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ABSTRACT 
 

There is substantial evidence to implicate oxidative stress and inflammation 

in the pathology of Parkinson’s disease; the second most common 

neurodegenerative disease. Oxidative stress and systemic inflammation are 

well established as fundamental to rheumatoid arthritis pathophysiology.  

For both diseases, erythrocyte oxidative stress is reported but there is no 

consensus across the literature on erythrocyte antioxidant activities. 

Contradictory results might be due to methodology and/or disease stage 

and progression.  

 

Whilst transporting oxygen and carbon dioxide, erythrocytes scavenge free 

radicals from all tissues and if overwhelmed by free radicals cellular 

components can become damaged by oxidation. Once oxidised, proteins 

and membrane lipids can alter erythrocyte morphology.  Altered erythrocyte 

morphology subsequently affects the rheological parameters of erythrocyte 

deformability, aggregation and consequently whole blood viscosity.  

 

The initial aim of this thesis was to determine if erythrocyte redox enzyme 

balance is altered in Parkinson’s disease when analysed by early and later 

stage disease status. The impact of hypothesised erythrocyte oxidative 

stress upon erythrocyte morphology and haemorheology was also 

investigated. Rheumatoid arthritis patients were included as a group with 

established inflammation and erythrocyte oxidative stress for further 

comparison of Parkinson’s disease with both a healthy control group and an 

oxidative stress affected group.  
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Introducing the thesis is a brief summary of key information behind the 

rationale of the thesis studies. Crucial information about oxidative stress and 

inflammation is presented. The two disease states studied are briefly 

described, followed by study significance and hypotheses. Chapter 2 

provides a review of the relevant literature and includes analysis of original 

studies underpinning the thesis.  

 

The aim of study one was to measure peripheral inflammation, erythrocyte 

antioxidant enzyme activity levels and morphology in Parkinson’s disease, 

using both a healthy control group and an oxidative stress and inflammation 

related group of rheumatoid arthritis patients. Results were correlated with 

haemorheological changes. Plasma and erythrocyte biochemistry was 

tested, and erythrocyte morphology assessed using scanning electron 

microscopy. A cone and plate viscometer and ektacytometer tested whole 

blood viscosity, erythrocyte deformability and aggregation. Chapter 3 

reports increased erythrocyte stomatocytes in both rheumatoid arthritis and 

Parkinson’s disease that correlated with several erythrocyte antioxidant 

enzyme activities. Inflammation was increased in rheumatoid arthritis, but 

not in early stage Parkinson’s disease. Chapter 4 reports unchanged whole 

blood viscosity, despite some haemorheological changes.  

 

Study two (chapter five) focused on whole blood total antioxidant capacity 

in both diseases, extending study one by using a new methodology; 

chemiluminescence. Results of this study demonstrate whole blood has 

higher antioxidant capacity due to  synergistic interaction of plasma and 

erythrocyte antioxidants with polyphenols, platelets and lymphocytes. 

Oxidative stress was increased in rheumatoid arthritis whole blood, but 

Parkinson’s disease whole blood demonstrated increased antioxidant 

capacity.  
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Lastly, the major findings of the thesis are discussed. In summary, the overall 

profile of Parkinson’s disease erythrocyte antioxidant enzyme activity, 

erythrocyte morphology, haemorheology and whole blood total antioxidant 

capacity is more similar to the oxidative stress related rheumatoid arthritis  

disease group than to healthy controls. This research also provides evidence 

that erythrocyte redox balance changes in Parkinson’s disease as disease 

stage advances.  
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CHAPTER ONE  
 

Introduction 
 

1.1. Overview 
 

This chapter presents a summary of key information important to the 

rationale of the PhD thesis. Information about oxidative stress  is presented, 

followed by background information about Parkinson’s disease (PD). Central 

nervous system oxidative stress and inflammation is defined to establish the 

role of both in PD, then peripheral oxidative stress and inflammation in PD 

is discussed. Background information about rheumatoid arthritis (RA) is 

presented. The role of erythrocytes in combating oxidative stress is briefly 

reviewed, followed by background information on haemorheology. The 

aims, hypotheses and significance of the two studies concludes the 

introduction.  

 

1.2. Overview of the Thesis Rationale 

 

Inflammation and oxidative stress within the brain is well established as part 

of PD pathology, but the disease can no longer be viewed as only affecting 

the substantia nigra within the brain [1, 2]. Peripheral oxidative stress and 

inflammation can augment pathology in the brain [3-6], and increase the risk 

or incidence of other diseases such as diabetes [7] and depression [8]. 

Peripheral oxidative stress and inflammation would affect many tissues, 

including the blood [9, 10]. Peripheral biomarkers of PD could help with 

diagnosis, disease monitoring and treatment efficacy studies [11, 12].  

 

RA is a disease involving chronic inflammation and elevated levels of ROS 

[13, 14]. Studies report high reactive oxygen species (ROS) generation in 

articular tissues [15, 16], elevated systemic inflammation [16, 17], increased 

erythrocyte oxidative stress [18-23] and subsequent erythrocyte 
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morphological changes in RA patients [22, 24, 25]. This disease is therefore 

one possible suitable comparison group to investigate the same parameters 

in Parkinson’s disease patients.  

 

The main initial objective of this thesis was to investigate peripheral 

inflammation, erythrocyte antioxidant enzymes, erythrocyte oxidative 

stress and erythrocyte morphological changes, and haemorheology in PD 

patients.  RA patients were included to confirm and extend earlier work on 

erythrocyte antioxidant enzymes, erythrocyte oxidative stress and 

morphology, haemorheology and inflammation in RA. Inflammation and 

oxidative stress are fundamental in RA pathology, so subsequently the PD 

group was compared against the RA group.  

 

A second objective of this thesis was to use chemiluminescence methods to 

compare whole blood antioxidant capacity in PD and RA. Most work on 

oxidative stress biomarkers separates plasma from erythrocytes [26], for 

methodological reasons or to localise any changes to either plasma or 

erythrocytes. Assays on whole blood capture the true antioxidant capacity 

of blood, which is higher than that of plasma or erythrocytes assayed 

separately [26-28]. The increased antioxidant capacity of whole blood 

reflects the interactions of plasma and erythrocyte antioxidants, lymphocyte 

and platelet antioxidant capacity, and polyphenols which bind to blood cells 

and augment their antioxidant capacity [26-28]. 

 

1.3. Background Information 

1.3.1. Reactive Oxygen Species 

 

Free radicals are extremely reactive molecules with one or more unpaired 

electrons in the outer valence shell [29]. Most biological molecules contain 

paired electrons and are thus less reactive [30]. Whilst free radicals can be 

carbon, nitrogen, or oxygen centred [31], in biology most important free 
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radicals are oxygen centred, reactive oxygen species (ROS), or nitrogen 

centred (reactive nitrogen species or RNS) [32].  

 

An important ROS is the superoxide radical, created by the following 

chemical reaction: O2 + e-→ O2
. [30]. Usually, superoxide is rapidly 

converted to hydrogen peroxide in a reaction catalysed by superoxide 

dismutase (SOD) [33]. Hydrogen peroxide is converted to water and oxygen 

in a reaction catalysed by catalase (CAT) [33]. Efficient removal of superoxide 

is important as it can result in the creation of many other ROS such as the 

dangerous hydroxyl radical [34], and superoxide can also oxidise 

haemoglobin to form methaemoglobin which is unable to bind or transport 

oxygen [35]. If superoxide or hydrogen peroxide come into contact with iron 

or copper ions (Fe2+ and Cu2+) then the most reactive ROS, the hydroxyl 

radical (OH.) can be created [35, 36]. In addition, superoxide may react with 

nitric oxide to form the powerful oxidant peroxynitrite [36]. 

 

1.3.2. Roles of Reactive Oxygen Species 

 

ROS are involved in many cellular processes as redox reactions are the basis 

for many metabolic pathways [37]. ROS are generated in small amounts by 

normal metabolism [36, 38], in larger amounts by the immune system [39] 

and certain disease states [40], and also come from exogenous sources [39]. 

 

1.3.3. Sources of Reactive Oxygen Species in Erythrocytes  

 

ROS in erythrocytes are produced by a number of reactions (briefly listed 

here and reviewed further in section 2.13.1. through to 2.13.1.2.). The 

autoxidation of haemoglobin to form methaemoglobin also produces 

superoxide [35]. Methaemoglobin can release iron to react with peroxides 

to form ROS [41]. Superoxide radicals from plasma can enter erythrocytes  
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via anion channels [42]. Extracellular hydrogen peroxide, likely generated by 

activated neutrophils [39] can diffuse freely across the membrane as it lacks 

charge (Hatherill, Till, & Ward, 1991). Intracellular hydrogen peroxide is 

formed when SOD eliminates the superoxide radical [33, 35].  

 

1.4. Oxidative Stress  

 

Despite the important physiological roles of ROS, there is substantial 

evidence to show the negative impacts of ROS at higher concentrations [43]. 

When ROS levels exceed antioxidant capacity this is termed oxidative stress, 

a condition which can occur as a result of excessive ROS production and/or 

inadequate antioxidant defences [29]. Oxidative stress is implicated in the 

pathogenesis of many diseases such as cancer, neurodegeneration, 

inflammatory conditions and diabetes [40]. It is difficult to measure 

oxidative stress due to the extremely short half-life of most ROS [39] so 

instead it is usual to measure antioxidant capacities and oxidised cellular 

components [44]. 

 

1.5. Inflammation  

 

Inflammation and oxidative stress are separate states, yet one can cause the 

other as well as augment the other [45]. Oxidative stress can activate a range 

of transcription factors, some of which cause expression of genes for 

inflammatory cytokines [46]. Pro-inflammatory cytokines lead to the 

production of ROS and reactive nitrogen species in immune cells through the 

activation of protein kinase signaling [47]. Mediators of systemic (body-

wide) inflammation include C-reactive protein (CRP), fibrinogen, leucocytes 

and certain cytokines [48].  
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There is general consensus that chronic inflammation is involved in the 

pathogenesis of a broad range of diseases, for example cancer [46, 47, 49] 

and neurodegeneration such as PD and Alzheimer’s disease [45, 50-52]. 

Within the central nervous system key mediators of inflammation are 

activated microglia which release pro-inflammatory molecules such as 

tumour necrosis factor, nitric oxide and superoxide [53].  

 

1.6. Parkinson’s Disease  

 

PD has a prevalence of 1% of the population at age 65, rising to almost 5% 

by age 85 and is second only to Alzheimer’s disease as the most common 

neurodegenerative disorder [54]. Diagnosis is difficult particularly in the 

early stages and is based on four clinical symptoms; resting tremor, rigidity, 

bradykinesia and impaired postural reflexes [55, 56]. Motor symptoms are 

related to the loss of dopaminergic neurons within the substantia nigra pars 

compacta and the consequential dysfunction of the basal ganglia; a group of 

deep brain nuclei important in the initiation and control of voluntary 

movement [54]. This is accompanied by damage to multiple other brain 

regions which may even include the cerebral cortex [57]. Pathology in PD is 

now understood to involve more than just motor symptoms [58]; for 

example the autonomic nervous system and the organs it innervates are also 

affected [59]. PD has a broad range of symptoms and possible causes, to the 

extent there are now suggestions of PD being a group of distinct diseases 

[1].   

 

1.6.1. Central Nervous System Oxidative Stress in PD 

 

The central nervous system is a sensitive target of ROS  due to high oxygen 

consumption, the high reactivity of transitional metals present, abundant 

polyunsaturated lipids in cell membranes and in myelin, coupled with the 

modest amounts of antioxidants present within the CNS [60]. There is 
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substantial evidence of oxidative damage within particular regions of the 

brain in PD [45, 61], with some evidence this damage occurs prior to 

neurodegeneration [60].  

 

Mitochondrial dysfunction leading to neuronal apoptosis is one possible 

mechanism [62]; another mechanism focuses on microglial activation [45, 

63]. Both mechanisms are compatible with the theory that 

neuroinflammation is involved in PD pathogenesis [52, 64]. Animal models 

have contributed insights into some of the pathophysiology of PD [61] as 

have studies of genetic mutations  [65], with most reports implicating 

oxidative stress pathways [50]. However, the definitive cause or causes 

remain elusive [30, 66, 67]. 

 

 

Evidence of oxidative damage within the substantia nigra includes increased 

lipid peroxidation [68-70] and increased DNA oxidation [71-73]. Protein 

oxidation or aggregation is also elevated [70, 74-76]. Altered glutathione and 

antioxidant enzyme levels are reported [76, 77]. The redox active iron is 

elevated [78-80] and there is evidence of mitochondrial dysfunction [75, 76, 

81, 82]. 

 

1.6.2. Central Nervous System Inflammation in PD 

 

In PD, activated microglia accumulate around the substantia nigra [83] and 

are associated with the demise of the dopamine producing neurons through 

the release of pro-inflammatory cytokines, ROS and reactive nitrogen 

species [84]. Other glia that might protect the substantia nigra, such as 

astrocytes are largely absent [52]. Microglial activation can activate the 

nuclear factor-κB (NF-κB) neural death pathway [84]. Blocking microglial 

activation in animal models can result in protection of dopaminergic 

neurons but administering anti-inflammatory drugs has not had the same 
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effect [84]. Supporting the idea that inflammation plays a role in the 

pathogenesis of PD is an epidemiological study (cohort size 142 902) that 

reported significantly reduced risk of PD for regular consumers of non-

aspirin nonsteroidal anti-inflammatory drugs [85]. 

 

1.6.3. Peripheral Inflammation and Blood Cell Oxidative Stress 

in PD  

 

There is considerable evidence that peripheral inflammation and oxidative 

stress are features of PD [86, 87]. Inflammatory markers such as interleukin-

6 are increased in PD [4], and CRP is elevated in stage 1 [88] and stage 2 [89], 

or PD overall [90]. ROS levels are increased in PD, including superoxide from 

mitochondria [91], nitric oxide and hydrogen peroxide from neutrophils [92] 

and the hydroxyl radical in blood [93]. PD lymphocytes have a fourfold 

increase in mitochondrial respiration and this increases ROS production [12], 

and mononuclear blood cells produce more ROS in PD [94], as do 

polymorphonculear leukocytes [95].  

 

Erythrocyte antioxidant enzyme activity varies across the literature; SOD 

activity was either decreased or increased [96-98], erythrocyte CAT activity 

was generally unaltered [99, 100], glutathione reductase activity was 

unchanged [100, 101] and glutathione peroxidase activity was decreased 

[97]. There are exceptions to each of these generalisations and an expanded 

review is covered in section 2.23. through to section 2.24. Many studies do 

not separate early stage and advanced stage PD and this appears to 

confound the results reported [98], the same is the case for RA [102]. The 

status of non-enzymatic antioxidants in the blood of PD patients is also 

unclear. For example, total glutathione in PD correlates with disease severity 

[11], but an earlier study only found increases to the reduced form of 

glutathione in PD [103], and others report unchanged glutathione in PD 

[104].  
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Erythrocyte morphology is altered by oxidative stress [22, 24, 105], so 

erythrocyte morphology may help clarify the conflicting reports based on 

enzyme and non-enzyme activity. To date, there is only one report on PD 

erythrocyte morphology, by Pretorius et al (2014). This study reported on an 

eryptosis morphology in PD, associated with inflammation, but the images 

presented might otherwise be termed echinocytes [106]. Further research 

into erythrocyte morphology in PD is warranted. 

 

1.7. Rheumatoid Arthritis  

 

Rheumatoid arthritis is a condition of inflammation in synovial tissue of 

joints and affects approximately 1% of the population [13]. An early event in 

RA is angiogenesis, the development of new blood vessels in joints which 

increase the supply of white blood cells to synovial tissue and leads to 

destruction of cartilage in the joint [107].  RA is considered an autoimmune 

disorder with antibodies to the Fc portion of IgG [108]. 

 

1.7.1. Inflammation and Oxidative Stress in RA  

 

ROS production is greatly elevated in RA [16, 109]. Blood in RA patients 

displays increased oxidative stress biomarkers [14, 19, 20, 23, 110, 111] and 

impaired antioxidant defenses [18, 21, 112, 113], but there is some conflict 

of data between studies [23].  

 

Markers of inflammation elevated in RA include C-reactive protein (CRP) and 

D-dimer [24, 109, 114]. CRP is associated with age related chronic disease 

[115], and  undergoes rapid synthesis during inflammation to then bind on 

molecules on cell surfaces that are typical of cell death processes [116]. D-

dimer  is composed of two cross-linked D fragments of the fibrin protein; 
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responsible for mediating platelet aggregation or blood clot formation [117]. 

D-dimer is a cross-linked fibrin degradation product and is therefore a 

measure of blood clot formation and degradation [118].  

 

Patients with RA are subject to higher mortality rates than the general 

population, largely due to cardiovascular disease (CVD) [17]. This higher 

mortality risk appears higher than expected from traditional risk factors for 

cardiovascular disease [13, 17, 119]. Libby (2008) proposed that RA and 

atherosclerosis share similar inflammatory mechanisms, and CRP is 

associated with risk of CV disease [119, 120]. RA patients have a higher risk 

of CV disease despite lower cholesterol levels [119], and altered 

haemorheology in RA correlates with risk factors of CVD [121].  

 

1.7.2. Erythrocytes and Oxidative Stress 

 

As blood comes into contact with almost every tissue, erythrocytes make an 

ideal biomarker for conditions of oxidative stress [41, 105, 122]. 

Erythrocytes protect other tissues from oxidative damage, by virtue of their 

robust antioxidant capacity [35, 123, 124]. Erythrocytes can also bind 

polyphenols to the cell surface and thus augment antioxidant capacity [27, 

28]. In protecting other tissues, erythrocytes may become damaged 

themselves [22, 24, 105]. This damage manifests in oxidised erythrocyte 

lipids and proteins, which can lead to altered erythrocyte morphology, 

deformability and aggregation [10, 105, 125]. As morphology, deformability 

and aggregation influence haemorheology, blood flow can be altered [10, 

25, 121] which has implications for cardiovascular health [121, 126]. These 

changes can be readily assayed as erythrocytes are easier to sample 

compared with brain or articular tissue and thus prove promising for 

diagnostic, therapeutic and disease progression monitoring. 
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1.7.3. Haemorheology  

 

Haemorheology is the study of the flow and deformation of blood and its 

formed elements of erythrocytes, white blood cells and platelets [127, 128]. 

Haemorheology is increasingly important in clinical contexts [126, 129] and 

considers the complex interactions of a number of variables (viscosity, shear 

rate and shear stress) which will be reviewed in section 2.10. through to 

section 2.10.9. Viscosity of blood is determined by the interaction of; plasma 

viscosity, haematocrit, erythrocyte aggregation and erythrocyte 

deformability, temperature and fibrinogen concentration [127, 128, 130]. 

oxidative stress and inflammation can alter these properties and thus 

haemorheology is altered [127, 130]. For example, the deformability of 

erythrocytes can be decreased by oxidative stress [130] which in turn alters 

erythrocyte morphology [24, 125] and increases whole blood viscosity [131].  

 

1.7.4. Studies Overview 

 

Study one investigated biomarkers of erythrocyte antioxidant enzyme 

activity and oxidative stress, and inflammation in PD and RA. Any changes 

were then correlated with erythrocyte morphological changes and 

haemorheological alterations. Ninety-eight participants from the Albury-

Wodonga region, in NSW Australia were part of this study.  

 

Study two used chemiluminescence methods to test total antioxidant 

capacity in whole blood samples, conducted with sixty-one participants from 

the first study. This method captures synergistic interactions between 

plasma and erythrocyte antioxidants, as well as polyphenols bound to 

erythrocytes and lymphocytes. It therefore provides a measure of the total 

oxidant scavenging capacity of blood [26].  
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1.8. Significance of Study 1 

 

There is substantial evidence of neuroinflammation and neuronal oxidative 

stress as either contributing to or a consequence of PD pathology (reviewed 

in sections 1.3.1 through to 1.3.3.). This study sought to investigate 

peripheral oxidative stress, erythrocyte antioxidant enzyme activity and 

inflammation in RA and PD patients. Erythrocytes were the cell type of 

interest due to their role in redox metabolism of other diseases such as 

diabetes [25, 132, 133] and RA [14, 20-22, 25].  

 

ROS levels are elevated in the blood of PD patients [12, 93-95]. Erythrocytes 

display elevated oxidative stress biomarkers in PD, including lipid 

peroxidation [73, 134, 135], protein carbonyls [136] and oxidised DNA [73]. 

Despite this, the literature reports a range of conflicting information about 

erythrocyte antioxidant activity levels, and no clear conclusion can be made, 

the same is true to a lesser extent in RA [23]. Disease stage appears relevant 

in PD erythrocyte antioxidant enzyme activity and oxidative stress [98, 135], 

and in RA [102]. It is possible that other factors such as genetic differences 

[137], medication status since levodopa metabolism generates ROS [138], 

and enzyme co-factors [139] may help explain the conflicting studies, these 

factors will be reviewed in chapter two.  

  

To date, there are no reports in the English language on haemorheology in 

PD (one study found in the Japanese literature was unable to be interpreted 

apart from the abstract section). However, as will be reviewed in chapter 2, 

oxidative stress can alter erythrocyte aggregation and deformability, and 

thus alter viscosity [127, 130]. Systemic inflammation could also alter 

haemorheology in PD as it does in RA [140, 141] so markers of inflammation 

could provide important information. In metabolic syndrome, increased 
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erythrocyte oxidative stress altered erythrocyte morphology [125] and 

increased whole blood viscosity [131]. 

 

Results from a wider range of oxidative studies analysed by different disease 

stage (early or advanced PD, and shorter or longer duration RA) and 

correlated with altered erythrocyte morphology may provide new 

information about the association of peripheral oxidative stress, antioxidant 

enzyme activity and inflammation with PD and with RA. If so, this could 

potentially provide new targets for drug therapy and/or improve diagnosis 

and disease monitoring. RA is an established inflammatory and oxidative 

stress related disease. The goal of this research throughout the thesis was 

to compare PD patients against a healthy control group, but also against RA 

patients. In doing so, this research could provide evidence for peripheral 

inflammation and erythrocyte oxidative stress impacts upon haemorheology 

in PD, and upregulated or downregulated erythrocyte antioxidant activity in 

PD. 

  

1.8.1. Hypotheses of Study 1 

 

1. Erythrocytes from PD and RA patients will have morphological 

changes correlated with antioxidant enzyme activity and inflammation. 

2. Inflammatory markers will be elevated, and whole blood viscosity 

will be increased in both PD and RA patients when compared with healthy 

controls.   

3. There will be decreased erythrocyte antioxidant activity levels, 

increased inflammation and altered haemorheology variables with 

increasing disease progression in PD and RA.     
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1.9. Significance of Study 2 

 

Many publications in the fields of oxidative stress biomarkers in disease and 

antioxidant supplementation report on plasma or erythrocyte redox enzyme 

status but do not include whole blood measurements [26]. Separating 

plasma from erythrocytes prior to oxidative stress or antioxidant capacity 

assays removes any synergistic interaction between plasma and erythrocyte 

antioxidants [26, 27]. Studies reporting on whole blood samples 

demonstrate that polyphenols (antioxidants from the diet; that is plant 

based sources) bind to erythrocytes, platelets and lymphocytes and 

augment their antioxidant capacity [27, 142]. An additional synergism is the 

involvement of erythrocytes in recycling plasma vitamin E [143] and vitamin 

C [144-147]. Studies that report on only a few markers of oxidative stress 

might be of limited value in determining the overall state of oxidative stress 

[148]. Therefore, authors that report on total oxidant – antioxidant status 

might be of more use in determining the role of oxidative stress in RA [148, 

149]. Given this, it is important to assay oxidative stress biomarkers or 

overall antioxidant capacity in whole blood samples. Results from whole 

blood studies may provide new information about the association of 

erythrocyte antioxidant enzyme activity and oxidative stress with PD and 

with RA. This second study used a novel whole blood antioxidant capacity 

technique to investigate total antioxidant capacity.  

 

1.9.1. Hypotheses of Study 2 

 

1. Whole blood antioxidant capacity from PD patients, RA patients and 

healthy controls will exceed the sum of plasma and erythrocytes assayed 

separately.   
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2. Whole blood antioxidant capacity will be decreased in PD and RA 

patients when compared with healthy controls.  

3. Whole blood antioxidant capacity will decrease with increasing PD 

and RA progression.  
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CHAPTER TWO  
 

Literature Review 
 
2.1. Overview 

 

 

The purpose of this chapter is to review publications relevant to the 

rationale of the thesis. The review continues from chapter one with 

information about roles of reactive oxygen species (ROS), oxidative damage, 

antioxidants and then more specifically plasma and erythrocyte antioxidant 

capacity. Although not all non-enzymatic antioxidants reviewed have been 

assayed in this research, all are relevant to glutathione metabolism and/or 

the concept of whole blood antioxidant capacity.  Covered next is important 

background information about haemorheology. Erythrocyte oxidative stress 

and sources of ROS background information is covered; then reviewed in 

terms of erythrocyte oxidative stress impact upon haemorheology and 

erythrocyte morphology. The synergistic interaction of plasma and 

erythrocyte antioxidants is reviewed within the section covering whole 

blood antioxidant capacity. Concise information about erythrocyte oxidative 

stress, antioxidant activity, inflammation and haemorheology in rheumatoid 

arthritis (RA) follows. Background information about peripheral oxidative 

stress and inflammation in Parkinson’s disease (PD) precedes a review of 

antioxidant activity and oxidative stress biomarkers in PD.  

 

2.2. Physiological Roles of Reactive Oxygen Species 

 

ROS are involved in many cellular processes as redox reactions are the basis 

for many metabolic pathways [37]. ROS have important roles in immune 

function, cell signaling, tissue healing, apoptosis, and regulation of blood 
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pressure by controlling vascular tone, biological synthesis of molecules and 

embryological development [39]. ROS concentrations are lowered by 

antioxidants and this impacts on metabolic processes, vascular regulation, 

glucose uptake, immune function and neurotoxicity mediated by elevated 

levels of ROS [50].  

 

2.3. Sources of Reactive Oxygen Species 

 

ROS are generated in small amounts by normal metabolism, in larger 

amounts by the immune system and certain disease states, and also come 

from exogenous sources [32, 150]. Energy production in mitochondria is a 

significant source of ROS due to the leak of electrons from the electron 

transport chain, which reduces oxygen to superoxide [38, 151]. About 1-2% 

of the oxygen consumed each day forms ROS [36], although the figure 

reported varies and other pathways such as cytochrome P450 may be more 

important in certain cells [152]. Some enzymes produce ROS directly, such 

as NO synthase [39].  

 

Immune system activation forms ROS in part from the rapid rise in oxygen 

consumption and glucose consumption, which produces reduced 

nicotinamide dinucleotide phosphate (NADPH) [39]. NADPH donates 

electrons to an enzyme complex in the plasma membrane, and is involved in 

the formation of superoxide, hydrogen peroxide and the hydroxyl radical 

[39]. Thus, immune system activation creates ROS, which is useful to help 

destroy bacteria and other pathogens [39].   

 

Many disease states produce ROS on a continuous basis with resultant 

inflammation; examples include cardiovascular disease, endothelial 

dysfunction, diabetes and neurodegeneration [40]. Exogenous sources of 

ROS include gamma and UV radiation, ultrasound, food, drugs, toxins, 
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pollutants and xenobiotics [39]. Metabolism of some drugs creates ROS as 

their mechanism of action whilst other drugs produce ROS indirectly; 

additionally xenobiotics such as toxins, pesticides and alcohol produce ROS 

as products of their metabolism [39]. Food is a major source of oxidants such 

as peroxides, aldehydes, oxidised fatty acids [39]. This may be an important 

factor given Western lifestyles increase the time spent in the postprandial 

state and with it postprandial oxidative stress [153].  

 

2.4. Oxidative Damage 

 

Although essential for various physiological processes, ROS can damage 

cellular components when present in excess. Due to the extremely reactive 

nature of most ROS it is difficult to assay ROS directly [39]. Instead, the 

products of ROS damage are assayed, namely; lipid peroxides, oxidised 

deoxyribonucleic acid (DNA) and oxidised proteins [44]. The phospholipid 

cell membrane is composed of a high proportion of polyunsaturated fatty 

acids (PUFA) that are vulnerable to ROS damage [39, 154]. When 

unsaturated fatty acids are oxidised a chain reaction is initiated [155], 

resulting in the formation of lipid hydroperoxides or particular breakdown 

products such as malondialdehyde [154, 155]. ROS damage to lipids in the 

cell membrane can disrupt the normal membrane function particularly with 

regard to membrane permeability [156, 157]. DNA oxidative damage occurs 

to the bases and also the deoxyribose component [154]. DNA repair 

enzymes can remove about 99% of the damage but over time damaged DNA 

accumulates and is associated with carcinogenesis and ageing [154]. Side 

chains of proteins are susceptible to damage from ROS [154], leading to 

structural changes that can change protein function [155]. It is therefore 

evident that ROS have considerable potential to damage cellular 

components and thus contribute to many diseases [32, 43, 154, 158] as well 

as potentially playing a role in the ageing process [159].  
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2.5. Antioxidants 

 

It is not surprising that defences against oxidative damage have evolved to 

protect cellular components, these include repair mechanisms as well as 

antioxidants [154]. Antioxidants can be defined as any substance that can 

delay, prevent or remove oxidative damage to a molecule by free radicals 

[29]. The mechanism of antioxidant action is donating an electron to the free 

radical to directly neutralise it [39, 160]. There are many different 

antioxidants; some obtained from the diet  and some synthesised in vivo 

[161].  Antioxidants can be categorised several ways; enzymatic or non-

enzymatic, lipid or water soluble and preventative, scavenging or repair 

based antioxidants [160].  

 

This review will focus on the following enzymatic antioxidants; superoxide 

dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and 

glutathione reductase (GRd). The function of SOD and CAT is to convert the 

superoxide anion and hydrogen peroxide into water and oxygen 

respectively, thus preventing these ROS from forming more damaging ROS 

such as the hydroxyl radical in the presence of iron or copper ions [34, 39]. 

GPx catalyses the conversion of organic and inorganic hydroperoxides to 

water [35, 162]. GRd catalyses the conversion of oxidised glutathione (GSSG) 

back to reduced glutathione (GSH) [162, 163]. 

 

2.6. Non-Enzymatic Antioxidants 

 

Non-enzymatic antioxidants scavenge ROS that evade the enzymatic 

antioxidants [150] and directly neutralise the ROS by donating an electron 

[39, 160]. Important non-enzymatic antioxidants include vitamin E, vitamin 

C, vitamin Q and GSH [39]. GSH can act as a co-factor, a chelator, a direct 

ROS scavenger and is involved in the regeneration of Vitamin E [143]. 
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Indirect antioxidant action involves chelation of transitional metals such as 

copper and iron [39], these metals can lead to the formation of ROS [35, 36]. 

Chelation prevents these metals from participating as co-factors in the 

formation of ROS by the Fenton and Haber-Weiss reactions [39]. In 

extracellular fluids, almost all iron is bound to the transport protein 

transferrin that renders iron redox inactive [164, 165]. Ceruloplasmin is the 

protein that binds copper ions and thus prevents free copper ions from 

circulating and participating as a co-factor in the Fenton or Haber-Weiss 

reactions [166].  

 

2.7. Erythrocyte Antioxidants Overview 

 

Erythrocytes contain an array of both lipid and water soluble antioxidants 

from both non-enzymatic and enzymatic categories. There is considerable 

interaction between erythrocyte antioxidants to eliminate ROS [30]. The 

reducing potential of erythrocytes exceeds the oxidising potential by a factor 

of 250, thus is there is considerable excess antioxidant capacity [167].  Major 

erythrocyte non-enzymatic antioxidants include α-tocopherol (Vitamin E), 

ascorbic acid (Vitamin C) and GSH. Erythrocyte enzymatic antioxidants 

include SOD, CAT, GPx, GRd, methaemoglobin reductase (MetHb-Rd) and 

glucose-6-phopshate dehydrogenase (G6PD).  

 

2.7.1. Vitamin E 

 

Vitamin E consists of a family of eight optical isomers of naturally occurring 

substances; the most potent of these is α-tocopherol [39]. The lipid soluble 

α-tocopherol acts within cell membranes and holds an –OH group [35]. This 

hydrogen atom is readily removed and can reduce lipid peroxides [150, 168]. 

Lipid peroxides within membranes preferentially react with α-tocopherol 

instead of with an adjacent fatty acid chain and this lessens membrane 
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oxidation [150]. Upon donating a hydrogen atom, α-tocopherol is converted 

to the tocopherol radical which has low reactivity; thus the chain reaction 

characteristic of lipid oxidation is stopped [150, 168]. The tocopherol radical 

must be recycled back to α-tocopherol, a process that requires the actions 

of either Vitamin C [143, 168, 169] or GSH [143, 170]. Alpha tocopherol is 

considered to be the most important lipid-soluble chain breaking 

antioxidant [171]. 

 

2.7.2. Vitamin C  

 

Ascorbic acid is a water-soluble antioxidant that plays a role as a co-factor 

for at least eight enzymes [30], and reacts directly with the superoxide and 

hydroxyl radicals as well as some hydroperoxides [166]. Ascorbic acid also 

recycles erythrocyte α-tocopherol [166, 169] and plasma vitamin C [172].  

 

When ascorbic acid donates an electron, the ascorbate or ascorbyl radical is 

formed; this can be further oxidised to form dehydroascorbic acid [30]. The 

ascorbyl radical is not very reactive and this is important for the antioxidant 

role that ascorbic acid plays [30]. Dehydroascorbic acid is unstable and must 

be recycled back to ascorbate or else the levels of ascorbic acid drop [30]. In 

erythrocytes, this recycling appears to be dependent on GSH [173] or the 

activity of a ascorbyl radical reductase in the erythrocyte membrane [144, 

174]. Since erythrocytes are so abundant, the role they play in recycling 

extracellular ascorbyl may be integral to maintaining plasma ascorbic acid in 

a reduced state [143].  

 

2.7.3. Glutathione  

 

The tripeptide GSH is the most important non-enzymatic intracellular 

antioxidant in all cell types [35]. GSH functions to reduce ROS, is integral to 
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the functions of GPx and GRd, and recycles α-tocopherol and ascorbic acid 

[30]. GSH is one of the few molecules mature erythrocytes can synthesise, 

and at a substantially higher rate than GSH turnover [175].   

 

2.7.3.1. Structure and Synthesis of GSH  

 

GSH is a tripeptide consisting of glutamic acid – cysteine – glycine [30].  The 

cysteine amino acid contains a –SH (thiol) side chain that is readily oxidised 

to form a disulfide bridge [30, 176]. Two molecules of GSH are converted to 

one molecule of glutathione disulfide (GSSG) as shown below [176]: 

 

2GSH → GSSG + 2e- + 2H+ 

 

GSH is one of the few molecules mature erythrocytes can produce and is 

formed by a two-step process utilising adenosine triphosphate (ATP). Both 

steps form adenosine diphosphate (ADP) along with inorganic phosphate 

(Pi) as shown below [176]. 

Step 1 

ϒ-glutamylcysteine synthetase catalyses the first reaction: 

Glutamic acid + cysteine + ATP → ϒ-glutamylcysteine + ADP + Pi 

 

Step 2 

Glutathione synthetase catalyses the second reaction: 

ϒ-glutamylcysteine + glycine + ATP → GSH + ADP + Pi 
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2.7.3.2. GSH as an Antioxidant  

 

GSH can react directly with the hydroxyl radical, hypochlorus acid, 

peroxynitrite, peroxyl and alkoxyl radicals, nitrogen dioxide, toxic aldehydes 

carbon centred radicals [30, 176]. Given that GSH is present at mM 

concentrations within cells it is likely that scavenging of ROS does occur in 

vivo [30]. 

 

2.7.3.3. Recycling of Oxidised GSH – GRd, G6PD 

 

Upon oxidation of GSH the molecule GSSG is formed [177]. GSSG must be 

recycled back to GSH in order to function as an antioxidant. This reaction, 

catalysed by GRd is shown below [178, 179].  

 

           GRd 

GSSG + NADPH + H+→ 2GSH + NADP+ 

 

The electrons required to reduce GSSG to GSH are mainly from the first two 

steps of the oxidative phase of the pentose phosphate pathway [30]. G6PD 

catalyses the first step of the reaction and is the rate limiting enzyme. The 

reaction rate is increased by a lower ratio of NADPH/NADP+ and the chemical 

formula is shown below [30].  

 

Step 1 

     G6PD 

Glucose-6-phosphate + NADP+ → 6-phosphogluconate + NADPH + H+ 
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6-phosphogluconate dehydrogenase (6-PGDH) catalyses the second step of 

the pentose phosphate pathway to again produce electrons in the form of 

NADPH [30], the reaction is shown below. 

 

Step 2 

    6-PGDH 

6-phosphogluconate + NADP+→ CO2 + NADPH + H+ + ribulose-5-phosphate 

 

In erythrocytes, the pentose phosphate pathway is the only NADPH 

generating pathway and is consequently critical to erythrocyte antioxidant 

capacity [156].  

 

2.7.3.4. Glutathione Peroxidase  

 

GPx is a selenium-dependent enzyme present at high activity within 

erythrocytes [35], it catalyses the conversion of organic hydroperoxides or 

H2O2 to water as shown below [166]. There is also a selenium-independent 

enzyme, it has higher affinity for organic hydroperoxides [166]. The 

electrons required are derived from GSH [35].  

 

            GPx 

2GSH + ROOH → GSSG + H2O + ROH 

 

         GPx 

2GSH + H2O2 → GSSG + 2H20 
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The action of GPx to remove hydrogen peroxide from erythrocytes is 

important to protect against haemoglobin oxidation and the production of 

hydroxyl radicals via the Fenton and Haber-Weiss reactions [39]. 

 

2.7.4. Superoxide Dismutase  

 

SOD is a family of metal-containing enzymes with a wide distribution; 

erythrocytes contain considerable amount of the Cu, Zn isoform [33]. Zinc 

stabilizes the enzyme while the Cu is required for the enzymatic activity [35]. 

SOD acts to neutralise superoxide by the following dismutation reaction [35, 

166].  

 

          SOD 

O2
.+ O2

.+ 2H+→ H2O2 + O2 

 

 

Efficient removal of superoxide is important as superoxide can react to form 

the hydroxyl radical, can oxidise haemoglobin to form methaemoglobin and 

can directly affect the erythrocyte membrane lipids [35]. It was the discovery 

of SOD that led to the development of the superoxide theory of oxygen 

toxicity [30]. SOD can cross erythrocyte membranes using the anion channel 

[42], and erythrocytes contain more SOD than does plasma [180]. This 

suggests erythrocytes remove the majority of superoxide from within the 

blood [181].  

 

2.7.5. Catalase  
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Mammalian catalase (CAT) contain four subunits, each with a Fe (III)-haem 

at the active site [30]. CAT is present at high activity levels in erythrocytes 

and functions to reduce hydrogen peroxide to water as shown below [35]. 

 

          CAT 

2H2O2→2H2O + O2 

 

Since CAT and GPx both eliminate erythrocyte hydrogen peroxide many 

studies have tried to determine the relative importance of each enzyme. GPx 

appears critical for neutralising endogenous hydrogen peroxide (produced 

by autoxidation of haemoglobin) whereas CAT is important for neutralising 

hydrogen peroxide flux into erythrocytes [182]. Despite conflicting results, 

GPx has been accepted as more important at physiological levels [183] since 

a genetic deficiency of G6PD predisposes erythrocytes to destruction by 

peroxidases when under high oxidative stress [184].   

 

2.7.6. Methaemoglobin Reductase  

 

Haemoglobin constantly undergoes autoxidation by the loss of an electron 

from haem to form superoxide, and can also be oxidised by oxidative stress 

[185]. Methaemoglobin (MetHb) is estimated to comprise about 3% of total 

haemoglobin and is unable to bind oxygen [30]. The enzyme 

methaemoglobin reductase (MetHb Rd) catalyses the reduction of 

methaemoglobin as shown below [186].  

 

                      MetHb Rd 

MetHb + NADH→ Oxyhaemoglobin + NAD+ 
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MetHb requires NADH as an electron donor, thus MetHb enzyme activity is 

linked to the glycolysis pathway [185, 186]. Erythrocytes are not able to 

remove haem degradation products (hemichromes and Heinz bodies) [185], 

so the action of MetHb is also important for reducing the formation of haem 

degradation products [186].  

 

2.7.7. Glutathione-S-Transferases  

 

Xenobiotics are foreign chemicals such as; drugs, pollutants, pesticides and 

toxins produced by moulds, animals and plants [187]. Glutathione-s-

transferase catalyses the reaction of GSH with electrophilic substrates such 

as xenobiotics [188]. The enzyme has a number of isoforms, each with a 

specific substrate [188]. Products of these reactions are called glutathione-

s-conjugates and are transported out of erythrocytes [187].  

 

2.7.8. Summary of Erythrocyte Antioxidants  

 

The antioxidants found in erythrocytes interact with each other to maximise 

protection against oxidative stress. Erythrocytes are subject to considerable 

oxidative stress and also play a role in maintaining plasma antioxidant 

capacity. Figure 2.1 taken from [30] (page 361) provides a summary of 

erythrocyte antioxidant defenses and the interactions that occur between 

antioxidants.  
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Figure 2.1 Protection of erythrocytes against oxidative damage. MR, 
methaemoglobin reductases; SOD, CuZn superoxide dismutase; CAT, 
catalase; GPx, glutathione peroxidase; GR, glutathione reductase; PPP, 
pentose phosphate pathway (first enzyme: glucose 6-phosphate 
dehydrogenase). Peroxidases are the major pathway of H2O2 removal, and 
their activity requires thioredoxin and thioredoxin reductase in the 
erythrocyte. [30].  

 

 

2.8. Plasma Antioxidants 
 

In general, plasma has lower antioxidant levels compared with the 

intracellular environment [189]. Plasma does contain isoforms of the 

antioxidant enzymes SOD, CAT and GPx but only in small amounts, and 

extracellular GSH is also present only at low levels [189]. Despite this, ROS 

such as superoxide and hydrogen peroxide are continually generated within 

plasma by the actions of activated phagocytes and enzymes such as xanthine 

oxidase [30].  

 

Thus non-enzymatic antioxidants are critical for removal of ROS in plasma, 

and a key part of this is to bind transition metal ions to prevent the metal 

ions from participating in the formation of ROS [189]. Proteins such as 

transferrin and lactoferrin bind iron [189], and ceruloplasmin bind copper 
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ions [189]. The protein albumin is found in plasma and accounts for about 

80% of total plasma thiol content; thiols possess antioxidant capacity [190], 

and can bind copper ions [189].  

 

Ascorbic acid is the most concentrated antioxidant in plasma [191], and 

directly scavenges several different ROS species, inhibits plasma lipid 

peroxidation and regenerates α-tocopherol [143, 189]. α-tocopherol is the 

most abundant lipid soluble antioxidant and has an important role in 

preventing lipid peroxidation [155]. Other important non-enzymatic plasma 

antioxidants include carotenoids, uric acid and co-enzyme Q [171]. 

 

Erythrocytes play a critical role in the antioxidant capacity of plasma. 

Erythrocytes directly maintain a reduced state for plasma ascorbic acid [144, 

192] and indirectly for α-tocopherol [143, 146].  

 

2.9. Erythrocytes  

 

The principal role for erythrocytes is to transport gases, namely oxygen and 

carbon dioxide. Erythrocytes are highly specialised for this task, losing most 

organelles after completing their early development; mature erythrocytes 

contain mostly the protein haemoglobin to transport gases [193]. The 

normal morphology for erythrocytes is a biconcave disc, this shape coupled 

with the membrane lipid bilayer permits the flexibility required for a cell of 

8 µm diameter to travel down capillaries as small as 4 µm in diameter [193]. 

Erythrocyte flexibility is termed deformability and is critical for adequate 

tissue oxygenation [126].  
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2.10. Haemorheology 

 

Blood is a type of connective tissue with platelets, red and white blood cells 

dispersed within a liquid matrix termed plasma [127]. Haemorheology is the 

study of the flow and deformation of blood and its formed elements of 

erythrocytes, white blood cells and platelets [127, 128]. Haemorheology is 

increasingly important in clinical contexts [126, 129]. Haemorheology 

considers the complex interactions of several variables which will be briefly 

reviewed next. 

 

2.10.1.   Viscosity, Shear Stress and Shear Rate 

 

In simple terms, viscosity is the measure of the internal friction of a fluid 

[194] and can be quantified by dividing shear stress by the shear rate [127]. 

Fluids flow or deform due to deformation forces, components of which are 

shear stress and normal stress [127]. Shear stress is the force per unit area 

acting parallel to the surface , while normal stress or pressure is the force 

per unit area acting perpendicular to the surface [127]. As layers of a fluid 

move over each other friction occurs and as this friction increases so does 

the force required to facilitate the movement, termed shear [194]. Shear 

rate is the measure of the speed change at which the layers of fluid move 

over each other and is reported in reciprocal seconds (sec-1) [194]. 

 

In terms of rheology fluids can be divided into two groups; Newtonian and 

non-Newtonian [127]. The viscosity of Newtonian fluids is constant despite 

changes in shear rate [194]. For non-Newtonian fluids, viscosity changes as 

the shear rate alters [194]. Blood is a non-Newtonian fluid and as the formed 

elements pass by each other factors such as size, shape and cohesiveness 

influence how much force is needed to create flow [127]. As blood is a non-
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Newtonian fluid, viscosity cannot be described by a single measurement 

since as shear rate is increased, viscosity of blood decreases termed shear 

thinning [195]. Conversely, at low shear rates, plasma proteins such as 

fibrinogen promote erythrocytes aggregating into rouleaux, and this 

increases whole blood viscosity [195].  

 

2.10.2.   Whole Blood Viscosity 

 

The viscosity of whole blood is determined by the interaction of multiple 

factors: plasma viscosity, haematocrit, erythrocyte aggregation and 

erythrocyte deformability, temperature and fibrinogen concentration [128]. 

Erythrocyte aggregation and deformability are influenced by shear rate and 

thus viscosity will depend in part upon shear rate [196]. Erythrocyte 

aggregation is the main determinant of whole blood viscosity at low shear 

rate whereas at high shear rate it is erythrocyte deformability that is more 

important [130]. Erythrocyte deformability stems from the biconcave shape, 

lack of nucleus, and membrane flexibility that collectively allow erythrocytes 

to take on an ellipsoid shape [130]. This shape change decreases whole 

blood viscosity as erythrocytes can better align with the line of blood flow in 

vessels [130]. At low shear rates or at stasis, erythrocytes return to a 

biconcave shape and can aggregate, a process which increases whole blood 

viscosity [130]. 

 

2.10.3.   Plasma Viscosity 

 

Plasma is the liquid matrix of blood and any change in plasma viscosity 

directly affects whole blood viscosity. Increases in certain large molecular 

weight plasma protein concentrations such as fibrinogen lead to an increase 

in plasma viscosity [127, 128].  
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2.10.4.   Haematocrit 

 

The term haematocrit refers to the volume of erythrocytes in whole blood 

expressed as a percentage [128].  The presence of formed elements in whole 

blood is the main reason why whole blood viscosity is higher than plasma 

viscosity under laminar flow conditions [127]. As haematocrit increases the 

flow of blood is disturbed and this altered flow results in a non-linear 

increase in whole blood viscosity [127]. White blood cells are considered to 

have negligible effect on whole blood viscosity in major vessels due to their 

relative scarcity, but may have more impact in the microcirculation [127].  

 

2.10.5.   Erythrocyte Aggregation 

 

Aggregation refers to the tendency of erythrocytes to form reversible 

aggregates that resemble a stack of coins, termed rouleaux [127]. 

Aggregation occurs at low shear rates and is a critical determinant of whole 

blood viscosity at low shear rates [130]. Aggregation relies on the type and 

concentration of macromolecules in the suspending medium; in plasma 

fibrinogen is the most important macromolecule for aggregation [127]. 

Earlier studies suggested macromolecules were the only determinant of 

aggregation, but it is now accepted that erythrocyte cellular properties also 

play a role [127, 130]. Aggregation is a balance between aggregating and 

disaggregating forces; the latter include shear forces, electrostatic repulsion 

between erythrocytes and the cell membrane’s elastic energy [127].  

 

There have been two conflicting models for erythrocyte aggregation: the 

bridging model and the depletion model [127]. The bridging model proposes 

that erythrocytes aggregate when bridging forces from the absorption of 

macromolecules onto adjacent erythrocytes exceed the disaggregating 
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forces [127, 197] mentioned in the paragraph above. The depletion model 

proposes there is a relative depletion of macromolecules near the 

erythrocyte surface and this creates an osmotic gradient [127, 197]. This 

gradient pulls fluid away from intercellular gaps and creates reduced cell-

solvent affinity [127]. These two models have opposite impacts on 

erythrocyte aggregation with increased concentrations of macromolecules 

near the cell surface [127]. The depletion model predicts decreased 

aggregation and the bridging model predicts increased aggregation [127]. 

More recently, theoretical modeling has provided support for the depletion 

model, with good agreement between predicted and experiment data [198]. 

Disaggregation of erythrocytes is determined by shear forces [199] with 

some contribution from electrostatic repulsion between cells and the cell 

membrane elastic energy [127].  

 

2.10.6.   Erythrocyte Deformability 

 

The ability of erythrocytes to deform is pivotal in the flow of blood at high 

shear rates [130]; impairments in deformability increase whole blood 

viscosity [127, 130]. Deformable erythrocytes are more easily aligned in 

larger vessel streamlines [127, 130] and are able to enter capillaries smaller 

than the erythrocyte diameter [127]. Deformability depends upon 

membrane flexibility, cytoplasm viscosity and cell geometry [128]. Cell 

geometry refers to the biconcave disc shape resulting from a lack of nucleus 

and other organelles, as well as membrane flexibility  [130]. Membrane 

structure permits shape changes without increasing the surface area [195], 

and this property is crucial for deformation to occur [200]. A normal 

erythrocyte can deform with linear extensions of up to 250% without 

increasing surface area, in part due to membrane lipids anchoring to 

proteins but also due to active regulation of cell volume (and with it 

cytoplasmic viscosity) by ion transporters  [200].  
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2.10.7.   Shear Rate 

 

As whole blood is a non-Newtonian fluid, viscosity will change as flow 

conditions (shear rate and shear stress) change [127, 128, 130, 196]. The 

vascular system has a range of different shear rates according to whether 

the vessel is a large artery, or part of the venous circulation [128, 130]. Since 

viscosity is defined as shear stress divided by shear rate [128] then as shear 

forces increase (increase in flow rate) there is a decrease in whole blood 

viscosity [130, 201]. This is termed shear thinning [130]. At low shear rate or 

shear stress whole blood has a high viscosity [127] and in vivo would occur 

in veins and capillaries [130]. At higher shear rates (above 100 sec-1) whole 

blood viscosity decreases to about 4 to 5 cP , and is further reduced to 

minimum values for shear rates of approximately 1000 sec-1, which would 

occur invivo in major arteries [130].  

 

2.10.8.   Temperature 

 

Whole blood viscosity is usually tested at 37˚C, as this temperature most 

closely replicates normal physiologic temperature. Blood viscosity is 

elevated at either lower or higher temperatures although any change is 

partly dependent on shear rate [128].  

 

2.10.9.   Fibrinogen Concentration 

 

Fibrinogen promotes erythrocyte aggregation [127]. Fibrinogen is the largest 

plasma protein and thus contributes to the non-Newtonian flow properties 

of whole blood and to the sedimentation rate [128]. Elevated fibrinogen 

concentrations have been implicated as a possible cardiovascular disease 

risk factor and in the pathogenesis of atherosclerosis [128].  
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2.11. Oxidative Stress and Haemorheology 

 

As explained in section 2.7. through to 2.7.8., erythrocytes possess 

considerable antioxidant capacity. However, during conditions of oxidative 

stress biochemical and structural modifications occur in erythrocytes; 

consequently function is altered [105, 125, 127, 130]. These modifications 

include: methaemoglobin formation, elevated lipid peroxidation levels, 

cross-links between membrane cytoskeletal proteins and attachment of 

haemoglobin to cytoskeletal proteins, altered ion permeability and altered 

surface features [127, 202]. Erythrocytes can lyse due to membrane defects 

caused by lipid peroxidation or due to denaturation of haemoglobin [202]. 

Additionally eryptosis, a type of apoptosis specific to erythrocytes can occur 

[203].  

 

The impact of ROS upon erythrocyte cellular components depends in part 

upon where the ROS is generated. Extracellular sources of superoxide affect 

erythrocyte aggregation whereas intracellular sources of superoxide affect 

erythrocyte deformability [127, 130, 204]. Deformability of erythrocytes can 

be decreased by oxidative stress [130] which in turn alters erythrocyte 

morphology [24, 125] and increases whole blood viscosity [131].  

 

2.12. Haemorheology and Disease 

 

Hyperviscosity can be caused by alterations to the determinants of whole 

blood viscosity [129], namely: plasma viscosity, haematocrit, erythrocyte 

aggregation and erythrocyte deformability[128]. For each parameter 

altered, a particular disease or diseases can be attributed to that altered 

parameter; for example, decreased deformability of erythrocytes is linked 

with sickle cell disorders [130, 196]. Altered haemorheology leads to altered 
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tissue perfusion and thus oxygenation levels; especially in the presence of 

atherosclerosis [130, 205]. Absent a specific disease, age related changes to 

haemorheology occur that may contribute to impaired tissue perfusion or 

may result from impaired tissue perfusion [127, 130]. These age related 

changes do not negate the importance of altered haemorheology in clinical 

contexts [130]. 

 

2.13. Erythrocyte Oxidative Stress 

 

Erythrocytes face considerable oxidative stress in performing their role of 

oxygen transport. The cell membrane must be maintained against the stress 

of repeated deformation to transverse narrow capillaries, in the absence of 

the ability to synthesise new proteins or lipids [30]. Erythrocyte membranes 

contain a large amount of PUFA which allows for erythrocyte deformability; 

but the double bond characteristic of PUFA attract ROS that oxidise them 

[39, 154]. When oxidised the membrane deformability is altered [206]. 

Carrying high levels of haemoglobin which can participate in pro-oxidant 

reactions, and bind nitric oxide also makes erythrocytes vulnerable to 

peroxidation [35]. As erythrocytes age, the cytoplasm may contain more 

non-protein bound iron from haemoglobin breakdown; which could 

promote lipid peroxidation [165] and lead to cell lysis [202, 207]. 

Erythrocytes do not have a mechanism to remove haem degradation 

products [185]. ROS are formed by biochemical reactions within 

erythrocytes [30, 35, 208] and are also derived from the plasma [35, 202, 

208].  

 

2.13.1. Sources of Erythrocyte ROS 

2.13.1.1. Intracellular 
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Once loaded with oxygen in the lungs, oxyhaemoglobin releases superoxide 

radicals due to auto-oxidation at a rate of up to 3-4% per day [30].  When 

haemoglobin is oxidised, the haem iron loses an electron and 

methaemoglobin is formed; methaemoglobin is unable to reversibly bind 

oxygen [35]. Oxygen can accept the free electron, forming the superoxide 

radical [186, 209]. If methaemoglobin reacts with hydrogen peroxide then 

the highly reactive peroxyl radical is formed; this molecule is directly capable 

of initiating lipid peroxidation [185].  Methaemoglobin can also damage 

erythrocytes and if the cell is overwhelmed can lyse and release ROS into the 

circulation [35]. Methaemoglobin can convert to haemichrome, which can 

be reduced back to functional haemoglobin [186]. However if haemichromes 

are denatured then the alpha and beta chains can separate to form 

irreversible haemichromes [186]. Haemichromes readily precipitate and are 

the main component of Heinz bodies [186]. Heinz bodies can bind to the 

erythrocyte membrane and alter permeability as well as reducing 

deformability [210]. Intracellularly, hydrogen peroxide is formed when SOD 

eliminates the superoxide radical [33, 35].  

 

2.13.1.2. Extracellular 

 

Erythrocyte membranes contain anion channels [42] that permit superoxide 

radicals from the plasma to enter the cell where they are neutralised [35, 

202]. Extracellular hydrogen peroxide can diffuse freely across the 

membrane as it lacks charge [202]. Hydrogen peroxide is eliminated by the 

actions of either GPx or CAT [33]. Activated neutrophils are a likely source of 

extracellular hydrogen peroxide [39]. Hydrogen peroxide can directly oxidise 

cellular components and can also be involved in the formation of the 

hydroxyl radical [39].  
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The hydroxyl radical is considered the most highly reactive ROS and is a 

potent oxidant that reacts rapidly with most cellular components [39, 166]. 

The hydroxyl radical can be formed via two pathways, which both require a 

suitable metal co-factor [39]. The first pathway shown below is termed the 

Fenton reaction, which involves the decomposition of hydrogen peroxide 

and requires the presence of either copper or iron ions [39]. 

 

Fe2+ + H2O2→ Fe3++ HO- + HO.  Fenton 

 

Sources of iron ions include the action of high levels of superoxide on haem 

containing proteins [154], and the action of high levels of hydrogen peroxide 

on haem containing proteins [211]. The second pathway to produce the 

hydroxyl radical is termed the Haber-Weiss reaction, which involves the 

reaction of hydrogen peroxide with superoxide as shown below [39]: 

 

O2
. + H2O2→ O2+HO- + HO.   Haber-Weiss 

 

2.13.2.   Erythrocyte Lipid Peroxidation  

 

As discussed in section 2.13., the erythrocyte membrane is vulnerable to 

oxidation, oxidised lipids are termed lipid peroxides [30]. Lipid peroxidation 

can be initiated by the hydroxyl radical and occurs via a three-stage process. 

Stage one, initiation, involves the hydroxyl radical abstracting a hydrogen 

atom from a methylene group within the lipid [39]. The hydroxyl radical 

forms water, and the lipid retains an electron and is thus a carbon centred 

radical [39, 212]. This radical reacts with oxygen during stage two, 

propagation to generate a peroxyl radical [39, 212]. The peroxyl radical then 
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attacks an adjacent fatty acid to abstract a hydrogen atom to form another 

carbon centred radical and a lipid hydroperoxide [39]. The propagation stage 

allows the reaction to continue until either all the unsaturated lipid 

undergoes peroxidation or the last stage, termination occurs [39]. The chain 

reaction can be terminated in one of two ways; either one peroxyl reacts 

with another radical, or the peroxyl reacts with an antioxidant; either 

process neutralises the radical [39, 212]. 

 

Thus, a single hydroxyl can generate initiation of lipid peroxidation and 

potentially result in the peroxidation of all the unsaturated lipids is the 

membrane. Accumulation of lipid hydroperoxides into the membrane 

disrupts normal function and can lead to haemolysis [150, 202, 213]. Lipid 

hydroperoxides can also decompose to form a range of cytotoxic 

metabolites such as aldehydes [150]. When erythrocyte antioxidant capacity 

is overwhelmed, haemolysis can occur as the cell cannot regenerate the 

damaged components [202, 214].  

 

2.13.3.   Erythrocytes as Sinks for ROS 

 

Erythrocytes have considerable excess reducing capacity, up to 250 times 

the oxidising potential[167]. Given the existence of anion channels that 

permit plasma generated superoxide radicals to enter erythrocytes [42], and 

the fact that hydrogen peroxide can cross the membrane due to lack of 

charge [35, 202] it is evident that erythrocytes are capable of scavenging 

extracellular ROS [33, 124, 206]. Once absorbed, the ROS are neutralised by 

erythrocyte antioxidants as previously described (section 2.7 through to 

section 2.9). Consequently, erythrocytes undergo biochemical and structural 

changes that alter morphology and thus function [125, 181]. Such changes 

impact upon cell aggregability and thus vascular function [41]. If the 

erythrocyte is overwhelmed with ROS, the cell can lyse and release 
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substantial ROS into the circulation [41, 214]. The expendable nature of 

erythrocytes is an ideal property for a cell that could protect other tissues 

from oxidative damage, even at its own expense [181]. Erythrocytes also 

play an important role in the recycling of plasma based antioxidants such as 

Vitamin C [144, 192] and Vitamin E [143, 146].  

 

2.14. Erythrocyte Morphology 

 

The study of erythrocyte shape or morphology is important in 

haemorheology, since erythrocyte morphology influences deformability, 

which in turn influences haemorheology [127, 128]. The normal equilibrium 

shape for erythrocytes is a biconcave disc typically 6-8 µm in diameter with 

a thickness of 2 µm [193, 199]. Erythrocyte morphology can be altered when 

the membrane or biochemistry of the cell is impacted upon [24, 215]. 

Passage of erythrocytes through narrow capillaries is facilitated for 

echinocytes and impaired for stomatocytes [216, 217].  

 

Nomenclature of the cell shapes varies considerably between different 

authors and makes comparison of study results complicated [218]. The 1972 

paper by Bessis is still considered to be the seminal work on erythrocyte 

morphology [218]. Figure 2.2 illustrates some of the key erythrocyte 

morphologies [24]. The term ‘biconcave disc’ is usual to describe figure 2.2a 

which represents the physiologic norm for erythrocytes. Figure 2.2b is 

termed a leptocyte – a flattened thin erythrocyte lacking a central 

biconcavity [24, 219]. Figure 2.2c is termed a stomatocyte – these cells have 

a central pallor and in three-dimensional views are cup shaped with a 

swollen cell periphery [220]. A possibly more extreme version of 

stomatocytes is termed a knizocyte. These cells appear pinched in the 

middle, with two or more invaginations of the membrane [220].  
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Figure 2.2d is referred to as either acanthocyte or echinocyte, the difference 

reflects the number of projections from the crenated cell. Cells with fewer 

projections that are typically bent back at the tip and irregularly arranged 

are acanthocytes [218].  Echinocytes are cells with more than a few spicules 

or projections [218] which are regularly spaced [220]. Several transitional 

forms of echinocytes can be created by washing erythrocytes in isotonic 

saline then examining them between a glass microscope slide and coverslip 

[221]. Figure 2.2e is termed either a burr cell [24] or a codocyte [220]. These 

cells have reduced thickness and one concavity with an extruded area on the 

opposite side [24, 220].  

 

Figure 2.2 Erythrocyte Morphology taken from Richards et al (2000). Morphological 
subclasses. From left to right: biconcave disc, leptocyte, stomatocyte, acanthocyte, 
and burr cell. [24]. 

 

Incubation of erythrocytes with particular chemicals can transform them 

into two opposite forms; the echinocyte and the stomatocyte. Incubation of 

erythrocytes with anionic amphipathic compounds leads to preferential 

distribution into the membrane outer layer and consequently membrane 
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externalisation that produces echinocytes [216, 217]. The same result occurs 

in conditions of high salt, high pH or ATP depletion [222]. Incubation of 

erythrocytes with cationic amphipathic compounds leads to preferential 

distribution into the membrane inner layer and consequently membrane 

internalisation that produces stomatocytes [216, 217]. The same result 

occurs in conditions of low salt, low pH or cholesterol depletion [222]. 

 

2.15. Erythrocyte Oxidative Stress, Antioxidant Enzymes, 

Inflammation and Morphology in Disease States 

 

Diminished antioxidant capacity has subsequent impacts on erythrocyte 

morphology and function [10]. Incubation of erythrocytes with hydrogen 

peroxide produces altered organization of membrane lipids, 

methaemoglobin formation, spectrin-haemoglobin cross-linking and lipid 

peroxidation [223]. This was accompanied by decreased erythrocyte 

deformability and increased echinocyte formation [223], but these results 

could be prevented by the prior exposure of the erythrocytes to carbon 

monoxide, which inhibits haem protein oxidation [223]. 

 

Replicating and extending these results, erythrocytes were incubated with 

either hydrogen peroxide or ascorbate with Fe2+. Erythrocyte deformability 

reduced in proportion to the production of malondialdehyde (MDA) and the 

protein degradation marker alanine [224]. A dose dependent increase in 

echinocyte formation occurred, again preventable by the prior exposure of 

the erythrocytes to carbon monoxide [224]. Erythrocytes exposed to iron-

mediated oxidative stress form methaemoglobin and exhibit altered 

morphology attributed to lipid peroxidation [225]; however this conclusion 

was based on thiobarbituric acid (TBA) methods for the detection of 

malondialdehyde, which is now considered a questionable method, as most 

TBA-reactive material is not related to lipid peroxidation [44].  
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Oxidative stress appears involved in the mechanism/s of stomatocyte 

formation. Incubation of erythrocytes with the oxidant tert-butyl 

hydroperoxide decreased GSH levels rapidly and also produced both 

echniocytes and stomatocytes in a dose-dependent manner [226]. A similar 

also found stomatocytes were produced by incubation of erythrocytes with 

tert-butyl hydroperoxide [227]. This second study found depleted 

intracellular GSH, increased lipid peroxidation, and membrane protein 

degradation [227]. Using fluorescence microscopy revealed the membrane 

cytoskeleton was disrupted, which could impact on erythrocyte 

deformability [227].   

 

Chronic obstructive pulmonary disease is associated with systemic 

inflammation [48] and resultant increased oxidative stress [122]. More than 

20% of COPD erythrocytes are morphologically altered; either leptocytes or 

acanthocytes were observed, and similar changes could be observed when 

incubating erythrocytes with peroxynitrite  [122]. Prior exposure of 

incubated erythrocytes with a reducing agent could prevent the 

morphological changes, thus the authors concluded erythrocyte 

morphology could be a valuable redox-sensitive COPD monitoring tool [122].  

 

The impact of oxidative stress on erythrocyte morphology is also seen in 

G6PD deficiency, with echinocyte percentages of 42.2% in in patients with 

G6PD deficiency when compared with control subjects [228]. This enzyme 

catalyses the first step of the pentose phosphate pathway; producing 

NADPH which is essential for glutathione metabolism [228]. In metabolic 

syndrome, echinocytes, stomatocytes and acanthocytes were increased in 

patients with metabolic syndrome and these increases were significantly 

correlated with antioxidant enzyme status [125]. In RA, erythrocyte 

morphology is altered, with significantly increased leptocytes [24]. 
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Stomatocytes are suggested to be increased [229] but as yet there are no 

statistically significant differences reported [24].  

 

Pretorius et al (2014) reported a link between iron, inflammatory signaling 

molecules, and erythrocyte morphology. Figure 2.3 is a scanning electron 

micrograph erythrocyte image from a patient with PD [106]. The authors 

refer to this morphology as eryptosis erythrocyte structure [106], but it also 

closely resembles what might otherwise be termed echinocytes. The authors 

concluded upregulation of inflammatory markers in PD contributed to 

altered erythrocyte morphology, could be a useful biomarker for PD and may 

contribute to the general cardiovascular inflammation in PD [106].  

 

 

 

Figure 2.3 Eryptosis Erythrocyte in PD (left) and control subject (right) taken 
from Pretorius et al (2014). Erythrocyte of Parkinson’s disease patients taken 
from whole blood smears. Scale bar = 1 µm [106]. 

 

2.16. Consequences of Altered Erythrocyte Morphology – 

Eryptosis  

 

As already reviewed, erythrocyte morphology is related to deformability 

which is an important determinant of the cell’s ability to travel through the 

microcirculation [127], erythrocytes with reduced deformability impair the 

microcirculation [195]. Morphology is also altered in the process of 

eryptosis, the suicidal death of erythrocytes [203, 230, 231]. Eryptosis can 
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be triggered by oxidative stress and involves cell shrinkage, blebbing of the 

membrane with phosphatidylserine exposed in the outer leaflet of the 

membrane [231, 232]. Macrophages recognise the phosphatidylserine and 

engulf the erythrocyte, thereby avoiding haemolysis and release of cell 

contents into the circulation [230].  

 

2.17. Whole Blood Total Antioxidant Capacity  

 

It is typical to separate plasma from erythrocytes when assaying antioxidant 

activity or biomarkers of oxidative stress [26]. This may be done for practical 

reasons, such as assay method, or to clearly distinguish between plasma and 

erythrocytes as the source of antioxidant capacity alterations. However, 

separating plasma from erythrocytes removes any interactions between 

antioxidants based in either matrix; and any other molecules that might 

synergistically aid in antioxidant defenses. This review has already presented 

the interaction between plasma and erythrocyte antioxidants in section 

2.7.1. through to section 2.7.3, and in section 2.7.8.  
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Figure 2.4 Synergism of Erythrocytes, Plasma and Polyphenols taken from 
Ginsburg et al (2011). [26] 

 

 

In Figure 2.4 above; the Y-axis depicts luminescence emitted from ROS 

generated by a chemical cocktail containing luminol [26]. The X-axis 

represents time in seconds for particular sample types to neutralise the ROS 

and thus quench the light emitted by luminol [26]. Thus, a smaller 

luminescence peak and/or a faster quenching of luminescence indicates 

higher antioxidant capacity. This figure demonstrates that the sample type 

with the highest antioxidant capacity contains: erythrocytes, plasma and the 

polyphenol epicatechin [26]. Polyphenols are antioxidants supplied by the 

diet, and bind to erythrocytes  and lymphocytes; in doing so these 

polyphenols increase the antioxidant capacity of erythrocytes [27]. The 

authors concluded that it is imperative to measure antioxidant capacity in 

whole blood to capture the true antioxidant capacity [26, 27]. 
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2.18. Rheumatoid Arthritis 

2.18.1.   Inflammation in RA  

 

Rheumatoid arthritis (RA) is an inflammatory synovial joint disease 

associated with elevated levels of C-reactive protein (CRP) and erythrocyte 

sedimentation rate (ESR) [13],  and elevated D-dimer levels [233]. Although 

inflamed joints are the hallmark of RA pathology, the major cause of death 

is cardiovascular disease [17]; associated with inflammation and oxidative 

stress pathways [13, 17, 233].  

 

The liver produces CRP during the acute phase response to a systemic 

inflammatory stimulus [116], and thus CRP is a widely used biomarker of 

inflammation [234]. CRP is significantly increased in RA [24, 235, 236], 

correlates with ESR in rheumatic diseases [237] and also in RA  [238]. CRP 

levels represent a more reliable index of disease activity than fibrinogen 

levels [239]. This is supported by  the finding that elevated CRP levels have 

prognostic but not diagnostic value [240]. Finally, CRP is an independent 

predictor of microvascular endothelial dysfunction in RA; with a negative 

correlation between CRP and maximum vasodilation [241].  

 

Another biomarker of inflammation is D-dimer, a cross-linked fibrinogen 

degradation product that is a measure of polymerised fibrin formation and 

its degradation [118]. RA patients exhibit significantly elevated D-dimer 

[236, 242], and fibrinogen [235]. In contrast to these reports, another study 

found no significant difference in fibrinogen levels in RA [121].  

  



 
 

68 
 

 

2.18.2.   Erythrocyte Oxidative Stress in RA 

 

ROS concentrations are elevated in RA [16, 110], and erythrocyte oxidative 

stress is increased in RA. Erythrocyte lipid peroxidation is elevated [14, 18, 

20, 21, 112] and DNA oxidation in lymphocytes is increased [243, 244], and 

in synovial fluid [245]. Protein oxidation is also increased in RA synovial fluids 

[245].  

 

2.18.3.   Erythrocyte Antioxidant Activity in RA  

 

Despite increased erythrocyte oxidative stress in RA, there are conflicting 

reports on antioxidant enzyme activity; for example SOD is unchanged [246] 

or decreased in RA [245]. Such conflicting results might be related to disease 

activity levels in the patients recruited reflecting repression (consumption) 

[243] or induction of redox enzymes [247], or to whether the biomarkers 

tested is a first or second line defence against oxidative stress [21]. A recent 

systematic review of oxidative stress involvement in RA concluded oxidative 

stress is an important contributor to RA pathology and is interrelated with 

other disease processes; but conflicting results on antioxidant activity levels 

prevented a clear cut conclusion [23]. 

 

2.18.4.   Haemorheology in RA 

 

Multiple haemorheological changes have been reported in RA; reduced 

haematocrit [248], WBV, erythrocyte deformability and significantly 

increased erythrocyte aggregation at stasis [121]. Taken together, the 

microcirculation would be impaired [121]. However, there are conflicting 

reports on WBV in RA, most studies report increased WBV [140, 141, 235, 

249], but others find no difference unless haematocrit is standardised [248], 
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or a difference only at low shear rate [24]. Anaemia is common in RA patients 

[250], therefore haematocrit adjustments are recommended for research 

studies [251].  

 

Plasma viscosity is increased in RA [127, 249], and this can increase WBV at 

both low and high shear rates [140], despite the reduced haematocrit 

commonly seen in RA patients [248]. The bridging model of erythrocyte 

aggregation [127] can explain increased WBV in RA; plasma proteins are 

elevated (such as fibrinogen and antibodies to rheumatoid factor) and this 

increases plasma viscosity, which then promotes red cell rouleaux formation 

resulting in increased WBV [252].  

 

Erythrocyte deformability is reduced in RA [253]. The one study reporting no 

change only had a small sample size [254], so it is reasonable to conclude 

deformability is reduced. Consequently, WBV would increase in RA [196, 

249]. Elevated hyaluronic acid is a feature of rheumatoid arthritis, and 

contributes to reduced deformability by increasing the erythrocyte rigidity 

index in a reversible dose-dependent manner in vitro [255].  

 

Erythrocyte aggregation is increased in RA, and negatively correlated with 

erythrocyte rigidity [253]. In this study, reduced erythrocyte deformability 

did not result in increased aggregation, suggesting that plasma contributes 

to the increase erythrocyte aggregation [253]. Erythrocyte morphology was 

unaltered, however this was only assessed using a light microscope [253]. 

The two other reports of increased aggregation in RA are limited by the 

much older average age of the RA patients compared with the control 

groups [140, 141].  
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2.19. Parkinson’s Disease  

 

Parkinson’s disease (PD) has no definitive test and thus diagnosis is based on 

clinical observation of four cardinal motor signs: resting tremor, 

bradykinesia, rigidity and postural instability [56, 256]. Up to 25% of 

diagnosed cases cannot even be confirmed by brain examination at autopsy 

as these four clinical symptoms can occur in other conditions thus mis-

diagnosis is possible [55, 56]. The pre-clinical phase of PD is years long [63] 

and symptoms usually occur once at least  50% of dopaminergic neurons are 

destroyed [257]. The 1960 discovery that striatum dopamine concentrations 

are greatly decreased in PD patients led the way for levodopa trials with 

resultant improvements in bradykinesia [256].  

 

PD is now understood as multi-faceted, with complex environmental and 

genetic components interacting in the disease [1, 258]. Several single gene 

mutations have been identified in familial PD; these mutations are present 

in proteins involved in oxidative stress, protein handling and mitochondrial 

function [65]. An autopsy study found Lewy bodies in 76 of 100 diagnosed 

PD brains [259]; these Lewy bodies are fibrillar aggregates partly composed 

of α-synuclein and genetic evidence links this protein with the pathogenesis 

of PD [57]. Non-motor symptoms include; fatigue, depression, sleep 

disturbances, constipation, anxiety, bladder disturbances and sensory 

complaints such as pain, numbness or tingling in the limbs [260]. Mental 

changes such as apathy, slowness in thinking and declining cognition are 

common, and can eventually lead to dementia [260]. The combination of 

serious symptoms, coupled with the increasing prevalence of this disease 

make it a significant social and economic burden [261].  
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2.19.1.   Stages of PD 

 

The Hoehn & Yahr staging of PD was developed by clinical observation of 

802 patients over a two-year period; and describes five stages of disease 

based on symptom severity [262]. Stage one is unilateral involvement only, 

with minimal or no functional impairment; stage two progresses to bilateral 

or midline involvement but balance is not impaired [262]. Stage three 

involves the first sign of postural instability and disability is still mild to 

moderate [262]. Stage four is severe disability but the patient can still stand 

and walk; by stage five patients are confined to a wheelchair or bed unless 

assisted by carers [262].  

 

2.20. PD and Peripheral Inflammation  

 

Central nervous system inflammation is established as part of PD pathology 

[83, 84], but there is also evidence of peripheral inflammation in PD patients. 

Higher concentrations of interleukin-6 is associated with increased risk of PD 

[263]; but CRP and fibrinogen were not related to risk of PD. This was a 

prospective study and as blood was sampled an average of 4.3 years prior to 

diagnosis this may not be long enough for a disease with a long latency 

period [264]. A study on incident and prevalent PD found a 50% increased 

risk of PD in women per doubling of baseline interleukin-6 levels; and an 80% 

increased risk of PD in women per doubling of baseline white blood cells 

[264]. CRP levels in PD appear related to disease stage, and is increased in 

stage one [88] and stage two [89] but there are only trends toward 

significant increases in later stage PD [73]. Importantly, CRP concentration is 

a predictor of life prognosis in PD patients [265]. 
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D- dimer is not increased in untreated PD patients [266]. Epidemiological 

studies show reduced risk of PD for regular users of non-aspirin nonsteroidal 

anti-inflammatory drugs (NSAID) [85]. The Chen study had a cohort size of 

142 902; however smaller cohort studies have not found significant risk 

reduction with NSAID use 267]. Systemic inflammation in PD might be 

expected to contribute to elevated rates of cardiovascular health problems 

and diabetes. A prospective cohort study reported a 2.3 fold increased risk 

of death in PD patients; primarily due to increased death from coronary 

artery disease [268]. Despite increases of 41% to risk of PD in patients with 

diabetes for ten or more years [7], a meta-analysis of diabetes and PD risk 

concluded diabetes was a risk factor for PD in prospective studies, but not in 

case-control studies [269].  In conclusion, it is evident peripheral 

inflammation is increased in PD patients [64], but the best biomarker of this 

is uncertain at this stage.  

 

2.21. PD and Haemorheology 

 

To date, there are no reports in the literature about erythrocyte 

deformability or erythrocyte aggregation alterations in PD patients, and only 

one report could be found on WBV in PD. The study focus was 

pharmacological impacts on WBV [270].. Given PD is associated with 

inflammation [271] and oxidative stress [30], and that PD erythrocytes 

exhibit elevated oxidative damage biomarkers [103, 134, 135, 272-274], it is 

likely that PD patients would have haemorheological changes.  

 

2.22. PD and Blood Cells Oxidative Stress 

 

There is clear evidence that oxidative stress is increased in the blood of PD 

patients. ROS levels are increased in blood cells in PD [12, 91-95]. PD 
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lymphoblasts produced higher ROS levels, not as a result of abnormal 

mitochondrial respiratory complexes as is generally proposed, but due to a 

four-fold increase in mitochondrial activity [12]. The increased lymphoblast 

activity was consistent despite disease duration or severity, and could be a 

PD biomarker [12].  

 

Given the elevated ROS levels in the blood of PD patients, it is not surprising 

that lipid peroxidation is elevated in PD white blood cells [100, 135, 275], as 

is oxidised DNA [73, 276]. Erythrocyte lipid peroxidation is also increased in 

PD [100, 135, 277]. Other biomarkers of oxidative stress are increased in PD, 

for example oxidised DNA excreted in the urine [73] and protein carbonyls 

in later stage PD [136] but there are conflicting reports [278].   However, as 

for RA there is no clear consensus on individual antioxidant enzyme 

activities. Erythrocyte antioxidant enzyme activities are reported as 

unchanged, decreased or increased in a series of conflicting studies. 

Erythrocytes have been presented as reporter cells of many different 

diseases associated with redox imbalance [35, 41, 105]. Careful review of the 

literature on erythrocyte antioxidant in PD reveals conflicting information. 

An overview of the activity levels of important erythrocyte antioxidants is 

presented in section 2.23.1 through to section 2.24., with consideration of 

sample size as contributing to conflicting reports. Section 2.31. through to 

section 2.31.6. presents a discussion of the possible reasons for the varying 

results in erythrocyte antioxidant enzyme activities. 

 

2.23. Erythrocyte Antioxidants in PD 

2.23.1.   Erythrocyte SOD in PD 

 

Erythrocyte SOD acts to neutralise superoxide by converting it to hydrogen 

peroxide and oxygen [35, 166]. Of the fourteen studies reporting on 

erythrocyte SOD in PD, five found no significant differences in SOD activity. 
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Of these studies, three had trends to lower SOD activity [93, 100, 101], and 

two had trends to higher SOD activity [99, 139]. Apart from one study [93], 

sample sizes in the studies with non-significant results were relatively small 

(24 PD patients or less), and this may partly explain the non-significant 

findings. Six studies report significantly increased SOD activity in PD, and all 

but one of these studies have substantial sample sizes of between 31 – 80 

PD patients [103, 134, 135, 273, 274, 279]. The remaining three studies 

report significantly decreased SOD activity in PD [97, 280, 281]. Apart from 

one study [281], sample size in these studies was substantial (40 – 115). In 

conclusion, reports of significant changes to SOD activity levels vary and 

sample size does not appear to account for this.  

 

2.23.2.   Erythrocyte GPx in PD  

 

Erythrocyte GPx catalyses hydrogen peroxide or organic hydroperoxides to 

water [166]. Of the nine studies reporting on erythrocyte GPx in PD, three 

did not report any significant differences. One study reported a non-

significant decrease in GPx activity [100], another reported very similar 

activity levels [99], and the final study reported a non-significant increase in 

GPx activity levels [279]. Each of these studies had relatively small samples 

sizes of PD patients (20 or less). The remaining six studies all reported 

significantly lower GPx activity levels in PD patients. Four of these studies 

had substantial samples sizes of between 40 – 211 PD patients [97, 134, 280, 

282], the fifth study had a sample size of only 22 PD patients [281]. The final 

study reporting significantly lower GPx activity in PD had a small sample size 

of 24 PD patients, and the significantly lower GPx activity disappeared once 

the analysis was adjusted for the co-factor selenium levels [139]. In 

conclusion, reports of significant changes to GPx activity levels consistently 

report lower activity levels, and small sample size does appear to contribute 

to reports of non-significant differences.  
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2.23.3.   Erythrocyte GRd in PD 

 

GRd catalyses the recycling of GSSG (oxidised form) back to GSH (reduced 

form); this is critical for GSH is the antioxidant form [166]. Of the two studies 

on erythrocyte GRd activity in PD, both reported unchanged activity levels 

[100, 101]. However, in both studies the sample size was relatively small (17 

and 15 PD patients respectively) and this might contribute to reports of non-

significant findings [100, 101].  

 

2.23.4.   Erythrocyte CAT in PD 

 

Erythrocyte CAT functions to reduce hydrogen peroxide to water [35]. Of the 

eleven studies reporting on erythrocyte CAT in PD, five did not report any 

significant differences. Two of these studies reported lower activity levels 

[100, 101], two reported very similar activity levels [99, 103] and the final 

study reported higher activity of CAT in PD patients [279]. Apart from one 

study [103], sample size in these studies were all relatively small (6 – 20). 

The remaining six studies all reported significantly lower GPx activity levels 

in PD patients. Apart from two studies [139, 281], each study had substantial 

sample sizes of between 40 – 115 [97, 134, 135, 280]. In conclusion, reports 

of significant changes to CAT activity levels are consistently lower activity 

levels, and small sample size does appear to contribute to reports of non-

significant differences.  

 

2.24. Glutathione in PD 

 

GSH is decreased in PD brains [283, 284] and this reduction is hypothesised 

to play a role in PD pathology [77, 285, 286]. To date, there are few studies 

on GSH in erythrocytes; GSH was unchanged [104], in agreement with  a 
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larger study [103] that also reported increased GSSG in PD. Further work on 

the erythrocyte GSH system in PD is warranted.  

 

2.25. Erythrocyte Lipid Peroxidation in PD – Plasma Oxidative 

Stress  

 

Given ROS levels are elevated in the blood of PD patients [12, 93-95], it is 

not surprising that erythrocyte lipid peroxidation is increased in PD [100, 

135, 277]. Common markers include MDA and more recently 8-isoprostane 

[287, 288]. Caution when interpreting results on lipid peroxidation is 

needed, as many studies assay MDA using thiobarbituric acid methods, but 

this technique is less specific [30, 44] than utilising  HPLC  methods to isolate 

MDA [289].  

 

Studies that measure lipid peroxidation using TBA methods consistently 

report significantly higher MDA levels in PD patients [96, 99, 103, 272-274, 

279, 280]. MDA is inversely related to age but was not correlated with 

disease duration stage in PD patients [272]. Studies with no significant 

differences in MDA between PD and control groups had smaller sample sizes 

[101, 290]. Ahlskog et al (1995) excluded participants that might have 

confounding factors such as other diseases or medications known to impact 

upon MDA levels and also isolated MDA using HPLC; hence this result is a 

more specific measure of lipid peroxidation [289]. This study reported no 

significant differences in MDA levels [291],  in contrast with a slightly smaller 

study that used HPLC methods and still found a significant increase in MDA 

levels of 24 PD patients [139]. Given the relatively large standard deviation 

reported in the Ahlskog et al (1995) study it may be that the Baillet et al 

(2010) report of significantly elevated MDA in PD patients is a more reliable 

study. This is in agreement with two large studies which reported 

significantly higher MDA levels in PD plasma after HPLC isolation of MDA 

[135, 282]. 
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There are strong links between oxidative stress related diseases and 

isoprostanes [292], and this lipid peroxidation biomarker is more specific 

and more sensitive [293]. Plasma isoprostane is not increased in PD [294-

296], but this marker should potentially be standardised against lipids to aid 

interpretation of results [297]. Urine levels of 8,12-isoprostaneF2α-VI are 

increased in PD and correlate well with plasma results [295], so this may be 

a more suitable sample in which to test lipid peroxidation.  

 

2.26. Plasma Antioxidants in PD  

 

Important plasma antioxidants include Vitamin E and Vitamin C. These 

plasma antioxidants interact with each other [169] and with GSH [143, 170]. 

Vitamin C and Vitamin E are lower in PD patients when compared with 

controls [280, 281]. In contrast, Vitamin E levels were not significantly 

different between unmedicated and medicated PD groups compared against 

each other and against healthy controls [291]. This is in agreement with 

another study that found Vitamin C, but not Vitamin E was significantly lower 

in PD patients [100]. Further studies are warranted.  

 

2.27. Impact of Medication on Erythrocyte Antioxidants  

 

Dopamine agonists are a common medication used in PD, to supplement 

falling dopamine levels, however when dopamine is metabolised by 

monoamine oxidase-B, hydrogen peroxide is produced within the brain  

[138]. The production of hydrogen peroxide is suggested to lead to increased 

SOD activity in the striatum of the brain, as do monoamine oxidase inhibitors 

[98]. The monoamine oxidase inhibitor Deprenyl (taken for a month) 

reduced PD symptoms in twelve patients with no significant changes to 

antioxidant enzymes in erythrocytes (including GPx, GRd, SOD and CAT) or 

in cerebrospinal fluid [298]. This is in agreement with a report of dopamine 
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treatment not significantly changing erythrocyte SOD activity, GSSG, GSH or 

TBA content in 51 treated PD patients [103]. Levodopa/carbidopa did not 

increase MDA in PD patients [299], nor did any PD medications affect 

multiple antioxidant enzymes or oxidative stress biomarkers [135]. Thus, 

despite PD medication increasing ROS production during drug metabolism, 

this does not appear to have peripheral redox effects. However, the 

combination of levodopa and carbidopa increased CRP concentrations in PD 

patients [135] so the impact of medications on inflammation and 

erythrocyte antioxidants is worthy of further investigation as many drugs do 

not have information available [106]. 

 

2.28. Impact of Medication on Lymphocytes 

 

L-dopa directly scavenges ROS [275], and carbidopa increases messenger 

RNA of antioxidant genes in peripheral blood lymphocytes [275, 300]. These 

cells possess a dopaminergic system so can be used to study L-dopa and 

carbidopa metabolism [300]. L-dopa and hydrogen peroxide both decreased 

SOD gene expression in peripheral blood lymphocytes, but carbidopa 

increased SOD gene expression [300]. CAT expression was upregulated by 

both medications, and GPx showed a dose-dependent relationship; low 

doses of L-dopa or hydrogen peroxide decreased CAT gene expression but 

the highest dose increased CAT gene expression [300]. Given that 

erythrocytes scavenge extracellular ROS [33, 124, 206], changes to 

lymphocyte redox status might contribute to erythrocyte oxidative stress in 

PD.  

 

 

2.29. Impact of Medication on Coagulation and Plasma 

Oxidative Stress  
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D-dimer levels are elevated in treated patients; and patients with two 

medications had significantly higher D-dimer levels compared with patients 

on either medication alone [266]. However, patients taking both 

medications had a longer disease duration and this may account for some of 

the D-dimer elevation. In plasma, sulfhydryl groups are decreased in PD, but 

increased lipoprotein and lower α-tocopherol levels did not reach statistical 

significance [301]. Levodopa does not lead to significant increases in 

lipoprotein autoxidation; or to significant differences in plasma antioxidants 

[301]. 

 

2.30. Impact of Disease Stage on Erythrocyte Antioxidants 

 

Studies that separate patients into early versus later stage disease generally 

report significant negative correlations between antioxidant activity levels, 

oxidative stress and disease stage (or duration of illness). A study with 41 

early stage and 39 later stage PD reported significantly lower SOD, CAT and 

GPx activities in the later stage group [134], as well as a significant negative 

correlation with disease stage. Bostantjopoulou et al (1997) had previously 

reported significantly lower activity of SOD in later stage PD (n=15 each 

group) with a significant negative correlation with disease stage. Activity 

levels of SOD, CAT, GPx and G6PD were found to be significantly negatively 

correlated with disease stage in PD patients, and overall activity was lower 

when compared with controls [97].  

 

The oxidative stress biomarker plasma MDA was significantly higher and 

erythrocyte GPx significantly lower in a large study of 211 PD patients; again 

MDA correlated with disease severity and GPx activity was negatively 

correlated with disease severity [282]. Plasma MDA was higher in PD, and 

later stage patients had increased erythrocyte SOD activity coupled with 

reduced activity of erythrocyte CAT [135]. Reduced CAT activity was also 

reported in later stage PD, but this was the exception, with erythrocyte SOD, 
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GSSG, GSH and TBA all unchanged in later stage PD [103]. In this study the 

sample size for early and later stage disease was very unequal (71 and 4 

respectively) and this may explain the results conflicting with other reports. 

In conclusion, it is therefore important to consider disease stage when 

analysing erythrocyte antioxidant enzyme activity and oxidative stress.  

 

2.31. Summary of Erythrocyte Antioxidant Enzymes in PD 

 

Erythrocyte antioxidant enzyme activity in PD presents a complex picture. 

This summary will consider some possible explanations for the conflicting 

reports and based on study strengths will make some preliminary 

conclusions, along with suggestions for further studies. 

 

2.31.1.   Genetic Differences in PD Study Populations 

 

Antioxidant enzyme activity, inflammation and the incidence of oxidative 

stress shows genetic differences between different racial groups [137]. For 

example, African-Americans show increased oxidative stress and 

inflammation compared with Caucasians [302, 303]. SOD polymorphisms in 

Asian Indians with diabetes mellitus showed distinct population differences 

[304]. It is therefore possible that some conflicting results in enzyme activity 

may be due to genetic differences. SOD activity was not significantly 

different in PD patients in one Indian [100], one Canadian [101], one 

Japanese [93] and two European studies [99, 139].  

 

SOD activity was reported to be significantly higher in PD patients in one 

Indian [134], two South American [135, 279] and three European studies 

[103, 134, 273, 274]. All three reports of significantly lower SOD activity in 

PD are Indian studies [97, 280, 281].  
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GPx activity was not significantly different in three studies; one Indian [100], 

one South American [279] and one European [99]. All other studies on GPx 

activity in PD patients report significantly lower activity levels [97, 134, 280, 

281]; all of these studies are with Indian patients except for Chen et al (2009) 

who reported on Taiwanese PD patients. One European study reports 

significantly lower GPx activity in PD patients but not when adjusted for 

selenium levels [139]. 

 

Reports of non-significant changes in CAT activity occurred in five studies, 

three of which were European [99, 103, 279], one Canadian study [101] and 

one Indian study [100]. Of the six studies reporting significantly lower CAT 

activity in PD patients, four were Indian studies [97, 134, 280, 281], one 

South American [135] and one was European [139]. 

 

In conclusion, there appears to be some effect of racial background in the 

results of erythrocyte antioxidant studies of PD patients. In general terms, 

Indian PD patients present opposite results to European PD patients. Further 

studies with different racial groups and genetic polymorphism analysis are 

warranted. Dietary differences may also be of importance to consider.  

 

2.31.2.   Enzyme Co-Factors  

 

An important component of enzyme function is co-factors; chemicals that 

assist enzymes during reactions. Without an adequate amount of a co-

factor, enzyme activity may be decreased. GPx activity was significantly 

lower in PD patients but not when adjusted for the co-factor selenium [139]. 

The same study found increased SOD activity in PD but only after adjusting 

for demographic and enzyme co-factors [139]. Selenium, copper and zinc are 
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lower in  PD patients [280]. It may be important to measure and adjust for 

enzyme co-factors levels in future studies.  

 

2.31.3.   Disease Stage  

 

Early or later stage PD appears to influence biomarkers of erythrocyte 

antioxidant enzymes and oxidative stress biomarkers. Disease stage is 

negatively correlated with antioxidant enzyme activity [97, 98, 103] and 

oxidative stress biomarkers [272, 282]. Particular enzyme activity levels, for 

example SOD may only show alterations in later stage PD [135]. It is 

therefore important to consider disease stage when analysing erythrocyte 

antioxidant enzymes and peripheral inflammation in PD, but with careful 

consideration of the impact of age on oxidative stress. As PD progresses, 

hypothesised increases to oxidative stress might induce higher activity levels 

for erythrocyte antioxidant enzymes, as is the case in other contexts [226, 

247, 305-309]. Conversely, antioxidant activity may decrease as oxidative 

stress increases, if the capacity of the antioxidant system becomes 

overwhelmed [243].  

 

2.31.4.   Age of Disease Onset 

 

Another possible difference to partly explain conflicting reports on 

erythrocyte antioxidant enzymes in PD might be age of disease onset. PD has 

been divided into two forms; a younger onset tremor-dominant form and an 

older onset (70 years and over) postural and gait based disorder [310, 311]. 

The older onset PD is associated with more rapid progression and depression 

[311]; although it is possible advanced age plays a role in disease 

progression.  
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2.31.5.   Laboratory Methods 

 

For erythrocyte lipid peroxidation, of the ten studies that report significantly 

increased MDA levels, eight of these used TBA reactive material without the 

use of HPLC to firstly isolate MDA. This is a criticised technique as most TBA-

reactive material is unrelated to lipid peroxidation [44], as such these studies 

are not specific enough. Of the four studies reporting on MDA levels using 

HPLC isolation of MDA; one reports no significant increases in PD patient 

MDA levels [291], in contrast with significantly elevated MDA in PD patients 

[135, 139, 282]. Further studies are warranted to provide more information 

on erythrocyte lipid peroxidation in PD. Isoprostanes are a better biomarker 

of lipid peroxidation [44], but to date there are no reports of increased 

plasma isoprostane levels in PD [294-296]. 

 

2.31.6.   General Considerations 

 

General factors to consider when reviewing erythrocyte redox studies in PD 

patients include whether or not the patient is medicated; and if so on what 

combinations of medications. Levodopa metabolism does produce oxidative 

stress within the brain [138] but to date there is no convincing evidence of 

an impact of medications on peripheral oxidative stress and antioxidant 

enzyme activity [98, 103, 135, 298, 299].  Other diseases known to be related 

to oxidative stress, such as diabetes mellitus and cardiovascular disease [40] 

should either be an exclusion factor or be controlled for during statistical 

analysis. As age is a factor that influences haemorheology, oxidative stress 

and inflammation [130], it is important to carefully select appropriate age 

matched controls. Sample size varied between the different studies 

reviewed and this may also be a factor to partly explain conflicting results. 

Environmental risk factors are also important, and along with disease stage 

and medication profile may contribute to the lack of consensus across the 

literature [275].  
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2.32. Summary 

 

Not only is there convincing evidence of central nervous system oxidative 

stress [30] and inflammation [53, 84] in PD, but also for peripheral oxidative 

stress [12, 73, 94, 135, 275] and inflammation [88, 263]. It remains uncertain 

oxidative stress and inflammation contribute to the cause/s of PD, or occur 

as a result of PD pathophysiology [30]. Finding sensitive peripheral 

biomarkers of oxidative stress and inflammation in PD might assist in earlier 

diagnosis and better monitoring of medication regimes and/or disease 

progression [312]. As erythrocytes are plentiful, relatively easy to obtain and 

are considered reporter cells for redox imbalance [35, 41, 105], they 

represent an ideal cell type to study oxidative stress antioxidants and 

biomarkers [181].  

 

Blood is a tissue that perfuses the whole body and erythrocytes can protect 

body tissues against ROS mediated damage [24, 33, 206]. In scavenging and 

neutralising ROS, erythrocyte morphology is altered and this effects 

haemorheology [10, 125]. Erythrocyte antioxidant capacity and associated 

morphological and haemorheological changes are a possible biomarker for 

a number of diseases, including PD [41, 106]. There are multiple alterations 

to haemorheology associated with oxidative stress and erythrocyte 

morphology in RA [25, 121], but for erythrocyte antioxidant enzyme activity 

no clear conclusion is apparent [23]. To date, the only study reporting on 

erythrocyte morphology in PD describes a cell morphology that induces 

eryptosis, and might be termed an echinocyte [106]. There are no reports 

on haemorheological parameters in PD, so given the clinical importance of 

haemorheology [126] and the use of erythrocyte morphology as a biomarker 

in other diseases studies on haemorheology in PD patients are warranted.  
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Despite the many studies that report on various erythrocyte antioxidant 

enzyme activities and biomarkers of oxidative damage in PD, there is a lack 

of consensus across the literature, as is the case for RA [23]. Further studies 

are warranted; in particular, it may be important to distinguish PD patients 

by early or later stage disease progression, racial background, and to 

carefully consider the possible impact of medications and co-morbidities 

upon erythrocyte antioxidant enzymes in PD. As laboratory techniques 

improve new information may resolve some of the conflicting reports of 

erythrocyte oxidative damage biomarkers. Furthermore, assaying 

antioxidant capacity in whole blood in order to capture the synergistic 

interactions of plasma and erythrocyte enzymes, along with circulating 

polyphenols that can bind to erythrocytes and lymphocytes to substantially 

augment their antioxidant capacity [27, 142] may resolve some of the 

uncertainty about erythrocyte antioxidant status in PD and RA. To date, 

there are no reports on the antioxidant capacity of whole blood in either PD 

or RA.  

 

 

 

 

 

 

 

 

 

 
 

 



 
 

86 
 

 

 

CHAPTER THREE  
 

Association of Erythrocyte Morphology, Inflammation and Antioxidant 
Enzymes in Parkinson’s Disease and Rheumatoid Arthritis  
 

3.1. Abstract  
 

Inflammation and oxidative stress are characteristics of rheumatoid 

arthritis, and present erythrocytes with excessive amounts of free radicals 

to neutralise. Such oxidative stress can damage erythrocyte membranes and 

change erythrocyte morphology with negative impacts on haemorheology. 

However, to date, there are no reports of significant increases to the 

oxidative stress related stomatocyte morphology in rheumatoid arthritis. 

Neuroinflammation and neuronal oxidative stress is involved in Parkinson’s 

disease, as is erythrocyte oxidative stress; however erythrocyte antioxidant 

enzyme activity levels reported in Parkinson’s disease greatly vary. In this 

study, we investigated systemic inflammation, erythrocyte antioxidant 

enzymes and morphology in rheumatoid arthritis and Parkinson’s disease 

patients and in matched controls from a rural Australian town. Groups were 

further analysed by rheumatoid arthritis disease duration or Parkinson’s 

disease stage to determine any impact of disease stage. Erythrocyte 

morphology was assayed using scanning electron microscopy, the 

inflammatory markers high sensitivity C- reactive protein and d-Dimer were 

tested in blood, and a full blood count conducted. We tested erythrocyte 

glutathione and methaemoglobin levels, along with antioxidant enzymes in 

both plasma and erythrocytes (superoxide dismutase, glutathione 

peroxidase, glutathione reductase), total antioxidant capacity in plasma and 

erythrocytes, and two urinary oxidative stress biomarkers (creatinine and 8-

isoprostane). High sensitivity C- reactive protein was elevated in rheumatoid 

arthritis patients compared with controls (p=0.003) and Parkinson’s disease 



 
 

87 
 

patients (p=0.006). Erythrocyte glutathione reductase activity was reduced 

in both Parkinson’s disease patients (p=0.047) and rheumatoid arthritis 

patients (p=0.013) compared with controls. Parkinson’s disease plasma SOD 

activity was increased compared with controls (p=0.026). Average 

percentages of biconcave erythrocytes were lower in the RA group (p<0.002) 

due to increased percentages of stomatocytes (p<0.001), and this result was 

replicated in the PD group; fewer biconcave cells (p=0.003) due to increased 

stomatocytes (p=0.002). Morphologically abnormal erythrocytes were 

significantly correlated with antioxidant activity levels but not inflammation 

biomarkers. Disease duration and stage did impact on erythrocyte 

morphology and particular antioxidant enzymes.  

 

3.2. Introduction  
 

Erythrocytes play an important role in scavenging oxidative stress; and in 

doing so can sustain oxidative damage to membrane lipids and proteins [30, 

181]. Such oxidative damage can alter erythrocyte morphology [24, 105, 

125, 181], and decrease erythrocyte deformability [127, 130]. Abnormal 

erythrocyte morphology due to oxidative stress is common to many 

oxidative stress related diseases such as; chronic fatigue syndrome [215], 

metabolic syndrome [125], diabetes [313], chronic obstructive pulmonary 

disease [122, 314], and also in redox active iron related diseases [315].   

 

A recent systematic review of oxidative stress involvement in rheumatoid 

arthritis (RA) concluded oxidative stress is an important contributor to RA 

pathology, and is interrelated with other disease processes; but conflicting 

results on individual antioxidant enzyme activities prevented a definite 

conclusion [23]. Studies on erythrocyte morphology in RA to date report 

alterations associated with oxidative stress and/or inflammation.  

Leptocytes are increased in RA, hypothesised to be due to oxidation of 

membrane proteins or to abnormal iron metabolism in chronic 
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inflammatory diseases [24]. Stomatocyte percentage was over 15% in 10 of 

39 RA patients, however this study did not report statistical comparisons 

with the control group [25]. Stomatocyte formation by free radical depletion 

of GSH leading to oxidation of erythrocyte membrane lipids and/or proteins, 

resulting in shape changes has been reported [226, 227].  

 

Parkinson’s disease (PD) is a disease where neuronal inflammation and 

oxidative stress is well established, and there is accumulating evidence that 

these pathologies extend to systemic tissues [86, 87]. Erythrocyte lipid 

peroxidation is increased in PD [100, 135, 277], and oxidative stress levels 

are elevated in PD blood cells [12, 93-95]. Other biomarkers of erythrocyte 

oxidative stress are increased in PD, for example oxidised DNA excreted in 

the urine [73] and protein carbonyls are increased in later stage PD [136], 

but other studies report unchanged levels [278]. However, as for RA there is 

no clear consensus on individual antioxidant enzyme activities in PD. The 

literature about erythrocyte antioxidant enzyme activities in PD reports a 

broad range of results. For example, erythrocyte superoxide dismutase 

(SOD) activity is decreased in PD [97, 281], unchanged in PD [93, 99-101, 139] 

or increased in PD [103, 134, 135, 273, 274, 279]. Erythrocyte glutathione 

peroxidase (GPx) activity is either unchanged [99, 100, 279] or decreased 

[97, 134, 280-282]. Erythrocyte glutathione reductase (GRd) activity is 

unchanged in PD [100, 101], but both studies had small sample sizes. Levels 

of enzyme co-factors might contribute to these different results, one study 

found decreased erythrocyte GPx activity in PD patients, but after adjusting 

for selenium levels the difference was no longer significant [139]. The 

important non-enzymatic antioxidant glutathione (GSH) within erythrocytes 

is unchanged in PD [103, 104]. Possible explanations for the broad spread of 

reported results across the above enzymes might include genetics 

differences, sample size, enzyme co-factors, specificity of methods used, age 

of disease onset and medication status. These factors have been reviewed 
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in Chapter Two. It is evident that there is a lack of consensus across the 

literature about erythrocyte antioxidant activity levels in PD.  

 

Given that erythrocyte oxidative stress is elevated in PD [135], alterations 

could occur in erythrocyte morphology. To date, there is only one report on 

PD erythrocyte morphology, by Pretorius et al (2014). This study reported 

on an eryptosis morphology in PD, associated with inflammation, but the 

images presented might otherwise be termed echinocytes [106]. Further 

research into erythrocyte morphology in PD is warranted.  

 

Based on previous studies associating oxidative stress and inflammation in 

RA with altered erythrocyte morphology, we conducted this study to 

determine if the oxidative stress linked stomatocytes are significantly 

increased in RA patients; and to associate morphological changes (if any) 

with antioxidant enzyme activity, oxidative stress and inflammation 

biomarkers. PD patients were compared against the control and oxidative 

stress associated RA group, to look for evidence of induction of or 

consumption of erythrocyte antioxidant enzymes in response to increased 

oxidative stress that could alter erythrocyte morphology in PD. A final aim 

was to analyse these parameters by disease duration, in an attempt to 

resolve some of the conflicting reports on erythrocyte antioxidant enzyme 

activity in both PD and RA.   

 

3.3. Methods  

3.3.4. Participants  
 

Ninety-eight participants with either diagnosed RA (n= 28, average age 62 ± 

13 years), or PD (n= 37, average age 69 ± 9 years) were matched with healthy 

controls (n= 32, average age 58 ± 11 years) were recruited from a rural town 

in Australia. Participants gave written consent and this study had ethics 



 
 

90 
 

approval from the Charles Sturt University Human Research Ethics 

Committee; approval number (2012/131). A brief medical history with a 

medication profile was collected. Exclusion criteria were aged less than 

eighteen, pregnancy, highly dependent on medical care or unable to give 

informed consent. One participant was later excluded from data analysis due 

to diagnosis of both RA and PD. See Appendix 4 for a description of sample 

size calculations.  

 

3.3.5. Disease Duration and Disease Stage   
 

Patients with RA were divided into shorter and longer duration based on 

comparison with the median disease duration (age of diagnosis data were 

missing for 3 RA patients). Patients with PD were further divided into early 

and later stage disease using the Hoehn-Yahr staging scale [262]. PD patients 

with a disease stage of 1 or 2 were classified as early stage disease; whereas 

PD patients with a disease stage of 3, 4 or 5 were classified as later stage 

disease.  

 

3.3.3. Blood Collection  
 

A fasting 20 mL venous blood sample was collected by syringe with a 19-

gauge needle; 2-3 drops of blood was added to a 2.5% glutaraldehyde 

fixative in 0.1 M cacodylate buffer at pH 7.4. Immediately after blood was 

collected, 5 mL was transferred to an EDTA sterile tube. This sample was 

kept on ice and methaemoglobin levels assayed within 30 minutes of 

collection. A further 5 mL was added to a heparinised tube (porcine mucous, 

1000 units/mL), kept on ice and later separated into 3mL and 2mL samples. 

The 3mL sample was centrifuged at 2500 rpm, and plasma was removed and 

stored at -80 ºC until biochemical analysis of antioxidant enzyme activities 

could be carried out. An erythrocyte lysate was prepared by the addition of 

1mL of erythrocytes to 4mL of ice cold deionised water, centrifuged at 3000 

rpm for five minutes the supernatant removed and stored at -80 ºC, until 
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biochemical analysis of antioxidant enzyme activities could be carried out. 

The 2mL sample was triple washed (centrifuged at 3000 rpm for five 

minutes) in Dulbecco’s phosphate buffered saline then an equal volume of 

Dulbecco’s phosphate buffered saline was added. This sample was kept on 

ice until assayed for erythrocyte reduced glutathione (GSH) levels within 90 

minutes of collection. A full blood count and blood glucose were determined 

by a clinical pathology laboratory. 

 

3.3.4. Scanning Electron Microscopy  
 

Blood collection was conducted using a 19-gauge needle, and 2-3 drops of 

blood were added to a 2.5% glutaraldehyde fixative in 0.1M cacodylate 

buffer (pH 7.4). This sample was allowed to undergo fixation for at least 24 

hours prior to processing. The use of a 19 gauge needle, no anticoagulant 

and the fixing process described above has the least potential to alter 

erythrocyte morphology [316]. The cells were washed twice in cacodylate 

buffer, and then dehydrated by two washes each of 70% ethanol, 95% 

ethanol, absolute ethanol and then acetone. Erythrocytes were 

resuspended in acetone then one drop was placed onto a coverslip and 

allowed to dry as a monolayer. Coverslips were mounted off-centre onto 

carbon tabs mounted on a labelled scanning electron microscope (SEM) 

stub; and stored in a desiccator until SEM analysis. The portion of coverslip 

extending past the SEM stub was coated in carbon/graphite to ensure a 

metal connection to the coverslip. Just prior to analysis the coverslips were 

coated in a thin even layer (10 nm to 20 nm) of gold in a K550X sputter 

coater. A JCM 5000 Neoscope benchtop scanning electron microscope was 

used to view erythrocyte morphology, then up to ten non-overlapping 

photographs were taken to give a cell count of between 500-1000. Each 

photograph was printed and complete and unobscured erythrocytes 

classified and counted (accuracy of this method was verified by checking 

20% of images again some weeks later). Photographs were identified by a 
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computer assigned code, ensuring the analysis was blind to which group a 

sample belonged to.  

 

Erythrocyte morphology as described by Bessis [221] was followed to classify 

erythrocytes, with modifications as suggested by Gyawali and Richards [24, 

125]. Morphologically normal cells were referred to as biconcave cells, cup 

shaped cells as stomatocytes and flattened cells were termed leptocytes. 

Cells with a few spicules that were bent back at the tips were termed 

acanthocytes whereas cells with more than three or four spicules were 

referred to as echinocytes. Finally, cells with a triconcave appearance were 

termed knizocytes.  

 

3.3.5. Oxidative Stress Biomarkers  
 

GSH was determined by the 5, 5'-dithiobis-(2-nitro benzoic acid) (DTNB) 

method using the prepared erythrocyte lysate after metaphosphoric acid 

was used to precipitate out proteins. GSH reduction of  DTNB forms a yellow 

coloured anion in proportion to concentration [317]. Methaemoglobin was 

measured by the change in absorption peak at 630nm for a blood lysate 

(formed by the addition of non-ionic detergent to unwashed blood) with the 

addition of cyanide [318].  

 

3.3.6. Antioxidant Enzymes and Total Antioxidant Capacity 
 

A series of commercial kits from Cayman Chemical Company were used to 

assay plasma and erythrocyte oxidative stress biomarkers. All kit instructions 

were closely followed, and duplicate samples read using a Multiskan FC 

Microplate Photometer and compared against a standard curve. SOD activity 

was determined by the use of xanthine oxidase to produce superoxide which 

converted tetrazolium salts into a coloured formazan dye that absorbs at 

450 nm (kit 706002). Total antioxidant capacity (TAOC) was determined by 
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assaying the inhibition by sample antioxidants of ABTS· 2, 2˞–azino–di (3-

ethylbenzthiazoline sulphonate) to ABTS··+ by metmyoglobin. Hydrogen 

peroxide initiates the reaction and samples were read at 405 nm (kit 

709001). GR) activity was determined by oxidation of NADPH to NADP+; GRd 

catalyses this reaction and decrease in absorbance at 340 nm is proportional 

to GRd activity (kit 703002). GPx activity was measured indirectly by the 

recycling of GSSG to GSH by GRd and NADPH (kit 703102). Decrease in 

absorbance at 340 nm is proportional to GPx activity (when GPx activity is 

rate limiting). Both GRd and GPx activities were calculated from the decrease 

in absorbance per minute and compared against supplied controls. 

 

3.3.7. Inflammation Biomarkers 
 

The inflammation markers, high sensitivity C- reactive protein (hsCRP) and 

the fibrin degradation product D-dimer were measured on the day of 

collection by a commercial clinical pathology laboratory.  

 

3.3.8. Urinary Oxidative Stress Biomarkers  
 

A mid-stream urine sample was collected by participants after cleaning the 

area with a Koolpak sterile saline wipe. The urine sample was placed on ice 

and 5ml was centrifuged at 2500 rpm for five minutes. Four aliquots were 

stored at -80 ºC until biochemical analysis of oxidative stress biomarkers 

could be carried out.  Creatinine is excreted at a relatively constant rate; 

thus, it can be used to standardise other tests (kit 500701). The reaction of 

creatinine metabolites with alkaline picrate produced a yellow colour that 

disappeared upon the addition of acid; the change in colour intensity 

measured at 500 nm is proportional to creatinine concentration (kit 

500701). Isoprostanes are a preferred marker of lipid oxidation, and were 

assayed using a competitive immunoenzymatic assay (Abcam kit ab175819) 

whereby tracer binding is inversely proportional to 8-isoporostane 

concentration. Addition of acid creates a coloured reaction product that has 
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an absorbance peak at 450 nm; duplicate samples were compared against a 

standard curve.  

 

3.3.9. Statistical Analysis  
 

Data analysis was conducted using IBM SPSS Statistics version 24. Some data 

showed minor deviations from a normal distribution (assessed by histogram, 

Kolmogorov-Smirnov and Shapiro-Wilk statistics); however sample size, and 

equality of group sizes allowed for parametric analysis to be used [319, 320]. 

Data were analysed using one-way ANOVA to compare means between 

groups, with Tukey post-hoc analysis.  Where Levene’s test for homogeneity 

of variance gave a result of unequal variance, and one group mean was 

extreme with large variance then the Brown-Forsythe (BF) statistic was used 

instead of the F statistic [319, 321-323]. If Levene’s test gave a result of 

unequal variance, but no group mean was extreme with a large variance 

then the Welch (W) statistic was used [319, 323, 324]. Post-hoc comparisons 

were completed without Bonferroni adjustment, as this adjustment inflates 

the risk of missing real effects (type II errors) and reduces power in the 

analysis [325]. Effect size was calculated using Eta squared, which indicates 

the proportion of variance that the independent variable explains for a given 

dependent variable [319, 320]. This value was calculated by dividing the sum 

of squares between groups by the total sum of squares [319]. Cohen’s d 

guidelines were used to assess effect size results, with a 0.01 eta squared 

deemed a small effect that explains 1% of the variance [319]. An eta-squared 

of 0.06 is a medium effect that explains 6% of the variance, and an eta-

squared result of 0.138 is a large effect that explains 13.8% of the variance 

[319]. 

 

Correlations between variables were assessed using Pearson’s correlation as 

this is more appropriate for interval data [326] and the significance level was 

set at α <0.05. Correlations with a r value of 0.1 to 0.29 were classed as small; 



 
 

95 
 

r values of 0.30 to 0.49 were classed as medium and r values of above 0.50 

were considered large [319]. This chapter is part of a larger research study 

investigating the impacts of oxidative stress, inflammation and abnormal 

erythrocyte morphology in RA and PD on haemorheology; as such, some 

variables are correlated with the results of chapter four. 

 

3.4. Results  
 

3.4.1. Participant Demographics  
 

Twenty-eight RA patients (24 female and 4 male), thirty-eight PD patients 

(15 female and 22 male), and thirty-two control participants (20 female and 

12 male) were recruited into this study. One participant was later excluded 

from data analysis due to diagnosis of both RA and PD. Age was significantly 

different between groups: F (2, 94) = 8.47, p<0.001. The effect of age was 

large [319], with a calculated eta squared result of 0.15. Average age was 

higher in the PD group compared with the control group (p<0.001).  

 

Mean RA disease duration was an average of 14 ± 11 years with a median 

value of 15 years. Date of diagnosis data were missing for 3 RA patients so 

they were excluded from this section of analysis. Patients with RA disease 

duration less than the median were allocated to the shorter duration group 

(n=12, average age of 54 ± 13 years). Patients with RA disease duration 

greater than the median were allocated to the longer duration group (n=13, 

average age of 66.5 ± 10 years). Age was significantly different between 

groups: F (3, 90) = 9.76, p<0.001. The effect of age was large [319], with a 

calculated eta squared result of 0.24. Patients with shorter RA disease 

duration had a lower average age compared with longer RA disease duration 

patients (p=0.024) and PD patients (p<0.001).  
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Mean age of PD disease onset was 63 ± 9 years. From the Hoehn-Yahr staging 

scale [262], 16 patients with an average age of 64 ± 7.5 years were assigned 

to early stage PD. Later stage PD had 21 patients with an average age of 72 

± 8 years. Age was significantly different between groups: F (3, 93) = 7.65, 

p<0.001. The effect of age was large [319], with a calculated eta squared 

result of 0.27. Later stage PD patients had a higher average age compared 

with both the control group (p<0.001) and RA patients (p=0.011).  

 

3.4.2. Medication Status 
 

Analysis of participant medication profiles revealed the majority were taking 

medications (see Table 3.1), this was not surprising due to disease status and 

the age group studied. Most RA patients were treated with drugs: 

immunosuppressants (n=21), TNF inhibitors (n=4), anti-inflammatories (n=8) 

and non-steroidal anti-inflammatories (NSAID) (n=12). A total of two RA 

patients were conclusively not on any medication. Most PD patients were 

treated with drugs that fall into seven categories. As expected, dopamine 

agonists were the most frequent (n=28), then precursors to dopamine 

agonists (n=10), dopamine precursors (n=7), monoamine oxidase B 

inhibitors (n=3) and also dopamine breakdown inhibitors (n=2). Patients 

were also prescribed anti-dyskinesia drugs (n=3) and muscle relaxants (n=5). 

Only two PD patients were not on any medication for their PD. For the 

control group, some were taking a broad range of medications such as 

aspirin, fish oil and vitamin D supplements, and NSAID (n=2).  

 

3.4.3. Results by Group  
 

Figure 3.1 displays an example of each morphological class, Figure 3.2 

presents the results of morphology analysis, and Figures 3.3 through to 3.5 

present sample morphology images by disease group. Table 3.2 presents 

study results as the mean and SD and includes statistical post-hoc test 

results. There were significant differences by group for biconcave cells: F (2, 
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93) = 7.75, p=0.001, and for stomatocytes: F (2, 94) = 9.85, p<0.001. Patients 

with RA and PD exhibited significantly decreased mean percentage of 

biconcave cells when compared with controls (p=0.002 and p=0.003 

respectively). Patients with RA and PD showed significantly increased mean 

percentage of stomatocytes when compared with controls (p=0.001 and 

p=0.002 respectively). The difference in mean percentages was large [319], 

based on calculated effect sizes (using eta squared) of 0.14 for biconcave 

cells and 0.18 for stomatocytes. No other significant differences in 

erythrocyte morphology were detected.  

 

Average hsCRP was elevated in RA patients (p=0.003) when compared with 

the control group, and against the PD group (p=0.006). The difference in 

mean concentration was on the upper range of medium [319], based on 

calculated effect sizes (using eta squared) of 0.13. Red cell distribution width 

(RCDW) (p<0.001) was increased in RA when compared with the control 

group (p<0.001), and the PD group, (p<0.001). For this variable the 

difference in means was large, with a calculated eta squared of 0.18 [319].  

 

Of the erythrocyte antioxidant enzymes, erythrocyte GRd and plasma SOD 

activities were different by group, p=0.012 and p=0.006 respectively. From 

post-hoc tests, PD patients had reduced levels of GRd activity when 

compared with the control group (p=0.013), as did the RA group when 

compared with the control group (p=0.047). PD patients exhibited increased 

activity of SOD in plasma compared against the control group, p=0.026. 

Effect sizes for these variables were medium for erythrocyte GRd, eta 

squared of 0.07 and small for SOD plasma where the eta squared value was 

0.04 [319].  

 

3.4.4. Results by PD Stage  
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Study results by when analysed by PD stage are presented in full in Appendix 

7. Patients with early PD had lower hsCRP averages when compared with the 

RA group (p=0.013), but later stage PD was not significantly different to the 

RA group (p=0.119). By this measure of inflammation, stage of PD disease 

gives a different result than for PD overall, where the RA group had higher 

average hsCRP compared with PD (p=0.006). The difference in mean 

concentrations between PD stage was large, with an effect size of eta 

squared equal to 0.14 [319]. 

 

Erythrocyte GRd was lower in PD overall when compared with the control 

group (p=0.013), but this difference was not apparent in the ANOVA by PD 

stage analysis. By the measure of SOD plasma activity, PD stage gives a 

different result to the by group analysis. SOD plasma activity was higher only 

in the PD later stage group compared with the control group (p=0.031), the 

early stage PD group had a non-significant result compared with the control 

(p=0.660). Despite reaching statistical significance, the difference in mean 

SOD plasma activity values was small, with an effect size of eta squared equal 

to 0.04 [319].  

 

There were no changes to the analysis of erythrocyte morphology when 

considered by PD stage, the percentage of biconcave cells was reduced in 

both early stage PD (p=0.024) and later stage PD (p=0.038) when compared 

with the control group. The percentage of stomatocytes was increased in 

both early stage PD (p=0.026) and later stage PD (p=0.019) when compared 

with the control group. Neither early or later stage PD was different to the 

RA group on either biconcave cells (p=1.0 and p=0.973 respectively) or 

stomatocytes (p=0.945 and p=0.878 respectively). The effect of PD stage on 

mean percentage of biconcave cells and stomatocytes was large, with the  

calculated eta squared results of 0.14 and 0.17 respectively [319].  
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For RCDW, early PD, later PD and the control was lower than the RA group 

(p=0.001, p=0.006 and p=0.011 respectively), collectively this is the same 

result as for the by group analysis where the RA group had increased RCDW 

compared with the control and PD groups. The calculated effect size here 

was large, with an eta squared value of 0.18 [319].  

 

3.4.5. Results by RA Duration  
 

When considering patients with shorter or longer disease duration, 

differences suggesting disease progression were observed, see Appendix 7 

for a full results table. Values for hsCRP were significantly different between 

groups (p=0.022), post-hoc analysis revealed patients with longer duration 

RA had elevated hsCRP when compared with the control group (p<0.001), 

and with the PD group (p<0.001). RA duration had a large effect on hsCRP 

means, with a calculated eta squared value of 0.20 [319]. Patients with 

shorter duration RA were not significantly different from the control group 

(p=0.396). This indicates that as RA progresses, systemic inflammation 

increases.  

 

This increase in inflammation is also evident in erythrocyte morphology 

results, where biconcave and stomatocyte cells were significantly different 

by disease duration, p<0.001 for both variables. Post-hoc analysis showed 

patients with longer disease duration had a lower average value of 77.9% for 

biconcave cells when compared with the control group average of 83.4% 

(p=0.021). Stomatocyte percentage was higher in longer disease duration 

15.9% when compared with the control average value of 10.9% (p=0.002). 

For both variables, the effect of RA duration on mean results was large, with 

calculated eta squared values of 0.15 and 0.18 respectively. Patients with 

shorter duration RA were not different from the control group for biconcave 

cells (p=0.532) or for stomatocytes (p=0.330). Both results suggest that as 

RA progresses, erythrocyte morphology is more affected.  
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When considered by duration of RA, erythrocyte GRd was no longer 

significantly different. RCDW was different between groups, (p<0.001). Post-

hoc tests showed RCDW is increased in shorter RA duration when compared 

with the control (p=0.007), and with the PD group (p=0.012). Both shorter 

and longer duration RA had increased RCDW when compared with the PD 

group, p=0.012 and p=0.020 respectively. Collectively, the results for RCDW 

are the same as they were for by group, RA patients have increased RCDW 

compared with the control and PD groups. The effect size for RA duration on 

mean RCDW was large, with a calculated eta squared value of 0.20 [319].  

 

3.4.6. Pearson’s Correlations  
 

Normal biconcave morphology had medium positive correlations with GRd 

RBC (r = 0.307, p = 0.015) and with GPx plasma (r = 0.296, p = 0.030). 

Stomatocytes had a small correlation with SOD plasma (r = 0.206, p = 0.046), 

and a small negative correlation with GRd RBC (r = -0.278, p = 0.029). 

Leptocytes showed small positive correlations with cell volume (r = 0.221, p 

= 0.031), TAOC RBC (r = 0.244, p = 0.033) and a large positive correlation with 

plasma TAOC (r = 0.523, p <0.001). Leptocytes were also negatively 

correlated (small sized) with creatinine (r =- 0.211, p = 0.046). TAOC RBC was 

positively correlated with acanthocytes (r = 0.265, p = 0.021), though this 

was a small sized correlation. There were medium sized correlations 

between hsCRP and RCDW (r = 0.401, p <0.001), and with cell volume (r =- 

0.337, p = 0.001). GSH showed medium sized correlations with D-dimer (r = 

0.218, p = 0.038), MetHb (r = 0.234, p = 0.002), and FBG (r = 0.364, p < 0.001). 
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Table 3.1 Number of disease specific prescribed medications taken for 
rheumatoid arthritis (RA) and Parkinson’s disease (PD).  

 

Number 
of Medications 

RA PD 

0 8 2 
1 10 20 
2 6 10 
3 4 3 
4 0 1 
5 0 1 

 

 

 

 

 

 

 

 

Figure 3.1 Variation in erythrocyte morphology at 1500 magnification from 
scanning electron microscope images. A: biconcave cell, B: stomatocyte, C: 
leptocyte, D: acanthocyte, E: echinocyte and F: knizocyte.  
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Figure 3.2 Percentage counts of erythrocyte morphology identified with 
scanning electron microscopy by group. Data are mean ± SD, * denotes 
p<0.001 compared with control group.  
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Figure 3.3 sample image of control group erythrocyte morphology at 1500 
magnification from scanning electron microscope images. 

 

Figure 3.4 sample image of Parkinson’s disease group erythrocyte 
morphology at 1500 magnification from scanning electron microscope 
images. 

 

Figure 3.5 sample image of Rheumatoid arthritis group erythrocyte 
morphology at 1500 magnification from scanning electron microscope 
images.  
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Table 3.2 Antioxidant, inflammation and oxidative stress biomarkers, by 
group. PD is Parkinson’s disease group, and RA is rheumatoid arthritis. Data 
is the mean ± SD, analysis by one-way ANOVA. High sensitivity CRP is 
abbreviated to hsCRP, reduced glutathione to GSH, methaemoglobin to 
Methaem, and red cell distribution width to red cell dist width. Commercial 
kit biomarker abbreviations are: RBC – erythrocyte, GPx - glutathione 
peroxidase, GRd – glutathione reductase, SOD – superoxide dismutase, and 
TAOC – total antioxidant capacity.   

a – significantly different from control, p<0.05, b – PD significantly different 
from RA, p<0.05.  

 

Variable 
 

Control PD RA 

hsCRP mg/L 1.27 ± 1.85 1.66 ± 2.78 b 5.44 ± 8.09 a, b 
D-dimer µg/mL 0.72 ± 0.69 0.76 ± 0.59 0.58 ± 0.32 
GSH mg/100mL RBC 65.1 ± 14.0 67.0 ± 13.7 61.9 ± 12.8 
Methaem % 0.47 ± 0.30 0.50 ± 0.36 0.46 ± 0.23 
GPx Plasma 
nmol/min/mL 

4.36 ± 2.63 3.27 ± 2.68 4.50 ± 3.16  

GPx RBC 
nmol/min/mL 

293 ± 314 268 ± 215  357 ± 281 

GRd Plasma 
nmol/min/mL 

4.57 ± 3.84 5.14 ± 5.18 4.40 ± 5.37 

GRd RBC 
nmol/min/mL 

281 ± 147 201 ± 154 a 184 ± 137 a 

SOD Plasma  
units/mL 

9.5 ± 3.3 12.1 ± 6.6 a 11.4 ± 6.9 

SOD RBC units/mL 1554 ± 733 1854 ± 803 1718 ± 741 
TAOC Plasma 
 mM 

2.26 ± 1.72 2.15 ± 1.15 2.39 ± 1.89 

TAOC RBC mM 97.1 ± 30.0 96.5 ± 31.5 88.8 ± 29.0 
Creatinine  
mg/dL 

132 ± 100 128 ± 82 111 ± 77 

Isoprostane  
ng/mmol  

74.6 ± 58.2  62.0 ± 51.7  98.9 ± 162.9  

Blood Glucose 
mmol/L 

5.0 ± 0.5 5.3 ± 0.7 5.0 ± 0.6 

Red Cell Dist Width 
% 

13.4 ± 0.8 13.4 ± 0.9 b 14.3 ± 1.0 a, b 
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3.5. Discussion  
 

For RA, the present study found increased concentrations of the 

inflammatory marker hsCRP, reduced erythrocyte GRd activity and a 

significant increase in stomatocyte morphology. Increased stomatocytes 

had a negative correlation with erythrocyte GRd activity levels, and 

stomatocytes were significantly increased in longer duration RA compared 

with control. RCDW was increased in RA and PD. PD patients also had 

reduced erythrocyte GRd activity and significantly higher stomatocytes. PD 

patients overall had higher mean plasma SOD activity compared with 

controls, but when analysed by disease stage this increase was specific to 

later stage PD patients.  

 

Inflammation, assessed by hsCRP levels, was increased in RA patients, 

despite 16 of the 24 patients taking prescribed medications such as anti-

inflammatories and immunosuppressants. This finding is not surprising, 

given the fundamental role inflammation plays in RA pathology [327]. These 

increases are more pronounced as RA progresses over time. Our result is in 

agreement with other reports showing significant increases in hsCRP for RA 

patients [24, 235, 236]. Systemic inflammation in RA could contribute to 

erythrocyte oxidative stress, induct or consume antioxidant enzymes and 

alter erythrocyte morphology [25, 181]. McEntegart et al (2001) suggested 

a median CRP of 8 mg/L (interquartile range of 6–22) indicates good disease 

control [242]; the median in our study was 1.75 mg/L, the average was 5.44 

± 8.09 and the highest value was 28.01. Thus, most RA patients in our study 

appear to have low levels of disease activity; but still show significant 

increases in hsCRP. PD patients did not display increased hsCRP 

concentrations in this study, some other reports of elevated CRP in PD [73, 

89] have been specific to disease stage, but some relate to PD overall [90]. 

Another inflammatory biomarker is Interleukin-6, and unlike CRP it 
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correlates with PD risk [263], so this may be a more appropriate biomarker 

to further investigate in PD. 

 

D-dimer concentration was unchanged, possibly due to variation within the 

groups, which is not unexpected within groups in human research [328-330]. 

Another possibility is good disease control in the RA patients.  Reports of 

elevated D-dimer in RA have been with patients with active disease [236], 

but also in RA patients with well controlled disease activity after adjusting 

for differences in baseline characteristics  [242]. Fibrinogen has been 

reported as elevated [235] or unchanged in RA [121], but levels might not be 

the only important factor as fibrin morphology is altered in RA; it forms thick, 

matted layers typical of inflammatory conditions [229]. In this study RA 

patients did not have increased D-dimer levels and the most likely reason 

was the good disease control characteristic of the RA group. D-dimer 

elevations in PD are associated with medication usage, patients on multiple 

drugs have the highest D-dimer concentrations whilst unmedicated PD 

patients are not different to controls [266]. This is in agreement with our 

result of unchanged D-dimer in PD.  

 

Of the erythrocyte antioxidant enzymes tested, erythrocyte GRd showed 

reduced activity in RA compared with controls, although GSH concentrations 

were not different between groups. An earlier study found increased 

erythrocyte GRd activity levels in RA [331]. GRd activity was reduced in RA 

patient serum [112] but this study also reported reduced GSH; this is in 

contrast with another study that reported no changes to GSH levels in RA 

patients [21]. The reduction in GRd activity without other changes to either 

GPx activity or GSH levels may be related to the coenzyme flavin adenine 

dinucleotide (FAD) levels, if RA patients had deficient levels of FAD this 

would impair GRd activity [332]. No other antioxidants were significantly 

different for RA patients in this study. It is possible other antioxidants are 

more relevant in RA, for example non-enzymatic SOD scavengers, the 
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activity levels of which correlate with RA disease activity [111]. Furthermore, 

study of individual oxidative stress biomarkers and antioxidants does not 

take account of the complex interactions of antioxidants [26, 27, 149], and 

single point of time tests might not take into account induction of enzymes 

in response to oxidative stress [333]. Future work in this area may benefit 

from new methodological approaches that more comprehensively test total 

antioxidant capacity.  

 

To our knowledge, this is the first report of reduced erythrocyte GRd activity 

in PD patients. Two studies have reported unchanged GRd activity in PD 

patients but both had small sample sizes [101, 136]. As for RA patients, GSH 

concentrations were unchanged in PD in this study, in agreement with other 

studies [103, 104].The present study found increased plasma SOD activity 

levels in PD. Other studies report plasma SOD activity as reduced [334] or 

unchanged [335]. The amount of extracellular SOD is regulated by cytokines 

rather than substrate levels [336]. The finding of elevated SOD activity in 

plasma suggests PD patients experienced peripheral inflammation mediated 

by cytokines and consequently, oxidative stress that upregulated SOD 

activity. No other antioxidants were significantly different for PD patients in 

this study. As for RA, other antioxidants could be more relevant in PD, for 

example CAT [135]. Future work using new methodological approaches that 

take account of antioxidant interactions may help clarify antioxidant activity 

in PD patients [26, 27, 149].  

 

The present study found decreased percentage of normal biconcave 

erythrocyte morphology with a corresponding increase in stomatocyte 

percentage for RA and PD patients. These are important findings with large 

effect sizes whereby group explained 14% of the variance in biconcave cells 

and 18% of the variance in stomatocyte morphology. This study did not test 

lipid peroxidation in erythrocytes, but given this has been shown to be 

elevated in both RA [18, 21, 112] and PD [100, 135, 277], and that lipid 
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peroxidation can produce stomatocyte transformations [226, 227], we 

hypothesise that lipid peroxidation contributed to the stomatocyte 

formation we observed. However, it is also possible that protein oxidation, 

again elevated in RA [245] and PD [136], also contributed to this result [226, 

227]. Inflammation may also have contributed to the increased 

stomatocytes, but it is unlikely to have been a major factor for the PD group 

as inflammation was not increased in the present study. The finding of 

increased stomatocytes may have clinical implications, as stomatocytes are 

less deformable due to reduced surface area and this impairs their ability to 

traverse the microcirculation [217], and may contribute to the increased 

cardiovascular disease experienced in RA [17] and PD [268].  

 

We did not find differences in the percentage of knizocytes, but in both 

groups the values were higher than expected, mean values of 0.7% with a 

range of 0.1 to 2.5% have previously been reported [337]. Most RA patients, 

and some control patients were taking NSAID; this is linked with increased 

formation of knizocytes [338]. It is likely that increased knizocytes reflect 

medication usage [338], but this should be further investigated for PD 

medications.  

 

In this study, erythrocyte morphological variants significantly correlated 

with antioxidant enzyme activity. Biconcave or normal morphology was 

positively correlated with erythrocyte GRd and plasma GPx, and the strength 

of the correlation was medium. Stomatocytes had small correlations with 

erythrocyte GRd (negative) and with SOD plasma (positive). For biomarkers 

other than antioxidants, leptocytes were strongly correlated with plasma 

TAOC, showed a small correlation with erythrocyte TAOC and cell volume, 

and a negative correlation with creatinine. Acanthocytes showed a small 

correlation with erythrocyte TAOC. Collectively, these correlations suggest 

links between antioxidant enzyme activity and erythrocyte morphology that 
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are well supported by other reports of oxidative stress induced 

morphological changes to erythrocytes [24, 125, 207, 222, 339, 340].   

 

RCDW percentage represents variation in erythrocyte size and this was 

increased in RA, this finding is in agreement with Richards et al (2000), and 

with another oxidative stress related disease, chronic fatigue syndrome 

[341]. This measure is an indicator of anisocytosis or unequal erythrocyte 

sizes [22], is associated with auto-antibodies present in RA [114], correlates 

positively with CRP, and is an independent cardiovascular disease predictor 

[342, 343]. Increased RCDW is a feature of anaemia, which is a common 

finding in RA patients. The result of increased RCDW is probably related to 

anaemia in RA patients, despite no significant differences in cell volumes in 

this study (cell volume data not reported). For PD patients, RCDW presents 

a possible new biomarker of disease progression, in agreement with 

Pretorius et al (2014) [106]. 

 

When analysing results by RA disease duration, hsCRP was elevated in longer 

duration RA patients when compared with controls and PD patients. This 

indicates that as RA progresses, systemic inflammation increases. 

Erythrocyte GRd was no longer significantly different when analysed by RA 

duration, but the relatively small sample size for this analysis is a likely 

explanation for this. Stomatocytes were increased in longer duration RA 

compared with the control group, but there was no difference between 

shorter duration and controls. This indicates RA disease progression is 

associated with greater morphological alterations. However, age is also a 

factor in these increases as longer duration RA patients were on average 

older than the control group, and the effect size of age was larger than for 

hsCRP and erythrocyte morphology. As such, the results need to be 

interpreted with caution.  
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Results analysed by PD stage revealed later stage PD patients inflammation 

and erythrocyte morphology profile was closer to RA patients than to the 

control group. hsCRP was decreased in early stage PD compared with RA, 

but there was no difference comparing later stage PD with RA patients. PD 

patients  showed increased stomatocyte and reduced biconcave cells 

percentages regardless of disease stage, suggesting oxidative stress related 

morphological changes occur early on in PD. Plasma activity levels for SOD 

were increased in later stage PD, however despite reaching statistical 

significance the effect size was small, with group explaining only 4% of the 

variance in SOD plasma activity. Erythrocyte GRd was no longer significantly 

different when analysed by PD stage, but as for RA duration the relatively 

small sample size for this analysis is a likely explanation for this. As for RA, 

age is also a factor in these disease progression differences as later stage PD 

patients were on average older than early stage PD, and the effect of age 

was large.  

 

This study provides limited evidence of altered activity for key antioxidant 

enzymes in RA and PD. This may partly relate to variations in patients, but 

oxidative stress and total antioxidant capacity measurement conducted by 

separate enzyme activity analysis is complex [149]. The number of RA 

patients in this study, and the relatively low disease activity they exhibited 

are limitations of this study, but also characteristic of the gender balance in 

RA [344]. Gender balance was heavily weighted in favour of female patients, 

and many studies report oxidative stress biomarkers are lower in women 

along with higher antioxidant capacity [30]. Other biomarkers of oxidative 

stress not measured in this study may account for the modification of 

erythrocyte morphology we report; in particular changes in RA to non-

enzymatic scavengers of oxidative stress may partly account for the 

oxidative stress reported in RA patients [345]. Overall oxidant/antioxidant 

balance, with testing in whole blood so that plasma and erythrocyte 

antioxidants can synergistically interact may provide a more accurate 

representation [26, 27]. 
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3.6. Conclusion 
 

This study demonstrates inflammation in RA patients and altered 

erythrocyte morphology that correlate with some erythrocyte antioxidant 

enzyme activites compared with controls. For PD patients, some erythrocyte 

antioxidant enzyme activites correlate with altered erythrocyte morphology.  

Inflammation in RA increases with disease progression. Later stage PD 

patients differed from the control group in inflammation and erythrocyte 

morphology but were not different from the RA group; evidence for the role 

of peripheral inflammation in PD. The oxidative stress related stomatocyte 

[226, 227] morphology was increased in both diseases, and may negatively 

impact on haemorheology [25] and contribute to the higher cardiovascular 

disease burden present in RA [17] and PD [268]. Analysing erythrocyte 

antioxidant enzyme activity and GSH by disease stage did not clarify other 

conflicting reports in both PD and RA, therefore future research that 

considers and controls for disease activity, medication regimes and methods 

involving whole blood studies is warranted to determine the association of 

antioxidant activity and oxidative stress with alterations to erythrocyte 

morphology in RA and PD. If oxidative stress stemming from reduced 

erythrocyte antioxidant enzyme activity is the mechanism of stomatocyte 

formation, and if increased stomatocytes alter haemorheology in PD and RA 

then future research into antioxidant supplementation in both diseases is 

warranted. The finding of higher numbers of stomatocytes in this study may 

provide a new way to measure disease activity or progression and to monitor 

medication efficacy.  
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CHAPTER FOUR  
 

Association of Altered Haemorheology with Erythrocyte Oxidative 
Stress and Inflammation in Rheumatoid Arthritis and Parkinson’s 
Disease  
 

4.1. Abstract 
 

Peripheral inflammation and oxidative stress are characteristic of 

Parkinson’s disease and rheumatoid arthritis,and disturb the balance of 

erythrocyte antioxidant enzymes. Consequently, erythrocyte morphology is 

changed with negative impacts on haemorheology. There are multiple 

haemorheological changes in rheumatoid arthritis but with some conflict in 

the literature, and no relevant studies in Parkinson’s disease. In this study, 

we investigated haemorheological changes in Parkinson’s disease and 

rheumatoid arthritis and correlated any changes with inflammation 

biomarkers, erythrocyte antioxidant enzyme activity and erythrocyte 

morphology. Participants were recruited from a rural Australian town. 

Disease groups were further analysed by RA disease duration or PD stage to 

determine any impact of disease stage. Whole blood viscosity was assayed 

using a Brookfield cone and plate viscometer. Erythrocyte deformability and 

aggregation were measured in a Rheoscan ektacytometer. Erythrocyte 

morphology, inflammation, erythrocyte antioxidant activity and red cell 

distribution width were assayed as described in chapter three. Erythrocyte 

aggregation was increased in rheumatoid arthritis compared with controls 

(p=0.025). Erythrocyte deformability was increased in Parkinson’s disease 

compared rheumatoid arthritis patients (p=0.004), and in later stage 

Parkinson’s disease compared against both controls (p=0.012) and 

rheumatoid arthritis (p=0.003). Whole blood viscosity was unchanged, and 

negatively correlated with abnormal erythrocyte morphologies. Antioxidant 

status correlated positively with erythrocyte deformability, and aggregation 
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was positively correlated with inflammation, but negatively correlated with 

abnormal erythrocyte morphologies.   

 

4.2. Introduction  
 

Erythrocyte deformability and aggregation are important determinants of 

whole blood viscosity (WBV), along with other factors such as haematocrit, 

plasma viscosity, and fibrinogen concentration [128]. As haematocrit 

increases so does WBV, and the same relationship exists for increasing 

plasma viscosity [195]. Blood is a non-Newtonian fluid and as such shear rate 

influences viscosity; at low shear rate erythrocyte aggregation is the main 

determinant of whole blood viscosity( WBV)  whilst at high shear rate 

erythrocyte deformability is more important [130]. Inflammation and 

oxidative stress are fundamental to rheumatoid arthritis (RA) pathology [23], 

and both affect haemorheological parameters [25], contributing to 

cardiovascular disease in RA [13, 17, 233]. Erythrocyte oxidative stress is 

increased in RA [18-21] and affects erythrocyte biochemical properties [15, 

22, 24] leading to altered erythrocyte morphology and impaired function 

[22, 24, 25].  

 

Multiple haemorheological changes such as decreased erythrocyte 

deformability and reduced WBV coupled with increased erythrocyte 

aggregation have been reported in RA,and would impair the 

microcirculation [121]. However, other studies report increased WBV in RA 

[140, 141, 235, 249], but others find no difference unless haematocrit is 

standardised [248], or a difference only at low shear rate [24]. Plasma 

viscosity is increased in RA [127, 249], and this can increase WBV at both low 

and high shear rates [140], despite the reduced haematocrit commonly seen 

in RA patients [248]. Increased plasma viscosity in RA can be explained by 

elevated plasma proteins [252] promoting erythrocyte aggregation as 

suggested by both the depletion model [198] and the bridging model of 

erythrocyte aggregation [127]. 



 

114 
 

 

Erythrocyte deformability is decreased in RA and systemic lupus 

erythematosus [121], and in RA alone by the measure of– erythrocyte 

rigidity [253]. The one report of unchanged erythrocyte deformability is 

limited by a relatively small sample size [254]. Supporting reduced 

erythrocyte deformability is the finding that hyaluronic acid, elevated in RA,  

increases the erythrocyte rigidity index in a reversible dose-dependent 

manner in vitro [255]. Erythrocyte aggregation is increased in RA [140, 141, 

253], and negatively correlated with erythrocyte rigidity [253]. However, the 

result of increased aggregation in RA in two of these studies are limited by 

the much younger average age of the controls [140, 141].  

 

Parkinson’s disease (PD) is also a condition associated with peripheral 

inflammation [88, 263] and oxidative stress [12, 73, 94, 135, 275], and PD 

erythrocytes exhibit elevated oxidative damage biomarkers [103, 134, 135, 

272-274]. To date, there are no reports in the literature about erythrocyte 

deformability or erythrocyte aggregation alterations in PD patients. To our 

knowledge, there is only one report on WBV in PD, and the study focus was 

pharmacological impacts on WBV [270].  Antioxidant activity in erythrocytes 

from PD patients is characterised by contradictory reports as covered in 

chapter three, but there are some reports of depleted antioxidant enzyme 

capacity [12, 97, 134, 135, 139, 280]. Given this, it was hypothesised that PD 

patients would have haemorheological changes correlated with oxidative 

stress, inflammation and altered erythrocyte morphology. Rheumatoid 

arthritis patients were included as a group with established inflammation 

and erythrocyte oxidative stress for further comparison of haemorheology 

in PD with both a healthy control group and an oxidative stress affected 

group.  
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On the basis of previous studies in RA linking oxidative stress and 

inflammation with haemorheological changes and altered erythrocyte 

morphology [24, 25] and other diseases such as metabolic syndrome [125, 

131], we conducted this study to further investigate haemorheology in RA 

and PD patients for any significant differences. Secondly, our aim was to 

correlate any changes with altered erythrocyte morphology.  

 

4.3. Methods  

4.3.1. Participants 
 

This chapter is part of a larger research study (also presented in chapter 

three) investigating the impacts of oxidative stress, inflammation and 

abnormal erythrocyte morphology in RA and PD on haemorheology. 

Participants with either diagnosed RA or PD were recruited and matched 

with healthy controls as described in section 3.3.1. See Appendix 4 for a 

description of sample size calculations.  

 

4.3.2. Disease Duration and Disease Stage  
 

As described in section 3.3.2., patients with either RA or PD were divided 

into shorter and RA longer disease, or early and later stage PD disease.  

 

4.3.3. Blood Collection and Sample Preparation  
 

A fasting 20 mL venous blood sample was collected by syringe with a 19-

gauge needle and 5 mL was transferred to an EDTA sterile tube. This sample 

was kept on ice, haematocrit was determined and adjusted to range 

between 0.39 to 0.41 by adding or removing autologous plasma [251, 346]. 

The sample was then placed in a 37 ˚C water bath ready for testing, all 

measures were performed in duplicate within 60 minutes of collection.  
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4.3.4. Whole Blood Viscosity  
 

Whole blood viscosity was measured using a Wells-Brookfield DV-II+ Pro 

programmable viscometer, using a CP40 spindle (Brookfield Engineering 

Laboratories, Inc. Middleboro, MA USA). The cone and plate viscometer is a 

torque meter which records resistance to rotation, which is proportional to 

the shear stress of the fluid [347]. The sample was mixed by inversion, then 

500 µL was added and allowed to equilibrate to 37 ˚C. The viscometer used 

a prepared protocol; ranging from 0.01 rpm (shear rate 0.12 sec-1) through 

to 27 rpm (shear rate 243-1) with each sample given 15 seconds to reach a 

stable reading (the lowest rpm had 45 seconds). Results are reported in 

milliPascal-second (mPa.s).  

 

4.3.5. Erythrocyte Deformability  
 

Erythrocyte deformability was assayed using a RheoScan-AnD 300 

Ektacyometer (Rheo Meditech Inc., Seoul, Korea). For deformability, the 

sample is subjected to a range of shear stresses (0.5-20 Pa) by aspiration 

across a microchannel, and a laser beam creates a diffraction pattern [346] 

[348]. An inbuilt digital camera captures this pattern and software 

(RheoScan-ACE V2.1) fits an ellipse to the diffraction pattern. A RBC 

elongation index (EI) for each shear stress rate is calculated by the equation 

EI = (A - B) / (A + B) where A is the length of the major axis in the ellipsoidal 

diffraction image and B is the length of the minor axis in the ellipsoidal 

diffraction image. Erythrocyte deformability was defined using EImax 

(maximum elongation index at infinite shear stress), EI at 3Pa and SS1/2, 

(shear stress to produce half of the maximum deformation) [251, 349]. 

Whole blood was diluted by adding 6 µL to 600 µL of poly vinyl pyrrolidone 

(PVP) solution, for a final viscosity of 30-32 mPa-s at 37 ̊ C and 300 mOsm/kg. 

This sample was mixed then 500 µL added to a test kit (Rheo Meditech Inc.). 

The ektacytometer assayed the sample (shear stress 0-20 Pa) using a 

prepared protocol run through a computer.   
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4.3.6. Erythrocyte Aggregation  
 
The same RheoScan-AnD 300 Ektacyometer and software was used to assay 

erythrocyte aggregation by light transmission. While the sample flows 

through a microchannel, a laser beam is passed through the microchannel 

and is scattered by the erythrocytes. The backscattered light intensity is 

captured by two photo diodes, and the corresponding pressure differential 

is also recorded. During high pressure differentials there is a strong shear 

flow and this results in disaggregation and a subsequent increase in light 

intensity [350]. Erythrocyte aggregation was defined by critical time 

(seconds) and critical stress (mPa); the point of maximum light intensity 

marking the beginning of erythrocyte re-aggregation. Shorter critical time 

and higher critical stress values indicate faster erythrocyte aggregation 

[350]. The whole blood sample was mixed by inversion, and 500 µL was 

transferred to the plastic sample chamber of the test kit (Rheo Meditech 

Inc.), microchannel dimensions were 0.2 mm (H), 40 mm (L) and 4mm (W). 

The ektacytometer assayed the sample using a prepared protocol run 

through a computer.  

 

4.3.7. Statistical Analysis 
 

Data analysis was conducted using IBM SPSS Statistics version 24. Some data 

showed minor deviations from a normal distribution (assessed by histogram, 

Kolmogorov-Smirnov and Shapiro-Wilk statistics); however sample size, and 

equality of group sizes allowed for parametric analysis to be used [319, 320]. 

Data were analysed using one-way ANOVA to compare means between 

groups, with Tukey post-hoc analysis.  Where Levene’s test for homogeneity 

of variance gave a result of unequal variance, and one group mean was 

extreme with large variance then the Brown-Forsythe (BF) statistic was used 

instead of the F statistic [319, 321-323]. If Levene’s test gave a result of 

unequal variance, but no group mean was extreme with a large variance 

then the Welch (W) statistic was used [319, 323, 324]. Post-hoc comparisons 
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were completed without Bonferroni adjustment, as this adjustment inflates 

the risk of missing real effects (type II errors) and reduces power in the 

analysis [325]. Effect size was calculated using eta squared, which indicates 

the proportion of variance that the independent variable explains for a given 

dependent variable [319, 320]. This value was calculated by dividing the sum 

of squares between groups by the total sum of squares [319]. Cohen’s d 

guidelines were used to assess effect size results, with a 0.01 eta squared 

deemed a small effect that explains 1% of the variance [319]. An eta squared 

of 0.06 is a medium effect that explains 6% of the variance, and an eta 

squared result of 0.138 is a large effect that explains 13.8% of the variance 

[319]. 

 

Correlations between variables were assessed using Pearson’s correlation as 

this is more appropriate for interval data [326] and the significance level was 

set at α <0.05. Correlations with a r value of 0.1 to 0.29 were classed as small; 

r values of 0.30 to 0.49 were classed as medium and r values of above 0.50 

were considered large [319]. As this chapter is part of a larger research study 

investigating the impacts of oxidative stress, inflammation and abnormal 

erythrocyte morphology in RA and PD on haemorheology, some variables 

are correlated with the results of chapter three. 

 

4.4. Results  

4.4.1. Demographics and Medication Status  
 

Patient demographics and medication status are as described in section 

3.4.1. and 3.4.2. respectively.  

 

4.4.2. Results by Group  
 

Whole blood viscosity at haematocrit of 0.40 is shown in Figure 4.1; all 

groups displayed decreasing viscosity as shear rate increased, which 

represents non-Newtonian shear thinning. Table 4.1 reports the mean, SD 
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and statistical test results for this study. WBV was not statistically different 

between the groups. Due to precision limits of the instrument the lowest 

shear rate that was reliable (criteria of a torque range between 10-100%) 

was 81.10-1.  

 

There were significant differences by group for erythrocyte deformability at 

3 Pa: F (2,188) = 5.29, p=0.006 and for aggregation critical time: BF (2,188) = 

3.30, p=0.033. Post-hoc analysis revealed erythrocyte deformability was 

increased in PD when compared with RA (p=0.004). Post-hoc analysis 

showed critical time was reduced in RA compared with controls (p=0.025). 

For both results, the effect size (using eta squared) was small [319], 0.05 and 

0.04 respectively. As covered in chapter three, red cell distribution width 

(RCDW) was significantly elevated in RA patients (p<0.001) compared with 

controls. No other variables were significantly different when analysed by 

group.  

 

4.4.3. Results by PD Stage  
 

Study results by when analysed by PD stage are presented in full in Appendix 

8. When analysed by PD stage, there were significant differences for 

erythrocyte deformability at 3 Pa: F (3,187) = 4.880, p=0.003, and for 

erythrocyte deformability at EImax: F (3,185) = 2.748, p=0.044. Post-hoc 

analysis revealed erythrocyte deformability was increased in later stage PD 

by the measure of erythrocyte deformability at 3 Pa with controls (p=0.012), 

and a medium effect size [319] of 0.08 (using eta squared). Using post-hoc 

analysis, the erythrocyte deformability measure of EImax was increased in 

later stage PD when compared with RA (p=0.003), with a small effect size 

[319] of 0.03 (using eta squared). As covered in chapter three, RCDW was 

significantly different by group and post-hoc analysis revealed the early 

stage PD group had a significantly decreased percentage RCDW compared 
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with RA (p=0.011). No other variables were significantly different when 

analysed by PD stage.  

 

4.4.4. Results by RA Duration  
 

Study results by when analysed by RA disease duration are presented in full 

in Appendix 8. When analysed by RA duration, the one-way ANOVA initially 

indicated significant differences for erythrocyte deformability at EImax. 

However once the more conservative Brown-Forsythe [319, 321-323] 

statistic was consulted for EImax (due to unequal error variance) this variable 

was no longer significantly differently different.  

 

4.4.5. Pearson’s Correlations  
 

As part of the larger study, OS, inflammation and erythrocyte morphology 

were investigated and results reported in chapter three. Correlations of 

erythrocyte morphology with haemorheology parameters are reported 

here, with the exceptions of variables that measured the same outcome, for 

example the three measures of erythrocyte deformability. Viscosity at low 

speed showed a medium sized positive correlation with aggregation critical 

stress (r = 0.325, p <0.001). Viscosity at low speed had a small positive 

correlation with superoxide dismutase red blood cell (SOD RBC) (r = 0.156, p 

=0.04), and with blood glucose concentration (r = 0.247, p =0.018). Viscosity 

at high speed showed medium sized negative correlations with leptocytes (r 

= -0.332, p =0.003), and echinocytes (r = -0.295, p =0.009), and a small sized 

negative correlation with RCDW (r = -0.266, p =0.02). There was a medium 

sized positive correlation with aggregation critical stress (r = 0.367, p <0.001) 

and stomatocyte morphology (r =0.287, p =0.011). Blood glucose 

concentration had a small positive correlation with viscosity at high speed (r 

= 0.271, p =0.018). 
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Erythrocyte deformability had three outcome measures; deformability at 3 

Pa, at maximum elongation index - EImax and at SS1/2, the shear stress to 

produce half of the maximum deformation. Erythrocyte deformability by the 

measure at 3 Pa had a small positive correlation with glutathione (GSH) (r = 

0.270, p <0.001). This variable also had several negative correlations; small 

sized with critical stress (r = -0.200, p =0.005), with high-sensitivity C- 

reactive protein (hsCRP) (r = -0.253, p =0.0013), with RCDW (r = -0.205, p 

=0.049), and with SOD plasma (r = -0.156, p =0.032). Erythrocyte 

deformability by the measure of EImax had small sized positive correlations 

with GSH (r = 0.226, p =0.002), critical stress (r = 0.211, p =0.004), biconcave 

morphology (r = 0.239, p =0.022) and with plasma glutathione reductase 

(GRd) (r = 0.186, p =0.048). There was a negative medium correlation with 

acanthocytes (r = -0.345, p =0.001), and small negative correlations with 

critical time (r = -0.233, p =0.001) and GRd red blood cell (r = -0.230, p =0.01). 

The measure of SS1/2 had a medium positive correlation with hsCRP (r = 

0.311, p =0.002). There was a small negative correlation with GSH (r = -0.171, 

p =0.019), and small sized positive correlations with critical stress (r = 0.262, 

p <0.001), and with SOD plasma (r = 0.161, p =0.028).  

 

Erythrocyte aggregation by the measure of critical time had a medium 

negative correlation with hsCRP (r = -0.378, p <0.001). There were small 

negative correlations with EImax (r = -0.233, p =0.001), with RCDW (r = -0.231, 

p =0.026), with SOD plasma (r = -0.217, p =0.003), and with GRd plasma (r = 

-0.240, p =0.01). Erythrocyte aggregation by the measure of critical stress 

had medium positive correlations with hsCRP (r = 0.439, p <0.001), and with 

GRd plasma (r = 0.310, p =0.001), small positive with stomatocytes (r = 0.266, 

p =0.010). There were small negative correlation with deformability at 3 Pa 

(r = -0.200, p =0.005), with biconcave morphology (r = -0.204, p =0.050), with 

leptocytes (r = -0.284, p =0.006), with acanthocytes (r = -0.204, p =0.048), 
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Figure 4.1.  Whole blood viscosity by group for shear rate range of 81 to 
243 s-1 for 0.4  L-1haematocrit using a cone and plate viscometer. There 
were no significant differences between groups.  
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Table 4.1 Aggregation and deformability results by group, data is the mean 
± SD. Maximum elongation index at infinite shear stress is abbreviated to 
EImax, and shear stress to produce half of the maximum deformation to 
SS1/2.  

a – significantly different from control, p<0.05, b – PD significantly different 
from RA, p<0.05.  

 

Variable Control  Parkinson’s 
Disease 

Rheumatoid 
Arthritis  

EImax 0.578 ± 0.013 0.580 ± 0.014 0.579 ± 0.013 
EI at 3 Pa 0.331 ± 0.017 0.337 ± 0.018 b 0.332 ± 0.018 
SS1/2 2.261 ± 0.304 2.202 ± 0.247 2.318 ± 0.351 
Critical Time 
(s) 

7.4 ± 1.3 7.1 ± 0.8 6.9 ± 1.2 a 

Critical Stress 
mPa 

279.7 ± 72.9 285.7 ± 68.6 306.4 ± 75.8 

 4.58 ± 0.49 4.47 ± 0.61 4.50 ± 0.50 
 3.93 ± 0.27 3.92 ± 0.49 3.94 ± 0.33 
Red Cell 
Distribution 
Width (%) 

13.36 ± 0.76 13.43 ± 0.90 b 14.32 ± 1.02 a 
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4.5. Discussion  
 

The present study found increased erythrocyte deformability in PD 

erythrocytes compared with the RA group, and faster erythrocyte 

aggregation in RA patients compared with controls. When analysing results 

by PD stage, two measures of erythrocyte deformability were significantly 

different. In later stage PD, erythrocyte deformability was increased 

compared with controls by the measure at 3 Pa, and increased compared 

with RA by the measure of EImax. When analysing results by RA duration, no 

variables were significantly different by duration of RA.  

 

By the measure of critical time for maximum light intensity, aggregation was 

increased in RA. This variable indicates the beginning of erythrocyte re-

aggregation [348]. Considering this result with the increased CRP in RA 

(chapter three), it is likely that aggregation is increased in RA. The likely 

mechanism for this can be explained by the depletion model of aggregation, 

in which relative depletion of surface molecules for cells overlap, resulting 

in expulsion of fluid and an attractive force between cells is created [197, 

198]. The present study’s result of increased aggregation, though with a 

small effect size only, is in agreement with reports to date on erythrocyte 

aggregation in RA [140, 141, 253, 351]. The finding of increased erythrocyte 

aggregation in RA may be clinically important, as cardiovascular disease is 

elevated in RA patients [13, 17, 233] and is the leading cause of mortality 

[17]. PD patients did not demonstrate any changes to aggregation in this 

study, consistent with the result of unchanged WBV in PD. To date, there are 

no reports in the English literature about WBV or erythrocyte aggregation in 

PD.  
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There were no differences in erythrocyte deformability for the RA group, this 

is in agreement with one other study [254], but not with larger studies [121, 

253]. However, the finding of decreased erythrocyte deformability at 6 Pa 

only by Santos et al compares RA and lupus patients together against 

controls, and it therefore does not report statistical analysis for RA patients 

alone [121]. The other report of decreased deformability measured 

erythrocyte rigidity [253], which is the inverse of deformability and hence 

used substantially different methods [253] to the present study, and this 

may contribute to the different results.  

 

Overall, erythrocyte deformability was increased in PD when compared with 

RA. There was evidence of changes in erythrocyte deformability as PD 

progresses; later stage PD patients had increased erythrocyte deformability 

compared with both controls and RA patients. Erythrocyte deformability is 

dependent upon membrane flexibility, cytoplasm viscosity and cell 

geometry [128]. This result is consistent with increased plasma SOD activity 

in PD, and in later stage PD (chapter three) reducing the potential for lipid 

peroxidation and thus maintaining membrane flexibility. However, 

increased erythrocyte deformability in PD is not consistent with the result of 

increased stomatocytes in PD (chapter three). Stomatocytes have a reduced 

surface area, are less deformable and can thus impair the microcirculation 

[217]. This discrepancy remains unexplained but may be due to more than 

one population of erythrocytes at the time of sampling, one of which is older 

and less affected by disease pathology. It may also be due to statistical error 

caused by relatively small sample sizes for each age group. In any case, these 

results should be verified by further testing on a larger sample. Although 

WBV would be expected to increase [196, 249] in conditions of oxidative 

stress that reduce deformability [121, 127, 130, 253], stomatocyte 

suspensions of 0.45 haematocrit had a lower viscosity compared with 

echinocytes [217].  
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Our WBV data is somewhat lower than other studies, possibly due to smaller 

sample size (some viscosity data wwere unreliable and thus excluded). WBV 

was not different between groups, and this is consistent with the present 

study’s finding of unchanged erythrocyte deformability in RA. The finding of 

unchanged WBV in RA is in agreement with the high shear rate result of 

Richards et al [24] and with [248]. However, other studies report increased 

WBV in RA [140, 141, 235, 249], and one reports decreased WBV in RA 

despite higher haematocrit. [121]. Although aggregation was increased in RA 

in the present study, the fibrinogen degradation product D-dimer was not 

increased (chapter three) and haematocrit was adjusted to a consistent 

range. As such, only one of five main determinants of WBV was increased 

(aggregation), and this, coupled with the good disease control in the RA 

patients [242] may explain the unchanged WBV. Aggregation is the main 

determinant of WBV at low shear rates [130], however the precision of our 

viscometer precluded reliable data collection at very low shear rates. In 

addition, comparing against prior studies reporting increased WBV for RA 

patients, we have a more closely age matched control group. Oxidative 

stress and inflammation increase with age [352], therefore control groups 

with substantially younger average ages may confound the result of 

increased age [140, 141, 235]. However, it is a limitation that plasma 

viscosity was not assayed in this study. Plasma viscosity is increased in RA 

[140, 249, 353] with one exception [121]. PD patients did not demonstrate 

any changes to WBV, likely due to only one determinant of WBV (erythrocyte 

deformability) being significantly different in PD.  

 

Pearson’s correlations were calculated for all variables in chapter three and 

four. WBV at both low and high speed correlated positively with aggregation 

which is expected as aggregation is one determinant of WBV [195]. WBV at 

high speed had negative correlations with abnormal erythrocyte 

morphologies, the only exception to this was a positive correlation with 

stomatocyte percentage. Collectively, these results indicate biconcave  
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erythrocytes are more deformable [216], and thus the most ideal for 

streamlined blood flow [127]. Erythrocyte deformability reinforced this idea 

with a positive correlation with biconcave cells and a negative correlation 

with acanthocyte percentage. GSH had positive correlations with 

deformability, as did GRd plasma activity. Hence, antioxidant status is 

related to erythrocyte deformability. CRP positively correlated with the 

shear stress required to produce half of the maximum deformation, 

indicating increased inflammation is associated with reduced deformability. 

Aggregation also increased with increasing CRP concentration, occurring 

faster and at a higher stress which is to be expected. Antioxidant status 

showed associations with aggregation, with slower aggregation as SOD 

plasma and GRd plasma activity increased (evidenced by negative 

correlations for critical time). Aggregation was negatively correlated with 

the abnormal erythrocyte morphologies of leptocytes and acanthocytes, but 

this was also the case for biconcave erythrocytes. Given this contradiction, 

these results should be verified by further testing on a larger sample.   

 

Disease duration for RA had no effect on any of the variables; this suggests 

any alterations to haemorheology in RA are consistent across the duration 

of the disease. However, as discussed in chapter three the relatively small 

sample size for shorter and longer duration may have limited this analysis. 

As assessed by the median CRP level, overall, RA disease activity in this study 

was low [242], and the majority of patients were female. Gender does affect 

haemorheology [354-356] so this, along with low disease activity may have 

influenced our results. WBV does vary by disease activity in RA, it is 

decreased with more active disease compared against RA patients in 

remission [121]. PD stage impacted on only one variable, erythrocyte 

deformability. The impact of PD stage was to extend a significant increase in 

erythrocyte deformability from only in comparison to RA patients, to also in 

comparison with controls as well as RA for later stage PD. As for RA, there 

was a relatively small sample size for the PD stage analysis and this may have 

limited the analysis.  
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4.6. Conclusion 
 

This study demonstrates increased erythrocyte aggregation in RA patients 

compared with controls, and increased erythrocyte deformability in PD 

patients compared with RA patients. Later stage PD patients also exhibited 

increased erythrocyte deformability against both controls and RA patients. 

Elevated inflammation in RA was associated with the increased aggregation. 

Increased percentages of stomatocytes in both PD and RA did not lead to 

negative impacts on haemorheology. Analysing haemorheology by RA 

disease duration did not clarify other conflicting reports on WBV in RA, but 

plasma viscosity was not assayed, therefore future research should consider 

the impact of disease activity and medication status on WBV and include 

assays of plasma viscosity. Correlation analysis confirmed biconcave 

erythrocytes are more deformable and positively correlated with 

antioxidant enzyme activity. As expected, aggregation increased as 

inflammation increased and negatively correlated with abnormal 

erythrocyte morphology.   

 

 

  



 

129 
 

 

CHAPTER FIVE  
 

Whole Blood Antioxidant Capacity in Rheumatoid Arthritis and 
Parkinson’s Disease 
 

Introduction To Publication  
 

Several authors have published theories and data to support testing of 

whole blood samples when considering the concept of total antioxidant 

capacity [26, 27, 142, 333]. Despite this, many antioxidant supplementation 

studies assay in plasma only [26] which ignores the rich reducing potential 

of erythrocytes [181]. Testing antioxidant capacity, for any study design, in 

plasma or erythrocytes alone removes the synergistic interaction of blood 

components. For example, fluorescence confocal microscopy techniques 

demonstrated that polyphenols bind to erythrocytes membranes [27]. 

Erythrocyte polyphenol complexes function together with plasma based 

antioxidants, and the net result is enhanced antioxidant capacity [26, 27]. 

The authors proposed polyphenols also bind to platelets and lymphocytes 

with the same result of increased antioxidant capacity [142]. Further 

synergism between blood components is the involvement of erythrocytes in 

recycling plasma vitamin E [143] and vitamin C [144, 147, 169, 174].  

 

Therefore, the aim of study two, presented here unchanged from the 

accepted version, was to assay whole blood in Parkinson’s disease and 

rheumatoid arthritis patients and compare results against healthy controls. 

Using whole blood samples which permits blood antioxidant components to 

synergistically interact, was important to extend the results of study one and 

determine the redox status of Parkinson’s disease and rheumatoid arthritis 

patients.   
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5.1. Abstract  
 

The consequences of oxidative stress and inflammation are implicated in a 

wide range of diseases, including rheumatoid arthritis and Parkinson’s 

disease. The status of antioxidant capacity in rheumatoid arthritis and 

Parkinson’s disease remains unclear, in part due to common practice of 

assaying erythrocytes separately to plasma. This method removes any 

synergistic interactions between plasma and erythrocyte based 

antioxidants. The experiments in this report tested antioxidant capacity in 

whole blood, erythrocytes and plasma by group and disease stage. Medically 

diagnosed patients were recruited along with appropriate control group 

participants. Fasting venous blood was assayed using chemiluminescence 

methods for: time to maximum light emitted, maximum light emitted, and 

plasma antioxidant capacity in vitamin E analogue units. Here we 

demonstrate that whole blood exhibits higher antioxidant capacity than 

either plasma or erythrocytes assayed separately. We report increased 

oxidative stress in the blood of rheumatoid arthritis patients by group 

(p=0.018, p=0.049). We show increased antioxidant capacity in Parkinson’s 

disease patients by group (p<0.001). For later stage Parkinson’s disease 

patients, we report reduced oxidative stress (p=0.025), and increased 

antioxidant capacity and for erythrocytes (p<0.001, p=0.004) and whole 

blood (p<0.001, p=0.003). Early stage Parkinson’s disease showed higher 

antioxidant capacity on only one measure (p=0.008). Whole blood 

chemiluminescence is a useful technique for determining redox status in 

disease and might help clarify the role of oxidative stress in rheumatoid 

arthritis and Parkinson’s disease. 
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5.2. Introduction  
 

Pholasin is a photoprotein of the Pholas dactylus[357],  and it emits light in 

the presence of certain ROS such as superoxide and hydroxyl radicals [358], 

a reaction termed chemiluminescence [359]. When peroxynitrite is mixed 

with Pholasin, light emitted gradually increases and peaks at 2-3 seconds; 

followed by a slow decay which extends over 30 seconds [359]. This reaction 

can be used to measure ROS activity and antioxidant capacity by the use of 

peak light values [360, 361], or by percentage reduction in peak light [362, 

363].  

 

Given the large body of evidence implicating ROS in the pathogenesis of 

many diseases [30], it is clinically important to accurately measure total 

antioxidant capacity. Many studies separate plasma from erythrocytes when 

testing antioxidant activity or biomarkers of oxidative stress [26]; for 

practical reasons or to identify where any alterations stem from. Total 

antioxidant capacity is complex and the number of different antioxidants 

present in different sample types; coupled with possible interactions of 

antioxidants with each other make it difficult and possibly misleading to 

measure each separately [149]. Plasma and erythrocyte based antioxidants 

interact and augment each other, with additional synergism between 

polyphenols (antioxidants supplied by the diet) and erythrocytes [27]; thus 

testing in whole blood may be a more accurate representation [26, 27]. 

 

Using chemiluminescence methods to test for ROS generation and 

antioxidant capacity in disease is an important application of the method; 

one that is particularly suited to investigating pathology that involves 

inflammation [364]. Whole blood chemiluminescence is significantly 

elevated in chronic renal failure [365] and in systemic sclerosis [366]. RA is a 

disease involving chronic inflammation and oxidative stress [21]; however to 
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date, there are limited reports on the antioxidant capacity of whole blood 

using chemiluminescence methods in RA. Dietary studies (diet high in 

polyunsaturated fatty acids) in six female RA patients have reported 

significantly decreased neutrophil chemiluminescence [367]. An animal 

study found significantly elevated whole blood chemiluminescence in 

adjuvant arthritis when compared with healthy control animals; which could 

be significantly reduced by antioxidants [368].  

 

Overall, it can be said that there are alterations in antioxidant capacity in PD, 

coupled with increased biomarkers of oxidative damage [30]. Reports of 

oxidative stress biomarkers in PD vary considerably; and Parkinson’s disease 

stage is negatively correlated with oxidative stress [98, 134]. To date, there 

are no reports on the antioxidant capacity of whole blood using 

chemiluminescence methods in PD.  One study that may be relevant used a 

PD animal model (C57BL black male mice) treated with the neurotoxin 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [369] and reported a 

statistically significant increase in chemiluminescence at 24 hours after 

MPTP dose. This was attributed to higher levels of ROS produced by the 

actions of phagocytes and neutrophils [369]; however close inspection of the 

results revealed that any increase in chemiluminescence came mainly from 

only one of the five experimental animals and thus this conclusion is 

questionable.  

 

On the basis of previous studies using chemiluminescence to assay whole 

blood antioxidant capacity in diseases involving inflammation [364], it was 

considered this method might provide new and important information 

about ROS generation and antioxidant defences in whole blood of patients 

with RA and patients with PD. This method allows for all antioxidants and 

potential synergism between antioxidants within blood to be tested, and 

thus provides more biologically relevant information than testing plasma 

and erythrocytes separately [26, 27, 142, 333, 370].  
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The aims of this study were to determine if whole blood antioxidant capacity 

exceeds the sum of plasma and erythrocytes assayed separately; and to 

determine if whole blood antioxidant capacity is decreased in PD and RA. A 

third aim was to determine if PD later stage disease shows reduced whole 

blood antioxidant capacity.  

 

5.3. Methods  
 

5.3.1. Participants  
 

Forty participants with either diagnosed RA (n= 19, average age 64 ± 11) or 

PD (n= 21, average age 66 ± 8) were recruited from a rural town in Australia 

and matched twenty-one healthy controls (average age 58 ±12). Participants 

gave written consent and this study had ethics approval from the Charles 

Sturt University Human Research Ethics Committee; approval number 

(2012/131). 

 

5.3.2. Disease Duration and Disease Stage  
 

Patients with PD were further divided into early (n= 12, average age 65 ± 8) 

and later stage disease (n= 9, average age 67 ± 6) using the Hoehn-Yahr 

staging scale [262]. PD patients with a disease stage of 1 or 2 were classified 

as early stage disease; whereas PD patients with a disease stage of 3, 4 or 5 

were classified as later stage disease. 

 

5.3.3. Blood Collection and Sample Preparation  

 
A fasting venous blood (4mL) sample was collected by a trained 

phlebotomist into a heparinised (160 µL of 1000 units per mL) sterile tube 

and kept on ice. From this, duplicate 20 µL whole blood samples were diluted 
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1:50 with peroxynitrite buffer (50mM, pH 7.4) in a labelled Eppendorf tube. 

The remaining whole blood was centrifuged at 2500 rpm for five minutes at 

4ºC; then two 20 µL plasma samples were diluted 1:10 with peroxynitrite 

buffer (50mM, pH 7.4) in a labelled Eppendorf tube. The buffy coat was 

discarded then the erythrocyte pellet was washed three times in 

peroxynitrite buffer; then 20 µL washed erythrocytes were diluted 1:50 with 

peroxynitrite buffer (50mM, pH 7.4) in a labelled Eppendorf tube. 

 

5.3.4. Chemiluminescence Assay  
 

Analysis by emitted light (ABEL) was used to assay a sample’s ability to 

scavenge ROS in the presence of Pholasin. Peroxynitrite is the ROS generated 

in this method by the reaction of superoxide and nitric oxide [371]. A 

modification of a commercially available microkit (Knight Scientific, ABEL-

40M2) was used. A POLARstar microplate reader (BMG LABTECH, Offenburg, 

Germany) with automatic pump was used to measure emitted light.  

Samples were assayed in duplicate within 60 minutes of collection. Vitamin 

E analogue (VEA) standards were prepared as was a serum standard. Each 

well had 50 µL of diluted sample, serum standard or blanks pipetted (100 µL 

for standards), then 50 µL of Pholasin (5µg/mL) was added. The microplate 

was loaded into the POLARstar and allowed to incubate for 10 minutes. A 

2mg/mL 3-morpholino-sydnonimine HCl (SIN-1) solution was injected into 

each well then light emitted read for each well every 18 seconds for up to 

250 cycles.  Results are presented as relative light units (RLU) ± SD, VEA is 

expressed in µmol/L.  

 

5.3.5. Statistical Analysis  
 

This study is a cross-sectional design and was analysed using IBM SPSS 

software version 24; statistical significance was set at p <0.05. Data is 

presented as the mean ± standard deviation. Multivariate one-way analysis 

of variance (MANOVA) was conducted to analyse the data whilst adjusting 
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for differences in baseline characteristics such as age and co-morbidities 

with Bonferroni correction for multiple comparisons. General linear model 

assumptions were met except for equality of variance and normality for 

some of the data; however a sample size of at least twenty is sufficient to 

ensure the test is robust despite non-normal data [319, 320]. If data had 

unequal variance, a  more conservative alpha of 0.025 was used [319, 320]. 

Age was included in the model as a covariate as age influences many of the 

dependent variables; the co-morbidities of high blood pressure and pre-

diabetes were added as independent variables as they were not scale data. 

A main effects model was used with estimated marginal means calculated at 

the age of 62.4 years. When significant differences were found, estimated 

marginal means ± standard error are presented.   

 

The independent variables used in analysis were: group or PD early or late 

stage, gender, high blood pressure, pre-diabetes and exercise per day. The 

independent variables of group and PD early or late stage had a confounding 

effect in SPSS such that only one could be included in the model at a time; 

therefore the analysis was conducted twice. Dependent variables in the 

analysis were: plasma VEA; time to maximum light emitted for plasma, and 

maximum light emitted for; plasma, erythrocyte and whole blood samples. 

Time to maximum light for erythrocytes and for whole blood had missing 

data (more than 10%) and when analysed in the multivariate model, had the 

effect of dropping the sample size substantially. These data were therefore 

analysed separately using a one-way ANCOVA with Bonferroni post hoc 

correction for multiple comparisons.  

 

5.4. Results  
 

The one-way between groups MANOVA indicated significant differences 

between groups (F =2.803, df =10/174, p =0.003, partial eta2=0.139) on a 

linear combination of the dependent variables using Wilk’s Lambda [319]. 

Full details are presented in Appendix 9. When the results for the dependent 
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variables were considered separately, two differences reached statistical 

significance between the groups. Maximum light plasma (F =4.717, df =2/91, 

p =0.011, partial eta2=0.094); and maximum light whole blood (F =3.783, df 

=2/91, p =0.026, partial eta2=0.077). Results of a one-way between groups 

ANCOVA (with Bonferroni adjustment) to test the effect of group revealed 

statistically significant differences at α =0.025 between groups for; time to 

maximum light erythrocytes; Wilks’ Lambda F (2, 88) = 8.230 p<0.001, partial 

eta2=0.0158; and for time to maximum light whole blood; Wilks’ Lambda F 

(2, 87) = 17.250 p<0.001, partial eta2=0.284.    

 

Table 5.1 presents estimated marginal means (averages adjusted for the 

influence of the covariate age), and results of pairwise comparisons. When 

analysing results by group, the rheumatoid arthritis group had a significantly 

lower maximum light emitted in whole blood compared with the control 

group (p =0.049). The Parkinson’s group had a significantly lower maximum 

light emitted in plasma compared with the control group (p =0.018). Post 

hoc comparisons using Bonferroni adjustment indicated that the mean time 

for maximum light erythrocytes for the Parkinson’s group was significantly 

higher compared with both the control group (p<0.001), and the rheumatoid 

arthritis group (p=0.007). Post hoc comparisons using Bonferroni 

adjustment indicated that the mean time for maximum light whole blood for 

the Parkinson’s disease group was significantly higher compared with the 

control group (p<0.001); and with the rheumatoid arthritis group (p<0.001). 

Figures 5.1 and figure 5.2 present the chemiluminescence time course for 

whole blood and erythrocyte samples respectively.  

 

The one-way between groups MANOVA indicated significant differences 

between disease stage groups (F =2.604, df =15/238, p <0.001, partial 

eta2=0.131) on a linear combination of the dependent variables using Wilk’s 

Lambda [319]. Full details are presented in Appendix 9. When the results for 

the dependent variables were considered separately, three differences 

reached statistical significance between the groups. Plasma VEA (F =2.806, 
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df =3/90, p =0.044, partial eta2=0.086); maximum light plasma (F =5.136, df 

=3/90, p =0.003, partial eta2=0.146) and maximum light whole blood (F 

=3.539, df =3/90, p =0.018, partial eta2=0.106). Results of a one-way 

between groups ANCOVA (with Bonferroni adjustment) to test the effect of 

group revealed statistically significant differences at α =0.025 between 

groups for; time to maximum light erythrocytes; Wilks’ Lambda F (3, 87) 

=10.26, p<0.001, partial eta2=0.261; and for time to maximum light whole 

blood; Wilks’ Lambda F (3, 86) =17.606 p<0.001, partial eta2=0.380.  

 

Table 5.2 presents estimated marginal means (averages adjusted for the 

influence of the covariate age), and results of pairwise comparisons. When 

analysing results by disease stage, the later stage Parkinson’s group had a 

significantly lower maximum light emitted in whole blood compared with 

the early stage Parkinson’s group (p =0.025); and had a significantly lower 

maximum light emitted in plasma compared with the control group (p 

=0.002). Post hoc comparisons using Bonferroni adjustment indicated that 

the mean time for maximum light erythrocytes for the later stage 

Parkinson’s group was significantly higher compared with the control group 

(p<0.001), the early stage Parkinson’s group (p=0.004), and the rheumatoid 

arthritis group (p<0.001). Post hoc comparisons using Bonferroni 

adjustment indicated that the mean time for maximum light whole blood for 

the later stage Parkinson’s disease group was significantly higher compared 

with the control group (p<0.001), the early stage Parkinson’s group 

(p=0.003), and with the rheumatoid arthritis group (p<0.001). The early 

stage Parkinson’s group had significantly higher mean time to maximum 

light emitted for whole blood compared with the control group (p=0.008). 

Figures 5.3 and figure 5.4 present the chemiluminescence time course for 

whole blood and erythrocyte samples respectively. 
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Table 5.1 Estimated marginal means (at age 62.8) by group, with standard 
error reported. Erythrocyte is abbreviated to Red Cell, whole blood to WB. 
Group 1 is control group, group 2 is Parkinson’s disease and group 3 is 
rheumatoid arthritis. * Variables analysed by ANCOVA. Erythrocyte 
abbreviated is to Red Cell, and whole blood abbreviated to WB.  
 

Dependent  
Variable 

Control Parkinson’s 
Disease 

Rheumatoid 
Arthritis 

Significant 
Differences 

VEA µmol/L 477 ± 
15 

456 ± 15 466 ± 17 None 

Max Light 
Plasma 

82997 
± 2474 

74359 ± 
2476 

76498 ± 
2780 

Gp 1 v Gp 2  
(p =0.018) 

Max Light Red 
Cell 

34202± 
2356 

33899± 
2358 

35339 ± 
2648 

None 

Max Light WB 25275 
± 771 

25033 ± 771 27543 ± 
866 

Gp 1 v Gp 3  
(p =0.049) 
 

Time to Max 
Plasma (s) 

1354 ± 
24 

1364 ± 24 1374 ± 27 None 

* Time to Max 
Red Cell (s) 

502 ± 
23 

604 ± 23 515 ± 25 Gp 1 v Gp 2 
(p<0.001) 
Gp2 v Gp 3 
(p=0.007) 

* Time to Max 
WB (s) 

751 ± 
29 

938 ± 31 777 ± 32 Gp 1 v Gp 2 
(p<0.001) 
Gp2 v Gp 3 
(p<0.001) 
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Figure 5.1 shows mean chemiluminescence ± SD for whole blood samples 
measured in duplicate for participants by group. Control buffer exhibited an 
average maximum peak at 300 seconds of 153794 ± 23838 relative light units 
(not shown). Maximum light emitted was significantly higher in the RA group 
when compared with PD group (p =0.049). The Parkinson’s disease group 
had significantly higher time to maximum light than for the control group 
(p<0.001) or for the rheumatoid arthritis group (p<0.001). 
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Figure 5.2 shows mean chemiluminescence ± SD for erythrocyte samples 
measured in duplicate for participants by group. Control buffer exhibited an 
average maximum peak at 300 seconds of 153794 ± 23838 relative light units 
(not shown). The PD group had significantly higher time to maximum light 
emitted than for the control group (p<0.001) or for the RA (p=0.007).
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Table 5.2 Estimated marginal means (at age 62.8) by disease stage, with standard error reported. Erythrocyte is abbreviated to Red Cell, whole blood 
to WB. Group 0 is control group, group 1 is early stage Parkinson’s disease, group 2 is later stage Parkinson’s disease and group 3 is rheumatoid 
arthritis. * Variables analysed by ANCOVA. Erythrocyte abbreviated is to Red Cell, and whole blood abbreviated to WB.  

 

Dependent  
Variable 

Control Parkinson’s 
Early Stage 

Parkinson’s 
Later Stage 

Rheumatoid 
Arthritis 

Significant Differences 

VEA µmol/L 477 ± 15 427 ± 18 487 ± 19 467 ± 16 None 
Max Light 
Plasma 

83042 ± 2415 78786 ± 33066 69686 ± 3131 76344 ± 2714 Gp 0 v Gp 2 (p=0.002) 
 

Max Light 
Red Cell 

34231 ± 2341 36615 ± 2792 31032 ± 3036 35244 ± 2631 None 

Max Light 
WB 

25286± 763 26047 ± 968 23963 ± 989 27507 ± 857 Gp 2 v Gp 3 (p=0.025) 

Time to 
Max Plasma 
(s) 

1353 ± 24 1338 ± 30 1391 ± 31 1375 ± 27 None 

* Time to 
Max Red 
Cell (s) 

504 ± 21 553 ± 26 686 ± 32 517 ± 23 Gp 0 v Gp 2 (p<0.000) 
Gp 1 v Gp 2 (p=0.004) 
Gp 2 v Gp 3 (p<0.000) 

* Time to 
Max WB (s) 

752 ± 27 872 ± 34 1037 ± 40 778 ± 30 Gp 0 v Gp 1 (p<0.008) 
Gp 0 v Gp 2 (p<0.001) 
Gp 1 v Gp 2 (p<0.003) 
Gp 2 v Gp 3 (p<0.001) 
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Figure 5.3 shows mean chemiluminescence ± SD for whole blood samples 
measured in duplicate for participants by disease stage. Control buffer 
exhibited an average maximum peak at 300 seconds of 153794 ± 23838 
relative light units (not shown). The later stage PD had a significantly higher 
time to maximum light emitted than for all other groups (control; p<0.001, 
early stage PD; p<0.003, RA; p<0.001). The early stage PD had a significantly 
higher time to maximum light emitted than for the control group (p<0.001). 
Maximum light emitted was significantly lower in the later stage PD group 
when compared with RA group (p=0.025). 
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Figure 5.4 shows mean chemiluminescence ± SD for erythrocyte samples 
measured in duplicate for participants by disease stage. Control buffer 
exhibited an average maximum peak at 300 seconds of 153794 ± 23838 
relative light units (not shown). The later stage PD had a significantly higher 
time to maximum light emitted than for all other groups (control; p<0.001, 
early stage PD; p=0.022, RA; p<0.001). The early stage PD had a significantly 
higher time to maximum light emitted than for the control group (p<0.001). 
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5.5. Discussion  
 

The method used in this study generates peroxynitrite, and this suggests 

that the most relevant antioxidants are likely to be ascorbic acid [372, 373] 

and polyphenols [372]; and to a lesser extent glutathione (GSH) [373] and 

superoxide dismutase (SOD) [374]. The method therefore measures a 

reasonably broad range of antioxidants within the three sample types. The 

more ROS activity, the higher the light emitted by Pholasin so increased 

chemiluminescence indicates higher oxidative stress. Increasing 

concentrations of Trolox standard delayed the time to peak of maximum 

light emitted, confirming the role of antioxidants in delaying time to peak 

maximum light (data not shown).  

 

The findings of this study are that antioxidant capacity as tested with 

chemiluminescence methods is significantly different on some measures 

between groups. In whole blood, the RA group had a significant increase in 

maximum light emitted by Pholasin when compared with the control group, 

but not the PD group. Time to maximum light emitted for whole blood was 

significantly higher in PD when compared with both the control group and 

the RA group; these results were replicated in erythrocyte samples. The new 

findings of this study for plasma samples is a significant decrease in 

maximum light emitted for plasma in the RA group when compared with the 

control group.  

 

The significantly increased maximum light for whole blood samples in the RA 

group could result from either more ROS in the blood of RA patients and/or 

less antioxidant capacity to neutralise the ROS generated by the reaction of 

peroxynitrite with Pholasin. Both possibilities suggest a condition of 

oxidative stress is present in whole blood of RA patients. This is in agreement 
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with reports of increased ROS and biomarkers of oxidative damage in either 

plasma and/or erythrocytes of RA patients [14, 18-21, 112, 375]. To our 

knowledge no reports exist on oxidative stress in the whole blood of RA 

patients and these studies provide limited information on the true redox 

status of RA patients [149]. Our result of increased whole blood 

chemiluminescence in RA patients is also in agreement with similar studies 

in the oxidative stress associated conditions of chronic renal failure [365] 

and systemic sclerosis [366].  

 

There was significantly increased time to maximum light for whole blood 

samples in the PD group when compared with both the control and RA 

groups. A delay in the time to peak of maximum light emitted could result 

from either increased antioxidant capacity of the blood of PD patients 

and/or more ROS intermediates generated by antioxidant reactions with 

ROS from the reaction of peroxynitrite with Pholasin. This delayed time to 

maximum light peak for PD patients was also demonstrated in erythrocyte 

samples of PD patients. Results of both samples types suggest either 

increased antioxidant capacity or higher levels of ROS in whole blood and 

erythrocytes of PD patients. The significant decrease in maximum light 

emitted for plasma samples in the PD group when compared with the 

control group is evidence to support increased antioxidant capacity in PD 

patients.  

 

Disease stage might have an impact on antioxidant capacity and oxidative 

stress in PD patients; and might also explain some of the conflicting 

literature on erythrocyte oxidative stress in PD. The findings of this study are 

that antioxidant capacity as tested with chemiluminescence methods is 

significantly different on some measures by stage of Parkinson’s disease. In 

whole blood, maximum light emitted by Pholasin was significantly lower in 

later stage PD when compared with the RA group. This suggests either less 

ROS activity or more antioxidant capacity in later stage PD when considered 
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against the inflammation and oxidative stress linked RA disease group. Time 

to maximum light emitted for whole blood was significantly higher in both 

early stage PD and later stage PD when compared with the control group. 

Time to maximum light emitted for whole blood was significantly higher in 

later stage PD when compared with early stage PD; and when compared 

with the RA group. The delay to maximum peak of light emitted, coupled 

with the significantly lower light emitted in later stage PD suggests increased 

antioxidant activity and reduced oxidative stress in later stage PD. This is less 

evident in early stage PD, with only time to maximum light emitted 

significantly different, but not maximum light emitted. For early stage PD, it 

is therefore possible that more ROS are present and this delays the peak to 

maximum light emitted. For later stage PD, further evidence for increased 

antioxidant capacity is the significant decrease in maximum light emitted in 

the plasma when compared with the control group. The mechanism here 

may be either less ROS in the plasma of PD patients and/or more antioxidant 

capacity to neutralise the ROS generated by the reaction of peroxynitrite 

with Pholasin. Interactions between antioxidants in plasma, in erythrocytes 

and with polyphenols may also contribute to this increased antioxidant 

capacity.  The mechanism of increased antioxidant capacity in later stage PD 

requires further investigation. However, it is known that diet can alter 

antioxidant capacity [376, 377], oxygen species can alter antioxidant gene 

expression [378], and exercise can increase erythrocyte antioxidant enzyme 

activity levels [336].  

 

For erythrocyte samples, we found a significant increase in the time to 

maximum light emitted in the later stage PD group when compared with all 

three other groups. The delay in time to peak of maximum light can be partly 

attributed to the action of antioxidants and thus suggests increased 

antioxidant capacity in later stage PD. This relationship is less evident in early 

stage PD, with only time to maximum light emitted significantly different 

from the control group. There were no differences between maximum light 

emitted; in contrast to the result of the whole blood samples. The synergism 



 

148 
 

between erythrocytes, plasma and polyphenols in whole blood may partly 

explain this result of significantly lower maximum light emitted in whole 

blood but not erythrocyte samples of later stage PD.  

 

To our knowledge no reports exist on oxidative stress in the whole blood of 

PD patients and studies with erythrocytes and plasma assayed separately 

provide limited information on the true redox status of PD patients [149]. 

Our result of increased antioxidant capacity and reduced oxidative stress in 

later stage PD is in agreement with a report of increased antioxidant 

enzymes in later stage PD, especially superoxide dismutase [135]. However, 

other authors report decreased antioxidant enzyme activity in later stage 

disease [97]. Complex and conflicting results of individual antioxidants may 

be better replaced with assaying antioxidant capacity in whole blood [26, 

27].  

 

The study groups are not heterogeneous populations and this partly 

accounts for the large standard deviation. MANOVA adjusts for differences 

in baseline characteristics that affect oxidative stress e.g. age [379] and 

gender [30] resulting in less variance. Group and disease stage had large 

effect sizes [319] of 0.139 and 0.131 respectively, and thus explain 13.9% 

and 13.1% of  the variance. Age, pre-diabetes and gender had significant 

effects in this study and warrant further investigation. Medications such as 

anti-inflammatories might also influence results in the RA group in 

particular, so the result of increased maximum light emitted in RA is an 

important finding. Early and later stage PD patients had similar medication 

regimes so any redox impact of PD drugs is unlikely to have affected one 

group only, but this does warrant further investigation.  

 

Comparing whole blood and erythrocyte quenching reveals lower peak light 

emitted in whole blood, but erythrocytes take longer to produce a decrease 

in luminescence. Whole blood only begins to decrease luminescence at 
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about two minutes – a delay attributed to the time taken for the ROS to 

diffuse through viscous whole blood and then cross the erythrocyte 

membrane [27]. Whole blood samples for all groups/disease stage had the 

lowest average maximum light emitted, and the difference between this 

value and that for erythrocytes represents the synergistic interaction of 

plasma and erythrocyte antioxidants along with polyphenols. Using 

fluorescence confocal microscopy, Koren at al [27] demonstrated the 

erythrocytes bind polyphenols to their membranes.  Erythrocyte polyphenol 

complexes act in tandem with plasma based antioxidants, and the result of 

this is enhanced antioxidant capacity [26, 27]. An additional synergism is the 

involvement of erythrocytes in recycling plasma Vitamin E [143] and Vitamin 

C [144, 147, 169, 174]. Our finding is in agreement with other studies 

advocating chemiluminescence methods to determine the true antioxidant 

capacity of blood [26, 27]. 

 

Plasma samples were less dilute than for whole blood and erythrocytes, yet 

produced much higher maximum light emitted levels when considered by 

group or disease stage, with only one significant difference found. This 

suggests cellular based antioxidants may be more important in quenching 

ROS activity in this method; and that significant differences between groups 

or disease stage may reflect alterations in cellular antioxidant capacity. 

Further evidence for this is the finding of no significant differences between 

groups or disease stage for plasma VEA and for time to maximum light 

emitted for plasma.  

 

5.6. Conclusion 
 

 

Whole blood samples for all groups/disease stage had delayed time to 

maximum of peak light emitted when compared with erythrocyte samples; 

but plasma samples had even longer delays to time of peak of maximum light 

emitted. Since a delay in time to peak of maximum light emitted can result 
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from more antioxidant capacity in the sample, then these results suggest 

whole blood has more antioxidant capacity than erythrocyte samples alone. 

The delay for plasma might relate to ROS activity producing chain reactions 

in membrane lipids [39], or to the type of antioxidants present in plasma but 

requires further investigation.  

 

When the significant differences by group are considered together they 

confirm oxidative stress in RA patients, and suggest increased antioxidant 

capacity in PD to deal with increased ROS. When the significant differences 

by disease stage are considered together they suggest increased antioxidant 

capacity and reduced oxidative stress in later stage PD patients. For early 

stage PD, further investigation is needed into whether it is antioxidant 

capacity or ROS levels that is increased. Separating PD patients into early and 

later stage disease groups may contribute important information about 

oxidative stress and disease progression, along with possible redox 

adaptions that may occur in PD. Testing antioxidant capacity in whole blood, 

rather than plasma and erythrocytes separately may also clarify some of the 

conflicting reports about oxidative stress in RA and PD.  
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CHAPTER SIX  
 

Discussion and Conclusions 
 

6.1. Summary of the Thesis  
 

The following section includes a statement of the main objectives of the 

thesis, followed by the rationale, aims and major findings. Although a 

discussion of the findings of each study has been included in Chapters three, 

four and five, the overall findings will be interpreted and discussed here. 

 

6.1.1. Summary of the Major Findings  
 

The main initial objective of this thesis was to investigate erythrocyte 

antioxidant enzyme activity in Parkinson’s disease (PD) and rheumatoid 

arthritis (RA), both overall and by disease stage or duration. Furthermore, to 

associate any changes in redox enzyme activity with altered erythrocyte 

morphology [24, 125] and negative impacts on haemorheology [24, 25]. A 

subsequent objective was to test antioxidant capacity in whole blood 

samples, in order to capture the important interactions between all 

antioxidants within blood [26, 27]. PD patients were compared against both 

healthy controls and against RA patients where inflammation is established 

in the disease pathophysiology [13, 17, 119]. 

 

The first part of study one, presented in chapter three, established that 

erythrocyte morphology correlated with several erythrocyte antioxidant 

enzyme activity levels, for example biconcave cells positively correlated with 

erythrocyte glutathione reductase (GRd) and plasma glutathione peroxidase 

(GPx). Both PD and RA patients have increased percentages of the 

stomatocyte morphology. GRd showed significantly decreased activity in 
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both PD and RA, and PD patients had elevated plasma superoxide dismutase 

(SOD) activity.  As expected, RA patients had higher inflammation [13, 17, 

119] compared with controls, but the overall RA disease activity determined 

from median high-sensitivity C–reactive protein (hsCRP) concentrations 

[242] was quite low. PD patients did not display increased peripheral 

inflammation compared with controls, but when analysed by PD stage there 

were differences. Early PD stage patients had lower inflammation compared 

with RA patients, but later stage PD patients were not significantly different 

from RA patients.  The marker of variations in erythrocyte size [380], red cell 

distribution width (RCDW) was increased in RA patients compared with both 

controls and PD patients.  

 

The second part of study one, presented in chapter four, showed unchanged 

whole blood viscosity (WBV) in both PD and RA when compared with 

controls. Erythrocyte aggregation was elevated in RA and positively 

correlated with inflammation. PD patients had increased erythrocyte 

deformability compared with RA patients, which correlated positively with 

antioxidant activity.  Despite increased percentages of the less deformable 

stomatocytes in both PD and RA, WBV was unchanged compared with 

controls. The likely explanation for this would relate to other determinants 

of WBV; namely plasma viscosity [353].  

 

The results of study one showed that erythrocyte GRd had significantly 

altered activity in PD and RA, as did plasma SOD in PD. These changes were 

associated with altered erythrocyte morphology and resultant changes to 

particular WBV determinants in RA and PD. However, analysing results by 

disease stage or duration did not clarify the conflicting reports in the 

literature about erythrocyte antioxidant function in PD and RA. Hence, study 

two aimed to extend the findings of study one by using a new methodology 

that permitted whole blood samples to be assayed. This chemiluminescence 

technique provides new information about the total antioxidant capacity of 
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blood; as plasma and erythrocyte-based antioxidants interact and augment 

each other, with additional synergism between polyphenols, lymphocytes 

and erythrocytes [26-28, 142]. Although the method itself is not new, it has 

only been used in relatively few inflammatory disease conditions [364-366], 

and not at all in PD or RA to our knowledge.  

 

In study two, we demonstrated whole blood has higher antioxidant capacity 

than either plasma or erythrocytes assayed separately, using the technique 

of chemiluminescence. This is evidence to support the synergism between 

erythrocytes, plasma, platelets, lymphocytes and polyphenols that other 

studies have investigated [26-28, 142]. RA patients displayed increased 

oxidative stress in whole blood samples by the increased light emitted in the 

chemiluminescence assay. For PD patients, results suggested increased 

antioxidant capacity. This conclusion is drawn by the increased time to 

maximum light emitted in both whole blood and erythrocyte samples; 

coupled with decreased light emitted in plasma. In later stage PD, oxidative 

stress in whole blood was reduced compared with RA, and antioxidant 

activity was increased for both erythrocytes and whole blood compared with 

controls. Early stage PD patients showed evidence of increased antioxidant 

scavenging of ROS but not of reduced oxidative stress in whole blood. 

Importantly, whole blood samples had reduced maximum light emitted in 

later stage PD, but not in erythrocytes, again evidence for the synergism 

between erythrocytes, plasma, lymphocytes and polyphenols in whole 

blood [26-28, 142]. 

 

6.1.2. Discussion of the Major Findings  
 

OS and inflammation are fundamental to RA pathology [16, 23, 24, 109, 114], 

and therefore this group was included in the research to compare with PD 

patients. This thesis confirms increased inflammation in RA that correlates 

with increased erythrocyte aggregation. These results are expected from the 
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existing literature [140, 141, 253] , but what is new is the significant increase 

in stomatocyte morphology in RA. Stomatocytes are less deformable [217], 

and increase as the RA disease progresses. We can hypothesise that reactive 

oxygen species (ROS) overwhelm the erythrocyte antioxidant capacity as 

disease duration increases; and might reflect consumption of antioxidants 

other than enzymes [112, 381].  In support of erythrocyte antioxidant 

capacity becoming overwhelmed, erythrocyte GRd activity was decreased in 

RA.  

 

For PD, peripheral oxidative stress is well documented but inflammatory 

biomarkers have a lack of consensus across the literature [4, 85, 88-90, 266]. 

By comparison against the inflammatory group RA, PD later stage disease 

was not significantly different however PD early stage was different to RA 

using the marker hsCRP. We interpret that inflammation increases with 

disease progression, but with consideration that age is also increasing.  To 

our knowledge, this is the first finding of increased stomatocytes in PD. 

Elevated percentages of stomatocytes did not increase with disease 

progression, suggesting this is a consistent feature of PD. As for RA, 

erythrocyte GRd activity was reduced in PD, but plasma SOD activity 

increased. The latter result is further support for increased inflammation in 

PD, as SOD activity is regulated not by substrate concentrations but instead 

by levels of cytokines [336]. 

 

Inflammation and oxidative stress can alter erythrocyte morphology, 

consequently haemorheology will be impacted. As expected, erythrocyte 

aggregation was increased in RA compared with controls. For PD, 

erythrocyte deformability was increased compared against RA, and later 

stage PD had increased deformability compared against both the control and 

RA groups. PD had increased plasma SOD activity compared with controls, 

unlike the RA group, so we can speculate this difference contributes to the 
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increased erythrocyte deformability seen in PD, and more specifically in later 

stage PD.  

 

For study one, abnormal erythrocyte morphology correlated with 

antioxidant enzyme activity but not inflammation. We did not measure 

erythrocyte oxidative stress except for the biomarker methaemoglobin, 

which was unchanged in both RA and PD. However, there is general 

consensus that erythrocyte oxidative stress is increased in both RA [14, 15, 

18-20] and PD [100, 135, 277], so we can hypothesise that erythrocyte 

oxidative stress could be a mechanism for stomatocyte formation, in 

agreement with other studies [226, 227]. This is highly speculative and 

further work to elucidate the mechanism/s of stomatocyte formation needs 

to be conducted. In agreement with the haemorheology literature, WBV was 

negatively correlated with abnormal erythrocyte morphology [10]. 

Glutathione (GSH) levels and plasma GRd positively correlated with 

erythrocyte deformability; whereas hsCRP negatively correlated with 

erythrocyte deformability. Erythrocyte aggregation positively correlated 

with inflammation, and negatively correlated with abnormal erythrocyte 

morphologies. These correlations are not surprising, given altered 

erythrocyte morphology impacts upon erythrocyte deformability [128, 195], 

and that antioxidants such as GSH protect against oxidative stress [30] and 

thus prevent or reduce oxidative damage that might otherwise produce 

morphological alterations [10, 223, 224, 226, 227].  

 

 

Whilst PD medications impact on leucocytes redox balance [275, 300], 

erythrocyte redox status is unaffected [103, 135, 298, 299].  Hence, we 

analysed study one data by RA disease duration and PD disease stage. As 

described above, erythrocyte morphology was different by disease duration 

in RA, and inflammation along was different by PD disease stage so for these 

outcome measures this approach was useful. This approach did not clarify 
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contradictions in the literature about antioxidant enzyme activity in RA, and 

only provided new information for increased plasma SOD activity specific to 

later stage PD. 

  

We interpreted the lack of consensus in the literature, along with our results 

in study one as suggesting that antioxidant depletion is the not the same as 

oxidative stress, since non-enzymatic antioxidants might be consumed as 

they neutralise ROS [30], or antioxidant enzyme activity might be up or down 

regulated in response to oxidative stress [226, 333]. Adding to this 

knowledge of the important interactions between antioxidants in plasma, 

erythrocytes, lymphocytes and polyphenols [26-28, 142], we determined 

that a new approach that measures ROS scavenging capacity of whole blood 

could be a better indication of redox status in disease than testing individual 

OS biomarkers or antioxidant activity levels in isolation [149]. Study two 

utilised Pholasin, which emits light in the presence of superoxide and the 

hydroxyl radical [358]. The key antioxidants relevant are therefore SOD 

[374], ascorbic acid [372, 373] and GSH [373] and as such, this method 

assesses a reasonably broad range antioxidants, which is favourable for 

application of the findings.  

 

For study two, we demonstrated whole blood has higher antioxidant 

capacity than either plasma or erythrocytes assayed separately, further 

evidence for the important synergism that occurs between antioxidants in 

whole blood. This study demonstrated significantly increased maximum light 

emitted in RA whole blood samples compared with controls, which is an 

indication of increased oxidative stress. The mechanism of this could be 

either more ROS or less antioxidant capacity present in the blood.  

 

For PD patients, time to maximum light emitted in both whole blood and 

erythrocytes was increased; we interpreted this as an increased antioxidant 

capacity. It is also possible this result reflects increased ROS production 
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during the assay, but this is less likely given the decreased light peak in PD 

plasma. Later stage PD had higher antioxidant activity and reduced oxidative 

stress in both erythrocytes and whole blood samples, but this was less 

evident for early stage PD which only showed evidence of increased 

antioxidant scavenging of ROS. The mechanisms involved in this augmented 

antioxidant activity and reduced oxidative stress as PD progresses are 

worthy of further research.  

 

In summary, PD erythrocyte morphology is altered in a manner consistent 

with oxidative stress, and inflammation and particular erythrocyte 

antioxidant activity does change when analysis by PD disease stage. For both 

RA and PD, stomatocyte morphology may be a useful disease biomarker. For 

RA, RCDW might be useful to include when predicting cardiovascular disease 

risk [380]. Somewhat surprisingly, erythrocyte deformability is increased in 

PD, but this is consistent with the results of study two. This second study 

provides a substantial contribution to knowledge about redox balance in PD, 

as it assays the total oxidant scavenging capacity of blood; which is the sum 

of plasma and erythrocyte antioxidants, platelets and lymphocytes, and the 

polyphenols that bind to cells and platelets [26-28, 142].  This second study 

demonstrates increased antioxidant capacity in the blood of PD patients. 

Furthermore, later stage PD patients have increased antioxidant activity 

and/or reduced ROS. For both studies, correlation of variables suggested 

altered erythrocyte morphology is associated with antioxidant capacity and 

haemorheology. These correlations have been cautiously interpreted, as 

correlation does not imply causation, thus further work on the mechanisms 

involved is important.  

 

Given these differences, and considering that PD medications can generate 

ROS during drug metabolism, antioxidant supplementation should be 

considered for early stage PD patients. This may contribute to better disease 

management and potentially slow the progression of this debilitating 
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disease. If antioxidant supplements are given, it is imperative that any 

testing of antioxidant efficacy be conducted in whole blood rather than in 

plasma or erythrocytes alone.  

 

6.2. Study Limitations  
 

Some limitations may impact application of the thesis findings and are 

listed below: 

1. Catalase activity was part of study one, but the assays did not yield 

reliable results.   

2. The control group was age matched to the PD and RA groups, but in 

doing so this included control participants with health concerns 

(apart from specific exclusion criteria such as diabetes) taking 

medications, both prescribed and over the counter. While records of 

this were taken, no analysis of possible impact of these medications 

on control group results was undertaken.  

3. For study one, the planned statistical analysis of the data could not 

be conducted due to greater than 10% missing data for some 

variables. Multivariate one-way analysis of variance (MANOVA) was 

planned to analyse the data as this analysis adjusts for differences in 

baseline characteristics such as age and co-morbidities. This 

limitation was addressed in study two.  

4. Erythrocyte morphology was not tested again in study two, so it was 

not possible to directly associate altered morphology with whole 

blood, erythrocyte or plasma total antioxidant status.  

5. RA disease duration was not included in the analysis of second study 

data. This limitation was addressed in the analysis of study one 

(conducted after study two analysis and publication).  

6. Plasma viscosity was not assayed in these studies, although it is one 

important factor in the overall viscosity of blood.  

7.  Gender ratio was different between groups, most notably for the RA 

group but this reflects the higher RA incidence for women. The 
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inability to conduct MANOVA meant gender influence on the results 

was not controlled for; hence results have been interpreted with 

caution.  

 

6.3. Future Research Directions  
 

The research findings described in this thesis have prompted further 

research directions, some of these are detailed below. 

 

Study one could be extended by repeating the PD and control group part of 

the study. Assays of antioxidant enzyme co-factors, and direct measurement 

of erythrocyte oxidative stress biomarkers, along with protein oxidation 

biomarkers would add to this research. Investigations into the mechanism/s 

of erythrocyte morphological changes should also be undertaken. A key 

question to investigate is are ROS consuming antioxidants (other than 

enzymatic antioxidants) or is the activity of antioxidants upregulated. 

Analysing this data with MANOVA to account for differences in participant 

baseline characteristics would reduce variability in the data within groups.  

 

An important future research direction would be to conduct a meta-analysis. 

A systematic review of the extensive literature about erythrocyte 

antioxidant activity levels in RA or PD, combined with a meta-analysis of 

relevant results would make a substantial contribution to knowledge in both 

fields, and may resolve the lack of consensus about erythrocyte antioxidant 

activity in both RA and PD.  

 

Additionally, the use of chemiluminescence methods in whole blood 

samples could be repeated with follow-up studies of PD patients, to obtain 

information about the changing redox status as PD progresses from early 

stage to later stage.  Such research should include scanning electron 
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microscopy studies of erythrocyte morphology to directly associate redox 

status and morphological changes to erythrocytes, and measurement of 

erythrocyte oxidative stress biomarkers to identify possible mechanisms 

involved. Although the method used in study two was relevant to several 

antioxidants, other chemiluminescent agents such as luminol [382, 383] 

could be used to extend the range of antioxidants involved in neutralising 

the particular ROS generated.  
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APPENDIX FOUR 
 

Study One 
 

The required sample size was estimated by using data (mean, standard 

deviation) from comparable studies. For example, a prior study measuring 

WBV in RA patients [249] reported a mean of 5.75 ± 1.08 (mPa.s). The effect 

size (absolute difference between the control and RA groups) calculated 

from the above mean ± standard deviation was 1.88. This calculation was 

based on a student t-test analysis and was obtained at 

http://www.danielsoper.com/statcalc3/calc.aspx?id=48.  An estimated 

sample size of 12 participants overall was calculated at http://www.sample-

size.net/sample-size-means/. GSH effect size from a study reporting an RA 

mean of 75.23 ± 7.92 (mg/100mL) [22] gave an effect size of 2.075, and an 

estimated sample size of 180 participants overall (calculated as above). A 

study measuring SOD levels [96] had an effect size of 5.087, and an 

estimated sample size of 16 participants overall (calculated as above).  

 Given the range of calculated sample sizes, it was decided to look at similar 

studies in the literature. Generally, these were found to have sample sizes 

of about 100-120 in total. In all, 38 participants with PD, 28 participants with 

RA and 32 control group participants were admitted into the first study. One 

participant was later excluded from data analyses due to a dual diagnosis of 

RA and PD.  

  

http://www.danielsoper.com/statcalc3/calc.aspx?id=48
http://www.sample-size.net/sample-size-means/
http://www.sample-size.net/sample-size-means/
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Study Two  
 

The required sample size was estimated by using data (mean, standard 

deviation) from comparable studies. For example, a prior study measuring 

chemiluminescence in whole blood reported a resting result of 0.69 ± 0.22 

for controls and 0.88 ± 0.27 for patients with systemic sclerosis (arbitrary 

units per second per 104 phagocytes) [366]. The effect size calculated as 

above was 0.772 and the estimated sample size was 6 participants overall. 

The second study had 62 participants; of which 21 participants had PD, 19 

participants had RA and 22 participants were in the control group.  
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APPENDIX FIVE 
 

The publication below arose as part of the PhD studies: 

 

Gyawali P., Richards R., Hughes D. and Tinley P. (2014) Erythrocyte 

aggregation and metabolic syndrome. Clinical Haemorheology and 

Microcirculation Vol 57 Pages 73-83.  

Journal impact factor: 1.679 (2017), journal website (accessed 10/02/2018). 

Student’s declaration: 

I hereby declare that the nature and extent of contributions to the above 

publication is as follows: 

Name Nature of contribution  Extent of 

contribution  

Prajwal 

Gyawali 

Publication concept and design, literature 

searches, writing and revision of 

manuscript 

 

65% 

Ross Richards Publication concept and design, revision 

of manuscript 

 

15% 

Diane Hughes Publication concept and design, revision 

of manuscript 

 

10% 

Paul Tinley Publication concept and design, revision 

of manuscript 

10% 

 

Supervisor’s declaration: 

I hereby certify that the above declaration correctly reflects the nature 
and extent of contributions made by the student and all listed co-authors 
toward the above publication. Other co-authors have approved the 
inclusion of this publication in the thesis as Appendix 5.  

 

Dr Ross Richards             

Date:  
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APPENDIX SIX  
 

Coefficient of Variation Experiments  
 

Where possible, ten replicates were made on a sample to determine the 

coefficient of variation.  This was calculated by dividing the standard 

deviation of the ten replicates by the mean of the ten replicates, and then 

multiplying by one hundred. The table below gives the results of this as 

coefficient of variation in percentage terms. 

Variable Average Standard 

Deviation 

Coefficient of 

Variation 

Glutathione 57.27 11.4 19.9% 

Methaemoglobin 0.27 0.1 35% 

Elongation index at 3 Pa 0.33 0.002 0.7% 

Elongation index 

maximum 

0.59 0.003 0.59% 

Shear stress for half 

maximum elongation  

2.2 0.05 2.4% 

Critical time 9.2 0.5 5.2% 

Critical stress 279 18 6.5% 

Viscosity at 6 rpm 5.2 0.7 14.2% 

Viscosity at 27 rpm 4.0 0.5 11.9% 
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APPENDIX SEVEN 
 

Chapter 3 Results by RA Disease Duration and PD Stage 
 

Table 7.1 Oxidative stress, inflammation and erythrocyte morphology by 
rheumatoid arthritis (RA) disease duration. RA shorter is rheumatoid 
arthritis shorter duration, RA longer is rheumatoid arthritis longer duration, 
and PD is Parkinson’s disease (PD). † Data is the mean ± SD, analysis by one-
way ANOVA. High sensitivity CRP is abbreviated to hsCRP, reduced 
glutathione to GSH, methaemoglobin to Methaem, and red cell distribution 
width to red cell dist width. Commercial kit biomarker abbreviations are: 
RBC – erythrocyte, GPx - glutathione peroxidase, GRd – glutathione 
reductase, SOD – superoxide dismutase, and TAOC – total antioxidant 
capacity. a – significantly different from control, p<0.05, b – RA shorter 
duration significantly different from PD, c - RA longer duration significantly 
different from PD. 

 

Variable RA Shorter  RA Longer  Control PD 
Biconcave  80.8 ± 5.5 77.9 ± 3.8 a 83.4 ± 5.4 78.5 ± 6.2 a 
Stomatocyte  13.3 ± 5.3 15.9 ± 3.3 a 10.9 ± 3.4  14.7 ± 4.6 a 
Leptocyte 5.2 ± 6.1 3.9 ± 1.7 3.2 ± 1.7  3.7 ± 1.6 
Acanthocyte 2.1 ± 2.5 1.5 ± 1.6 1.9 ± 1.9 2.1 ± 3.4 
Echinocyte 0.3 ± 0.8 0.4 ± 0.8 0.7 ± 1.6 0.4 ± 0.8 
Knizocyte 3.8 ± 2.2 4.4 ± 1.9 4.6 ± 3.1 4.3 ± 2.2 
hsCRP mg/L 3.77 ± 7.74 7.98 ± 8.82 a, c 1.27 ± 1.85 1.66 ± 2.78  
D-dimer 
µg/mL 

0.55 ± 0.39 0.60 ± 0.29 0.72 ± 0.69 0.76 ± 0.59 

GSH 
mg/100mL 
RBC 

59.23 ± 
11.64 

67.79 ± 13.58 65.1 ± 14.0 67.0 ± 13.7 

Methaem % 0.36 ± 0.15 0.57 ± 0.26 0.47 ± 0.30 0.50 ± 0.36 
GPx Plasma 
nmol/min/mL 

3.93 ± 2.44 3.53 ± 2.17 4.36 ± 2.63 3.27 ± 2.68 

GPx RBC 
nmol/min/mL 

386 ± 337 287 ± 289 293 ± 314 268 ± 215  

GRd RBC 
nmol/min/mL 

154 ± 151 206 ± 130 281 ± 147 201 ± 154 
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Table 7.1 (continued)  Oxidative stress, inflammation and 
erythrocyte morphology by rheumatoid arthritis (RA) disease duration. RA 
shorter is rheumatoid arthritis shorter duration, RA longer is rheumatoid 
arthritis longer duration, and PD is Parkinson’s disease (PD). † Data is the 
mean ± SD, analysis by one-way ANOVA. High sensitivity CRP is abbreviated 
to hsCRP, reduced glutathione to GSH, methaemoglobin to Methaem, and 
red cell distribution width to red cell dist width. Commercial kit biomarker 
abbreviations are: RBC – erythrocyte, GPx - glutathione peroxidase, GRd – 
glutathione reductase, SOD – superoxide dismutase, and TAOC – total 
antioxidant capacity. a – significantly different from control, p<0.05, b – RA 
shorter duration significantly different from PD, c - RA longer duration 
significantly different from PD. 

 

 

Variable RA Shorter  RA Longer  Control PD 
SOD Plasma 
units/mL 

10.2 ± 3.6 9.6 ± 3.0 9.5 ± 3.3 12.1 ± 6.6 

SOD RBC 
units/mL 

1771 ± 791 1783 ± 630 1554 ± 733 1854 ± 803 

TAOC Plasma 
 mM 

3.85 ± 3.38 1.62 ± 0.82 2.26 ± 1.72 2.15 ± 1.15 

TAOC RBC mM 89.5 ± 34.8  87.3 ± 19.0 97.1 ± 30.0 96.5 ± 31.5 
Creatinine  
mg/dL 

108 ± 71 115 ± 82 132 ± 100 128 ± 82 

Isoprostane  
ng/mmol  

53.8 ± 40.5 54.8 ± 39.5 74.6 ± 58.2  62.0 ± 51.7  

Blood Glucose 
mmol/L 

5.0 ± 0.6 5.1 ± 0.8 5.0 ± 0.5 5.3 ± 0.7 

Red Cell Dist 
Width % 

14.4 ± 1.3 a, 

b 
14.3 ± 0.9 a, c 13.4 ± 0.8 13.4 ± 0.9  
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Table 7.2 Oxidative stress, inflammation and erythrocyte morphology by 
Parkinson’s disease (PD) disease stage. PD early stage is Parkinson’s disease 
early stage, PD later stage is Parkinson’s disease later stage, and RA is 
rheumatoid arthritis. † Data is the mean ± SD, analysis by one-way ANOVA. 
High sensitivity CRP is abbreviated to hsCRP, reduced glutathione to GSH, 
methaemoglobin to Methaem, and red cell distribution width to red cell dist 
width. Commercial kit biomarker abbreviations are: RBC – erythrocyte, GPx 
- glutathione peroxidase, GRd – glutathione reductase, SOD – superoxide 
dismutase, and TAOC – total antioxidant capacity. a – significantly different 
from control, p<0.05, b –significantly different from RA. 

 

Variable Control PD Early 
Stage 

PD Later 
Stage 

RA 

Biconcave  83.4 ± 5.4 78.1 ± 7.2 a 78.8 ± 5.5 a 78.1 ± 6.0 a 
Stomatocyte  10.9 ± 3.4  13.3 ± 5.3 a 15.9 ± 3.3 a 15.6 ± 5.3 a 
Leptocyte 3.2 ± 1.7  5.2 ± 6.1 3.9 ± 1.7 4.4 ± 4.1 
Acanthocyte 1.9 ± 1.9 2.2 ± 3.2 1.9 ± 3.5 1.8 ± 2.0 
Echinocyte 0.7 ± 1.6 0.6 ± 0.9 0.3 ± 0.6 0.3 ± 0.7 
Knizocyte 4.6 ± 3.1 4.7 ± 2.5  4.0 ± 2.0 4.3 ± 2.0 
hsCRP mg/L 1.27 ± 

1.85 
0.77 ± 1.20 b 2.24 ± 3.42 5.44 ± 8.09 a 

D-dimer 
µg/mL 

0.72 ± 
0.69 

0.59 ± 0.22 0.89 ± 0.75 0.58 ± 0.32 

GSH 
mg/100mL 
RBC 

65.1 ± 
14.0 

63.6 ± 12.0 69.4 ± 14.5 61.9 ± 12.8 

Methaem % 0.47 ± 
0.30 

0.48 ± 0.22 0.51 ± 0.44 0.46 ± 0.23 

GPx Plasma 
nmol/min/mL 

4.36 ± 
2.63 

2.94 ± 3.01 3.57 ± 2.35 4.50 ± 3.16  

GPx RBC 
nmol/min/mL 

293 ± 314 330 ± 225 225 ± 203 357 ± 281 

GRd Plasma 
nmol/min/mL 

4.57 ± 
3.84 

 4.47 ± 5.30 5.53 ± 5.17 4.40 ± 5.37 

GRd RBC 
nmol/min/mL 

281 ± 147 215 ± 171 193 ± 146 184 ± 137 a 

SOD Plasma  
units/mL 

9.5 ± 3.3 11.1 ± 5.6 12.9 ± 7.2 a 11.4 ± 6.9 

SOD RBC 
units/mL 

1554 ± 
733 

1824 ± 888 1877 ± 743 1718 ± 741 

TAOC Plasma 
 mM 

2.26 ± 
1.72 

2.24 ± 1.38 2.07 ± 0.94 2.39 ± 1.89 
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Table 7.2 (continued)  Oxidative stress, inflammation and 
erythrocyte morphology by Parkinson’s disease (PD) disease stage. PD early 
stage is Parkinson’s disease early stage, PD later stage is Parkinson’s disease 
later stage, and RA is rheumatoid arthritis. † Data is the mean ± SD, analysis 
by one-way ANOVA. High sensitivity CRP is abbreviated to hsCRP, reduced 
glutathione to GSH, methaemoglobin to Methaem, and red cell distribution 
width to red cell dist width. Commercial kit biomarker abbreviations are: 
RBC – erythrocyte, GPx - glutathione peroxidase, GRd – glutathione 
reductase, SOD – superoxide dismutase, and TAOC – total antioxidant 
capacity. a – significantly different from control, p<0.05, b –significantly 
different from RA. 

 

 

Variable Control PD Early 
Stage 

PD Later 
Stage 

RA 

TAOC RBC mM 97.1 ± 
30.0 

91.1 ± 38.0 100.3 ± 25.8 88.8 ± 29.0 

Creatinine  
mg/dL 

132 ± 100 147 ± 87 112 ± 76 111 ± 77 

Isoprostane  
ng/mmol  

74.6 ± 
58.2  

56.0 ± 52.2 66.5 ± 51.6 98.9 ± 162.9  

Blood Glucose 
mmol/L 

5.0 ± 0.5 5.2 ± 0.4 5.4 ± 0.8 5.0 ± 0.6 

Red Cell 
Distrib Width 
% 

13.4 ± 0.8 13.4 ± 0.9 b 13.4 ± 0.9 b 14.3 ± 1.0 a 
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APPENDIX EIGHT 
 

Chapter 4 Results by RA Disease Duration and PD Stage 
 

Table 8.1 

Haemorheology results by rheumatoid arthritis (RA) disease duration. RA 
shorter is rheumatoid arthritis shorter duration, RA longer is rheumatoid 
arthritis longer duration, and PD is Parkinson’s disease (PD).  Data is the 
mean ± SD. Maximum elongation index at infinite shear stress is abbreviated 
to EImax, and shear stress to produce half of the maximum deformation to 
SS1/2.  
a – significantly different from control, p<0.05, b – PD significantly different 
from RA, p<0.05.  

Variable RA Shorter  RA Longer  Control Parkinson’s 
Disease 

EImax 0.580 ± 
0.014 

0.577 ± 
0.013 

0.578 ± 
0.013 

0.580 ± 
0.014 

EI at 3 Pa 0.322 ± 
0.025 

0.335 ± 
0.577 

0.331 ± 
0.017 

0.337 ± 
0.018  

SS1/2 2.46 ± 0.54 2.20 ± 0.20 2.261 ± 
0.304 

2.202 ± 
0.247 

Critical Time 
(s) 

7.2 ± 1.3 6.6 ± 1.2 7.4 ± 1.3 7.1 ± 0.8 

Critical Stress 
mPa 

283.2 ± 56.7  325.2 ± 93.7  279.7 ± 72.9 285.7 ± 
68.6 

Viscosity low 
speed (mPa.s) 

4.47 ± 0.48 4.58 ± 0.51 4.58 ± 0.49 4.47 ± 0.61 

Viscosity high 
speed (mPa.s) 

4.03 ± 0.28 3.93 ± 0.30 3.92 ± 0.49 3.92 ± 0.49 

Red Cell 
Distribution 
Width (%) 

14.42 ± 1.30 
a 

14.31 ± 0.90 
a 

13.36 ± 0.76 13.43 ± 
0.90 b 
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Table 8.2 

Haemorheology results by Parkinson’s disease (PD) disease stage. PD early 
stage is Parkinson’s disease early stage, PD later stage is Parkinson’s disease 
later stage, and RA is rheumatoid arthritis 

a – significantly different from control, p<0.05, b –significantly different from 
RA 

Variable Control PD Early 
Stage 

PD Later 
Stage 

RA 

EImax 0.578 ± 
0.013 

0.576 ± 
0.014 

0.584 ± 0.129 0.579 ± 
0.013 

EI at 3 Pa 0.331 ± 
0.017 

0.332 ± 
0.018 

0.341 ± 0.017 
a, b 

0.332 ± 
0.018 

SS1/2 2.261 ± 
0.304 

2.25 ± 0.28 2.16 ± 0.21 2.318 ± 
0.351 

Critical Time 
(s) 

7.4 ± 1.3 7.17 ± 0.64 7.10 ± 0.98 6.9 ± 1.2  

Critical Stress 
mPa 

279.7 ± 72.9 289.66 ± 
64.9  

282.71 ± 71.9  306.4 ± 
75.8 

Viscosity low 
speed (mPa.s) 

4.58 ± 0.49 4.46 ± 0.64 4.48 ± 0.60 4.50 ± 0.50 

Viscosity high 
speed (mPa.s) 

3.93 ± 0.27 3.90 ± 0.60 3.94 ± 0.40 3.94 ± 0.33 

Red Cell 
Distribution 
Width (%) 

13.36 ± 0.76 13.42 ± 0.94 
b 

13.43 ± 0.89 14.32 ± 
1.02 

a 
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APPENDIX NINE 
Chapter 5 Full Statistical Analysis Results 
 

Table 9.1  Results and statistical analysis by group. Results are means ± SD. Age is in years; maximum light is in relative light units, and time 
to maximum is in seconds. Samples are plasma, erythrocytes, and whole blood. All results of MANOVA analysis by group are presented (multivariate 
tests then between-subjects effects by group). * Variables analysed by ANCOVA. Erythrocyte abbreviated is to RBC, and whole blood abbreviated to 
WB.  
 

Variables Control Parkinson’s 
Disease 

Rheumatoid 
Arthritis 

F df p  Partial 
Eta2 

Age 58 ± 12 67 ± 7 64 ± 11.5 6.649 5, 87 <0.001 0.276 
Group - - - 2.803 10, 174 =0.003 0.139 
Gender - - - 5.698 5, 87 <0.001 0.247 
High Blood 
Pressure 

- - - 4.662 5, 87 <0.001 0.211 

Pre-diabetes - - - 2.048 5, 87 =0.08 0.105 
Exercise per 
day 

- - - 0.701 15,241 =0.783 0.039 

Plasma VEA  
µmol/L 

475 ± 70 489 ± 67 460 ± 75 
 

0.707 2, 91 0.496 0.015 
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Table 9.1 (continued) Results and statistical analysis by group. Results are means ± SD. Age is in years; maximum light is in relative light units, and time 
to maximum is in seconds. Samples are plasma, erythrocytes, and whole blood. All results of MANOVA analysis by group are presented (multivariate 
tests then between-subjects effects by group). * Variables analysed by ANCOVA. Erythrocyte abbreviated is to RBC, and whole blood abbreviated to 
WB.  
 

Variables Control Parkinson’s 
Disease 

Rheumatoid 
Arthritis 

F df p  Partial 
Eta2 

Maximum  
Light 
Plasma 

84111 ± 12735 71609 ± 12062 80611 ± 12160 4.717 2, 91 0.011 0.094 

Maximum  
Light RBC 

31753 ± 11075 34598 ± 10591 33220 ± 7390 0.118 2, 91 0.889 0.003 

Maximum  
Light WB 

26574 ± 3291 25208 ± 3215 29189 ± 3819 3.783 2, 91 0.026 0.077 

Time to 
Max 
Plasma  

1312 ± 105 1379 ± 128 1315 ± 111 0.257 2, 91 0.744 0.006 

* Time 
Max RBC  

517 ± 90 592 ± 143 553 ± 120 8.230 2, 88 <0.001 0.158 

* Time 
Max WB  

761 ± 127 922 ± 167 807 ± 126 17.250 
 

2, 87 <0.001 0.284 
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Table 9.2  Results and statistical analysis by disease stage. Results are means ± SD. Age is in years; maximum light is in relative light units, 
and time to maximum is in seconds. Samples are plasma, erythrocytes, and whole blood. All results of MANOVA analysis by group are presented 
(multivariate tests then between-subjects effects by disease stage). * Variables analysed by ANCOVA. Erythrocyte abbreviated is to RBC, and whole 
blood abbreviated to WB. 
 
 

Variables Control Parkinson’s 
Early Stage 

Parkinson’s 
Later Stage 

Rheumatoid 
Arthritis 

F df p  Part 
Eta2 

Age 58 ± 12 65 ± 8.5 68 ± 5 64 ± 11.5 7.038 5, 86 <0.001 0.290 
Disease 
Stage 

- - - - 2.604 15, 
238 

<0.001 0.131 

Gender - - - - 5.954 5, 86 <0.001 0.257 
High 
Blood 
Pressure 

- - - - 4.229 5, 86 =0.002 0.197 

Pre-
diabetes 

- - - - 2.266 5, 86 0.055 0.116 

Exercise 
per day 

- - - - 0.800 15, 
238 

0.678 0.044 

Plasma 
VEA  
µmol/L 

475 ± 70 472 ± 60 512 ± 70 460 ± 75 
 

2.806 3, 90 0.044 0.086 
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Table 9.2 (continued) Results and statistical analysis by disease stage. Results are means ± SD. Age is in years; maximum light is in relative light units, 
and time to maximum is in seconds. Samples are plasma, erythrocytes, and whole blood. All results of MANOVA analysis by group are presented 
(multivariate tests then between-subjects effects by disease stage). * Variables analysed by ANCOVA. Erythrocyte abbreviated is to RBC, and whole 
blood abbreviated to WB. 
 

Variables Control Parkinson’s 
Early Stage 

Parkinson’s 
Later Stage 

Rheumatoid 
Arthritis 

F df p  Part 
Eta2 

Maximum  
Light 
Plasma 

84112 ± 12735 75389 ± 13262 66494± 7152 80611 ± 12160 5.136 3, 90 0.003 0.146 

Maximum  
Light RBC 

31753 ± 11075 37526 ± 12089 30810 ± 6898 33220 ± 7390 0.815 3, 90 0.489 0.026 

Maximum  
Light WB 

26574 ± 3291 25926 ± 2567 24154 ± 3833 29189 ± 3819 3.539 3, 90 0.018 0.106 

Time to 
Max 
Plasma  

1312 ± 105 1372 ± 113 1388 ± 149 1315 ± 111 0.812 3, 90 0.491 0.026 

* Time 
Max RBC 

517 ± 90 544 ± 119 675 ± 148 553 ± 120 10.267 3, 87 
 

<0.001 0.261 

* Time 
Max WB 

761 ± 127 865 ± 133 1019 ± 185 807 ± 126 17.6066 3, 86 <0.000 0.380 
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