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Studies of the effect of D-penicillamine and sodium
aurothiomalate therapy on superoxide anion
production by monocytes from patients with
rheumatoid arthritis: evidence for in vivo stimulation
of monocytes
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SUMMARY The capacity of monocytes from patients with rheumatoid arthritis to generate
superoxide anion in vitro after stimulation with serum treated zymosan (STZ) or IgG treated
zymosan (IgTZ) was studied before and during therapy with penicillamine (n=9) or sodium
aurothiomalate (AuTM) (n=12). Significant increases in rates of STZ (p<0-01) and IgTZ
(p<002) stimulated superoxide anion production were seen after successful therapy (14
patients), which were paralleled by a significant increase in serum thiol levels. Patients who did
not respond clinically to therapy (n=4) showed a smaller mean increase in serum thiol levels and
had high mean rates of in vitro superoxide production before and after second-line therapy.
Three patients were withdrawn from the study. The data suggest that successful therapy with
penicillamine or AuTM may be associated with monocyte activation, and possible mechanisms
are discussed.
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Previous workers have found biochemical evidence
for free radical mediated oxidative damage in
patients with rheumatoid arthritis (RA), including
reduced availability of serum thiol groups, reduced
levels of erythrocyte superoxide dismutase,' and the
presence of free radical oxidation products of
lipids.2 It has been suggested that low serum thiol
levels in early RA indicate a poor prognosis.3 In
vitro studies have also emphasised the ability of
oxygen free radicals to damage connective tissue
constituents such as hyaluronic acid4 and collagen.5
During inflammatory reactions both polymorpho-

nuclear leucocytes and mononuclear phagocytes are
an important source of oxygen free radicals. Pha-
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gocytic cells will respond with a burst of oxygen
consumption and oxygen free radical release to a
number of soluble and particulate stimuli, includin~
C5a and immune complexes,6 opsonised organisms,
and non-immune stimuli such as phorbol myristate
acetate,8 formyl-methionyl tripeptides,9 and fluor-
ide ion. 10 Since rheumatoid synovium contains
numerous marrow derived mononuclear phago-
cytes,"' the capacity of these cells to generate
oxygen free radicals and the influence of anti-
rheumatic therapy on this function is of some
interest.

It has been suggested that the mechanism of
action of drugs such as sodium aurothiomalate
(AuTM) and penicillamine may include both a free
radical scavenging effect12 and possibly an inhibitory
effect on oxygen free radical release by
phagocytes.'3 Similar observations have been made
concerning non-steroidal anti-inflammatory drugs
(NSAIDs).14 15 However, in a previous study of
monocyte superoxide anion production'6 we found
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that monocytes from RA patients on second-line
therapy with penicillamine or AuTM showed en-
hanced superoxide generating capacity in response
to immune stimuli compared with normal controls
or RA patients on NSAIDs alone, and the increase
could not be attributed to increased disease activity.
To substantiate this observation we have under-
taken a prospective study of superoxide generation
by monocytes from patients before and after com-
mencing treatment with AuTM or penicillamine.

Patients and methods

SUPEROXIDE ANION PRODUCTION
Freshly drawn human venous blood was anticoagu-
lated with 10 mM ethylenediaminetetra-acetic acid
and the mononuclear cells (monocytes and lympho-
cytes) were separated according to the method of
Boyum'7 on a density gradient (Lymphoprep,
Nyegaard, Oslo). Indicator free Hanks's balanced
salt solution (HBSS) with 5 units/ml of preservative
free heparin was used throughout for washing and
incubation of cells. The mononuclear cell fraction
was washed twice and resuspended to give a final
monocyte concentration of between 0-6 and 1*2 x
106/ml (1.2 x 109/l). Exact concentrations of mono-
cytes and lymphocytes in the final suspension were
determined with a ZBI Coulter counter as pre-
viously described18 and with non-specific esterase
stains of cytosmears of mononuclear cells.19
Zymosan opsonised either with serum or human

IgG was used to stimulate superoxide anion release.
Zymosan was opsonised in bulk with fresh human
serum (STZ) from a single donor in a ratio of 10 mg
zymosan/ml serum, or with pooled human IgG
(IgTZ) (SE Scotland Blood Transfusion Service) in
a ratio of 10 mg zymosan/75 mg IgG/ml HBSS.
Opsonisation was carried out at 37°C for 30 minutes,
the zymosan washed three times in HBSS and
resuspended to give a ratio of 50 mg zymosan/mI
HBSS. After opsonisation the zymosan was stored
in 0-25 ml aliquots in liquid nitrogen until ready for
use.

Superoxide anion was measured by the reduction
of horse heart ferricytochrome c (type III, Sigma) as
previously described.20 All experiments were per-
formed in duplicate plastic tubes (9 x 11 mm, RT
25, Sterilin). 450 ,ul aliquots of mononuclear cell
suspension were mixed with 50 [l of cytochrome c in
HBSS (200 ItM final) and 25 R1 of a suspension of
STZ or IgTZ. Tubes were capped and incubated on
a turntable for timed intervals as indicated below.
The reaction was terminated by placing the tubes in
iced water for 10 minutes and then centrifuging at
1000 g for 10 minutes. The extent of cytochrome c

reduction in the supernatant was measured as the
change in absorbance at 550 nm after the addition of
a grain of potassium ferricyanide, in a Cecil spectro-
photometer using an extinction coefficient of
21-1 mM-1cm-1.2' The total amount of cytochrome
c was obtained from the absorption at 550 nm after
the addition of a few grains of sodium dithionite.
Control studies confirmed that for a given stimulus
the reduction of cytochrome c followed first-order
kinetics over 60 minutes and that the rate was
directly proportional to the monocyte concentration.
A rate constant K for reduction of cytochrome c by
superoxide could thus be obtained from:

1 cytC.
K = - x In ml/min/monocyte

t+Mo cyt c'

where t=time (minutes); Mo=monocyte concentra-
tion; cyt c° and cyt ct are the concentrations of
oxidised cytochrome c initially and after t minutes
incubation respectively. Rates of reduction of
cytochrome c are expressed in terms of this rate
constant. In each subject the rate constants for STZ
and IgTZ stimulated superoxide production were
obtained by measuring the mean rate of cytochrome
c reduction over a time course (0, 5, 15 minutes) in
the presence of 2-5 mg/ml (g/l) of STZ or IgTZ.

PATIENTS AND CONTROLS
Eighteen healthy hospital and laboratory employees
(five male, 13 female) mean age 33-5 years (range
23-64), and 21 patients with classical or definite
RA22 (seven male, 14 female) mean age 51-4 years
(range 34-73) were studied. The inclusion criteria
for patients entering the study were active disease
requiring second-line therapy as judged by early
morning stiffness (EMS) > 1 h, erythrocyte sedi-
mentation rate (ESR) > 30 mm/lst h (Westergren),
and the presence of active synovitis in more than
four joints or groups of joints. All patients had
received only non-steroidal anti-inflammatory drugs
(NSAIDs) in the three months before entry into the
study. Twelve patients received AuTM 50 mg/week
intramuscularly; nine received penicillamine in a
dose of 125 mg/day, increasing by 125 mg incre-
ments at monthly intervals.
Measurement of the rate constant (K) for in vitro

monocyte superoxide anion production, ESR,
haemoglobin, white cell count, rheumatoid factor,
and serum total free thiols by Ellman's method23
were undertaken before commencing therapy, at
three to four months after starting therapy, and in
the case of patients showing no or indefinite
response to therapy again after six months of
therapy. A clinical assessment of the patient was
made at each of the time intervals which included
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Table 1 Clinical score*

Score +1 0 -J

ESR Fail in ESR >25 mnI/st h Fall in ESR <25 mnmlst h Rise in ESR >10 mnllst h
or normal ESR

EMS Fail in EMS >2 h No change Rise in EMS or
or EMS <1 h EMS >4 h

Global Better No change Worse

*Maximum score=+3; minimum score=-3.

duration of EMS and a global assessment of the
patients response to therapy (better, worse, or no
change).
The success or failure of therapy was judged by a

composite clinical score based on change in EMS,
ESR, and a global assessment of response to therapy
(Table 1). A total score of + 1 or more was judged a
response and 0 or less a failure. Each individual
study was terminated when the patient was judged
to have responded or had received six months'
therapy without improvement. Three patients were
withdrawn from the study; one patient on penicilla-
mine did not wish to continue participating after 10
weeks, two patients on AuTM developed rashes
necessitating withdrawal of therapy. The ex-
perimental data on these three patients are pre-
sented separately.

Students' t test, either paired or unpaired, was
used for statistical comparisons wherever appro-
priate.

Results

CLINICAL STUDIES
There was no significant difference in disease
activity between the responders and non-responders
before therapy as judged by duration of early
morning stiffness (EMS) or erythrocyte sedimenta-
tion rate (ESR) (Table 2). All patients were strongly
seropositive for rheumatoid factor (RF), except for
one non-responder who was seronegative. All pa-
tients continued with the same NSAID therapy
during the period of study.

Table 2 Disease activity before therapy in responders (R)
and non-responders (NR)

R (n=14) NR (n=4)

ESR (mm/lst hour) 74.4+5-9* 72-0±17-3
EMS (hours) 3-3±0-29 3-25±0-75

*Values are mean±SEM.

RESPONSE TO THERAPY
Responders to second-line therapy showed signifi-
cant falls in ESR and log titre of rheumatoid factor
and improvement in clinical score; the number of
non-responders is too small for statistical analysis,
but these subjects showed no fall in ESR or log titre
of rheumatoid factor and a deterioration in clinical
score (Fig. 1).
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Fig. 1 Changes in ESR, rheumatoidfactor (RF) titre, and
clinical score in responders (R) and non-responders (NR) to
second-line therapy. Responders showed significantfalls in
ESR and log titre ofRFand improvement in clinical score,
whereas non-responders did not.
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SUPEROXIDE ANION PRODUCTION
There was no significant difference in rates of
stimulated monocyte superoxide anion production
between normal controls or responders to second-
line therapy before starting treatment. However,
after therapy a significant rise was seen in rates of
superoxide release by monocytes from 'responders'
when stimulated with either STZ (p<0-01) or IgTZ
(p<0-02). The number of non-responders is too
small for statistical analysis, but it can be seen that
the mean rate of superoxide release by monocytes
from the four non-responders was high both before
and after therapy (Fig. 2).

Levels of serum thiols in responders were signifi-
cantly lower than those of controls before therapy
(p<O-Ol) and rose significantly (p<O.Ol) after ther-
apy to normal levels. The changes are thus concor-
dant with superoxide production by monocytes from

responders. In two of the four non-responders levels
of serum thiols were essentially unchanged after
therapy, while in the other two a rise in thiols was
seen. The mean increase in serum thiols in non-
responders (50 gM) was half that of the responders
(100 gM) (Fig. 2).

WITHDRAWALS FROM STUDY
Three patients withdrew from the study.

Patient A declined to participate in the study after
10 weeks of therapy but none the less wished to
continue penicillamine. By the 10th week a sharp
rise in serum thiols and rates of stimulated superox-
ide release had occurred, but it was not clear at that
stage whether the patient was responding clinically
to penicillamine therapy. At follow up four months
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Fig. 2 Change in rates ofstimulated monocyte superoxide
production in vitro and serum thiol levels in controls and
RA patients. After second-line therapy monocytesfrom
responders (R) show a significant rise in rates ofsuperoxide
production in vitro which is paralleled by a significant rise in
serum thiols. Monocyte superoxide production by
monocytes from non-responders was high before and
after therapy, and a small rise was seen in serum thiol
levels.
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Fig. 3 Serum thiol levels and rates ofmonocyte superoxide
production in three patients withdrawn from the study.
PatientA showed a rise in thiols and rates ofsuperoxide
production at 10 weeks oftherapy comparable to the
responder group ofpatients. This patient subsequently
underwent complete remission. Patient B had already
started on chloroquine at the time ofthe second set of
measurements. Only pretreatment values are available for
patient C.
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after commencing penicillamine he was found to be
in clinical remission with no EMS and normal ESR.
The initial rise in serum thiols and rate of superoxide
release follow those of the responder group (Fig. 3).

Patient B developed a skin rash after 230 mg of
AuTM and was started on hydroxychloroquine 400
mg/day by her attending physician; the latter drug
was introduced four days before the second
measurement of superoxide anion generation.
Serum thiol levels and rates of superoxide release
fell in this patient (Fig. 3).

Patient C developed a skin rash on treatment with
AuTM. Only pretreatment values of serum thiols
and superoxide production are available (Fig. 3).

Discussion

We have previously found16 that monocytes from
RA patients on second-line therapy unexpectedly
showed enhanced superoxide release in response to
opsonised zymosan compared with normal controls
or patients on NSAIDs alone. Although the effect
did not appear to be due to increased disease
activity, this possibility could not be satisfactorily
excluded. No increase was seen in response to
fluoride ion, a biochemical stimulus which does not
involve membrane receptors, and it therefore
seemed likely that surface receptors which bind
opsonised zymosan were involved in mediating the
increased superoxide release. No differences were
found either in basal unstimulated levels of superox-
ide production or in levels of 'non-dismutase inhibit-
able' reducing activity (i.e. cytochrome c reduction
not attributable to superoxide anion). Furthermore
AuTM and penicillamine had no enhancing effect
on monocyte superoxide production in vitro (unpub-
lished observations), suggesting that the mechanism
of the in vivo effect is indirect.
The results we now report confirm that the

capacity of blood monocytes to generate superoxide
anion in response to zymosan opsonised with serum
or IgG increases during successful therapy with
AuTM or penicillamine and is not related to
increased disease activity. Furthermore, this in-
crease is accompanied by a rise in serum free thiol
levels. An identical pattern was seen after one
month in one of the patients who withdrew from the
experimental part of the study, but continued with
and later responded to penicillamine treatment.
Although the number of 'non-responders' is small,
the data suggest that monocytes from these indi-
viduals behave differently. The mean rate of super-
oxide generation by monocytes from non-
responders was high both before and after therapy
and suggests a possible biological difference be-
tween the responder and non-responder group of

patients. In the responder group the association of
enhanced monocyte free radical release in vitro with
reduction in disease activity and rise in serum free
thiols raises some important questions concerning
the mode of action of penicillamine and AuTM and
the role of mononuclear phagocyte derived oxygen
free radicals in RA.
The mechanisms by which penicillamine and

AuTM might be acting (directly or indirectly)
include enhancement of monocyte membrane recep-
tor expression, enhancement of the biochemical
mechanisms linking receptors to the membrane
superoxide generating system, or a combination of
both. Previous workers have shown increased
monocyte Fc receptor (FcR) expression and in-
creased antibody-dependent cell cytotoxicity in a
vanet4 of chronic inflammatory diseases including
RA, 26 and this may reflect enhancement of
subclasses of FcR which mediate respiratory burst
activity.27 28 Increased FcR expression and oxygen
free radical release are manifestations of phagocyte
activation and occur in response to a variety of
chronic inflammatory stimuli.29 Thus one interpreta-
tion of our data is that second-line agents act by
enhancing mechanisms of phagocyte activation in
patients in whom these mechanisms have been
impaired. Paradoxically, impairment of the superox-
ide generating system might occur during chronic
inflammation as a consequence of free radical
release by phagocytes. For example, receptor-
dependent superoxide release in phagocytes re-
quires S-adenosyl methionine dependent methyla-
tion reactions,30 but this process may be inhibited
during the respiratory burst by oxidation of subs-
trate methionine to methionine sulphoxide.31 32 The
precise role of such methylation reactions has yet to
be fully defined but includes: (a) methylation of
phosphatidyl ethanolamine to phosphatidyl choline,
a reaction which is believed to be important in
maintaining membrane fluidity and supporting
transmembrane signalling,33 and (b) carboxy-O-
methylation of membrane glycoproteins, a reaction
which has a role in determining the functional state
of such proteins.34 Further evidence to support the
concept that monocytes may be damaged by oxygen
free radicals has been provided by McKeown et al.35
They have shown that monocytes from RA patients
display poor accessory cell function compared with
normal controls or RA patients receiving D-
penicillamine. Furthermore the abnormality could
be corrected in vitro by treating defective monocytes
with the simple thiol compound 2-mercaptoethanol
and, conversely, reproduced by treating normal
monocytes with the sulphydryl blocking agent,
p-hydroxymercuriphenylsulphonic acid.
Whatever the interpretation, our observations
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raise important questions concerning the biological
role of monocyte derived free radicals and contra-
dict the widely held assumption that oxygen free
radicals, regardless of their source, are necessarily
deleterious. For example, the ability of mononu-
clear phagocytes to generate oxygen free radicals is
clearly of importance in the killing of a number of
obligate intracellular bacteria and parasites,7 36 and
enhancement of this function is a feature of mono-
cyte activation in vivo36 and in vitro.37 The involve-
ment of oxygen free radicals during interaction of
macrophages with T and B cells is controversial.
Some studies suggest that T cell anergy may be a
consequence of excessive macrophage hydrogen
peroxide and prostaglandin E production.8 How-
ever, there is also evidence that T lymphocyte
mitogenesis can be inhibited by free radical scaven-
gers and furthermore that inhibition is more marked
with macrophage-dependent mitogens.39 Other ex-
periments have demonstrated that oxidising agents
not only stimulate T lymphocyte proliferation but
also generate suppressor cell activity, thereby in-
hibiting B cell immunoglobulin synthesis.40 Thus
failure of macrophage activation and poor oxygen
free radical responses might have a role in the
abnormal immunoregulation associated with auto-
immune processes. The initiating cause of RA is
unknown, but the pattern and spectrum of immune
responses bear a strong resemblance to those of
chronic infectious disease such as leprosy,4' in which
there is a correlation between macrophage activa-
tion and the immune status of the host. Thus
changes in activation of mononuclear phagocytes
and their capacity for oxygen free radical generation
may also reflect alterations in the immunological
spectrum of RA which accompany therapy with
drugs such as penicillamine.42

In conclusion our data confirm that penicillamine
and gold therapy in RA enhances receptor mediated
superoxide generation by monocytes, though the
mechanism is not clear. These observations raise
important questions about the inflammatory and
immunoregulatory role of superoxide anion during
the rheumatoid process. Studies are now in progress
to determine whether enhanced superoxide release
reflects biochemical or immunological mechanisms
or possibly both.

This work was supported by grants from the Arthritis and
Rheumatism Council. We are indebted to Ms B Bessac for skilful
technical assistance.
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