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ABSTRACT 

Hypertension is a major health problem throughout the world because of its high prevalence and 

its association with increased risk of cardiovascular disease. Oxidative stress due to either 

increase of reactive oxygen species (ROS) or a compromised antioxidant status has also been 

positively correlated with cardiovascular diseases. The beneficial effect of physical activity has 

been well documented in the literature but studies have shown that in the SHR physical activity 

leads to oxidative stress. The SHR is an excellent model of essential hypertension and hence the 

present study was designed to investigate the effect of moderate treadmill activity on various 

cardiovascular factors in SHR. Sixteen male SHR and male Wistar rats (n=16) weighing 

between 70 and 90 g were used and they were randomly divided into four groups: The SHR 

exercised group (n=8), Wistar exercised group (n=8), SHR group (n=8) and Wistar (n=8). All 

the rats in exercised group were subjected to a weekly increase in the rate of activity on the 

treadmill. Blood pressure, blood glucose and body mass were recorded weekly. At the end of 

the 8 week experimental protocol, animals were fasted for 12 hours, anaesthetized with 

halothane and blood and tissue samples harvested. The C-reactive protein (CRP) and 

antioxidant-associated trace elements such as copper (Cu), iron (Fe), manganese (Mn), selenium 

(Se), and zinc (Zn) were measured in the blood, brain and skeletal muscle. Cardiotrophin-1 (CT-

1) was determined in the plasma, total antioxidant capacity (TAC) and malonyldialdehyde 

(MDA) were determined in blood and skeletal muscle, plasma TAC levels was also measured. 

The superoxide dismutase (SOD), IkB and nuclear factor-kappa (NF-kB) gene expression were 

also measured in skeletal muscle and liver. Kidney sections were stained with Haematoxylin-

Eosin (H&E) and sections of aorta were stained with Verhoeff-van Gieson (VVG). The results 

show that physical activity did not significantly change both the systolic and diastolic blood 

pressures in SHR. Plasma levels of CRP and NF-kB mRNA expression were increased in both 

SHR and Wistar exercised groups. An increase in oxidative stress due to physical activity was 

evident by an increase in TAC and MDA levels in the skeletal muscle. A significant decrease in 

blood TAC and SOD mRNA expression was also evident in the SHR exercise group. Physical 

activity also resulted in significant shifts in trace elements that are associated with a 

compromised antioxidant system.  

Key words: Antioxidants, oxidative stress, exercise and hypertension 
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INTRODUCTION 

Free radicals are continuously produced in the various mammalian organ systems, as a result of 

normal metabolic processes. These free radicals are quenched by antioxidants under normal 

conditions (Uttara et al., 2009). If there is high production of free radicals in the body systems or a 

compromised antioxidant that overwhelms antioxidants, that imbalance leads to the situation called 

oxidative stress. Oxidative stress is a term generally used to describe the state in which potential 

damage could occur due to the free radical. (Lobo et al., 2010). 

 

Research has shown that reactive oxygen species (ROS) play an important role in the development of 

cardiovascular diseases, including hypertension. This is in large part due to the ROS production such 

as superoxide (O2
-
) , hydroxyl radical and hydrogen peroxide (H2O2) levels and the decreased nitric 

oxide bioavailability in the vasculature (Paravicini and Touyz, 2008). 

 

There is a potential consequence of oxidative stress to tissue in a variety of diseases such as 

atherosclerosis, diabetes, cancer and neurodegenerative diseases. The mechanism of organ damage 

which explains the development of essential hypertension is still under investigation. Free radicals 

have been implicated in playing a major role in the pathogenesis of hypertension, and its associated 

organ damage (Rubattu et al., 2015). 

 

Physical activity is recognised worldwide to have a beneficial effect on a number of physiological and 

psychosocial problems such as heart disease, diabetes, depression and hypertension (Buttar et al., 

2005). Paradoxically, physical activity can potentially cause oxidative stress in the body by increasing 

free radical production that may overwhelm antioxidants (Powers and Jackson, 2008a). The aetiology 

of the oxidative that is associated with physical activity is not entirely conclusive and is hence is still 

under investigation. This study will expand our knowledge on the effect of physical activity on the 

antioxidants status in this model of essential hypertension. 

 

Previous studies have shown that trace elements form part of an integral of metalloproteins and 

antioxidant enzyme systems which play a major catalytic role in antioxidant reactions (Rahman, 

2007a). Trace elements have a role to play in the regulation of blood pressure and imbalances or 

deficiencies they can lead to the development of high blood pressure (Loyke, 2002b). 

 

The spontaneously hypertensive rat (SHR) has been established and commonly used as a model of 

essential human hypertension. The development of hypertension in the SHR, as in humans, is 

multifactorial and polygenic in origin (Dornas and Silva, 2011).  
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The broad aim of this study was therefore to investigate the effects of moderate treadmill activity on 

the pathogenesis of hypertension using a well-established animal model of genetic hypertension viz 

the SHR rat.  

The objectives are listed as follows: 

1. To determine the effects of 8 week moderate physical activity on a treadmill and the effects 

on the progression of hypertension and associated parameters  in young male SHR rats.  

 

2.  To determine the effects of exercise on the antioxidant status of the animals by assessing the 

total antioxidant capacity (TAC) in the blood and in the skeletal muscle. Additionally, tissue 

oxidative stress will be assessed indirectly by determining lipid peroxidation in skeletal 

muscle via the malondialdehyde (MDA) assay. 

 

3. To assess effects of physical activity on the expression of SOD mRNA in the skeletal muscle 

and liver tissue as an indicator of the adaptive response of the antioxidant system to the 

moderate physical activity.  

 

4. To determine the effects of exercise on vascular remodelling in the cardiovascular system. 

This will include a histological study of myocardium, aorta and the kidney. Plasma 

cardiotrophin-1 levels, an indicator of cardiac and vascular remodelling, will determined in 

the myocardium and aorta. C-reactive protein, nuclear factor-kappa B and IkB mRNA 

expression will also be determined to assess inflammation and associated gene activation. 

 

5. Trace elements such as Cu, Fe, Mn, Se and Zn play a catalytic role in the antioxidant system 

and play a role in blood pressure regulation. These will be measured in the blood and tissue to 

assess any shift or imbalance that may contribute to oxidative stress or hypertension. 

 

The outcome of this study will hence be useful to elucidate the potential therapeutic role of 

antioxidant therapy and physical activity in hypertension. 
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Thus, hypertension constitutes a burden in the lives of a large proportion of the population in sub-

Saharan Africa, and the risk of cardiovascular disease is linearly related to blood pressure (Kuller, 

2007). The evidence shows that lifestyle changes in sub-Saharan Africa contribute to the increased 

prevalence of cardiovascular disease including hypertension (Opie and Seedat, 2005). 

2.3 Pathogenesis of high blood pressure 

Hypertension can be put into two broad categories, namely essential and secondary hypertension, and 

90–95% of hypertension diagnoses fit into the category  of essential hypertension (Calhoun et al., 

2008). The origin of essential hypertension is multifactorial and several hypotheses have been put 

forward in this regard, including genetic factors. The pathogenesis of hypertension includes factors 

such as increased sympathetic nervous system activity that plays a role in raising of blood pressure 

and contributes to the progress and maintenance of hypertension through stimulation of the heart, 

peripheral vasculature, and kidneys, which causes increased cardiac output, increased vascular 

resistance and fluid retention. In addition, autonomic imbalance (increased sympathetic tone 

accompanied by reduced parasympathetic tone) is associated with many metabolic and hemodynamic 

abnormalities that result in increased cardiovascular mortality (Mark, 1996). 

The increased sympathetic nervous system mechanisms active in hypertension are multifactorial and 

involve changes in baroreflex and chemoreflex pathways at both peripheral and central levels. There 

is a central resetting of the aortic baroreflex in hypertensive patients, resulting in suppression of 

sympathetic inhibition after activation of aortic baroreceptor nerves (Joyner et al., 2008). This 

baroreflex resetting seems to be mediated by a central action of angiotensin II. Angiotensin II 

increases the response to sympathetic stimulation by means of a presynaptic (peripheral) mechanism, 

which facilitates the modulation of norepinephrine release (Guyenet, 2006). Furthermore, small-

molecule mediators such as ROS and endothelin suppress baroreceptor activity and contribute to an 

increased sympathetic activity which may lead to hypertension (Converse et al., 1992). Research has 

shown that increased ROS production in the system during exercise has an impact on the vascular 

wall and can potentially lead to oxidative stress. For example, antioxidant status can be overwhelmed 

by the production of free radicals through aerobic metabolism and later may cause deactivation of 

vasodilators such as nitric oxide on vascular endothelium and results in high blood pressure. The 

remaining 5–10% of cases are secondary hypertension resulting from known causes such as kidney 

disease, endocrine disorders and complications in some drug treatments. 

2.4 Free radicals 

Free radicals are defined as molecules that contain one or more unpaired electrons in atomic or 

molecular orbitals (Valko et al., 2006). The unpaired electrons usually give a considerable degree of 

reactivity to the free radical. These electrons are unstable and make these molecules unstable. Aerobic 

metabolism normally produces oxygen-centred radicals which are also called ROS (Halliwell, 2006). 
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Numerous free radicals can be found in living systems even if most molecules in vivo are non-radicals 

(Scott and Malcolm, 2008). 

Any free radical containing oxygen is referred to as ROS and includes superoxide anion radical (O2
-
) 

and hydroxyl radical (.HO) (Lin et al., 2013). Superoxide is formed when oxygen receives one 

electron which triggers a quick flow of events that create other free radicals, terminating eventually in 

the formation of H2O. Since superoxide is the most commonly produced free radical, it can be found 

in the phagocytic cells such as macrophages and neutrophils which are the prominent sources of 

superoxide (Szabo et al., 2007). During inflammation free radicals are produced by cells such as 

neutrophils in order to attack invading pathogens such as bacteria (Madamanchi et al., 2005). 

Hydrogen peroxide (H2O2) is formed when the oxygen molecule attracts two hydrogen molecules. 

Technically, hydrogen peroxide cannot be considered an oxygen-free radical but as a member of the 

ROS family. and may play a role in the generation of free radicals (Dröge, 2002b). Most of the H2O2 

is broken down to oxygen and water by the cellular enzyme catalase. The hydroxyl radical is the most 

reactive of free radical molecules, and can actually damage cell membranes and lipoproteins by lipid 

peroxidation. In atherosclerosis, lipid peroxidation causes damage to lipids in low-density lipoprotein 

(LDL) and plays an important role in the formation of the foam cell within the vessels (Dröge, 2002b, 

Steinberg, 2009). Superoxide anion (O2
-
) is the precursor of most ROS and plays a large role as 

mediator in oxidative chain reactions. The reactions are shown below: 

 O2 + e 
-
  O2

-
- Superoxide radical(1) 

O2 + H2O  HO2. + OH
-
- Hydroperoxyl radical(2) 

HO2 + e 
-
 + H  H2O2- Hydrogen peroxide(3) 

Superoxide (O2
-
) and hydroxyl (OH

-
) are among the examples of reactive oxygen. The term ROS can 

refer to oxygen-derived non-radicals such as hydrogen peroxide (H2O2), ozone (O3), hypochlorus 

(HOCl) and singlet oxygen (
1
O2 ). 

There are also nitrogen radicals such as nitric oxide (NO
 -•

) and nitrogen dioxide (NO2 
-
), but the term 

ROS also includes certain non-radicals such as nitrous acid (HNO2) and Peroxynitrite (ONOO
 -

) 

(Hancock et al., 2001). 

ROS play an important role in various physiological functions including cell signalling, inflammation 

and immune defence. Research has shown that elevation in the production of free radicals can lead to 

increased cellular stress and may contribute to the variations in molecular pathways that contribute to 

the pathogenesis of many diseases in humans, including heart disease, neurological disease and in the 

physiological ageing process (Dröge, 2002b). 
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2.4.2 Xanthine oxidoreductase system 

Xanthine oxidase and xanthine dehydrogenase are forms of the same enzyme, known as xanthine 

oxidoreductase. Both forms of xanthine oxidoreductase catalyse the conversion of hypoxanthine to 

xanthine and xanthine to uric acid; however, only the oxidase form generates O2
- 
and H2O2 (Battelli et 

al., 2014). The enzyme typically exists in the dehydrogenase form, but under certain stressful 

conditions, such as hypoxia, the oxidase isoform predominates. Studies show that xanthine oxidase is 

implicated as a source of ROS after reperfusion of ischaemic tissue in several organs (Halliwell, 

2006). 

Further, xanthine oxidase may act as NO3
− 

and
 
NO2

− 
reductase to generate NO under hypoxic 

conditions. In addition, xanthine oxidase expression and O2
-
 production are up-regulated by NADPH 

oxidase, which is an indication that factors regulating NADPH oxidase may also have an influence on 

xanthine oxidase. (Szabo et al., 2007) 

As noted above, there are two forms of xanthine oxidoreductase, namely xanthine dehydrogenase and 

xanthine oxidase. NAD
+
 is reduced in the first form while the second reacts with molecular oxygen, 

leading to the production of superoxide anion and hydrogen peroxide. Xanthine acido-reductase 

catalyses oxidative hydroxylation of hypoxanthine to xanthine in the purine catabolism, and then from 

xanthine to uric acid, which is a strong antioxidant and free radical scavenger (Nishikawa et al., 

2000). Thus, Xanthine oxidase can play a dual role as regulator of the cellular redox state. 

Xanthine oxidoreductase is an important source of oxidative stress under physiological stress 

conditions. It generates ROS through the metabolism pathway and contributes to endothelial 

dysfunction in patients with cardiovascular disease such as contractile dysfunction in heart failure 

(Wu and Cederbaum, 2003). 

2.4.3 Mitochondrial respiration 

In the process of ATP production, mitochondrial respiration involves transport of electrons from 

NADH or flavoprotein-linked dehydrogenases which finally result in reduction of oxygen to water. 

This transport chain involves oxidative phosphorylation (OxPHOS) of complexes that are both 

nuclear and mitochondrial DNA encoded. Through aberrant O2 reaction mitochondria produce 

significant amounts of cellular ROS (Campbell and Reece, 2005). About 2–5% of electrons escape to 

react with O2, resulting in the production of ROS, which mainly occurs at complexes I and III. In 

physiological conditions this process is controlled with the majority of ROS produced remaining 

inside intact mitochondria (Valko et al., 2007). 

Furthermore, some elements in the outer membrane such as monoamine oxidases produce NO or 

H2O2 which result in the increase of free radical stress. Mitochondrial respiration rate and ROS 

formation are mostly influenced by the couple reaction of the mitochondria in which electrons are 



8 

 

transferred  is coupled with the ATP production  and this turn by factors such as internal and external 

Ca
2+

 levels and antioxidant activity (Turrens, 2003). 

2.4.4 Uncoupling of nitric oxide synthase (NOS) 

Uncoupling of NO synthase plays a role in the generation of ROS and results in vascular endothelial 

dysfunction (Landmesser et al., 2003). Endothelial NOS (eNOS) is a cytochrome P450 reductase-like 

enzyme that catalyses flavin-mediated electron transport from the electron donor NADPH to a 

prosthetic heme group. In addition, eNOS is able to produce both NOS via its oxygenase function and 

superoxide through its reductase function, the latter dependent on NADPH. This enzyme requires 

tetrahydrobiopterin (BH-4) bound near this heme group to transfer electrons to guanodino nitrogen of 

L-arginine to form NO (Apel and Hirt, 2004). eNOS uncoupled plays a role in the production of ROS 

when there is a deficiency of L-arginine or BH4. The lack of L-arginine or BH-4, eNOS can produce 

O2
- 
and H2O2  The outcome of the reaction between NO and O2

- 
can oxidise BH4 and this may result in 

the uncoupling of eNOS (Jin and Loscalzo, 2010). 

ROS may also affect NO responses by oxidising sites on the protein that reacts with NO or which 

would otherwise influence NO binding (Powers and Jackson, 2008c). Recently, it was revealed that 

under certain pathological circumstances, eNOS becomes dysfunctional and produces superoxide 

rather than NO. The pathophysiological role of dysfunctional eNOS has attracted attention in vascular 

disorders, including atherosclerosis, hypertension, and diabetes mellitus (Yokoyama and Hirata, 2007)  

2.5 Reactive oxygen species and diseases 

Free radicals are constantly produced from various normal physiological and biochemical processes in 

all living organisms (Valko et al., 2007). These radicals could potentially damage cellular 

biomolecules such as proteins, enzymes, nucleic acids, lipids and carbohydrates leading to many 

disease conditions such as neurodegerative diseases, heart disease, cancers etc. Therefore, the balance 

between the production of free radicals and the antioxidant defences is important from a health point 

of view (Jenner, 2003). 

Studies show that overproduction of free radicals due to overexposure to environmental factors such 

as smoking, ultraviolet radiation, and pollutants lead to tissue damage. This is a result of an imbalance 

in oxidant-generating versus oxidant-catalysing systems, leading to an increased ROS in the 

vasculature, cardiac and renal tissues. Superoxide anion is an endogenously important ROS, primarily 

in ROS metabolic pathways, which by itself decreases NO bioavailability (Touyz and Schiffrin, 2004) 

and attenuates vasodilatory mechanisms, thereby affecting the elevation of blood pressure (Radomski 

and Moncada, 1993). 
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2.6 Free radical production during physical activity 

Many tissues that may potentially produce ROS during physical activity such as heart, lungs, white 

blood cells and skeletal muscle have been studied. Skeletal muscle has been the most studied at the 

subcellular level, as sources of free radicals during physical activity. Evidence has shown that during 

aerobic activity mitochondria increase oxygen consumption and would lead to an increase in O2
.− 

formation from complexes I and III. The latter has been confirmed in recent studies that in complex I, 

the main site of electron leakage to oxygen appears to be the iron-sulphur clusters, and in complex III, 

it appears to be the Q10 semiquinone which releases superoxide from both sides of the inner 

mitochondrial membrane (Powers and Jackson, 2008b). Nevertheless, recent studies demonstrate that 

mitochondria may not be the dominant source of ROS during physical activity. Intense physical 

activity, especially eccentric contractions, may generate ROS through NADPH (NAD(P)H) oxidase 

from neutrophils and sarcolemma and, secondarily, through myeloperoxidase (Gomez-Cabrera et al., 

2013). 

It has been demonstrated that these enzymes produce superoxide anions which regulate contractile 

function via calcium release in the cardiac muscle. An important enzyme involved in the metabolism 

of membrane polyunsaturated fatty acid during inflammation, has been identified as a modulator of 

cytosolic oxidant production in skeletal muscle. Other studies have shown that phospholipase A2 is an 

enzyme that cleaves membrane phospholipids to release arachidonic acid which is a substrate for 

ROS-generating enzyme systems. It was shown that activation of PLA2 stimulates ROS generation in 

muscle mitochondria and cytosol and releases ROS into the extracellular space (Powers and Jackson, 

2008b). 

Mechanisms were identified in which increases in Ca
++ 

concentration during physical activity may 

activate the enzyme phospholipase A2, which releases the arachidonic acid from the phospholipids 

(Schneider and Oliveira, 2004). The cyclooxygenase reacts with the arachidonic acid to form the 

hydroxyl radical. Its function is essential for the rise in intracellular ROS that occurs during repetitive, 

fatiguing contractions. Cyclooxygenase and lipoxygenase are involved in ROS production with 

phospholipase A2. The role of xanthine oxidase (XO) in oxidant generation during high-intensity 

intermittent exercise has already been identified (Nethery et al., 1999). 

In addition, research has shown that within the skeletal muscle there is a continuous production of NO 

by NO synthase with an important function to regulate vascular smooth muscle tone (Gomes et al., 

2012). Therefore, increased muscle contraction can increase NO production via activation of eNOS or 

iNOS which may have a negative effect due to the highly reactive peroxynitrite which is considered 

as a danger. Figure 1 shows different sites of free radical production in the skeletal muscle.  
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Studies also reveal that antioxidants are substances that directly or indirectly protect cells against 

adverse effects of xenobiotics, drugs, carcinogens and toxic radical reactions (Halliwell, 2006). 

However, antioxidant properties can also be found in other compounds including vitamin C (ascorbic 

acid), vitamin E (α-tocopherol), vitamin A, b-carotene, metallothionein, polyamines, melatonin, 

NADPH, adenosine, coenzyme Q-10, urate, ubiquinol, polyphenols, flavonoids, phytoestrogens, 

cysteine, homocysteine, taurine, methionine, s-adenosyl-L-methionine, s-adenosyl-L-methionine, 

resveratrol, nitroxides, GSH, glutathione peroxidase (GPX), superoxide dismutase (SOD), catalase 

(CAT), thioredoxin reductase, NOS, heme oxygenase-1 (HO-1) and eosinophil peroxidase (EPO) 

(Matés et al., 2000). 

2.7.1 Superoxide dismutase 

This is one of the most effective intracellular enzymatic antioxidants and it catalyses the conversion of 

superoxide anions to dioxide and hydrogen peroxide (Petrulea et al., 2012). Subsequently H2O2 is 

reduced to H2O and O2 by peroxidases such as glutathione peroxidase or catalase. SOD is found in in 

the cytoplasm as well as on the endothelial cell surface with either Cu or Zn (CuSOD, ZnSOD) and in 

the mitochondria with Mn (MnSOD). This reaction is generally considered to be the body’s primary 

antioxidant defence because it prevents further generation of free radicals (Liochev and Fridovich, 

2000). The highest levels of SOD are found in the liver, adrenal gland, kidney, and spleen (Kuo et al., 

2005). 

2.7.2 Glutathione peroxidase 

GPX is an enzyme responsible for reducing H2O2 or organic hydroperoxides in the presence of 

reduced glutathione (GSH) to H2O and alcohol respectively. GSH is used by this enzyme as the 

electron donor and requires Se as a cofactor (Flora, 2009a). GPX is highly specific for its electron 

donor (GSH), but this enzyme has low specificity for substrates: i.e. GPX will reduce a wide range of 

hydroperoxides, from H2O2 to complex organic hydroperoxides, (Powers, 1999). This characteristic 

makes GPX an important cellular protectant against ROS-mediated damage to membrane lipids and 

other molecules sensitive to oxidation (Cabrera and Chihuailaf, 2011). 

Glutathione peroxidases are widely distributed in animal tissues. Reduced glutathione (GSH) plays a 

major role in the regulation of the intracellular redox state of vascular cells by providing reducing 

equivalents for many biochemical pathways (Ay et al., 2013). 

Dietary selenium actively participates in the catalytic reaction, and this is often the basis for 

antioxidant protection offered by supplemental selenium. Selenium-containing peroxidases comprise 

a family of enzymes of at least four types. The "classic" glutathione peroxidase (cGPx) acts on H2O2 

and hydroperoxides of fatty acids and cholesterol, but not esterified lipids such as those present in 
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dismutase mimetic causes up-regulation of NO synthase with either a concomitant decrease in 

hypertension or an inhibition of vascular remodelling in stroke-prone SHRs (Rehman et al., 2012). 

2.9 Physical activity and antioxidant enzymes 

Physical activity is now recognised worldwide to have a beneficial effect on a number of 

physiological and psychosocial problems such as heart disease, hypertension, diabetes and depression. 

The benefit of regular physical activity has been shown to improve cardiovascular functions in 

patients with chronic heart failure and other cardiovascular diseases (Buttar et al., 2005). Reactive 

oxygen and nitrogen species play an important role in the regulation of cardiovascular functions, 

inflammatory responses and hypertension. However, animal studies have shown that physical activity 

can potentially induce significant oxidative stress in animal systems because increased oxygen 

consumption for respiration may generate free radical production. Considering the mechanism such as 

the XO-catalysed reaction being part of oxidative stress associated with physical activity (Gielen et 

al., 2010), such increase in free radical production is reflected in increases in the circulatory levels of 

thiobarbituric acid reactive substances (TBARS) and oxidised glutathione and this may be responsible 

for increased levels of oxidative damage (Flora, 2009b). 

Skeletal muscle is recognised as a major source of free radical production, because of its large mass in 

relation to body weight and because of its aerobic capacity. Therefore, studies have confirmed that 

contractile activity directly induces oxidative stress by the increased production and release of 

superoxide anions from exercising skeletal muscle in vivo (Gosker et al., 2000). 

It is known that changes in antioxidant enzymes during physical activity do not only occur in skeletal 

muscle, but also in other tissues. In erythrocytes, aerobic training in humans resulted in increased 

superoxide dismutase and glutathione peroxidase activities. Thus, the type of physical activity can 

also influence the results in the level of antioxidants (Mairbaurl, 2013). 

2.10 Oxidative stress 

The concept of oxidative stress started to be used frequently in the late 1970s, but its origin can be 

traced from the 1950s where more research was done on the toxic effects of ion radiation, free 

radicals and the potential role of these molecules in many disease states. (Buettner and Jurkiewicz, 

1996). At the beginning the implication of free radicals in the disease state was controversial due to 

many theories at the time. The implication of free radicals production causing disruption in the 

biological systems was acknowledged during 1968
 
(Hybertson et al., 2011). 

Free radicals are continuously being produced in the cells and ROS as part of the metabolic processes. 

During normal conditions the increased production of free radicals in the system is quenched by the 

antioxidant defence mechanism (Belviranlı and Gökbel, 2006). However, an imbalance between the 

production of oxidants and the defence systems of an organism results in oxidative stress, which is the 
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pathologic result of ROS increase that overwhelms the antioxidant defence mechanism (Halliwell, 

2006). 

2.10.1 Implications of oxidative stress 

Production of vascular oxygen species in different tissues such as endothelial, adventitial, and VSMCs 

comes from NAD(P)H oxidase and it is known that that the regulation of vascular NAD(P)H oxidase 

is done by humoral (cytokines, growth factors, and vasoactive agents) and physical factors (stretch, 

pulsatile strain, and shear stress) (Balaban et al., 2005, Elahi et al., 2009, Virdis et al., 2011, 

Drummond and Sobey, 2014). 

During pathological circumstances, these molecules tend to increase, therefore causing 

malfunctioning of certain tissues such as endothelial cells, VSMC growth which may lead to different 

cascades such as increased contractility ,monocyte invasion, lipid peroxidation, inflammation, and 

increased deposition of extracellular matrix proteins, important factors in hypertensive vascular 

damage (Rodrigo et al., 2013). The decreased NO bioavailability has been linked to the impaired 

endothelium-mediated vasodilation in hypertension (Förstermann et al., 1994). 

2.10.2 Lipid peroxidation 

Lipid peroxidation is a well-established cellular mechanism that occurs in both plants and animals and 

it has been used a biomarker of oxidative stress in cells and tissues. Lipid peroxides are unstable and 

decompose to form a complex of compounds including reactive carbonyl compounds. 

Polyunsaturated fatty acid peroxides generate malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) 

upon decomposition. Measurement of MDA and HAE has been used successfully as an indicator of 

lipid peroxidation (Gutteridge, 1995). 

The detection of lipid peroxidation in blood plasma, urine or tissue which has been used before was 

found to be irrelevant. Most studies over the recent years rely on the detection of thiobarbituric acid 

(TBA)-reactive substances such as MDA or other reactive aldehydes generated in vivo or in vitro by 

the decomposition of lipid peroxidation products (Tarpey et al., 2004). 

Lipid peroxidation can be tested using other analytical tests which include the following techniques: 

fluorometry of lipofuscin-like substances in serum, spectrophotometry of conjugated dienes in lipid 

extracts of plasma and microsomes, gas chromatography of ethane or pentane in exhaled breath, 

hydroperoxide determination, fluorometry, high-performance liquid or gas-liquid chromatography, 

measurements of other saturated and unsaturated aldehydes and oxygen uptake during peroxidation 

(Wilson et al., 1997). The above-mentioned methods are used for the general determination of 

oxidative stress in vivo and in vitro. 
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Lipid peroxidation has been linked to a variety of disorders, including atherogenesis, diabetes and 

UV-induced carcinogenesis (Rahman, 2007b) 

2.11  Free radicals and oxidative stress linked to hypertension 

Studies in the past years have demonstrated that both ROS and RNS play a big role in the 

pathogenesis of high blood pressure (Delles et al., 2008). However, any excess of ROS production in 

the system or a compromised endogenous antioxidant can lead to cell and tissue damage. Since nitric 

oxide plays a role as a vasodilator of the vessels, NO can rapidly interact with superoxide to form 

peroxynitrite. The latter has the potential to deactivate NO bioavailability that leads to 

vasoconstriction and results in elevated blood pressure. (Fulda et al., 2010). 

2.11.1 Nitric oxide (NO) 

Essential hypertension in several animal models of hypertension, including SHRs, is associated with 

increased peripheral vascular resistance (Lee and Griendling, 2008). Due to NO as endogenous 

vasodilator, different hypotheses have been made available to explain why nitric oxide reduction or its 

bioavailability would lead to vasoconstriction and therefore increased peripheral vascular resistance 

(Hu et al., 2013). 

Various studies suggest that the superoxide radical interacts with NO and thus limits its 

bioavailability. The affinity of NO for superoxide is so high that its reaction rate is limited only by 

diffusion. Because superoxide effectively degrades NO, the biological activity of  NO may be 

determined by the availability of superoxide (Sharma et al., 2012). 

During oxidative stress, the deactivation of NO is the result of superoxide anion reaction that leads to 

the peroxynitrite formation. The later can lead to a cascade of effects such as lipid peroxidation, 

protein nitration, DNA degradation and enhanced tubuloglomerular feedback responses (Förstermann 

and Sessa, 2012, Drummond and Sobey, 2014). 

2.11.2 Cardiotrophin-1 

Cardiotrophin-1 (CT-1) is a protein member of the IL-6 family of cytokines that signals via leukaemia 

inhibitory factor receptor gp130-dependent pathways and was originally characterised as a factor that 

induces cardiomyocyte growth and survival (Monserrat et al., 2011b). Previous studies on CT-1 

stipulated that it plays an important role on the myocardial structural changes, therefore contributing 

to the remodelling of the left ventricle and hence leading to left ventricle failure which would result in 

cardiac diseases such as cardiomyopathy, coronary artery disease, aortic stenosis and hypertension 

(Kuwahara et al., 1999). 

Although cardiotrophin-1 action has been found prominently on the heart tissue, studies have shown 

that it can also be found on other organs. Apart from inducing stress by releasing cytokine in the cells 
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against foreign stimulation, CT-1 was found to play an up-regulatory role in the cardiomyocyte and 

non-cardiomyocytes by different factors such as mechanical (Calabro et al., 2009), neurohumoral, and 

metabolic (Asai et al., 2000, Mitsumoto et al., 2001). 

Clinical studies suggest that excessive levels of CT-1 in the myocardium that happen in cases of 

pressure overload may lead to cardiomyocyte hypertrophy that results in pathologic left ventricular 

hypertrophy (LVH) (Latchman, 2000, Monserrat et al., 2011a). 

2.11.3 CT-1 and cardiovascular disease 

Since CT-1 action is more pronounced in the heart in most cases, it has been considered as a 

biomarker of disease. However, it also contributes in the pathogenesis of cardiovascular diseases 

including hypertension, atherosclerosis and coronary diseases (González et al., 2012). Studies over the 

past years showed the dual role of CT-1 of being both a protective case of physiological function 

myocardium and a pathological condition because it can induce a malfunction in the myocardium 

(Ghosh et al., 2000). 

Since hypertension is one of the cardiovascular diseases that is defined by the presence of hypertrophy 

of the left ventricle, it was also shown that increased collagen fibres would lead to myocardial fibrosis 

that results in ventricular remodelling during high blood pressure. But studies on rat animal models of 

hypertension have confirmed that interleukin-6-related cytokines would play a role in the occurring of 

LVH (González et al., 2012). In cases of patients with high blood pressure CT-1 plasma levels have 

been confirmed to have a strong relationship with inappropriate left ventricular mass. Several stress 

pathways are activated due to mechanical overload on the left ventricle and left ventricular mass is 

increased during increased systemic hypertension in particular. In this regard, cardiac secretion of CT-

1 has been proposed to be induced by ventricular stretch or pressure. Moreover, CT-1 participates in 

the cardiac survival factor pathways and can prevent apoptosis occurring in cardiac myocytes. This 

happens through the signal transducer and activator of transcription 3 (STAT3) and mitogen-activated 

protein (MAP) kinase-dependent pathways (Thiriet, 2015). 

2.11.4 Vascular changes 

High blood pressure is characterised by the remodelling of the vascular wall which is manufactured 

by smooth muscle cells, endothelium cells and fibroblasts (Hopkins and McLoughlin, 2002). There 

are many changes that occur within the wall during vascularisation. The remodelling of the 

vasculature may be observed during cell migration, cell growth, cell death and creation of 

extracellular matrix (Davis and Senger, 2005). In arterial diseases such hypertension, there are 

vascular wall changes and lumen diameter reduction in the resistance vessels is present. 

The role of ROS in the vascular wall is important in the fact that superoxide and hydrogen peroxide, 

for example, can contribute to the induction of apoptosis particularly in endothelial cells, and results 
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in the atherogenesis state. Angiotensin II also plays a big role in the vascular wall changes by 

inducing the production of the hydrogen peroxide anion that acts on the endothelin system by 

following the protein kinase C-dependent mechanism and leads to apoptosis (Gutierrez et al., 2006). 

Studies on SHR have shown that angiotensin II can trigger inflammation through its stimulatory effect 

such as nuclear factor kB and AP-1, vascular cell adhesion molecule 1 and chemokine production 

(Luft, 2001a). Among the three layers of the vascular wall, the adventitia happens to be the most 

neglected area. However, it has been proven to generate ROS, thus contributing to the pathogenesis of 

the vascular wall. Increase in wall thickness results in decreased vessel compliance with a resultant 

increase in resistance and its pressor effect (Li and Fukagawa, 2010). 

The term remodelling was proposed to be used where there is structural change in lumen diameter and 

this remodelling can be classified in term of inward or outward, depending on whether the process has 

resulted in a decrease or increase, respectively, in the diameter (Mulvany, 1999). This remodelling 

can result in either an increase, no change, or a decrease in the amount of material and this is sub- 

classified into hypertrophic inward remodelling which represents a decrease in lumen diameter 

associated with an increase in vessel wall material, Eutrophic inward remodelling that refers to a 

decrease in lumen diameter without a change in the composition or amount of vessel wall material 

and hypertrophic remodelling which involves cell division and enlargement (Mulvany, 1999, Renna et 

al., 2013) . Studies have shown that the wall to lumen ratio was increased during development of 

hypertension and that gives an indication that during remodelling the wall to lumen ratio is also an 

important factor in vascular remodelling (Mulvany, 1999) . 

 

                  

 

Figure 2.  Different types of remodelling blood vessel (Mulvany, 1999). 
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2.12 Trace elements and blood pressure 

All humans and other species need dietary trace elements in minor quantities for normal function of 

the body, as they cannot be synthesized by the biological organ system. Some of these trace element 

are Cu, Fe, Mn, Se and Zn. These elements are important for the regulation of blood pressure such as 

copper that plays a role in the elasticity of the vessels and zinc in the synthesis of collagen. Therefore, 

the imbalance of these elements in the blood can alter blood pressure control and participate in 

development of hypertension. Adequate intake and normal absorption, transport, distribution, and 

metabolism of trace elements are needed for optimal health (Speich et al., 2001). 

Table 5. Effects of trace element imbalance  

 

Increase BP Decrease BP Combined 

Sodium Potassium Cadmium 

Iron Magnesium Lithium  

Lead Zinc Selenium 

Arsenic Calcium       - 

Thalium     -   

Source: (Loyke, 2002a) 

2.13 Antioxidant-associated trace elements in hypertension 

Previous studies have shown that trace elements are bound to proteins or enzyme properties and play 

a catalytic role in different reactions (Tinggi, 2008). Most of the proteins in the biological system are 

bound to a metal and they are called metalloproteins. They play a major role in the cell in protein 

transport and storage, enzymes and signal transduction protein. Like ferritin an iron (III) storage and 

work in terms of buffering against deficiencies of iron in the biological organ system. Since trace 

elements have a role to play in the regulation of blood pressure, their imbalances due to dietary or 

metabolic factors can be triggered in the disease state where they play an important role as a mediator 

in the development of elevation of blood pressure. Metal-binding enzymes responsible for the defense 

mechanism in the tissue include copper-zinc superoxide dismutase, mitochondrial manganese 

superoxide, iron-catalase and selenium-glutathione peroxidase (Husain, 2004). However, any 

deficiency of these metal-binding enzymes could lead to a potential source of increased free radicals 

within the endothelial cells. The endothelium is the key element where free radical production can 
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increase and act on the arteries and eventually cause damage to the cells that results in hypertension 

(Singh et al., 2002). 

Table 6. Trace element Components of antioxidant Systems (Loyke, 2002b) 

 

Nutrient Activity 

Zinc Constituent -cytosolic SOD 

Selenium Constituent -glutathione peroxidase 

Copper Constituent -cytosolic SOD and Ceruloplasmin 

Iron Constituent –catalase 

Manganese Constituent mitochondrial SOD 

 

2.14 Oxidative stress and physical activity 

Physical activity plays an important role in human health, preventing the risk of many chronic 

diseases and it has routinely been used to prevent cardiovascular diseases (Gielen et al., 2010). The 

WHO defines physical activity as any bodily effort which involves skeletal muscle contraction which 

results in increased energy production. Physical activity is a planned, structured, and repetitive body 

movement which aims to maintain physical fitness. Studies have also revealed that regular physical 

activity contributes to cardiovascular fitness and results in the reduction of blood pressure, that would 

benefit in cases of high blood pressure prevalence (Pal et al., 2013). 

Paradoxically, studies have shown that aerobic activity increases the production of free radicals which 

could overwhelm the defence antioxidant mechanism and potentially may result in oxidative stress. 

(Higashi and Yoshizumi, 2004). There are several ways in which free radicals are generated during 

physical activity. The mitochondria are some of the organelles involved in oxygen production as a 

consequence of aerobic metabolism, and can generate free radicals. Therefore, the increase of free 

radicals during activity is due to oxidative phosphorylation (Belviranlı and Gökbel, 2006). Apart from 

the mentioned sources, many other sources of free radicals during activity are also involved, for 

example catecholamine, prostanoid metabolism, XO and NAD(P)H oxidase. (Urso and Clarkson, 

2003, Gomes et al., 2012). 

Studies have shown that athletes use antioxidant supplements to decrease the level of oxidative stress 

during physical activity (Felice et al., 2010). But the hypothesis that there is a need for any additional 

antioxidant supplement in diet still needs to be confirmed. It has been shown that a human system 

needs a certain level of ROS for muscle adaptation (Rahman, 2007b, Uttara et al., 2009). 
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2.14.1 C-reactive protein (CRP) 

CRP is a pentameric protein which is mainly manufactured in the liver by specialised cells called 

hepatocytes. CRP has been used in many studies as an indicator of inflammation due to tissue 

damage, malignant neoplasia and infection (Pepys and Hirschfield, 2003, Savoia and Schiffrin, 2007). 

However, CRP is not only found in the liver; it can also be found in different tissues such as 

endothelial cells and VSMC. High levels of CRP in the blood may be a sign of inflammation and may 

lead to the prediction of cardiovascular disease (Savoia and Schiffrin, 2007). 

Studies on women’s health looking at the effect of cardiovascular risk factors in over 15 000 women 

have shown an increased level of CRP which is a predictor of cardiovascular risk factors, and this 

indication of high levels of CRP was enough to predict the risk of cardiovascular disease (Anderson, 

2006). 

Apart from being an indicator during inflammation, CRP acts on the endothelial cells by releasing the 

increased expression of cell adhesion molecules, endothelin-1 and PAI-1. Endothelin-1 is known as a 

vasoconstrictor factor; it can be increased by the production of superoxide which reacts with nitric 

oxide to form peroxynitrite. The latter is a strong free radical and can penetrate the membrane itself 

by deactivation of the nitric oxide bioavailability which results in an elevation in high blood pressure 

(Manolov et al., 2003, Montecucco and Mach, 2008). 

 2.15 Animal models in hypertension 

Different kinds of animal models of hypertension have been developed over the past 50 years. A 

number of animal strains, that include several strains of rats, at least one strain of rabbit and one strain 

of dog readily display spontaneous hereditary hypertension. Experimental hypertensive rats are 

widely employed in investigative studies on the pathogenesis of human hypertension. The SHR and 

the Wistar-Kyoto rat (WKY) as the normotensive control have been the most employed in the studies 

of hypertension (Lerman et al., 2005, Sarikonda et al., 2009). 

SHRs are descendants of an outbred Wistar male with spontaneous hypertension from a colony in 

Kyoto, Japan. The progression of hypertension starts at about 4–6 weeks of age without any induction 

or manipulation of pharmacological or physiological intervention. The development of hypertension 

in this model is similar to human essential hypertension where the blood pressure can reach up to 200 

mmHg (Dornas and Silva, 2011) . The advantage of this model is that it respects the stages of 

hypertension which start with pre-hypertension followed by the development of hypertension, 

terminated by sustained high blood pressure. That allows the animal model to mimic the study of 

essential hypertension in humans and this is one of the reasons the strain is well accepted by most 

medical research centres (Lacy et al., 1998).  
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3.4 Blood pressure 

Blood pressure was monitored weekly for the duration of the study on all groups and it was monitored 

using the non-invasive tail-cuff method. Systolic and diastolic blood pressure were recorded using the 

IITC Model 31 NIBP blood pressure recording equipment in the department of Physiology (IITC 

Instruments, USA).  

3.4.1 Blood pressure training protocol 

All animals were trained during the acclimatisation week. The animals were then exposed to the 

warming chamber at 32 degrees. SBP and diastolic blood pressure were obtained by the use of a non-

invasive computerised tail-cuff system. The system comprises an automatic scanner and pump, a tail 

cuff with a photoelectric sensor and amplifier to measure and count the pulse rate in the animal’s tail 

(II TC Model 31 NIBP, USA). The principle of operation is based on Riva-Rocca method used in 

humans. 

Small, medium and large sizes of restraining devices were used. This was to compensate for the 

increase in mass, size and diameter of the tail of the animals during the eight-week duration of the 

study. The restrainers used were hollow Perspex cylinders, which fitted the rats snugly so as to 

minimise voluntary movement of the experimental animal, which could have an effect on the blood 

pressure values. The restrainers allowed for the protrusion of the tail through the tail cuff at one end 

and ventilation of the head at the other end. The tail cuff was attached to the restrainer by a studded 

end plate. 

Animals were allowed to pre-heat in the restrainer for 20 minutes in a warming chamber maintained 

at ~31
o
C. This was found to be the optimum temperature at which consistent pulses could be 

detected. The warming chamber consisted of a circulating heated fan and mounted, ventilated Perspex 

walls and cover. The warming chamber allowed for 12 animals to be pre-heated and monitored 

simultaneously. The optimum temperature in the warming chamber was maintained by the heated 

circulating fan and a temperature control. 

After preheating the animals, the tail cuff was automatically inflated by the pump, which resulted in 

the arterial blood supply to the tail being occluded. The tail cuff was then slowly deflated and at the 

reappearance of a pulsation, which was detected by the photoelectric sensor, was taken as the SBP. As 

the pressure continued to fall, the computer automatically stored the detected high pulse point, which 

was accepted as the mean pressure if there was no subsequent higher pulse pressure within the next 

two seconds. The diastolic pressure for recording was computed using the equation Diastolic = 

(3mean – Systolic) / 2. This feature was part of the software used (BPMON Version 2.1., California). 
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The standard was done in duplicate. The kit was purchased from Randox Laboratories Limited, 

United Kingdom. The sample preparation was determined as follows:  
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rpm for one hour. The supernatant was decanted into test tubes, diluted five times and filtered through 

0.45 (Merck Millipore) µm syringe filter (Zeng et al., 2009). The trace element levels in blood, kidney 

and the brain were determined using Inductively Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) at the Chemistry department at the University of KwaZulu-Natal. In ICP-OES, samples 

are introduced into the core of inductively coupled argon plasma (ICP), which generates a temperature 

of approximately 8 000 °C. At this temperature all elements emit light at their characteristic 

wavelengths. This light is collected by the spectrometer and the absorbance is measured. Standard 

curve of the absorbance vs its concentrate is constructed and the unknown elements are measured by 

the machine (Figure 3). 

 

 

 

 

 

 

 

 

Figure 3. Inductively Coupled Plasma-Optical Emission Spectroscopy 

 

3.9 Cardiotrophin-1 

The cardiotrophin-1 was determined using a commercially available ELISA kit from Biovision 

(USA). This kit is based on the ELISA principle in which a microplate was coated with antibody, 

samples and CT-1 were added into the wells and combined antibody which with HRP labelled, 

became antibody-antigen-enzyme-antibody complex. After washing completely, TMB substrate 

solution was added, the TMB added became blue in colour at HRP enzyme-catalysed and the reaction 

was determined by the addition of a sulphuric acid solution and the colour change was measured 

using a spectrophotometer at 450 nm wavelength and the concentration of the rat CT-1 in the samples 

was then determined by comparing the OD of the samples to the standard curve, and all precautions 

were followed to prevent the edge and hook effects. The preparation of standard curve was 

determined as follows: 
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Table 11. Standard dilution 

 

80 ng/L 5 standard 150 μ l Original Standard + 150ul Standard diluent 

40ng/L 4 Standard 150 μ l 5 Standard + 150 ul Standard diluent 

20ng/L 3 Standard 150 μ l 4 Standard + 150u μ l Standard diluent 

10ng/L 2 Standard 150 μl 3Standard + 150 μl Standard diluent 

5ng/L 1 Standard 150 μl 2 Standard + 150 μl Standard diluent 

 

3.10 Lipid peroxidation 

3.10.1 Total malondialdehyde (MDA) 

MDA concentration was quantified in the skeletal muscle. The method based on that of Somova et al. 

(1998), was adopted for the analysis of tissue. The method is based on the principle that MDA is 

formed from the breakdown of polyunsaturated fatty acids, that serves as a convenient index for 

determining the extent of the peroxidation reaction. MDA has been identified as the product of lipid 

peroxidation that reacts with TBA. 

Tissue for MDA analysis was stored in a bio-freezer at −80 
°
C, to prevent extrinsic lipid peroxidation. 

Tissue was collected from the bio-freezer and immediately placed on ice (4 
°
C), to thaw; the reason 

for using the ice was to lower the temperature gradient that the tissue was exposed to during the 

thawing process. The tissue was slow thawed and excess tissue was discarded, and no tissue was 

exposed to more than one freeze-thaw cycle. 

The thawed tissue was then weighed (50 mg) and washed in deionised water to remove any excess 

blood on the tissue; the tissue was then blotted dry on filter paper. The method was based on that of 

Taulavuori et al. (2001). 

The weighed tissue was transferred into a glass homogenising tube and homogenised by adding 0.2% 

phosphoric acid (450 μl) using a tissue homogeniser. The homogenising step was standardised for all 

samples, all samples were subjected to the same number of homogenising pulses (50) and the 

revolutions per minute (rpm) were kept at a constant 5 000 rpm. The homogenising tube was held in a 

beaker containing ice during the entire homogenising process, to minimise a drastic temperature 

increase of the suspension. The homogenate was centrifuged at 10 000 rpm for 10 minutes and the 

supernatant was then transferred in a glass test tube (Pyrex) and stored on ice. The supernatant was 

added to 500 μl of 2% phosphoric acid and vortexed and then 200 μl of 7% phosphoric acid was 

added and vortexed again. Finally, 400 μl BHT/TBA solution was added. The supernatant, 100 μl of 



29 

 

1M HCl, was then added. This reaction mixture was then lightly vortexed, and immediately 

transferred to a boiling water bath (100 
o
C) and incubated for 15 minutes. 

The test tubes were then removed and immediately placed in ice slurry, for rapid cooling, to stop the 

reaction and inhibit further formation of the red species. To the cooled tubes 1.5 ml of butanol were 

added. They were then vortexed, and the top phase was transferred to microplate. 

The absorbance was read at 532 nm and 600 nm and the concentration of MDA in the sample was 

calculated by using: 

 Conc. =
𝑨532−𝑨600

1.56nm
 

3.10.2 Reagents 

1. BHT: 20 mM 

2. NaOH: 50 mM 

3. BHT/TBA solution: by adding 5 ml of 20 mM BHT to 100ml of NaOH solution, mix and 

then add 1 g of TBA 

4. 0.2% phosphoric acid: 170 μl of 85% phosphoric acid into 100 ml of H2O 

5. 2% phosphoric acid: 1.7 ml of 85% phosphoric acid into 100 ml H2O 

6. 7% phosphoric acid: 5.95 of 85% phosphoric acid into 100 ml H2O 

7. 1M HCl 

8. Butanol (99.8%) 

9. Ethanol (99.8%) 

3.11 Optimising gene expression 

3.11.1 Introduction 

Currently, tools for studying gene expression at the mRNA level can be divided into three major 

groups, each being an excellent tool for its specific purpose. The major groups are: hybridisation-

based techniques, PCR-based techniques and sequence-based techniques (Kozian and Kirschbaum, 

1999, Tseveleki et al., 2010) 

Real-time PCR technology has recently reached a level of accuracy and practical ease which supports 

its use as a routine technique for gene expression studies. Several applications have already been 

implemented in various research areas, including cancer and hypertension research. Data obtained 

from real-time PCR can provide both researchers and clinicians with valuable information related to 

disease processes (Mocellin et al., 2003). 
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3.12 Background 

3.12.1 Real-time PCR 

3.12.2 The kinetics of real-time PCR (RT-PCR) 

A real-time PCR reaction profile has three segments: an early background phase, an exponential 

growth phase (or log phase) and a plateau phase. The background phase lasts until the fluorescence 

signal from the PCR product is greater than the background fluorescence. The exponential growth 

phase begins when sufficient product has accumulated to be detected above background, and ends 

when the reaction slows and enters the plateau (Higuchi et al., 1993). 

Figure 4. The amount of DNA vs number of cycles 

 

3.12.3 Instrumentation: The Lightcycler 

Real-time PCR is performed using a plate-based machine LC 480. The core facility has two Roche 

LightCycler 480 (LC 480) machines for quantitative PCR analysis. Each LC 480 is a plate-based 

machine that comes with two exchangeable thermal blocks, one with 384 wells, and the other with 96 

wells. Both thermal blocks are fast-cycling, meaning that typical run times are slightly under one 

hour. The range of reaction volume is 20–100 µl for the 96 well block and 5–20 µl for the 384-well 

block with reaction volumes of 10 µl, which leads to significant savings in reagent costs. The latter 

uses a xenon lamp as its light source and has a number of possible excitation/emission wavelengths to 

choose from, making multiplexing much easier. The excitation/emission filters can be set 
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independently. The LC 480 can measure more than one fluorescence wavelength per well and typical 

run times are slightly under one hour. This means that endogenous controls can be run either as 

parallel reactions in separate wells or within the same well as the sample (multiplex PCR) and the 

range of reaction volumes is 20–100 microlitre for the 96 well blocks. 

 

 

 

 

 

 

Figure 5. The Roche LightCycler 480 

 

3.12.4 DNA binding dyes 

This method involves detection of the binding of a fluorescent dye (SYBR Green) to DNA (Morrison 

et al., 1998). The unbound dye exhibits little fluorescence in solution, but during elongation, 

increasing amounts of dye bind to nascent double-stranded DNA. When monitoring in real time, this 

results in an increase in the fluorescence signal that can be observed during the polymerisation step 

and that falls off when the DNA is denatured. Consequently, fluorescence measurements at the end of 

the elongation step of every PCR cycle are performed to monitor the increasing amount of amplified 

DNA (Ririe et al., 1997). 

With dsDNA-specific dyes, amplification can be stopped after an amount of product is synthesised, 

thus avoiding over amplification of alternative templates. The extension phase of each cycle needs to 

be continued only as long as fluorescence increases (Gustafson et al., 1993, Barnes and Karin, 1997). 

3.13 The threshold cycle 

The concept of the threshold cycle (Ct) is at the heart of accurate and reproducible quantification 

using fluorescence-based RT-PCR (Higuchi et al., 1993). Fluorescence values are recorded during 

every cycle and represent the amount of product amplified to that point in the amplification reaction. 

The more templates present at the beginning of the reaction, the fewer number of cycles it takes to 

reach a point in which the fluorescent signal is first recorded as statistically significant above 

background (Gibson et al., 1996). This point is defined as the Ct, and will always occur during the 

exponential phase of amplification (Higuchi et al., 1993, Gibson et al., 1996). 
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3.14 Standard curves 

Fluorescence for the standard curves is easily generated because of the large dynamic range in its 

linear response. There are either absolute or relative quantification of mRNA transcription. In the 

relative quantification there is change in the steady-state transcription of a gene and it is often 

adequate (Bustin et al., 2005, Kosaka et al., 2010). The calibrator and sample constitutes part of a 

relative standard which is used to create a dilution series with arbitrary units. During the RT-PCR 

assay the target Ct is compared directly with the calibrator Ct and is recorded as containing either 

more or less mRNA (Bustin, 2002). 

3.15 Methods 

3.15.1 Overview 

RNA was extracted from kidney tissue, cDNA synthesis was performed as described later, followed 

by real-time PCR for respective genes. Finally a standard curve was extrapolated and used for the 

quantification of gene expression of test samples. 

3.15.2 RNA isolation 

RNA was extracted from rat skeletal muscle and liver tissue using the modified Trizol method (Perou 

et al., 1999). Tissue (50–100 mg) was homogenised in 1 ml Trizol reagent, followed by incubation for 

10 minutes at room temperature. The homogenate was centrifuged for 10 minutes at 4 
°
C at 12 000 

rpm followed by addition of 300 µl of chloroform. The chloroform homogenate was shaken 

vigorously for 30 seconds and incubated at room temperature for 5 minutes, followed by 

centrifugation for 15 minutes at 4 
°
C at 12 000 rpm. The supernatant which contained the total RNA 

was transferred into a new 1.5 ml microfuge tube. 

The total RNA was precipitated with the addition of 500 µl isopropanol and 1.5µl glycogen and 

incubated for 10 minutes at room temperature. This was followed by centrifuging for 10 minutes at 

4
°
C at 12 000 rpm. The supernatant was discarded and the RNA pellet was washed in 1 ml 70% 

ethanol, followed by centrifugation for five minutes at 4 
°
C at 12 000 rpm. The supernatant was 

discarded and RNA pellet was air dried. The RNA pellet was resuspended in 25 µl (DEPC) water. 

The absorbance was measured at 260 nm and the RNA was run on a 2% agarose gel. RNA was stored 

at −60
o
C for further use. RNA was treated with DNase (TURBO DNASE cat. No. 1907) as per 

manufacturer`s protocol. PCR was then performed on the RNA after treating with DNase. The 

housekeeping-gene (GAPDH) was used in this PCR to confirm if DNA contamination existed. cDNA 

was synthesised using a GeneAmp 9700 PCR System (Applied Biosystems, California, USA). 
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To improve the SYBR Green quantification, high temperature fluorescence measurements at 78 
°
C for 

NF-KappaB, IkB, and SOD were carried out. In addition the fluorescence measurement for GAPDH 

was captured at 83 
°
C at the end of the fourth segment (Pfaffl, 2001). This step destroys non-specific 

PCR products below the chosen temperature, e.g. primer dimers. In addition, non-specific 

fluorescence signals are eliminated and this ensures accurate quantification of the desired NF-Kappa, 

IkB, SOD and GAPDH real-time products, respectively. 

For the mathematical model it was necessary to determine the crossing points (CP) for each transcript. 

CP is defined as the point at which the fluorescence rises appreciably above the background 

fluorescence (Wilkening and Bader, 2004). The “Second Derivative Method” was performed with the 

LightCycler 480 software version 1.5.1 (Roche Diagnostics). 

3.15.4 Construction of standards curves 

Real-time PCR was performed on one cDNA sample from each group (i.e. NF-KappaB, IkB, SOD 

and GAPDH). After melt curve analysis and fragment size analysis, the absorbance was measured at 

260 nm. 

A 1:10 dilution was performed on the real-time PCR product and absorbance was noted at 260 nm 

(GeneQuant). The concentration of double-stranded DNA was also noted. 

Using the following four equations the number of molecules corresponding to the initial standards 

was calculated and used to extrapolate standard curves for NF-KappaB, IkB, SOD and GAPDH. 

1. Concentration of double-stranded DNA (GM) = (absorbance at 260nm) × (concentration 

µg/ml) × (dilution factor) × (volume used in gene quant) 

2. Average molecular weight (MW) of a DNA base pair: 660 (Da), mm or MW of dsDNA = 

(number of base pairs) × (660Da) 

3. Number of moles (n) = Concentration of double-stranded DNA (GM) / Average MW of 

dsDNA (mm) 

4. Number of molecules = Number of moles (n) × (6.022 x 10
23 

) (Avogadro’s number) 

For each gene a standard curve was generated with 10-fold serial dilutions of the DNA standards 

(real-time PCR product) ranging from 1020 to 1011 copies per PCR reaction, seven dilutions were 

chosen: 10
-3

, 10
-4

, 10
-6

, 10
-7

, 10
-8

, 10
-10

, 10
-12

. Quantitative analysis of the data was done using the 

LightCycler 480 analysis software (Version 1.5.1; Roche Diagnostics). 

3.15.5 Melting curve analysis of PCR products 

Melting curve analysis was used to determine the presence of non-specification products. The melting 

temperature (Tm) is defined as the temperature at which half of a duplex-DNA becomes single-

stranded (Schalasta et al., 2000). 
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3.15.6 Histological study 

For the light microscopic study, the specimens were fixed in 10% formaldehyde, underwent a 

dehydration process with series, and embedded in paraffin wax using the tissue-embedding centre 

(LEICA EG 1160, WETZLAR, Germany). Tissues were sectioned (3–5 sections/specimen) using a 

microtome 5 μm thin sections (MICROM HM 340E, WALLDORF, Germany). For the cardiac tissue 

and the kidney tissue, the specimens were stained with standard staining like Haematoxylin and Eosin 

(H&E). For the proximal aortic tissue, the specimens were stained with Verhoeff-Van Gienson (VVG) 

staining protocol for elastic fibres. Measurements of media thickness (from the internal to the external 

elastic laminae) were obtained from five areas. Magnified digital images of the stained aortic slices 

were obtained using a digital colour attached to an optical microscope. The histological examination 

was carried out at a magnification of ×200 for the cardiac and kidney tissue and ×400 for the aorta 

using Leica Scanner, SCN400 and Slide Path Gateway LAN software (Leica Microsystems CMS, 

Wetzlar, Germany). 

3.16  Analysis of data 

All data were expressed as means ± standard error of means (SEM). Statistical analysis was done 

using GraphPadInstat Software (version 5.00, GraphPad software, San Diego, California, USA). 

Statistical comparison between groups was done using one-way analysis of variance (ANOVA) 

followed by the Mann Whitney test comparison test. Values of p < 0.05 were taken to imply statistical 

significance. 
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Figure 9 Average blood glucose. 

 

 No significant differences in fasting blood glucose were observed between all four groups. 
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Figure 10.  Standard Curve of CRP ( r
2
 = 0.99) 
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Figure 11. Average plasma CRP level. 

 * p < 0.05 in SHR group 

 

There was no significant difference in plasma CRP levels between the Wistar and SHR strains. 

Exercise significantly increased the plasma CRP levels in the SHR EX group but not in the Wistar EX group. 

 

 

 

 

Figure 12. Standard curve of Total Antioxidant Capacity ( r
2
=0.99) 
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4.2 Overview 

Table 13 shows that over the eight-week period on treadmill activity in SHRs and Wistar there were 

no significant changes in the body mass (Figure 6), and systolic (Figure 7) blood pressure, blood 

glucose (Figure 9) and cardiotrophin-1 (Figure 16). However, there was a significant (p < 0.05) 

increase in diastolic blood pressure (Figure 8) and plasma CRP levels in SHR exercise compared the 

SHR non-exercise groups (Figure 11). The plasma TAC levels was significantly (p < 0.05) reduced in 

both SHR and Wistar rats exercise groups compared to the non-exercise ones (Figure 14), while TAC 

in the skeletal muscle was significantly (p < 0.05) increased in both SHR and Wistar exercise groups 

compared to the non-exercise ones (Figure 13). The MDA levels was significantly (p < 0.05) in both 

SHR and Wistar rats exercise groups compared to the non-exercise ones (Figure 15). 

 

Table 13. Summary of the effect of the treadmill activity of SHR and Wistar. 

 Data are expressed as Mean ± SEM, n=8 in each group 

 

Parameter 
Groups 

Wistar Wistar exercise SHR SHR exercise 

Body weight (g) 246.3 ± 27.14 234.9 ± 24.89  210.3 ± 24.29 217.5 ± 24.19 

Systolic blood pressure (mmHg) 131.5 ± 1.936  130.0 ± 1.530 155.7 ± 3.843  153.8 ± 5.515  

Diastolic blood pressure 

(mmHg) 85.60 ± 0.7880 83.36 ± 0.5360 
##

  85.60 ± 0.7880 90.11 ± 1.350 

Glucose blood (mmol/l) 4.591 ± 0.1300  4.452 ± 0.1778 4.446 ± 0.1746 4.088 ± 0.2537  

CRP plasma (mg/l) 0.7332 ± 0.036 0.7759 ± 0.02714  0.7291 ± 0.0743 0.8421 ± 0.04209 
#
 

TAC in blood (nM) 0.4401 ± 0.06606 0.3883 ± 0.09216
 *
 0.4836 ± 0.07106 0.2417 ± 0.09418 

#
 

TAC in the skeletal muscle 

(nM) 0.7864 ± 0.1507 0.9185 ± 0.1815 
*
 0.5903 ± 0.1788 0.7352 ± 0.1378 

#
 

MDA in the skeletal muscle 

(nM) 0.1275 ± 0.01183 0.2427 ± 0.04885 
*
 0.1825 ± 0.03817 0.2495 ± 0.04543

 #
 

CT-1 in plasma (ng/L) 49.98 ± 1.683 49.58 ± 0.8418 51.15 ± 0.4735 48.5 ± 0.4801 
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Figure 19. Average of Zn levels in the kidney of SHR and Wistar rats. 

 

 No significant difference in kidney Zn levels between SHR and Wistar strain. 

Exercise significantly increase kidney Zn levels in the SHR EX group only 

 

 

 

Figure 20. Average of brain Mn level of SHR and Wistar rats. 

# p < 0.05 in the SHR group 

* p< 0.05 in the Wistar rats group 

 

Brain Mn levels were significantly higher in the SHR than the Wistar strain. 

Exercise significantly increased Mn levels in Wistar EX group but decreased in SHR EX group 
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4.3 Overview 

Table 14. Summary of the effect of the treadmill activity on trace element distribution in SHR and Wistar rats. 

 Data are expressed as mean ± SEM, n=8 in each group 

 

Parameter 

 (μg/g of tissue, g/ml) 

Group 

Wistar Wistar exercise SHR SHR exercise 

Copper in the blood 0.64 ± 0.069  0.555 ± 0.036 0.543 ± 0.016 0.615 ± 0.126 

Copper in brain 1.028 ± 0.057 1.03 ± 0.098 0.966 ± 0.066 0.9093± 0.09 

Copper in kidney 4.472 ± 0.131 2.869 ± 0.553 3.819 ± 0.549 3.03 ± 0.589 

Iron in blood 17.13 ± 0.748 12.55 ± 0.681 15.34 ± 1.019 10.11 ± 0.768 
#
 

Iron in brain 2.132 ± 0.153 3.265 ± 0.243 
*
 2.07 ± 0.278 2.209 ± 0.212 

Iron in kidney 32.64 ± 2.346 17.69 ± 2.804 
#
 27.27 ± 2.342 23.34 ± 2.647 

Manganese in brain 0.015 ± 0.003 0.026 ± 0.004
 *
 0.051 ± 0.013 0.027 ± 0.005 

#
 

Manganese in kidney 0.573 ± 0.059 0.695± 0.055 0.543 ± 0.036 0.516 ± 0.046 

Selenium in blood 0.487 ± 0.057 0.239 ± 0.012 
*
 0.364 ± 0.126 0.269 ± 0.124

 #
 

Selenium in brain 2.127 ± 0.306 1.723 ± 0.094 1.532 ± 0.393 0.871 ± 0.111 

Selenium in kidney 2.17 ± 0.306 1.723 ± 0.094 1.532 ± 0.393 0.871 ± 0.111 

Zinc in blood 2.804 ± 0.101 2.612 ± 0.1 2.641 ± 0.170 2.531 ± 0.102 

Zinc in brain 2.928 ± 0.270 2.401 ± 0.128 2.541 ± 0.311 2.679 ± 0.425 

Zinc in kidney 13.09 ± 0.736 11.92 ± 0.808 12.73 ± 0.871 15.64 ± 0.800 
#
 

# p < 0.05 by comparison with the SHR non-exercise group 

* p< 0.05 by the comparison with the Wistar rats non-exercise group 

4.4 Muscle Liver SOD, NF-kB and IkB gene expression 

The results show a down regulation (17.5-fold) of mRNA expression levels of SOD in skeletal muscle 

of the SHR and Wistar rats exercise groups compared to the SHR and Wistar groups (Figure 24 A, 

p=0.0003) using simple unpaired T test. While in the liver the mRNA expression levels of SOD in 

SHR and Wistar rats exercise group compared with the SHR and Wistar exercise group was observed 

with the same trend (2.6 fold decrease) (Figure 24 B, p=0.02). Up-regulation (15.9 fold) of mRNA 

expression levels of NF-kB expression in skeletal muscle of SHR exercise compared to the Wistar rats 

exercise group (Figure 28 C, p=0.014). In the liver up-regulation (7.4 fold) of mRNA expression 

levels of NK-kB in SHR exercise group compared to SHR group were noted. Steady level of mRNA 

NF-kB expression in the Wistar rats exercise group compared to Wistar group (Figure 25 D, 

p=0.00722). Using the unpaired T test, no significant difference was noted in mRNA expression 

levels of IkB in skeletal muscle of the SHR exercise group compared with the Wistar rats exercise 

group (Figure 26 E). In the liver no significant difference of mRNA expression levels of IkB was 

noted in SHR and Wistar rats (Figure 26 F). 
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Figure 21. The standard curve constructed for the GAPDH. 

The calibration curve shows the crossing point of each standard plotted against the logarithmic concentration to 

produce a standard curve. A dilution series of GAPDH amplicon was used as a standard template for the 

reaction 
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Figure 22. Melting peaks for the GAPDH gene. 

Melting curves were converted to melting peaks by plotting the negative derivative of the fluorescence with 

respect to temperature (-dF/dT) against temperature. 

 

Figure 23. .Representative graphs showing amplification curve for GAPDH using SYBR Green I dye 
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Figure 26. E and F: mRNA expression levels of IkB 

SHR and Wistar rats exercise group compared to the SHR and Wistar rats group, n=8. Data are depicted as a 

normalised as ratio of IkB versus GAPDH. A p value of < 0.05 was considered statistically significant 

 

  

 

E 

E 
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Histology of the cardiac tissue 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Photomicrograph showing longitudinal section of cardiac tissues 

(A) control group of SHR (B) exercise group SHR (C) control group of Wistar rat (D) exercise group of Wistar 

rat where N: nuclei of cardiomyocytes, MF: myofibres under Haematoxylin and Eosin stain. (LMx200) 
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Figure 28. Photomicrograph showing the renal cortex morphology of the kidney 

Photomicrograph showing the renal cortex morphology of the kidney 

 (A) control group of SHR (B) exercise group SHR (C) control group of Wistar rat (D) exercise group of Wistar 

rat where BC: Bowman’s capsule, G: glomerulus, M: mesangium, PCT: proximal convoluted tubule, under 

Haematoxylin and Eosin stain. (LMx200) 

 

 

 

  

   Histology of the renal cortex  
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Table 15: Measurements of thickness of the tunica media of the aortic wall (n = 8). 

 Data are expressed as Mean ± SEM, n=8 in each group 

Group SHR  SHR exercise Wistar  Wistar exercise 

Thickness TM (μm) 394.1 ± 11.66 417.4 ± 15.16 
#
 302.3 ± 27.25  357.1 ± 16.89 

*
 

 # p < 0.05 by comparison with the SHR group 

* p< 0.05 by the comparison with the Wistar rats group 

 

Histology of the aorta 

 

 Figure 29 Photomicrograph showing the section of aortic tissues 

 (A) control group of SHR (B) exercise group SHR (C) control non-exercise group of Wistar rat (D) exercise 

group of Wistar rat where TM: tunica media 
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4.5 Overview  

For H&E staining, the SHR group showed single, oval and centrally located nuclei of cardiomyocytes 

with regularly arranged cardiac myofibres (Figure 27 A). However, nuclei of the cardiomyocytes in 

the spontaneously hypertensive rat exercise group showed deformation in sizes and shapes and the 

cardiac myofibres in this group were found to be in a disarrayed pattern in comparison to SHR group 

(Figure 27 B). The single and oval nuclei of the cardiomyocytes were also shown with regularly 

arranged cardiac myofibres in the Wistar rats group (Figure 26 C) and a similar pattern was observed 

in Wistar exercise rats (Figure 26 D). 

Figure 28 A shows the normal glomerulus (G) of the SHR control group kidney section showing 

Bowman’s capsule, proximal convoluted tubule (PCT), mesangium (M), in comparison to the SHR 

exercise group which showed thin basement membrane of the Bowman’s capsule, hypercellularity of 

the proximal tubules (Figure 28 B). The Wistar rats control group (Figure 28 C) showed normal 

Bowman’s capsule, PCT and mesangium in comparison to the Wistar rats exercise group in which a 

similar pattern was observed (Figure 28 D). 

Table 15 shows that under VVG staining the increase in elastic fibres was significantly observed (p < 

0.05) in the SHR exercise group (Figure 29 B) in comparison to the control SHR group (Figure 29 A). 

Wistar rats exercise group (Figure 29 D) also showed a significant (p < 0.05) increase in elastic fibres 

in comparison to the control Wistar rats (Figure 29 C) group. 
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DISCUSSION 

The aim of this study was to investigate the effect of a moderate treadmill activity on cardiovascular 

factors in SHR rats, a well-established model of essential hypertension. This study presents strong 

empirical evidence that the model displays oxidative stress, which is intensified by physical activity. 

Biochemical, histological and gene expression changes confirm that the aetiology of hypertension is 

multifactorial in origin. 

5.1 Body weight 

The data presented here show that the body mass over the eight-week period showed no significant 

changes in Wistar and SHR strain. Exercise did not show any effect in both SHR and Wistar EX 

group. Other studies have shown a slight decrease in body mass in the control group that could be due 

to the adaptation of the Wistar rat to increase in energy consumption (Marques et al., 2001). Free 

radical production plays a role in alteration of metabolic activities and during physical activity high 

oxygen intake is needed and this could lead to free radicals production which reflected in SHR EX 

(Schneider and Oliveira, 2004). Therefore, it is suggested that the unchanged body mass in this study 

could be due to the duration and intensity of exercise applied to this model. 

5.2 Blood pressure parameters 

The SBP was significantly elevated in SHR than in the Wistar strain. This difference is due to the 

genetic differences as expected. As the animal grow older the blood pressure increases as well.  The 

progression of blood pressure started after 4 weeks of the experiment indicating that various 

hypertensive mechanisms are coming into effect in the SHR and this confirms the validity of the use 

of this model. The SHR can be classed as comparable  Stage 1 hypertensive that has been classified 

for human values while the Wistar were normotensive (Tran and Giang, 2014). The Factors that 

impact on the SBP, include, physical, mental and pathological factors. All these factors can be 

manipulated to lower or raised the SBP. Moreover, physical health has the largest overall impact on 

the systolic blood pressure (Juliet, 2015). Of all these factors physical activity had no impact on the 

SBP in both the SHR and Wistar groups. 

 

The diastolic blood pressure was significantly elevated in SHR compared to the Wistar strain. This 

could be due to genetic differences of the strain. The progression of diastolic pressure in the SHR 

started around 4 weeks and this can be classed as Stage 1 hypertensive as compared to human  

guideline of hypertension, while the Wistar were normotensive (Tran and Giang, 2014). Diastolic 

blood pressure is directly related to the volume of blood left in the aorta at end of diastole. Some of 

the pathological factors affecting diastolic pressure, include lifestyle, lack of adequate physical 

activity and, unhealthy diet include.  Exercise significantly decreased the diastolic blood pressure in 

the Wistar EX group but not in the SHR EX group. 
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Blood pressure changes observed in this study may be explained by two synergistic mechanisms – 

changes in vascular architecture and oxidative stress related vasodilatory mechanisms. 

 In the aortic wall, tunica media which is the thickest layer in the arteries, was further increased in the 

SHR during exercise. While there was a change in the vessel wall thickness we could not pick up a 

change in blood pressure and this is not comparable to what happened in training humans where the 

compliance changes and there is a drop in blood pressure This change in distensibility in part could 

explain why no changes occurred in the DBP in the SHR group after the exercise regimen. The wall to 

lumen ratio is a very important ratio because it can determine the status of hypertensive patients, this 

factor could not be verified in the study due to the irregular form that vessels acquired after 

infiltration. Physical activity may therefore have an effect on the vasculature and peripheral 

resistance. 

Studies have shown that exercise subjects the body to a stress and increased oxygen consumption 

which may cause organ dysfunction and free radicals generation when the defence mechanism is 

deficient. At the endothelial level exercise also generates nitric oxide in the cardiovascular system by 

induction of eNOS. This NO reacts with the superoxide anion to form a very toxic compound 

peroxynitrite radical which can disturb the vasodilation factor within the vessel by deactivating the 

nitric oxide which in turn results in vasoconstriction of the vessel that subsequently elevates blood 

pressure (Husain, 2004). In this study we could not assess the wall to lumen ratio as discussed above. 

Moderate  physical activity did not appear to be beneficial in addressing this mechanism in the SHR. 

Studies also showed that free radicals act as signalling factors in the vasculature through NAD(P)H 

oxidase which appears  to be the major in vasculature cells(Xu and Touyz, 2006) 

Both the blood pressure components, systolic and diastolic, have been altered in SHR. This could 

have been related to the impaired dilatory mechanism explained above and this could be trigged due 

to the increased free radical production during aerobic metabolism. Decreased expression of SOD, 

and TAC in the SHR indicate impaired antioxidant defences and therefore a blunted blood pressure 

response to exercise observed in the SHR group. 

In the Wistar and SHR EX group, a decreased trend in the DBP was shown in this study could be 

attributed to the beneficial effect of moderate exercise. A previous study over a period of  13 weeks   

did show a significant increase in the diastolic pressure (Horta et al., 2005).  In view of previous 

studies, it is acknowledged that if the exercise regimen had continued, further changes in blood 

pressure might have been observed in both exercise groups.  

5.3 Biochemical parameters 

With regard to the blood glucose levels, there was no significant difference between the all groups; 

however, there was a trend where the exercise group had a slightly lower blood glucose level 



57 

 

compared to the controls and this could explain that exercise had no effect on the blood glucose levels 

in this strain. During exercise the muscle experience a metabolic rate increase and this results in an 

increase need for fuel, therefore an increase expression of Glut receptors. This is one of the reason 

that glucose uptake is enhanced during physical activity. The SHR does not have this adaptive 

mechanism to ensure that there is enhanced glucose uptake upon an increase in physical activity. 

While on the treadmill protocol, it was also noted that the SHR animals had a bigger problem to cope 

for the duration of the protocol. This is an indication that glucose uptake is not enhanced, the 

metabolic pathways can not produce energy. In the first week of exercise blood glucose was lower in 

both Wistar and SHR EX groups and a significant increase in blood glucose was observed at week 

eight in the exercise groups  

 It is suggested that the increase in blood glucose at week 8 may be related to the age of the rat. When 

there is an increase in stress, this results in an increased catecholamine release, which in turn causes 

an increase in blood pressure, glycolysis and glucose release. Therefore physical activity experienced 

by the rats could also have caused this trend between DBP and Glucose levels in the Wistar and SHR 

exercise groups. 

There was no significant difference in plasma CRP levels between the Wistar and SHR strains. 

Physical activity significantly increased the plasma CRP levels in the SHR EX group but not in the 

Wistar EX group. CRP plasma levels showed no significant difference between Wistar and SHR 

strain. But physical activity significantly increases plasma CRP levels in SHR EX with 0.12 mmHg 

while in the Wistar rat group no significant changes occurred. CRP is a component of immune 

response that the body produces when faced with infection or stress, and is synthesised by the 

hepatocytes and it is regulated by IL-6,IL-1, and TNF (Salgado et al., 2011). CRP has been used 

clinically and considered as one of the most potent predictors of cardiovascular diseases. Moreover, 

CRP was shown to increase the effect of NF-kB activity that was revealed by the cytosolic IkB 

inhibitors (Jialal et al., 2004) which shows that CRP really participates in many inflammatory factors. 

 

On the other hand, CRP was shown to play a role on endothelial nitric oxide bioavailability by 

deactivating the NO synthase and free radical production that might shut down the NO production 

(Fichtlscherer et al., 2004). It is suggested that the increase in plasma CRP level observed in the SHR 

exercise group could not only be due to the exercise but might also be due to the increase of ROS 

produced in the blood. It was also shown that plasma CRP level is high in hypertensive subjects 

(Qamirani et al., 2005) and exercise was found to lower plasma CRP level. Paradoxically in this study 

it is found that there was an increase in CRP levels in the SHR exercise group and lower plasma TAC 

levels in both Wistar and SHR EX groups. It is suggested that the increase of CRP plasma levels in 

SHR EX could be influenced by physical activity and TAC plasma levels in this study. 
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In the gene expression in skeletal muscle and the liver it was found that NF-kB mRNA levels were 

significantly different in SHR compared to the exercise ones where the exercise group showed 35.4-

fold increased mRNA expression levels of NF-kB in skeletal muscle. While in the liver a 21.1-fold 

increase of mRNA expression of NF-kB in SHR exercise group was observed compared to the non-

exercise one. A similar trend was observed in Wistar rats where a 1.2-fold increase mRNA expression 

levels of NF-kB was observed in skeletal muscle of the Wistar EX group compared to the non-

exercise one. Nuclear factor (NF-kB) is type of protein produced in the body to regulate genes and a 

broad range of biological processes including innate and adaptive immunity, and inflammation. And 

in the physiological conditions NF-kB proteins are bound and inhibited by IkB proteins. Kramer and 

Goodyear (2007) Showed that during physical activity increased NF-kB expression in the skeletal 

muscle of the rat. And another study in rats showed that NF-kB may play a role to alter the fuel 

metabolism during exercise through increased transcription of the IL-6 which enhances glucose 

transport and lipid peroxidation in muscle (Petersen and Pedersen, 2005). 

It is suggested that the difference in the NF-kB expression observed in the Wistar and SHR non-

exercise could explain that these animals are genetically different. In the SHR exercise group, the 

increase of NF-kB expression might explain the fact that NF-kB is playing a role in the regulation of 

numerous genes of the inflammation cascade and studies have shown that NF-kB is a promoter of E-

selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-

1) genes. Also the impact on SHR EX is that NF-kB plays a role in transcription of many vascular 

genes and angiotensin II participates in the activation of NK-kB in VSMC. Once the NK-kB is 

activated, this has an impact on the renin angiotensin system (Luft, 2001b) and this could have been 

one of the causes of the SHR EX group having a high level of NF-kB compared to the Wistar EX. 

Another observation is that CRP level in the SHR exercise group was found to be high and this could 

be to the level of NK-kB as explained earlier. In Wistar rat exercise group, the slight increase in NF-

kB expression could be due to the normal body response as NF-kB is also activated in healthy 

conditions (Hughes et al., 1998). Therefore, our study showed that mRNA expression of NF-kB was 

produced more in skeletal muscle than in the liver of these animals. The skeletal muscle gives us a 

good indication of NF-kB expression in these animal models since skeletal muscles are metabolically 

more active. 

To assess the antioxidant status, TAC in the blood and skeletal muscle was measured in the SHR and 

Wistar rat EX groups vs their respective controls. In this study there was no significant difference in 

blood TAC between the Wistar and SHR strains. While the relative change in enzymatic antioxidant 

defenses was not monitored, the overall TAC has assessed no changes in the SHR. But studies on high 

blood pressure monitoring have shown up-regulation of catalase in SHR of 6 weeks of age (Sundaram 

et al., 2013). This may be a compensatory response mechanism which lead to elevation of CAT.   

Exercise significantly decreased the blood TAC in both the SHR EX group and the Wistar EX group. 
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In the skeletal muscle TAC was significantly higher in the Wistar than the SHR strain and exercise 

significantly increased the muscle TAC in both the SHR EX group and the Wistar EX group. ROS are 

produced during physical activity and research showed that there is increased oxygen consumption in 

the mitochondria during exercise and therefore, there is free radical production by these organelles 

such as superoxide which is increased through complexes I and III of the electron transport chain. 

Superoxide is usually converted to H2O2 by manganese superoxide dismutase (MnSOD) and diffuses 

into the cytosol (Kramer and Goodyear, 2007). Since exercise improves oxygen utilisation in the body 

and also increases free radicals production in various tissues a defence mechanism of antioxidant 

enzymes is also increased in the cardiovascular system. The imbalance of this free radicals production 

and antioxidants generation results in oxidative stress. Research has shown that NO is produced in the 

cardiovascular system by induction of eNOS. This NO reacts with superoxide anion to form toxic 

peroxynitrite radical and this molecule will deactivate the bioavailability of NO and results in 

vasoconstriction (Husain, 2004). In this study, blood TAC decrease in the SHR EX might be due first 

to the fact that animal was hypertensive and to the activity of cytosolic enzymes in the blood that is 

increased after physical activity (Vina et al., 2000) and also due to oxidative stress related 

vasodilatory mechanisms while in the Wistar this could be a normal response. 

The increase of TAC in skeletal muscle in Wistar and SHR exercise groups could be explained by the 

fact that during physical activity there are metabolic and functional adaptations in the skeletal muscle. 

Other studies showed a decrease in skeletal muscle antioxidant enzyme activities after exercise 

training which is linked with the age of animals, and Pansarasa et al. (1999) also demonstrated a 

decrease in SOD activity in skeletal muscle in aged individuals. However, Gianni et al. (2004) 

observed an increase of the activities of CAT, total SOD and GPX activities in skeletal muscles from 

human and rodent. It was also observed that during the ageing process there is an increase of ROS 

production and antioxidant enzyme activities (Lambertucci et al., 2007) . 

These differences found in the literature might be due to differences in the type of animal used. In this 

study, the significant increase in TAC levels in both Wistar EX and SHR EX in the skeletal muscle 

could be partially due to the increased expression of antioxidant enzymes in response to exercise 

training. In the SHR EX group the level of TAC in the skeletal muscle was reduced. This could give 

us an indication to believe that in the muscle the level of oxidative damage is higher in the SHR EX 

group than in the Wistar rat exercise group but the compensatory response was shown with an up-

regulation in antioxidant status. 

The level of oxidative stress was assessed indirectly via MDA levels in the skeletal muscle of SHR 

and Wistar rats after subjecting the animals to physical activity, by quantifying the in vivo 

concentration of malonyldialdehyde (MDA). MDA is a by-product of lipid peroxidation by free 

radicals and is regarded as a reasonable indicator of oxidative stress in vivo (Pillon and Soulage, 

2012). The total MDA concentration in the SHR EX group showed a significant increase compared to 
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the non-exercise group. A similar trend was observed in the Wistar rats whereby the Wistar exercise 

group showed a significant increase compared to the Wistar rat non-exercise group. This demonstrates 

that the lipid peroxidation in the SHR exercise group could be related to the high concentration of free 

radical in this group or a lower antioxidant concentration in this strain. Physical activity might be the 

cause of this increase of MDA concentration in the SHR EX group. In the Wistar group the increase 

in MDA concentration in the skeletal muscle could also be linked to exercise. Some studies showed 

that ageing causes the imbalance between ROS and antioxidant production which lead to cell damage 

(Lambertucci et al., 2007). This might also contribute to the increase of MDA concentration in the 

Wistar rats. 

The level of CT-1 in the SHR and Wistar groups showed no significant difference compared to their 

respective control groups. After subjecting the rat to physical activity no change has been observed. 

CT-1 is a cytokine member of the interleukin-6 superfamily, produced by cardiomyocytes and non-

cardiomyocytes. This unique cytokine induces longitudinal cardiac myocytes hypertrophy with the 

assembly of sarcomeric units in series in in vitro studies which is physiological hypertrophy 

(González et al., 2012). Studies showed that pressure overload (afterload) produces a concentric 

hypertrophy in which cardiac myocytes display an increase in cell diameter with the addition of new 

myofibrils in parallel. In contrast, volume overload induces eccentric hypertrophy with cardiac 

chamber dilatation (Takimoto et al., 2002). Therefore CT-1 has been shown to be a potent stimulator 

of myocytes hypertrophy and this type of  myocytes hypertrophy promotes the eccentric form of 

hypertrophy which is pathological hypertrophy  (Takimoto et al., 2002). CT-1 was shown to 

participate in the progression from left ventricular hypertrophy (LVH) to cardiovascular diseases and 

studies have demonstrated that the SHR develops pathological hypertrophy. The levels of CT-1 

increases during the development of hypertension. However, our results showed no significant 

difference changes upon physical activity in SHR and Wistar rats. While histological studies have 

shown changes in cardiac myofibres in SHR. This shows that the type of hypertrophy observed in this 

study could not be due to an increase expression of CT-1 but due to merely after load which was 

present in this experimental animal. And there are possibly other signalling factors  such as gp 130 

and leukaemia inhibitory factor (LIF) (Takimoto et al., 2002) that could be implicated  model  could 

be some other signalling factors that participate in these changes and the protocol of exercise was 

moderate this could also play a role in the unchanged condition.  

5.4 Histology 

Histological analysis showed no significant changes in SHR compared to wistar rat. In contrast, when 

the rats were subjected to physical activity, changes in shapes and sizes of nuclei of cardiomyocytes 

with disarrayed cardiac myofibres were observed in SHR EX compared to the Wistar EX group under 

H&E staining. However, in the Wistar rats no significant changes were observed. These findings were 

also reported in a previous study (Cosyns et al., 2007). It is suggested that changes in the SHR EX 
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group may be related to the level of lipid peroxidation in this model and exercise may also play a part 

in the activation of the signalling pathways by the CT-1 which activates phosphorylation of the 

STAT-3 transcription factor then leading to hypertrophic effects (Latchman, 1999). Histology of the 

kidney showed a thin basement membrane in both SHR exercise and non-exercise groups compared 

to the Wistar rats group. Earlier studies showed that the damage observed in the SHR could be 

pressure dependent and show how initial vascular damage leads to a loss of auto regulation and 

arterial hypertrophy in the juxtamedullarry cortex (Hultström, 2012). It is suggested that in this study 

the changes could not necessary be due to exercise but could be attributed to the pathology of 

hypertension since these animals were already hypertensive. 

The histological findings on the aortic wall, the tunica media specially showed that an increase in 

thickness of tunica media in the thoracic aorta in the SHR EX group compared to the non-exercise 

group under VVG. In the Wistar rats a trend of Wistar EX group being higher in tunica media than the 

non-exercise group was shown. These findings were consistent with the earlier work that mentioned 

the smooth muscle cells proliferation in the tunica media layer of the aortic wall and elastic fibres 

were found to be disordered in hypertensive rats (Thent et al., 2012). It is suggested that the thickness 

of tunica media found in the study in the SHR exercise group might be related to the level of oxidative 

stress in this model and exercise could also enhance the hypertrophy of the tunica media. Other 

studies showed that free radicals are strongly implicated in the modulation of cell proliferation 

(Dhalla et al., 1996). The trend shown in the Wistar EX group also gives an indication of the vessel 

adaptation during physical activity. Studies have shown that ROS can cause damage resulting in 

hypertrophy, apoptosis, and fibrosis and contribute to myocardial remodelling. This occurs when there 

is a higher level of ROS which leads to pathophysiologic remodelling, apoptosis, and chamber 

dysfunction via G-protein pathways, where the Gαq is acting and mediates signalling for numerous 

stimuli such as angiotensin, norepinephrine and mechanical strain and that causes hypertrophy and 

apoptosis in cardiac myocytes (Qin et al., 2010). 

5.5 Trace elements 

Trace elements are important components of biological structures. They play a role in the enzymatic 

profile for antioxidant protection. Any increase or decrease of trace elements in the body can 

influence the activity of the antioxidant enzymes. Some of these trace elements contain: Cu, Fe, Mn, 

Se, and Zn. Earlier studies reported these trace elements to also contribute in the regulation of blood 

pressure (Saltman, 1983). In this study the level of Fe in the blood, kidney and brain was significantly 

lower in the SHR than the Wistar strain and this could be due the genetic makeup of the strains. Fe as 

a component of haemoglobin plays an important role in oxygen transport to the organ systems and is 

an essential trace element that is crucial to normal cell functioning (Pirincci et al., 2013) The lower 

blood Fe levels in the SHR are consistent with another study where lowered blood haemoglobin level 

in SHR animals was observed (Hofller, 2015) Physical activity significantly decreased Fe levels in 
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both the SHR EX and the Wistar EX group in all tissues described above. It is suggested that the 

decreased Fe level in SHR EX could be due to oxidative stress during aerobic metabolism as it is 

known that Fe metabolism and Fe proteins can be influenced by oxidative stress (Ozturk et al., 2013). 

This was clearly shown by the decreased levels of TAC in this model and SOD mRNA expression has 

also confirmed these metabolic changes. Systemic inflammatory response syndrome (SIRS) is an 

acute inflammatory state affecting the whole body and is associated with a redistribution on vitamins 

and trace elements from the circulating compartment to tissues and organs which are involved in 

protein synthesis and immune cell production (Berger, 2005). Its mediators could also play a 

pathological role and is noted by the increased level of CRP and NF-kB. Although the exercise 

regimen coupled with oxidative stress was not sufficient to induce SIRS in this animal, there seems to 

be a coordinated pattern of trace element redistribution that mirrors what happened in SIRS in both 

Wistar EX and SHR EX groups. 

Mn is an essential element that is needed for the activity of several enzymes (Pirincci et al., 2013). Mn 

is one of the essential trace elements that plays an important role in antioxidant defence and forms a 

part of SOD enzyme. Brain Mn levels were significantly higher in the SHR than the Wistar strain. 

Exercise significantly increased brain Mn levels in the Wistar EX group but decreased in the SHR EX 

group. The increase in brain Mn in the Wistar rats exercise group might be due to a shift in 

metabolism due to aerobic activity and could be a normal metabolic response which appears to be 

reduced in the SHR. 

In this study, a lower level of brain Mn concentration in SHR exercise group compared to the non-

exercise one was observed. This is in agreement with previous studies where Mn was found to be 

lower in patients having stress problem and  transferrin may be involved in Mn transport into the brain 

(Takeda, 2003). It is suggested that the low concentration in SHR EX group could also linked to lower 

SOD levels as indicated by decreased TAC and by the decrease in the expression of mRNA of SOD. 

Se is an essential trace element, and plays an important role in antioxidant selenoproteins for 

protection against oxidative stress initiated by excess ROS (Bleys et al., 2008). It has been linked to 

an increased risk of various diseases including heart disease (Tinggi, 2008). Blood and kidney Se 

levels were significantly lower in the SHR than the Wistar strain. Exercise significantly decreased Se 

levels in both the SHR EX group and the Wistar EX group. This could be a normal response of both 

groups to exercise but the response was exaggerated in the SHR group, possibly due to overall 

impaired antioxidant defence mechanisms. 

 

Zn is essential to the function of several transcription factors and proteins that recognise certain DNA 

sequences and regulate gene transcription. It contributes to the efficiency of neurotransmitters (Yan et 

al., 2008). Previous studies have demonstrated that Zn modulates innate immune response through 

NF-KappaB (Bao et al., 2010). No significant difference was found in kidney Zn levels between the 
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SHR and Wistar strains. Exercise significantly increased kidney Zn levels in the SHR EX group only. 

It is suggested that the increased Zn kidney level in the SHR EX group may reflect a normal 

compensatory anti-inflammatory response. Zn mobilisation in response to oxidative stress also 

protects cells from free radical injury (Yan et al., 2008). 
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CONCLUSION AND RECOMMENDATIONS 

This study has provided further confirmation that the SHR is a well-established model for essential 

hypertension. Hypertension in the SHR is multifactorial and polygenic in origin but this study 

highlighted the etiological role of oxidative stress in hypertension. It is demonstrated that the 

elevation in blood pressure was accompanied by: 

 The impaired antioxidant status shown by decreased TAC in blood, increased MDA level was 

observed in the skeletal muscle, and decreased expression of mRNA SOD level in the skeletal 

muscle and liver. 

 The hypertension in SHR exhibited inflammatory markers showed by CRP levels and 

expression of mRNA NF-kB. 

 Tissue redistribution of trace element such as Fe, Mn, Se and Zn. 

 Structural changes of the vessels, renal cortex and myocardium. 

During exercise, antioxidant status was further compromised: 

 Where TAC in blood was decreased, mRNA expression of SOD level in the skeletal muscle 

and liver was decreased as well and MDA level in skeletal muscle increased. 

 Where inflammatory markers CRP plasma level increased and NF-kB mRNA there was 

expression upon activity. 

 Where trace element redistribution such as Fe level in the blood, kidney and brain decreased, 

Se level decreased in the blood and kidney, Zn levels in the kidney increased and Mn levels in 

the brain increased. 

 Where there were structural changes of the vessels, the renal cortex and myocardium were 

altered as well. 

From the evidence in this study, it can be seen that a compromised antioxidant and free radical status 

contributes to the hypertensive state in a number of ways in the SHR. For this 8 week duration 

moderate activity had no effect on traditional mechanisms and elevate the blood pressure in the SHR. 

A histological study coupled with trace element, gene expression, free radical and antioxidant status 

determination in specific organs showed damage upon physical activity. 

This study provides a foundation for further research on the following areas: 

Investigating the peripheral vessels’ structural changes that occur during hypertension in this model, 

the full antioxidant profile, the lipid profile, the exercise protocol, supplementation study and liver 

metabolism of trace elements that would highlight further inverstigation that occur in this model and 

increase the intensity and duration of the study.  
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                                      Table 16 

 

 

 

 

 

 

 

Trace element concentration was diluted with deionised water in 50ml volumetric tube. 

 

Conc μg/g of tissue = μg/ml x total volume of sample     Mass of tissue (g)    

STANDARD PREPARATION FOR TRACE ELEMENT 

Cu     Zn    Mn  Se (multi-element) 

0.1 0.5 1 2 5 mg/ml 

5 25 50 100 250 μ l 

Fe 

0.5 1 5 10 50 mg/ml 

25 50 250 500 2500 μ l  




