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Chain breaking antioxidant status in rheumatoid
arthritis: clinical and laboratory correlates

R D Situnayake, D I Thurnham, S Kootathep, S Chirico, J Lunec, M Davis, B McConkey

Abstract
The ability of fresh sera to resist attack by
peroxyl radicals (TRAP) was found to be
significantly lower in 20 patients with rheuma-
toid arthritis (RA) than in 20 healthy controls,
consistent with the existence of a redox stress
in RA imposed by inflammation. TRAP values
in RA varied inversely with a combination of
visual analogue pain scale, duration of early
morning stiffness, grip strength, and articular
index (reflecting inflammatory activity) using
multiple linear regression analysis.
The concentration of the antioxidant vita-

min ascorbic acid was lower in RA plasma and
the oxidation-reduction equilibrium of ascor-
bic acid was disturbed, giving further support
to the existence of a redox stress. The major
determinant ofTRAP in vitro was found to be
serum uric acid in RA and serum vitamin E in
controls. Serum urate concentration in RA
correlated inversely with oxidative changes in
serum albumin and IgG. It is suggested that
serum urate might have an antioxidant role
under certain conditions by limiting free
radical induced oxidative changes to protein
during inflammation.
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Several mechanisms exist whereby oxygen radi-
cals might be generated within the joint in
rheumatoid arthritis (RA). They include the
release of such species from activated synovial
macrophages and polymorphs,' 2 the prosta-
glandin pathway,3 and xanthine oxidase mediated
synovial ischaemic reperfusion injury.4 Oxygen
radicals are thought to play a part in the disease
process by acting as mediators of oxidative
damage.57 Indirect evidence for their impor-
tance comes from the finding of products of
lipid peroxidation in serum and synovial fluid
samples5 8 and the detection of fluorescence
changes in IgG in fresh sera and synovial fluid.
Such changes can be reproduced by free radicals
in vitro.6 The generation of free radical altered
IgG may provide a mechanism whereby chronic
inflammation can be maintained by binding
with rheumatoid factor.6

Antioxidants might play a critical part by
limiting such free radical induced changes. The
system of chain breaking antioxidants. which
limit the process of lipid autoxidation has not
been comprehensively assessed in RA, and an
assay has recently been described which enables
their combined function in biological fluids to
be measured. The ability of test samples to
resist controlled peroxidation induced by
peroxyl radicals was used as the basis for the
assay.9 For normal plasma it was found that the

antioxidants vitamin E, urate, ascorbate, and
also plasma proteins contributed to antioxidant
ability using this assay.'°
We investigated the determinants of chain

breaking antioxidant status in RA and looked
for evidence to support a role for antioxidants in
limiting free radical reactions in vivo by measur-
ing putative products of radical attack on lipid
and protein in serum.6 8 11 12 A report includ-
ing some of these data has been presented
elsewhere. 13

Subjects and methods
Twenty patients (17 women, three men) with
classical or definite RA (American Rheumatism
Association criteria),'4 mean age 54 years, were
matched by age and sex with 20 healthy hospital
workers recruited mainly from the domestic
staff. Fourteen of the patients were seropositive
for rheumatoid factor (latex). Exclusion criteria
included a history of regular vitamin consump-
tion, excess alcohol consumption (>80 g daily),
and a history of intercurrent infection. Standard
disease modifying antirheumatic drugs were
taken by nine patients (five sulphasalazine,
three penicillamine, and one dapsone) and one
patient was taking oral prednisolone. All patients
were taking full doses of non-steroidal anti-
inflammatory drugs (NSAIDs). Smoking habits
were recorded in all subjects and did not differ
between the two groups.
To determine the variation of TRAP values

for serum of the same person taken at different
times four healthy laboratory workers (two
female, two male) were venesected daily for five
consecutive days. Informed consent was obtained
and permission for the study granted by the
local hospital ethical committee.

CLINICAL ASSESSMENT
Inflammatory activity in the patients was
assessed by standard clinical measures, includ-
ing visual analogue pain scale, duration of
morning stiffness, grip strength, and Ritchie
articular index. 5 Venous blood was collected in
the morning from non-fasted patients and
controls and subsequent processing is described
below.

LABORATORY METHODS
Haemoglobin, white cell count, platelet count,
and erythrocyte sedimentation rate deter-
minations together with routine biochemical
tests, including liver function tests were per-
formed on all patients. Rheumatoid factor was
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measured by the latex method'5 and serum C
reactive protein by radial immunodiffusion.'5

LIPIDS
Serum was stored at 4°C, and cholesterol and
triglycerides were measured by standard enzy-
matic colorimetric methods.'6

FREE RADICAL MARKERS
Serum samples were stored at - 70°C and
assayed in batches within one month of storage,
though samples were known to be stable for up
to three months.'7 For the determination of
total diene conjugation serum (0.25 ml) was
mixed with 10 mmol/l sodium dodecyl sulphate
(0-25 ml BDH, Poole, Dorset, UK), absolute
ethanol (0 5 ml; Spectrosol, BDH), and ex-
tracted with n-heptane (1 ml; grade S, Rathburn
Chemicals, Peebleshire, UK). 8 The absorption
due to conjugated lipid dienes in the heptane
extract was measured by scanning between 220
and 260 nm and the second derivative at 233 nm
quantified (Shimadzu spectrophotometer)." A
heptane blank was used in the reference cell
with detector scale expansion set at -0-05 to
0 05. The deflection was measured in milli-
metres from a print out and was also expressed
as a ratio per millimole of the sum of cholesterol
and triglyceride concentrations. The within
batch coefficient of variation (CV) was 4% and
between batch CV 7%.17

Phospholipid-2-esterified 18:2 9,1 1-linoleic
acid and 18:2 9,12-linoleic acid were assayed by
the method of Iversen et al.'2 '9 The method
uses phospholipase hydrolysis of 0-5 ml serum,
solid phase sample preparation, and reverse
phase high performance liquid chromatography
(HPLC) separation on a 5 pim 25x0 4 cm silica
ODS2 column (Hichrom, Reading, Berks, UK).
Two ultraviolet detectors set at 234 nm and 205
nm in series were used to monitor the column
eluate to detect 9,1 1-linoleic acid and 9,12-
linoleic acid respectively. For each sample the
linoleic acid isomer measurements (limol/l) were
used to calculate the percentage molar ratio
(9,1 1-linoleic acidx 100/9,12-linoleic acid). The
CV within and between batch respectively was
5% and 8%.
Plasma thiobarbituric acid reactive sub-

stances were assayed by a standard assay.8
Results are quoted as nanomoles thiobarbituric
acid reactive substances, calculated using
1,1,3,3-tetraethoxypropane (Wako Chemical
Industry, Japan) as standard.
Serum IgG and albumin fluorescence was

measured by one of us (SC) by HPLC (TSK
3000 SW column) with physiological buffer
(0-067 molIl KH2PO4+0 1 mol/l KCI) as the
mobile phase. The extent of free radical damage
to IgG and albumin was assessed by measuring
total fluorescence corrected for total ultraviolet
absorbance to give a ratio of damaged (fluor-
escent) to total (ultraviolet absorbent) IgG or
albumin.

ANTIOXIDANTS-TOTAL PEROXYL RADICAL
TRAPPING ANTIOXIDANT ABILITY-THE
'TRAP' ASSAY
Blood was allowed to clot at room temperature

for 30 minutes and all measurements with the
TRAP assay were performed on fresh serum
within two hours of sampling. Previous experi-
ments had shown no difference in experimental
values for TRAP in paired fresh serum or
plasma samples.20
The measurement of TRAP (Rmol peroxyl

radicals trapped per litre serum) was based on
that described by Wayner et al9 modified by
adding 10 p1 linoleic acid to 250 ,ul of the serum
sample and vortexing for 20 seconds before
adding 50 ,ul to the Clark-type oxygen electrode
(model 5331, Yellow Springs Instrument Co,
Yellow Springs, Ohio).'3 2,2'-Azobis(2-amidino-
propane hydrochloride (30 p1, 0 4 mol/l) (Poly-
sciences, Warrington, PA), a thermolabile
water soluble azo compound which decomposes
to yield peroxyl radicals at a constant rate, was
then added to initiate peroxidation in the test
sample. The presence of serum delayed the
onset of lipid peroxidation, but once oxygen
uptake was maximal 25 pI 0-4 mmol/l 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid
(Hoffman-La Roche, Nutley, NJ), a water
soluble analogue of vitamin E, was added to
delay peroxidation further. The ratio of delay
times in onset of peroxidation was used to
calculate TRAP.9 Under these conditions the
interassay CV was 7%."3

INDIVIDUAL ANTIOXIDANTS
Measurements of the individual antioxidants
which contribute to total antioxidant capacity in
the TRAP assay were made.9 10

Serum samples (1 ml) were stabilised within
one hour of sampling by addition of 1 ml freshly
prepared 10% metaphosphoric acid (BDH,
Poole, Dorset) for measurement of ascorbic acid
and its oxidation product dehydroascorbic acid.
Two aliquots were prepared for HPLC (Lichro-
sorb-10-amino column; Chrompak, UK). The
first was derivatised with o-phenylenediamine
and incubated for three hours before dehydro-
ascorbic acid analysis by HPLC and fluorimetry
(ex 360 nm, em 454 nm), and the second was
assayed directly for ascorbic acid by HPLC by
monitoring absorbance at 254 nm.2' Total
ascorbic acid was calculated from the sum of
ascorbic acid and dehydroascorbic acid.
Serum urate was measured with a Technicon

SM6 and the phosphotungstate reduction
method.22
Serum thiols were measured with 5,5'-

dithiobis(2-nitrobenzoic acid) reagent at pH
7.423

Serum vitamin E was measured in the
heptane extract prepared for conjugated diene
measurement by normal phase HPLC using a
20 p1 sample loop with a 25 cmx046 cm
Lichrosorb Si60 column (5 Fm particle size;
Technicol, Stockport, Cheshire, UK) with a
precolumn of pellicular silica (Sx0 46 cm;
Technicol Ltd) and a mobile phase of n-
heptane:isopropanol (99:1, v:v; Rathburn
Chemicals) at a flow of 2 ml/min. Fluorescence
was measured in a Perkin Elmer LS-1 fluori-
meter (ex 280 nm, em 330 nm). Calculations
were based on peak areas using laboratory data
control CI-10 computing integrators. Within
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and between batch CV were 5% and 90/o
respectively.1

STATISTICAL ANALYSIS
Statistical analysis was performed using the SPP
package for personal computers (Timberlake
Clarke). Between group comparisons were
made using analysis of variance. Results are
quoted as means (SD) with p value. Corre-
lations between individual variables were per-
formed using Pearson's method. Stepwise
multiple linear regression analysis was per-

Table I Clinical details and laboratory mea
activity in rheumatoid arthritis and controls X
and sex. Results are given as means (SD)

Variable Patients Control
(n=20) (n=20)

Age (years) 53-9 (11-8) 53-3 (1
Sex (F:M) 17:3 17:3
RF* (pos:neg) 14:6 -t
Articular index 9-3 (6-3)
Grip strength (mmHg) 79 (53)
Pain (10 cm scale) 4-12 (3-11)
Morning stiffness (h) 0-91 (1-09)
Haemoglobin Wg/l) 122 (23) 137 (11
Platelets (x 10 /1) 332 (90) 249 (57
WCC* (x109/1) 7-2 (3-1) 6-5 (1]1
Neutrophils (%) 67-4 (109) 59-1 (9
ESR* (mm/h) 32-6 (26-9) 9-2 (4-4
CRP* (mg/l) 39.5 (49) <5

*RF=rheumatoid factor; WCC=white cell
erythrocyte sedimentation rate; CRP=C reactii
tNot measured.

Figure I Total peroxyl
radical trapping antioxidant
ability (TRAP) in patients
with rheumatoid arthritis
and controls matchedfor age
and sex. For details of
TRAP measurements see
'Antioxidants-the TRAP
assay' in the text.
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Table 2 Individual antioxidant concentrations (smol/l) in rheumatoid arthrit;
matched for age and sex. Results are given as means (SD)

Antioxidant Patients Controls

Total ascorbic acid 40-7 (25-6) 77-3 (23-5)
Ascorbic acid (AA) 22-5 (17 9) 58-2 (21-1)
Dehydroascorbic acid (DHA) 18-7 (16-7) 19-2 (6-9)
DHA:AA 1-62 (2-3) 0-4 (0-29)
Vitamin E 21-9 (6-5) 25-6 (6)
Uric acid 264 (67) 299 (68)
Serum sulphydryl 477-4 (98) 567 (71)

formed in each group of subjects with TRAP as
the dependent (Y) variate. In the rheumatoid
group two sets of independent (X) variates were
used: (a) possible biochemical determinants of
TRAP (free radical markers, individual anti-
oxidants); (b) possible clinical determinants of
TRAP (clinical assessments, haemoglobin, ery-
throcyte sedimentation rate, serum C reactive
protein. A final analysis was performed using
the independent (X) variates identified as
significant in groups (a) and (b).

- Results
Clinical and laboratory tests in the rheumatoid

isures of disease patients indicated moderately active inflam-
matory activity that had not been suppressed by
anti-inflammatory drug treatment (table 1).

p Value Combined chain breaking antioxidant ability
measured by the TRAP assay (fig 1) was

12) significantly lower in RA (mean (SD) 495 (127)
timol/l) than in the control group (668 (123)
,umol/l; p<0-0002). In 10 of 20 patients values
for TRAP were below the lowest value in the

I) <0.05 control population. In the group receiving
7) <0-005 disease modifying antirheumatic drug treatment
-1) NS<05 values for TRAP were not significantly different
48) <0-001 from those taking NSAIDs alone (disease modi-

fying antirheumatic drug mean (SD) 507-9
count; ESR= (144-1), n=10; NSAID alone, mean (SD) 481
ve protein. (113-9), n=10, t=0-46, NS). Repeated TRAP

measurements remained stable over a five day
period in four healthy persons (mean (SD) CV
7-8 (2-0)%, range 5-2-10-7%).

Table 2 shows the profile of individual
antioxidants in RA and control groups. Concen-
trations of both total ascorbate and the reduced
form of the vitamin (ascorbic acid) were signifi-

* cantly lower in RA (p<0-0001) and an increased
proportion of ascorbate was found in the oxi-
dised (dehydroascorbate) form (p<0-05). In
seven of 19 patients and two of 20 control
subjects concentrations of dehydroascorbic acid
exceeded those of ascorbic acid. Ascorbic acid

* was not detected in two patients but was found
in all controls. Mean serum sulphydryl concen-

* tration was lower in the patients than controls
(p<O-002) despite correction for reduced
albumin concentrations (data not shown).
Serum vitamin E concentrations were lower in

o RA (p<0-05), but when tocopherol was ex-
pressed per millimole serum cholesterol plus

* triglyceride concentrations this effect was lost
(data not shown).

* Table 3 shows the biochemical markers of
free radical activity. Total conjugated dienes

* and phospholipid 9,1 1-linoleic acid did not
differ significantly between the groups. Plasma
thiobarbituric acid reactive substances were

Rheumatoid significantly lower in RA (p<0-0005). In con-
trast, both total protein fluorescence (p<0-05)

is and controls and fluorescence in the albumin fraction
(p<O-05) were significantly higher in RA,

p Value though similar changes were not seen for IgG.
<0-0002 IgG fluorescence did not differ between those<0-0001 seropositive for rheumatoid factor (mean (SD)
NS 1-24 (0-52), n=13) and the remainder (1-49

<0-05 (0-71), n=6; NS).
NS The clinical and laboratory correlates with<0-002 TRAP were investigated by multiple linear
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regression analysis. In the controls serum v
min E was the only significant determinan
TRAP (52% variance explained, f= 19
p<O 0004, fig 2). Total ascorbic acid correla
significantly with TRAP (r=0-518, p<O0
but its independent contribution in mult

Tabk 3 Laboratory indices of free radical activity in rheumatoid arthritis and con
matched for age and sex. Results are given as means (SD)

Indices Patients Controls p Value

Total dienes (mm)* 69-05 (39-8) 84-8 (41-6) NS
Dienes (mm/mmol lipid) 10-24 (4-51) 11-3 (4 75) NS
Phospholipid 9,11-LAtt (gsmol/l) 25-02 (11-4) 22-7 (7-12) NS
9,11-LAx 100/9,12-LA 1 92 (0 9) 1 93 (0 56) NS
TBAt reactive substances (nmol/l)Ij 3-62 (3 04) 6-93 (1-95) <0 0005
IgG fluorescencel 1-29 (0 57) 1-13 (0-31) NS
Albumin fluorescencel 9 65 (2-9) 7-92 (1-83) <0 05
Total fluorescence** 10-94 (3-3) 9 05 (2-3) <0 05

*Total conjugated dienes measured in plasma lipid extract by second derivative spectroscopy-
deflection at absorption minimum 233 nm (detector scale expansion 0-05 to -0-05).
tLA=linoleic acid; TBA=thiobarbituric acid.
IMeasured using the method of Iversen et al.12
Measured using the thiobarbituric acid assay.8
lIgG and albumin fluorescence in serum (ratio of fluorescent to ultraviolet absorbant pro
measured by high performance liquid chromatography coupled to fluorescence and ultrav
detectors. TSK 3000 column-fluorescence; ex 360 nm, em 454 nm. Ultraviolet 280 nm
**Total protein fluorescence (the sum of IgG and albumin fluorescence).
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Figure 2 Correlation between serum vitamin E (11mol/l) and total peroxyl radical trappix
ability (TRAP) ofserum (,umol peroxy radicals trappedll serum) in control subjects. For
details ofTRAP measurements see 'Antioxidants-the TRAP assay' in the text. Vitamin
was measured in heptane extracts ofplasma using normal phase high performance liquid
chromatography andfluorescence detection (ex 280 nm, em 330 nm).

1000 r=0 763
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Figure 3 Correlation between serum urate (umol/l) and total peroxyl radical trapping ab
(TRAP) ofserwn (pmol peroxy radicals trappedil serum) in patients with rheumatoid
arthritis. For details ofTRAP measurements see 'Antioxidants-the TRAP assay' in the
text. Serum urate was measured by phosphotungstate reduction.

vita- regression was insignificant. In RA only one
It of independent (X) variate emerged as significant
-49, from among the possible biochemical correlates
ated with TRAP (that is, markers of free radical
02), activity, and individual antioxidants)-namely,
:iple serum urate (58% variance explained, f=24-9,

p<00002, fig 3). A combination of visual
Itrols analogue pain scale, early morning stiffness,

grip strength, and Ritchie articular index (re-
flecting inflammatory activity) explained 45 6%
of the variance in TRAP (f=3-14, p<005);
inflammatory activity was inversely associated
with TRAP. For the RA group when the
independent variates identified in the preceding
analysis were examined in combination serum
urate and visual analogue pain score explained
67% of the variance in TRAP (58% and 10%

-mm respectively; f=17-58, p<00002).
In the rheumatoid patients serum urate,

which was the only significant biochemical
ein) determinant of TRAP in RA, correlated in-

violet versely with the fluorescence of both albumin
(r=-0-605, p<O0005) and IgG (r=-0-429,
p<c006) and was positively correlated with
serum sulphydryl (r=0-455, p<0 05). No re-
lations were found between serum urate and
native albumin and globulin. In the control
group these relations were not found for either
serum urate or vitamin E (the only significant
determinant of TRAP in controls).
No relations between free radical markers

and disease activity were noted.

Discussion
The failure to detect significantly higher con-
centrations of conjugated dienes or malondial-
dehyde (measured as thiobarbituric acid re-
activity) in RA and their lack of correlation with

Tr- inflammatory activity (table 3) contrasts with
16 previous observations.5 8 9 All our patients

took maximal doses of NSAIDs and 50% were
also taking disease suppressive drugs. Thus our

ng disparate results might be explained by the
tE suppressive effects of NSAIDs on polymorph

oxygen radical formation.24 The origin of 9,11-
linoleic acid, the major diene conjugated fatty
acid esterified in serum lipid, and its role as a
free radical marker in man remains contro-
versial.2927 We noted a significant increase in
conjugated dienes and thiobarbituric acid re-
activity following the flare in synovitis induced
by NSAID withdrawal, an observation which
might link 9,1 1-linoleic acid formation with
increased prostaglandin formation and free28infursecradical activity. Total protein fluorescence
was significantly increased in RA mainly owing
to changes in the albumin fraction, though
previous studies have found increased IgG
fluorescence in RA synovial fluid.6 Such fluor-
escence changes reflect in vivo free radical
damage and can be reproduced by exposure of
native protein to ultraviolet irradiation, per-

-. oxidising lipids, or activated polymorphs in
420 vitro,6 and in vivo in an animal model of chronic

synovitis."
The antioxidant enzymes superoxide dis-

Oility mutase, catalase, and glutathione peroxidase
contribute little to extracellular antioxidant
defence in RA,30 and previous studies using the

. . . . . . . . .I I
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ability of test sera to inhibit iron dependent
peroxidation of rat brain showed that rheuma-
toid sera possessed increased antioxidant ac-
tivity,3' attributed to transferrin and the acute
phase reactant caeruloplasmin.32 3 These anti-
oxidants bind transition metals, thus preventing
the generation of hydroxyl radicals by the
Fenton reaction.3'
The TRAP assay9 10 enables the measure-

ment of chain breaking antioxidants in sera,
which are able to limit the autocatalytic chain
reactions amplifying free radical initiated events.
The antioxidants include ascorbic acid, vitamin
E, carotenoids, an antioxidant reservoir in
serum proteins mainly attributed to serum
sulphydryl,9 '1 and serum urate.3436 TRAP
values remained stable over a five day period in
normal controls, indicating that a single
measurement may reflect values over longer
periods. The lower mean value for TRAP in RA
and the weak inverse relation with inflamma-
tory activity are compatible with an 'in vivo'
redox stress imposed by chronic inflammation.
The finding of an alteration in ascorbic acid
status has been noted previously2'1 37 and
provides further support for this hypothesis.
The redox properties of ascorbic acid allow it to
function as a chain terminator in free radical
reactions. Dehydroascorbic acid, the oxidation
product of ascorbic acid, may therefore serve as
a measure of chain terminating events in vivo.
Under normal circumstances dehydroascorbic
acid is rapidly reconverted to ascorbic acid by
its ability to diffuse into the erythrocyte, where
reconversion takes place.38 The mechanism of
oxidation of ascorbic acid in vivo might include
the effects of oxygen radicals2' 39 H202,36 and
hypochlorous acid' generated during inflam-
mation and the ascorbate oxidase effect of
caeruloplasmin, which has been shown to inter-
fere with the antioxidant effect of ascorbic acid
in the TRAP assay in vitro. ' The reduced
serum sulphydryl concentration, which is well
recognised in RA,22 has also been attributed to
the action of H202.41
Serum urate has a variety of antioxidant

properties in vitro34136 and has previously been
proposed as a biologically significant anti-
oxidant.34 We found that serum urate was the
single most important determinant of TRAP in
RA, whereas vitamin E was most important in
the control group. The explanation for these
differences is as yet unclear, though similar
observations have been made in other patient
groups studied (chronic alcoholics, malaria20).
Interactions which allow ascorbic acid to
regenerate vitamin E have been well des-
cribed.42" The low concentrations of ascorbic
acid and serum sulphydryl in RA might there-
fore alter combined antioxidant function to
favour urate rather than vitamin E as a chain
breaking antioxidant. The finding in RA of an
inverse correlation between urate and fluor-
escence changes in albumin and IgG and posi-
tive correlation with serum sulphydryl provides
some evidence in favour of an antioxidant
function for urate 'in vivo'. Furthermore, in
vitro studies with urate at physiological concen-
tration have shown that it inhibits the gener-
ation of IgG fluorescence (J Lunec, H Griffiths,

personal communication). It has been suggested
that generation of free radical altered IgG within
the joint provides a basis for a self-perpetuating
mechanism of IgG aggregation and chronic
inflammation because free radical altered IgG
may be the target for formation of complexes
with rheumatoid factor.6 Once formed, such
complexes are able to induce further polymorph
and macrophage activation, inducing in turn
further free radical altered IgG.47
Our data provide preliminary evidence for a

redox stress imposed by inflammation, which is
unlikely to be specific for RA and might be
expected in other inflammatory conditions.
When ascorbic acid and serum sulphydryl are
depleted serum urate may assume an important
antioxidant role. The recent detection of an
increased conversion of urate to its oxidation
product, allantoin, in active RA supports this
hypothesis.48 These findings provide extra evi-
dence for a possible biological advantage for the
human species conferred by the absence of the
urate metabolising enzyme uricase34 and pro-
vide one possible explanation for the observa-
tion that RA and gout occur together less often
than would be expected by chance.49 50
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