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Abstract
Serum protein oxidation levels in people with the autoimmune disease systemic lupus erythematosus (SLE) have previously
been shown to (a) be elevated at a single time point and (b) correlate with disease activity. This study investigates whether
this elevation is a chronic phenomenon, by analysis of multiple serum samples collected from 21 SLE patients and nine
controls over a period of up to 38 months. Protein thiols were chronically decreased in SLE patients with stable or variable
disease activity compared to controls, whilst protein-bound carbonyls and glycine were chronically increased. 2D-gel
analysis of carbonyl distribution showed albumin and immunoglobulins to be particularly affected. In SLE patients with
stable disease activity, higher long-term protein oxidation correlated with higher long-term disease activity. SLE patients
with variable disease activity exhibited varying correlations between protein oxidation and disease activity markers. These
results further support a role for oxidative stress in the pathogenesis of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic

inflammatory autoimmune disease of unknown ae-

tiology. The immune system of people with SLE loses

self-tolerance, resulting in the production of auto-

antibodies. The range of autoantibodies produced

is broad, and as a consequence the manifestations

of the disease are diverse. Certain long-term compli-

cations are quite common; these include renal,

cardiovascular, neuropsychiatric and musculoskeletal

damage [1].

Despite the diverse manifestations of SLE, it

appears that elevated levels of oxidative stress are a

consistent and universal factor. Previous studies have

demonstrated a role of oxidative stress in the athero-

sclerosis in people with SLE [2,3], as well as a more

general correlation between oxidation and patient-

reported symptoms of SLE, including fatigue and
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lower quality of life [4]. It has been shown that some

autoantibodies exhibit a preference for oxidized

substrates [5�7], suggesting that oxidation could be

an important factor in antigenicity. Much of the

evidence for increased oxidative stress in SLE has

arisen from studies on lipid oxidation [2,8�10], but it

is unclear whether lipids are exclusive or major

targets of oxidation in the absence of quantitative

data for modification of other materials (e.g. proteins

or DNA) and, hence, which processes may be targets

for potential therapies or protective strategies. A small

number of studies have examined DNA damage

(e.g. by quantification of the marker compound 8-

hydroxydeoxyguanosine [11,12]), but little is known

regarding the role of protein oxidation in SLE.

Proteins are likely to be a major target for oxidative

damage due to their abundance in cells, plasma and

most tissues and their rapid rates of reaction with

many oxidants [13]. Elevated levels of protein oxida-

tion have been associated with a number of chronic

diseases [14], especially those that include inflamma-

tory components, such as asthma, multiple sclerosis,

arthritis, kidney disease, Alzheimer’s disease, diabetes

and atherosclerosis [15�18]. Most of the limited

studies undertaken to date on protein oxidation in

SLE have examined only a single marker of damage

(e.g. protein thiols [19,20] or the tyrosine oxidation

product 3-nitrotyrosine [21]). As different sources

of oxidative stress can result in the formation of a

wide range of different oxidation products [14,22,

23], reliance on a single marker may be misleading.

Furthermore, it is unclear whether the detected

oxidation arises from acute events or is a chronic

feature of the disease. Thus, there is a lack of definitive

information as to the time course of oxidation events

relative to disease activity, whether these are elevated

in synchrony and whether oxidation levels are pre-

dictive of disease severity.

In previous studies we have examined serum

protein oxidation levels in SLE patients vs healthy

controls [24,25], with loss of protein-bound amino

acids, as well as increases in a range of well-

characterized specific protein side-chain oxidation

products (methionine sulphoxide (MetSO), 3,4-dihy-

droxyphenylalanine, di-tyrosine, 3-chlorotyrosine, 3-

nitrotyrosine and o-tyrosine) quantified at a single

time point [24]. Protein-bound carbonyls and thiols

were also measured as generic markers of protein

oxidation. A significant elevation of most of these

products, as well as a marked decrease in protein

thiols, was detected. In a follow-up study it was

shown that serum protein thiol and carbonyl levels

in patients with lupus nephritis are significantly

elevated compared to controls; however, these levels

did not vary significantly from those from SLE

patients with normal renal function [25]. In the

current study this work has been extended to examine

whether enhanced protein oxidation is a chronic

feature of SLE or a response to acute events. This

has been accomplished by repeated quantification

(]3 assessments in all cases) of multiple protein

oxidation markers in a cohort of non-renal SLE

patients and controls over a period of up to 38

months. We have also examined whether average

levels of these markers correlate with multiple clinical

measures of disease status, including SLEDAI score

(systemic lupus erythematosus disease activity index),

levels of antibodies to double-stranded DNA (anti-

dsDNA; an autoantibody specific for SLE), erythro-

cyte sedimentation rate (ESR) and human serum

albumin (HSA) concentrations. This approach has

allowed us to address whether protein oxidation levels

are chronically increased in SLE patients compared

to a healthy population and whether levels of protein

oxidation correlate with common disease assessment

measures.

Materials and methods

Materials

Chemicals were obtained from Sigma-Aldrich (Castle

Hill, NSW, Australia) unless otherwise noted. HPLC

solvents were purchased from EMD Chemicals

(Merck, Kilsyth, Vic, Australia) and filtered before

use through VacuCap 90 filter units with 0.2 mm

Supor membranes (Pall Corporation, Cheltenham,

Vic, Australia). Water used in all experiments was

passed through a four-stage Milli Q system. Phos-

phate buffer solutions were pre-treated with Chelex

100 resin (Bio-Rad, Hercules, CA) to remove trace

metal ions.

Patients/controls

This study was approved by the Human Ethics

Committee of The St. George Hospital, Kogarah,

NSW, Australia. All SLE patients were outpatients of

the hospital Rheumatology Department with normal

renal function (serum creatinine concentrations

B0.11 moles/L) and no history of lupus nephritis

at the time of recruitment. All SLE patients satisfied

the American College of Rheumatology (ACR) 1997

revised criteria [26]. Controls were staff of the Heart

Research Institute with no family history of auto-

immunity. The demographics of the controls and

SLE patients are given in Table I. There were no

statistically significant differences in subject ages

between the control and SLE patient groups (one-

way ANOVA).

Blood collection and serum preparation

Serum was prepared from venous blood collected

into plain clot tubes (Vacutainer, Becton Dickinson)

by centrifugation at 3500 rpm for 10�15 min�30

min after blood collection. The time between se-

quential sample collection from patients and controls
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varied from 19 days to 19 months, with a total

observation time of up to 38 months.

Disease activity measurement

Disease activity was assessed on blood collection,

using the SLEDAI scoring system; higher scores

indicate higher disease activity [27]. All patients

were assessed by the same clinician with extensive

experience of this scale. Patients with SLEDAI scores

varying by �3 over the time of observation were

classified as having variable disease activity, whilst

those with scores varying by 53 were classified as

having stable disease, as previously [28].

Anti-dsDNA antibody measurement

Autoantibodies to double-stranded DNA (anti-

dsDNA) were determined for all SLE patients using

a commercially-available anti-dsDNA radioassay kit

(Diagnostic Products Corporation, Los Angeles,

CA); titres above 4.2 IU/mL were considered positive

for anti-dsDNA antibodies. Logarithm values of the

anti-dsDNA titre of antibodies were used during

analysis, to eliminate bias from extremely high titre

results.

Acute phase reactants

Whole blood ESR and HSA levels were determined

for all patient samples during routine patient assess-

ment, by the South East Area Laboratory Service

(SEALS; South East Health, Sydney, Australia).

Albumin determination used bromocresol purple; a

bichromatic method was used to avoid over-estima-

tion. Under the conditions used, ESR ]12 mm/h

was considered to be elevated, whilst albumin levels

between 33�48 g/L were considered normal.

Protein concentration determination

Protein concentrations were determined by the BCA

assay (Pierce, Rockford, IL) using 96-well plates,

with incubation at 608C for 30 min. Absorbance was

measured at 562 nm using a 96-well plate reader

(Tecan, Grôdig, Austria) and converted to absolute

values using BSA standards (0-0.5 mg/mL)

Serum protein thiol determination

Protein thiols were quantified spectrophotometrically

using 5,5’-dithionitrobenzoic acid (DTNB) at 412

nm [29] as described previously [24]. Freshly thawed

serum samples, and reduced glutathione (GSH)

standards, were analysed in duplicate. Under these

Table I. Demographics of the SLE patients and controls.

SLE patients characterized by disease activitya

Parameter Controls Stable Variable

Female (n) 8 14 5

Male (n) 1 2 0

Age at 1st sample (y) 32.999.0 42.1913.2 38.0917.5

Observation period (m) 1.990.1 14.395.9 20.0912.7

Race/ethnicity (%)

Caucasian 100% 43.75% 20%

Asian 0 37.5% 60%

Other races 0 18.75% 20%

Medication (%)

Immunosuppressives 12.5% 20%

Corticosteroids 31.3% 60%

Anti-malarials 25% 40%

COX-2 inhibitors 12.5% 0

Anticoagulants 12.5% 0

Autoantibodies (%)

Anti-dsDNA positiveb 56.3% 80%

Anti-cardiolipin positivec 18.8% 20%

SLEDAI scored

Average 2.692.9 8.294.3

Median 2 8

Range 0�10 2�16

aDisease activity as assessed by SLEDAI score at the time that each blood sample was collected. Stable SLEDAI scores varied by 5 3 over

the period of observation, whilst variable SLEDAI scores varied by�3 after the guidelines in Gladman et al. [28].
bPatients positive for antibodies to double-stranded DNA.
cPatients positive for anti-cardiolipin antibodies of either IgG or IgM isotype.
dSLEDAI scores were assessed at the time of blood collection (n�49 from 16 patients with stable disease activity; n�19 from five patients

with variable disease activity).
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conditions only protein-bound thiols were assumed to

be present; low molecular mass thiols are known to be

unstable under the storage conditions used [30].

Determination of serum protein carbonyls

Carbonyl concentrations were determined by ELISA

using a commercial kit (Zenith Technology, Dunedin,

New Zealand) as described previously [24]. Samples

and standards were assayed in duplicate. Different

plates were standardized by running repeat samples

on every plate.

Two-dimensional electrophoresis of serum proteins

Serum samples were prepared for isoelectric focusing

using 7 cm IPG strips as described previously [25]. A

protein load of 20 or 40 mg of protein was used, as

determined by BCA assay of serum prior to any

treatment. After focusing, protein carbonyl groups

were derivatized by incubation with 2,4-dinitrophe-

nylhydrazine (DNPH) and separated in the second

dimension by SDS-PAGE using 8�16% linear gradi-

ent Ready Gel Tris-HCl gels (Bio-Rad) in a Mini-

PROTEAN III electrophoresis cell (Bio-Rad); also

as described previously [25]. Reduced broad range

molecular markers (Bio-Rad) were added to gels used

for protein staining, whilst prestained standards (Bio-

Rad) were included on those for Western blotting.

Western blotting to determine protein carbonyl distribution

Western blotting was performed using a Bio-Rad

Mini Trans-Blot transfer cell with PVDF membranes,

Briefly, Hybond-P PVDF (Amersham Biosciences,

GE Healthcare, Rydalmere, NSW, Australia) was

prepared by pre-wetting in 100% methanol (10 s)

and washing in distilled water (5 min). Both the

membranes and gels were equilibrated in transfer

buffer (10 min) prior to assembly of the transfer

apparatus; the transfer buffer consisted of Tris base

(1.45 g/L) and glycine (7.20 g/L) in 20% (v/v)

methanol, pH 8.3. Protein transfer was achieved by

applying 10 V overnight at ca. 48C.

Protein carbonyls were detected using an Oxy-

BlotTM Protein Oxidation Detection Kit (Chemicon,

Boronia, VIC, Australia), with spots visualized by

chemiluminescence (ECL; Amersham). Carbonyl

distribution was captured by exposure to Hyperfilm

ECL (Amersham). Films were developed manually.

When membranes were directly compared, all steps

were run in parallel. Control experiments where

proteins were not treated with DNPH showed no

signal. Duplicate gels were run in parallel for each

sample, with one used for carbonyl detection and the

other for protein.

Protein detection and identification

Following second dimension separation, serum pro-

teins were detected by silver staining [31]. The most

abundant serum proteins were identified by compar-

ison to human plasma protein maps [32,33] and mass

spectrometric identification [25].

Protein hydrolysis with methanesulphonic acid and amino

acid analysis

Reduced and delipidated protein samples (free of free

amino acids) were prepared and subsequently hydro-

lysed in 4 M methanesulphonic acid exactly as

described previously [24]. Samples were then ana-

lysed by HPLC, as previously [24], except that the

elution gradient consisted of: 5% buffer B for 12 min;

5�17% B over 1 min; 17�25% B over 4 min; 25�45%

B over 2 min; 45�50% B over 8 min; 50�58% B over

8 min; 58�100% B over 5 min; 100% B for 5 min;

100�5% B over 1 min; re-equilibration at 5% buffer B

for 9 min. Buffer A consisted of 20% methanol and

2.5% tetrahydrofuran (THF) in 50 mm sodium

acetate (BDH, Merck), pH 5.4. Buffer B consisted

of 80% methanol and 2.5% THF in 50 mm sodium

acetate, pH 5.4. Buffers were degassed with a vacuum

degasser unit (Shimadzu) before and during use.

Statistical analysis

Analyses were performed using GraphPad Prism v.

4.0.3 for Windows (GraphPad Software, San Diego,

CA). For multiple conditions at a single time point, a

one-way ANOVA with Newman-Keuls post-hoc test

was employed. Comparison of multiple conditions

over time used a repeated measures two-way AN-

OVA, with Bonferroni post-tests to compare different

groups at each time point. Correlation analyses were

performed using two-tailed Spearman correlation. In

all cases significance was assumed where pB0.05.

Results

Protein oxidation levels over time in controls and SLE

patients

Serum protein oxidation levels, as assessed by the

concentrations of protein thiols, protein carbonyls,

individual protein-bound amino acids and the side-

chain oxidation product MetSO, were determined for

each of three or more serum samples collected from

21 SLE patients and nine controls over a period of up

to 38 months. The demographics of the patients and

controls are given in Table I. As the collection time

points were, of necessity, different for each subject,

when presenting the data the samples are notated by

sample numbers, rather than specific times. Due to

the incomplete nature of the data set if �3 samples

were analysed, only the first three samples collected

were used for analysis in Figures 1 and 2; this also

120 P. E. Morgan et al.
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avoids skewing of the data, as generally the patients

with more samples available had more severe disease.

The (healthy) controls were observed for a shorter

period of time than the SLE patients, as their

variation in protein oxidation levels over time was

relatively small; this was expected based on results

from single time point studies, where oxidation

levels in controls show little variation from person

to person [24].

Protein oxidation levels at each sampling number

were averaged for the control cohort and SLE patients

with stable or variable disease activity in order to

assess whether the levels of each of the oxidation

markers were chronically modulated; these data are

given in Figure 1. Protein thiols were chronically

decreased in both groups of SLE patients (Figure 1A),

whilst there was a chronic elevation in protein

carbonyls (Figure 1B) and protein-bound Gly (Figure

1C) in each SLE patient group in comparison to

controls. Statistical analysis confirmed that these

changes were sustained at each sampling point. There

is little or no overlap between the levels of protein

thiols and carbonyls or protein-bound Gly detected

for the SLE patients and controls when these data

are plotted longitudinally for each control and SLE

patient (Figure 2; protein-bound Gly data not

Figure 1. Averaged data (9SEM) at each sample time of protein oxidation markers measured in controls (white bars) and SLE patients

with stable (black bars) or variable (grey bars) disease activity. (A) protein thiols; (B) protein carbonyls; (C) protein-bound Gly; (D) protein-

bound Phe; (E) protein-bound (Met�MetSO); and (F) protein-bound Arg. Three longitudinal serum samples, collected from 19 days to 19

months apart, were analysed for each control and SLE patient. Details of the experimental methods used to determine each marker are given

in the Materials and methods section. Statistical analyses were by two-way ANOVA with Bonferroni post-tests; different letters where

present indicate significant changes at the pB0.05 level at each sample time; the absence of letters indicates no significant differences. The

statistical analysis also confirmed that there was no significant difference in levels of each protein oxidation marker at each sampling point in

the control or stable SLE groups (pB0.001; not shown).

Chronic protein oxidation in SLE 121
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shown). Protein-bound Phe (Figure 1D) and (Met�
MetSO) (Figure 1E) showed a trend towards a

decrease in both SLE patient groups, in comparison

to controls at each sampling point, but this only

reached statistical significance for Phe in the variable

SLE patients at one of the three sampling points. In

contrast to previous work [24], levels of protein-

bound Arg levels showed no consistent trends be-

tween groups (Figure 1F).

Correlations between protein oxidation and disease status

in patients with stable SLE

In the majority of SLE patients with stable disease

activity (variation in SLEDAI scores of 53 over the

period of observation) the variation in protein oxida-

tion levels between samples collected at different time

points was minimal, i.e. the increase in protein

oxidation in these patients was chronic rather than

acute. The only exception was protein-bound carbo-

nyls (see Figure 2B). In order to determine whether

higher long-term disease activity was associated with

increased protein oxidation, Spearman correlation

analysis was carried out in the SLE patients with

stable disease activity. For each patient, the mean

value of the three determinations for each protein

oxidation marker studied over the period of analysis

were compared with their corresponding average

disease status measures (SLEDAI score, anti-dsDNA

antibody levels, ESR and albumin); using one data

point per patient avoids skewing of the data by any

particular patient, possibly resulting in spurious

correlations [34]. The results of these analyses are

given in Table II. Increasing ESR was a particularly

strong predictor of increasing protein oxidation levels

(decreased thiols, Phe and Met�MetSO, and in-

creased carbonyls and Gly). Decreasing albumin

levels were also generally associated with increases

in serum protein oxidation; carbonyl levels were a

notable exception.

Protein oxidation and disease status in patients with

variable SLE

Comparison of oxidation levels and disease status data

for the five SLE patients with variable disease activity

(variation in SLEDAI scores of �3 over the period of

observation) was not performed in the same way as for

the SLE patients with stable disease activity, as the

variation in their averaged data would be too great to

give meaningful results. This is clearly illustrated

when levels of serum protein oxidation (decreasing

protein-bound thiols and [Met�MetSO] and in-

creasing carbonyls) and disease status (SLEDAI score

and anti-dsDNA levels) are plotted longitudinally for

the two SLE patients with variable disease activity

where seven samples were available (Figure 3). The

data obtained from the other three SLE patients with

variable disease activity were difficult to interpret,

owing to only three samples being available for each of

these patients (not shown). Even so, the available data

show that changes in the levels of different protein

oxidation markers, as well as the well-established

disease activity markers SLEDAI score and anti-

dsDNA antibodies, vary considerably from patient

to patient. For example, in patient L5 (Figure 3A), the

three markers of protein oxidation varied in unison

and this was also reflected in their SLEDAI score and

anti-dsDNA antibody levels. Conversely, patient L10

(Figure 3B) showed relatively poor correlation be-

tween levels of serum protein thiols, carbonyls and

(Met�MetSO); this was also reflected in a poorer

correlation between SLEDAI scores and anti-dsDNA

levels. Clearly further investigation is warranted,

as more samples become available, to determine

Figure 2. The chronic nature of the increased protein oxidation

observed in 21 SLE patients in comparison to nine controls, as

shown by levels of (A) serum protein thiols and (B) serum protein

carbonyls. Three longitudinal protein thiol levels determinations

were carried out for all controls (k) and SLE patients ('); lines

connect the thiol or carbonyl levels for each sample in an individual

control/patient. Protein thiols were determined by reaction with

5,5’-dithionitrobenzoic acid and protein carbonyls were quantified

by ELISA, as detailed in the Materials and methods section; both

were standardized to serum protein concentrations.
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whether the differences are related to the differences

in autoantibodies and other manifestations in indivi-

dual patients.

Serum protein carbonyl distribution

In order to determine whether the observed protein

oxidation was present on specific serum proteins or a

general phenomenon, the serum proteins were sepa-

rated by two-dimensional electrophoresis, then sub-

jected to Western blotting for the presence of protein

carbonyls. Initial experiments showed that loading

of 20�40 mg serum protein gave reproducible and

readily detectable spots on the gels. Silver staining of

two-dimensional gels allowed the detection of a large

number of proteins, with albumin and several classes

of immunoglobulins giving distinct spots (Figures

4D�F). As with our previous work examining protein

carbonyl levels at a single time point [25], immuno-

detection of protein-bound carbonyls showed that a

large number of proteins contribute to the overall

protein carbonyl yields and that damage is not

localized to a small number of, or a single, protein.

In controls (Figure 4A) carbonyls were detected on a

large number of proteins including the Ig-g and Ig

light chains and albumin; control experiments con-

firmed that in the absence of DNPH no false-positive

carbonyl detection occurred (data not shown). In

SLE patients a similar broad distribution of protein

carbonyls over the serum proteome was evident,

though at elevated levels (Figures 4B and C).

In order to examine the distribution of protein

carbonyls as the total levels changed, multiple serum

samples from three SLE patients were subjected

to immunoblot analysis. Two of the SLE patients

studied had markedly different carbonyl concentra-

tions in the serum samples analysed (as determined

by ELISA); the other had stable protein carbonyl

concentrations and thus served as a control. Figure

4B shows the carbonyl distribution in one SLE

patient sample with a high carbonyl concentration

(0.27690.017 nmol/mg protein), whilst Figure 4C

shows a sample from the same patient with a

relatively low carbonyl concentration and 0.0679

0.001 nmol/mg protein. Changes in carbonyl levels

on albumin and Igs, as well as other proteins, were

clearly apparent in both SLE patients with variable

carbonyl levels; these changes were not parallelled

by alterations in the protein distribution, as shown by

silver staining of gels run in parallel, which remained

constant (Figure 4E and F). The SLE patient with

stable protein carbonyl levels exhibited a similar

distribution and intensity of staining for protein

carbonyls in both blots (data not shown).

Discussion

The results presented here are consistent with sus-

tained, elevated levels of protein oxidation in patients

with SLE compared to healthy controls. Correlation

analysis confirmed that in patients with stable disease

activity, patients with higher average protein oxida-

tion levels also exhibited higher average acute-phase

response markers. When combined with our previous

studies showing increased serum protein oxidation in

SLE patients at a single time point [24,25], as well

other evidence for protein-bound 3-nitrotyrosine

levels correlating with disease activity [21], this study

adds to the evidence that protein oxidation plays an

important role in the pathogenesis of this disease. It

should also be noted that all of the SLEDAI and anti-

dsDNA correlations (Table II), although not always

statistically significant, exhibited correlation coeffi-

cients consistent with greater serum protein oxidation

in patients with greater disease activity; the low

occurrence of significance is not surprising in these

patients considering their relatively mild disease

activity (c.f. the SLEDAI scores in Table I).

Serum albumin is considered to be a negative

acute-phase protein [35] and would be expected to

be a major target for oxidants due to its abundance in

serum/plasma. This is supported by the data for the

SLE patient group with stable SLEDAI scores, where

lower albumin concentrations correlated significantly

with lower protein thiols and higher protein-bound

Table II. Correlations between protein oxidation levels and disease activity measures in SLE patients with stable disease activity (variation

in SLEDAI of 53 over the observation period). For the three blood samples collected from each patient, the average for each patient of

serum protein thiols and carbonyls and protein-bound Gly, Phe and (Met�MetSO) was compared, where available, to the corresponding

average SLEDAI score (n�16 patients), Log of anti-dsDNA antibody (n�16 patients), ESR (n�15 patients) and serum albumin

concentration (n�15 patients). Thiols and carbonyls were standardized per mg of serum protein; all amino acid concentrations were

standardized per mole of protein-bound Ile. Spearman correlation was used to determine correlations, with two-tailed p-values.

SLEDAI score Log[anti-dsDNA] ESR Albumin

Thiols �0.1723 �0.1442 �0.6130* 0.5188*

Carbonyls �0.1543 �0.2428 0.0125 0.2809

Gly 0.2592 0.2472 0.5827* �0.6547**

Phe �0.1184 �0.4489 �0.7435** 0.3792

Met�MetSO �0.1199 �0.3988 �0.7989*** 0.3077

* pB0.05; ** pB0.01; *** pB0.001.
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Gly (Table II). Up to 80% of the thiol groups present

in serum are accounted for by the free thiol (Cys-34)

on HSA [35]. This thiol is readily oxidized in vitro by

hydrogen peroxide, hypochlorous acid, nitric oxide

and peroxynitrite, amongst others [36,37]. Increased

extents of thiol oxidation have been detected in a

range of pathologies including senile cataract, chronic

renal failure, various liver diseases and atherosclerosis

[38�40]. The significant correlation observed in the

present study between decreasing albumin concen-

trations and decreasing serum protein thiol levels in

the pool of SLE patients with stable disease activity

(Table II) is consistent with the free thiol in albumin

being a major target of oxidative damage in SLE.

It is apparent that the levels of other oxidation

markers are related to factors not limited to albumin

concentrations, otherwise all of the oxidation markers

measured would correlate significantly with this

parameter. The heterogenous nature of protein oxi-

dation levels and disease activity markers in the SLE

patients with variable disease activity (Figure 3)

support this assertion. The Western blots of the

protein carbonyl distribution clearly indicate that

many proteins, in addition to albumin, are subject

to oxidation and protein carbonyl formation and that

the oxidation of the Ig chains increases in parallel

with the oxidation of albumin, as judged by the

chemiluminescence intensity of the various proteins

with attached carbonyl groups (Figure 4). Irrespec-

tive of the exact nature of the proteins on which the

carbonyls are formed, the observed chronic increase

in protein carbonyl levels in all of the SLE patients

compared to controls suggests that this may be

pathologically important. The further increase seen

previously in lupus nephritis patients [25], who have

significantly worse outcomes, supports this hypoth-

esis. Enhanced levels of protein-bound carbonyls

have also been detected with ageing [15], as well as

with development of a range of diseases, including

rheumatoid arthritis, pulmonary fibrosis, diabetes,

Parkinson’s disease and Alzheimer’s disease [41�43].

ESR, though not of particular use in diagnosing

SLE, can be used to monitor systemic inflammation

in SLE patients [44]. Thus, the significant correla-

tions observed between this parameter and all the

protein oxidation markers studied here, except pro-

tein-bound carbonyls, point to protein oxidation

being intimately involved with inflammation in

SLE. The fact that ESR does not correlate with the

serum protein carbonyl levels in the SLE patients may

reflect a differing rate of turnover (formation and/or

removal) of oxidized serum proteins compared to the

variation in ESR. ESR is known to be slow to

increase, and persist after, causative inflammation

has subsided [45]; in contrast the half-life of HSA is

typically 15�20 days [46]. Furthermore, even

amongst the serum protein pool there are likely to

be major differences in the rates of turnover between

proteins and as a result of the modulation of this

parameter resulting from cellular damage (c.f. data

for both enhanced and decreased rates of turnover of

oxidised proteins in cells [47]). Although a number of

enzymatic repair systems are known for oxidized/

modified proteins within cells (e.g. protein disulphide

isomerases and methionine sulphoxide reductases,

which reduce disulphides and methionine sulphoxide,

respectively), these do not appear to be present in

plasma/serum [48]. Thus, the major route of removal

of oxidized plasma/serum proteins is likely to be

cellular uptake, catabolism and excretion of the

oxidized material in urine, rather than repair [49].

Figure 3. Longitudinal protein oxidation levels and disease

activity for two SLE patients with variable disease activity (variation

in SLEDAI scores of �3 over the period of observation). (A)

patient L5, (B) patient L10. For each patient, the upper panel

shows levels of serum protein thiols (j), protein carbonyls (k) and

protein bound (Met�MetSO) (') at each sampling time. The

lower panel shows the corresponding SLEDAI score (m) and anti-

dsDNA antibody titre (I) determined at the time of sample

collection. The y-axis values have been kept constant for both

patients for each oxidation and disease activity marker.
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Although individual Met and MetSO levels were

not determined in this study (c.f. previous work

where these were quantified individually and the ratio

observed to change with disease status [24]), the

quantification of combined (Met�MetSO) levels, as

carried out in the current study, is still informative. In

isolated systems it has been shown that treatment of

proteins with oxidants causes significant losses of

(Met�MetSO), consistent with the further oxidation

of Met to the sulphone (MetSO2) [50,51]. It has also

been shown in Alzheimer’s and Parkinson’s diseases

that increased methionine oxidation occurs, with

both MetSO and MetSO2 formed [52], even though

MetSO formation in vivo can be reversed enzymati-

cally [53]. In the studies reported here, there was a

significant correlation in SLE patients with stable

disease activity between decreased levels of total

(Met�MetSO) and increased ESR (Table II) and a

striking correlation with other oxidation markers and

disease activity status in at least one of the SLE

patients with variable disease activity (Figure 3,

patient L5). This correlation indicates that patients

with higher disease activity tend to have more

extensive serum Met oxidation. This suggests that

Met can be oxidized irreversibly to other products in

vivo, including MetSO2 and materials that result

from one-electron oxidation of Met [54].

We have previously suggested that the elevated

protein oxidation observed in SLE patients, com-

pared to controls, is indicative of either continuously

elevated oxidation levels or acute oxidation with

inefficient repair or removal of damaged materials

Figure 4. Distribution of protein-bound carbonyls on serum proteins. Proteins were separated by 2-dimensional electrophoresis with

subsequent detection of DNPH-derivatized protein-bound carbonyl groups by Western blotting (A�C) or silver staining of gels to visualize

proteins (D�F), as detailed in the Materials and methods section. (A) and (D) show representative control data (C29; 20 mg protein loaded;

blot visualised for 10 min), with the identities of the most abundant serum proteins labelled (D). (B/E) and (C/F) show data for two serum

samples (40 mg protein; 2 min blot visualization) taken from one SLE patient (L10), where the protein-bound carbonyl concentrations

changed markedly (0.27590.017 nmol/mg protein in B/E and 0.06790.001 nmol/mg protein in C/F) despite insignificant changes in

albumin concentrations (34 and 31 mg/mL, in B/E and C/F, respectively). Processing of samples for (B/E) and (C/F) was undertaken in

parallel to minimize inter-experimental errors.
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once formed [24]. The data obtained in the current

study strongly supports the case for chronically

elevated oxidation levels in SLE patients, as shown

by the consistently increased levels of serum protein

oxidation products in SLE patients with both stable

and variable disease activity. Being a heterogeneous

disease, it is not surprising that there are differing

correlations between protein oxidation and disease

assessment parameters in patients with variable SLE;

as more (relatively rare) patients with poorly con-

trolled disease activity are recruited this phenomenon

could be further examined. Regular assessment of

these patients could potentially answer the question

as to whether the observed oxidation is a cause or

effect of varying disease status. Regardless, the results

presented here clearly show that increases in a range

of markers of protein oxidation correlate with wor-

sening disease status, thus further strengthening the

case for protein oxidation being intimately involved

with the chronic organ damage observed in SLE.
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