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Abstract
Objective
Rheumatoid arthritis (RA) is a chronic inflammatory disease which involves the synovial membrane of
multiple diarthroidal joints causing damage to cartilage and bones. The damage process seems to be
related to an overproduction of oxygen reactive species inducing an oxidative perturbation. Since sulfhydryl
groups are primary antioxidant factors, we were interested in investigating the balance of plasma
sulfhydryl/disulfides in patients with active RA compared to healthy control subjects.

Methods
Twenty-one patients with RA and 15 age-matched controls were studied. Plasmatic sulfhydryl groups and
their disulfide form concentrations were measured by spectrophotometry or HPLC.

Results
RA patients showed significantly lower levels of plasma protein sulfhydryls and cysteinyl-glycine compared
to healthy controls (p <0.001). Conversely, cystine and homocystine, and protein-bound cysteine and homo-
cysteine were significantly increased (p < 0.005 in disulfides forms and p <0.05 in protein mixed disulfides
forms). There was a significant correlation between some clinical data (ESR, number of tender/swollen
Jjoints) and some of the parameters studied.

Conclusion
The results of this study indicate a biochemical disturbance of plasma sulfhydryl/disulfides balance in
patients with RA compared to controls with an increase in some oxidised forms (disulfides and protein
mixed disulfides) and a decrease in free thiols. The increase in total homocysteine, correlated to the higher
risk of cardiovascular diseases in RA patients, is associated with higher levels of the oxidised forms,
disulfides and protein-thiol mixed disulfides.
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Introduction

Rheumatoid arthritis (RA) is a chronic
inflammatory autoimmune disease of
multi-factorial origin which involves
the synovial membrane of diarthroidal
joints leading to erosive damage to car-
tilage and bones (1,2). Inflammatory
cells, including granulocytes, play a
relevant role in the development of the
joint damage and, in particular, in carti-
lage destruction, through the produc-
tion of reactive oxygen species (ROS)
and the release of lysosomial enzymes,
that promote oxidative stress and en-
hance inflammation (3, 4).

Human cells have developed a strong
antioxidant defence against these pro-
oxidant reactions (5). In particular, they
possess an enzymatic pattern (e.g. su-
peroxide dismutase, glutathione perox-
idase, catalase, glutathione reductase,
glucose 6-phosphates dehydrogenase)
and non-enzymatic antioxidant mole-
cules, thiols (mainly glutathione) as-
corbic acid, a-tocopherol and the urate
(6). An important chemical barrier
against oxidative stress damage is the
redox equilibrium of sulfhydryl/disul-
fides, through which low molecular
weight thiols can be reversibly oxidis-
ed to disulfides and/or protein mixed
disulfides (reacting with cysteine resi-
dues in proteins) in response to an oxi-
dative status. Consequently, blood/ plas-
ma thiol levels can be considered as
useful markers of inflammation status,
as their balance is strongly influenced
by the oxidative perturbation generated
by this condition.

The association between rheumatoid
arthritis and an alteration in plasma sulf-
hydryl content has been investigated in
the past: total thiol concentration was
lower in the serum/plasma of subjects
affected by RA (7-9). Furthermore, it
has been suggested that the beneficial
therapeutic effects of D-penicillamine
(a thiol-containing molecule) (10, 11)
and Myocrisin (a gold (I) compound
containing a complexed thiol) (12) in
the treatment of RA may be due to their
influence on the thiol system. Various
molecules are known to possess sulthy-
dryl groups in plasma, with different
properties in terms of concentrations
and reactivity. The most abundant frac-
tion is in albumin, that has a cysteine
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(Cys) residue in position 34 (13). Its
normal sulfhydryl concentration is
around 0.7 mol/albumin molecule (14):
this non-integer number occurs be-
cause some thiols are blocked by the
formation of a disulfide bond between
the albumin thiol and low molecular
weight thiols, specifically Cys, cystein-
ylglycine (CysGly), homocysteine
(Hcys) and glutathione (GSH), physio-
logically present in plasma (15).

Since plasma, as all extracellular flu-
ids, is normally exposed to oxidant ag-
ents (also in healthy subjects) these low
molecular weight thiols are in equi-
librium with their oxidised forms. The
oxidation of the sulfhydryl group in
these molecules brings about the for-
mation of corresponding disulfides:
cystine (CySS), cystinylglycine (Cy-
GlySS), homocystine (HcySS), gluta-
thione disulfide (GSSG) and/or low
molecular weight mixed disulfides and/
or protein mixed disulfides.

The aim of this study was to determine
the plasma sulfhydryl/disulfides bal-
ance in patients with active RA by ana-
lysing all thiol redox species that had
been potentially modified as a result of
the disease.

Materials and methods

Study subjects

The study group was comprised of 21
consenting patients of a mean age of 61
years (14 women and 7 men) with ac-
tive RA, according to the criteria of the
ACR (2) with a mean duration of 11.5
years of disease. Recruitment criteria
for study entry included tender and
swollen joint count > 6 and erythrocyte
sedimentation rate (ESR) >28 mm/h
(Table I) (16).

All patients had positive serum IgM
rheumatoid factor. None of the patients
had any alterations in renal function
(evaluated measuring the serum levels
of creatinine and urea) nor in hepatic
function (evaluated measuring the ac-
tivity of yGT and transaminases). Thir-
teen patients received disease modi-
fying antirheumatic drugs (DMARD:s)
(methotrexate 7.5 mg/week, hydroxy-
chloroquine 400 mg/day, parenteral
gold 100 mg/week leflunomide 20 mg/
day), 15 were taking nonsteroid anti-in-
flammatory drugs and 14 were taking
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Table I. Description of the study population.*

Parameters RA group Control group
N° of subjects 21 15

Age 61.1 +11.9 574 + 7.6
Sex (F:M) 14:7 11:4
Duration of arthritis (yrs.) 11.5 = 63

N° of tender joints 245 = 6.1

N° of swollen joints 237 + 6.1 -
ESR, mm/h 519 +21.8 153 = 69
Creatinine, mg/dl 0.81+ 0.20 0.85+ 0.25
yGT, U/l 25.7 =119 16.8 = 6.11
Therapy (%) Steroids 66.7%

NSAIDS 71.4%
DMARD 61.9%

* Except where otherwise indicated, values are expressed as mean + SD

oral corticosteroids (prednisolone <10
mg/day). None of the patients were gi-
ven folate and vitamin B,, supple-
ments.

Fifteen healthy sex-age matched con-
trols (11 women and 4 men, mean age
57.4 years) were also studied. All the
healthy subjects enrolled in this study
were asymptomatic and none of them
had any abnormality on physical exam-
ination nor in routine laboratory blood
tests.

Patients were examined at the begin-
ning of our study for their selection and
the choice of therapy. Successively, af-
ter 2 months, measurements of clinical
and biochemical parameters have been
performed. Patients have been visited
and blood samples have been drawn for
both clinical data (Table I) and thiols/
disulfides analyses. Clinical parame-
ters have been measured within 1-2
hours from the blood collection accord-
ingly to routine laboratory analyses pro-
tocols. All subjects enrolled gave their
informed consent to the study; the stu-
dy was approved by the local ethical
committee.

Biochemical analyses

HPLC-grade reagents were purchased
from BDH (Poole, Dorset, England). A
4.6 x250 mm reversed-phase HPLC
column Sephasil C18 was purchased
from Pharmacia (Uppsala, Sweden).
Monobromobimane (mBrB) was ob-
tained from Calbiochem (La Jolla, CA,
USA). All other reagents of analytical
grade were from Sigma-Aldrich Che-

mie GmbH (Steinheim, Germany).
Blood samples were drawn from both
groups from the antecubital vein, col-
lected in plastic tubes containing
K,EDTA and immediately centrifuged
for 20s at 10000g. Plasma was rapidly
withdrawn and derivatised for thiol,
disulfides and protein mixed disulfides
measurement. Our procedure was simi-
lar to that indicated by Mansoor et al.
(15) with slight modifications (17). The
remaining sample was kept at 0°C until
the protein sulthydryl determination
(carried out within 1h).

Protein SH group (PSH) determination
was carried out spectrophotometrically
by their conjugation with 5,5 -dithio-
bis-(2-nitrobenzoic acid) (18). Mea-
sures were carried out using a Jasco V-
550 spectrophotometer.

For low molecular weight thiols deter-
mination, plasma was immediately de-
proteinised by acidification with 6%
(w/v) TCA (final concentration). After
centrifugation (10000g, 2 min) super-
natants were incubated with 1 mM fi-
nal concentration monobromobimane
(mBBr) at neutral pH obtained with
solid NaHCO, (19). After 15 min incu-
bation at room temperature in the dark,
samples were acidified with an ade-
quate amount of 37% (v/v) HCl and
analysed by HPLC. In order to obtain a
linear standard curve for thiols at low
concentrations, we preincubated mBBr
before samples derivatization with 20
uM N-acetylcysteine (final concentra-
tion) for 15 min.

Disulfides were measured on plasma
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samples pre-treated with 5 mM N-ethyl-
maleimide (NEM, final concentration).
After a few minutes samples were acidi-
fied with 6% (w/v, final concentration)
TCA and centrifuged at 10000g, 2 min.
The excess NEM in the supernatants
was extracted with dichloromethane
(0.2 ml sample+2 ml dichloromethane),
then samples were treated with 1 mM
dithiotreitol (DTT) (final concentration)
to reduce disulfide bond, restoring pH to
a neutral condition by solid NaHCO,.
After a 20 min at room temperature
samples were incubated with an excess
of mBBr and treated for HPLC analysis
as indicated above.

Protein mixed disulfides (RSSP) were
determined in the same samples uti-
lised for disulfide determinations. Pel-
lets obtained after TCA acidification
were washed twice with 1.5% (w/v)
TCA in order to remove traces of NEM,
low molecular weight thiols and disul-
fides. Then pellets were solubilized in
H,O containing 2 mM DTT at neutral
pH with solid NaHCO,. After 20 min
samples were deproteinised with the
appropriate amount of TCA and the thi-
ols, released from the disulfide bond by
DTT reduction, were conjugated with
an excess of mBBr at neutral pH and
treated for HPLC analysis as described
above.

Samples were injected into a Pharma-
cia Sephasil column C,g, 250 x 4 mm.
Solvent A was 0.25% (v/v) acetic acid,
pH 3.09 and solvent B was methanol.
The elution profile was as follows: 0-8
min, 20% B; 8-15 min, 20-40% B; and
15-25 min, 40-100% B. The HPLC ap-
paratus was a Hewlett Packard Series
1100 instrument. Derivatised thiols
were analysed by fluorescence detec-
tion (excitation, 380 nm; emission, 480
nm) and quantified using external stan-
dards of similarly derivatised Cys, Cys-
Gly, Heys, GSH, with a detection limit
of 100 nM.

The albumin concentration was deter-
mined by standard clinical chemistry
procedures.

Statistical analysis

The studied populations were analysed
by Kolmogorov-Sminorv test and show-
ed a Gaussian distribution. Neverthe-
less, due to the small number of sam-
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Table II. Plasma levels of thiols, disulfides, and protein mixed disulfides in subjects affected with RA and in control subjects. Values are

expressed as mean + SD.

Group Thiols (uM) Disulfides (uM) Mixed disulfides (uM)
SH albumin Cys CysGly  Hcys GSH CySS CyGlySS HcySS GSSG Cy-SSP CyGly-SSP Hcy-SSP  GSSP
AR 316 = 833+ 126+ 0223+ 213+ 740+ 4.67= 205+ 110+ 171 103 + 114+ 173+
49.8%* 2.26 0.43**  0.138 1.12 11.4%% 1.28 1.13**  0.54 31 3.06 5.35% 1.07
Control 422 + 932+ 197+ 021+ 196+ 627+ 533z 1.06x 118+ 147 + 113+ 752+ 1.73=%
52 1.14 0.41 0.11 0.66 9.49 1.18 0.52 0.47 24 1.76 2.84 0.66

*p < 0.05, RA group vs control subjects (Mann-Whitney test).

*#p < 0.005, RA group vs control subjects (Mann-Whitney test).
Cys: cysteine; CysGly: cysteinylglycine; Heys: homocysteine; GSH: glutathione; CySS: cystine; CyGlySS: cystinylglycine; HcySS: homocystine; GSSG:
glutathione disulfide; CySSP: protein mixed disulfide with cysteine; CyGlySSP: protein mixed disulfide with cysteinylglycine; HcySSP: protein mixed disul-
fide with homocysteine; GSSP: protein mixed disulfide with GSH.

ples we have preferred to apply non
parametric tests. Mann Whitney test
has been used to compare plasma thiol
status in control and RA groups. Corre-
lation with clinical parameters in each
study group were quantified by the
Spearman correlation test.

Results

Plasma thiols/disulfides

Plasma thiols, both low molecular
weight (LMWSH) and protein thiols,
and also their disulfide forms were det-
ermined in control subjects and in RA
patients (Table II). Protein thiol con-
centration, mainly consisting in albu-
min SH groups, in patients was signifi-
cantly lower compared to the control
group (p<0.005). Analysis of normal-
ised PSH values with albumin concen-

tration (HSA) confirmed a significant
decrease in the RA group (8.40 + 1.23
vs 10.0 £ 1.30 nmoles/mg protein, p <
0.005, data not shown), suggesting that
this result is not due to a simple deple-
tion of HSA in patients but to a real
decrease in protein sulthydryl groups
content (8, 20).

Our data confirmed that, with excep-
tion of glutathione, LMWSHs in plas-
ma are much less abundant compared
to disulfides and protein-thiols mixed
disulfides (15) and indicated that their
concentration range is 0.1-10 uM with
Cys>CysGly>GSH>Hcys. The amount
of each low molecular weight thiol was
very similar in the plasma of control
subjects and RA patients; only CysGly
showed a significant decrease in the
RA group (1.26 vs 1.97 uM, p < 0.005).

Plasma disulfides were mainly CySS,
while the other species (namely GSSG,
HcySS, CyGlySS) were present at low-
er levels; a significant increase in cys-
tine and homocystine concentration in
RA patients was observed (p<0.005).
The profile of plasma levels of RSSP
matched that of disulfides, as cysteine-
protein mixed disulfide (CySSP) level
was much more abundant, and the oth-
er species were lower by 1 to 2 orders
of magnitude. Also in this case, pa-
tients showed a significant increase in
CySSP and homocysteine-protein mix-
ed disulfide (HcySSP) plasma levels (p
< 0.05).

As a whole, our data indicate a signifi-
cant prevalence of the oxidised forms
in RA patients. This aspect has been
described in details in Figure 1. In par-
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Fig. 1. Ratio value between disulfides and low molecular weight thiols, between protein mixed disulfides and low molecular weight thiols and between pro-
tein mixed disulfides and disulfides concentration in the plasma of the RA and control groups.
*p<0.05, RA group vs control subjects (Mann-Whitney test).

**p<0.005, RA group vs control subjects (Mann-Whitney test).
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ticular, the calculated ratio between di-
sulfides and thiols was significantly
higher in RA patients (p < 0.005), indi-
cating that the pathology is associated
with a pro-oxidant status. Moreover,
this aspect was confirmed by the calcu-
lated ratio between protein-mixed di-
sulfides and LMWSH in the RA group,
with a significantly higher value com-
pared to control subjects (p < 0.05). No
significant differences were found be-
tween the two groups in the RSSP and
disulfides ratio.

Correlation between clinical data
and different redox forms of thiols
Measured parameters in plasma were
then correlated with some clinical and

hematological data of Table I. As show-
ed in Figure 2, in the RA group, ESR
values were inversely related with the
concentration of plasma CyGlySS (r*=
0.201; p < 0.05). Interestingly, one sig-
nificant correlation was found between
the number of tender joints and cys-
teine-protein mixed disulfides concen-
tration, r=0.269; p<0.05 (Fig. 3). The
same result was obtained replacing the
number of tender joints with the num-
ber of swollen joints (1?=0.242, p<
0.05, not shown).

Protein sulfhydryls

Since albumin posses one free cysteine,
a significant percentage of which is
involved in mixed disulfides formation

with low molecular weight thiols, theo-
retically, in every subject the sum of
protein mixed disulfide plus free pro-
tein sulthydryl groups concentration
should be equal to the albumin concen-
tration. In Figure 4 we have reported
the percentage of each fraction (i.e.
PSH and RSSP in the studied groups)
compared to albumin concentration
(corresponding to 100%). Our data
show that in healthy subjects most of
the albumin Cys34 is found as free thi-
ol, whereas about 30% is oxidised to
mixed disulfide with low molecular
weight thiols. There is a low percent-
age of thiols which was not detected in
our measurements (PSX) but was
found in the difference between albu-
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Fig. 2. Correlation between the concentration of plasma cysteinylglycine disulfide and ESR values in RA patients. r>= 0.201; p<0.05, Spearman correlation

test.
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Fig. 3. Correlation between the concentration of plasma cysteine-protein mixed disulfides bound and the number of tender joints in RA patients. r>= 0.269

p < 0.05, Pearson’s correlation test.
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Fig. 4. Percentage of albumin measured as PSH (free thiol), RSSP (protein mixed disulfides with low molecular weight thiols) or PSX. PSX, constitutes the
amount of sulfhydryl groups not measured but calculated as the difference between the total amount of albumin (100%) and the sum of PSH plus RSSP.

*p < 0.05, RA group vs control subjects (Mann-Whitney test).
*#*p<0.005, RA group vs control subjects (Mann-Whitney test).

min and PSH+RSSP concentrations. In
RA patients protein sulfhydryl group
fraction was significantly lower than in
healthy subjects (p<0.005) and an in-
crease in RSSP fraction was found (p <
0.005). Interestingly, also the amount
of PSXs was significantly higher in RA
patients (p<0.05).

Discussion

To our knowledge, this is the first paper
assessing the levels of LMWSH and
their disufides related forms in plasma
of RA patients in comparison with
healthy subjects.

It is known that plasma LMWSH (ex-
cept glutathione) are more abundant in
the oxidised forms, particularly as pro-
tein mixed disulfides (15) and our data
in both control and RA group (Table II)
confirmed this. Cysteine, cystine and
protein-cysteine mixed disulfide are
the most concentrated species found as
free thiols or disulfide.

Reduced thiols showed a similar distri-
bution in age and sex matched RA pa-
tients: a significant decrease was ob-
served only for CysGly levels. As a
whole we observed a slight decrease of
total reduced thiols compared to con-
trols (12.0 uM vs 13.5 uM) (Table II).
The decrease in CysGly content in RA
patients could be due to the fact that
this molecule could be particularly sen-
sitive to an oxidative insult being its

sulthydryl group more reactive than
other thiols (21,22). Since we did not
find a correspondent increase in its di-
sulfide form, we may speculate the for-
mation of undetectable forms after
strong oxidation of the SH group (sul-
phenic, sulphinic, sulphonic acid). This
could in part explain the inverse corre-
lation we found between CyGlySS lev-
els and ESR values in RA subjects (Fig.
2); it is possible that the CysGly sulthy-
dryl group, by virtue of its higher reac-
tivity, undergoes first stronger oxida-
tive modifications during inflammatory
processes related with RA pathogene-
sis.

Cisteine and homocysteine were signif-
icantly higher in the plasma of RA pa-
tients, both as low molecular weight di-
sulfides and as protein mixed disulfide
with albumin. As cysteine is a by-prod-
uct of homocysteine degradation, it is
possible that its increase is due to Hcys
overproduction. Nevertheless, since
cysteine oxidised forms are quantita-
tively more abundant than the corre-
sponding homocysteine forms, we also
cannot exclude alternative patterns for
cysteine overproduction (e.g, release
from the cellular environment). Data of
Table II indicate a significant increase
in total homocysteine levels in RA
group (15.8 uM vs 9.8 uM in control
group, p<0.005). Our results indicate
that this raise is mainly due to the disul-
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fide and the protein bound forms. This
increase in homocysteine levels was
not provoked by renal insufficiency or
nephropathy because all the patients
enrolled in this study had a serum level
of creatinine and urea within the refer-
ence range.

It has also been observed that metho-
trexate administration could interfere
with homocysteine levels since it is a
folate antagonist, and folate is a cofac-
tor required for methionine resynthesis
from homocysteine but some data exist
indicating the absence of a direct corre-
lation (23,24). Additionally, only 48%
of our patients received low doses of
methotrexate (7.5mg/week) and by
comparing the homocysteine levels in
the group taking methotrexate with the
group that did not, we did not observe
significant differences for each redox
form (not shown). Moreover, increased
plasma levels of total homocysteine in
rheumatoid arthritis patients have been
previously measured (25-27). There-
fore we believe that the increase of
both HcySS and HcySSP, observed in
RA subjects, was not significantly in-
fluenced by the therapy. Useful infor-
mation could derive from these data in
that it is known that hyperhomocys-
teinemia is an important risk factor for
vascular diseases, thrombotic events
and stroke and, what is more, that car-
diovascular disorders are the first cause
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of death in RA patients (25, 28-30).
The rise of protein mixed disulfides
with low molecular weight thiols levels
in AR patients was responsible, at least
in part, for the parallel decrease in pro-
tein sulfhydryl content indicated by our
measurements (see Table I and Fig. 4)
[and also previously observed (8, 20)].
Although it has been observed that al-
bumin concentrations can decrease in
patients with RA (31), our normalised
data regarding HSA confirmed this
trend (data not shown). Nevertheless
data from Figure 4 seem indicate also a
further sulthydryls oxidation (for ex-
ample, sulfenic, sulfinic, or sulfonic
acid, undetectable with our method),
due to a heavier oxidative burden dur-
ing RA pathogenesis.

Therefore, on the whole our data indi-
cate the occurrence of a pro-oxidant
status in RA subjects, as deduced by
data of Figure 1. Both oxidised forms
(disulfides and protein mixed disul-
fides) in RA were significantly more
concentrated than in control group.
This could be partially explained by
previous data indicating a higher plas-
ma copper content in RA patients com-
pared to controls, as this metal is
involved in radical producing reactions
(21, 32-34).

The increase in RSSP content and in
particular, in CySSP could have a prog-
nostic value in RA occurrence. In fact,
we observed that plasma CySSP levels
were directly related with the number
of tender (Fig.3) and swollen joints
(data not shown). Interestingly it
should be considered that many anti-
rheumatic drugs, such as penicillamine
(10, 11, 35), gold-thiol complexes, (e.g.
aurothiomalate and aurothioglucose)
(12), esonarimod (KE-298) (36), sulfa-
salazine (37) influence the thiol redox
status or are thiols themselves. It de-
rives from this that a modulation of thi-
ol redox status may have a role both in
the pathogenesis of the disease or in the
therapeutic benefit of some drugs. It
has also been observed that the dietary
intake of certain antioxidant micronu-
trients may be protective against the
development of RA (38, 39), thus rein-
forcing the hypothesis that a modula-
tion of redox balance may be involved.
In conclusion, our data indicate that

RA patients are characterised by de-
creased levels of thiols and increased
concentration of their disulfide forms,
with some of these parameters closely
related to articular damage and ESR.
Homocystine, cystine and correspond-
ing protein-thiol mixed disulfides could
be used as useful markers for the evalu-
ation of the activity of the pathology.
Therefore the analysis of these parame-
ters could represent an additional infor-
mation with respect to other existing
measures of disease activity (e.g. CRP)
for suggesting some indications about
the more pertinent therapeutical ap-
proach. The possibility that an alter-
ation in the plasma thiols/disulfides ba-
lance is a factor that concurs to the dev-
elopment of the disease, and not only a
secondary phenomenon derived from
increased ROS production by activated
neutrophils is an interesting hypothesis
that requires further studies.
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