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Mitochondrial dysfunction contributes to cell damage 
in a number of human diseases. One significant mech- 
anism by which mitochondria damage cells is by pro- 
ducing reactive oxygen species from the respiratory 
chain. In this study we measured the production of 
reactive oxygen species by leukocyte mitochondria in 
blood from rheumatoid arthritis patients. To do this 
we used the chemiluminescence of lucigenin, which is 
accumulated by mitochondria within cells and reacts 
with superoxide to form a chemiluminescent product. 
By using specific inhibitors we could distinguish be- 
tween the production of reactive oxygen species by 
mitochondria and by NADPH oxidase. There was a 
five-fold increase in mitochondrial reactive oxygen 
species production in whole blood and monocytes 
from patients with rheumatoid arthritis, when com- 
pared to healthy subjects or patients with non- 
rheumatic diseases. There was no increase in mito- 
chondrial reactive oxygen species production by 
neutrophils from rheumatoid arthritis patients. The 
enhanced mitochondrial radical production in 
rheumatoid arthritis patients correlated significantly 
with increased levels of tumor necrosis factor alpha in 
plasma (p<O.OoOl). As tumor necrosis factor alpha is 
known to increase mitochondrial reactive oxygen spe- 
cies production the elevated mitochondrial radical 

formation seen in rheumatoid arthritis patients may 
be due to activation of the mitochondrial radical pro- 
duction. These data suggest that elevated mito- 
chondrial oxidative stress contributes to the pathology 
of rheumatoid arthritis. 

Key words: mitochondrial oxidative stress, reactive oxygen 
species, lucigenin chemiluminescence, rheumatoid arthritis, 
tumor necrosis factor alpha, respiratory chain inhibitors 

Abbreviations: Cl, chemiluminescence; cph, counts per hour; 
DMSO, dimethylsulfoxide; DPI, diphenylene iodoniumchlor- 
ide; GSH, gluathione; IL, interleukin; lucigenin, bis-N- 
methylacridinium nitrate; IntD, Internal diseases; Mn-SOD, 
manganese superoxide dismutase (EC 1.15.1.1); NF-KB, nu- 
clear factor kappa 8; RA, rheumatoid arthritis; ROS, reactive 
oxygen species; TNF-a, tumour necrosis factor 

INTRODUCTION 

The pro-inflammatory cytokine tumor necrosis 
factor alpha (TNF-a) plays a crucial role in the 
regulation of the cytokine network during the 
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development of arthritis (reviewed in Patients 
with inflammatory or autoimmune rheumatic dis- 
eases have increased levels of circulating TNF-a4 
and transgenic mice overexpressing this cytokine 
develop arthritis spontaneously at about four 
weeks of age.5 Recently, we have shown that the 
high levels of plasma TNF-a in rheumatoid arth- 
ritis patients primes their neutrophils and mono- 
cytes so that on stimulation they produce 
substantially more reactive oxygen species (ROS) 
than control phagocytes.- Therefore, one way in 
which increased levels of TNF-a may contribute 
to the development of rheumatoid arthritis is by 
stimulating ROS production by phagocytic 
NADPH oxidases. 

Mitochondria are another major source of ROS 
in biological systems' and about 2 4 %  of the oxy- 
gen consumed by mitochondria is converted to 
superoxide as a by-product of normal respira- 
tion." In pathological situations, such as during 
ischaemia-reperfusion and exposure to toxins, 
mitochondrial superoxide production increases 
substantially." This increase in mitochondrial 
oxidative stress causes mitochondrial dysfunction 
and cell damage" and may contribute to human 
diseases including neurodegenerative disorders 
such as Alzheimer's, Parkinson's and Hunting- 
ton's diseases and amyotrophic lateral sclerosis, 
stroke, epilepsy, ageing and the AIDS dementia 
~ o m p l e x . ~ ~ - ~ ~  

Mitochondria1 superoxide production by the 
respiratory chain is stimulated by TNF-a via an 
unknown me~hanisrn.','~ The increased mito- 
chondrial ROS production in rheumatoid arthritis 
may be caused by elevated plasma TNF-a, and 
this may contribute to the pathology of this dis- 
ease. Supporting this, multiple deletions of mito- 
chondrial DNA have been detected in patients 
with polymyalgia rheumatica, an inflammatory 
disease with similarities to rheumatoid arthriti~.'~ 

To measure mitochondrial radical production 
within intact cells we used the chemiluminescence 
of lucigenin (bis-N-methylacrindinium nitrate).I6 
This compound easily permeates membranes 
and, because of its positive charge, accumulates 

into the negatively charged mitochondrial matrix 
driven by the membrane p0tentia1.I~ Lucigenin 
reacts specifically with superoxide to form a 
chemiluminescent product which can be detected 
in a luminometer. Therefore, lucigenin is a rela- 
tively specific probe for mitochondrial superoxide 
production within intact  cell^.'^,'^ 

The role of mitochondrial oxidative stress in 
rheumatoid arthritis (RA) has not been investi- 
gated. Our study shows that mitochondrial ROS 
production increases more than five-fold in whole 
blood and monocytes, but not in neutrophils from 
patients with RA. This increase in mitochondrial 
ROS production correlates with an increase in 
plasma levels of TNF-a. These data suggest that 
mitochondrial oxidative stress may contribute to 
the pathogenesis of rheumatic diseases. 

MATERIALS AND METHODS 

Study cohort 
Thirty-five patients with clearly diagnosed 
rheumatoid arthritis" were recruited from the 
rheumatology unit at Charite hospital, Berlin. 
Thirty age and sex-matched healthy colleagues on 
the laboratory and hospital staff served as healthy 
controls. Thirty-two patients with non-rheumatic 
internal diseases (IntD) served as disease controls. 
Of these, 6 had autoimmune hepatitis, 7 neo- 
plasms of various organs, 5 obstructive lung dis- 
eases, 5 inflammatory gastritis, cholongitis or 
abscesses, 4 heart diseases, 2 diabete s mellitus and 
3 with Neisseriu gonorrhoe infections. 

Chemicals 
RPMI 1640 without phenol red was obtained from 
Gibco, Paisley, Scotland. Unless indicated other- 
wise all other reagents were purchased from 
Sigma-Aldrich. 

Monocyte and neutrophil isolation 
Blood was drawn by venipuncture and collected 
in polystyrene tubes coated with 10 mM EDTA. 
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For determination of whole blood chemilumines- 
cence the blood was stored at room temperature 
and used without further treatment. For prepara- 
tion of lymphocytes and neutrophils blood was 
diluted with an equal volume of RPMI 1640 which 
did not contain phenol red. Lymphocytes and 
neutrophils were separated by Histopaque 
1119/1077 density gradient centrifugation (700 x 
g for 30 min at 25°C). Contaminating erythrocytes 
were lysed with ice-cold 0.155 M NH1C1/0.01 M 
KHC03/0.1 mM EDTA, pH 7.4, and the cells were 
then washed twice with RPMI 1640. Monocytes 
were separated from lymphocytes by adherence 
to plastic Petri dishes for 90 min at 37°C in'an 
atmosphere of 5% CO2/95% air. Both neutrophils 
and monocytes were counted using a haemocyto- 
meter and diluted with RPMI 1640 to 1 x lo6 
cells/ml and stored at room temperature. Via- 
bility was always greater than 95% by trypan blue 
exclusion. All experiments were initiated within 
two hours of bleeding. 

Lucigenin-derived chemiluminescence of 
isolated monocytes, neutrophils and whole 
blood 

Neutrophils or monocytes (2 x lo5 cells), or 100 pl 
EDTA-treated whole blood containing 2.5-3.0 x 
lo6 neutrophils and 2.2-3.4 x lo5 monocytes per 
ml were added to 600 pl RPMI 1640 medium in 
a 5 ml plastic tube (Sarstedt, Germany). 
Lucigenin (100 pl) was added to the mixture 
from a 1 mM stock solution in RPMI 1640 to give 
a final concentration of 100 pM. A diphenylene 
iodoniumchloride (DPI) stock solution (50 pM) 
was prepared by dissolving DPI in a minimal 
volume of dimethylsulfoxide (DMSO) which was 
then diluted in RPMI 1640. This DPI stock (100 
pl) was added to the mixture to give a final 
concentration of 5 pM. The chemiluminescence 
was measured in a Berthold 953 luminometer 
(Wildbad, Germany) at 37°C for 1 h and inte- 
grated."" The respiratory chain inhibitors rote- 
none, antimycin A and oligomycin were 
dissolved in DMSO and diluted with RPMI 1640 

to give a DMSO concentration of 0.05% (v/v) in 
the stock solutions. Stock solutions of KCN were 
prepared in RPMI 1640. 

Tumor necrosis factor alpha 

The concentration of TNF-a in patients' plasma 
was determined using an alkaline phosphatase- 
linked immunosorbent assay kit (Immunotech, 
Marseille, France) in accordance with the suppli- 
ers recommendations. Plasma was obtained by 
centrifugation of EDTA-anticoagulated blood for 
15 min at 1000 x g at 25°C. Duplicate plasma 
samples were read within 2 h of collection and 
compared to a calibration curve obtained with 
human recombinant TNF-a. 

Statistical analysis 

All data were analysed with Mann-Whitney's 
nonparametic test using the lnstut 2.02 program 
(GraphPad, San Diego, CA) for Apple/Macintosh 
and are presented as means f standard deviations 
(SD). P4.05 was considered significant. 

RESULTS 

Lucigenin-derived chemiluminescence of 
whole blood 
Thirty-five samples of EDTA-anticoagulated 
blood from patients with rheumatoid arthritis 
were examined for their ability to generate 
lucigenin chemiluminescence as an indication of 
their rate of production of ROS (Figure 1A). 
These were compared with thirty age- and sex- 
matched blood samples from healthy controls 
and thirty two blood samples from patients with 
non- rheumatic diseases. Healthy controls 
showed an average chemiluminescence of 1.0 f 
0.6 x lo6 cph. In blood from patients with 
rheumatoid arthritis the chemiluminescence was 
increased more than 5-fold to 5.5 f 3.5 x lo6 cph, 
which was significantly greater than whole 
blood chemiluminescence from both healthy and 
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Rheumatoid Internal Healthy 
Arthritis Diseases Controls 

I 

Rheumatoid Internal Healthy 
Arthritis Diseases Controls 

FIGURE 1 Lucigenin-derived chemiluminescence of (A) whole blood and (B) neutrophils and monocytes from patients with 
rheumatoid arthritis and from control subjects. (A) Blood samples from patients with rheumatoid arthritis (n = 35), healthy controls (n = 
30), and subjects with non-rheumaticdiseases (n = 32) were examined for their ability to generate chemiluminescence. Duplicate samples 
were read within two hours of collection and compared to both healthy and non-rheumatic disease controls. The data are presented as 
means f standard deviations. @) The lucigenin chemiluminescence of neutrophils and monocytes isolated from blood from patients 
with rheumatoid arthritis, healthy controls, and subjects with non-rheumatic diseases was recorded. Each sample was measured in 
duplicate and the data are presented as means f standard deviation. Data from experiments with monocytes are shown by open bars 
and data for neutrophils are shown by closed bars. * p<0.05, ** pc0.01, *** p~0.001, pS.05 not significant (ns). 

non-rheumatic disease controls (p<O.OOOl; Figure 
1A). The chemiluminescence of non-rheumatic 
disease controls was 2.2 f 1.2 x lo6 cph, which 
was also significantly greater than blood from 
healthy controls (p<O.OOOl), but substantially less 
than the chemiluminescence of blood from pa- 
tients with rheumatoid arthritis. 

Lucigenin-derived chemiluminescence of 
neutrophils and monocytes 

To determine the source of the chemilumines- 
cence, neutrophils and monocytes were separ- 
ated from blood (Figure 1B). The increased 
chemiluminescence seen in whole blood from 
patients with rheumatoid arthritis was also seen 
in isolated monocytes and neutrophils. For iso- 
lated monocytes from healthy individuals the 
chemiluminescence was 1.3 f 1.1 x lo7 cph, which 
increased 4.6-fold to 6.0 f 1.2 x lo7 cph in mono- 
cytes of RA patients and was significantly greater 

than the chemiluminescence of monocytes from 
healthy controls (p<O.OOOl). This increase in 
chemiluminescence is similar to that found in 
unseparated blood (Figure 1A). The value for the 
chemiluminescence of monocytes from non- 
rheumatic disease controls was 1.5 f 0.9 x 
lo7 cph, which was not significantly higher than 
the chemiluminescence of healthy controls. The 
chemiluminescence of RA patients was also sig- 
nificantly greater than that of monocytes from 
non-rheumatic disease controls (p<O.OOOl). Iso- 
lated neutrophils gave chemiluminescence of 
2.7f 0.9 x lo7 cph, which was 1.8-fold greater 
and significantly different from the chemilumi- 
nescence of healthy controls, which was 1.5 f 
0.9 x lo7 cph (p<O.OOOl). The chemiluminescence 
of non-rheumatic disease controls was 1.8 f 0.7 x 
lo7 cph, which was significantly lower than that 
obtained from patients with rheumatoid arthritis 
but was not significantly different from healthy 
control subjects (p = 0.125). 
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FIGURE 2 Inhibition of lucigenin chemiluminescence by 
diphenylene iodonium chloride @PI). Lucigenin-derived chemi- 
luminescence was measured in whole blood, neutrophils and 
monocytes isolated from 35 RA-patients. The samples were in- 
cubated with various concentrations of DPJ and the chemilumi- 
nescence recorded as described in the materials and methods 
section. Samples were assayed in duplicate and data are pre- 
sented as means f standard deviations. 

Decrease of chemiluminescence by inhibition 
of NADPH oxidase 

Whole blood, neutrophils or monocytes from RA- 
patients were incubated with increasing concen- 
trations of the NADPH oxidase inhibitor DPI to 
eliminate superoxide production by this enzyme" 
(Figure 2). 

Treatment with DPI eliminated up to 20% of 
the chemiluminescence of whole blood (Figure 2). 
This inhibition was greater than that found in 
whole blood from controls (data not shown) in 
agreement with our earlier reports that NADPH 
oxidase activity is primed by pro-inflammatory 
cytokines like TNF-a in patients with rheumatic 
diseasesa In isolated neutrophils the DPI inhibi- 
tion of chemiluminescence was similar to that 
seen in whole blood, indicating a slight activation 
of the oxidative burst of these cells due to the 
isolation procedure.*' In contrast, DPI did not sig- 
nificantly affect the chemiluminescence of iso- 
lated monocytes, suggesting that more than 90% 
of the chemiluminescence produced by mono- 

cytes comes from some other source than NADPH 
oxidase. 

Inhibition of chemiluminescence by 
mitochondrial respiratory chain inhibitors 

As lucigenin is known to report mitochondrial 
ROS it is probable that the chemi- 
luminescence which cannot be inhibited by DPI 
arises from mitochondria. To test this possibility 
whole blood, nionocytes and neutrophils were 
incubated with mitochondrial inhibitors and the 
effect of these inhibitors on lucigenin chemilumi- 
nescence was measured (Figure 3). The inhibitors 
used were rotenone, an inhibitor of complex I, 
antimycin A, an inhibitor of complex 111, KCN an 
inhibitor of complex IV and oligomycin, an inhib- 
itor of F&-ATP synthase. 

Incubation of whole blood from RA patients 
with the respiratory chain inhibitors rotenone, 
antimycin and KCN decreased the lucigenin 
chemiluminescence, suggesting a requirement for 
functional mitochondria in lucigenin chemilumi- 
nescence (Figure 3A). In contrast, oligomycin, 
which inhibits mitochondrial ATP synthesis but 
does not directly affect the respiratory chain, did 
not affect chemiluminescence significantly. When 
this experiment was repeated with monocytes iso- 
lated from RA patients the trend of decreasing 
chemiluminescence in the presence of respiratory 
chain inhibitors was even more evident than in 
whole blood (Figure 3B). In monocytes increasing 
concentrations of respiratory chain inhibitors 
caused a dose dependent inhibition of chemilumi- 
nescence. The maximum inhibition of chemilumi- 
nescence (970/0) occurred when the complex I11 
inhibitor antimycin A was used. In contrast to the 
results obtained with the respiratory inhibitors, 
butconsistent with thoseobtained in whole blood, 
inhibition of FOFl ATP synthase by oligomycin 
resulted in only a minor decrease in chemilumi- 
nescence. When these experiments were repeated 
using neutrophils the decrease of chemilumines- 
cence caused by both respiratory inhibitors and 
oligomycin was small, suggesting that most of the 
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FIGURE 3 Inhibition of lucigenin chemiluminescence by mito- 
chondrial inhibitors in (A) whole blood, (8) monocytes and (C) 
neutrophils isolated form patients with rheumatoid arthritis. 
Whole blood, monocytes or neutrophils fiom RA-patients were 
incubated with different concentrations of various mitochondria1 
inhibitors and the lucigenin-derived chemiluminescence mea- 
sured as described in the materialsand methods section. Samples 
were measured in duplicate and the data are presented as means 
f standard deviations. 

FIGURE 4 Correlation of lucigenin chemiluminescence in 
whole blood (A), monocytes (B) and neutrophils (C) with plasma 
levels of tumor necrosis factor alpha. Lucigenin chemilumines- 
cence of whole blood, monocytes and neutrophils from RA-pa- 
tients was measured as described in the legend to Figure 3. The 
chemiluminescence was plotted against the concentration of 
TNF-a in plasma from RA-patients. Pearson’s correlation coeffi- 
cient (r) was used for the linear correlation of data. Pe0.05 was 
considered significant. 
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inhibition of chemiluminescence seen in whole 
blood was due to inhibition of monocyte ROS 
production. 

Correlation of lucigenin chemiluminescence 
with plasma concentration of TNF-a 

The concentration of TNF-a in plasma from RA- 
patients was measured by an immunosorbent 
assay. As has been shown previously the concen- 
tration of TNF-a increased substantially in pa- 
tients with rheumatoid ar thr i t i~ .~‘~ In this study the 
plasma concentrations of TNF-a for RA-patients 
were in the range of 75-1700 pg/ml with a mean 
value of 430 k 380 pg/ml. In most healthy control 
subjects the concentration of TNF-a was less than 
25 pg/ml, the detection limit of the assay. To 
determine whether there was any correlation be- 
tween the elevated TNF-a concentrations and 
lucigenin chemiluminescence, the chemilumines- 
cence was plotted against the concentration of 
TNF-a (Figure 4). For both whole blood (Figure 
4A) and monocytes (Figure 4B) there was a posi- 
tive and significant correlation between the con- 
centration of TNF-a and lucigenin chemilumi- 
nescence (r values of 0.69 and 0.78, respectively; 
pcO.001 in both cases). In contrast, for isolated 
neutrophils there was no significant correlation 
between the concentration of TNF-a and chemi- 
luminescence (Figure 4a). 

DISCUSSION 

Increased oxidative stress plays a significant role 

this study we used the chemiluminescence of 
lucigenin to measure the production of ROS in 
whole blood, and in isolated neutrophils and 
monocytes, from rheumatoid arthritis patients. 
Our data show that the ROS production in 
rheumatoid arthritis patients is more than 5-fold 
greater than in either healthy control subjects or in 
patients with non-rheumatic diseases. Monocytes 
and neutrophils isolated from the blood of 

in the pathology of rheumatoid artluitis.a8’2Gu In 

rheumatoid arthritis patients showed that mono- 
cyte chemiluminescence but not that due to 
neutrophils increased significantly in rheumatoid 
arthritis patients. Therefore, much of the in- 
creased whole blood chemiluminescence found in 
rheumatoid arthritispatients is caused by stimula- 
tion of monocyte ROS production. 

The elevated ROS production by whole blood 
and monocytes from rheumatoid arthritis patients 
correlated with increased plasma concentrations 
of TNF-a, in agreement with earlier studies.R Ex- 
tending this earlier finding we have shown that 
there was a significant positive correlation be- 
tween plasma TNF-a concentration and ROS pro- 
duction in both whole blood and monocytes from 
rheumatoid arthritis patients. A correlation be- 
tween ROS production and plasma TNF-a is con- 
sistent with an earlier study which showed that 
transgenic mice overexpressing TNF-a develop 
arthritis spontaneously at about four weeks of age, 
and that a monoclonal antibody against TNF-a 
can suppress this Recently, we showed 
that thalidomide, an inhibitor of TNF-a signal 
transduction, prevents the development of colla- 
gen type I1 induced arthritis in mice.” These data 
indicate that TNF-a plays a key role in the patho- 
genesis of rheumatic diseases. 

Elevated TNF-a production in rheumatoid 
arthritis patients causes activation of NADPH 
oxidase. Earlier, we showed that this enzyme is 
indeed primed by TNF-a, increasing its sensitivity 
to stimuli that enhance ROS production by 
NADPH oxidase.- Such priming of NADPH oxi- 
dase may contribute to rheumatoid arthritis path- 
ology in viva  However, the increased ROS 
production by unstimulated monocytes reported 
here was insensitive to DPI, an inhibitor of 
NADPH oxidase.” Therefore, we suggest that the 
ROS production originates from mitochondria, 
which are an important source of reactive oxygen 
species in vivaz6 The respiratory chain loses elec- 
trons from two sites to react with oxygen forming 
superoxide? One of these sites is associated with 
NADH dehydrogenase (complex I) and the other 
is associated with complex 111. Mitochondria1 
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radical production increases in a number of patho- 
logical situations, including ageing, and can be 
induced by ischaemia-reperfusion and toxins." 

The positively charged lucigenin molecule is 
accumulated several hundred-fold into mito- 
chondria within cells16 and lucigenin chemilumi- 
nescence is an indication of mitochondrial radical 
prod~ction.'~ Therefore, the increase in lucigenin 
chemiluminescence may be due to an increase in 
mitochondrial radical production in monocytes 
from rheumatoid arthritis patients. Respiratory 
chain inhibitors, which block mitochondrial elec- 
tron transport and deenergise mitochondria, 
strongly suppress lucigenin chemiluminescence 
in whole blood and monocytes from rheumatoid 
arthritis patients. The decrease in lucigenin chemi- 
luminescence caused by respiratory chain inhibi- 
tors is an apparent paradox, as the respiratory 
inhibitors antimycin and rotenone have been 
shown to increase mitochondrial radical produc- 
tion? One possibility is that a stimulation of mito- 
chondrial radical production by respiratory 
inhibitors may also occur in our experiments. 
However, inhibition of the respiratory chain will 
also deenergise the mitochondria, releasing 
lucigenin from the mitochondrial matrix, where it 
is usually retained by the membrane potential. As 
the concentration gradient for positively charged 
lipophilic compounds across the mitochondrial 
inner membrane may be several hundred-fold, 
even if the respiratory inhibitors increase mito- 
chondrial radical production, the decrease in con- 
centration of lucigenin in the mitochondrial 
matrix on depolarisation will cause a reduction in 
chemiluminescence. 

Consistent with this interpretation oligomycin, 
an inhibitor of mitochondrial FoF1-ATPsynthase, 
does not decrease lucigenin chemiluminescence. 
Inhibition of ATP synthesis does not deenergise 
the mitochondria and therefore a high concentra- 
tion of lucigenin will be retained within the 
mitochondria. This lack of inhibition of chemi- 
luminescence by oligomycin also indicates that 
the decrease in lucigenin chemiluminescence is 
not due to a decrease in cytosolic ATP concentra- 

tion. The lucigenin chemiluminescence assay de- 
scribed here has considerable potential as a rapid 
and convenient screen for oxidative stress-related 
mitochondrial dysfunction in patients with arth- 
ritis and other diseases; a major advantage is that 
large numbers of blood samples can be analysed 
rapidly. 

The mechanism of activation of mitochondrial 
ROS production is unclear, but as radical produc- 
tion correlates with an increased plasma concen- 
tration of TNF-a it is plausible that TNF-a 
stimulates mitochondrial ROS production. Con- 
sistent with this interpretation TNF-a induces 
mitochondrial radical production by an unknown 
me~hanism.~,'~," Increased mitochondrial radical 
production will result in oxidative damage to the 
cell, and cause mitochondrial calcium efflux and 
depolarisition.28 Mitochondria1 oxidative stress 
may contribute to the pathology of rheumatoid 
arthritis by increasing cytosolic oxidative stress, 
subsequently activating the transcription factor 
NF-KB, which stimulates the further expression of 
TNF-a.29-31 We are currently investigating the 
molecular mechanisms by which TNF-a enhances 
mitochondrial oxidative stress in experimental 
models of arthritis, and determining whether 
mitochondrial oxidative stress increases the 
expression of TNF-a. 

Acknowledgments 
This work was supported from grants from the Deutscher 
Akademischer Austauschdienst (RM) and the Health Research 
Council of New Zealand (MPM). We thank Dr Mike Eccles and 
Mike Packer, Department of Biochemistry, University of 
Otago, Dunedin, for their helpful comments on the 
manuscript. 

References 
1.  B. Beutler and A. Cerami (1989) The biology of 

cachectin/TNF a primary mediator of the host response. 
Annual Review of lrnniunology, 7,625-655. 

2. W. Fiers (1991) Tumor necrosis factor. Characterization at 
the molecular, cellular and in vivo level. F E E S  Letters, 285, 
199-212. 

3. B. Beutler (1992) Tumor necrosis factors: The molecules 
and their emerging role in medicine. Raven Press, New 
York. 

4. C. Tetta, G. Camussi, V. Modena, C. Di Vittorio and 
C. Baglioni (1990) Tumor necrosis factor in serum and 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MITOCHONDRIAL OXIDATIVE STRESS AND RHEUMATOID ARTHRITIS 169 

synovial fluid of patients with active and severe rheuma- 
toid arthritis. Annals of Rheumatic Disease, 49,665-667. 

5. L. Aloe, L. Probert, G. Kollias, L. Bracci-Laudieri, 
M.G. Spillantini and R. Levi-Montakini (1993) The synov- 
ium of transgenic arthritic mice expressing human tumor 
necrosis factor contains a high level of nerve growth fac- 
tor. C r m f h  Facfors, 9,149-155; 1993. 

6. R. Miesel, R. Hartung, M. Zuber and H. Kroger (1995) 
Total radical-trapping antioxidative capacity of plasma 
and whole blood chemiluminescence in patients with in- 
flammatory and autoimmune rheumatic diseases. Redox 
Reporf, 1,323-330. 

7. R. Miesel, H. Kroger, N. Ulbrich, M. Kurpisz, A. Dietrich, 
M. Ohde and B. Brandl (1994) Modulation of arthritis by 
suppression of proinflammatory responses of phagocytes 
by an active center analogue of superoxide dismutase. 
Zeifschrg Rheumafology, 53,21. 

8. R. Miesel, R. Hartung and H. Kroger (1996) Priming of 
NADPH oxidase by tumor necrosis factor alpha in pa- 
tients withinflammatory and autoimmunerheumaticdis- 
eases. Inflammation, in press. 

9. T. Hennet, C. Richter and E. Peterhans (1993) Tumor 
necrosis factor-a induces superoxide anion generation in 
mitochondria of L929 cells. Biochemical Iournal, 289, 

10. H. Noh1 and W. Jordan (1986) The mitochondrial site of 
superoxide formation. Biochemical and Biophysical Research 
Communications, 138,533-539. 

11. M.K. Shigenaga, T.M. Hagen and B.N. Ames (1994) Oxi- 
dativedamageand mitochondrialdecay inaging. Proceed- 
ings of fhe  Nafional Academy of Sciences USA, 91, 

12. P. Lestienne and N. Bataille (1994) Mitochondria1 DNA 
alterations and genetic diseases: a review. Biomedicine and 
Pharmacofherapy, 48,199-214. 

13. H.J. Tritschler, L. Packer and R.M. Medori (1994) Oxida- 
tive stress and mitochondrial dysfunction in neuro- 
degeneration. Biochemistry and Molecular Biology 
International, 34,169-181. 

14. K. Schulze-Osthoff, A.C. Bakkers, B. Vanhasebroeck, 
R. Beyaert, W.A. Jacobs and W. Fiers (1992) Cytotoxic 
activity of tumor necrosis factor is mediated by damage 
to mitochondrial functions. Evidence for the involvement 
of mitochondrial radical generation. journal of Biological 
Chemisfry, 267,5317-5323. 

15. P. Reynier, J.F. Pellisier, J.R. Harleand Y. Malthiery (1994) 
Multiple deletions of mitochondrial DNA in polymyalgia 
rheumatica. Biochemical and Biophysical Research 
Communicafions, 205,375-380. 

16. R.L. Esterline and M.A. Trush (1989) Lucigenin chemi- 
luminescence and its relationship to mitochondrial 
respiration in phagocytic cells. Biochemical and Biophysical 
Research Communications, 159,584-591. 

17. S.J. Rembishand M.A. Trush (1994) Further evidence that 
lucigenin-derived chemiluminescence monitors mito- 
chondrial superoxide generation in rat alveolar macro- 
phages. Free Radical Biology and Medicine, 17,117-126. 

18. F.C. Amett, S.M. Edworthy, D.A. Bloch, D.J. McShane, 
J.F. Fries, N.S. Cooper, L.A. Healey, S.R. Kaplan, 

587-592. 

10771-10778. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

M.H. Liang, H.S. Luthra,T.A. Medsger Jr., D.M. Mitchell, 
D.H. Neustadt, R.S. Pinals, J.G. Schaller, J.T. Sharp, 
R.L. Wilder and G.G. Hunder (1988) The American 
Rheumatism Association 1987 revised criteria for the clas- 
sification of rheumatoid arthritis. Arthritis and Rheuma- 
tism, 31,315-324. 
C. Yea, A.R. Cross and O.T. Jones (1990) Purification and 
some properties of the 45 kDa diphenylene iodonium- 
binding flavoprotein of neutrophil NADPH oxidase. 
Biochemical \ournal, 265,95100. 
R.C. Allen (1986) Phagocyte leukocyte oxygenation activ- 
ities and chemiluminescence: a kinetic approach to analy- 
sis. In Methods in Enzymology (eds. M.A. Luca and 
W.D. McElroy), Academic Press, New York, vol. 133, 

A.L. Blair, LA. Cree, J.S. Becks and J.G.M. Hastings (1991) 
Measurement of phagocyte chemiluminescence in 
microtitre plate formate. journal oflmmunological Methods, 
112,163-168. 
R. Miesel, N. Ulbrich, H. Kroger and A. Mitchison (1995) 
Assessment of collagen type I1 induced arthritis in mice 
by whole blood chemiluminescence. Autoimmunity, 19, 
153-159. 
R. Miesel and M. Zuber (1993) Elevated levels of xanthine 
oxidase in serum of patients with inflammatory and auto- 
immune rheumatic diseases. Inflammation, 17,551-561. 
M.J. Elliott, R.M. Maini, M. Feldmann, A. Long-Fox, 
P. Charles and F.M. Brenan (1993) Treatment of rheuma- 
toid arthritis with chimeric monoclonal antibodies to 
TNFa. Safety clinical efficacy and regulation of the acute 
phase response. British Iournal of Rheumatology, 32, 
209-216. 
H. Kroger, R. Miesel, A. Dietrich,M. Ohde, E. Rajnavolgyi 
and H. Ockenfels (1996)Synergisticeffectsof thalidomide 
and poly(ADP-ribose) polymerase inhibition on collagen- 
induced arthritis in mice. Submitted. 
H. Nohl and D. Hegner (1978) Do mitochondria produce 

pp. 449-493. 

oxygen radicals in h o ?  European journal of Biochemistry, 
82.563-567. 

27. K: Schulze-Osthoff, R. Beyaert, V. Vandevorde, 
G. Hageman and W. Fiers (1993) Depletion of the mito- 
chondrial electron transport chain abrogates thecytotoxic 
and gene-inductive effects of TNF. EMBO journal, 12, 
3095-3104. 

28. T.E.Gunter,K.K.Gunter,S.S.SheuandC.E.Gavine(1994) 
Mitochondrial calcium transport: physiological and 
pathological relevance. American Iournal of Physiology, 267, 
313-339. 

29. R. Schreck, P. Rieber and P. Baeuerle (1992) Reactive oxy- 
gen intermediates as apparently widely used messengers 
in the activation of the NF-KB transcription factor and 

30. R. Schreck, K. Albermann and P.A. Baeuerle (1992) 
Nuclear factor K B  an oxidative stress-responsive tran- 
scription factor of eukaryotic cells (a review). Free Radical 
Research, 17,221-237. 

31. K. Arai, F. Lee and A. Miyajima (1990) Cytokines: coordi- 
nators of immune and inflammatory responses. Annual 
Review of Biochemisfry, 59,783-836. 

HIV-I. EMBO jo~rnal ,  10,2247-2258. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


