driven fibrosarcoma model, along with an increase in the quantity of 

proinflammatory Ly6C+ macrophages in the tumors. Overall, the results of this investigation 

point to Nox4 having anti-inflammatory properties in macrophages. Less M(IL4 + IL13) 

polarization and NFκB activity in monocytes are caused by a Nox4 deficit (Helfinger et al. 2019). 

 

GMO animals in NADPH-oxidase research 

Genetically modified (GM) animals are animal whose genetic material has been 

artificially altered by transgenic technologies leading t deletion, insertion, and/or substitution of 

part of the genome Thus, genetic studies have been important to biomedical research, attempt to 

understand illnesses and diseases and way to cure, prevent, and treat them. Animals are good 

systems to study gene function and physiological and pathological processes,  however the 

translational value of an organism is highly dependent on species specific characteristics of its 

anatomy, physiology and genetic distance to human.  With the possibility to introduce very 

precisely designed genetic changes to basically any mammalian species with modern genome 

editing technologies, the translational value of these animals is vast. Carefully designed stretches 

of DNA can be inserted to a random (classical additive transgenesis)  or highly targeted sites in 

the genome this is the so-called knock-in technology, or knock-out of genesrender its function is 

also achievable in order to alter, repair or modify its function (Bailey 2019). 

GM animals are or could be produced  for diverse purposes including xenotransplantation, 

protein pharming, enhancement of production traits,  or for basic research.. Xenotransplantation 



` 

 16 

is cells, tissues, or organs transplantation between species. Pharming is a practice to produce 

biopharmaceuticals through transgenic animals with a cost-effective method. Animal 

enhancement is an approaches that aims animals to have better growth rates for example or better 

resistancy to certain diseases. Lastly, GM animals are used to better understand the mechanism 

genetic modification itself (Keane 2019). 

In terms of genetics, rabbits share many of the same genes with humans, making them a 

valuable model for studying the effects of genetic mutations and potential treatments. 

Additionally, rabbits have similar cardiovascular and respiratory systems, as well as digestive and 

immune systems, which are relevant for studying diseases and use the animals in drug 

development. Moreover, rabbits are widely used in research on wound healing and tissue 

regeneration, as their skin and bone structures are similar to humans. Even though they are 

excellent experimental models for cardiovascular research, rabbits should not be mistaken for 

rodents. Only investigations into processes that cannot be adequately addressed in other animal 

models, such as translational research for the creation of lipid-lowering medications or diagnostic 

procedures, should be conducted on rabbits. Without taking these factors into account, utilizing 

rabbits may not be as advantageous as using rats, which have advantages over rabbits such as 

shorter gestation times, shorter life spans, reduced inter-individual variability of inbred strains, 

lower maintenance costs, and a wider range of reagent availability. Rabbits should thus be 

utilized to fill the gaps between small animal models (mice and rats), which are probably ideal for 

elucidating gene expression and functions, and larger animal models (pigs and monkeys), which 

are frequently needed for pre-clinical translational research. When compared to those larger 

animals, medium-sized rabbits may be kept in labs and are comparatively cheap to buy, house, 

and care for. They are simple to handle and breed, and the scientific and regulatory organizations 

have long recognized them as a good model. Also, because rabbits have a more diversified 

genetic background than inbred and outbred rodent strains and are phylogenetically closer to 

primates than rodents, the model is a better overall representation of humans (Fan  et al. 2015; 

Baumgartner et al. 2016). Several studies have used rabbits as a translational research model to 

investigate human diseases and drug efficacy. For example, a study by Deci et al. (2020) used a 

rabbit model to investigate different pathological markers of Alzheimer’s disease. The study 

showed further validation on the value of rabbit as an animal model of Alzheimer’s disease. A 

review study by Mage, Esteves, & Rader (2019) presents utility of rabbits as a tool to develop 
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diagnostics and therapeutics with examples from diagnosing and treating human disease with 

rabbit polyclonal and monoclonal antibodies (pAbs and mAbs, respectively), through studies of 

cardiovascular, autoimmune, ophthalmological, neoplastic diseases, and to new insights into the 

role of endogenous retroviruses. 

The knock-out rabbit model used in our study was generated by knocking out the NOX4 

gene, which is a member of the NOX family of enzymes involved in redox signaling and 

oxidative stress. The NOX4 KO rabbit lines were created using CRISPR/Cas9 system guided by 

gRNA designed to the second exon of NOX4 gene. It resulted in founder NOX4 KO animals with 

no signs of off-targets events (Pinter et al. 2020). For our studies homozygous population was 

established carrying a 7 bp deletion in the 2nd exon of rabbit NOX4 gene leading to an early stop 

codon in the coding sequence and because of this functional protein is not produced.   

Finally, a NOX5 knock-out rabbit model was generated by knocking out the NOX5 gene, 

which is a member of the NOX family that is involved in calcium signaling and cellular 

differentiation. Unlike rodents, rabbits share genetically similar NOX5 gene. The NOX5 KO 

rabbit lines generated by CRISPR with sgRNA to exon 3 of the rabbit NOX5 gene resulting in 

disrupted NOX5. Interesting result shown by the NOX5 knock-out rabbits indicates the protective 

role of NOX5 in atherosclerosis. The NOX5 knock-out rabbits exhibited increased 

atherosclerosis in rabbits shown by more plaque formation in thoracic aortas (Petheő et al. 2021). 

 

         

Antioxidant system  

The antioxidant system is a network of proteins, and their interactions help to protect cells 

and tissues from damage caused by reactive oxygen species (ROS). Several key genes and 

proteins are involved in the antioxidant system, including Nrf2, a transcription factor which 

activate the expression of a number of genes involved in the antioxidant system under the 

regulation of antioxidant response elements including superoxide dismutase (SOD), NQO1, heme 

oxygenase-1 (HO-1), and glutathione peroxidase (GPX) to respond oxidative stress and maintain 

a balance redox state (Huang et al. 2015). 
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Under normal conditions Kelch-like protein 1 (Keap1) binds to Nrf2 and promotes its 

degradation keeping Nrf2 levels low in the cytoplasm of the cell. When cells are exposed to 

oxidative stress (or other cellular stressors) Nrf2 is released from Keap1 and translocates to the 

nucleus where it binds to ARE sequences on the promoter regions of genes involved in the 

antioxidant defense. Active Nrf2 levels are also being regulated by autophagy and p62, a 

ubiquitin-binding protein. Oxidative stress upregulates p62 resulting in sequestration of Keap1, 

Nrf2 activation and expression of Nrf2-dependent antioxidant defense gene (Tu et al. 2019; Wu 

et al. 2022). 

To cope with increased ROS, cells possess enzymatic and non-enzymatic antioxidant 

systems. One of the enzymatic antioxidants is glutathione peroxidase (GPX) that catalyzes the 

reduction of hydrogen peroxide and lipid peroxidase to less harmful substances like alcohol and 

water by using glutathione (GSH) as an electron donor. (Zhang L et al. 2018). The ratio of the 

oxidized form of glutathione (GSSG) and the reduced form (GSH) is a dynamic indicator of the 

oxidative stress of an organism (Jones 2002). Superoxide dismutases (SOD) convert superoxide 

anions to hydrogen peroxide and oxygen catalase (CAT) which was the first antioxidant enzyme 

to be identified catalyzes hydrogen peroxide conversion to water and oxygen. In addition, the 

thioredoxin systems 1 and 2 are mainly used to reduce oxidized proteins (Kurutas 2015; 

Kohlgrüber et al. 2017). SOD have three isoforms, SOD1 located in cytosol and nucleus 

maintains NO levels within the endothelium, SOD2 located in mitochondria maintains redox state 

against mitochondrial ROS, SOD3 located in extracellular matrix prevents the endothelial NO 

inactivation at extracellular matrix (Sah et al. 2020; Pourvali, Abbasi, & Mottaghi 2016). SOD 

was also reported to have other functions, such as RNA metabolism regulation, nuclear gene 

transcription activation, and glucose modulation (Eleutherio et al. 2020). 

Peroxiredoxin (PRDX) is a ubiquitous enzyme catalyzing oxidative stress defense by 

rapidly neutralizing hydrogen peroxide, organic peroxides and peroxynitrite (Perkins et al. 2015). 

PRDX also affects proliferation, angiogenesis, senescence, as well as apoptosis (Perkins, Poole, 

& Karpus 2014).  
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Materials and methods 

Animals Used in the Experiment  

Ethics Statement  

The rabbits used in this study were New Zealand white rabbits. Wild type animals are 

from Innovo Ltd., Isaszeg, Hungary, the Nox4-KO animals were produced and breed at the 

animal facility of MATE-GBI. All animal studies were conducted in strict accordance with the 

recommendations and rules in the Hungarian Code of Practice for the Care and Use of Animals 

for Scientific Purposes, approved by the Animal Welfare and Research Ethics Committee at 

Agricultural Biotechnology Institute, National Agricultural Research and Innovation Centre and 

the Hungarian University of Agriculture and Life Sciences-Institute of Genetics and 

Biotechnology and registered under permission number ÁK-ENG (PE/EA/58-2-2018) and 

PE/EA/00741-7/2022 from Pest County’s governmental office. All efforts were made to minimize 

the suffering of animals. 

 

Animals 

Young mature adult males were used. Nox-deficient (Nox4-/-) and wild type (Nox4+/+) 

male rabbits (aged 20 weeks) were bred. Animals were housed in individual cages with free 

access to food and water. Animals were kept under a standard light–dark cycle (06.00–18.00 h) at 

19 °C. Nox4−/− rabbits were generated and genotyped as described by Pinter et al. 2020.  We 

used an atherogenic, high-fat feed with 0,5% w/w cholesterol to induce atherosclerosis. Age-

matched Nox4+/+ and NOX4−/− male rabbits (20-week-old) were fed for 4 days with 50% 

normal and 50% high-fat chow diet, followed by 8 weeks of 0,5% high-fat chow diet. Male 

animals were used because they intend to have more stable and lower cholesterol than female 

animals, hormonal fluctuations do not affect the experiment.  
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Sample Collection 

Blood samples were collected from the animals before feeding started and at the end of the 

atherogenic diet period. Blood samples were collected to the Applied Biosystems™ Tempus™ 

Blood RNA Tube, Catalog number: 4342792 according to the manufacturers protocol. 

RNA Extraction 

 RNA extraction was performed according to the manufacturer's instructions using 

Invitrogen™ Tempus™ Spin RNA Isolation Kit Catalog number: 4380204.  as follows: 

First, the collected blood was moved into 50 ml conical tube and 1xPBS was added to 

bring the total volume to 12 mL. The 12 mL of mixed sample was vortexed with maximum speed 

for 30 seconds to ensure the contents are properly mixed. The sample was centrifuged at 4oC at 

3000 x g (rcf) for 30 minutes. The supernatant then carefully was poured off and turned the tube 

in vertical position on an absorbent paper for 1-2 minutes. Afterward, 400 μl of RNA Purification 

Resuspension Solution was added into the conical tube and vortexed briefly to resuspend the 

RNA pellet. The resuspended RNA was then filtered using membrane filtration and centrifugation 

at 16,000 g for 30 seconds. Then, 500 μl of RNA purification wash solution 1 was added to the 

filter and was centrifuged again at 16,000 g for 30 seconds. The purification filter was retrieved 

and 500 μl of RNA purification was solution 2 was added and went on centrifugation at 16,000 g 

for 30 seconds. The filter then was dried by another centrifugation at 16,000 g for 30 seconds. 

RNA then retrieved from the filter by adding 100 μl nucleic acid purification elution buffer and 

centrifugation at 16,000-18,000 g for 2 minutes. Finally, approximately 90 μl of the RNA was 

transferred into a collection tube and the collected RNA samples were stored at -80oC. 

DNase treatment of the samples was performed on the filter with RNase-Free DNase Set 

(QIAGEN) Then, the total RNA was measured using Thermo ScientificTM NanodropTM. 

 

 

Real Time Quantitative Polymerase Chain Reaction (qPCR) 

 Gene expression analyses was carried out using VitaScript™ FirstStrand cDNA Synthesis 

Kit and protocol, as shown in Figure 3 and Figure 4. PCR mix and reaction was carried out as 
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shown in table 1. 400ng RNA was transcribed in each reaction. Specific PCR primers were 

designed with online tool Primer3 software: https://primer3.ut.ee/ to exon-exon boundaries of the 

corresponding rabbit genes. 

 

 

Figure 3. mixture of cDNA synthesis 

 

 

Figure 4. cDNA synthesis protocol 

  

https://primer3.ut.ee/
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qPCR mix 1x 

Mix 10 

Water 2.6 

Primer forward 1.2 

Primer reverse 1.2 

cDNA 5 

Total 20 

Table 1. qPCR Mixture for one reaction 
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Gene Primer Chromosome Location OryCun 2.0 

Nrf2 

ENSOCUG00000001009 

 

F-GCTCATCCCGTAACATGCTG 

R-AAGTGGCTGCTCAGAATTGC 

Chromosome 7: 

116,895,286-

117,079,121 

 

CM000796.1 

 

PRDX 

ENSOCUG00000005951 

G1SQ02_RABIT 

 

F-GCCCTACGGAGATCATTGCT 

R-GTGTTGATCCAAGCCAGGTG 

Chromosome 13: 

121,125,072-

121,135,656 

 

CM000802.1 

CAT 

ENSOCUG00000014198 

 

F-ACTCGCGAACCGAAACTCTC 

R-AGGACATCGGGTTTCTGCG 

Chromosome 1: 

173,711,512-

173,762,873 

 

CM000790.1 

 

GPX1 

ENSOCUG00000013331 

G1T569_RABIT 

 

F-AGTTTGGGCATCAGGAGAACG 

R-GAAGAGCATGAAGTTGGGCTC 

Chromosome X: 

61,956,423-61,957,025 

 

CM000811.1 

 

Table 2. Primers sequences for qPCR 

 

 

 

 

 

  

http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000001009;r=7:116895286-117079121;tl=3A8nyIA9AnbdzfAQ-9111750-905137086
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000001009;r=7:116895286-117079121;tl=3A8nyIA9AnbdzfAQ-9111750-905137086
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000001009;r=7:116895286-117079121;tl=3A8nyIA9AnbdzfAQ-9111750-905137086
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000005951;r=13:121125072-121135656;tl=LtLbRKhGGrLDBeyy-9111862-905144621
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000005951;r=13:121125072-121135656;tl=LtLbRKhGGrLDBeyy-9111862-905144621
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000005951;r=13:121125072-121135656;tl=LtLbRKhGGrLDBeyy-9111862-905144621
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000014198;r=1:173711512-173762873;tl=dPOdPkodf49OCWR8-9111864-905144625
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000014198;r=1:173711512-173762873;tl=dPOdPkodf49OCWR8-9111864-905144625
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000014198;r=1:173711512-173762873;tl=dPOdPkodf49OCWR8-9111864-905144625
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000013331;r=X:61956423-61957025;t=ENSOCUT00000013325;tl=GOsHPN7AsriXUl0l-9111865-905144572
http://www.ensembl.org/Oryctolagus_cuniculus/Location/View?db=core;g=ENSOCUG00000013331;r=X:61956423-61957025;t=ENSOCUT00000013325;tl=GOsHPN7AsriXUl0l-9111865-905144572
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Results 

tables, relative expressions KO-WT comparison 

 The gene expression analysis was carried out using qPCR technique resulting in cycle 

threshold (Ct) value data. The average data shown in Table 3 is the average data of expression 

fold change with equation as follows: 

EFC = 2^-ΔΔCt 

The gene expression of total of four genes of interest (GOI) Nrf2, PRDX, CAT, GPX were 

analyzed by comparing Ct value to housekeeping gene (HKG)’s Ct value of the experimental 

groups (n=2) with two technical replicates. The HKG used as comparison in the analysis was 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene. The relative gene expression was 

then statistically analyzed using student’s t-test in R-studio. 

Summary of the results including relative expression changes of experimental groups are 

shown in Table 3. 

As shown in Table 3, Nox+/+ rabbits at week 0 had slightly higher expression of GPX1 

and PRDX1 than Nox-/- rabbits. On the contrary, Nox-/- rabbits at week 0 had more than double 

the higher expression of CAT and almost 10 times higher expression of Nrf2.  

At week 8, Nox-/- rabbits had higher expression of GPX1 and more than 4 times higher 

expression of nrf2 than Nox+/+ rabbits. Nox+/+ rabbits had almost 3 times higher expression of 

PRDX than Nox-/- rabbits at week 8. Nox+/+ rabbits also had more than doubled number in CAT 

expression than Nox-/- rabbits at week 8. 

 Gene expression of GPX1 were observed to decrease in Nox+/+ rabbit but to increase in 

Nox-/- rabbit. A significant difference was also observed in CAT gene expression, Nox-/- rabbits 

had higher expression in the week 0, but then Nox+/+ rabbit had higher expression in the week 8. 

As highlighted in Figure 5, CAT gene expression in Nox+/+ rabbits had increased significantly 

(t(3) = 6.914, p-value < 0.05) but decrease insignificantly (t(3) = -1.0323, p-value = 0.3779) in 

Nox-/- rabbits.  

In week 0, gene expression of PRDX was higher in Nox+/+ rabbit, but then changed in 

week 8 resulting higher expression in Nox-/- rabbit.  Significant increase of PRDX gene 
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expression was observed (t(4) = 3.7004, p-value < 0.05) in Nox-/- rabbit while gene expression of 

PRDX was observed to decrease but not significant (t(4) = -1.3612, p-value = 0.2451) in Nox+/+ 

rabbits between weeks [Figure 6]. 

Between weeks, gene expression of Nrf2 in Nox-/- rabbit had decreased significant (t(4) = 

-3.2178, p-value = 0.0323) from 4.11 to 1.056 and a decrease but insignificant (t(3) = -1.739, p-

value = 0.157) in Nrf2 gene expression was observed in Nox+/+ rabbit as shown in Figure 7. 

There are no significant differences (t(4) = 0.147, p-value = 0.89; t(4) = 0.937, p-value = 

0.402) of GPX1 expression between weeks in both of Nox+/+ and Nox-/- rabbits [Figure 8]. 
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Week Gene Rabbit Average Standard Deviation 

W0 

GPX1 

KO 0.41 0.214 

WT 0.82 0.311 

NRF2 

KO 3.81 2.211 

WT 0.39 0.175 

PRDX 

KO 0.51 0.259 

WT 0.91 0.279 

CAT 

KO 2.17 1.027 

WT 0.98 0.597 

W8 

GPX1 

KO 0.58 0.269 

WT 0.83 0.093 

NRF2 

KO 0.92 0.402 

WT 0.24 0.071 

PRDX 

KO 1.24 0.584 

WT 0.42 0.147 

CAT 

KO 1.67 0.359 

WT 3.59 0.757 

Table 3. Relative Gene Expression of KO (Nox+/+) and WT (Nox-/-) Rabbit 
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Figure 5. Relative expression of CAT Gene between experimental groups WT (Nox+/+) and KO 

(Nox-/-) before (week 0) and after (week 8) treatment. 

 

 

Figure 6. Relative expression of PRDX Gene between experimental groups WT (Nox+/+) and 

KO (Nox-/-) before (w0) and after (w8) treatment. 
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Figure 7. Relative expression of Nrf2 Gene between experimental groups WT (Nox+/+) and KO 

(Nox-/-) before (w0) and after (w8) treatment. 

 

 

Figure 8. Relative expression of GPX1 Gene between experimental groups WT (Nox+/+) and KO 

(Nox-/-) before (w0) and after (w8) treatment.  
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Discussion 

 Blood is an ideal substitution tissue for coronary artery disease (CAD) research. Blood 

tests may be of paramount importance in the diagnosis and prognosis of cardiovascular disease. 

Due to the dynamic nature of the transcriptome, genetic expression profiling has emerged as an 

important research tool for elucidating disease pathophysiology and finding specific 

biomarkers. Transcriptomic analysis of blood had shown connection to clinical symptoms related 

coronary angiography, myocardial infarction, plaque characteristics (Barret et al. 2018; 

McCaffrey 2021; Andreini et al. 2022).   

 Gene expression is being regulated at several phases, including transcription (which 

copies genetic material from genomic DNA into RNA), translation (which produces polypeptide 

chains based on mRNA), and post-translational modification (mRNA), post translational 

modification (chemical changes of protein after translation). Total RNA must be collected from 

the experimental sample before the mRNA can be reverse-transcribed into complementary DNA 

(cDNA) and utilized as the template for the qPCR reaction. This is necessary when using qPCR 

to measure gene expression by measuring the quantity of mRNA (Kuang et al. 2018). 

Quantitative PCR, commonly known as real-time polymerase chain reaction (real-time 

PCR), is a variation of the PCR method that enables real-time monitoring of the PCR progress. In 

vitro amplification of a chosen DNA area across several orders of magnitude using the PCR 

method results in hundreds to millions of copies of a particular DNA segment. Template DNA, 

primers, nucleotides (dNTPs), and thermostable DNA polymerase are required components. One 

of the main advantages of real-time PCR over basic PCR is that this technique offers a reliable 

quantification relationship between the number of starting target sequences (before the 

amplification by PCR) and the amount of amplicon accumulated in a given PCR cycle. This 

relationship is provided in addition to improved accuracy, sensitivity, and speed. For the accurate 

quantification of the target nucleic acids, which is crucial for mRNA quantification in gene 

expression studies (Kubista et al. 2006; Artika, Wiyatno, & Ma’roef 2020). Moreover, there is no 

requirement for post-PCR procedures, decreasing the possibility of cross-contamination brought 

on by earlier amplicons. As a result, the detection and quantification of target nucleic acids has 

been revolutionized by this real-time PCR technology, which has also garnered a wide range of 

applications (Artika et al. 2022). 
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 A key factor in the variability and lack of repeatability typically seen in RT-PCR 

experiments is the deceptively simple process of turning RNA into a cDNA template. This is due 

to a number of factors. The first is that there will always be some inherent fluctuation in RNA 

extracted from biological samples due to the dynamic nature of cells. Second, once extracted, 

pure RNA might be of varying quality and is generally unstable. Thirdly, the quantity of 

templates affects how well RNA-to-cDNA conversion works. When target templates are 

uncommon, it is much lower (Bustin et al. 2005). Specific mistakes will be introduced into real-

time quantitative PCR investigations due to minute variations in the quality or quantity of starting 

RNA or in the efficiency of DNA synthesis and PCR amplification. A cellular RNA is 

simultaneously amplified with the target in order to serve as an internal reference against which 

other RNA values can be normalized. The most common genes used for normalization are called 

housekeeping genes, such as β-actin, a cytoskeletal protein, GADPH, a glycolytic enzyme, and 

ribosomal RNA (Arya 2005).  

 Housekeeping genes are the genes that were thought to be essential, expressed at stable 

and constant rate and also typically related to the basic cell functions, such as cellular 

maintenance and evolutionary conserved. However, the stability expression of gene is affected by 

the cell types and condition. Thus, a reliable housekeeping gene as a comparison in translational 

research is essential, otherwise it would lead to false results and interpretation (Freitas et al. 

2019; Joshi 2022).  

 The most popular approach for normalizing mRNA data is known as the comparative Cq 

or the Cq method, which involves normalization using a reference gene that is persistently 

expressed as an internal control. Prior to comparing values between samples, the comparative Cq 

approach normalizes a target gene's Cq value to internal reference genes. For each sample, the 

difference in the Cq values (ΔCq) of the target gene and the geometric mean of many reference 

genes is first computed. Then, the difference in the Cq values (ΔΔCq) between two samples is 

determined (e.g., control and treatment, or pre and post treatment). The calculation for the fold-

change in expression between the two samples is 2-ΔΔCq, where 2 comes from 1 + efficiency and 

efficiency is taken to be 1 (Kuang et al. 2018). 

 In this present study, GADPH is one of the most frequently used housekeeping genes. 

GADPH enzyme catalyzes the glyceral-3-phospahte (G3P) into 1,3-biphospoglycerate in the 
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presence of NAD+ and inorganic phosphate which is an essential reaction in the glycolytic 

pathway. Yet, according to recent findings, the expression levels of the widely used reference 

GAPDH gene varied significantly depending on the tissues or the experimental settings. 

Moreover, a transcriptome study of 95 human tissues from 27 distinct tissues from 95 people 

showed that the number of human GAPDH transcripts varied by organ and showed tissue-

specific expression. However, this issue may be covered by creating PCR primers that allow for 

differentiation between cDNA, genomic-derived PCR, and genomic sequence information. 

GADPH are suitable as preference genes for study of genetic expression in rabbit and heart 

disease study (Li et al. 2017; Ma et al. 2015; Kwon et al. 2021). 

 NOX enzymes are responsible for causing oxidative stress by producing vascular ROS 

and mediating LDL peroxidation which creates ox-LDL, an inducer for inflammation and 

misconduct immune response in atherosclerosis (Alfarisi et al. 2020; Batty, Bennett, & Yu 2022). 

The NOX family constitutes of 7 isoforms, NOX1-5 and DUOX1-2. NOXs were characterized by 

large catalytic subunits which form heterodimers. P22phox and Duoxa1/2 are transmembrane 

proteins which respectively support the assembly and maturation of the transmembrane Nox and 

Duox enzymes. NOX protein activation is a complex process mediated by protein-protein 

interaction and controlled by several pathways. In exception, Calcium EF hands induce direct 

activation of NOX5 and DUOX1-2. Respectively, NOX4 has constitutive activity, mainly 

regulated by protein expression. In accordance with expression pattern, Nox1 is dominantly 

expressed in epithelial cells, Nox2 dominantly expressed in leukocytes, Nox3 limited in the inner 

ear, Duox enzymes are mainly expressed in the thyroid gland. While the information of Nox5 

expression is still limited since the enzyme is not expressed in rodents. In contrast, Nox4 is 

highly expressed on the mRNA level in most of differentiated cells, and on the protein levels, the 

enzyme is highly detected in kidney (Brandes et al. 2014; Panday et al. 2015; Poznyak et al. 

2020).  

 Nox4 is the main focus being studied in this study. The study of NOXs enzyme's function 

is well established which is called oxidative burst, NOX-mediated ROS release that leads to 

elimination of invading pathogens and mediating inflammation.  However, its expression up-

regulation has considered to be key pathological in numerous diseases by inducing oxidative 

stress (Manea 2015).  Contrary to Nox1 and Nox2 which have been shown to be having 

proatherosclerotic role, numerous studies have shown that Nox4 has the opposite role. Nox4 has 
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protective activities against atherosclerosis such maintaining eNOS and heme oxygenase-1 

expression, inhibiting VSMC proliferation prevents vascular inflammation and remodeling. Nox4 

deletion has shown reduced superoxide and increased proinflammatory markers (Förstermann, 

Xia, & Li 2017; Gray et al. 2016). Nox4 KO mice showed enhanced media hypertrophy, 

atherosclerosis plaque formation, and endothelial dysfunction. While endothelial Nox4 

overexpression resulted in increased vasodilation and reduced hypertension induced by 

angiotensin-II (Morawietsz 2018).  Despite these studies, Nox4 has also shown deleterious 

mechanism in other diseases. Nox4 increase has been associated with stroke and myocardial 

infraction in late atherosclerosis (Xu et al. 2014). Dual inhibitor of Nox1/4 are suggested to 

reduce renal pathology in diabetes melitus 1 (Gorin et al. 2015). One of the reasons why non-

specific, antioxidant therapies have failed to show any favorable outcomes in heart disease is the 

variety of effects of NOX4 activation in the cardiovascular system. The need for the 

identification of particular targets for therapeutic modulation is demonstrated by the interaction of 

redox pools with harmful and/or positive effects shown in Figure 9. Over these studies of Nox4, 

it is suggested that the enzyme appears to function in the context of atherosclerosis in a time-, 

cell-, and disease-specific way, and that NOX4 generally appears to perform an atheroprotective 

role (Gray, Shah, & Smyrnias 2019). 

 

 

Figure 9. The pathophysiological and physiological effects of NOX4 under various conditions of 

cardiovascular stress 
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 Our result in this present study shows that NOX4 can alter the expression of antioxidant 

gene. While overall cholesterol rich diet can reduce the gene expression of Nrf2, the KO NOX4 

rabbits showed declined expression CAT but increased expression of PRDX. Overexpression of 

CAT is observed to reduce vascular cells responses to oxLDL, atherosclerosis development, and 

F2-isoprostanes levels in the aorta of the ApoE−/− mice. In addition, SOD alone did not result in 

the same manner of CAT (Yang et al. 2004). In mice used to study the development of heart 

failure, EUK-8, a synthetic drug that mimics both SOD and catalase activity via selenium and 

manganese, prevents cardiac decompensation and remodeling of the left ventricle (van Empel et 

al. 2006). SOD activity, a key cellular superoxide defense mechanism, was only marginally 

elevated, but Gpx activity was marginally downregulated in compared to the control group. In 

comparison to the control group, the amount of CAT, which is very effective in high-level 

oxidative stress, was considerably higher in patients with atherosclerosis (Bogdanska et al. 2016). 

Upregulated CAT expression by pterostilbene resulted in modulating signaling activation 

pathway and reducing VSMC proliferation induced by ox-LDL (Wang et al. 2019). 

 Deficiency of PRDX 1/2 associated with accelerated atherogenesis and increased immune 

cell adhesion, endothelial expression and lesions size (Kang and Kang 2013).  PRDX2 has an 

atheroprotective role by inhibiting the VSMC phenotype alteration and function via MAPK 

signaling pathway (Li et al. 2021). PRDX4 is localized in the endoplasmic reticulum (ER) and 

prevents ER stress. It has been demonstrated that overexpression of PRDX4 slows the 

progression of atherosclerosis by restricting the infiltration of T-cells, lowering the OS, and 

improving necrosis (Guo et al. 2012). PRDX4 was investigated to have protective role against 

atherosclerosis by decreasing local and systemic oxidative stressors, reducing apoptosis, and 

preventing migration of inflammatory cells (Yamada and Guo 2018). 

Based on the results, ROS or oxidative stress results in the upregulation of antioxidant 

expression through the Nrf2-keap1 pathway. The activation of the Nrf2-keap1 pathway is a 

complex process that involves the dissociation of Nrf2 from Keap1 and its translocation to the 

nucleus. The Nrf2-keap1 pathway plays a crucial role in regulating the expression of various 

antioxidant genes, leading to an increase in antioxidant enzymes' expression (Figure 10). The 

Nrf2-keap1 pathway is involved in various physiological and pathological conditions such as 

neurodegenerative diseases and cancer, where oxidative stress plays a critical role. Overall, 

understanding the molecular mechanisms underlying the Nrf2-keap1 and antioxidant pathway's 
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regulation provides valuable insights into the development of new therapeutic interventions to 

combat oxidative stress-related diseases. 

However, the role of NOX4 in atherosclerosis cannot be concluded just yet, and further 

studies are needed to fully understand its contribution to the disease. The conflicting findings 

from different studies may be due to differences in experimental models, cell types, or 

methodologies used. Nonetheless, NOX4 remains a promising therapeutic target for 

atherosclerosis, and developing NOX4 inhibitors may be a potential strategy to prevent or treat 

the disease. Further and broader research is needed to determine the exact role of NOX4 in 

atherosclerosis and its potential as a therapeutic target. 

 

 

Figure 10. Schematic illustration of ROS feedback resulting in antioxidant expression through the 

Nrf2-Keap1 pathway 
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Summary 

 Depending on the cell type that expresses the NOX enzyme, the levels of released 

chemical, and its subcellular location, hydrogen peroxide and other ROS can both operate as 

protective and harmful agents. Nox4 has both beneficial and deleterious role in atherosclerosis 

and other diseases. Total inhibition or deletion of Nox4 might accelerate and worsen the 

pathogenesis of atherosclerosis since the enzyme also has atheroprotective role. However, it is 

also related to oxidative stress which plays pivotal role in atherogenesis. It is suggested to limit 

the expression of Nox4 in late atherosclerosis by inhibition to reduce the risk of further 

development and implication of atherosclerosis and other cardiovascular diseases. Target specific 

Nox1-2 inhibition, Nox4 limitation, and antioxidant therapy is thought to be the best medication 

to treat and reduce atherosclerosis and related cardiovascular diseases. 
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