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ABSTRACT	

The overproduction of reactive oxygen and nitrogen species (RONS) associated 

with oxidative stress has the capacity to damage macromolecules such as DNA, 

proteins and lipids, leading to cell and tissue damage. This explains, in part, why 

RONS are associated with a range of pathological conditions (e.g. cardiovascular 

diseases, cancer, fibromyalgia) and degenerative conditions such as aging. However, it 

is now clear that RONS also play a central role in signal transduction under both 

physiological (e.g. exercise) and pathophysiological conditions (Hansen et al. 2006).  

In order to investigate the physiology and pathophysiology of RONS, a number 

of blood biomarkers of RONS rather than RONS levels themselves have been used in 

most research. Direct measures of blood RONS levels are rarely performed because of 

their high reactivity and short half-lives (Winterbourn 2008). Alternatively, since 

RONS can oxidatively modify macromolecules such as lipids and proteins (Radak et 

al. 2001), the resulting products provide indirect biomarkers of RONS.  

The RONS-mediated oxidation of cysteine 34 (Cys34) of plasma albumin is 

one such a marker of oxidative stress. Unfortunately, current techniques for the assay 

of albumin Cys34 oxidation level are tedious, costly and time consuming. For this 

reason, the main purpose of this thesis was to develop a sensitive and reliable 

technique to measure the thiol oxidation state of albumin Cys34 that is cost effective 

and has a high throughput (Chapter 2). Then, in order to evaluate the sensitivity and 

reliability of this technique at detecting changes in the thiol oxidation state of albumin 

Cys34, this thesis examines the effect of two exercise models, aerobic and resistance 

exercise, on the oxidation state of albumin Cys34 (Chapters 3 and 4).  

In this thesis, I first developed a novel and valid Malpeg labelling assay to 

reliably detect reversibly and irreversibly oxidized albumin Cys34 (Chapter 2). In 

addition, this assay includes several innovations and advantages over existing assays. 

A key finding was to trap albumin Cys34 during sample processing as it can undergo 

artefactual oxidation when untrapped. 

Next, the effects of resistance exercise and low-intensity resistance exercise 

combined with blood flow restriction on albumin Cys34 thiol oxidation was examined 

(Chapter 3). A transient early post-exercise rise in irreversibly oxidized albumin Cys34 
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levels was observed in both exercise protocols, followed by a sustained increase in 

reversibly oxidized albumin Cys34 levels.  

Finally, the pattern of response of the oxidation state of albumin Cys34 to 

aerobic exercise of different intensities (30% and 70% V̇O2 peak) was examined 

(Chapter 4). Aerobic exercise at 70% V̇O2peak, but not at 30% V̇O2peak, resulted in a 

transient early post-exercise rise in irreversibly oxidized albumin Cys34 levels 

followed by a sustained increase in reversibly oxidized albumin Cys34 levels, a pattern 

of response similar to that reported for resistance exercise with or without blood flow 

restriction. 

In conclusion, this thesis describes the successful development of a novel assay 

to measure the oxidation state of albumin Cys34. This assay was further validated with 

human in vivo studies (resistance exercise and aerobic exercise). A general discussion 

of the findings of this thesis is presented in Chapter 5.  
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Chapter 1 Literature review 

1.1 Oxidative stress: brief overview of causes and effects 

The capacity of living organisms to use molecular oxygen to oxidize organic fuels 

such as fat and carbohydrates allows them to extract far more energy from the environment 

than anaerobic organisms. Molecular oxygen, in this context, is used to oxidize the fuel-

derived high energy electrons that are translocated along the electron transport chain (ETC) 

in mitochondria to produce water and adenosine triphosphate (ATP). However, complexes 

I and III of the ETC leak electrons to oxygen, partially reducing oxygen to superoxide 

(Barja, 1999). Although superoxide is not a strong oxidant, it is the precursor of most other 

reactive oxygen and nitrogen species (RONS; Turrens 2003) including hydrogen peroxide, 

hydroxyl radicals, and peroxynitrite. For instance, the dismutation of superoxide by 

superoxide dismutases (SOD) produces hydrogen peroxide (H2O2; Powers et al. 1999; 

Halliwell and Gutteridge 2015), which in turn can reacts with many different molecules 

and can activate a variety of signalling pathways (Veal et al. 2007).  

RONS are also produced both enzymatically and non-enzymatically via routes 

other than ETC and SOD. For instance, non-enzymatic production of RONS can occur 

when a single electron is directly transferred to oxygen by reduced coenzymes, prosthetic 

groups or by xenobiotics previously reduced by certain enzymes. Enzymatic production of 

RONS involve enzymes such as cytochrome P450-dependent oxygenases (Coon et al. 1992) 

and NADPH oxidases located in endothelial cells and cell membranes of macrophages and 

polymorphonuclear cells (Babior 2000; Babior et al. 2002; Vignais 2002) as well as within 

the sarcoplasmic reticulum, transverse tubules and the sarcolemma of skeletal muscles 

(Fig.1; Javesghani et al. 2002; Powers and Jackson 2008). Although NADPH oxidases are 

stimulated to produce ROS under conditions of hypoxia, in most systems, particularly in 

the pulmonary vasculature, ROS production from NADH(P)H oxidase decreases with 

hypoxia (see reviews: Lassègue and Clempus 2003 & Wolin et al. 2005). Of note, 

oxidative stress can arise indirectly when the rate of NADP-to-NADPH conversion is 

limited, such as in hypoxic environments (Tribble and Jones 1990), by not providing 

sufficient NADPH to maintain the antioxidant status of a cell as shown by increased 

oxidized glutathione or thioredoxin levels.  

Superoxide anion and hydrogen peroxide (a source of hydroxyl radical) can also be 

produced via the conversion of xanthine dehydrogenase to xanthine oxidase (Yokoyama et 

al. 1990). Xanthine oxidase catalyzes the conversion of hypoxanthine to xanthine and 
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xanthine to uric acid, with the formation of superoxide s a byproduct of this reaction. 

xanthine oxidase has been shown to produce superoxide, for instance, in the cytosol of 

contracting skeletal muscles (Gomez-Cabrera et al. 2005) or after ischemia/reperfusion 

injury (Zweier and Talukder 2006).  

 Myeloperoxidase also provides another source of RONS. Myeloperoxidase is 

expressed in cells such as neutrophils and forms hypohalous acids from H2O2 and halides 

(Cl−, Br−, I−) or pseudohalide (SCN−)(Babior 2000). Under certain conditions, such as 

during exercise, myeolperoxidase activity can produce RONS (Suzuki et al. 1996; 

Belviranlı and Gökbel 2006).  

Nitric oxide synthase is another potent source of the RONS known as nitric oxide 

and peroxynitrite. Nitric oxide has many signaling functions, but can also readily react 

with superoxide to form the strong oxidizing agent, peroxynitrite, leading to the depletion 

of thiol groups in cells (Moylan and Reid 2007). Peroxynitrite formation also reduces the 

bioavailability of both superoxide and nitric oxide, which can also influence signaling 

pathways (Powers and Jackson 2008; Halliwell and Gutteridge 2015). 

The excessive production of RONS can have deleterious consequences for living 

organisms as RONS can react and cause irreversible damage to macromolecules such as 

DNA, proteins and polyunsaturated fatty acids. In order to oppose the production of 

RONS, a number of antioxidant defense systems can be mobilised to keep RONS levels 

within physiological non-toxic ranges as reviewed by Halliwell and Gutteridge (2015). In 

particular, enzymatic antioxidants such as superoxide dismutase, catalase and glutathione 

peroxidase act as a first line of defence to neutralise hydrogen peroxide (Mirończuk-

Chodakowska et al. 2018). Another system involves the nonenzymatic antioxidants that 

consist of, but not limited to, ceruloplasmin, ferritin, transferrin and albumin (Mirończuk-

Chodakowska et al. 2018). 

When the production of RONS exceeds their disposal rate, the resulting excessive 

rise in RONS levels leads to a condition referred to as oxidative stress. There are a number 

of pathophysiological and physiological conditions associated with oxidative stress. For 

instance, chronic oxidative stress is associated with chronic diseases such as diabetes 

(Maritim et al. 2003; Nowotny et al. 2015), cancer (Reuter et al. 2010) and cardiovascular 

(Siti et al. 2015) and pulmonary (Repine et al. 1997; Bargagli et al. 2009) diseases as well 

as with aging (Finkel and Holbrook 2000).  
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Under physiological conditions, oxidative stress can also have beneficial roles. For 

example, exercise-induced increases in RONS levels can have beneficial roles on 

signalling, muscle adaptations to exercise, and improved exercise performance (Powers 

and Jackson 2008; Powers et al. 2011; Irrcher et al. 2009; Webb et al. 2017; Irrcher et al. 

2009; Jackson 2009; Musarò et al. 2010; Glass 2010; Handayaningsih et al. 2011; 

Makanae et al. 2013). 

  

Fig. 1.1. Potential sources of RONS production in skeletal muscle. Superoxide anions (O2
�-

) can be produced at several sites within muscle fibres, including NADPH oxidase, 
xanthine oxidase and mitochondria. Abbreviations: NO�, Nitric oxide; O2

�-, superoxide 
anion; and ONOO-, peroxynitrate. Extracted from Powers et al. (2011). 

1.2 Available biomarkers of oxidative stress: strengths and limitations 

Given the involvement of oxidative stress in so many pathophysiological and 

physiological conditions, it is not surprising that a large volume of research has been 

devoted toward developing and validating suitable markers of oxidative stress. Direct 

measurement of RONS via electron spin resonance is one option that has been adopted in 

some studies (Davies et al. 1982; Ashton et al. 1998; 1999; Groussard et al. 2003; Bailey et 

al. 2004; 2007). However, this approach is seldom used not only because it is costly and 

tedious, but also because of the short half-life of some RONS (e.g., 10-5 and 10-9 seconds 

for superoxide radical and hydroxyl radical, respectively (Roots and Okada 1975). This is 

why most studies have opted to measure indirect markers of RONS levels. Since RONS 

can oxidatively modify lipids and proteins (Radak et al. 2001), the resulting byproducts 

provide such indirect biomarkers of RONS levels. Common biomarkers include stable 

metabolites (e.g., nitrate/nitrite) and markers derived from the RONS-mediated oxidation 

of lipids and proteins, including lipid peroxidation end products or derivatives of end 
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products such as isoprostanes, malondialdehyde (MDA), thiobarbituric acid reactive 

substances (TBARS), lipid hydroperoxides (LOOH) and oxidized proteins byproducts such 

as protein carbonyls (PC; (Dalle-Donne et al. 2006). Additionally, oxidative stress can be 

assessed by observing changes in the body's antioxidant defense system. This is typically 

done by measuring the levels of reduced and oxidized plasma thiols, such as the 

glutathione ratio, cysteine ratio and the thiol oxidation state of albumin Cys34 (Imai et al. 

2002; Moriarty-Craige et al. 2005; Lamprecht et al. 2008; Forman et al. 2009; Lamprecht 

et al. 2009; Go and Jones 2011; Margaritelis et al. 2015). The activity of antioxidants can 

also be analysed via the use of total antioxidant capacity (TAC) assays such as Trolox 

Equivalent Antioxidant Capacity (TEAC), Total Antioxidant Status (TAS), radical 

scavenging assay Ferric Reducing Ability of Plasma (FRAP), and Total Radical-Trapping 

Antioxidant Parameter (TRAP), just to list a few (Morillas-Ruiz et al. 2006; Pisoschi and 

Negulescu 2011; Lee et al. 2017).   

Although there are many commonly used biomarkers of RONS, the choice of 

biomarkers is often governed by their assay costs, ease of measurement as well as the 

assays sensitivities at detecting small meaningful changes in oxidative stress. Different 

biomarkers are also sensitive to different types of RONS, and as a consequence, several 

biomarkers are often adopted to evaluate oxidative stress (Murphy et al. 2011). For these 

reasons, a brief overview of the most popular markers of oxidative stress will be presented 

here with a brief description of their strengths and limitations. 

1.2.1 Assays of lipid peroxidation byproducts 

1.2.1.1 Malondialdehyde (MDA) and thiobarbituric reactive substances (TBARS) 

Malondialdehyde (MDA) has been recognized as an important lipid peroxidation 

indicator of RONS level in clinical populations with cancer and diabetes. It is also 

frequently used as a biomarker of oxidative stress in many exercise models (Spirlandeli et 

al. 2014; Jówko et al. 2015). The most commonly used assay for the measurement of MDA 

levels involves a condensation reaction of two molecules of thiobarbituric acid with one 

molecule of MDA. This reaction is easily carried out in acidic solution at ~ 100°C so that 

all MDA react to form thiobarbituric reactive substances (TBARS, Gutteridge and Toeg 

(1982)).  

Although the TBARS assay is quick, easy and inexpensive (Johnston et al. 2007; 

Grotto et al. 2009; Mohammadi Abgarmi et al. 2009), Halliwell and Whiteman (2004) 
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provided evidence that such an assay should be dismissed because most thiobarbituric-

reactive molecules in human body fluids are not related to lipid peroxidation due to the 

cross-reactivity of thiobarbituric acid  (Khoubnasabjafari et al. 2015) resulting in a lack of 

specificity and sensitivity (Schoenmakers and Tarladgis 1966; Kikugawa et al. 1992).  

In order to increase the specificity of the TBARS assay, additional steps have been 

included whereby the MDA-TBAR chromogen is separated using high pressure liquid 

chromatography (HPLC) before analysis (Halliwell and Gutteridge 1999). This HPLC-

based method has been considered the gold standard for directly measuring MDA (HPLC-

MDA) with high analytical specificity and sensitivity (Karatas et al. 2002; Lykkesfeldt 

2007; Grotto et al. 2009). However, this method is expensive to carry out (Johnston et al. 

2007; Mohammadi Abgarmi et al. 2009) and requires skilled personnel (suha Yalçın 2010). 

Furthermore, this method has been criticised for its non-specificity due to possible 

unspecific side reactions by TBARS (Zelzer et al. 2013). 

1.2.1.2 Isoprostane assay 

Isoprostanes are specific end products of polyunsaturated fatty acids peroxidation 

(Roberts II and Morrow 2002; Milne et al. 2011) and the assay of isoprostanes (particularly 

F2-isoprostane) is considered as one of the current gold standard biomarkers of oxidative 

stress in many clinical (Yin 2008; Chang et al. 2012) and exercise-based (Robinson et al. 

2010; Mullins et al. 2013) models. Isoprostanes are best measured by mass spectrometry 

(MS; Roberts II and Morrow 2002) and provide a highly reliable marker of lipid 

peroxidation (Yin 2008). 

However, there are some potential limitations with this marker, which include the 

requirement of large amount of blood and the use of costly MS-based techniques. Finally, 

the rapid metabolism and turnover of isoprostane (Roberts II and Morrow 2002; Basu 

2004), with a short half-life of 4-16 minutes (Morrow et al. 1992; Basu 1998), indicates 

that rapid trapping of isoprostanes at the time of blood sampling is crucial for the 

generation of meaningful data.  

1.2.2 Assay of protein oxidation byproducts 

1.2.2.1 Protein carbonyl 

Protein carbonyls can arise as a result of the direct oxidation of amino-acid side 

chains by reactive oxygen species to generate such products as aminoadipic semi-
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aldehydes (Reznick et al. 1992; Calingasan et al. 1999; Chevion et al. 2000; Adams et al. 

2001; Requena et al. 2001; Levine 2002; Dalle-Donne et al. 2003). Protein carbonyl levels 

are considered to be a particularly useful biomarker of oxidative stress (Fedorova et al. 

2014). Protein carbonyls are stable (Dalle-Donne et al. 2003), and, after some types of 

exercise, there is a larger increase (135%) and more prolonged elevation in protein 

carbonyl levels (up to 8 hours) as compared to other biomarkers (Margonis et al. 2007; 

Michailidis et al. 2007). Additionally it is a sensitive biomarker, with some studies 

reporting significant increases in protein carbonyls levels, but not lipid peroxidation 

products (Sacheck et al. 2000; Bloomer et al. 2007).  

Protein carbonyls are frequently measured using 2,4-Dinitrophenylhydrazine 

(DNPH). Currently, the use of ELISA provides among the best available method for the 

quantification of protein carbonyls levels, but does not provide information about the 

specific proteins being carbonylated, whereas immunoassay blotting methods can provide 

insights into the proteins being carbonylated (Augustyniak et al. 2015). Mass 

spectrometry-based methods can provide target and site of carbonylation modification, but 

the quantitative application of such methods is currently poorly developed (Augustyniak et 

al. 2015).  

1.2.3 Assay of markers of oxidatives stress linked to antioxidant defense 
system 

1.2.3.1 Total antioxidant capacity (TAC) 

Plasma Total antioxidant capacity (TAC) is commonly used as an indirect marker 

of oxidative stress. TAC either is measured as the response to a RONS generating system 

directly the formation of radicals (Miller et al. 1993; Re et al. 1999) or indirectly via the 

ability to reduce a metal complex (Benzie and Strain 1996; Apak et al. 2005). For instance, 

TAC levels in blood represent the combination of antioxidant activities in the blood 

including albumin, urate, ascorbate and tocopherol (Wayner et al. 1987). 

The TAC assay has limitations (Bartosz 2010). Various assays of TAC are used in 

different labs, and evaluate different antioxidant activities. For example, in some assays 

there is a substantial contribution from protein thiol (Balcerczyk and Bartosz 2003), but not 

in other TAC assays (Cao and Prior 1998). As a result, different TAC assays produce very 

different results from the same samples (Janaszewska and Bartosz 2002) and are not 

correlated (Cao and Prior 1998). In addition, urate in biological fluids contributes ~50% to 

the measurements value in most TAC assays. Yet, urate contributes little as an antioxidant 
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in vivo, which may mislead the estimation of actual antioxidant capacity (Jackson et al. 

1995). For these reasons, Sies (2007) has recommended directly measuring the 

components of TAC (such as urate, ascorbate and tocopherol). Despite the many 

limitations associated with TAC assays, these assays are commonly used because of the 

access and ease of using these assays. 

1.2.4 Thiols measurement  

The assay of plasma free thiol levels (Ellman’s type assay) is also used extensively 

as a measure of oxidative stress level (Inayama et al. 2002). Thiols can undergo oxidation 

to yield a wide range of products and can react with disulfides (RSSR) through reversible 

thiol-disulfide exchange reactions. Thiols are good nucleophiles and good reductants that 

can react by one- and two-electron mechanisms, and are susceptible to reversible and 

irreversible oxidative modifications.  

The one-electron oxidation of thiols leads to the formation of highly reactive thiyl 

radicals (RSO·; reaction 1). Thiyl radicals can react with themselves forming disulfides, or 

with thiols forming disulfide radical anion ((RSSR)·; Reaction 2). These disulfide radicals 

can in turn reduce oxygen to superoxide radical (O2
·−).  

RSH + H2O2 è RSO· + H2O   (Reaction 1) 

RSO· + RSH è (RSSR)· + H2O  (Reaction 2) 

Thiols can also react with one-electron oxidants including hydroxyl (�OH), 

superoxide (O2
�−), carbonate (CO3

�−), nitrogen dioxide (�NO2), peroxyl and phenoxyl 

radicals as well as oxo-metal complexes, such as compound I and II of some 

hemeperoxidases as reviewed by Trujillo and colleagues (2016).  

The two-electron oxidation of thiyl radicals can yield oxyacids such as sulfenic, 

sulfinic (RSO2H), and sulfonic (RSO3H) acids. The main biologically relevant species that 

oxidize thiols by two-electron mechanisms are peroxide-containing compounds such as 

hydroperoxides (for example hydrogen peroxide, peroxy-monocarbonate, organic 

hydroperoxides, peroxy acid and peroxynitrous acid), hypohalous (for example 

hypochlorous, and hypobromous) and haloamines (Trujillo et al. 2016). Hydroperoxides 

react reversibly with thiols to form the corresponding sulfenic acids, as indicated in 

Reaction 3.  
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H2O2 + HCO4
− + ROOH + R’S−   è H2O + HCO3

− + ROH + R’SO−        (Reaction 3) 

Under high levels of oxidants, sulfenic acids is further irreversibly oxidized to sulfinic 

(Reaction 4) and sulfonic forms (Reaction 5). 

RSOH + R’OOH è RSO2H +R’OH  (Reaction 4) 

RSO2H + R’OOH è RSO3H +R’OH (Reaction 5) 

Total reduced thiols concentration in plasma add up to ~0.6 mM. Within this group, 

the most abundant plasma thiol is albumin thiol (~0.6 mM; Peters Jr 1995). The low 

molecular weight reduced thiols are represented by cysteine, cysteinylglycine, glutathione, 

homocysteine, and γ-glutamylcysteine, which altogether have a concentration of only 12–

20 µM (Mansoor et al. 1992; Andersson et al. 1993; Kleinman and Richie Jr 2000; 

Giustarini et al. 2005; Nolin et al. 2007). Remarkably, the percentage of reduced thiols 

relative to total glutathione is ~55%. In contrast, the percentages of reduced thiols for other 

low molecular weight thiol are ~4% for cysteine, 9% for cysteinylglycine, 3% for 

homocysteine, and 1% for γ-glutamylcysteine (Mansoor et al. 1992; Andersson et al. 1993; 

Giustarini et al. 2005; Nolin et al. 2007).  

1.2.4.1 Glutathione ratio as a marker of oxidative stress 

One commonly measured thiol-based marker of oxidative stress is plasma 

glutathione (GSH). Under oxidative conditions, two GSH molecules donate one electron 

each to form oxidized glutathione (GSSG), and can be reduced back to GSH. This 

biomarker is often reported as glutathione ratio (GSH/GSSG ratio). GSH/GSSG ratio is 

sensitive to conditions causing oxidative stress such as exercise (Michailidis et al. 2007; 

Nakhostin-Roohi et al. 2011), and can be altered by antioxidants (Medved et al. 2003; 

Ferreira et al. 2011).  

There are some limitations with the assay of GSH and all other low molecular 

weight thiol markers of oxidative stress. Firstly, thiols are susceptible to artefactual 

oxidation during tissue sampling (Armstrong et al. 2011); therefore, several methods have 

been developed to prevent artefactual oxidation through acidification or alkylation 

(Giustarini et al. 2013). However, such assays (for example GSH and GSSG assay) are 

costly and have low throughput (one sample taking ~25-40 minutes; Giustarini et al. 

(2013). Secondly, as mentioned above, plasma GSH concentration is very low (~3 µM) 

compared to that in red blood cells (~850 µM) where GSH concentration is ~250 fold 
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higher (Michelet et al. 1995), implying that any low level hemolysis during blood 

collection has the potential to contaminate and thus interfere with plasma GSH 

measurements. Also, given the low GSH concentration in plasma and the presence of many 

other thiol containing molecules, its measurement requires highly sensitive HPLC-based 

methods. Of note, these limitations are also shared by most plasma low molecular weight 

thiols. 

1.2.4.2 Albumin thiol 

Since plasma albumin thiol at position 34 (Cys34; Anguizola et al., 2013), accounts 

for ~90% of plasma thiols (Peters Jr 1995), the abundance of albumin Cys34 allows its use 

as a sensitive biomarker of oxidative stress. Indeed, plasma albumin thiol levels have been 

shown to increase in association with several clinical (Colombo et al. 2012) and exercise 

conditions (Imai et al. 2002; Lamprecht et al. 2008; Lamprecht et al. 2009). The use of 

albumin Cys34 as a biomarker of oxidative stress has also the potential advantage, 

compared to other available biomarkers, of being both reversibly and irreversibly oxidized 

to sulfinic and sulfonic acids (Nagumo et al., 2014).  

The main limitation with assessing oxidative stress using albumin Cys-34 as a 

biomarker is that the current measurements of albumin thiol levels is tedious, time-

consuming, and costly as it relies on HPLC methods (Era et al. 1988; Era et al. 1995; 

Lamprecht et al. 2008; Lamprecht et al. 2009), and can be hazardous in cases where 

mercury powder is used (Turell et al. 2014). For this reason, there is a need to develop a 

sensitive, safe, simple, cost-effective, high throughput valid and reliable method for 

measuring albumin Cys-34 thiol oxidation level. As mentioned above, the primary aim of 

this thesis is to develop such an assay. For this reason, a brief history and overview of 

albumin biochemistry and physiology will be presented in the following sections. 

1.3 Brief history of albumin: discovery to present 

The term “albumin” was introduced 150 years ago (Denis 1859). The word albumin 

derives from the early German term “albumen”, generally referring to proteins. In Latin, 

the word albus (white) refers to the protein-rich white part of the cooked egg surrounding 

the yolk. Serum albumin is a member of a family of homologous proteins characterized by 

distinctive structural features and peculiar ligand binding properties. Members of this 

family include α-fetoprotein, afamin (also named a-albumin), and vitamin D binding 

protein (Peters Jr 1995). In the context of this thesis, the term “albumin” refers to human 
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serum/plasma albumin, unless otherwise stated. 

In 1932, albumin was separated from plasma proteins (Race 1932), and was first 

crystallized in 1934 (Hewitt 1936). Then, in 1940, plasma albumin was purified for 

intravenous use as a blood substitute (Cohn 1941); in 1954, the first two cases of 

analbuminemia were reported (Bennhold et al. 1954); in 1960, the plasma albumin 

‘‘domain’’ structure was proposed (FostER 1960); in 1975, the primary structure of plasma 

albumin was deduced (Meloun et al. 1975) and research was initiated to characterize 

specific drug binding sites on albumin (Sudlow et al. 1976). 

1.3.1 Structure of albumin 

Human serum albumin is the most abundant protein in plasma (~43 g/L, ~0.6 mM), 

accounting for ~60% of the measured serum protein (Peters Jr 1995). It consists of a single 

polypeptide chain of 585 amino acids with a molecular weight of 66438 Da. Albumin is 

characterised by having no carbohydrate moiety, 17 disulphide bridges, and an abundance 

of charged amino acids such as lysine, arginine, glutamate and aspartate which, at pH 7.4, 

makes albumin highly soluble (Peters Jr 1995).  

The crystal structure of albumin reveals a monomeric heart-shaped structure with 

67% of alpha helixes held together by disulphide bridges and no beta sheets (Sugio et al. 

1999). Albumin has three homologous domains, referred to as domain I, II, & III, with two 

subdomains, A and B (Fig 1.2). These subdomains involve three contiguous alpha helixes 

in parallel and a hydrophobic central core that forms a 9.5-10 Å crevice (Peters Jr 1995) at 

the bottom of which sits a free thiol, Cys34, within domain I, with its sulphur oriented 

toward the interior of the protein. Of note, this cysteine represents the largest proportion 

(~90%) of free thiols in the plasma.  



 

 12 

  

Fig. 1.2. Three-dimensional structure of human albumin. Crystal structure of human 
albumin and its subdomains (IA, IB, IIA, IIB, IIIA, IIIB) shown in dark blue, light blue, 
green, yellow, orange and red respectively. Cysteine 34 is shown in purple. FA1-7 refer to 
fatty acid binding sites. Sudlow’s sites refer to multi-specific high-affinity sites. N-ter and 
C-ter refers to N and C termini. Extracted from Arroyo et al. 2014. 

The flexible conformation of albumin incorporates multiple binding sites and is 

dependent on various environmental factors like pH, temperature, ionic strength and ligand 

binding (Rezaei-Tavirani et al. 2006; Shang et al. 2007; Ascenzi and Fasano 2010; Baler et 

al. 2014).  There is evidence that albumin can undergo several well-characterized 

reversible conformational changes, usually under non physiological pH conditions 

(Giacomelli et al. 1997; Dockal et al. 2000; Ahmad et al. 2006). These pH-induced 

conformational changes affect the secondary and tertiary structure of albumin (Shang et al. 

2007). Another important factor that triggers conformational changes is ligand binding. For 

instance, fatty acids induce a rotation of domains I and III with respect to domain II (Curry 

et al. 1999; Bhattacharya et al. 2000; Ascenzi and Fasano 2010).  

1.3.2 Synthesis and regulation of albumin 

Albumin synthesis occurs predominantly in hepatocytes at a rate of 10-15 g per day 

in healthy adults (~0.2 g/kg body weight per day), accounting for approximately 10% of 

liver protein synthesis (Ballmer et al. 1990). The half-life of albumin is approximately 17 

days (Levitt and Levitt 2016). Newly synthesized albumins are not stored, with only a 

small proportion (<2%) being in transit during its 30-minute travel through the hepatocyte 

(Peters Jr 1995).  
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The 17 disulfide bonds of albumin are formed within 0.5 minutes of release of the 

completed albumin chain from the parent polysome (Peters Jr 1995). Only Cys34 is not 

involved in intra-molecular or inter-molecular disulphide binding with albumin. Cys34 

does not participate in disulfide bonding with Cys34 from another albumin due, in part, to 

the location of Cys34 in the hydrophobic pocket of albumin, which structurally does not 

allow the formation of albumin dimers between native albumin, highlighting the potential 

of Cys34 as an antioxidant (Taverna et al. 2013). 

Albumin synthesis can be regulated by many factors. One of the main factors is 

oncotic pressure, where the drop in oncotic pressure increases the hepatic synthesis of 

albumin (Yamauchi et al. 1992). In contrast, the lowering of plasma amino acid 

concentrations reduces the rate of albumin synthesis by the liver (Kirsch et al. 1969), 

whereas an amino-acid rich meal significantly increases albumin synthesis (De Feo et al. 

1992). Albumin synthesis can also be stimulated by hormonal factors (insulin, cortisol and 

growth hormone) and be inhibited by acute phase cytokines, such as interleukin 6 (IL6) 

and tumor necrosis factor (TNFα; Peters Jr 1995; Quinlan et al. 2005; Fanali et al. 2012).  

1.3.3 Distribution and transport of albumin 

Approximately 40% (120 g) of albumin is found within the plasma compartment. 

The remaining 60% (160 g) is located in the extravascular space, mainly skin (18%) and 

skeletal muscles (15%;Rothschild et al. 1955; Levitt and Levitt 2016). Albumin moves 

from the blood across the capillary wall into the interstitial compartments and return to the 

blood through the lymphatic system via the thoracic duct, with a circulation half-life of 16 

hours (Colombo et al. 2012). The movement of albumin across the capillary wall, defined 

as transcapillary escape, occurs at a rate of ~5% per hour, meaning that 5% of intravascular 

albumin moves across the extracellular compartment hourly, and vice versa (Parving and 

Gyntelberg 1973; Parving et al. 1974; Peters Jr 1995). This transcapillary escape rate is 

increased by hyperinsulinemia (Nestler et al. 1990), plasma volume expansion, and 

capillary pressure (Parving et al. 1974). Approximately 50% of albumin transported of the 

circulation occurs in the liver, bone marrow, pancreas, small intestine, and adrenal glands 

where there is unimpeded passage of albumin. In the remainder of the body (heart, lung, 

brain, fat, skeletal muscle, diaphragm, mesentery, duodenal musculature) there is a 

continuous endothelium where albumin leaves the circulation by an active transcytotic 

transport mechanism via vesicles (Fung et al. 2018).  
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Fig. 1.3. Albumin distribution in human extracellular and intravascular fluids. Extracted 
from Colombo et al. (2012). 

The transcytotic transport of albumin is facilitated by several membrane-associated 

albumin–binding proteins, namely; cubilin (Zhai et al. 2000; Amsellem et al. 2010), 

megalin (Zhai et al. 2000; Amsellem et al. 2010), and albondin/glycoprotein 60 (gp60; 

Schnitzer et al. 1988). Cubilin is involved in the endocytosis and transcellular transport of 

numerous ligands, including albumin (Birn et al. 2000). Also, cubilin is found in 

absorptive intestinal cells, placenta, and proximal tubules of kidneys (Christensen and Birn 

2002). Megalin is a large transmembrane protein that can bind albumin (Cui et al. 1996). 

Megalin is more widely expressed than cubilin, being present in the choroid plexus, kidney 

proximal tubule cells, thyrocytes, etc. (Christensen and Birn 2002). 

 

Fig. 1.4. Structure of cubilin and megalin. Extracted from De et al. (2014). 

Of note, both cubilin and megalin play an essential role in the uptake/ reabsorption 

of albumin by the proximal tubules of the kidneys (Zhai et al. 2000; Amsellem et al. 2010). 

This is best illustrated by the observation that cubilin- and/or megalin-deficiency in mice 

and dogs decrease the uptake of albumin in the proximal tubule, resulting in albuminuria 



 

 15 

(Birn et al. 2000; Amsellem et al. 2010). Additionally, patients with Imerslund-Gräsbeck 

syndrome, caused by a mutation in the cubilin gene, in general suffer from proteinurea, 

supporting the importance of cubilin in protein renal reabsorption (Gräsbeck 2006).  

The transporter albondin gp60, a 60 kDa glycoprotein receptor, specifically binds 

native albumin on the plasma membrane of endothelium (except the brain), where it 

increases capillary permeability and facilitates albumin internalization and subsequent 

transcytosis (Schnitzer et al. 1988; Schnitzer 1992; Schnitzer and Oh 1994; Peters Jr 1995; 

Tiruppathi et al. 1996). More specifically, the internalization of albondin occurs through a 

caveolin-dependent endocytotic process that results in transcytosis that does not appear to 

enter the degradative endosome-lysosome system (Schnitzer and Bravo 1993; Schnitzer 

1993; Schnitzer et al. 1995; Tiruppathi et al. 1997; Iancu et al. 2011). 

 

Fig. 1.5. Reabsorption of albumin at epithelial cells of 
proximal tubules, via binding with cubilin and megalin 
interaction. Extracted from Sand et al. (2015). 
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Fig. 1.6. Transcytosis of albumin from lumen to interstitium via 
albondin (gp60). Extracted from Chanthick et al. (2018). 

1.3.4 Degradation and elimination of albumin 

Overall, the rate of albumin degradation is about ~14 g per day in a 70 kg healthy 

adult, or 4% of whole-body protein turnover (Nicholson et al. 2000; Friedman and Fadem 

2010). Most albumin degradation (~60%) occurs in skeletal muscles and skin (Yedgar et 

al. 1983), primarily at the level of the fibroblasts found in these organs (Maxwell et al. 

1990). The liver and kidneys also contribute to albumin degradation, with 15% and 10% of 

albumin being degraded by these organs, respectively (Katz et al. 1961; Bent-Hansen 

1991). In addition, higher rates of albumin catabolism occur in tissues with fenestrated or 

discontinuous capillaries (such as adrenal, kidney, spleen, ovary, bone marrow and liver; 

expressed in activity to per unit weight; Yedgar et al. 1983).  

The degradation rate of albumin can be enhanced if its structure is modified. For 

instance, oxidation of key amino acid residues such as Trp, Arg, and Tyr may accelerate 

the elimination of albumin from the circulation (Anraku et al. 2003; Iwao et al. 2006). In 

fact, chemically modified albumin, denatured albumin generated under oxidative stress, or 
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albumin altered at the level of specific amino acid residues are all preferentially recognized 

over native albumin and are taken up from the blood with the help of several receptors 

which have widespread organ distribution, resulting in rapid internalization and 

degradation (Maxwell et al. 1990; Schnitzer et al. 1992; Predescu et al. 2002; Iwao et al. 

2006; Iwao et al. 2006; Candiano et al. 2009). In particular, a set of different receptors, 

namely glycoprotein 18 (gp18; Ghinea et al. 1988), and glycoprotein 30 (gp30; Ghinea et 

al. 1988) facilitates the degradation of altered albumin.  

Receptors gp18 and gp30 bind to modified albumin but not native albumin (Ghinea 

et al. 1989; Schnitzer 1992; Schnitzer and Oh 1992; Schnitzer and Bravo 1993; Bito et al. 

2005). Both gp18 and gp30 are found on a variety of cells, such as fibroblasts, 

macrophages, and the endothelium (Schnitzer et al. 1992; Schnitzer and Oh 1994; Bito et 

al. 2005). These scavenger receptors bind to modified albumins for lysosomal degradation 

(Bito et al. 2005) thus providing a protective pathway to remove damaged, altered, old, or 

potentially deleterious albumins (Schnitzer and Bravo 1993; Schnitzer 1993). This is 

exemplified by the observation that irreversibly oxidized albumin binds readily to 

receptors located in the endothelium, subsequently becoming trapped and metabolized, 

thus reducing oxidized albumin levels in blood (Schnitzer 1992). Oxidative modifications 

that lead to changes in the hydrophobicity and net charge of albumin also increase its rate 

of elimination through the liver, the main uptake site for the clearance of oxidized albumin 

(Iwao et al. 2006). 

Of note, the degradation rate of albumin can be altered. A decrease in albumin 

concentration decreases the rate of albumin degradation. For example, plasma albumin 

half-life is increased in hypoalbuminaemic patients (Spiess et al. 1996). Conversely, a rise 

in plasma albumin levels increases the rate of albumin degradation (Andersen and Rossing 

1967). In addition, hormones such as glucocorticoids are known to increase albumin 

degradation, where excess glucocorticoid shortens the half-life of glycated albumin 

(Kitamura et al. 2013).  

The degradation rate of albumin can be reduced following its binding to FcRn. 

FcRn is expressed in multiple cell-types and tissues, including antigen-presenting cells, 

vascular endothelium, gut, lungs, kidneys and the blood-brain barrier (Roopenian and 

Akilesh 2007). The binding of albumin to this receptor protects albumin from degradation 

by binding albumin with a high affinity, but only under the low pH (pH < 6.5) found in 

acidic endosomes, preventing their degradation via the lysosomal pathway and returning 
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albumin to the neutral extracellular space (pH 7.4; Fig 1.7; Chaudhury et al. 2003; Ober et 

al. 2004; Anderson et al. 2006; Andersen et al. 2012). FcRn also functions in the retrieval 

of albumin in endothelial cells and the transcytosis of albumin by hepatocytes and 

proximal kidney epithelial cells (Tenten et al. 2013; Pyzik et al. 2017). Of note, this FcRn-

mediated retrieval or transcytosis pathway in hepatocytes and proximal tubule cells is 

critical to sustain the high levels of albumin in the circulation by preventing the unwanted 

elimination of albumin in the bile and urine, respectively (Sarav et al. 2009; Tenten et al. 

2013; Pyzik et al. 2017), thus extending the half-life of serum albumin (Chaudhury et al. 

2003; Anderson et al. 2006; Sarav et al. 2009). 

 

Fig. 1.7. Movement of albumin across A) endothelial cell and B) Epithelial cell. Extracted 
from Sand et al. (2015). 

Of note, the kidneys provide a distinct route for albumin disposal. Albumin is 

filtered through the kidneys’ glomerulus, resulting in approximately ~ 3.3 g of albumin 

being filtered daily (De Feo et al. 1992; Tojo and Kinugasa 2012). The proximal 

convoluted tubule reabsorbs 71%, the loop of Henle and distal tubule 23%, and collecting 

duct 3% of the glomerular filtered albumin (Tojo and Kinugasa 2012). However, a fraction 

of albumin is degraded to fragmented albumin by brush border enzymes in the proximal 

tubules (Osicka et al. 2000), thus explaining why 98% to 99% of the albumin found in the 

urine is degraded (at the rate of 6.5 mg/100 g body weight/hour) and that only 1% to 2% is 

intact (Gudehithlu et al. 2004). 

1.3.5 Function of plasma albumin 

Some of the recognized major functions of albumin include the regulation of 
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colloid osmotic pressure, ligand binding and transport, as well as antioxidant function 

(Peters Jr 1995).  

1.3.5.1 Colloid osmotic pressure 

Circulating albumin accounts for 80% of plasma oncotic pressure. Two thirds of 

this pressure is due to albumin’s osmotic pressure to which albumin contributes 

disproportionately because its molecular mass of 67 kDa is lower than that of average 

plasma proteins (~170 kDa; Peters Jr 1995). The other third of this oncotic pressure arises 

from the Donnan effect exerted by albumin and its low isoelectric point, which gives this 

protein a net negative charge at physiological pH (Figge et al. 1991; Peters Jr 1995). The 

importance of albumin in the maintenance of oncotic pressure is best illustrated by the 

observation that changes in oncotic pressure are the prime factors controlling the synthesis 

of albumin (Dich et al. 1973). 

1.3.5.2 Ligand binding and transport 

Albumin tertiary structure allows it to bind and transport diverse molecules, 

including metabolites (e.g. fatty acids, cholesterol, cations and anions, nitric oxide), thus 

explaining why this protein has a major effect on the pharmacokinetics of many drugs 

(Peters Jr 1995; Margarson and Soni 1998; Abe et al. 2001; Evans 2002). As described 

below, the simultaneous binding of different ligands to albumin molecule is a complex 

process that involves the recognition of individual ligands by specific and nonspecific 

interactions.  

The first evidence of the fatty acid (FA) binding properties of albumin dates back to 

1941 (Kendall 1941). Several studies were carried out in the following years to 

characterize the binding of FA to albumin (Curry 2009; van der Vusse 2009). Albumin can 

bind up to nine equivalent of long chain FA via 9 primary multiple binding sites (FA1 to 

FA9).  These sites are distributed in an asymmetric way with different affinities for FA 

(Bhattacharya et al. 2000; Simard et al. 2006). FA1, which lies in the IB subdomain, has a 

high affinity for medium chain FA but is weaker for longer FA chains. FA2, a medium 

affinity site, lies at the interface between subdomains IA and IIA, and is entirely contained 

within the N-terminal half of the protein (Bhattacharya et al. 2000). On the other hand, 

sites FA3, FA4 and FA7 in subdomain IIIA, FA5 in the hydrophobic subdomain IIIB, and 

site FA6 that lies at the surface between subdomains IIA and IIB, have high-affinity 

binding sites for medium and long FAs (Bhattacharya et al. 2000). Finally, FA8 and FA9 
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are usually considered as supplementary binding sites, as they show ligand occupancy only 

in the presence of short-chain FAs (i.e., FA8) or in the presence of saturating FA 

concentration (i.e., FA9; Bhattacharya et al. 2000).  

 

Fig. 1.8. Structure of albumin binding with 5 different fatty acids. The protein secondary 
structure is shown schematically and the domains are colour-coded as follows: I, red; II, 
green; III, blue. The A and B sub-domains are depicted in dark and light shades 
respectively. Bound fatty acids are shown in space-filling representation and coloured by 
atom type (carbon, grey; oxygen, red). Extracted from Bhattacharya et al. (2000). 

The two medium-affinity sites (FA2 and FA3), drive a conformational transition of 

albumin upon FA binding. This conformational transition triggers a receptor-mediated 

endocytosis of albumin to deliver FAs to skeletal muscle cells, hepatocytes, intestine, 

adipocyte and many others organs (van der Vusse 2009; Bhattacharya et al. 2000; Fig. 1.8, 

1.9). There is evidence that this conformational transition induced by FA binding allows 

FA-loaded albumin to be recognized by a putative albumin receptor (van der Vusse 2009). 

Since this conformational transition occurs when three FA binds to albumin, this implies 

that the resulting FA cargo is delivered only when a critical FA concentration is exceeded. 

To avoid accumulation of extracellular albumin, a comparable number of albumin devoid 

of FA, must diffuse back from the extracellular to intravascular compartments within the 

same time frame (van der Vusse 2009).  
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Fig. 1.9. Simplified diagram of flow of fatty acid via the transport of albumin. FA, TG, 
MG, PL and VLDL refer to fatty acid, triglycerol, monoacylglycerol, phospholipid and 
very low-density lipoprotein respectively. Extracted from van der Vusse (2009).  

Albumin can bind several metal ions, including Mg(II), Al(III), Ca(II), Mn(II), 

Co(II/III), Ni(II), Cu(I/II), Zn(II), Cd(II), Pt(II), Au(I/II), Hg(II), and Tb(III) (Peters Jr 

1995; Duff Jr and Kumar 2009; Sokołowska et al. 2009; Deng et al. 2010). So far, three 

major binding sites endowed with appropriate amino acid residues matching the different 

metal geometries have been described. The first site (usually labeled as N-terminal binding 

site, NTS) is located at the N-terminus, where Cu(II), Co(II), and Ni(II) interact with Asp1, 

Ala2, and His3 (Sadler et al. 1994). The second binding site is the primary multi-metal 

binding site or Cadmium site A (MBS-A), and involves His67, Asn99, His247, and 

Asp249 residues. Due to its geometry, MBS-A is the primary binding site of Zn(II) ,Cd(II) 

, Cu(II) and Ni(II) (Blindauer et al. 2009). The secondary site for Cd(II) binding, called 

secondary multi-metal binding site or Cadmium site B (MBS-B), has not been identified 

(Ascenzi et al. 2015). Finally, the third metal binding site involves the free Cys34 thiol that 

binds Au(I), Hg(II), and Pt(II) ions (Shaw III 1989; Peters Jr 1995). This site is also known 

for its antioxidant properties as described in the next section.  

1.3.5.3 Albumin- Role as antioxidant  

Among its many physiological functions, albumin plays important antioxidant 

functions in the intra- and extra- vascular compartments, both of which are continuously 

exposed to RONS in all parts of the body. Exposed methionine residues at the surface of 

albumin are particularly susceptible to oxidation, and can serve as scavengers of ROS to 

protect proteins from extensive alterations (Gutteridge 1986; Roche et al. 2008; Rondeau 
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and Bourdon 2011). Albumin also has another antioxidant site known as cysteine 34 

(Cys34; Anguizola et al., 2013). Cys34 is mainly in a reduced form, and can be either 

reversibly or irreversibly oxidized (Turell et al. 2008; Turell et al. 2009; Turell et al. 2013). 

Albumin is the major extracellular source of reduced sulfhydryl groups (~90%), 

scavenging reactive oxygen and nitrogen species (Halliwell, 1988; Halliwell and 

Gutteridge, 1990; Radi et al., 1991a; Alvarez et al., 1999). A more detailed discussion of 

the antioxidant properties of albumin is presented within the following sections. 

1.3.6 Thiol oxidation of albumin Cys34- chemical considerations 

The Cys34 in albumin is unusual in having a thiol group with a pK <6 (Peters Jr 

1995; Sengupta et al. 2001), implying that at neutral pH, this thiol group is predominantly 

in the thiolate form, which is the reactive form involved in the formation of disulfides 

(Sengupta et al. 2001). Given this reactivity of albumin Cys34, it is not surprising that 

plasma albumin Cys34 is a target of RONS. Cys34 reacts with hydrogen peroxide and 

peroxynitrite with rate constants of 2.26 and 3.8 x 103 M-1s-1 at 37°C and pH 7.4, 

respectively (Alvarez et al. 1999; Carballal et al. 2003). This reactivity is comparable to 

that of low molecular weight thiols such as glutathione, cysteine, cysteinlglycine and 

homocysteine (Radi et al., 1991a; Koppenol et al., 1992; Winterbourn and Metodiewa, 

1999; Trujillo and Radi, 2002).  

The oxidation of reduced Cys34 with hydrogen peroxide and peroxynitrite does not 

lead to the formation of disulfide-bridged albumin dimers (Carballal et al. 2003). As 

explained earlier, this is because steric restrictions arising from the location of the single 

thiol of albumin Cys34 in a crevice preclude dimer formation. This explains, in part, why 

part of reduced albumin is instead oxidized to higher oxidation states such as sulfenic acid 

or further oxidized to sulfinic or sulfonic acids (Giles and Jacob 2002; Paget and Buttner 

2003). Steric constraints also favor the reactivity of low molecular weight thiols such as 

glutathione, cysteine, cysteinlglycine and homocysteine with Cys34. In this respect, the 

concentrations of free cysteine, protein-bound cysteine, and cysteine involved in disulfide 

bonds with other low- molecular-weight thiols in plasma have been reported to be ~8–10, 

~154–175, and ~80–85 µM, respectively (Mansoor et al. 1992), with the cysteinylation of 

albumin Cys34 being facilitated by cystathionine β-synthase (Bar-Or et al. 2004). With 

regard to the other low molecular weight thiols, plasma albumin Cys34 forms mixed 

disulfides with cysteinylglycine (18.2 µM), homocysteine (6.88 µM), and GSH (2.59 µM; 

(Hortin et al. 2006).   
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Fig. 1.10. Pathways of thiol oxidation. (a) Thiol-disulfide exchange reaction. (b) 
Two-electron oxidation of a thiol, yielding a sulfenic acid (RSOH) and subsequent 
reactions. (c) One-electron oxidation of a thiol, yielding a thiyl radical (RS�) and 
subsequent reactions. Extracted from Turell et al. (2013). 

1.3.6.1 Albumin Cys34 thiol oxidation state 

Given that albumin Cys34 is mostly reduced (~70-75% of plasma albumin), and 

considering its high abundance (~90%) as a protein thiol in plasma, it is not surprising that 

albumin Cys34 plays an important role as systemic antioxidant. Plasma albumin Cys34 is 

heterogeneous with respect to its oxidation state. In plasma samples, the main albumin 

fraction known as mercaptalbumin (Cys34-SH) exists as a reduced free thiol. 

Approximately 25% of circulating albumin Cys34 is present as non-mercaptalbumin 

containing mixed disulfides with cysteine, cysteinylglycine, homocysteine, γ-

glutamylcysteine or glutathione (Beck et al. 2004; Bar-Or et al. 2005), with cysteinylation 

of Cys34 being the main modification (Bar-Or et al. 2005; Kleinova et al. 2005; Kawakami 

et al. 2006). The sulfenic form of Cys34 (Cys34-SOH), which results from the nucleophilic 

attack of the Cys34-SH by peroxides (Turell et al. 2009), is another non-mercaptalbumin. 

A small fraction of Cys34 (2-5%) also exists in more highly oxidized forms, including the 

sulfinic (Cys34-SO2H) and sulfonic acid (Cys34-SO3H) forms (Turell et al. 2008; Turell et 

al. 2009).  
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Mild reversible oxidation of plasma albumin Cys34 has no marked effect on its 

secondary and tertiary structures, its half-life, and liver uptake clearance as compared to 

reduced plasma albumin (Anraku et al. 2003). Indeed, mild oxidation of the Cys34 and 

Met residues of albumin by chloramines and hydrogen peroxide has been reported not to 

affect the ligand-binding properties or the plasma half-life of albumin (Anraku et al. 2001). 

However, there is evidence that mild reversible oxidation of albumin can affect its binding 

properties.  For instance, albumin’s binding affinity to bilirubin and tryptophan as well as 

to drugs such as warfarin and diazepam decreases significantly in response to reversible 

albumin cysteinylation (Nagumo et al. 2014).  

When albumin is irreversibly oxidized, there is a decrease in the α-helical content 

of albumin which is accompanied by tertiary conformational changes (Anraku et al. 2003). 

Although these changes are consistent with the oxidation of Trp214, they could also, at 

least in part, reflect conformational changes of albumin in the vicinity of Cys34. Of note, 

when albumin is highly oxidized to its higher oxidation states (SO2
- or SO3

-), there is no 

reactivity of Cys34 and its’ half-life is reduced by half (Anraku et al. 2003).  

1.3.6.2 Albumin Cys34-Irreversible oxidation 

Given the central role the sulfenic form of Cys34 plays in the generation of the 

irreversible oxidative forms of Cys34, these conversions will be examined in more detail 

here. Once formed, albumin Cys34 in its sulfenic form (Cys34-SOH) can follow one of 

three possible routes (Turell et al. 2008). First, it can be further oxidized to sulfinic acid 

(Cys34-SO2H). Second, Cys34-SOH can react with low molecular weight thiols, forming 

mixed disulfides, with glutathione reacting more slowly than expected from its pKa 

probably due to its additional negative charge (Turell et al. 2009). Last, Cys34-SOH can 

decay spontaneously in solution to a yet uncharacterized product (Turell et al. 2008). 

Under physiological conditions, the main fate for an in vivo formed Cys34-SOH is 

its reaction with low molecular weight thiols. Indeed, the rate constant for the formation of 

sulfinic acid further to exposure to hydrogen peroxide is 0.4 M-1 s-1 (pH 7.4) whereas the 

reactions between Cys34-SOH and cysteine, cysteinylglycine, homocysteine, and 

glutathione have rate constants of 21.6, 55, 9.3, and 2.9 M-1 s-1, respectively (Turell et al. 

2008).  

As a result of the reactivity of Cys34-SOH, its half-life in plasma is only ~4.5 

minutes (Turell et al. 2013). This relatively short half-life explains, at least in part, why 
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Cys34-SOH has not yet been detected in plasma samples.  Of note, although sulfenic acids 

are generally unstable and highly reactive, Cys34-SOH generated from in vitro exposure of 

albumin to peroxynitrite or hydrogen peroxide-treated albumin is remarkably stable, with 

more than 85% of sulfenic acid formed remained after 120 minutes (Carballal et al. 2003). 

Given the stability of Cys34-SOH in vitro, the short half-life of Cys34-SOH in vivo 

indicates that Cys34-SOH is very reactive in vivo with the many thiol-containing 

molecules found in plasma and rapidly modified into other products. 

1.3.6.3 Albumin Cys34 S-nitrosylation 

Albumin Cys34 reacts not only with thiol containing molecules and ROS, it is also 

highly reactive with nitric oxide, with which a reversible bond is formed. Nitric oxide has a 

short half-life in vivo (1–5 s) because of its reactivity with a broad spectrum of biological 

compounds (Liu et al. 1998). However, as a result of its reactivity with thiol groups, nitric 

oxide can be preserved in a stable form as S-nitrosothiol (Rafikova et al. 2002). As a 

consequence, albumin represents a large circulating endogenous reservoir of nitric oxide, 

with 82% of nitric oxide in blood (≈ 7 µm) being transported as an S-nitrosothiol at Cys34 

(Stamler et al. 1992). For this reason, albumin is used as a NO donor in therapeutic 

applications (Keaney Jr et al. 1993).  

Interestingly, a number of factors can affect the rate of Cys34 S-nitrosylation. 

Cys34 S-nitrosylation is modulated by reversible hydrogen bond formation with Asp38, 

His39, and Tyr84 residues (Ascenzi et al. 2000). NO can also be released from S-

nitrosylated albumin when the concentrations of low-molecular-weight thiols are elevated 

(Orie et al. 2005). Finally, the binding of fatty acids to albumin increases Cys34 oxidation 

(Gryzunov et al. 2003) and S-nitrosylation (Ishima et al. 2007) by changing albumin 

conformation to increase Cys34 accessibility (Torres et al. 2012). 

Of note, the nitrosylation of Cys34 is also known to have allosteric effects upon the 

reactivity and binding properties of other sites on albumin. For example, nitrosylation of 

Cys34 decreases the binding affinity of albumin toward Cu2+ ions, phenolsulfophthalein 

and palmitic acid (Burczynski et al. 1995; Kashiba-Iwatsuki et al. 1997). 

1.3.6.4 Albumin carbonylation 

The presence of Cys34, His146 and Lys199 in albumin contributes to the high 

reactivity of this protein toward electrophilic reactive carbonyl species as these residues act 

as accessible nucleophilic residues (Aldini et al. 2008). Albumin susceptibility to 
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carbonylation via metal-catalyzed oxidation reactions (Fig1.11) is increased further by its 

capacity to bind metal ions such as Cu(II), Pt(II), Ag(I), Hg(II), and Co(II) (Peters Jr 1995). 

 

Fig. 1.11. Protein carbonylation. Metal-catalyzed oxidation [O] of lysine and arginine 
residues to protein carbonyls. Extracted from Ugur and Gronert (2017). 

Many studies have shown the presence of elevated levels of carbonylated albumin 

in various human diseases and pathophysiological conditions (Colombo et al. 2012). For 

instance, in chronic kidney disease, the levels of carbonylated albumin are elevated 

(Himmelfarb and McMonagle 2001) and correlate with the severity of chronic kidney 

disease, being higher in the plasma of hemodialysed patients (Mitrogianni et al. 2009). 

Progressive increase in plasma carbonylated albumin levels is also associated with 

increasing severity of liver cirrhosis and acute-on-chronic liver failure (Oettl et al. 2008). 

High levels of carbonylated albumin are also observed in hepatocellular carcinoma patients 

(Rasheed et al. 2007) as well as in lung cancer patients (Rasheed et al. 2009).  

 

1.4 Developments of an assay protocol for measuring plasma albumin 
thiol oxidation states: general principles and technical challenges 

As mentioned above, the measurement of reduced and oxidized albumin Cys34 

forms provides a useful index of oxidative stress. Indeed, the thiol oxidation state of 

albumin Cys34 has been shown to increase in response to a number of conditions 

associated with oxidative stress. For instance, in healthy young adults, ~20-25% of 

albumin Cys34 is oxidized, but ~52-54% of albumin is oxidized in healthy aged 

individuals (Era et al. 1988; Era et al. 1995). Also, there is evidence that exercise increases 

the thiol oxidation state of plasma albumin (Imai et al. 2002; Lamprecht et al. 2008; 
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Lamprecht et al. 2009). Finally, compared to healthy matched individuals, plasma albumin 

oxidation level is higher in a number of pathological states associated with oxidative stress 

such as diabetes mellitus (Suzuki et al. 1992), uremia (Himmelfarb and McMonagle 2001), 

kidney disease (Kumano et al. 1992; Anraku et al. 2004; Soejima et al. 2004; Terawaki et 

al. 2004; Terawaki et al. 2007; Terawaki et al. 2007; Anraku et al. 2008; Matsuyama et al. 

2009), senile cataract in individuals with or without diabetic retinopathy (Hayashi et al. 

2000; Kawai et al. 2001), heart disease (Hayakawa et al. 1997), obstructive sleep apnoea 

syndrome (Faure et al. 2008), and liver cirrhosis (Fukushima et al. 2007) to list a few.  

Given the sensitivity of albumin Cys34 as a biomarker of systemic oxidative stress, 

the development of techniques for detecting the thiol oxidation status of Cys34 has been 

the object of some attention. One of the first methods introduced to measure the oxidation 

state of plasma albumin Cys34 was based on the detection of free thiol in the plasma using 

Ellman’s assay protocol (Ellman 1959). Since albumin makes up the majority (~90%) of 

free thiols in the plasma, it was assumed that albumin was the main analyte detected by 

this assay (Himmelfarb et al. 2000; Inayama et al. 2002; Zinellu et al. 2016). Apart from 

this assumption, another limitation with Ellman’s assay protocol is that it is unsuitable for 

detecting the different types of Cys34 thiol oxidation. This has remained a challenge until 

the development of a HPLC-based protocol relying on the use of mixed-mode anion 

exchange-hydrophobic interaction (AEHI) chromatography to separate albumin into three 

fractions: mercaptalbumin (reduced albumin; albumin– SH); nonmercaptalbumin 1 

(reversibly oxidized albumin) containing mixed disulfides and sulfenic acid, and 

nonmercaptalbumin 2 (irreversibly oxidized albumin) including albumin oxidized to 

sulfinic and sulfonic acids (Era et al. 1988; Kawai et al. 2001). Unfortunately, one 

important limitation with this AEHI method is that the sulfenic form of albumin was 

reported to co-elute with the reduced albumin peak (Turell et al. 2014). For this reason, 

Turell et al. (2014) developed a new column liquid chromatography procedure that 

involved the use of mercury to bind to Cys34 and separate the different albumin forms 

based on their isoelectric point. However, the use of mercury in this technique is not 

practical because of its toxicity, and most importantly, because mercury does not bind 

specifically to thiols (Katz and Samitz 1973). In addition, this and the previous techniques 

used in all the aforementioned studies involving albumin Cys34 oxidation state 

measurements did not trap the oxidation state of plasma albumin immediately after 

sampling. This is an important limitation as the absence of trapping can cause artefactual 
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thiol oxidation during the storage and processing of plasma sample (Armstrong et al. 

2011), resulting in unreliable and invalid measurements. 

Considering that the measurement of albumin Cys34 oxidation state has the 

potential to provide a more sensitive biomarker of oxidative stress than other biomarkers, 

particularly considering that it provides a measure of both reversible and irreversible 

oxidative damage such as that commonly measured by protein carbonylation or MDA 

assay. This section will focus on some of the technical challenges to be expected in 

developing an assay for the measurement of the reversible and irreversible thiol oxidation 

state of plasma albumin Cys34. 

1.4.1 Sample collection, storage and preparation 

One of the difficulties encountered in measuring plasma albumin Cys34 oxidation 

level are the technical problems associated with trapping albumin thiol status in plasma. 

Once blood samples are collected, the artefactual oxidation of albumin Cys34 can occur 

rapidly and spontaneously due to the high reactivity of its protein thiols (Armstrong et al. 

2011) and the abundance of oxygen in the atmosphere and blood, with such artefactual 

oxidation occurring not only during blood sampling, but also during storage and assaying 

procedures. 

The first challenge is therefore to prevent artefactual oxidation during sample 

collection. An extensive review of the literature reveals that no assays incorporate any 

steps to prevent artefactual oxidation of plasma albumin thiol (Lamprecht et al. 2008; 

Lamprecht et al. 2009). Therefore, there is a potential for further RONS production and 

protein thiol oxidation to occur if samples are not snap frozen immediately or take too long 

to collect. Furthermore, oxidation may not be fully inactivated if the samples are stored at -

20°C rather than at -80°C (Passonneau and Lowry 1993), implying the possibility of 

unwanted side reactions (Passonneau and Lowry 1993). 

Artefactual oxidation and thiol-disulfide exchange reactions can be minimised by 

collecting blood samples directly in a trapping reagent before centrifugation so as to 

prevents further oxidation of albumin Cys34 and to trap other low molecular weight thiols 

(e.g. glutathione and cysteine) to prevent their thiol-disulfide exchange reactions with 

albumin (Giustarini et al. 2011,2013). 

The other challenge is one of blood sample size and sampling protocol. The 

sampling of venous blood requires special training in phlebotomy and usually requires a 
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large volume of blood to be collected at once.  In contrast, capillary blood taken from the 

fingertips is readily accessible with a minimum of training. However, the challenge with 

this sampling site is that it allows the removal of only a small volume of blood. Therefore, 

the challenge faced here is one of developing a method that uses minimal amount of blood, 

and thus minimizes the amount of time for sampling.  

Sample preparation also poses its own challenges for the precise determination of 

the oxidation state of albumin Cys34. Since it is important to avoid artefactual oxidation 

and thiol disulfide exchange reactions during plasma sampling and preparation (Armstrong 

et al. 2011), the reagents used to trap and label the target albumin should have access the 

Cys34 in the hydrophobic pocket of albumin (He and Carter 1992).  

1.4.2 Measurement of plasma free thiols: Reduced albumin Cys34 

Given that albumin makes up ~90% of free thiols in the plasma (Jocelyn 1972), it is 

commonly assumed that changes in plasma free thiols are due mainly to albumin, thus 

explaining why the measurement of plasma free thiol contents has been used as an indirect 

estimate of albumin thiol oxidation state in a variety of settings such as exercise (Inayama 

et al. 2002) and a range of clinical states (Himmelfarb et al. 2000; Zinellu et al. 2016).  

The levels of plasma reduced protein thiols can be measured using a variety of 

techniques that in general rely on reagents assumed to be specific to protein thiols. As 

mentioned above, a reagent commonly used for thiol measurement is Ellman’s reagent (5, 

5’-dithiobis-2- nitrobenzoic acid, DTNB; Ellman 1959). Methods based on this reagent 

involve the use of an excess of DTNB over thiols, with the resulting thiol disulfide 

exchange reaction generating TNB (5- thio-2-nitrobenzoic acid) which can be quantified 

spectrophotometrically at 412 nm (Eyer et al. 2003). This reaction is quick and does not 

require standards for quantitative measurement. This may explain why Ellman’s reagent 

has been widely used for the quantification of reduced protein thiols (Hansen et al. 2007). 

A limitation to Ellman’s assay is the common assumption that changes in plasma 

reduced thiol concentration directly result from corresponding changes in the oxidation 

state of plasma albumin Cys34 (Himmelfarb et al. 2000; Inayama et al. 2002; Zinellu et al. 

2016). Results from Ellman’s assay also have to be treated with caution as changes in 

plasma volume or albumin concentrations can also affect the measurement of plasma free 

thiol concentrations. Another limitation is that this method does not allow one to determine 

the degree and type of oxidative modification a sample has undergone, and whether it is 
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reversibly or irreversibly modified.  

As discussed above, the use of HPLC method to measure reduced albumin Cys34 is 

more specific (Era et al. 1988; Kawai et al. 2001). This method can also estimate the ratio 

of reduced, reversibly and irreversibly thiol oxidized albumin Cys34. Unfortunately, this 

technique is labour intensive, costly, require a large volume of blood and has been a 

subject of criticism for its specificity (Turell et al. 2014). The improved development of the 

assay by Turell et al. (2014) also has its limitations where the use of mercury raises the 

important issue of safety. In addition, the most crucial step of trapping the reactive Cys34 

has not been addressed in any of the previous methods. Given the limitations with the 

current techniques available to measure the thiol oxidation state of albumin Cys34, we 

propose the development of an accessible, reliable, simpler, cheaper and safer method, the 

principles of which are discussed in the following lines. 

1.4.3  Ratio-metric labelling techniques for the assay of reversible and 
irreversibly oxidized protein thiols.  

 A ratiometric measure offers greater sensitivity than simple quantitative measures 

because the directional changes in reduced and oxidized protein thiols are in opposite 

directions, implying the magnitude of the change in the ratio is greater than the change in 

either reduced or oxidized protein thiols alone (Bullen and Saggau 1999). This sensitivity 

is increased at the extremes of reduction or oxidation. Since plasma albumin Cys34 thiols 

exist in a predominantly reduced state under physiological conditions (Jocelyn 1972), a 

ratiometric measure has far greater sensitivity than the simple quantitative measures. 

Furthermore, if reduced and oxidized thiols are measured independently, errors can be 

introduced if samples are not treated identically, and the two samples must be standardised 

for protein concentration or tissue wet weight, which introduces another possible source of 

error. Using the above concept, Armstrong et al. (2011) previously developed a ratiometric 

technique to label reduced and oxidized protein thiols with different fluorescent dyes in 

skeletal muscle tissues on the same samples. However, this technique does not measure 

irreversibly oxidized proteins.  

One of the primary aims of this thesis is to develop a ratiometric method to detect 

not only reduced and reversible, but also irreversibly oxidized albumin Cys34. I propose to 

use a heavy molecular mass tag that binds to Cys34 to cause a shift in SDS-PAGE gel, 

separating reduced and oxidized albumin. The next step is to reduce the reversibly oxidized 
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Cys34 followed by its binding to a second heavy molecular mass tag to provide the ratios 

for reversibly and irreversibly oxidized albumin.  

1.4.4 Challenges with measuring the thiol oxidation state of albumin 
Cys34:  

1.4.4.1 Reducing reversibly oxidized albumin Cys34 without reducing the other 

disulfide bonds.  

Reversibly oxidized proteins are commonly reduced by strong reducing agents such 

as DTT and mercaptoethanol. Such reducing agents reduce not only the Cys34 of albumin, 

but also its intramolecular disulphide bond. The challenge here is to adopt a mild reducing 

agent that specifically reduce only Cys34, without reducing the other intramolecular 

disulphide bonds, so that the labelling tag only binds to the newly reduced Cys34 and not 

to the other thiols within albumin. One approach to target specifically Cys34 is to use high 

levels of low molecular weight thiols (Turell et al. 2013) to force the reaction toward the 

formation of reduced albumin (Reaction 6). This thiol-disulfide exchange reaction only 

affected Cys34 and not cysteine residues involved in the 17 disulphide bonds found in 

albumin (Bocedi et al. 2018). 

Cys + Cys34-Cys çè Cys-Cys + Cys34-SH  (Reaction 6) 

1.4.4.2 Choice of tag to bind to Cys34 

The choice of the tag being used is another challenge. Previous studies have used 

N-ethylmaleimide (NEM) to trap the redox state of plasma glutathione (Rossi et al. 2002). 

However, NEM has a very low molecular weight, and for this reason its binding to 

albumin Cys34 may not separate well the reduced and oxidized albumin on the basis of 

differences in mass, thus requiring impractical long hours for their separation using SDS-

PAGE. The other issue is the use of a hydrophobic tag that can access the Cys34 in the 

hydrophobic pocket of albumin (He and Carter 1992). One option is to use polyethylene 

glycol-maleimide (PEG), as this tag has a high molecular weight and its maleimide moiety 

can bind to reduced Cys34. 

1.4.4.3 Separating the different albumin thiol oxidation states 

The next and final challenge is one of separating the different species of reduced 

and types of oxidized albumin from the other disulfide-containing proteins. Isolating 

albumin using 1D SDS-PAGE increases the sensitivity to detect oxidative changes of 
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albumin that cannot be achieved by measuring total protein thiols, since it eliminates the 

background signal from other proteins. This is particularly useful for screening possible 

protein targets for reversible and irreversible thiol modification.  

1.5 Validation of albumin Cys34 assay: Albumin Cys34 response to 
exercise 

In order to test the sensitivity of my assay protocol at detecting small changes in the 

thiol oxidation state of albumin Cys34, it is important to test this protocol under 

physiological or pathophysiological conditions known to cause small changes in oxidative 

stress. For this reason, I have chosen to examine the effect of two different exercise 

modalities, moderate intensity aerobic exercise and resistance exercise, on the reversible 

and irreversible thiol oxidation of albumin Cys34. I will present a brief overview of some 

of the studies that have examined the effect of these exercise modalities on a range of 

biomarkers of oxidative stress and briefly explore some of the mechanisms whereby RONS 

production mediates muscle adaptive responses to exercise.  

It is generally accepted that both acute aerobic (Davies et al. 1982; Ashton et al. 

1998; Ashton et al. 1999) and resistance (Groussard et al. 2003; Bailey et al. 2004; Bailey 

et al. 2007) exercise have the potential to increase free radical production, which may or 

may not result in a rise in a biomarker of RONS levels. RONS generation from acute 

aerobic exercise is due, in part, to an increased flux in electron transport, leading to an 

increased leak of superoxide radicals (Bloomer and Goldfarb 2004). RONS produced from 

resistance exercise may be mediated by other pathways such as ischemia reperfusion, 

xanthine and NADPH oxidase production, and phagocytic respiratory burst (Bloomer and 

Goldfarb 2004). Different exercise protocols may induce different degrees of RONS 

production, with RONS production rate being both intensity (Goto et al. 2003; Goto et al. 

2007) and duration (Bloomer et al. 2007) dependent. The detection of changes in levels of 

RONS biomarkers depends largely on the timing of blood sampling as well as the 

sensitivity and specificity of the biomarkers being used (Dalle-Donne et al. 2006). 

Significant or no changes may be related to a lack of specificity of the RONS biomarker 

adopted in some studies (e.g. TBARS), the artefactual oxidation of the plasma samples 

used for analyses or improper sampling protocols (too few samplings or short time course). 

1.5.1 Effect of acute aerobic exercise on oxidatives stress 

A large proportion of the research concerned with the effect of exercise on 

oxidative stress in humans has focused on aerobic exercise. Some studies have used short 
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to moderate duration aerobic exercise of submaximal intensity either on treadmill or cycle 

ergometer to induce oxidative stress. Due to the wide variety of exercise protocols, 

detailing each specific protocol would not be practical. Therefore, for the purpose and 

scope of this brief overview, only acute aerobic exercise lasting less than or equals to 2 

hours will be briefly examined here.  

A number of studies have reported that acute aerobic exercise increases the levels 

of plasma MDA levels, isoprostane, protein carbonyl, TAC, and decreases the levels of 

reduced glutathione, increases those of oxidized glutathione (GSSG) and increases albumin 

thiol oxidation level (Table 1.1). However, no changes were also noted in a number of 

studies for the levels of MDA, isoprostane, protein carbonyls, TAC and plasma glutathione 

levels (Table 1.2). So far, no study has reported a lack of change in albumin thiol oxidation 

level in response to aerobic exercise. 
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Table 1.1. Studies reporting changes in the plasma levels of biomarkers of oxidative stress 
post-aerobic exercise. 

Biomarker of oxidative stress References 

Increased MDA Kanter et al. 1993; Sen et al. 1994; Alessio et al. 1997; 
Bailey et al. 2001; Miyazaki et al. 2001; Tozzi-
Ciancarelli et al. 2002; Bryant et al. 2003; Fatouros et 
al. 2004; Lwow et al. 2007; Nikolaidis et al. 2007; 
Steinberg et al. 2007; Cardoso et al. 2012; Spirlandeli et 
al. 2014; Gwozdzinski et al. 2017 

Increased Isoprostane Mastaloudis et al. 2001; Waring et al. 2003; Bloomer et 
al. 2006; Goto et al. 2007 

Increased Protein carbonyl Alessio et al. 2000; Goldfarb et al. 2005; Bloomer et al. 
2006; Bloomer et al. 2007; Gochman et al. 2007; 
Goldfarb et al. 2007; Michailidis et al. 2007; Nikolaidis 
et al. 2007; Turner et al. 2011; Cardoso et al. 2012; 
Wadley et al. 2015 

Increased TAC Maxwell et al. 1993; Alessio et al. 2000; Vider et al. 
2001; Fatouros et al. 2004; Watson et al. 2005; 
Nikolaidis et al. 2006; Steinberg et al. 2006; Michailidis 
et al. 2007; Berzosa et al. 2011; Georgakouli et al. 
2015; Jówko et al. 2015; Wiecek et al. 2015 

Decreased GSH Gohil et al. 1988; Kretzschmar et al. 1991; Sastre et al. 
1992; Viguie et al. 1993; Szcześniak et al. 1998; Chung 
et al. 1999; Laaksonen et al. 1999; Svensson et al. 2002; 
Wilber et al. 2004; Bloomer et al. 2005; Elokda et al. 
2005; Goldfarb et al. 2005; Watson et al. 2005; 
Nikolaidis et al. 2006; Steinberg et al. 2006; Goldfarb et 
al. 2007; Michailidis et al. 2007; Nikolaidis et al. 2007; 
Steinberg et al. 2007 

Increases GSSG Gohil et al. 1988; Sastre et al. 1992; Viguie et al. 1993; 
Sen et al. 1994; Tessier et al. 1995; Laaksonen et al. 
1996; Chung et al. 1999; Laaksonen et al. 1999; 
Medved et al. 2003; Bloomer et al. 2005; Elokda et al. 
2005; Goldfarb et al. 2005; Watson et al. 2005; 
Nikolaidis et al. 2006; Goldfarb et al. 2007; Michailidis 
et al. 2007; Nikolaidis et al. 2007 

Increased Albumin thiol Imai et al. 2002; Lamprecht et al. 2008; Lamprecht et 
al. 2009 
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Table 1.2. Studies reporting no change in the levels of biomarkers of oxidative stress post-
aerobic exercise. 

Biomarker of oxidative stress References 

MDA Niess et al. 1996; Leaf et al. 1997; Alessio et al. 2000; 
Quindry et al. 2003; Orhan et al. 2004; Bloomer et al. 
2005; Bloomer et al. 2006; Bloomer et al. 2007; 
Belviranli et al. 2016 

Isoprostane Rush and Sandiford 2003; Watson et al. 2005; Nordin et 
al. 2014 

Protein carbonyl Miyazaki et al. 2001; Bloomer et al. 2005; Morillas-
Ruiz et al. 2005; Gaeini et al. 2006; Magalhães et al. 
2007; Rahnama et al. 2007; Shi et al. 2007; Kabasakalis 
et al. 2011 

TAC Sen et al. 1994; Alessio et al. 1997; Ashton et al. 1998; 
Vincent et al. 2004; Wiecek et al. 2015 

Glutathione Marin et al. 1990; Viguie et al. 1993; Sen et al. 1994; 
Laaksonen et al. 1996; Laaksonen et al. 1999; Hellsten 
et al. 2001; Svensson et al. 2002; Medved et al. 2003; 
Goldfarb et al. 2007; Gwozdzinski et al. 2017 

 

There is compelling evidence that oxidative stress associated with aerobic exercise 

affects the rate of mitochondrial biogenesis, morphology, and function in skeletal muscle 

cells (Irrcher et al. 2009; Jackson 2009; Musarò et al. 2010) in a bi-faceted manner. Indeed, 

RONS have the capacity to mediate not only pathological responses leading to 

mitochondrial dysfunction and cell death (Mammucari and Rizzuto 2010; Marzetti et al. 

2010), but also physiological responses favourable to mitochondrial biogenesis and 

function (Hood et al. 2006; Kang et al. 2013; Steinbacher and Eckl 2015).  

There is evidence that the mitochondrial biogenesis promoted by RONS is 

mediated, at least in part, via the activation of peroxisome proliferator-activated receptor-γ 

(PPAR-γ) coactivator-1α (PGC-1α), a key regulatory protein playing an important role in 

controlling mitochondrial biogenesis and function in response to endurance exercise (Wu 

et al. 1999; Vega et al. 2000; Huss and Kelly 2004; Zhang et al. 2014). Exercise-induced 

increase in RONS levels trigger the PGC-1α signaling pathway which in turn leads to the 

upregulation of mitochondrial biogenesis (Mammucari et al. 2007; Sengupta et al. 2011) 

and regulates energy metabolism (Choi et al. 2008). PGC-1α thus activated also controls 
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many aspects of oxidative metabolism, including the upregulation of selected genes 

involved in fatty acid β-oxidation, glucose transport, and oxidative phosphorylation 

(Michael et al. 2001; Koves et al. 2005; Liang and Ward 2006; Uguccioni and Hood 2010).  

Although exercise-mediated activation of PGC-1α has been primarily attributed to 

contractile activity-mediated increases in AMPK (Atherton et al. 2005; Jäger et al. 2007; 

Lira et al. 2010) and p38 MAPK activation (Akimoto et al. 2005; Gibala et al. 2009), many 

studies suggest a role for RONS in the activation of PGC-1α. In particular, PGC-1α 

expression is sensitive to RONS, with exposure of muscle myotubes to exogenous 

hydrogen peroxide upregulating PGC-1α (Irrcher et al. 2009), whereas the addition of the 

antioxidant N-acetylcysteine inhibits this upregulation (Irrcher et al. 2009), thus suggesting 

that RONS production is necessary for contraction-induced gene expression of PGC-1α in 

muscle cells (Silveira et al. 2006). In addition, the supplementation of vitamin C and E to 

exercising rats (Gomez-Cabrera et al. 2008) and humans (Ristow et al. 2009) leads to 

diminished training-induced activation of PGC-1α. Taken together, these results support 

the notion that contraction-mediated increase in RONS levels are critical to exercise-

induced activation of PGC-1α. 

1.5.2 Effect of acute resistance exercise on oxidative stress  

Most studies on the effect of resistance exercise on oxidative stress have adopted 

protocols consisting of two or more compound lifts (exercises involving multiple joints and 

muscle groups e.g. squats and bench press) for 3 sets at intensities of 60-95% 1RM 

(McBride et al. 1998; Vina et al. 2000; Avery et al. 2003; Ramel et al. 2004; Viitala et al. 

2004; Vincent et al. 2004; Liu et al. 2005; McAnulty et al. 2005; Güzel et al. 2007; 

Rietjens et al. 2007). Other studies have used single movement (Subudhi et al. 2001; Volek 

et al. 2002; Bailey et al. 2004; Bloomer et al. 2005; Bloomer et al. 2006; Bailey et al. 2007; 

Bloomer et al. 2007; Hoffman et al. 2007). 

As with acute aerobic exercise, a number of studies on resistance exercise have 

reported that this type of exercise is associated with an increase in the levels of markers of 

lipid peroxidation, protein carbonyls, glutathione oxidation, and TAC (Table 1.3). 

However, a number of studies have found no change in the levels of markers of oxidatives 

stress such as lipid peroxidation, protein carbonyls and glutathione (Table 1.4). To the best 

of our knowledge, no study has examined the effect of acute resistance exercise on 

albumin thiol oxidation level. 



 

 37 

 
 
Table 1.3. Studies reporting changes in the plasma levels of biomarkers of oxidative stress 
post-resistance exercise. 

Biomarker of oxidative stress References 

Increased lipid peroxidation McBride et al. 1998; Volek et al. 2002; Avery et al. 
2003; Bailey et al. 2004; Ramel et al. 2004; Viitala et 
al. 2004; Vincent et al. 2004; Liu et al. 2005; Bailey et 
al. 2007; Güzel et al. 2007; Hoffman et al. 2007; 
Rietjens et al. 2007; Çakir-Atabek et al. 2010; Cardoso 
et al. 2012 

Increased Protein carbonyl Saxton et al. 1994; Viitala et al. 2004; Bloomer et al. 
2005; Goldfarb et al. 2008; Hudson et al. 2008; Çakir-
Atabek et al. 2010; Cardoso et al. 2012; Garten et al. 
2015 

Increased Glutathione Oxidation Vina et al. 2000; Subudhi et al. 2001; Bloomer et al. 
2005; Bloomer et al. 2007; Goldfarb et al. 2008; 
Garten et al. 2015; Luk et al. 2015 

Increased TAC Hudson et al. 2008; Polotow et al. 2017 
 

Table 1.4. Studies reporting no change in plasma levels of biomarkers of oxidative stress 
post-resistance exercise. 

Biomarker of oxidative stress References 

Lipid peroxidation Boyer et al. 1996; SuÈrmen-GuÈr et al. 1999; Subudhi 
et al. 2001; Ramel et al. 2004; Bloomer et al. 2005; 
McAnulty et al. 2005; Bloomer et al. 2006; Bloomer et 
al. 2007; Hudson et al. 2008 

Protein carbonyl Subudhi et al. 2001; Bloomer et al. 2006; Çakır-
Atabek et al. 2015 

Glutathione Bloomer et al. 2005; Liu et al. 2005; Rietjens et al. 
2007; Çakir-Atabek et al. 2010; Polotow et al. 2017 

 

A role for RONS in the activation of protein synthesis post-resistance exercise is 

supported by Makanae et al. (2013) who found that a high daily oral dose of the 

antioxidant vitamin C not only attenuates skeletal muscle oxidative stress, but also the 

skeletal muscle hypertrophy normally observed in response to hypertrophic exercise. The 
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importance of RONS as a mediator of muscle hypertrophy is also supported by the work of 

Handayaningsih et al. (2011) who showed that IGF-1-induced hypertrophy signalling is 

dependent on the presence of RONS since administering the antioxidant N-acetylcysteine 

(NAC), an inhibitor of RONS, blocks mTORC1 and p70S6K anabolic signalling as well as 

myotube hypertrophy. 

There is evidence that RONS mediate the anabolic effects of resistance exercise on 

muscle growth by activating the phosphoinositide 3-kinase (PI3K)/Akt/mammalian target 

of rapamycin (mTOR) signaling pathway (Glass 2010). Indeed, many studies have 

reported that RONS activate the PI3K/Akt signaling pathway (Konishi et al. 1997; Shaw et 

al. 1998; Ushio-Fukai et al. 1999; Mackey et al. 2008; Sadidi et al. 2009; Wu et al. 2013). 

Of note, however, some studies found that RONS inhibit the activation of PI3K/Akt 

signaling (Gardner et al. 2003; Murata et al. 2003; Berdichevsky et al. 2010; Durgadoss et 

al. 2012).  Therefore, increased RONS levels can both inhibit or enhance Akt 

phosphorylation (Tan et al. 2015), depending on the sensitivity of the signalling protein 

thiols to RONS. These findings have been explained on the grounds that the reversible 

thiol oxidation of Akt, but not the phosphatases PTEN or PP2A, causes a decline in Akt 

phosphorylation; whereas the thiol oxidation of PTEN and PP2A increased Akt 

phosphorylation (Tan et al. 2015).  

The highly reactive oxidant ONOO−, which is formed by the reaction of O2 with 

NO, has also been shown to regulate skeletal muscle hypertrophy induced by overload (Ito 

et al. 2013). In this respect, there is evidence that ONOO− stimulates the activation of the 

transient receptor potential cation channel, sub-family V, member 1 (Trpv1) to release 

intracellular Ca2+, which in turn activates mammalian target of rapamycin complex 1 

(mTORC1) to increase protein synthesis.  

1.6 Statement of problem and aims 

Given that both resistance and endurance exercise mediate their effects in part via 

the production of RONS, this raises the issue of whether the use of albumin Cys34 as a 

marker of oxidative stress could provide a marker sensitive enough to track the changes in 

oxidative stress level after these exercise modalities. Moreover, measuring the responses of 

reduced, reversibly oxidized and irreversibly oxidized albumin Cys34 to exercise should 

provide novel insight as to whether irreversibly and reversibly oxidized albumin Cys34 

both respond in a similar way to exercise, an issue that is still without an answer as no 

study to date has examined the temporal pattern of changes in the levels of these forms of 
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albumin in response to any types of exercise. Unfortunately, current techniques for the 

assay of albumin Cys34 oxidation levels are tedious, costly and time consuming. This is 

due, in part, to the need for expensive equipment (HPLC) and costly labour, the highly 

reactive nature of albumin Cys34, and the fact that the accurate measurement of this 

biomarker requires the quantification of both its reduced and oxidized forms. Given these 

limitations, there is a need to develop a protocol that is not sensitive to artefactual 

oxidation, and which allows both reversibly and irreversibly thiol oxidized albumin to be 

readily measured without the use of toxic chemicals or expensive protocols.  In order to 

achieve these goals, this thesis proposes to meet the following aims: 

Aim 1: To develop a ratiometric technique that measures the levels of reduced, reversibly 

and irreversibly oxidized albumin within the same plasma samples. The validity and 

reliability of this technique will be described and demonstrated using in-vitro experiments.  

Aim 2: In order to test the sensitivity of my new ratiometric technique, my next aim is to 

investigate the effect of resistance exercise with or without blood flow restriction on the 

thiol oxidation state of albumin Cys34 as little is known about the effect of this type of 

activity on the levels of markers of oxidative stress. It is hypothesised that this type of 

exercise will increase the thiol oxidation state of albumin Cys34. Given the high intensity 

of this exercise protocol, we also hypothesised that resistance exercise with or without 

BFR will result in a more pronounced post-exercise transient rise in irreversibly thiol-

oxidized albumin relative to reversibly thiol-oxidized albumin. 

Aim 3: In order to test further the sensitivity of my new ratiometric technique, my next 

aim is to investigate the effect of aerobic exercise on the thiol oxidation state of albumin 

Cys34 in humans. It is hypothesised that this type of exercise will increase the thiol 

oxidation state of albumin Cys34 to an extent that increases with exercise intensity. Since 

mild oxidation is expected to increase the levels of reversibly thiol-oxidized albumin 

Cys34 and higher oxidation levels to increases the levels of irreversibly thiol-oxidized 

albumin Cys34 (Turell et al. 2008; Turell et al. 2009; Turell et al. 2013), we hypothesised 

that aerobic exercise will result in the elevation of albumin thiol oxidation in an exercise 

intensity dependent manner.  

------------------------------------------------------------------------------------------------------------ 
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Chapter 2 Oxidation state of albumin Cys34 as a biomarker of oxidative 
stress 

 

Abstract 

Background: Reactive oxygen species (ROS) have major effects on cellular functions. 

Irreversible ROS-mediated damage on proteins as well as their reversible oxidation can 

affect markedly their functions. Of interest, the single free thiol on plasma albumin 

(Cys34) can be reversibly and irreversibly oxidized, and is a potentially useful biomarker 

of oxidative stress. However, this marker is seldom used in research due to the technical 

cost and skills required to measure its levels in blood using high performance liquid 

chromatography (HPLC). For this reason, the primary objective of this study was to 

develop a novel low cost user-accessible assay that could be more widely used in oxidative 

stress research. Method: Plasma samples were collected in Malpeg solution and stored. In 

preparation for the analysis, samples were divided into 2 aliquots, with cysteine solution 

added to one aliquot. Subsequently, 2 aliquots were run through gel electrophoresis to 

determine the ratio of reduced, reversibly oxidized and irreversibly oxidized albumin 

Cys34. Results: We have validated this new low cost user-accessible albumin Cys34 

assay,a reliable assay that can be performed in in vivo samples. When in vitro albumin was 

exposed to oxidant, albumin Cys34 assay was more sensitive than the albumin 

carbonylation assay at detecting oxidation. Conclusion: Our novel Malpeg labelling assay 

can reliably detect reversibly and irreversibly oxidized albumin Cys34. In addition, this 

assay includes several innovations and advantages over existing assays including the 

trapping of Cys34 during sample processing to prevent artefactual oxidation and its 

suitability for assays using small volumes of plasma. 

Keywords: Albumin thiol oxidation, protein thiol oxidation, free radicals, antioxidant, 

polyethylene glycol maleimide, PEGylation, oxidative stress, trap oxidation state, 

electrophoresis, artificial oxidation, maleimide labeling, reduction 
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2.1 Introduction 

Several diseases and physiological perturbations (e.g. hypoxia, heat, exercise, 

nutrition) are associated with the generation of reactive oxygen species (ROS) which in 

turn have major effects on cellular function (Powers et al. 2011; Görlach et al. 2015). How 

ROS affect cellular function depends on their type (eg hydroxyl radicals), molecular 

targets, and cellular location (Powers et al. 2011). In order to better understand the 

physiological and pathophysiological roles of ROS, multiple blood and urine biomarkers of 

oxidative stress have been developed. However, no individual biomarker captures all of the 

actions of the different types of ROS acting on different biological targets, so choice of the 

biomarker is dependent on the particular ROS target being investigated (Murphy et al. 

2011). 

Proteins are targets of highly reactive ROS, such as hydroxyl radicals, which can 

irreversibly damage proteins with deleterious consequences on protein function (Davies 

2005). A commonly used plasma assay to detect this type of protein oxidation-mediated 

damage is the protein carbonyl assay (Mateos and Bravo 2007). Carbonyl derivatives are 

formed directly by reactive ROS, such as hydroxyl radicals, or indirectly by secondary 

reactions with reactive carbonyl derivatives on carbohydrates (Stadtman and Levine 2003). 

In the presence of metal, less reactive ROS, such as hydrogen peroxide, can also cause the 

formation of carbonyls (Stadtman and Levine 2003).  

In addition to irreversible oxidative damage, protein function can be affected by the 

reversible oxidation of the thiol groups of their cysteine residues. Oxidation of thiol groups 

has been shown to affect the function of multiple proteins that in turn can impact on 

several cellular pathways including proliferation, differentiation, necrosis and contractility 

as reviewed by Paulsen and Carroll (2009). Thiol groups can be oxidized by milder 

oxidants such as hydrogen peroxide and are also particular susceptible to oxidation by 

hypochlorous acid, a ROS produced during inflammatory responses (Winterbourn and 

Metodiewa 1999; Paulsen and Carroll 2013). Accordingly, proteins containing thiol groups 

are potential biomarkers of oxidative stress.  

Although most thiol groups in plasma proteins are oxidized, the thiol group of 

cysteine 34 (Cys34) in human serum albumin is only partially oxidized (Peters Jr 1995), 

thus explaining why the thiol oxidation state of this amino acid residue has been adopted as 

a plasma biomarker of oxidative stress (Imai et al. 2002; Lamprecht et al. 2008; Lamprecht 

et al. 2009; Colombo et al. 2012). Albumin Cys34 has the unique feature, compared to 
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other available biomarkers, of being both reversibly and irreversibly oxidized (Nagumo et 

al., 2014).  

Era and colleagues(1988) developed a HPLC technique that allows the separation 

of albumin into three forms based on the oxidation state of Cys34: a reduced state (-SH); a 

reversibly oxidized state which can be converted back to the reduced state (-SOH, -SSX, 

where X is predominantly cysteine, homocysteine or glutathione); and a biologically 

irreversible oxidized state (-SO2H, -SO3H). Using this technique, the oxidation state of 

Cys34 has been shown to increase in association with exercise (Imai et al. 2002; 

Lamprecht et al. 2008; Lamprecht et al. 2009), aging (Era et al. 1995), hemodialysis 

(Anraku et al. 2004), chronic kidney disease (Matsuyama et al. 2009), diabetes (Suzuki et 

al. 1992) and liver cirrhosis (Fukushima et al. 2007). Although the oxidation state of Cys34 

provides an effective plasma marker of oxidative stress, only a limited number of 

publications have adopted this marker. One possible reason for the lack of widespread use 

of this marker may have to do with the measurement of albumin Cys34 oxidation state 

requiring access to expensive HPLC equipment and associated advanced analytical skills. 

For this reason, the primary aim of this chapter was to develop a novel low cost user-

accessible gel electrophoresis-based method that could be more widely used in oxidative 

stress research. A secondary aim was to evaluate the sensitivity of the assay compared to 

the commonly used protein carbonyl assay.  

 

2.2 Materials and Methods 

2.2.1 Materials 

Double-deionized (DDI) water was used throughout. Protein molecular weight 

standards were from Bio-Rad (Dual colour standards, Bio-Rad, Australia) and 

polyethylene glycol maleimide (Malpeg), 5000 g/mol, was from JenKem Technology 

(Malpeg, JenKem Technology, USA). All other chemicals and reagents were from Sigma–

Aldrich (Castle Hill, Australia). 

2.2.2 Blood sample preparation and storage 

For the analysis of albumin thiol oxidation level, nine parts of blood was collected 

into a K3EDTA tube (Minicollect tubes K3EDTA; Greiner Bio-One, Austria) containing 1 

part of the trapping solution made up of 62.5 mM polyethylene glycol maleimide (Malpeg, 

5000 g/mol), 40 mM imidazole and 154 mM NaCl diluted in DDI water, pH 7.4. 
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Additional blood was collected into a second K3EDTA tube without trapping solution for 

the assay of total plasma albumin. The tubes were briefly vortexed and then centrifuged 

(3000 g, 10 minutes), and plasma collected. Plasma without trapping solution was 

immediately frozen in liquid nitrogen and stored at -80 °C, whereas plasma with trapping 

solution (Malpeg) was incubated at room temperature for 20 minutes prior to being frozen 

and stored. 

2.2.3 Sample preparation 

Plasma samples containing Malpeg were thawed at 37 °C with agitation and then 

divided into two 2.5 µl aliquots. SDS/Tris buffer (245 µl) containing 0.5% (w/v) SDS and 

0.5 mM Tris (pH 7.4) was added to aliquot 1 (Sample 1; Fig 2.1a), whereas 2.5 µl of 20 

mM L-cysteine (pH 3) was added to aliquot 2, incubated for 30 minutes at room 

temperature, and then combined with 5 µl of 25 mM Malpeg with a further incubation for 

15 minutes at room temperature. A sub-aliquot of this sample (4 µl) was added to 95 µl of 

SDS/Tris buffer (Sample 2; Fig 2.1a). 

2.2.4 Gel electrophoresis 

Gels were hand cast using mini-protean plates (Mini-PROTEAN®, Bio-Rad, 

Australia) using Laemmli method (Laemmli 1970) modified to generate a 16% resolving 

gel. For fluorescent imaging, 1% (v/v) of 2,2,2-trichloroethanol (Ladner et al. 2004) was 

added to the resolving gel. After polymerisation of the resolving gel, the 4% stacking gel 

was poured on top of the resolving gel and, after polymerization, the gels were stored in a 

dark cold room at least 3 hours before use. 

Samples (5 µl of sample 1 and 2) and molecular weight standards (Bio-Rad, 

Australia) were mixed with equal parts of loading buffer containing 0.5 M TRIS (pH 6.8), 

3% (w/v) SDS, 30% (v/v) glycerol and 0.03% (w/v) bromophenol blue in DDI water. A 5 

µl aliquot was loaded onto a gel, and the gel was run at 250 V for 1 hr 45 minutes in a cold 

and dark room. Following electrophoresis, the gel was washed twice with DDI water 

before being placed on a UV transilluminator (ChemiDocTM, Biorad, Australia) for 5 

minutes and then visualised with Image LabTM software (Biorad, Australia). The gel image 

was analysed using National Institute of Health (NIH) ImageJ software (Version 1.48v, 

USA; Schneider et al. 2012). The image was inverted, and after background subtraction, 

and editing for speckling and noise, a signal profile was plotted for each lane from the gel 

(Image J user guide 1.46r, 2012). The area under each peak was calculated using the 

trapezoid rule to give the intensity for each band (Ladner et al. 2004). 
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Sample 1 was used to calculate the percentage of reduced (RA) and oxidized 

albumin (OA; Fig 2.1b); sample 2 was used to calculate the percentage of albumin in the 

reversibly oxidized form (OAR) and irreversibly oxidized form (OAI; Fig 2.1b). For sample 

1, the top band (A in Fig  2.2) represents reduced albumin (RA) and the bottom band (B in 

Fig. 2.2) represents reversibly and irreversibly oxidized albumin (OAR & OAI). For sample 

2, the top band (C in Fig. 2.2) represents reduced (RA) and reversibly oxidized albumin 

(OAR) and the bottom band (D in Fig. 2.2) represents irreversibly oxidized albumin (OAI). 

The percentage of albumin in the different forms was calculated as follows: 

1. The percentage of reduced albumin (%RA) = (band A/ (band A + band B)) x 100 

2. The percentage of irreversibly oxidized albumin (%OAI)= (band D/(band D + band E)) 

x 100 

3. The percentage of reversibly oxidized albumin (%OAR) = 100 – (%RA + %OAI) 

2.2.5 Mass spectroscopic analysis to identify the protein on the gel bands 

In order to show that the gel bands corresponded only to albumin with no 

detectable contamination by other proteins, gel bands were excised for in-gel digestion 

were cut into 1 mm cubes. Gel pieces were de-stained three times with 100 µl 25 mM 

ammonium bicarbonate in 50% (w/v) acetonitrile at 37°C for 45 min. Gel pieces were then 

dried by vacuum centrifugation. Proteins in these gel pieces were digested by addition of 

125 ng Trypsin in 10 ul of 25 mM ammonium bicarbonate. The digestion reaction 

proceeded at 37°C overnight. The resulting digested proteins were extracted by two 

additions of 20 µl 1% (w/v) triflouroacetic acid (TFA) in acetonitrile (ACN) and 

incubation at room temperature for 20 min. Extracts were pooled and desiccated by 

vacuum centrifugation before being reconstituted in 10 µl 80% (w/v) ACN, 0.1% (w/v) 

TFA. Of the extracts, 0.6 µl was combined with 0.6 µl matrix solution (5 mg/mL α-cyano-

4- hydroxysuccinamic acid, 10 mM ammonium citrate, 80% ACN, 0.1% TFA) on a 

MALDI- TOF plate, and allowed to air dry. Analysis was performed with a 4800 MALDI-

TOF/TOF Mass Spectrometer (Applied Biosystems, MA). Parent mass peaks (mass range 

m/z 800–3000 from combined MS and MS/MS spectra) were submitted to the MASCOT 

database for identification of peptides, using the following search conditions: Swissprot 

database, all mammalian species, trypsin digest with allowance for up to one missed 

cleavage per peptide, no fixed modifications, variable modification of oxidation on 

methionine residues, MS tolerance of 0.2 Da, MS/MS tolerance of 0.6 Da. Proteins were 

identified on the basis of 2 or more peptides with ion scores exceeding the significance 

threshold. 
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2.2.6 External pH-gradient chromatofocusing (EPGC) 

The efficacy of our ratiometric assay method at quantifying the levels of reversibly 

and irreversibly oxidized albumin Cys34 was compared with that of the chromatography-

based protocol of Turell et al. (2014). Liquid chromatography was performed using an 

AKTA Purifier FPLC system equipped with an UPC-900 control unit (GE Health-care, 

Australia). A weak anion exchange was carried out on a high resolution commercial 

column (5 ml HiTrap DEAE FF 90 µm, GE Health-care, Australia). Buffers A and B 

consisted of 10 mM ammonium acetate to which glacial acetic acid was added to adjust the 

pH to 5.35 (buffer A) or 3.95 (buffer B).  The column was equilibrated with 10 column 

volumes (50 ml) of Buffer A. 1ml of BSA at 1mg/ml concentration was manually injected 

onto the column at a flow rate of 2.5 ml/minute.  The column was then washed with 10 ml 

of Buffer A before the protein was eluted with a concentration of 16% of buffer B over 30 

ml.  Finally, the column was washed with 15 ml of 100% Buffer B at the end of each run. 

Samples were treated with 1.2 x excess Hg prior to chromatography. Oxidized 

samples were treated with 90 mM H2O2 at room temperature for 1hr. H2O2-treated and 

untreated samples were blocked with 1.2 x Hg prior to chromatography. 

 2.2.7 Protein carbonyl assays 

Carbonyl groups formed on plasma albumin were determined with immunoblotting, 

which involves the processing of samples (Sample A) with positive (Sample B) and 

negative (Sample C) controls. Plasma samples were diluted 1:120 with 6% (w/v) SDS. The 

positive control sample was incubated 1:1 with 50 mM HOCl for 1 hour, then diluted 1:60 

with 6% SDS. One part of diluted samples or positive control were added to one part of 10 

mM dinitrophenyl hydrazine (10 mM DNPH/10% TFA). The negative control sample was 

incubated under the same conditions of 10% TFA, but without DNPH. After 15 minutes of 

incubation, one part of neutralization solution (30% (v/v) glycerol/ 2M TRIS) was added to 

the DNPH and negative control treated samples. The treated samples were then diluted 10 

times under reducing conditions, with 5 µl of treated samples separated by stain free SDS-

PAGE (Biorad, 4-20% Mini-PROTEAN® TGX Stain-Free™ Precast Gels) and transferred 

(Biorad, Trans-Blot® Turbo™ Transfer System) onto nitrocellulose membrane (Biorad, 

Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs) using conditions set at 2.5 A, up 

to 25 V for 10 minutes. 

The membrane was subsequently washed in TBST 5 times, for 3 minutes each (5 x 

3 minutes), and blocked with TBST/0.5% non-fat dry milk. After one hour, the membrane 
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was washed in TBST (5 x 3 minutes), then incubated in polyclonal rabbit anti-DNP 

antibody (diluted 1:20000 in TBST/0.5% non-fat dry milk). After an overnight incubation 

in the cold room, the membrane was washed in TBST (5 x 3 minutes) and then treated with 

horseradish peroxidase-conjugated goat anti rabbit IgG (diluted 1:25000 in TBST/0.5% 

non-fat dry milk) for 1 hour at room temperature. A final wash with TBST (5 x 3mins) was 

performed prior to visualisation of carbonylated albumin using ECL western blot detection 

reagent (Bio-rad, Clarity Western ECL substrate). 

Albumin carbonylation was tabulated as a ratiometric value using the carbonyl 

density divided by the amount of fluorescence signal of albumin from the stain free gel 

(loading control). That is: ratio = arbitrary amount of carbonylated albumin/arbitrary 

amount of albumin. The CV for albumin carbonyl was 8.6% (n = 19), similar to previous 

carbonyl methods with a CV ranging from 7%-18% (Dayhoff-Brannigan et al. 2008; 

Matthaiou et al. 2014). 

2.2.8 Exercise application 

Healthy adults (n = 6), aged 18-32, performed a graded stationary cycling exercise 

test at an initial intensity of 50 watts, with the intensity increasing by 30 watts at 3-min 

interval until volitional exhaustion or until the participant was unable to successfully 

maintain the required power output (~15-30 minutes). Capillary blood samples were 

collected as described above prior to exercise, immediately after, 30 and 60 minutes post-

exercise. This testing protocol was approved by the human ethics committee of The 

University of Western Australia. 

2.2.9 Statistical analysis 

All data are presented as means ± SE unless otherwise stated. Means were 

compared using a t-test or one-way ANOVA with repeated measures where appropriate. 

Significance was accepted at p<0.05. Where Mauchly’s test of Sphericity was violated 

(p<0.05), Greenhouse-Geisser corrections was applied and reported.  

 

2.3 Results 

2.3.1 Principle of the assay  

Immediately after blood sampling or in vitro albumin sample preparation, samples 

were added to a Malpeg solution (Fig. 2.1Ai) to react with reduced albumin Cys34. 
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Subsequently, each sample was divided into 2 aliquots, with one aliquot being added to the 

cysteine solution for thiol-disulphide exchange (Fig. 2.1Aii), followed by labelling with 

Malpeg (Fig. 2.1Aiii). Sample 1 (no cysteine processed) and sample 2 (cysteine processed) 

were separated through SDS-PAGE (Fig. 2.1). The labelled albumin was then separated 

from the unlabelled albumin (Fig. 2.1B), with which, the ratio of reduced, reversibly 

oxidized and irreversibly oxidized albumin was tabulated. 

 

Fig. 2.1. Diagrammatic representation of the Malpeg labelling technique. Ai. Available 
thiols (-S-H) in the plasma sample are initially trapped with Malpeg. Aii. The sample is 
split in two, with reversibly oxidized thiols (-S-S-X) in the second sample converted to 
reduced thiols via thiol-disulphide exchange reactions. Aiii. Reduced thiols are labelled 
with Malpeg. B. Following electrophoresis, albumin bound to Malpeg is separated by 
about 5000 Da from unbound albumin. For sample 1, band A represents reduced albumin 
(RA), whereas band B represents a combination of reversibly (OAR) and irreversibly 
oxidized albumin (OAI). For sample 2, band C represents RA and OAR, whereas band D 
represents OAI. 

2.3.2 Method development 

The quantitative analysis of plasma albumin thiol oxidation state involves 

maleimide labelling of Cys34 with Malpeg. The labelled albumin is then separated from 

unlabelled albumin by SDS-PAGE (Fig. 2.1 & 2.2), with the heavier Malpeg-labelled 

albumin migrating further than unlabelled albumin. 
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Fig. 2.2. Separation of differently oxidized forms of albumin using Malpeg. Sample 1. 
Plasma incubated with Malpeg as described in methods (procedure 1). Sample 2. Plasma 
incubated with Malpeg following treatment with cysteine as described in methods 
(procedure 2). Sample 3. Plasma not incubated with Malpeg. Sample 4. Commercial 
human albumin not incubated with Malpeg. Sample 5 Commercial human albumin 
incubated with Malpeg as described in methods (procedure 1). Composition of bands: A, 
RA; B, OAR and OAi; C, RA and OAR; D, OAi; E, RA, OAR and OAi; F, RA, OAR and 
OAi; G, RA and OAR; H, OAi. 

To show that bands A and B corresponded only to albumin with no detectable 

contamination by other proteins, gel bands were excised for in-gel digestion followed by 

using MALDI-TOF/TOF Mass Spectrometer. Parent mass peaks were submitted to the 

MASCOT database for identification of peptides, using Swissprot database, and identified 

only human albumin bands A and B (Table 2.1) 

Table 2.1. Mass spectrometry ID of protein bands.  
Band	 SWISS-PROT	name	 Protein	 Sig.	peptides	

	A	 ALBU_HUMAN	 Albumin	 7a	

	B	 ALBU_HUMAN	 Albumin	 3a	

	a	Identification	of	more	than	2	peptides	indicates	a	significant	protein	identification	
 

The technique depends on saturation labelling of the thiol of Cys34 by Malpeg. At 

a concentration of 6.25 mM Malpeg incubated for at least 15 minutes at room temperature 

was sufficient for maximum labelling of the reduced albumin (Fig. 2.3). To measure the 

level of reversibly oxidized Cys34, a thiol-disulfide exchange reaction was used to 

generate a thiol on Cys34 which could then be labelled with Malpeg. Cysteine, reduced 

glutathione, N-acetylcysteine and mercaptoethanol were suitable thiol-disulfide exchange 

reagents, but not dithiothreitol and TCEP (Fig. 2.4). Cysteine was adopted as a thiol-

disulfide exchange reagent in all subsequent experiments. The incubation of albumin with 

cysteine at a concentration of at least 10 mM for at least 15 minutes was sufficient to result 

in maximal labelling of the reversibly oxidized thiol (Fig. 2.3). The incubation of the 

resulting cysteine-labelled albumin for at least 15 minutes with 12.5 mM of Malpeg was 

sufficient for maximal Malpeg-labelling of the newly exposed thiol groups in Cys34 (Fig. 

2.3). 
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  A            B 

   
  C             D 

   
   E             F 

  
Fig. 2.3. Optimizing Malpeg labelling and the thiol-disulfide reaction. (A) The 
effectiveness of Malpeg binding to albumin was evaluated by incubating plasma with 
increasing Malpeg concentrations for 15 minutes and (B) increasing incubation times with 
6.25 mM Malpeg as described for procedure A in the methods. (C) The effectiveness of 
cysteine in the thiol/disulfide exchange reaction was evaluated by incubating plasma with 
increasing cysteine concentrations for 15 minutes and (D) increasing incubation times with 
20 mM cysteine as described for procedure 2 in the methods. (E) The effectiveness of 
Malpeg binding to the newly exposed albumin thiols following incubation with cysteine as 
described for procedure 2 in the methods was evaluated by incubating with increasing 
Malpeg concentrations for 15 minutes and (F) increasing incubation times with 12.5 mM 
Malpeg. * represents significantly different from mean maximal value. Values are 
expressed in mean ±SE, (n=3).  
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Fig. 2.4. The shift in the albumin band following incubation of plasma with thiol/disulfide 
exchange or reducing agents. Albumin was incubated for 30 minutes with concentrations 
of 10 mM for cysteine (lane 1), glutathione (lane 2), N-acetylcysteine (lane 3), 
mercaptoethanol (lane 4), DTT (lane 5), TCEP (lane 6), or no additive (lane 7). Following 
incubation, 12.5 mM Malpeg was added for 15 minutes. 

To quantify the relative oxidation of albumin, two techniques were compared: 

coomassie staining and fluorescent imaging of protein reacted with 2,2,2-trichloroethanol. 

With coomassie stain, a standard gel stain, there was incomplete separation between 

Malpeg-labelled and unlabelled albumin (Fig. 2.5Bii,iii), whereas there was complete 

separation of 2,2,2-trichloroethanol-treated proteins visualised via fluorescent imaging 

(Fig. 2.5Eii,iii). For coomassie staining, the relationship between albumin content and gel 

band density was best described by a polynomial curve (Fig. 2.5). In contrast, there was a 

linear relationship between albumin content and gel band density (Fig. 2.5) for fluorescent 

imaging of 2,2,2-trichloroethanol-treated albumin up to an albumin loading of 2 µg. This 

linear relationship meant that the relative fluorescent intensities for albumin bound and not 

bound to Malpeg could be used to calculate relative oxidation. Consistent with this 

concept, the fluorescent intensity of albumin with no Malpeg added (22.5 ± 0.7, arbitrary 

units, n=4) was comparable to the summed fluorescent intensity of sample 1 (22.7 ± 0.5, 

arbitrary units, n=4) and sample 2 (22.5 ± 0.6, arbitrary units, n=4) which contained both 

albumin bound and not bound to Malpeg. The calculated oxidation of plasma albumin 
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using the fluorescent imaging technique was reproducible, with an intra and inter assay 

coefficient of variation of 2.7% (n=12) and 4.7% (n=12), respectively.  

 
Fig. 2.5. Comparison of Coomassie stained and fluorescent analysis to quantify albumin. 
Human albumin was loaded on two separate gels. For one gel, protein was stained with 
coomassie blue, analysed by densitometry (B, image rotated by 90°) and a standard curve 
was generated (C). The line of best fit was described by a polynomial: y= -9.1x2+38.9x-
0.07, R2 = 0.995. For the second gel, proteins were imaged fluorescently (D), quantified 
(E) and a standard curve was generated (F). The line of best fit was linear: y = 19.5x – 
0.24, R2 = 0.999. The density profile used to calculate band intensity for Coomassie stained 
gels (B) and the signal profile for fluorescently imaged gels (C) are shown below gel 
images. Bi and Ei show albumin in the absence of Malpeg, Bii and Eii show albumin 
bound to Malpeg, Biii and Eiii show unlabelled albumin.  

 

2.3.3 Collection and preparation of plasma sample. 

Protein thiol groups are sensitive to oxidation (Armstrong et al. 2011), so there is 

potential for artefactual oxidation during sample preparation. However, reacting the thiol 

group of Cys34 with Malpeg prevents oxidation. Three sample preparation techniques 

were tested, with (1) Malpeg added to blood as soon as it was collected, (2) to plasma 

following centrifugation, and (3) to freshly thawed plasma and to plasma after 2.5 hours at 

room temperature. For all plasma samples, there was increased oxidation relative to the 

level of albumin oxidation in the blood sample to which Malpeg had been added (Fig. 2.6). 
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A            B 

   
Fig. 2.6. Sample preparation and collection. A. Level of albumin oxidation following 
treatment with Malpeg immediately after sampling blood (BI), immediately after 
preparation of plasma (PI), immediately after thawing frozen plasma (Th), and after 2.5 
hours at room temperature (RT). B. Level of albumin oxidation in capillary (grey) and 
venous (white) blood: reversibly oxidized albumin (RA); irreversibly oxidized albumin 
(Irrev). * represents significantly different from immediately after (BI). Values are 
expressed in mean ± SE, (n=6). 

Blood samples for the assessment of albumin oxidation have previously been 

collected by venepuncture (Suzuki et al. 1992; Imai et al. 2002; Lamprecht et al. 2008). 

For the method we have developed, capillary blood collection is possible because only 

small volumes of blood (less than 10 µl) are required for the analysis of albumin oxidation. 

We therefore compared albumin thiol oxidation between capillary blood samples and 

venepuncture samples. There were no significant differences between capillary and 

venepuncture samples for albumin thiols or thiols that had been reversibly or irreversibly 

oxidized (Fig. 2.6). 

2.3.4 Comparison with chromatography technique 

Chromatography-based techniques have been used to measure the fraction of 

albumin in the oxidized form (Era et al. 1988). Using the chromatography technique 

described by Turell et al. (2014), bovine serum albumin (BSA, Sigma-Aldrich, Australia) 

samples were estimated to be 36 ± 0.7% (n=5) oxidized, whereas the level of oxidation 

was estimated to be 42 ± 0.1% (n=5) using the Malpeg technique. Because of the 

discrepancy between the two measurements, bovine serum albumin samples were treated 

with hydrogen peroxide to completely oxidize its thiol groups. Using chromatography, 

albumin samples were 68 ± 1.8% (n=5) oxidized, whereas the level of oxidation was 

estimated to be 98 ± 0.1% (n=5) using the Malpeg technique. These observations suggest 
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the chromatography technique of Turell et al. (2014) underestimates the extent of albumin 

oxidation.  

2.3.5 Comparison of Malpeg-treated albumin oxidation assay with the 
albumin carbonyl assay 

The sensitivity of our albumin oxidation assay at detecting changes in albumin 

oxidation was compared to the protein carbonyl assay after exposing albumin to two 

reactive oxygen species, hydrogen peroxide and hypochlorous acid. For hydrogen 

peroxide, concentrations of 0.5 mM and 5 mM caused significant increases in albumin 

oxidation with no significant increases in albumin carbonyl formation (Fig. 2.7). A similar 

pattern of oxidation was evident for hypochlorous acid, with a significant increase in 

albumin oxidation, but no significant increase in albumin carbonyl formation (Fig. 2.7). At 

equivalent concentrations, hypochlorous acid caused greater oxidation of albumin than 

hydrogen peroxide (Fig. 2.7). When albumin was incubated with a higher concentration of 

oxidants, for example, 50 mM hypochlorous acid (~450 fold increase from untreated 

samples, CV= 7.5%), there were significant changes in albumin carbonyls. This implies 

that this albumin carbonyl assay is able to detect increased oxidative stress, but not at 

lower concentrations of oxidants. 
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A            B 

 
  C             D 

 
Fig. 2.7. Effect of treatment with hydrogen peroxide or hypochlorous acid on albumin Cys 
34 oxidation level. Plasma samples were untreated (U), treated with 0.5 mM (H0.5) or 5 
mM (H5) hydrogen peroxide, 0.5 mM (C0.5) or 5 mM (C5) hypochlorous acid, (n = 4). 
Levels of (A) total albumin thiol oxidation, (B) carbonyl ratio, (C) reversibly oxidized 
albumin and (D) irreversibly oxidized albumin. * represents significantly different from U. 
# represents significantly different from H. U, untreated plasma; H, hydrogen peroxide; C, 
hypochlorous acid; AU, arbitrary units. 

Both hydrogen peroxide and hypochlorous acid caused increases in reversibly and 

irreversibly oxidized albumin (Fig. 2.7). However, hypochlorous acid at 5 mM caused a 

significantly lower increase in reversibly oxidized albumin than at 0.5 mM. This apparent 

discrepancy is addressed in the discussion. 

2.3.6  Applications: quantitative assessment of human albumin thiol 
oxidation after exercise. 

Since the thiol oxidation of human serum albumin has been reported to increase 

after exercise (Chapter 1; Lamprecht et al. 2008; Lamprecht et al. 2009), the sensitivity of 

the gel based ratiometric method developed here was tested by measuring the effect of 

exercise on the oxidation state of human plasma albumin Cys34.. Immediately after 

exercise, there was an increase in oxidized albumin Cys34 levels, which returned to pre-
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exercise levels by 30 minutes post-exercise (Fig. 2.8A). The increase in oxidized albumin 

levels was a consequence of an increase in the levels of reversibly oxidized albumin Cys34 

(Fig. 2.8B) and not irreversibly oxidized albumin Cys34 (Fig. 2.8C).  

A            B       C 

 
 
Fig. 2.8. Effect of graded exercise to exhaustion on albumin Cys34 oxidation state. 
Capillary blood samples were collected prior to exercise (Pre), and after exercise. Levels of 
(A) total oxidized albumin, (B) reversibly oxidized and (C) irreversibly oxidized albumin. 
* represents significantly different from pre-exercise value. Values are expressed in mean 
±SE, (n=6). 

2.4 Discussion 

This chapter describes the development of a maleimide-based labelling technique 

using Malpeg to trap and quantitatively measure the fraction of plasma albumin Cys34 in 

both the reversibly and irreversibly oxidized forms. The maleimide labelling technique 

incorporates several innovations, and has a number of advantages over existing techniques. 

This technique involves trapping the thiol of Cys34 with Malpeg during blood collection, 

followed by a thiol-disulfide exchange reaction so that the reversibly oxidized form of 

Cys34 can then react with Malpeg. After electrophoresis, the percentage of Cys34 in the 

reversibly and irreversibly oxidized forms can then be calculated. 

A key finding was that artefactual oxidation could occur during sample processing. 

Thiol groups are particularly sensitive to oxidation in the presence of ambient oxygen 

(Armstrong et al. 2011). Techniques to prevent thiol oxidation include acidification or 

trapping with a thiol reactive agent such as maleimide or iodoacetic acid (Eaton 2006). We 

found that adding Malpeg during blood collection prevented the artefactual oxidation of 

albumin Cys34 during the preparation of plasma. Of note, existing methods for analysis of 

thiols in albumin do not take precautions to prevent thiol oxidation during plasma 

preparation (Suzuki et al. 1992; Era et al. 1995; Imai et al. 2002; Anraku et al. 2004; 
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Fukushima et al. 2007; Lamprecht et al. 2008; Lamprecht et al. 2009; Matsuyama et al. 

2009). As a consequence, other methods may overestimate albumin Cys34 oxidation level. 

Existing techniques are not conducive to the widespread use of albumin Cys34 thiol 

oxidation as a biomarker of oxidative stress. A commonly used approach involves the use 

of chromatography techniques, but throughput is limited because each sample takes about 

20-40 minutes to elute (Era et al. 1988; Anraku et al. 2004; Matsuyama et al. 2009). A 

further limitation is that the equipment to carry out chromatography-based techniques can 

be expensive, not readily accessible, and requires specialised and costly skills to utilise. 

Also, the accuracy of the widely used chromatography method developed by Era et al. 

(1988) has been questioned (Turell et al. 2014) because one of the oxidized forms of 

albumin can co-elute with the reduced form, which would lead to an underestimate of the 

extent to which albumin Cys34 is oxidized.  

Another approach to measure the thiol oxidation state of plasma proteins has been 

to measure reduced thiols in plasma samples using assays such as those based on Ellman’s 

reagent which have the advantage of being measured using standard laboratory equipment 

(Himmelfarb et al. 2000; Inayama et al. 2002; Faure et al. 2008; Pandey et al. 2010). 

Although most thiols in plasma are located on albumin, approximately 10% of plasma 

thiols consists of low molecular compounds such as reduced cysteine, glutathione, 

cysteinylglycine and homocysteine (Turell et al. 2013).  As a consequence, changes in the 

concentration of thiols cannot be definitely ascribed to changes in albumin oxidation level 

unless there are additional measures for low molecular weight thiols. A further 

complication with measuring total plasma thiols is that albumin concentration in plasma is 

not static, with changes occurring as a result of physiological (e.g., exercise; Halliwill 

(2001) ) or pathological conditions (e.g., liver, gut, or renal disease; Doweiko and 

Nompleggi (1991)). Therefore, changes in the concentration of thiols cannot be definitely 

ascribed to changes in albumin oxidation unless albumin concentration is measured.  

The ratiometric technique we have developed avoids the ambiguity of Ellman type 

assays by directly measuring the oxidation level of albumin Cys34. Furthermore, unlike 

Ellman type assays, our technique measures the proportion of both the reversibly and 

irreversibly oxidized forms of albumin. A novel aspect of this technique is the use of 

cysteine in a thiol-disulfide exchange reaction to distinguish between reversibly and 

irreversibly oxidized forms of albumin. Critically, the thiol-disulfide exchange reaction 

only affected Cys34 and not cysteine residues involved in the 17 disulphide bonds found in 
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albumin (Bocedi et al. 2018). As a consequence, we found that only Cys34 was labelled 

with Malpeg following incubation with cysteine. In contrast, dithiothreitol which can also 

participate in thiol-disulfide exchange reactions, caused a loss of both albumin bands. A 

loss of both albumin bands was also evident for TCEP, a commonly used disulphide 

reducing agent. A possible explanation is that both reagents may have caused the reduction 

of one or more of the 17 disulphide bonds of albumin. As a consequence, Malpeg could 

bind to multiple thiols on albumin, thus resulting in a substantial shift in the position of 

albumin depending on how many thiol groups are available for Malpeg binding. Because 

multiple cysteine residues can bind to Malpeg, neither dithiothreitol nor TCEP are suitable 

reagents for the analysis of the oxidation state of Cys34. Our findings show that other 

single thiol containing compounds such as glutathione, N-acetylcysteine and 

mercaptoethanol were also suitable thiol-disulfide exchange reagents. A possible 

explanation for the lack of reaction with protein disulfide bonds is that protein disulfide 

bonds can reform after an initial reaction with single thiol containing compounds 

(Konigsberg 1972). In contrast, dithiolthreitol is a dual thiol-containing compound which 

catalyses an essentially irreversible reaction because the equilibrium lies far to the right 

(Konigsberg 1972). 

Estimating the percentage of Cys34 in the reversibly and irreversibly oxidized 

forms depends on the accurate quantification of gel bands. Historically, variable staining 

and the limited non-linear range of protein stains such Coomassie blue have restricted the 

accuracy of quantification based on such a stain. This limitation has been overcome by the 

introduction of a fluorescent-based method involving the use of 2,2,2-trichloroethanol 

(Ladner et al. 2004). The increased sensitivity of fluorescent-based method implies that 

substantial less albumin is required, thus resulting in better discrimination of bands and 

less background. Finally, we found a linear relationship between fluorescence and the 

amount of protein on the gel, which means that a standard curve is not necessary on each 

gel to estimate the quantity of protein.  

The sensitivity of the fluorescent-based ratiometric method described here entails 

that small volumes of plasma (less than 5 µl) can be used for measurement of albumin 

oxidation. In this respect, we found that capillary blood samples could be used to measure 

albumin oxidation level. There were no differences between albumin oxidation level 

between capillary and venous blood. Capillary blood sampling is attractive because it is 

less invasive and does not require the specialised training required for venous blood 

sampling. The exercise study illustrates another key benefit of capillary sampling; the 
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ability to longitudinally track in a non-invasive way changes in albumin oxidation level. 

This technique may also be useful clinically, as albumin oxidation has been recognised as a 

sensitive biomarker of oxidative stress in clinical populations (Oettl and Marsche 2010). 

In conclusion, the novel Malpeg labelling assay desecribed here detects reversibly 

and irreversibly oxidized albumin Cys34. In addition, this assay includes several 

innovations and advantages over existing assays. A key finding was to trap Cys34 during 

sample processing as it can undergo artefactual oxidation when untrapped. Also, this 

Cys34 assay is more sensitive than albumin carbonyl assay at detecting oxidative stress.. 

Finally, the use of fluorescent-based method allows small volume of plasma to be used in 

future in vivo studies. 
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Chapter 3 

Biphasic pattern of change in albumin Cys34 oxidation post-resistance 

exercise with or without blood flow restriction 

 

Abstract 

Background: Comparable increases in muscle protein synthesis can be achieved following 

several repetitions of high-intensity resistance exercise (HI) or low-intensity resistance 

exercise combined with blood flow restriction (LIBFR). Since the activation of muscle 

protein synthesis in response to resistance exercise is mediated, at least in part, by the post-

exercise production of reactive oxygen species (RONS), we hypothesised that HI and 

LIBFR result in a similar post-exercise pattern of change in markers of plasma RONS 

levels. Methods: Seven overnight fasted untrained individuals were subjected on separate 

days to a bout of HI (8 x 10 repetitions at 70% of 1RM) or LIBFR (30, 15, 15, 15 

repetitions at 20% 1RM). Before and at time intervals post-exercise, muscle oxygenation 

level was monitored, and reversibly and irreversibly oxidized albumin Cys34 levels as well 

as carbonylated albumin levels were measured as markers of plasma RONS levels. 

Results: Immediately after exercise, there was an early transient increase in irreversibly 

oxidized albumin Cys34 (p<0.05) which returned to baseline level by 30 minutes. This was 

followed by a delayed, sustained rise in reversibly oxidized albumin Cys34 level which 

remained elevated for at least 5 hours (p<0.05). There was no significant difference in 

albumin thiol oxidation between HI and LIBFR at the same time points. Carbonylated 

albumin level did not respond to both experimental conditions. There was a temporal 

association between muscle oxygenation and thiol-oxidized albumin Cys34 level only 

during early recovery. Conclusion: Under our experimental conditions, HI and LIBFR 

result in similar early post-exercise patterns of change in lactate, muscle oxygenation and 

albumin Cys34 oxidation levels, thus corroborating our hypothesis. Both exercise 

modalities also result in a transient early post-exercise rise in irreversibly oxidized albumin 

Cys34 levels followed by a sustained increase in reversibly oxidized albumin Cys34 levels. 

 

Keywords: Albumin thiol oxidation, protein thiol oxidation, free radicals, antioxidant, 

polyethylene glycol maleimide, oxidative stress, trap oxidation state, electrophoresis, 

artificial oxidation, maleimide labeling, resistance exercise, low-intensity resistance 

exercise combined with blood flow restriction 
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3.1 Introduction 

Resistance exercise provides an effective means to stimulate muscle protein 

synthesis and muscle hypertrophy (Damas et al. 2015). It is widely accepted that a load in 

excess of 65% of one’s one repetition maximum (1RM) combined with several repetitions 

(e.g. 8-10) and sets provides an adequate stimulus for muscle growth (Kraemer et al. 

2002). Surprisingly, comparable increases in muscle growth and strength can also be 

achieved with several repetitions of low intensity resistance exercise (only 20% of one’s 

1RM) combined with blood flow restriction (LIBFR; Takarada et al. 2000; Takarada et al. 

2002; Tanimoto and Ishii 2006; Takada et al. 2012; Takada et al. 2012). 

The mechanisms underlying muscle growth associated with resistance exercise 

with or without BFR have been the object of much research effort (Loenneke et al. 2012; 

Pearson and Hussain 2015). There is evidence that resistance exercise-mediated rises in 

reactive oxygen and nitrogen species (RONS) levels stimulate muscle protein synthesis, in 

part, by altering the redox state of regulatory proteins (such as Ribosomal S6 Kinase 1 

(S6K1), eukaryotic translation elongation factor 2 (eEF2) and ribosomal protein S6 (rpS6)) 

that activate the mTORC1 signal transduction pathway and muscle protein synthesis 

(Fujita et al. 2007; Fry et al. 2010; Powers et al. 2010; Fry et al. 2011).  

The role RONS play in mediating the activation of muscle protein synthesis 

(Powers et al. 2011) raises the issue of the extent to which the patterns of changes in 

RONS levels in and out of skeletal muscle cells matches the activation of muscle protein 

synthesis. A close match would imply that by measuring changes in plasma markers of 

RONS, one could predict the pattern of response of the oxidation state of some of the 

intramuscular RONS-responsive signaling proteins affecting muscle protein synthesis. 

Unfortunately, the temporal patterns of changes in intramuscular and extracellular RONS 

levels post-resistance exercise have never been examined before, with all the studies 

performed to date being restricted to measuring markers of oxidative stress only 

immediately post-exercise as well as one and/or 24 hour post-exercise (Avery et al. 2003; 

Ramel et al. 2004; Vincent et al. 2004; Çakir-Atabek et al. 2010; Çakır-Atabek et al. 2015). 

Since the thiol groups of plasma proteins, such as albumin Cys34, and low 

molecular weight thiols, such as cysteine and glutathione, are particularly highly sensitive 

to oxidation by RONS (Winterbourn and Metodiewa 1999; Winterbourn 2016), their levels 

are often used as biomarkers of RONS levels. For example, the ratio of reduced glutathione 

(GSH) to oxidized glutathione (GSSG) in plasma has been used as a sensitive measure of 
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RONS levels (Jones et al. 1998; Ngamchuea et al. 2017). However, the measurement of 

plasma glutathione levels is challenging because of the potential for artefactual oxidation, 

the contamination of plasma samples with glutathione released from hemolysis, and the 

low concentration of plasma glutathione (~2.8 ± 0.9 µM; Jones et al. 2000) requiring 

sensitive HPLC techniques for accurate measurement (Wang et al. 2012). These limitations 

are not shared, however, by the measurement of the oxidation state of cysteine 34 (Cys34) 

of plasma albumin, the predominant source of plasma thiols (~>90%). Although most 

thiols in plasma proteins are oxidized, the thiol group of albumin Cys34 is only partially 

oxidized. Following its oxidation, Cys34 can form reversible disulfide bonds (-S-S-) with 

low molecular weight thiols or, if more heavily oxidized, can result in irreversibly oxidized 

forms, such as a sulfinic (-SO2H) or sulfonic (-SO3H) acids  (Turell et al. 2013). The fact 

that the thiol oxidation of albumin Cys34 increases both reversibly and irreversibly in 

response to RONS thus explains why changes in the oxidation state of albumin Cys34 has 

been used as a marker for oxidative stress (Turell et al. 2009; Turell et al. 2009; Colombo 

et al 2012).  

Given that LIBFR and HI exercise cause similar patterns of intramuscular 

activation of mTORC1 signaling and protein synthesis (Fry et al. 2010; Fry et al. 2011), 

the primary aim of this study was to test the hypothesis that these exercise modalities result 

in comparable post-exercise changes in albumin Cys34 levels. Also, given that changes in 

tissue oxygenation post-exercise is one of the proposed mechanisms involved in RONS 

production (Tsutsumi et al. 2007), this study also aimed at determining whether the pattern 

of changes in oxidized albumin Cys34 levels in response to resistance exercise performed 

with or without blood flow restriction mirrors the post-exercise pattern of increase in 

muscle oxygenation level.  

 

3.2 Methods 

3.2.1 Participants 

Seven male participants aged 18-35 y and currently not involved in resistance 

training were recruited to this study (see Table 3.1 for descriptive statistics). As part of the 

inclusion criteria, participants were required not to have completed any resistance training 

in the previous three months. This restriction was adopted because the response of 

mTORC1 signalling to resistance training is less pronounced in resistance-trained but not 

endurance-trained individuals (Calle and Fernandez 2010). The participants were recruited 
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from the general population using flyers posted on social networks as well as from the 

student population at the University of Western Australia. Exclusion criteria included 

antioxidant supplementation, and any musculoskeletal injuries or medical conditions that 

could impair exercise performance. Participants were thoroughly briefed about the 

requirements and risks associated with the study, and were required to sign a written 

informed consent form. The study began when clearance was obtained from the Ethics 

Committee of the University of Western Australia. 

3.2.2 Familiarisation session 

Each participant visited the exercise physiology laboratory at the University of 

Western Australia on four separate occasions. The first visit involved a familiarisation 

session during which measurements of participants’ height and weight were recorded, and 

body composition analysed using dual-energy x-ray absorptiometry (DXA, Alpenglow, 

Sydney, Australia). This visit also involved the determination of maximal (1RM) bilateral 

leg extension strength measured on a standard leg extension machine (Orbit Fitness, 

Western Australia). To this end, all participants completed an initial warm up against a 

resistance of 40 kg before they began a series of single repetition attempts, each separated 

by a 2-min rest, and with resistance increasing by 10 kg at each attempt until concentric 

failure was achieved, with failure being defined as failure to achieve complete knee 

extension.  

After the determination of 1RM, participants completed a V̇O2 peak test to 

determine their maximal aerobic capacity. This involved stationary cycling at an initial 

intensity of 50 watts, with the intensity increasing by 30 watts at 1-min intervals until 

volitional exhaustion or until the participant was unable to successfully maintain the 

required power output. During exercise testing, participants breathed through a mouthpiece 

for the collection of expired air for gas analysis. Pulmonary ventilation and respiratory 

gases were measured using a computerized metabolic cart, which consisted of a 

ventilometer (Universal ventilation meter, VacuMed, Ventura, California USA) that was 

calibrated prior to each trial as per manufacturer specifications, and gas analysers (Ametek 

Applied Electrochemistry S-3A/1 and CD-3A, AEI Technologies, Pittsburgh, USA) 

calibrated before each experiment using gas mixtures of a known composition. Before 

leaving the laboratory, participants were familiarised with all the procedures to be adopted 

during testing.  
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Table 3.1 Participants’ descriptive characteristics prior to exercise testing. 

Participants' physical characteristics  

Age (years) 23.9 ± 0.9 

Weight (kg) 71.4 ± 4.2 

Height (m) 1.82 ± 0.04 

BMI (kg/m2) 21.6 ± 0.9 

V̇O2 peak (ml/kg/min) 45.6 ± 1.9 

1RM (kg) 102.1 ± 2.6 

20% 1RM 20.4 ± 0.5 

70% 1RM 71.5 ± 1.9 

Mid thigh skinfold (mm) 10.44 ± 1.26 

Body fat mass (%) 20.2 ± 2.1 
Fat mass (kg) 14.049 ± 1.889 

Lean mass (kg) 54.832 ± 3.098 

Bone mineral density (g) 3269 ± 234 

Diet prior to conditions CON HI LIBFR 

Total energy intake (kJ/day) 7749 ± 685 7607 ± 685 7028 ± 390 

Fat (g/day) 67 ± 16 59 ± 13 53 ± 13 

Fat (% energy intake)  33 ± 4 30 ± 3 29 ± 3 

Carbohydrate (g/day) 201 ± 21 207 ± 20 197 ± 17 

Carbohydrate (% energy intake) 45 ± 2 47 ± 2 48 ± 2 

Protein (g/day) 102 ± 13 103 ± 13 96 ± 13 

Protein (% energy intake) 22 ± 1 23 ± 1 23 ± 1 

Values are in mean ± SE (n = 7). 

 

3.2.3 Testing sessions 

At least seven days following the familiarisation session, participants visited the 

laboratory on three occasions, each after an overnight fast, with no supplements (e.g. 

antioxidants), caffeine, medicine or exercise allowed for 24 hours prior to the testing 

session. A diary was provided to each participant to ensure food intake was matched 

between visits, with dietary analyses performed using Foodwork (Xyris Software Pty Ltd, 

QLD, Australia). Total energy intake during the day before testing was not significantly 

different between any trials (p > 0.05). Furthermore, there were no significant differences 

in the consumption of any macronutrient prior to the trials as determined by the self-
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reported diet diaries (p > 0.05; Table 3.1). All three treatments were administered 

following a counterbalanced study design, with at least one week between consecutive 

visits. On each visit, participants arrived between 6 and 8 AM, and a blood pressure cuff 

(Joven Technology, VC 12, 12 cm, Canada) was placed around the most proximal portion 

of both thighs of each participant. All participants were also fitted with a near infrared 

spectroscopy probe (InSpectra, Hutchinson Technology Inc., BioMeasurement Division, 

Hutchinson, MN, USA) on the belly of the vastus lateralis muscle, midway between the 

lateral epicondyle and greater trochanter of the femur (Delorey et al., 2004) to measure 

relative muscle oxygenation level before, during contraction, and for up to five hours post-

exercise. The device measured muscle O2 saturation (SmO2) every 2 seconds throughout 

the trial, and has been validated and described in detail previously (Crum et al 2017). A 

heart rate monitor was also fitted (Polar FT, Kempele, Finland) to measure heart rate 

before, during and after exercise. Finally, participants had their respiratory gases collected 

before and at time intervals post-exercise for the measurement of oxygen consumption. 

On one of the visits, the pressure cuffs were set at 200 mmHg as described by 

Gundermann et al. (2014). Then, participants performed four sets of bilateral leg extension, 

consisting of 30, 15, 15, 15 repetitions, respectively, on a standard leg extension machine 

(Orbit Fitness, Western Australia) at 20% 1RM, with 30 s between consecutive sets using 

the protocol of Gundermann et al. (2014). On a separate occasion, participants with the 

pressure cuffs set at 0 mmHg, performed eight sets of 10 repetitions of bilateral leg 

extensions at 70% of 1RM, with a three-min break between consecutive sets (Fry et al. 

2011). This high intensity resistance exercise protocol was chosen on the grounds that it 

has been shown to result in a similar mTORC1 and protein synthesis activation compared 

to the low intensity BFR protocol described above (Fry et al. 2011). Finally, on another 

occasion, participants completed a control trial during which no exercise was performed, 

sitting calmly with 0 mmHg applied by the pressure cuffs.  

Before exercise or passive sitting and at 0, 15, 30, 60, 90, 120, 150, 180, 210, 240, 

270 and 300 minutes post-exercise/passive sitting (Fig 3.1), one of the hands of each 

participant was placed for 5 minutes in a 50°C hot box (HotRox, Buntingford, UK) to 

arterialise the composition of capillary blood. Of note, recovery was allowed to last for up 

to 5 hours because monitoring biomarkers of RONS up to 4 hours post-exercise has been 

suggested as sufficient to capture changes in RONS (Michailidis et al. 2007). Capillary 

blood samples (200 µl) were taken from the fingertip to measure blood lactate levels as 

well as the levels of albumin carbonyl and albumin Cys34 thiol oxidation state. Respiratory 
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gases were also collected at these time intervals. Finally, participants were asked to rate 

their perceived exertion (RPE) using the BORG scale (Borg, 1982) at the end of each 

exercise session. 

 
Fig 3.1 Timeline of data collection before and after resistance exercise protocol. 

Participants performed either 70% 1RM, 20% 1RM (with cuff) or no exercise (control) in a 

randomized order. Symbols: “x” represents blood, muscle oxygenation (MOXY) and 

excess post exercise oxygen consumption (EPOC) samplings at the respective time points. 

3.2.4 Blood collection and analyses 

Blood glucose and lactate levels in all samples were collected in heparinised 35 µL 

capillary tubes, and measured using a blood gas analyser (ABLTM700, Radiometer, 

Copenhagen, Denmark). The blood sampled for the determination of the thiol oxidation 

state of albumin Cys34 was collected in K3EDTA tubes (Minicollect tubes K3EDTA; 

Greiner Bio-One, Austria). Nine parts of blood was immediately diluted with one part of a 

trapping solution consisting of 62.5 mM methoxypolyethylene glycol-maleimide–5000Da 

(Malpeg; Jenkem Technologies, Beijing, China) and 40 mM imidazole (Sigma, Australia), 

pH 7.4, diluted in DDI water. The resulting mixture was vortexed briefly, then centrifuged 

at 3000 g for 10 minutes (Eppendorf. New York, USA). Plasma was allowed to incubate at 

room temperature for another 20 minutes to allow Malpeg to fully react with all plasma-

reduced thiols. Then, the plasma samples thus treated were frozen in liquid nitrogen and 

stored at -80 °C until analysed as described below. 

3.2.5 Measurement of the thiol oxidation state of albumin Cys34   

Plasma samples containing Malpeg were thawed at 37°C in a water bath for 5 sec 

and with agitation to prevent the formation of a precipitate. Samples were then placed on 

ice and separated into two 2.5 µl aliquots. The first sub-aliquot (SA-1) was diluted with 

245 µl of SDS/Tris (0.5% (w/v) /0.5 mM, pH 7.0) buffer and used for the analysis of 

reduced albumin. To analyse irreversibly oxidized albumin Cys34 and albumin Cys34 

oxidation state, 2.5 µl of the second sub-aliquot (SA-2) was added to 2.5 µl of 20 mM L-

cysteine hydrochloride monohydrate (Sigma, Australia), and vortexed for 30 minutes to 

Blood sampling x x x x x x x x x x x x x
MOXY x x x x x x x x x x x x x
EPOC x x x x x x x x x x x x x

Baseline Exercise 0 15 30 60 90 120 150 180 210 240 270 300
70% 1RM

20% 1RM with cuff
Control (No exercise)

Post Exercise (mins)
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reduce reversibly oxidized albumin by forcing the following reaction to the right: 

Oxidized albumin-1 + L-cysteine ↔ Reduced albumin + L-cystine (Muramoto et al. 1999) 

Then, 1 in 2 parts of 25 mM Malpeg was added once the reaction was completed 

and vortexed for 30 minutes to allow Malpeg to bind to the reduced albumin. After this 

step, 4 µl of the resulting solution was diluted with 95 µl of SDS/Tris. An equal volume of 

2X sample buffer without DTT was then added to all samples, as well as a quality control 

(QC) and positive controls, then incubated at 95°C for 5 minutes. The samples thus 

prepared were used for electrophoretic analyses.  

3.2.6 Electrophoresis on fluorescence/stain-free gel 

All samples were subjected to electrophoretic separation. To prepare each gel, 1% 

(v/v) of 2,2,2-Trichloroethanol (TCE; Sigma, Australia) was incorporated into a sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 16% resolving gel. TCE 

was added first to the gel buffer. Then acrylamide, sodium dodecyl sulfate (SDS), 

ammonium per-sulfate, and tetramethylethylenediamine (TEMED) were added (Ladner et 

al., 2004). After this, a 4% stacking gel was prepared. After running the gel for 2.5 hours at 

200 V, the gel was washed twice with DDI water post- electrophoresis, and used for 

protein visualisation. 

3.2.7 Protein visualisation 

The Biorad stain-free protocol was used to visualise proteins. To this end, each gel 

was placed on a 300-nm UV transilluminator to irradiate the gel for 5 minutes. During this 

time, the fluorescent protein bands became visible (Ladner et al., 2004). Photos of the gels 

were taken, and densitometric analyses of the bands were performed using ImageJ (U.S. 

National Institutes of Health, Bethesda, Maryland, USA). Briefly, this involved inverting 

the image, subtracting the background, and plotting a density profile for each lane from the 

gel. The area under each peak from the density profile of each lane was calculated using 

the trapezoid rule to give the intensity. 

As discussed in Chapter 2, the rationale for determining the proportion of reduced 

and oxidized albumin Cys34 is as follows. The binding of Malpeg to reduce albumin 

Cys34 makes it 5 kDa heavier then oxidized albumin, resulting in oxidized albumin Cys34 

(band C & E: Fig. 3.2) moving faster through the gel compared to reduced albumin Cys34 

(band B & D: Fig. 3.2). Therefore, a shift of reduced albumin Cys34 band (band B & D: 
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Fig. 3.2) is observed as compared to unprocessed plasma (band A: Fig. 3.2). Using the 

intensities of these shifted bands, the value for the fraction of reduced albumin Cys34 

(band B: Fig. 3.2) and oxidized albumin Cys34 (band C: Fig. 3.2) to total area of both 

bands are calculated from SA-1. In SA-2, the fraction of irreversibly oxidized albumin 

Cys34 (band E: Fig. 3.2) to total area of both bands D & E (Fig. 3.2) was calculated. 

Reversibly oxidized albumin Cys34 was determined by subtracting the fractions of reduced 

albumin Cys34 and irreversibly oxidized albumin Cys34 from 100%. The intra and inter 

assay CV was 2.7% (n=12) and 4.4% (n=16) respectively.  

 
 
Fig. 3.2 Protein bands intensity representing total albumin in unprocessed plasma (A: left 
lane). Sub aliquot-1 (SA-1:middle lane) showing bands representing reduced albumin 
Cys34 bound with Malpeg (B) and oxidized albumin Cys34 (C). Sub aliquot-2 (SA-2: right 
lane) showing bands representing reduced albumin Cys34 bound with Malpeg (D) and 
irreversibly oxidized albumin Cys34 (E) 

3.2.8 Preparation of quality control (QC) and positive control samples 

A sample was collected from non-exercised participants for the generation of a QC 

sample and centrifuged at 3000 g for 10 minutes. Briefly, in order to generate control 

samples, nine parts of blood was diluted with 1 part of the trapping solution as previously 

described. Then, 2.5 µl of plasma mixed with the trapping solution was diluted with 245 µl 

of SDS/Tris (0.5%/0.5 mM, pH 7.0) buffer and sub-aliquoted as described above. To 

prepare the positive controls, 3.15 µl of 30% (v/v) hydrogen peroxide (Univar, AR grade, 

Sydney, Australia) was diluted with 1 ml of DDI water, then an equal volume of this 

hydrogen peroxide solution was added to plasma and incubated for 30 minutes. After this, 

1 in 2 parts of 25 mM Malpeg was added to the plasma and vortexed for 30 minutes to 

allow the Malpeg to bind to the reduced albumin. Next, 4 µl of sample was diluted with 

106 µl of SDS/Tris solution. Both QC and positive controls were frozen and stored in 

stocks at -80°C, ready to be thawed and run with all experimental samples. 

3.2.9 Measurement of plasma albumin carbonylation 

Plasma albumin carbonylation assayed, as described by Himmelfarb and 

McMonagle (2001), was chosen as another marker of oxidative stress to compare its 

sensitivity to that of albumin Cys34 at responding to changes in RONS levels. Carbonyl 

groups formed on plasma albumin were determined with immunoblotting, which involves 

D B 

E C A 
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the processing of samples (Sample A) with positive (Sample B) and negative (Sample C) 

controls. Plasma samples were diluted 1:120 with 6% (w/v) SDS. The positive control 

sample was incubated 1:1 with 50 mM HOCl for 1 hour, then diluted 1:60 with 6% (w/v) 

SDS. One part of diluted samples or positive control were added to one part of 10 mM 

dinitrophenyl hydrazine (10 mM DNPH/10% TFA). The negative control sample was 

incubated with the same conditions of 10% TFA, but without DNPH. After 15 minutes of 

incubation, one part of neutralization solution (30% (v/v) glycerol/ 2M TRIS) was added to 

the DNPH and negative control treated samples. The treated samples were then diluted 10 

times under reducing conditions, with 5 µl of treated samples separated by stain free SDS-

PAGE (Biorad, 4-20% Mini-PROTEAN® TGX Stain-Free™ Precast Gels) and transferred 

(Biorad, Trans-Blot® Turbo™ Transfer System) onto nitrocellulose membrane (Biorad, 

Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs) using conditions set at 2.5 A, up 

to 25 V for 10 minutes. 

The membrane was subsequently washed in Tris-buffered saline with Tween 20 

(TBST) 5 times, for 3 minutes each (5 x 3 minutes), and blocked with TBST/0.5% (w/v) 

non-fat dry milk. After one hour, the membrane was washed in TBST (5 x 3 minutes), then 

incubated in polyclonal rabbit anti-DNP antibody (diluted 1:20000 in TBST/0.5% (w/v) 

non-fat dry milk). After an overnight incubation in the cold room, the membrane was 

washed in TBST (5 x 3 minutes) and then treated with horseradish peroxidase-conjugated 

goat anti rabbit IgG (diluted 1:25000 in TBST/0.5% (w/v) non-fat dry milk) for 1 hour at 

room temperature. A final wash with TBST (5 x 3mins) was performed prior to 

visualisation of carbonylated albumin using ECL western blot detection reagent (Bio-rad, 

Clarity Western ECL substrate). 

Albumin carbonylation was tabulated as a ratiometric value, using the carbonyl 

density divided by the amount of fluorescence signal of albumin from the stain free gel 

(loading control). That is: ratio = arbitrary amount of carbonylated albumin/arbitrary 

amount of albumin. The CV for albumin carbonyl was 8.6% (n = 19), similar to other 

carbonyl methods with a CV ranging from 7%-18% (Dayhoff-Brannigan et al. 2008; 

Matthaiou et al. 2014). 

3.2.10 Statistical analyses 

The primary outcome measures in this study were muscle oxygenation level and 

albumin Cys34 oxidation state level. A sample size of 6 participants was calculated, using 

the Gpower computer program (Erdfelder et al. 1998), to be large enough to detect 
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significant differences between treatments, with a predicted effect size of 0.8, statistical 

power set at β=0.8 and significance at p<0.05, using the study by Lamprecht and 

colleagues (2008). All statistical analyses were performed using the Statistical Package for 

the Social Sciences for Windows (version 23; SPSS Inc, Chicago, IL). Data are presented 

as mean ± SEM unless otherwise indicated, with statistical significance set at p < 0.05. 

Data obtained for reduced albumin, reversibly oxidized albumin, and irreversibly oxidized 

albumin Cys34 as well as the other variables were analysed using two way ANOVA with 

repeated measures (time x treatment). Fisher LSD test were used to identify differences 

over time within treatments and between treatments, respectively. Where Mauchly’s test of 

Sphericity was violated (p<0.05), Greenhouse-Geisser corrections was applied and 

reported. Stepwise multivariate linear regression was performed to identify the correlations 

of variables on reversibly oxidized albumin, and irreversibly oxidized albumin Cys34. In 

this analysis, R2 describes the proportion or percentage of variance in the dependent 

variable explained by the variance in the independent variables together which sometimes 

called the predictor variables. An R2 of 1.00 indicates that 100% of the variation in the 

dependent variable is explained by the independent variables. 

3.3 Results 

  



 

 72 

3.3.1  Responses of reversibly and irreversibly oxidized albumin Cys34 to 
HI and LIBFR resistance exercise 

In response to HI and LIBFR trials, there was a significant biphasic pattern of 

elevation in total oxidized albumin Cys34 levels compared to baseline and control values, 

with a significant peak immediately at the onset of recovery (p < 0.05, Fig. 3.3). Then, the 

levels of total oxidized albumin Cys34 returned to control values within 15 minutes post-

exercise (p < 0.05), and subsequently increased to reach above pre-exercise levels at 150 

minutes and remained elevated up to 300 minutes post-exercise (p < 0.05, Fig. 3.3). There 

were no significant differences in total oxidized albumin Cys34 level between the HI and 

LIBFR trials (p > 0.05, Fig. 3.3).  

 
Fig. 3.3 Total oxidized albumin Cys34 levels in response to control , HI , and 
LIBFR exercise trials. Values are expressed as mean ± SE (n=7). Symbols: a, 
significantly different from baseline in HI trial. b, significantly different from baseline in 
LIBFR trial. c, significantly difference between HI and control trial. d, significant 
difference between LIBFR and control trial. 
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In response to the HI and LIBFR trials, the levels of irreversibly oxidized albumin 

Cys34 increased significantly compared to baseline and control values, and peaked at 0-15 

minutes post-exercise (p < 0.05, Fig. 3.4). Then, the levels of irreversibly oxidized albumin 

Cys34 returned to control values within 30 minutes post-exercise (p < 0.05). There were no 

significant differences in irreversibly oxidized albumin Cys34 level between the HI and 

LIBFR trials (p > 0.05, Fig. 3.4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4. Irreversibly oxidized albumin Cys34 levels in response to control , HI , 
and LIBFR exercise trials. Values are expressed as mean ± SE (n=7). a, significantly 
different from baseline in HI trial. b, significantly different from baseline in LIBFR trial. c, 
significant difference between HI and control trial. d, significant difference between 
LIBFR  

 

The levels of reversibly oxidized albumin Cys34 level reached significantly higher 

values than baseline 90 and 120 minutes after exercise in the LIBFR and HI trial, 

respectively (p < 0.05, Fig. 3.5), and remained significantly higher than baseline and 

control levels for up to 5 hours post-exercise in both trials (p < 0.05). Reversibly oxidized 

albumin Cys34 levels were not significantly different between the HI and LIBFR trials (p > 

0.05, Fig. 3.5). 
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Fig. 3.5. Reversibly oxidized albumin Cys34 levels in response to control , HI , 
and LIBFR exercise trials. Values are expressed as mean ± SE (n=7). a, significantly 
different from baseline in HI trial. b, significantly different from baseline in LIBFR trial. c, 
significant difference between HI and control trial. d, significant difference between 
LIBFR and control trial. e, significant difference between HI and LIBFR trials. 

 
Albumin carbonyl levels were not significantly affected by HI or LIBFR and were 

not significantly different between trials (p > 0.05, Fig. 3.6).  

 

Fig. 3.6. Albumin carbonylation levels in response to control , HI , and LIBFR
exercise trials. Values are expressed as mean ± SE (n=7).  
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3.3.2  Muscle oxygenation level and excess post-exercise oxygen 
consumption (EPOC) in response to HI and LIBFR resistance 
exercise. 

In response to exercise in the HI and LIBFR trials, muscle oxygenation level fell 

significantly below control and baseline values (p < 0.05, Fig. 3.7). Thereafter, muscle 

oxygenation increased to levels significantly above control and baseline values (p < 0.05), 

remaining elevated for 60-90 minutes post-exercise before returning to baseline levels (p > 

0.05). There were no significant differences in muscle oxygenation level between the HI 

and LIBFR trials apart from 90 minutes post-exercise (p = 0.045, Fig. 3.7).  
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Fig. 3.7. Tissue oxygenation in response to control , HI , and LIBFR
exercise trials. Values are expressed as mean ± SE (n=7). a, significantly different from 
baseline in HI trial. b, significantly different from baseline in LIBFR trial. c, significant 
difference between HI and control trial. d, significant difference between LIBFR and 
control trial. e, significant difference between HI and LIBFR trials. 
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Immediately following exercise in the HI and LIBFR trials and until 10-15 minutes 

post-exercise, V̇O2 was significantly higher than control values (p < 0.05, Fig.  3.8). There 

were no significant differences in V̇O2 values between the HI and BFR trials (p > 0.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8. Rate of oxygen consumption in response to control , HI , and LIBFR

exercise trials. Values are expressed as mean ± SE (n=7). a, significantly different 
from baseline in HI trial. b, significantly different from baseline in LIBFR trial. c, 
significant difference between HI and control trial. d, significant difference between 
LIBFR and control trial. 
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3.3.3 Heart rate, perceived exertion (RPE) and lactate responses to HI 
and LIBFR resistance exercise 

In response to both exercise protocols, blood lactate levels increased significantly, 

returning to control levels within 90 minutes post-exercise (p < 0.05, Fig.  3.9). There were 

no significant differences in blood lactate concentrations between the HI and LIBFR trials 

at any time point (p > 0.05). 

Fig. 3.9. Blood lactate in response to control , HI , and LIBFR exercise 
trials. Values are expressed as mean ± SE (n=7). a, significantly different from baseline in 
HI trial. b, significantly different from baseline in LIBFR trial. c, significant difference 
between HI and control trial. d, significant difference between LIBFR and control trial.  

 

Heart rate immediately post-exercise was significantly higher following the HI (p < 

0.01) and LIBFR trials (p < 0.01) compared to controls and baseline levels, with no 

significant difference in heart rate between the HI and LIBFR trials (p = 0.76). Heart rate 

values returned to baseline in the HI and LIBFR trials by 15 minutes post-exercise (p > 

0.05, Fig. 3.10). 
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Fig. 3.10. Heart rate in response to control , HI , and LIBFR exercise trials. 
Values are expressed as mean ± SE (n=7). a, significantly different from baseline in HI 
trial. b, significantly different from baseline in LIBFR trial. c, significant difference 
between HI and control trial. d, significant difference between LIBFR and control trial.  

 

RPE scores were significantly higher following the LIBFR (18 ± 1, p < 0.01) and 

the HI trial (17 ± 2, p < 0.01) when compared to control, with no significant differences 

between the two exercise trials (p = 0.68). 

 
Correlation analysis was used to identify possible relationships between oxidized 

albumin Cys34 and physiological parameters. Irreversibly oxidized albumin Cys34 was 

positively correlated to lactate (r = 0.494, p < 0.001), HR (r = 0.290, p < 0.001) and EPOC 

(r = 0.216, p < 0.001) with medium to large effect size. Reversibly oxidized albumin 

Cys34 was inversely correlated with lactate (r = 0.169, p < 0.001; Table 3.2).  
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3.3.4 Multivariate analysis relating the oxidation state of albumin Cys 34 and tissue 

oxygenation, EPOC, heart rate and lactate levels. 

Table 3.2 Correlation of blood and oxygen variables against reversibly and irreversibly 

oxidized albumin Cys34. 

    

Tissue 

oxygenation EPOC Heart rate Lactate 

Irreversibly  Pearson Correlation -.204* .216* .290* .494* 

oxidized      

albumin N 260 256 260 247 

Reversibly Pearson Correlation 0.067 0.002 0.087 -.169* 

oxidized      

albumin N 260 256 260 260 

* Correlation is significant at the 0.05 level (2-tailed). 

   

Table 3.3 Multiple regression analysis of irreversibly oxidized albumin and other 

associated variables. 

Variables 

Regression 

Coefficient 

Standard 

Error 

Standardised 

Regression 

Coefficient P 

(Constant) 6.253 2.011 

 

0.002* 

Lactate 0.431 0.071 0.625 < 0.001* 

EPOC-VO2 -0.179 0.095 -0.302 0.063 

Tissue oxygenation -0.022 0.013 -0.255 0.078 

Heart rate -0.002 0.012 -0.028 0.855 

Glucose -0.071 0.180 -0.032 0.696 

Albumin carbonyl -0.692 0.490 -0.119 0.161 

Dependent Variable: Irreversibly oxidized albumin 

 R2 for entire model is 0.335 

   *R2 for model lactate only is 0.295 
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3.4 Discussion 

Comparable activation of muscle protein synthesis (MPS) can be achieved in 

response to several repetitions of high-intensity resistance exercise (HI) and low-intensity 

resistance exercise combined with blood flow restriction (LIBFR; Fujita et al. 2007; Fry et 

al. 2010; Powers et al. 2010; Fry et al. 2011). There is evidence that the hypoxia and 

subsequent reperfusion induced by resistance exercise with or without blood flow 

restriction (Tanimoto et al. 2005; Tanimoto and Ishii 2006) may mediate, at least in part, 

such an increase in MPS through a rise in RONS levels (Powers et al. 2010). For this 

reason, this study was undertaken to test the hypothesis that both HI and LIBFR performed 

under conditions known to activate MPS signaling to a similar extent result in a 

comparable post-exercise pattern of change in plasma markers of oxidative stress (albumin 

Cys34 and carbonylated albumin). Against expectations, a biphasic pattern of change in 

total oxidized albumin Cys34 levels was observed following HI and LIBFR. There was an 

early transient increase in irreversibly oxidized albumin Cys34 level which returned to pre-

exercise levels within 30 minutes post-exercise. This transient increase in irreversibly 

oxidized albumin Cys34, was followed by a delayed, sustained rise in reversibly oxidized 

albumin Cys34 level that remained elevated for at least 5 hours. Also, there were no 

significant differences in the oxidation levels of albumin Cys34 between exercise trials at 

any time point. Furthermore, there was a close temporal association being observed 

between irreversibly oxidized albumin Cys34 and muscle oxygenation level during early 

recovery.  

Our findings are consistent with those of many other studies which have reported a 

post-resistance exercise increase in plasma markers of oxidative stress such as MDA and 

glutathione oxidation status (Fisher-Wellman and Bloomer 2009), but are unique in that 

our results describe for the first time a biphasic pattern of change in a marker of oxidative 

stress. Of note, however, such comparisons with past literature should be made with 

caution since most past studies have restricted their measurements of oxidative stress 

markers to only immediately post-exercise, one and/or 24 hours post-exercise (Avery et al. 

2003; Ramel et al. 2004; Vincent et al. 2004; Çakir-Atabek et al. 2010; Çakır-Atabek et al. 

2015) rather than examining their acute temporal pattern of change. For instance, Goldfarb 

and colleagues (2008) as well as Garten and colleagues (2015) reported a significant post-

exercise elevation in plasma oxidized/reduced glutathione ratios in both their HI and 

LIBFR exercise groups, but blood samples were taken only immediately and/or 15 minutes 

after exercise in these studies, respectively, with no sampling beyond 15 minutes post-
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exercise (Goldfarb et al. 2008; Garten et al. 2015). This is a notable limitation because the 

inappropriate choice of time points may have a marked impact on one’s findings. Indeed, 

peak protein synthesis and activation of intramuscular signaling proteins may take up to 3 

hours to reach maximum levels post-resistance exercise (Fujita et al. 2007; Fry et al. 2010; 

Fry et al. 2011). Also, had we chosen to only measure the oxidation state of albumin Cys34 

at 30 or 60 minutes post-exercise, no significant difference from baseline would have been 

detected. Finally, no biphasic response of the type shown in Fig. 3.1 would have been 

found by measuring only two time points post-exercise, highlighting the importance of 

measuring the temporal pattern of change in markers of oxidative stress using appropriate 

choice of time points and frequency in this type of study. 

Multiple mechanisms may be proposed to explain the early post-exercise rise in 

irreversibly oxidized albumin Cys34 levels (Fisher-Wellman and Bloomer 2009). One 

possible mechanism is that a burst of RONS production might have occurred at the onset 

of recovery as a result of the activation of RONS-producing enzymes in skeletal muscles 

such as NAD(P)H oxidase and xanthine oxidase (Hellsten et al. 1997). As a result of this 

burst, the diffusion of RONS out of skeletal muscles in the form of glutathione radical 

(Winterbourn and Hampton 2008; Winterbourn 2016) or hydrogen peroxide (Turell et al. 

2009; Turell et al. 2009) would be expected to oxidize intravascular albumin Cys34. It is 

also possible that the early transient muscle deoxygenation followed by its rapid 

reoxygenation to above pre-exercise levels immediately after HI and LIBFR might have 

also led to the rapid increase in the levels of irreversibly oxidized albumin Cys34. This 

view is supported by earlier studies reporting increased ROS generation in response to 

early ischemia/reperfusion following exercise (Hamilton et al. 2003; Bloomer and 

Goldfarb 2004), and by research in mice (Tsutsumi et al. 2007) and rats (Zuo and Clanton 

2005) where hypoxia combined with subsequent reperfusion has been shown to cause a 

rise in RONS levels, possibly via activation of xanthine oxidase (Korthuis et al. 1985). 

Also, the decrease in muscle oxygenation level observed here during exercise may have 

increased ROS production via another source, neutrophils, since hypoxia has been shown 

to promote neutrophil degranulation and subsequent ROS generation (Hoenderdos et al. 

2016). Indeed, exercise has been linked to increased ROS generation by neutrophils (Ji 

1999), with high intensity exercise resulting in neutrophil translocation to the active 

skeletal muscle, subsequently resulting in oxidative stress.  

Our findings are consistent with those of others who have reported that exercise 

intensities above lactate threshold result in an increase in oxidative stress. Indeed, exercise 
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at intensities above lactate threshold (Quindry et al. 2003) has been shown to be associated 

with increased biomarkers levels of RONS such as protein carbonyls (Lamprecht et al. 

2008; Lamprecht et al. 2009) and MDA (Çakir-Atabek et al. 2010).  Similarly, the levels of 

plasma lactate attained here after both HI and LIBFR were above those normally 

associated with lactate threshold, with the levels of irreversibly oxidized albumin Cys34 

being positively correlated with plasma lactate levels (R2 = 0.448 and R2 = 0.647 

respectively, p < 0.001).  

The rapid decrease in the levels of irreversibly oxidized albumin Cys34 post 

exercise is surprising. The time taken to reduce concentration of irreversibly oxidized 

albumin Cys34by one-half after exercise can be estimated to be ~11 minutes, which is 

substantially shorter than the half-life of non-oxidized albumin which is estimated to be 20 

days (Peters Jr 1995). Three potential mechanisms may explain the rapid post-exercise 

decrease in the levels of irreversibly oxidized albumin Cys34. Firstly, there is evidence that 

irreversibly oxidized albumin Cys34 is rapidly cleared by the liver via endocytosis 

mediated by the lysosomal receptors glycoprotein 18 (gp18) and glycoprotein 30 (gp30; 

Bito et al. 2005). Secondly, the binding of irreversibly oxidized albumin Cys34 to 

receptors such as glycoprotein 18 and glycoprotein 30 located in the endothelium may 

have trapped irreversibly oxidized albumin Cys34, thus reducing its availability in blood 

samples (Ghinea et al. 1989; Schnitzer 1992; Schnitzer and Oh 1992; Schnitzer and Bravo 

1993; Bito et al. 2005). Finally, since the binding of irreversibly oxidized albumin Cys34 

to the neonatal Fc receptors (FcRn) located at the surface of the endothelium traps albumin 

Cys34 and reduces its availability in blood samples, this may have contributed to the fall in 

its levels (Schnitzer 1992). It is unclear, however, which of the aforementioned 

mechanisms explains the rapid decrease in irreversibly oxidized albumin Cys34 level post-

exercise. 

On practical grounds, the rapid disappearance of irreversibly oxidized albumin 

Cys34 from plasma suggests that measuring the level of this marker may be useful for 

tracking both short duration and on-going oxidative events. Indeed, one limitation with 

other irreversible markers of oxidative stress such as TBARS and protein carbonyls is that 

their stability and far longer half-lives limit their usefulness at determining the duration of 

an oxidative event.  For instance, after a bout of moderate intensity exercise, the levels of 

TBARS and protein carbonyls remain elevated for up to 4 (TBARS, t1/2 = ~270 minutes) 

and 8 hours (protein carbonyl, t1/2 = ~956 minutes), respectively (Michailidis et al. 2007). 

This does not imply that the sustained elevated levels of these markers of oxidative stress 
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reflect the duration of the oxidative event at their origin as the stability of these markers is 

such that they may remain elevated way after the end of an oxidative event. However, the 

advantage with measuring such RONS biomarkers that are persistently elevated in plasma 

following an oxidative event is that the timing of plasma sampling is not critical. With 

respect to our findings, the fact that the increase in irreversibly oxidized albumin Cys34 

following exercise lasted less than 60 minutes suggests that the oxidative event was likely 

caused early after exercise and was also of short duration because the increase in 

irreversibly oxidized albumin Cys34 level was not sustained in the post-exercise period.  

Arguably, this interpretation has to be reconciled with the delayed increase in reversibly 

oxidized albumin Cys34, an issue discussed in more details in the next paragraph. Until our 

interpretation is experimentally supported, the results arising from using irreversibly 

oxidized albumin Cys34 as an acute marker of oxidative stress have to be interpreted with 

caution. 

The absence of an early peak in the levels of reversibly oxidized albumin Cys34 

together with the progressive and sustained rise in reversibly-oxidized albumin Cys34 

levels, which was evident from 2 to 5 hours post HI and LIBFR exercise, raises the issue of 

the underlying mechanisms explaining these findings. The absence of an early peak in the 

plasma levels of reversibly oxidized albumin Cys34 could be explained on the basis that a 

sudden increase in RONS-mediated production of reversibly oxidized albumin Cys34 in 

plasma at the onset of recovery might have been accompanied by an equivalent rate of 

conversion of reversibly oxidized to irreversibly oxidized albumin Cys34, thus leading to 

no net increase in the plasma levels of reversibly oxidized albumin Cys34. With respect to 

the delayed rise in the plasma levels of reversibly oxidized albumin Cys34, a distinct and 

sustained oxidative event is not necessarily involved. This is because, unlike most other 

markers of oxidative stress, the albumin found in the extravascular space in skeletal 

muscles returns slowly to the systemic circulation via the lymphatic system (Wu and Mack 

2001). This implies that any short burst of RONS-mediated increase in reversibly oxidized 

albumin Cys34 levels in the extravascular space, where most of albumin is found, would 

be expected to result in a delayed rise in oxidized albumin Cys34 levels in plasma, but not 

irreversibly oxidized albumin as its low concentration in the extravascular space would be 

expected to affect little the pool of irreversibly oxidized albumin Cys 34 in plasma upon its 

delivery to this pool. In support of our interpretation, the temporal pattern of increase in 

isotopically-labelled immunoglobulin in plasma after injection of this protein in the 

extravascular space (Modi et al, 2007) is comparable to that of the oxidized albumin Cys34 
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reported here. It is important to stress, however, that our findings that the levels of 

reversibly-oxidized albumin Cys34 remain elevated for at least 5 hours post-exercise could 

also be taken as evidence that sustained intramuscular oxidative stress is taking place, an 

interpretation consistent with the observation that peak protein synthesis and activation of 

intramuscular signaling proteins reach maximum at 3 hours post LIBFR and HI exercise 

(Fujita et al. 2007; Fry et al. 2010; Fry et al. 2011).  

The aforementioned discussion to explain the biphasic pattern of change in 

oxidized albumin Cys34 levels assumes an intramuscular origin of RONS. There is 

evidence, however, that this biphasic pattern could instead be mediated by neutrophil 

activation as their activation typically results in increased RONS production (Kaminski et 

al. 2002; Peake and Suzuki 2004). Indeed, resistance exercise has been reported to cause a 

biphasic activation of neutrophils, with a transient peak in neutrophil activity being 

observed early after exercise, returning to baseline by 30 minutes of recovery followed by 

a subsequent rise 2 hours later (Hulmi et al. 2010; de Oliveira Teixeira et al. 2015). This 

biphasic pattern of change in neutrophil activation is also shared with leukocytes (de 

Oliveira Teixeira et al. 2015) and proposed to reflect musculoskeletal inflammation. The 

possibility of such a link between inflammation and oxidative stress is further supported by 

Cardoso et al. (2012) who found that plasma thiols and inflammatory markers are elevated 

immediately after exercise before returning to baseline post-exercise.  

Of note, the similar patterns of change in oxidized albumin Cys34, tissue 

oxygenation, EPOC, lactate and heart rate between HI and LIBFR are consistent with 

oxidative and metabolic stresses being similar between these exercise protocols. This was 

expected because both exercise protocols were chosen on the grounds that they result in 

similar activation of both intramuscular signalling and MPS (Fry et al. 2010; Fry et al. 

2011). Of course, our interpretation must be taken with caution since the association 

between albumin Cys34 oxidation levels and intramuscular RONS levels and 

intramuscular cell signaling state remains to be investigated so as to determine whether the 

changes in the oxidation state of albumin Cys34 are indicative of neutrophil activation and 

lymphatic delivery of albumin into the blood or reflect corresponding changes in 

intramuscular markers of RONS levels and activation of mTORC1 and its downstream 

effectors of MPS. 

In agreement with the view that the fall in muscle oxygenation in response to 

resistance exercise followed by its rapid transient rise during early recovery (Tanimoto et 
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al. 2005; Tanimoto and Ishii 2006) is one of the determinants of RONS production 

(Blokhina et al. 2003; Tsutsumi et al. 2007; Di Maria et al. 2009), our results show that the 

early transient increase in irreversibly-oxidized albumin Cys34 levels was matched with a 

post-exercise rise in muscle oxygenation level.  Our findings also provide clearer kinetics 

linking changes in muscle oxygenation and levels of RONS marker post-resistance 

exercise than in previous studies where RONS markers where measured only up to 30 

minutes post-resistance exercise, and with only data for maximum muscle oxygenation 

level being reported (Tanimoto et al. (2005). Although the absence of change in muscle 

oxygenation level later during recovery suggests that muscle oxygenation state may not 

have contributed to the rise in reversibly oxidized albumin Cys34 levels during that time, it 

is possible, as discussed above, that most of this oxidized albumin Cys34 was reversibly 

oxidized in the extravascular space early during recovery while muscle oxygenation level 

was elevated, and appeared much later in blood.  

The absence of change in plasma carbonylated albumin levels even after 5 hours of 

recovery in HI, LIBFR and control treatments corroborates the findings of some (Lee et al. 

2002; Bloomer et al. 2005; Hentilä et al. 2018) but not all studies (Bloomer et al. 2007; 

Goldfarb et al. 2008; Hudson et al. 2008; Cardoso et al. 2012; Garten et al. 2015). Maybe 

the use of untrained participants in our study explains, at least in part, our finding. Indeed, 

resistance exercise in resistance-trained individuals with or without BFR (Bloomer et al. 

2007; Goldfarb et al. 2008; Hudson et al. 2008; Cardoso et al. 2012; Garten et al. 2015) 

results in an early increase in plasma protein carbonyl levels, but not in untrained 

participants (Bloomer et al. 2005), unless recovery lasts 6, 24 or 48 hours (Lee et al. 2002; 

Bloomer et al. 2005; Goldfarb et al. 2008; Nikolaidis 2017). In this respect, it is possible 

that a significant increase in carbonylated albumin levels would have been detected in our 

study had recovery time been extended to more than 5 hours.  

In conclusion, our study describes for the first time a novel and unexpected pattern 

of change in the plasma levels of oxidized albumin Cys34 in response to resistance 

exercise with and without blood flow restriction. Under our experimental conditions, HI 

and LIBFR result in similar early post-exercise patterns of change in both muscle 

oxygenation and oxidized albumin Cys34 levels, with a transient early post-exercise rise in 

irreversibly oxidized albumin Cys34 level being followed by a sustained increase in 

reversibly oxidized albumin Cys34 level. There is also evidence of an association between 

plasma albumin Cys34 oxidation and lactate levels. It is unclear whether the biphasic 

change in oxidized albumin Cys34 results from one or two different oxidative events 
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occurring after exercise. Also, the mechanisms underlying the distinct patterns of change in 

reversibly- and irreversibly-oxidized albumin Cys34 remain to be elucidated. Finally, it is 

unclear whether the pattern of changes in oxidized albumin Cys34 levels reported here is 

typical of resistance exercise with or without blood flow restriction or also shared with 

other forms of exercise such as prolonged aerobic exercise of submaximal intensity.   

------------------------------------------------------------------------------------------------------------ 
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Chapter 4 

Biphasic pattern of change in albumin Cys34 oxidation level in response 
to aerobic exercise of different intensities 
 
 
Abstract 

Background: Recently, we have shown that resistance exercise with or without blood flow 

restriction results in a biphasic post-exercise pattern of change in the oxidation state of 

albumin Cys34, a marker of oxidative stress.  Since it is unclear whether this response is 

exclusive to resistance exercise, the aim of this study was to examine the effect of aerobic 

exercise of different intensities on the pattern of response of the oxidation state of albumin 

Cys34. Methods: Eight overnight fasted untrained individuals were subjected on separate 

days to 40 minutes of exercise at 30% or 70% V̇O2peak. Before and at time intervals post-

exercise, muscle oxygenation and lactate levels were monitored, and reversibly and 

irreversibly oxidized albumin Cys34 levels as well as carbonylated albumin levels were 

measured as markers of plasma RONS levels. Results: Immediately after the 70% V̇O2peak 

exercise, but not 30% V̇O2peak exercise, there was an early transient increase in irreversibly 

oxidized albumin Cys34 levels (p<0.05) which returned to baseline level by 30 minutes. 

This was followed by a delayed, sustained rise in reversibly oxidized albumin Cys34 levels 

which remained elevated for at least 5 hours (p<0.05). Carbonylated albumin levels did not 

respond in either of the experimental conditions. There was a temporal association between 

muscle oxygenation and thiol-oxidized albumin Cys34 level only during early recovery. 

Conclusion: Aerobic exercise at 70% V̇O2peak, but not a 30% V̇O2peak, results in a transient 

early post-exercise rise in irreversibly oxidized albumin Cys34 levels followed by a 

sustained increase in reversibly oxidized albumin Cys34 levels, a pattern of response 

similar to that reported for resistance exercise with or without blood flow restriction. 

 
 
Keywords: Albumin thiol oxidation, protein thiol oxidation, free radicals, antioxidant, 

polyethylene glycol maleimide, oxidative stress, trap oxidation state, electrophoresis, 

artificial oxidation, maleimide labeling, aerobic exercise 
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4.1 Introduction 

Aerobic exercise training provides a number of favourable skeletal muscle 

adaptations such as increased mitochondrial biogenesis and improved fatigue resistance 

(Hood 2009; Konopka et al. 2010; Konopka and Harber 2014; Zoladz et al. 2016). For 

such adaptations to occur, recommendations are to engage in 30-45 minutes of aerobic 

training at an intensity of at least 70-80% VO2max for at least 4-5 days a week (Harber et al. 

2009; Harber et al. 2010; Konopka et al. 2010; Konopka et al. 2011; Harber et al. 2012; 

Konopka and Harber 2014). 

The mechanisms underlying skeletal muscle adaptation to chronic aerobic exercise 

have been the object of research efforts (Reid et al. 1992; Reid et al. 1993; Handayaningsih 

et al. 2011; Michailidis et al. 2013). There is evidence that RONS may mediate, at least in 

part, this response. Indeed, RONS production in skeletal muscles have been shown to 

activate cytoplasmic redox-sensitive AMP kinase, a potent activator of the PPARγ 

coactivator 1-α (PGC-1α), and mammalian target of rapamycin (mTORC1) which 

altogether in turn play an important role in mitochondria biogenesis and adaptation to 

chronic endurance training (Irrcher et al. 2009; Webb et al. 2017). 

To better understand the role RONS plays in exercise, RONS or plasma markers of 

RONS levels are usually measured in blood, the assumption being that their levels reflect 

those of RONS in tissues. One such a RONS marker is the oxidation state of albumin 

cysteine 34 (Cys34). As discussed in Chapters 1, 2 and 3, the thiols of most  plasma 

proteins are oxidized, but the thiol group of albumin Cys34 is only partially oxidized. In 

response to oxidative stress, albumin Cys34 can form reversible disulfide bonds (-S-S-) 

with low molecular weight thiols or, if more heavily oxidized, can be irreversibly oxidized 

to sulfinic (-SO2H) or sulfonic acids (-SO3H ;Turell et al. 2013).  

 Recently, we have shown that resistance exercise with or without blood flow 

restriction results in a transient early post-exercise rise in irreversibly oxidized albumin 

Cys34 levels, followed by a sustained increase in reversibly oxidized albumin Cys34 

levels. These findings raise the issue of whether a similar response is likely to occur in 

response to aerobic exercise of different intensities.  The only studies to have examined 

this issue showed that after an acute bout of aerobic exercise (70%-80% V ̇O2max), the 

levels of reversibly oxidized albumin Cys34 were elevated at 30 minutes post-exercise, but 

not after 30 hours (Lamprecht et al. 2008; Lamprecht et al. 2009). In the same studies, 

plasma carbonylated proteins levels did not change in response to exercise (Lamprecht et 
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al. 2008; Lamprecht et al. 2009), with exercise intensity above 70% V ̇O2max being required 

to detect a significant increase in protein carbonylation (Bloomer et al. 2007).  

 Since the temporal pattern of change in the oxidation state of albumin Cys34 was 

not examined in the aforementioned studies, it is unclear whether the pattern of change in 

the oxidation state of albumin Cys34 follows a biphasic response in response to aerobic 

exercise of different intensities.  For this reason, the primary aim of this study was to 

examine the effect of different intensities of aerobic exercise on the pattern of response of 

the oxidation state of albumin Cys34 as well as that of plasma albumin carbonylation level. 

We hypothesised that aerobic exercise results in an exercise intensity-dependent biphasic 

pattern of change in the oxidations state of albumin Cys34. Also, given that changes in 

tissue oxygenation post-exercise is one of the proposed mechanisms involved in RONS 

production (Tsutsumi et al. 2007), I also aimed to determine whether the pattern of changes 

in oxidized albumin Cys34 levels in response to aerobic exercise of different intensities 

mirror the post-exercise pattern of increase in muscle oxygenation level.  

 

4.2 Method 

4.2.1 Participants 

Eight male participants aged 18-35 y and currently not involved in exercise training 

were recruited to this study (see Table 4.1 for descriptive statistics). A power analysis 

(Lamprecht et al, 2008)), using the Gpower computer program (Erdfelder et al. 1998), 

indicated that a sample size of 6 would be needed to detect a large effect of 0.80 with 80% 

power using a t-test between means with alpha set at 0.05. As part of the inclusion criteria, 

participants were required not to have completed any exercise training in the previous three 

months. This restriction was adopted because trained participants tend to have better 

antioxidant defence/scavenging ability and have more lower molecular weight thiols and 

lesser low molecular weight disulphide in the plasma (Seifi-skishahr et al. 2016). The 

participants were recruited from the general population using flyers posted on social 

networks as well as from the student population at the University of Western Australia. 

Exclusion criteria included antioxidant supplementation and any musculoskeletal injuries 

or medical conditions that could impair exercise performance. Participants were 

thoroughly briefed about the requirements and risks associated with the study, and were 

required to sign a written informed consent form. The study began when clearance was 

obtained from the Ethics Committee of the University of Western Australia. 
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4.2.2 Familiarisation session 

Each participant visited the Exercise Physiology Laboratory in the School of 

Human Sciences on three separate occasions. The first visit involved a familiarisation 

session during which measurements of participants’ height and weight were recorded 

(Table 4.1). Body composition was analysed using dual-energy x-ray absorptiometry 

(DEXA, Alpenglow, Sydney, Australia). Participants then completed a V̇O2peak test to 

determine their maximal aerobic capacity. This involved stationary cycling at an initial 

intensity of 150 watts, with the intensity increasing by 30 watts at 3-minute intervals until 

volitional exhaustion or until the participant was unable to successfully maintain the 

required power output. During exercise testing, participants breathed through a mouthpiece 

for the collection of expired air for gas analysis. Pulmonary ventilation and respiratory 

gases were measured using a computerized metabolic cart, which consisted of a 

ventilometer (Universal ventilation meter, VacuMed, Ventura, California USA) that was 

calibrated prior to each trial as per manufacturer specifications, and gas analysers (Ametek 

Applied Electrochemistry S-3A/1 and CD-3A, AEI Technologies, Pittsburgh, USA) 

calibrated before each experiment using gas mixtures of a known composition. Before 

leaving the laboratory, participants were familiarised with all the procedures to be adopted 

during testing.  
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Table 4.1. Participants' descriptive characteristics prior to exercise testing and exercise 

outputs. 

Participants' physical characteristics     

Age (years) 24.4 ± 1.0 

Height (m) 1.74 ± 0.01 

Weight (kg) 68.1 ± 1.9 

BMI (kg/m2) 22.4 ± 0.7 

V̇O2peak (l/kg/min) 44.6 ± 2.2 

Mid thigh skinfold (mm) 8.43 ± 1.81 

Body fat mass (%) 18.8 ± 2.6 

Fat mass (g) 12.265 ± 1.828 

Lean mass (g) 52.944 ± 2.281 

Bone mineral density (g) 2886 ± 114 

Diet prior to exercise conditions 30% V̇O2peak 70% V̇O2peak 

Total energy intake (kJ/day) 8442 ± 1011 8144 ± 1006 

Fat (g/day) 96 ± 25 91 ± 21 

Fat (% energy intake) 40 ± 5 40 ± 5 

Carbohydrate (g/day) 174 ± 33 175 ± 36 

Carbohydrate (% energy intake) 34 ± 4 35 ± 4 

Protein (g/day) 101 ± 9 96 ± 10 

Protein (% energy intake) 22 ± 3 21 ± 2 

Physical performance 30% V̇O2peak 70% V̇O2peak 

Work done (kJ) * 180.16 ± 13.29 391.13 ± 10.57 

Work done/kg (kJ/kg) * 2.66 ± 0.12 5.73 ± 0.12 

Mean power (W) * 75.06 ± 5.54 162.95 ± 4.40 

RPE (range 6 to 20) * 8.25 ± 0.45 15.25 ± 0.64 

* indicates significant differences between exercise conditions. Values presented 

as means ± SEM (n = 8). 

   4.2.3 Testing sessions 

 At least seven days following the familiarisation session, participants visited 

the laboratory on two occasions, each after an overnight fast, with no supplements (e.g. 

antioxidants), caffeine, medicine or exercise allowed for 24 hours prior to the testing 
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session. A diary was provided to each participant to ensure food intake was matched 

between visits, with dietary analyses performed using Foodwork (Xyris Software Pty Ltd, 

QLD, Australia). Total energy intake during the day before testing was not significantly 

different between any trials (p > 0.05). Furthermore, there were no significant differences 

in the consumption of any macronutrient prior to the trials as determined by the self-

reported food diaries (p > 0.05, Table 4.1). Both treatments were administered following a 

counterbalanced study design, with at least one week between consecutive visits. On each 

visit, participants arrived between 6 and 8 AM. In order to measure relative muscle 

oxygenation level before, during, and for up to five hours after exercise, all participants 

were also fitted with a near infrared spectroscopy probe (InSpectra, Hutchinson 

Technology Inc., BioMeasurement Division, Hutchinson, MN, USA) on the belly of the 

vastus lateralis muscle, midway between the lateral epicondyle and greater trochanter of 

the femur, and secured with a light shield to block ambient near-infrared light from 

interfering with the detectors. The device measured muscle O2 saturation (SmO2) every 2 

seconds throughout the trial, and has been validated (Crum et al. 2017). A heart rate 

monitor was also fitted (Polar FT, Kempele, Finland) to measure heart rate at baseline, 

during and after exercise. Finally, participants had their respiratory gases collected before 

and at time intervals post-exercise for the measurement of oxygen consumption.  

 On the second and third visit, participants cycled for 40 minutes at either 70 or 30% 

V̇O2peak in a randomized order. Since our previous study (Chapter 3) reported no change in 

any of the variables measured during the control trial where participants sat calmly for 5 

hours with no exercise being performed, no no-exercise control treatment was adopted in 

this study. Before exercise and at 0, 15, 30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 

minutes post-exercise (Fig 4.1), one of the hands of each participant was placed for 5 

minutes in a 50°C hot box (HotRox, Buntingford, UK) to arterialised the composition of 

capillary blood. Capillary blood samples (200 µl) were taken from the fingertip to measure 

the levels of blood lactate as well as those of albumin carbonylation and albumin Cys34 

thiol oxidation state. Respiratory gases were also collected at these time intervals. Finally, 

participants were asked to rate their perceived exertion (RPE) using the BORG scale 

(Borg, 1982) at the end of each exercise session. 
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Fig 4.1 Timeline of data collection before and after aerobic exercise protocol. Participants 

cycled for 40 minutes at either 30% or 70% V̇O2peak in a randomized order. Symbol “x” 

represents blood, muscle oxygenation (MOXY) and excess post exercise oxygen 

consumption (EPOC) samplings at the respective time points. 

4.2.4 Blood collection and analyses 

Blood pH, pO2, pCO2 and lactate levels were collected using a CG4+ cartridges and 

analyses using I-STAT (I-STAT Corporation, East Windsor, NJ, USA). The blood sampled 

for the determination of the thiol oxidation state of albumin was collected in K3EDTA 

tubes (Minicollect tubes K3EDTA; Greiner Bio-One, Austria). Nine parts of blood was 

immediately diluted with one part of a trapping solution consisting of 62.5 mM 

methoxypolyethylene glycol-maleimide–5000Da (Malpeg; Jenkem Technologies, Beijing, 

China) and 40 mM imidazole (Sigma, Australia), pH 7.4, diluted in DDI water. The 

resulting mixture was vortexed briefly, then centrifuged at 3000 g for 10 minutes 

(Eppendorf. New York, USA). Plasma was allowed to incubate at room temperature for 

another 20 minutes for the Malpeg to fully react with all plasma- reduced thiols. Then, the 

plasma samples thus treated were frozen in liquid nitrogen and stored at -80 °C until ready 

for analyses as described below.  

4.2.5 Measurement of the thiol oxidation state of albumin   

Plasma samples containing Malpeg were thawed quickly at 37 °C in a water bath 

for 5 seconds and with agitation to prevent the formation of a precipitate. Samples were 

then placed on ice and separated into two 2.5 µl aliquots. The first sub-aliquot (SA-1) was 

diluted with 245 µl of SDS/Tris (0.5% (w/v) /0.5mM, pH 7.0) buffer and used for the 

analysis of reduced albumin. To analyse irreversibly oxidized albumin and albumin thiol 

oxidation state, 2.5 µl of the second sub-aliquot (SA-2) was added to 2.5 µl of 20 mM L-

cysteine hydrochloride monohydrate (Sigma, Australia), and vortexed for 30 minutes to 

reduce reversibly oxidized albumin, forcing the below reaction to the right: 

Reversibly oxidized albumin + L-cysteine ↔ Reduced albumin + L-cystine (Muramoto et 

Blood sampling x x x x x x x x x x x x x
MOXY x x x x x x x x x x x x x
EPOC x x x x x x x x x x x x x

Baseline Exercise 0 15 30 60 90 120 150 180 210 240 270 300
30% VO2peak
70% VO2peak

Post Exercise (mins)
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al. 1999) 

Then, 1 in 2 parts of 25 mM Malpeg was added once the reaction was completed 

and vortexed for 30 minutes to allow Malpeg to bind to the newly reduced albumin. After 

this step, 4 µl of the resulting solution was diluted with 95 µl of SDS/Tris. An equal 

volume of 2X sample buffer without DTT was then added to all samples, as well as a 

quality control (QC) and positive controls, then incubated at 95°C for 5 minutes. The 

samples thus prepared were used for electrophoretic analyses. 

4.2.6 Electrophoresis on fluorescence/stain-free gel 

All samples were subjected to electrophoretic separation. To this end, 1% (v/v) of 

2,2,2-Trichloroethanol (TCE; Sigma, Australia) was incorporated into sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 16% (w/v) resolving gel. TCE 

was added first to the gel buffer. Then acrylamide, sodium dodecyl sulfate (SDS), 

ammonium per-sulfate, and tetramethylethylenediamine (TEMED) were added as usual 

(Ladner et al. 2004). After this, a 4% (w/v) stacking gel was prepared. After running the 

gel for 2.5 hours at 200 V, the gel was washed twice with DDI water post- electrophoresis, 

and used for protein visualisation. 

4.2.7 Protein visualisation 

The Biorad stain-free protocol was used to visualise proteins. To this end, each gel 

was placed on 300-nm UV transilluminator to irradiate the gel for 5 minutes. During this 

time, the fluorescent protein bands became visible (Ladner et al., 2004). Photos of the gels 

were taken, and densitometric analyses of the bands were performed using ImageJ (U.S. 

National Institutes of Health, Bethesda, Maryland, USA). Briefly, this involved inverting 

the image, subtracting the background, and plotting a density profile for each lane from the 

gel. The area under each peak from the density profile of each lane was calculated using 

the trapezoid rule to give the intensity.  

 
4.2.8 Preparation of quality control (QC) and positive control samples 

A sample was collected from non-exercised participants for the generation of a QC 

sample and centrifuged at 3000 g for 10 minutes. Briefly, in order to generate control 

samples, nine parts of blood was diluted with 1 part of the trapping solution as previously 

described. Then, 2.5 µl of plasma mixed with the trapping solution was diluted with 245 µl 

of SDS/Tris (0.5% (w/v) /0.5 mM, pH 7.0) buffer and sub-aliquoted as described above. 
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To prepare the positive controls, 3.15 µl of 30% (v/v) hydrogen peroxide (Univar, AR 

grade, Sydney, Australia) was diluted with 1 ml of DDI water, then an equal volume of this 

hydrogen peroxide solution was added to plasma and incubated at room temperature for 30 

minutes. After this, 1 in 2 parts of 25 mM Malpeg was added to the plasma and vortexed 

for 30 minutes to allow the PEG 5 to bind to the reduced albumin. Next, 4 µl of sample 

was diluted with 106 µl of SDS/Tris solution. Both QC and positive controls were frozen 

and stored in stocks at -80 °C, ready to be thawed and run with all experimental samples 

4.2.9 Measurement of plasma albumin carbonylation 

Carbonyl groups formed on plasma albumin were determined with immunoblotting, 

which involves the processing of samples (Sample A) with positive (Sample B) and 

negative (Sample C) controls. Plasma samples were diluted 1:120 with 6% (w/v) SDS. The 

positive control sample was incubated 1:1 with 50 mM HOCl for 1 hour, then diluted 1:60 

with 6% (w/v) SDS. One part of diluted samples or positive control were added to one part 

of 10 mM dinitrophenyl hydrazine (10 mM DNPH/10% TFA). The negative control 

sample was incubated with the same conditions of 10% TFA, but without DNPH. After 15 

minutes of incubation, one part of neutralization solution (30% (v/v) glycerol/ 2M TRIS) 

was added to the DNPH and negative control treated samples. The treated samples were 

then diluted 10 times under reducing conditions, with 5 µl of treated samples separated by 

stain-free SDS-PAGE (Biorad, 4-20% Mini-PROTEAN® TGX Stain-Free™ Precast Gels) 

and transferred (Biorad, Trans-Blot® Turbo™ Transfer System) onto nitrocellulose 

membrane (Biorad, Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs) using 

conditions set at 2.5 A, up to 25 V for 10 minutes. 

The membrane was subsequently washed in TBST 5 times, for 3 minutes each (5 x 

3 minutes), and blocked with TBST/0.5% (w/v) non-fat dry milk. After one hour, the 

membrane was washed in TBST (5 x 3 minutes), then incubated in polyclonal rabbit anti-

DNP antibody (diluted 1:20000 in TBST/0.5% (w/v) non-fat dry milk). After an overnight 

incubation in the cold room, the membrane was washed in TBST (5 x 3 minutes) and then 

treated with horseradish peroxidase-conjugated goat anti rabbit IgG (diluted 1:25000 in 

TBST/0.5% (w/v) non-fat dry milk) for 1 hour at room temperature. A final wash with 

TBST (5 x 3minutes) was performed prior to visualisation of carbonylated albumin using 

ECL western blot detection reagent (Bio-rad, Clarity Western ECL substrate). 

Albumin carbonylation was tabulated as a ratiometric value, using the carbonyl 

density divided by the amount of fluorescence signal of albumin from the stain free gel 
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(loading control). That is: ratio = arbitrary amount of carbonylated albumin/arbitrary 

amount of albumin. The CV for albumin carbonyl was 8.6% (n = 19), similar to previous 

carbonyl methods with a CV ranging from 7-18% (Dayhoff-Brannigan et al. 2008; 

Matthaiou et al. 2014). 

4.2.10 Statistical analyses 

The primary outcome measures in this study were muscle oxygenation level and 

albumin Cys34 oxidation state level. A sample size of 6 participants was calculated, using 

the Gpower computer program (Erdfelder et al. 1998), to be large enough to detect 

significant differences between treatments, with a predicted effect size of 0.8, statistical 

power set at β=0.8 and significance at p<0.05, (Lamprecht et al,2008). All statistical 

analyses were performed using the Statistical Package for the Social Sciences for Windows 

(version 23; SPSS Inc, Chicago, IL). Data is presented as mean ± SEM unless otherwise 

indicated, with statistical significance set at p < 0.05. Data obtained for reduced albumin, 

reversibly oxidized albumin, and irreversibly oxidized albumin as well as the other 

variables were analysed using two-way ANOVA with repeated measures (time x exercise 

trial). Fisher LSD test were used to identify differences over time within treatments and 

between treatments, respectively. Where Mauchly’s test of Sphericity was violated 

(p<0.05), Greenhouse-Geisser corrections was applied and reported. Stepwise multivariate 

linear regression was performed to identify the correlations of variables with reversibly 

oxidized albumin Cys34, and irreversibly oxidized albumin Cys34. In this analysis R2 

describes the proportion or percentage of variance in the dependent variable explained by 

the variance in the independent variables together which sometimes called the predictor 

variables. An R2 of 1.00 indicates that 100% of the variation in the dependent variable is 

explained by the independent variables. 

4.3 Results 
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4.3.1  Responses of reversibly and irreversibly oxidized albumin Cys34 to 
exercise at 30% and 70% V ̇O2peak 

Exercise performed at 70% V̇O2peak was associated with a biphasic response in the 

levels of total oxidized albumin Cys34 (Figure. 4.2). Immediately after exercise, total 

oxidized albumin Cys34 was significantly higher than pre-exercise levels. However, from 

15 to 150 minutes post exercise, total oxidized albumin Cys34 levels were not significantly 

different from pre-exercise values, but starting at 180 minutes there was another increase in 

total oxidized albumin Cys34 levels which was maintained until 300 minutes post-exercise 

(p < 0.05). In response to exercise performed at 30% V̇O2peak, there were no significant 

changes in total oxidized albumin Cys34 levels during and after exercise.  

 

 
Fig. 4.2. Total oxidized albumin Cys34 in response to 40 minutes of exercise at 30% 
V̇O2peak  and 70% V̇O2peak . Values are expressed as mean ± SE (n = 
8). a, indicates significant difference from pre-exercise level for the 70% V̇O2peak trial 
(p<0.05). 
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In response to exercise at 70% V̇O2peak, the levels of irreversibly oxidized albumin 

Cys34 increased significantly compared to baseline values, and peaked at 0-15 minutes 

post-exercise (p < 0.05, Fig. 4.3). Within 60 minutes of recovery, the levels of irreversibly 

oxidized albumin Cys34 returned to pre-exercise values (p < 0.05). The pre-exercise levels 

of irreversibly oxidized albumin Cys34 did not differ significantly between the 70% and 

30% V̇O2Peak exercise conditions. In response to exercise at 30% V̇O2peak, there were no 

significant changes in the levels of irreversibly oxidized albumin Cys34 after exercise.  

 
Fig. 4.3. Irreversibly oxidized albumin Cys34 in response to 40 minutes of exercise at 30% 
V̇O2peak  and 70% V̇O2peak . Values are expressed as mean ± SE (n = 8). a, 
indicates significant difference from pre-exercise level for the 70% V̇O2peak trial (p<0.05). 

In response to exercise at 70% V̇O2peak, the levels of reversibly oxidized albumin 

Cys34 reached significantly higher values than baseline between 180 to 300 minutes of 

recovery (p < 0.05, Fig. 4.4). The pre-exercise levels of reversibly oxidized albumin Cys34 

did not differ significantly between the 70% and 30% V̇O2Peak conditions. In response to 

exercise at 30% V̇O2peak, there were no significant changes in the levels of reversibly 

oxidized albumin Cys34. 
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Fig. 4.4. Reversibly oxidized albumin Cys34 in response to 40 minutes of exercise at 30% 
V̇O2peak  and 70% V̇O2peak . Values are expressed as mean ± SE (n = 8). a, 
indicates significant difference from pre-exercise level for the 70% V̇O2peak trial (p<0.05). 

Albumin carbonyl levels were not significantly affected by exercise at 30% and 

70% V̇O2peak, and there were no significant differences in pre-exercise albumin carbonyl 

levels between exercise at 70% and 30% V̇O2Peak (p > 0.05, Fig. 4.5). 

 
Fig. 4.5. Albumin carbonylation level in response to 30% V̇O2peak  and 70% V̇O2peak 

. Values are expressed as means ± SEM (n=8). 
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4.3.2 Muscle oxygenation level and excess post oxygen consumption 
(EPOC) in response to exercise at 30% and 70% V ̇O2peak  

During exercise at 70% V̇O2Peak, muscle oxygenation level was significantly 

decreased at 5 minutes into exercise and plateaued until the end of the exercise (p < 0.050) 

at levels significantly lower than those prior to exercise (Fig. 4.6 A, B). Immediately after 

exercise at 70% V̇O2peak and up to 2 minutes post-exercise, muscle oxygenation levels 

remained significantly lower than pre-exercise level (p < 0.05; Fig. 4.6 B). From 3 minutes 

post-exercise, muscle oxygenation levels were significantly higher than pre-exercise level 

and remained elevated for up to 300 minutes post-exercise (p < 0.05; Fig. 4.6 A and 4.6 B). 

In contrast, during exercise at 30% V̇O2Peak and for up to 4 minutes post-exercise, muscle 

oxygenation levels remained unchanged (p > 0.05; Fig. 4.6 A, B, C). From 5 to 60 minutes 

post-exercise, muscle oxygenation levels were significantly elevated from pre-exercise 

value (p < 0.050), and decreased back to pre-exercise values afterward (p > 0.050; Fig. 4.6 

A, C).  
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Fig 4.6. Tissue oxygenation level in response to 30% V̇O2peak  and 70% V̇O2peak 
. Results are displayed for pre-exercise to 5 hour post-exercise (A), during exercise 

(B), and for 0 to 15 minutes post-exercise (C). Values presented as means ± SEM (n = 8). 
a, indicates significant difference between exercise at 70% and 30% VO2peak at the same 
time point. b, indicates significant difference from pre-exercise level for the 70% V̇O2peak 
trial (p<0.05). c, indicates significant difference from pre-exercise level for the 30% 
V̇O2peak trial (p<0.05). E, indicates during exercise. 
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Immediately following both the 70% and 30% V̇O2peak trials and until 7 and 6 

minutes post-exercise respectively, V̇O2 was significantly higher than pre-exercise values 

(p < 0.05, Fig. 4.7). Up to 7 minutes post-exercise, V̇O2 levels were significantly higher for 

the 70% V̇O2peak trial as compared to 30% V̇O2peak trial at the same time points (Fig. 4.7).  

 

 
Fig. 4.7. Rate of oxygen consumption in response to 30% V̇O2peak  and 70% V̇O2peak 

. Results display all time points (A) as well as the 0 to 15 minute time points post-
exercise (B). Values are expressed as means ± SEM (n = 8). a, indicates significant 
difference between the 70% and 30% VO2peak exercise trials at the same time point. b, 
indicates significant difference from pre-exercise level for the 70% V̇O2peak trial 
(p<0.05). c, indicates significant difference from pre-exercise level for the 30% V̇O2peak 
trial (p<0.05). 

 

a 
b 
c 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 

-50 0 50 100 150 200 250 300 

E
xc

es
s p

os
t e

xe
rc

is
e 

ox
yg

en
 

co
ns

um
pt

io
n 

(m
l/m

in
/k

g)
 

Time post-exercise (mins)     Pre 

A	

a 
b 
c 

a 
b 
c 

a 
b 
c 
 

a 
b 
c 
 

a 
b 
c 

a 
b 
c 

a 
b 
c b 

 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

E
xc

es
s p

os
t e

xe
rc

is
e 

ox
yg

en
 

co
ns

um
pt

io
n 

(m
l/m

in
/k

g)
 

Time post-exercise (mins)     Pre 

B	

 



 

 106 

4.3.3 Perceived exertion (RPE), lactate and heart rate responses to 30% 
and 70% V ̇O2peak exercise 

RPE scores were significantly higher following exercise at 70%	V̇O2peak	(15 ± 1, p 

< 0.05) when compared to exercise at 30%	V̇O2peak	(8 ± 1). 

Blood lactate levels increased significantly in response to exercise performed at 

70% V̇O2peak, but not in response to exercise at 30% V̇O2peak (Fig. 4.8). Blood lactate levels 

were significantly higher after exercise at 70% V̇O2peak compared to 30% V̇O2peak at time 

points 0, 15, 30 and 60 minutes post-exercise (p < 0.05; Fig. 4.8). 

 
Fig. 4.8. Blood lactate in response to 30% V̇O2peak  and 70% V̇O2peak  Values 
are presented as means ± SEM (n = 8). a, indicates significant difference between exercise 
at 70% and 30% VO2peak at the same time point. b, indicates significant difference from pre-
exercise level for the 70% V̇O2peak trial (p<0.05). 

 

HR increased significantly after exercise at 30% and 70% V̇O2peak (p < 0.05), 

peaked immediately after exercise, but was back to pre-exercise values after 60 minutes of 

recovery. HR in response to exercise at 70% V̇O2peak exercise were significantly higher as 

compared to exercise at 30% V̇O2peak during the first hour of recovery (p < 0.05; Fig. 4.9). 
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Figure 4.9. Heart rate in response to 30% V̇O2peak  and 70% V̇O2peak . Values 
presented as means ± SEM (n = 8). a, indicates significant difference between exercise at 
70% and 30% VO2peak at the same time point.  b, indicates significant difference from pre-
exercise level for the 70% V̇O2peak trial (p<0.05).c,  indicates significant difference from 
pre-exercise level for the 30% V̇O2peak trial (p<0.05). 

 

4.3.4 Multivariate analysis relating the oxidation state of albumin Cys 34 and tissue 

oxygenation, EPOC, heart rate and lactate levels. 

The levels of irreversibly oxidized albumin were positively correlated with lactate 

levels (r = 0.738, p < 0.001), HR (r = 0.462, p < 0.001) and EPOC (r = 0.585, p < 0.001; 

Table 4.2). Reversibly oxidized albumin was positively correlated with tissue oxygenation 

(r = 0.183, p = 0008; Table 4.2).  
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Table 4.2. Correlation of blood and oxygen variables against reversibly and irreversibly 

oxidized albumin. 

		 		

Tissue	

Oxygenation	 EPOC	 Heart	rate	 Lactate	

Irreversibly		 Pearson	Correlation	 -.466*	 .585*	 .462*	 .738*	

oxidized	 	 	 	 	 	

albumin	 N	 208	 208	 208	 144	

Reversibly	 Pearson	Correlation	 .183*	 -.212*	 -.166*	 -.298*	

oxidized	 	 	 	 	 	

albumin	 N	 208	 208	 208	 144	

*	Correlation	is	significant	at	the	0.05	level	(2-tailed).	

	 	 

Table 4.3. Multiple regression analysis of irreversibly oxidized albumin and other 

variables. 

Variables 

Regression 

Coefficient 

Standard 

Error 

Standardised 

Regression 

Coefficient P 

(Constant)	 6.364	 1.48	

	

< 0.001* 

Lactate 0.859	 0.095	 0.984	 < 0.001* 

EPOC-V̇O2 0.139	 0.04	 0.652	 0.001*	

Tissue oxygenation -0.01	 0.015	 -0.067	 0.505	

Heart rate -0.059	 0.014	 -0.826	 < 0.001* 

Glucose -0.05	 0.238	 -0.013	 0.833	

Albumin carbonyl -0.326	 0.824	 -0.024	 0.693	

Dependent Variable: Irreversibly oxidized albumin 

	R2 for entire model is 0.735 

	 	 	*R2 for model lactate only is 0.616 
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4.4 Discussion 

Resistance exercise has been shown in Chapter 3 to result in a post-exercise 

biphasic pattern of change in the oxidation state of albumin Cys34. The aim of this study 

was to examine whether this is also the case following aerobic exercise of different 

intensities. Here we show that 40 minutes of exercise at 70% V̇O2peak results in an early 

transient increase in the levels of irreversibly oxidized albumin Cys34 (p<0.05) which 

returned to baseline level within 30 minutes. This was followed by a delayed, sustained 

rise in the levels of reversibly oxidized albumin Cys34 which remained elevated for at least 

5 hours (p<0.05). Such a biphasic pattern of change in the level of oxidized albumin Cys34 

did not take place in response to exercise at 30% V̇O2peak, where the oxidation state of 

albumin Cys34 was not affected by exercise.  The elevation in the levels of irreversibly 

oxidized albumin Cys34 in response to exercise at 70% V̇O2peak was correlated with peak 

plasma lactate levels, with a close temporal association between irreversibly oxidized 

albumin Cys34 and muscle oxygenation level early during recovery.  

Our findings clearly show that our earlier findings of a biphasic response of 

oxidized albumin Cys34 to resistance exercise is not restricted to this form of exercise 

since an almost identical pattern is observed here in response to high intensity aerobic 

exercise. Indeed, both exercise modalities result in a transient early rise in the levels of 

irreversibly oxidized albumin Cys34 followed by a delayed and sustained increase in the 

levels of reversibly oxidized albumin Cys34 (Chapter 3). As discussed later, these findings 

thus suggest that the mechanisms underlying the biphasic response of oxidized albumin 

Cys34 share features common to both resistance and high intensity aerobic exercise. Also, 

our results highlight the obvious limitation of using pattern of changes in blood markers of 

oxidative stress to infer intramuscular RONS responses to exercise. Indeed, although both 

aerobic and resistance exercise result in a comparable pattern of changes in plasma 

markers of RONS levels, it does not follow that both the sources of intramuscular RONS 

and activation of downstream signalling pathways are affected in a similar way given that 

these exercise modalities are generally acknowledged to have different impacts on skeletal 

muscles, namely improvement in muscle endurance (Irrcher et al. 2009; Jackson 2009; 

Musarò et al. 2010) and muscle growth (Glass 2010; Handayaningsih et al. 2011; Makanae 

et al. 2013), respectively.  

Our results are consistent with those of Inayama and colleagues (2002) who 

reported a biphasic pattern of change in oxidized plasma protein thiols following aerobic 

exercise. They found that plasma protein thiols were significantly decrease immediately 
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after exercise, and were back to pre exercise levels at 1 hour post exercise, followed by a 

subsequent significant decrease at 2 hours post exercise. One limitation with their study, 

however, is that only the levels of free protein thiols were measured, with no information 

about the type of oxidation these protein thiols had undergone. Here, in contrast, we were 

successful at measuring not only the pattern of change in albumin thiol oxidation level, but 

also the extent to which albumin thiol was reversibly or irreversibly oxidized. To the best 

of our knowledge, no other studies concerned with aerobic exercise have reported the type 

of biphasic pattern of change in the levels of oxidized albumin Cys34 as that found here. 

This is not surprising, since most studies concerned with the effect of aerobic exercise on 

plasma markers of oxidative stress have restricted their measurements to only a limited 

number of time points post-exercise (Alessio et al. 2000; Miyazaki et al. 2001; Watson et 

al. 2005; Berzosa et al. 2011; Wadley et al. 2015) rather than examining their acute 

temporal pattern of change (Bloomer et al. 2005; Bloomer et al. 2006; Bloomer et al. 2007; 

Nikolaidis et al. 2007; Zinellu et al. 2007). Of note, if we had chosen to only measure the 

oxidation state of albumin Cys34 at time points such as 60 or 120 minutes post-exercise, 

no significant difference from baseline would have been detected for total oxidized 

albumin Cys34 under the exercise conditions tested here. In addition, the biphasic pattern 

of response described here would not have been discovered, thus highlighting the 

importance of measuring the temporal pattern of change in markers of oxidative stress. 

As discussed in Chapter 3, many mechanisms have the potential to explain the early 

post-exercise rise in the levels of irreversibly but not reversibly oxidized albumin Cys34 

(Fisher-Wellman and Bloomer 2009). One possible mechanism is that a burst of RONS 

production at the onset of recovery by RONS-producing enzymes, such as xanthine 

oxidase and NAD(P)H oxidase (Hellsten et al. 1997), might have led to the release of 

RONS out of skeletal muscles in the form of glutathione radical (Winterbourn and 

Hampton 2008; Winterbourn 2016) or hydrogen peroxide (Turell et al. 2009; Turell et al. 

2009), and oxidize intravascular and extravascular albumin Cys34. The absence of an early 

peak in the plasma levels of reversibly oxidized albumin Cys34 as opposed to the early 

transient peak in the levels of irreversibly oxidized albumin Cys34 could be explained on 

the basis that a sudden increase in RONS-mediated production of reversibly oxidized 

albumin Cys34 in plasma might have been accompanied by an equivalent rate of 

conversion of reversibly oxidized to irreversibly oxidized albumin Cys34, thus leading to 

no net increase in the plasma levels of reversibly oxidized albumin Cys34 but a significant 

rise in irreversibly oxidized albumin Cys34 levels.   
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It is possible that the early transient muscle deoxygenation followed by its rapid 

reoxygenation to above pre-exercise levels immediately after exercise might have also led 

to the rapid increase in the oxidation level of albumin Cys34. This view is supported by 

earlier studies reporting increased RONS generation in response to early 

ischemia/reperfusion following exercise (Hamilton et al. 2003; Bloomer and Goldfarb 

2004) and past findings in mice (Tsutsumi et al. 2007) and rats (Zuo and Clanton 2005) 

where hypoxia combined with subsequent reperfusion has been shown to cause a rise in 

RONS levels, possibly via activation of xanthine oxidase (Korthuis et al. 1985). Maybe the 

activation of neutrophils by exercise also contributes to the oxidation of albumin Cys34. 

Indeed, exercise has been shown to stimulate ROS generation by neutrophils as reviewed 

by Ji (1999), with high intensity aerobic exercise resulting in neutrophil translocation to the 

active skeletal muscle, subsequently resulting in an oxidative stress. In addition, the 

decrease in muscle oxygenation level in response to exercise at 70% V̇O2peak may have 

further increased ROS production by neutrophils since hypoxia is known to upregulate 

neutrophil degranulation and subsequent RONS generation (Hoenderdos et al. 2016).  

As with resistance exercise (Chapter 3), our results are consistent with those of 

others who have shown that exercise intensities above that associated with lactate threshold 

(Quindry et al. 2003) result in a rise in markers of oxidative stress (Lamprecht et al. 2008; 

Lamprecht et al. 2009) and MDA (Seifi-Skishahr et al. 2008), but not if exercise is 

performed at low intensity. Indeed, the levels of irreversibly oxidized albumin Cys34 did 

not change in response to our low intensity exercise protocol characterised by low plasma 

lactate levels (30% V̇O2peak). In contrast, the levels of irreversibly oxidized albumin Cys34 

increased markedly in response to exercise at an intensity (70% V̇O2peak) that resulted in a 

marked rise in plasma lactate levels, with the levels of irreversibly oxidized albumin Cys34 

being positively correlated with peak post-exercise lactate levels (R2 = 0.74, p < 0.001). 

These latter findings are in agreement with the findings of Lovlin et al. (1987) who 

reported a correlation between post-exercise peak plasma lactate concentration and other 

biomarkers (MDA) of oxidative stress (R2 = 0.51, p < 0.001).  

As discussed previously (Chapter 3), a few mechanisms may explain the rapid 

decrease in the levels of irreversibly oxidized albumin Cys34. Firstly, irreversibly oxidized 

albumin Cys34 may be preferentially and rapidly cleared by the liver via endocytosis 

mediated by the lysosomal receptors glycoprotein 18 (gp18) and glycoprotein 30 

(gp30,(Bito et al. 2005). Secondly, the binding of irreversibly oxidized albumin Cys34 to 

receptors such as glycoprotein 18 and glycoprotein 30 located in the endothelium may 
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have trapped and reduced the availability of albumin in blood samples (Ghinea et al. 1989; 

Schnitzer 1992; Schnitzer and Oh 1992; Schnitzer and Bravo 1993; Bito et al. 2005). 

Finally, the binding of irreversibly oxidized albumin Cys34 to the neonatal Fc receptors 

(FcRn) located at the surface of the endothelium may have reduced its availability in blood 

samples, thus probably contributing to the fall in its levels (Schnitzer 1992). As stated 

earlier (Chapter 3), it is unclear which of the aforementioned mechanisms explains the 

rapid decrease in irreversibly oxidized albumin Cys34 level post-exercise.  

The progressive and sustained increase in the levels of reversibly oxidized albumin 

Cys34 but not of irreversibly oxidized albumin Cys34 from 2 hour post-exercise onward 

does not necessarily imply that these changes are the result of a distinct and sustained 

oxidative event. As proposed in Chapter 3, any short burst of RONS-mediated increase in 

reversibly oxidized albumin Cys34 levels in the extravascular space would be expected to 

result in a delayed rise in oxidized albumin Cys34 levels in plasma (Wu and Mack 2001), 

but not irreversibly oxidized albumin Cys34 as its expected low concentrations in the 

extravascular space would be expected to affect little the pool of irreversibly oxidized 

albumin Cys34 in plasma upon its delivery to this pool. In support of our interpretation, the 

temporal pattern of increase in isotopically-labelled immunoglobulin in plasma after 

injection of this protein in the extravascular space (Modi et al. 2007) is comparable to that 

of the oxidized albumin Cys34 reported here. Of note, however, our findings could just as 

well be explained on the basis of sustained intramuscular oxidative stress lasting for the 

whole recovery period. Finally, the delayed rise in oxidized albumin Cys34 could arise 

from the RONS produced by neutrophils since their activation after a bout of high intensity 

aerobic exercise can last for several hours after exercise (Hansen et al. 1991), with the 

release into the circulation of chemotactic elements from acute muscle contraction-induced 

damage maybe contributing to this delayed increase in neutrophil activity (Pyne 1994).  

Consistent with earlier findings that changes in oxygen availability have the 

potential to affect RONS generation (Blokhina et al. 2003; Tsutsumi et al. 2007; Di Maria 

et al. 2009), the early transient increase in irreversibly oxidized albumin Cys34 levels may 

have been affected by the early post-exercise rise in muscle oxygenation level. This 

implies that muscle oxygenation must be critical to albumin thiol oxidation. Of note, this 

interpretation is challenged by the finding that the post-exercise increase in muscle 

oxygenation level after exercise at 30% V̇O2peak was not accompanied by any increase in 

the levels of irreversibly oxidized albumin Cys34.  However, it is possible that the fall in 

muscle oxygenation level during exercise at 70% V̇O2peak, but not at 30% V̇O2peak, explains 
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our findings since there is evidence that a fall in muscle oxygenation level during exercise 

prior to its rise during recovery is required to stimulate RONS production (Blokhina et al. 

2003; Tsutsumi et al. 2007; Di Maria et al. 2009). Also, since the sustained increase in 

muscle oxygenation level has the potential to increase RONS generation (Di Maria et al. 

2009), maybe the sustained increase in the levels of reversibly oxidized albumin Cys34 

reported here is mediated, in part, by the post-exercise increased muscle oxygenation 

levels.  

The absence of change in albumin carbonyl levels in response to exercise at 70% 

VO2 peak is consistent with the findings of some (Lamprecht et al. 2008; Lamprecht et al. 

2009) but not all studies (Bloomer et al. (2007). Maybe the differences between our 

findings and those of other studies (e.g. Bloomer et al., 2007) is related to the fact that 

albumin carbonyl levels were measured here rather than total plasma protein carbonyl 

levels (Bloomer et al., 2007; Pampretch et al., 2008, 2009) as a marker of oxidative stress. 

Our findings thus suggest that measuring the oxidation state of albumin Cys34 provides a 

more sensitive biomarker of oxidative stress than albumin carbonyl levels. 

In conclusion, this study has found a novel pattern of change in irreversibly and 

reversibly oxidized plasma albumin Cys34 levels in response to aerobic exercise. We show 

that high intensity aerobic exercise, but not low intensity exercise, results in a transient 

early post-exercise increase in the levels or irreversibly oxidized albumin Cys34 followed 

by a sustained increase in the levels of reversibly oxidized albumin Cys34. This biphasic 

pattern of change in the levels of oxidized albumin Cys34 is similar to that reported for 

resistance exercise, thus suggesting a general pattern of response to intense exercise. We 

also provide evidence that the intensity of aerobic exercise has to be above lactate 

threshold for plasma albumin Cys34 oxidation to be responsive to aerobic exercise. Our 

findings also suggest that oxidized albumin Cys34 is a more sensitive indicator of exercise-

mediated oxidative stress as compared to albumin carbonyl levels. It is unclear, however, 

whether the biphasic change in oxidized albumin Cys34 results from one or two different 

oxidative events. Finally, the mechanisms underlying the distinct patterns of change in 

reversibly- and irreversibly-oxidized albumin Cys34 remain to be elucidated.   

------------------------------------------------------------------------------------------------------------ 
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Chapter 5 GENERAL DISCUSSION 

It is well documented that exercise and a number of disease states can increase the 

production of RONS (Fisher-Wellman and Bloomer, 2009). Initially thought to be 

detrimental to health, there is compelling evidence that the oxidative stress associated with 

the excessive production of RONS is beneficial for exercise-induced adaptations, whereas 

chronically elevated RONS level is considered detrimental to health (Chapter 1). Given the 

involvement of RONS in so many pathophysiological and physiological conditions, it is 

not surprising that a large volume of research has been devoted toward developing and 

validating suitable blood markers of oxidative stress. As discussed in Chapter 1, direct 

measurement of RONS levels can be challenging in part because of their short half-life. 

For this reason, RONS levels are mostly measured indirectly by targeting biomarkers, 

among which plasma thiols are highly sensitive compared to other plasma markers 

(Lamprecht et al. 2008; Lamprecht et al. 2009). Since plasma albumin Cys34 accounts for 

~90% of plasma thiols, its abundance allows its use as a sensitive biomarker of oxidative 

stress. However, not many studies have adopted this marker most probably because of the 

complicated assay procedures involved and costly equipment required for the assay of this 

analyte. For this reason, the primary aims of this PhD thesis were to develop a new, simple, 

easily accessible and low cost assay technique to measure the oxidation state of plasma 

albumin Cys34, and to evaluate the sensitivity of this technique at measuring acute 

oxidative stress in response to exercise. 

The discussion of my findings will be presented in 3 main parts: (1) the 

development of a Malpeg-based labeling technique to measure albumin Cys34 oxidation 

level and how a range of technical challenges were overcome; (2) the evaluation of the 

effectiveness of this technique at detecting the oxidative stress associated with resistance 

and aerobic exercise in humans; and finally (3) the identification of the strengths and 

limitations of the work presented in this thesis.   

5.1 Challenges and solutions for the development of the Malpeg labeling 
technique. 

The development of our Malpeg-based assay protocol to measure the oxidation 

state of albumin Cys34 posed a number of challenges including the, (a) prevention of 

artefactual oxidation of albumin thiol oxidation and protein loss during the collection and 

storage of plasma samples, (b) reduction and labeling of reversibly oxidized albumin, and 

(c) the use of optimal SDS/PAGE for quantitative analyses. 
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5.1.1 Prevention of artefactual albumin thiol oxidation after sampling 

Another challenge faced with the assay of albumin Cys34 was to minimise the 

artefactual oxidation of plasma albumin thiol during blood sampling and storage. To the 

best of our knowledge, no study has described or validated their blood sampling protocols 

so as to prevent thiol oxidation after sampling. The results in Chapter 2 show that this is an 

important issue to address given the increase in Cys34 oxidation levels that occur in 

plasma samples when Malpeg was not immediately added after blood sampling. In 

contrast, when Malpeg was added to blood immediately after sampling, no change in 

albumin thiol oxidation level was detected for up to one hour at room temperature. These 

findings thus indicate that adding Malpeg to blood samples immediately after sampling 

provides an effective means to minimize artefactual oxidation. Another step to prevent 

further the risk of artefactual oxidation and degradation is the immediate freezing of 

Malpeg-treated plasma once Malpeg has fully reacted with all reduced albumin Cys34. 

5.1.2 Reducing the reversibly oxidized Cys34 of albumin 

In order to quantify the proportion of reversibly oxidized albumin Cys34 relative to 

reduced and irreversibly oxidized albumin Cys34, I developed a protocol to specifically 

reduce the reversibly oxidized albumin Cys34, but not the many other oxidized cysteine 

residues of albumin. Previous protocols used strong reducing agents such as DTT and 

TCEP to reduce all protein disulfide bonds regardless of whether they involved 

intramolecular disulfide bond or disulfide bounds with other thiol-containing molecules 

such as cysteine. To the best of our knowledge, no assay has attempted to reduce Cys34 

without reducing the other intra and extra-molecular disulfide bonds of albumin. By taking 

advantage of thiol-disulfide exchange reactions, I found that adding a high level of free 

reduced cysteine to Malpeg-treated plasma resulted in the specific reduction of albumin 

Cys34, with excess cysteine shifting the following reaction to the right:  

Reversibly oxidized albumin Cys34 + L-cysteine ↔ Reduced albumin Cys34 + L-cystine 

(Muramoto et al. 1999) 

Cysteine was chosen to carry out this reaction because it has no reducing effect on 

intramolecular disulfide bonds mainly because of their strong thermodynamic stability 

(Bocedi et al. 2018). Also, the addition of cysteine and Malpeg did not result in additional 

bands appearing (Chapter 2). Since irreversibly oxidized albumin Cys34 cannot react with 

cysteine, the use of cysteine as a thiol-disulfide exchange reagent makes it possible to 
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distinguish reversibly oxidized from irreversibly oxidized forms of albumin Cys34. 

Following this thiol-disulfide exchange reaction with cysteine, the resulting reduced 

albumin Cys34 is then allowed to react with Malpeg, with the remaining excess free 

reduced cysteine in plasma binding to the Malpeg previously added during the early stage 

of blood sampling.  

5.1.3 Reliability, validity and sensitivity of SDS/PAGE gel electrophoresis 

The next challenge faced in the development of my assay was one of finding a 

SDS-PAGE gel staining protocol that responds linearly to albumin concentration. 

Coomassie staining has been known to result in a non-linear relationship between protein 

band density and protein concentration, whereas stain-free gels produce a linear 

relationship. The limitation with using stain-free protocol is that they can detect only 

proteins with tryptophan (Ladner et al. 2004). Fortunately, human albumin incorporates 

one tryptophan residue, thus making stain-free technique suitable for the quantitative 

measurement of albumin level on SDS-PAGE gels (Chapter 2). In combination with stain-

free gel separation, the measured signal is linearly proportionate to albumin concentration. 

Finally, given the high sensitivity of my fluorescent-based method used to measure 

albumin levels on SDS-PAGE gels, only small volumes of blood are required for the 

measurement of albumin oxidation level. For this reason, I tested whether capillary blood 

samples taken from a finger tip could be used to measure albumin oxidation, and found no 

difference between capillary and venous blood (Chapter 2). 

5.1.4 Benefits of the Malpeg-based albumin Cys34 assay protocol 

Our findings in Chapter 2 show that our novel ratiometric Malpeg-based labeling of 

albumin Cys34 combined with a cysteine reduction step provides an effective and simple 

assay protocol to quantitatively measure the ratios of reduced, reversibly oxidized and 

irreversibly oxidized albumin. This ratiometric method has the additional advantage of 

being independent of protein concentration while being sensitive enough to detect small 

changes in the level of protein thiol oxidation level. Given the sensitivity of this technique, 

only a small amount of blood is required, thereby providing an albumin Cys34 assay that 

can be performed using blood sampled from the fingertips or ear lobes. 

The technique we have developed to directly measure the oxidation level of 

albumin Cys34 avoids the limitations of Ellman type assays, which only measure the 

amount of free thiols (Ellman 1959). Furthermore, unlike Ellman type assays, our 
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technique can detect the levels of reversibly and irreversibly oxidized albumin Cys34. 

Finally, our Malpeg labelling technique minimises the level of artefactual oxidation during 

blood sampling and processing, whereas previous Ellman type assays did not include any 

precautionary measures to prevent artefactual oxidation. 

5.2 Effect of exercise and recovery on the level of plasma albumin thiol 
oxidation in humans. 

The effectiveness of our newly developed Malpeg labeling technique at detecting 

physiological changes in oxidized albumin Cys34 levels was tested by examining the effect 

of exercise and recovery on plasma albumin Cys34 oxidation levels. To the best of our 

knowledge, the studies performed in Chapters 3 and 4 provide some of the most detailed 

mapping of biomarker ever published of exercise-induced oxidative stress, with 13 time 

points covering a period of up to 5 hours after both aerobic and resistance exercise. This is 

an important issue since the low number of sampling time point in previous studies have 

made it difficult if not impossible to fully evaluate the impact of exercise on the temporal 

pattern of change in oxidative stress.  

5.2.1 Biphasic pattern of change in albumin thiol oxidation 

My main finding is that both resistance (Chapter 3) and moderate intensity aerobic 

(Chapter 4) exercise result in a comparable biphasic pattern of change in the levels of 

oxidized albumin Cys34. It is important to note that this novel finding of a biphasic pattern 

of change was not reported with other biomarkers of oxidative stress, except for one study 

using plasma thiols (Inayama et al. 2002). Also, using the method that I have developed 

(Chapter 2), I was able to differentiate the type of oxidation underlying these biphasic 

patterns. Immediately after exercise, the levels of irreversibly oxidized albumin Cys34 

were elevated and returned to pre-exercise values within 30 minutes of recovery. This early 

peak was followed by a secondary increase in the levels of reversibly oxidized albumin 

Cys34 that remained elevated for at least 5 hours post-exercise.  

A number of mechanisms were proposed in Chapters 3 and 4 to explain the 

exercise-mediated biphasic pattern of change in the levels of oxidized albumin Cys34. One 

important question to address is whether the peaks of oxidized albumin results from shared 

or different physiological causes? As mentioned earlier (Chapters 3 and 4), it is possible 

that the first and second peaks result from the same oxidative event taking place early after 

exercise. A burst in RONS production associated or not with changes in muscle 

oxygenation level at the onset of recovery may have resulted in the formation of hydrogen 
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peroxide and/or oxidized glutathione, and reversibly and irreversibly oxidize albumin in 

the intravascular space, thus resulting in the first peak in the levels of irreversibly oxidized 

albumin Cys34. The absence of an early peak in reversibly oxidized albumin Cys34 in 

plasma could be explained on the basis that a sudden increase in RONS-mediated 

production of reversibly oxidized albumin Cys34 in plasma might have been accompanied 

by an equivalent rate of conversion of reversibly oxidized to irreversibly oxidized albumin 

Cys34, thus leading to no net increase in the plasma levels of reversibly oxidized albumin 

Cys34. With respect to the progressive rise in the plasma levels of reversibly oxidized 

albumin Cys34, it was proposed in Chapters 3 and 4 that any short burst of RONS-

mediated increase in reversibly oxidized albumin Cys34 levels in the extravascular space, 

where most of albumin is found, would be expected to result in a delayed rise in oxidized 

albumin Cys34 levels in plasma, but not irreversibly oxidized albumin Cys34 as its 

expected low concentration in the extravascular space would be expected to affect little the 

pool of irreversibly oxidized albumin Cys34 in plasma upon its delivery to this pool. One 

way to test some aspects of this interpretation would be to inject isotopically enriched 

albumin into the extravascular space of an exercising limb so as to determine whether the 

pattern of increase in isotopically-labelled albumin mirrors that of reversibly oxidized 

albumin Cys34 in plasma. Also, the measurement of other biomarker of oxidative stress 

that can move freely across the endothelium, may provide an indirect means to determine 

whether the biphasic pattern of increase in oxidized albumin Cys34 reflects one or two 

oxidative events. If one event were to be involved, we would expect a single peak in 

plasma markers of oxidative stress, but two peaks if two oxidative events were to occur.   

In order to explain the biphasic pattern of increase in oxidized albumin Cys34 

levels reported in this thesis, we also raised the possibility in Chapters 3 and 4 that these 

events could result from distinct oxidative processes involving cells other than skeletal 

muscle cells. It is possible that an exercise-induced neutrophil activation may explain my 

findings as the activation of these cells by exercise has been reported to results in a 

biphasic increase in their RONS production (Kaminski et al. 2002; Peake and Suzuki 

2004). Of note, both aerobic (Hansen et al. 1991; Ji 1999) and resistance (Hulmi et al. 

2010; de Oliveira Teixeira et al. 2015) exercise can increase neutrophil activation post-

exercise. In this respect, the absence of an increase in the levels of oxidized albumin Cys34 

in response to low intensity exercise (Chapter 4) is consistent with neutrophil activation 

playing a role in explaining our findings since exercise must be performed above or near 

lactate threshold to results in a rise in superoxide and neutrophils activation (Quindry et al. 
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2003). Finally, exercise-induced hypoxia, as I reported in Chapters 3 and 4, can also 

activate neutrophils (Hoenderdos et al. 2016) and increase oxidative stress (Zuo and 

Clanton 2005). One way to determine whether there is a causal relationship between 

changes in oxidized albumin Cys34 levels and neutrophil activation is to use a reversible 

inhibitor of neutrophil activity, such as neutrophil elastase inhibitor (AZD9668) previously 

administered to human patients with bronchiectasis (Stockley et al. 2013) and COPD 

(Kuna et al. 2012) during and after exercise. If the oxidative events described in our studies 

were to be related to neutrophil activation, introducing such an inhibitor would be expected 

to reduce or eliminate the exercise-mediated increase in oxidized albumin Cys34 levels and 

enable us to determine whether one or both exercise-mediated peaks of oxidized albumin 

Cys34 are neutrophil-mediated.  

Of note, our findings do not exclude the possibility that the exercise-induced 

increase in the levels of oxidized albumin Cys34 described in this thesis involve sites other 

than skeletal muscles. Indeed, it is possible that some of the RONS are produced at a site 

distinct from skeletal muscles such as the gastrointestinal tract. In support of this view, 

gastrointestinal blood flow is reduced during and immediately after moderate intensity 

exercise (Qamar and Read 1987), creating an hypoxic environment favourable to gut-

mediated oxidative stress (Grisham et al. 1986). It remains to be determined whether such 

a process explains, at least in part, our findings.  

5.2.2 Response of albumin carbonylation levels to exercise  

Total protein carbonyl has been observed to be elevated after resistance and aerobic 

exercise (Saxton et al. 1994; Alessio et al. 2000; Viitala et al. 2004; Bloomer et al. 2005; 

Goldfarb et al. 2005; Bloomer et al. 2006; Bloomer et al. 2007; Gochman et al. 2007; 

Goldfarb et al. 2007; Michailidis et al. 2007; Nikolaidis et al. 2007; Goldfarb et al. 2008; 

Hudson et al. 2008; Çakir-Atabek et al. 2010; Turner et al. 2011; Cardoso et al. 2012; 

Garten et al. 2015; Wadley et al. 2015), with some authors attributing these responses to 

changes in albumin carbonyl levels. Although the effect of exercise on albumin 

carbonylation level has never been examined before, albumin carbonylation level has 

previously been observed to increase in clinical populations (Himmelfarb and McMonagle 

2001; Mera et al. 2005; Nagai et al. 2006; Rasheed and Ali 2006; Mitrogianni et al. 2009; 

Colombo et al. 2012). For this reason, we undertook to test whether the thiol oxidation 

state of albumin Cys34 provides a more sensitive biomarker of oxidative stress compared 

to changes in albumin carbonyl level. Surprisingly, albumin carbonyl levels did not change 
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following both aerobic and resistance exercise, suggesting either that our albumin carbonyl 

assay was not sensitive enough to detect changes in albumin carbonyl levels or albumin 

carbonyl may not be as effective a marker of oxidative stress compared to protein 

carbonyls post-exercise (despite the latter being expected to be accounted mainly by 

albumin carbonylation). Our findings thus suggest that albumin carbonyl does not provide 

a suitable biomarker of oxidative stress in exercise studies. 

 

5.3 Strengths and limitations 

One of the major strengths of this thesis relates to the development of a new, low cost, 

simple and high throughput assay to measure the levels of reduced, reversibly and 

irreversibly oxidized albumin Cys34 in small blood volume. The advantage with this assay 

is that it allows blood to be taken from fingertips or ear lobes, thus allowing serial blood 

sampling to take place without the need for any cannulation and nurse support. These are 

important positive features of our assay as our findings clearly show that several blood 

samples should be taken in studies concerned with the impact of exercise on oxidative 

stress, yet most studies examining exercise-induced oxidative stress have measured only 2 

time points, with only a few measuring up to 4 time points (Chapter 1). As discussed in 

Chapter 3, had we sampled blood at only 2 time points post-exercise, the biphasic pattern 

of change in oxidized albumin Cys34 levels reported in this thesis would not have been 

detected. Even with 3 time points, this biphasic pattern could have been missed (e.g. time 

points at 0, 30 and 240 minutes). The use of limited numbers of time points and below 

optimal time points in past studies may explain, at least in part, inconsistent findings 

between studies, with some studies showing changes and other no changes in their levels 

of oxidative stress markers in response to exercise (Fisher-Wellman and Bloomer 2009). In 

support of this view, Michailidis and colleagues (2007) comprehensively analysed up to 12 

time points across 24 hours, and showed that every marker of oxidative stress peak at 

different times, thus implying that there is not a single best time point suitable to all 

markers of oxidative stress. Future studies should thus aim to undertake comprehensive 

time point sampling to map out the pattern of change in the levels of oxidative stress 

biomarker for a period of at least up to 4 hours post-exercise as recommended by 

Michailidis and colleagues (2007). Also, since both the aerobic and resistance exercise 

protocol chosen were non-muscle damaging exercise, future studies could explore the 

effect of muscle-damaging exercise protocol on the thiol oxidation of Cys34. Finally, since 

delayed onset of muscle soreness and muscle damage set in 24 to 48 hours after exercise, 
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future studies could repeat the studies described in this thesis, but with sampling times 

extending to several days post-exercise.  

Although the Malpeg labeling technique developed here has provided a simple 

method to reliably measure small changes in the levels of plasma oxidized albumin Cys34 

with little blood, it is important to highlight some of the limitations with this technique. 

Firstly, this assay allows one to measure only the proportion of reversibly oxidized 

albumin, but not to differentiate between cystenylated or glutathionylated Cys34. This 

assay also does not allow one to determine the extent to which the sulfinic or sulfonic form 

of Cys34 contributes to irreversibly oxidized albumin.  

 

5.4 Overall Conclusion 

In conclusion, I have developed a new, valid and reliable Malpeg labeling 

technique which is effective at preventing artefactual oxidation as well as being sensitive, 

requiring small amounts of blood. This thesis shows that albumin thiol oxidation assay is 

more sensitive at detecting small changes in oxidative stress than albumin carbonyl assay. 

Although there are some limitations with this technique, it has the advantages of providing 

a low cost assay that can detect changes in albumin thiol oxidation level using a minimal 

amount of blood. 

The discovery of a biphasic pattern of change in oxidized albumin Cys34 levels 

post-exercise raises a number of unanswered questions. In particular, future studies should 

investigate the underlying causes of this phenomenon (Section 5.3), particularly the 

sources of RONS causing the rise in the levels of oxidized albumin Cys34 post-exercise. In 

this respect, we have proposed a few mechanisms that could be the object of future studies. 

Future studies should also examine whether there is a relationship between plasma albumin 

thiol oxidation level and RONS-sensitive intramuscular signalling and other RONS-

sensitive processes in skeletal muscles (e.g. protein synthesis). 

On clinical grounds, the sensitivity of our assay at detecting small changes in 

albumin Cys34 levels raises the possibility of using this redox biomarker for clinical 

populations. Indeed, as discussed in Chapter 1, previous studies have shown that a number 

of medical conditions associated with oxidative stress also affect the thiol oxidation state 

of albumin (Kumano et al. 1992; Suzuki et al. 1992; Hayakawa et al. 1997; Hayashi et al. 

2000; Himmelfarb and McMonagle 2001; Kawai et al. 2001; Anraku et al. 2004; Soejima 

et al. 2004; Terawaki et al. 2004; Fukushima et al. 2007; Terawaki et al. 2007; Terawaki et 
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al. 2007; Anraku et al. 2008; Faure et al. 2008; Matsuyama et al. 2009). The general 

adoption of our assay could provide a high throughput, low cost screening tool to 

investigate, monitor and treat oxidative stress associated with a number of clinical 

conditions.  

------------------------------------------------------------------------------------------------------------  
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