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CENZRAL INFORMATION ON REEUMATCID ARTHRATIS
CLINTCAL ASPECTS OF RHEUMATCID ARTHRITIS

Rheumatoid arthritis (RA)} can be described briefly as a chroaicg,
symmetric, erosive polyarthritis. The diagnosis RA is based on a
couple of criteria (table 7). The American Rheumatism Association
criteria are most frequently used {1). "Classical" RA needs 7 crite-
ria, if only five criteria are met it is called "definite™ RA.

The mean symptom of RA is the articular inflammatory reaction.
Although every joint can be involved, some are more frequently affec-—
ted, like the metocarpophalangeal Jjoints, while others are relatively
spared like the distal interphalangeal joints. Typically the inflamma-
tion is symmetrically distributed, causes bone erosions and becomes
chronic. The inflammatory process resgults in thickening of the syno-
vial membrane, and increase in the amount of synovial fluid with de-
creased viscosity. After some time bone erosions will occur, cartilage
is lost and total destruction of the joint, with complete functional
loss ¢an be the final result.

Rheumateoid arthritis is not limited to joints but a variety of
extra~articular manifestations show that it is a systemic disorder
{2):

rheumatic nodules

vagculitis at various locations
pericarditis

pleurisy, invelvement of lung parenchyma
keratoconjunctivitis siceca

neuropathy

lymphadencpathy

splenomegaly

nevtropenia

It is uncertain whether RA is one disease with variable expres—
sicn, or that in fact RA encloges several different diseases. Ankylo-~
sing spondylitis is descﬁibed in the clder literature as a particular
form of RA. By now it is generally accepted to be a separate disease
entity. Possibly, in the future also other diseases will be separated

from what is currently c¢alled RA.
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Rheumatoid arthritis is a common disorder. Epidemiologic studies
reveal a prevalence rate of classical and definite RA between 0.3 and
1.5 percent (3). It is about three times more common in females than
in males, and the beginning is most freguently between 40 and 60 yeaxs
of age.

B typical feature of RA is the presence Qf auto-antibodies,
directed against a variety of structures, for example: antibodies
against cartilage, anti-perinuclear factors, and anti-nuclear factors.
About 70% of the RA patients have antibodies directed against the Feo-

fragment of immunoglobulin G, which are called rheumateid factors.

Table 1. ARA~criteria for the diagnosis of RA.

1. Morning stiffness.
2. Pain in one joint.
3. Swelling in one joint.
4. Swelling of a second joint.
5. Symmetry in joint swelling.
To meet criteria 1-5 the symptoms must be present for at least six
weeks.
6. Subcutaneous nodules.
7. Periarticular bone erosions.
8. Presence of rheumatoid factor.
9. Synovial fluid with decreased viscosity.
10. Synovial membrane histopathology consistent with RA:
a. villous hypertrophy.
b. synovial cell proliferation.
¢. moponuclear infiltratiom.
d. fibrin deposition.
11. Typical histopatheology of rheumatic nodules.
In addition it has to be excluded that the clinical picture is caused
by other diseases like: systemic lupus ervthematodus, gout, sclero—

derma or ankvlosing spondylitis.
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ETTIOLOGY OF RHEUMATOID ARTHRITIS

The etiology of RA is unknown, despite the encormous amount of
data which are available. The interaction between multiple etiological
factors most likely results in the development of RA. The following
factors seem to be esgential:

- genetic predispesition
- initiating facter

- immunodisregulation

Genetic predisposition

Although the data of different studies are wvariable, an increased
RA freguency is found in relatives of RA patients. The presence of
antigens of the major histocompatibility complex are genetically de—
termined. The HIA-DR 4 antigen is found more frequently in RA patients
compared to controls (4, 5). It is suggested that genes coding for
this HLA antigen are assoclated with genes regulating immune response,

which determine an immunological response that results in RA {6).

Initiating factor

An eneormous amount of initiating factors are suggested in RA.
Many studies are unreliable due to lack of an appropriate control
group. A lot of potential initiating factors are also found in other
types of arthritis and are likely to be only secondary phenomena.
However, it is possible that one or more of them are impoxtant in the
etiology of RA. Potential initiating factors can be divided in exoge—
nous and-endogenous factors:

- Exogenous factors

A couple of different bacteria and viruses are nominated. Clos—
tridium perfringens, especially atypical forms arve frequently found in
faeces of RA patients (7). Diphteroids were isolated in 28% from
synovial membrane in RA (8). Mycoplasmata can produce a disease in
animals resembling RA (9) ané some investigators were able to isolate
the organism from RA joints.

From the viral candidates the Epstein~Barr virus is especially
interesting. Antibodies are detected in RA directed against an antigen

found on cells infected with this virus {10). The virus is known to
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cause polyclonal B-cell stimulation, revealing increased immunoglobu—

lin production. The same modulation of the immune system does ogcur in

RA. It is peossible that by this mechanism the Epstein-Barr virus

facilitates the development of RA {11).

- Endogenous factors

Collagen is an example of an endegenous factor which might bhe
important. Antibodies to different types of collagen were found in RA
{12) and injecticn of type II collagen in rats resulted in chronic
arthritis (13).

Immunoglebulin G {(IgG) is peossibly a factor of critical importan-—
ce. Antibodies to IgG, called rheumatoid factors, are present in serum
of akout 70% of RA patients, where it is accompanied by more severe
clinical disease (14). In the synovium of RA patients the rheumatoid
factor is synthesized in signficant amounts, sometimes the rheumatoid
factor even can be found in the synovial £luid while it is not present
in the serum (15, i6}. Rheumatoid factor can form immune complexes,
able to activate complement and to stimulate granulecytes resulting in
an inflammatoxy response. It is pessible that the rheumatoid factox is
essential in the etiology of seropositive RA, and that seronegative RA
in fact is a different disease. The production of antibodies directed
against IgG can be explained by two hypothetical mechanisms:

a. An inbalance between T-helper and T-suppressor lymphocytes allow
the production of antibodies to native IgG. This disorder in immu-
noregulation might be genetically determined or acguired.

b. The IgG molecule is changed, for example by proteases or by oxygen
free radicals, so new antigenic determinants are presented, and

antibody production follows.

Immunedisrequlation

HLA-DR 4 antigens, which are frequently found in RA are closely
related to immune response genes (17). Many alterations of immunocom-
petent cells are suggested in RA. A considerable part might be only
secondary phenomena. However, it is likely that the balance between T-
helper and T-suppressor cells is disturbed, resulting in abnormal
antibody production and an ongoing cellular inflammatory response.

Further investigations have to show which factors are important

in the etiolegy of RA and how they interact. Again the possibility has
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to be considered that RA consists of a group of two or more different

digeases.

PATHOGENESILS OF RHEUMATOID ARTHRITIS

In contrast to the etiology, much more is known about the patho-

genesis of RA. The main features of the pathophysiological mechanism

are shown in figure 1. The events are artificially divided inteo four

parts:

Az

The unkneown antigenic stimulus, which is discussed in the previous
section, will cause an immune response.

The immune response will cause the formation of immune complexes
containing rheumatoid factor and other auwto—antibodies. In addition
a variety of lymphokines like interleukin I and growth factors are
formed.

The immunecomplexes in synovial fluid are phagocytosed by poly-
morphonuciear leucocvtes (PMN), the dominant inflammatory cell
within the joint f£luid. The stimulated PMN produce hydrelytic
enzymes, leucotrienes, prostaglandins and oxygen free radicals,
which cause tissue damage on their own, and also activate the
complement, clotting and kinin systems.

In the synovial membrane the inflammatory mediators cause & chronic
inflammation in which lymphecytes and macrophages play a dominant
role. The synovial membrane proliferates and an invasive front is
formed, called the pannus, which extends on the surface of the
cartilage. Pannus cells are attracted by immune complexes which
diffuse from the synovial fluid into the cartilage. The prolifera-
ting cells produce different enzymes like cathepsins and elastase,
and prostaglandins able to destruct proteoglycans and collagen.

Finally the cartilage is damaged by inflammatory mediators pro—

duced by both the synovial membrane including the pannus, and by PMN

from the synovial fluid. In addition mineral is resorbed from bone by

osteoclasts activated by prostaglandins and other mediators.
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Fig.1: The pathogenesis of rheumatoid arthritis. (modified from ref 2)

IRON METAROLISM IN RHEUMATOID ARTHRITIS

Iron plays an important role in the toxicity of oxygen free
radicals, which will be discussed in the next chapter. Therefore it is
important to consider the alteration in iron metabolism found in RA.
Anemia is almost invariably found in RA, and its severity is related
to the activity of the inflammation. This type of anemia is alseo found
in other inflammatory disorders and in cancer, in fact it ¢an be found
in all patients which are seriously ill, therefore it has been called
the anemia of chronic digeases. Characteristically the serum iron
concentration is depressed. However, in contrast to real iron defi-
ciency, administration of iron is ineffective. Most likely the low
serum iron ¢oncentration is caused by an inability to mobilize iron

from its stores. The largest stores are macrophages, for example in
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the spleen, and liver parenchymal cells. In most RA patients iron is
present in the bone marrow, but it is stored in macrophages, and the
mobilisation is disturbed., So no iron is available for hemoglobin
synthesis in erythreid cells resulting in anemia. Interleukin II is
suggested to be the factor responsible for the defective iron mobili-
zation (18). The distridbution of iron is severely changed in RA, in

sexruml it is decreased, but in the synovial membrane it is strongly

elevated {19}.
OXYGEN FREE RADICALS IN BICLLGY
THE NATURE OF OXYGEN FREE RADICALS

Free radicals are molecules which contain an atom with an un-
paired electren in its outer orbital. Radicals are very reactive in
order to restore the situation of paired electrons, resulting in a
lower energy state. Molecular oxygen (02) is in fact a bi-radical
because it contains two electrons in the outer orbital with the same
spin direction. This explains the relative high reactivity of oxygen.
If radicals are formed, thev are likely to react with oxvgen, because
the universal availability of oxygen and its reactivity, with the
result that most radicals in the biclogical systems contain oxygen.

In normal aerobic metabolism, oxXygen is reduced in a tetravalent
way, by the final part of the respiratory chain, cytochrome aa5. On
the other hand univalent reduction of oxygen, which can occur in many
different circumstances, will reveal superoxide (02') and the extre—~

mely reactive hydroxyl radical (OH') (figqure 2).

TETRAVALENT OXYGEN REDULTION

2
UNIVALENT OXYGEN REDUCTION

0, + e + aH' 2 H,O

0, *+ e 02— (Superoxide)

0, + e - 2 H™ H,0, [Hydrogen Peroxide)
HO, + € - H* H,0 « OH' (Hydroxyl Radical]
OH" + e =+ H' H,0

z

Fig.2: Free radical production during oxygen reduction.
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SOURCES OF OXYGEN FREE RADICALS

Both endogencus and exogenous sources of oxygen free radicals are

identified (20).

Endogenous sSources

da

Ce

d.

The mitochondrial electron transport chain always produces small
quantities of oxygen free radicals {21), the amount will increase
when only a small amount of oxygen is available, because reduction
of all respiratory chain carriers will result in univalent reduc-
ticn of oxygen.

Microsomes contain several enzyme systems, for example cytochrome
Pysor able to produce radicals.

Soluble enzymes like xanthine oxidase.

Macrophages and PMN are able to produce superoxide (22). After
stimulation of these cells, a membrane bound WADPH~oxidase complex
ig activated, resulting in production of superoxide within the
phagoeytosing vacuole and on the outer surface of the cells (figure
3). The production of superoxide is important in the killing of
phagocytosed bacteria. The importance is illustrated by the fact
that patients with chronic granulomatous disease, a disease charac—
terised by an inability of PMN to produce superoxide, usually die
due to infections. On the other hand, superoxide is released extra-—

cellularly, which can sericusly damage the surrounding tissues.

= NADPH Oxidase

} Bacteria

Fig. 3: Superoxide production by polymorphonuclear leucocytes.
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EXOgenous sources

Radiation of different wave-length causes damage due to free
radical formation in tissues. The destructive effects of many toxic
chemicals depends on free radical reactions (23). The effects, and
side-effects of several chemotherapeutic agents, like doxorubicin and

bleomycin, are radical mediated (24).
INTERACTION BETWEEN IRON AND OXYGEN FREE RADICALS

Conversgion of oxygen free radicals by iron.

Although superoxide is not completely inmocent, its toxicity does
strongly increase in the presence of iron. Superoxide (02_) can be
converted to the extremely reactive hydroxyl radical {(0E") in the
Haber-Weiss reaction (25) (reaction a). However, this reaction is

energetically impossible under normal conditions.

a. 0, + Hy0, — R O, + OH  + CH
Iron is able to catalyse this reaction as shown in reaction b and
C.
- Eans ++
b. 0, *+ Fe — O, + Fe

c. Fett + E,0, ————3= Fe™ + ou” + om*

Additionally iron can increase oxygen frxee radical damage by the
formation of iron-oxygen radicals with increased rxeactivity, for ex-

ample perferryl and ferryl radicals (28).

The availability of iron

Non-protein bound iron is able to catalyse hydroxyl radical
formation, but it is not present in biological systems. Nearly all the
body iron is located in haem-~containing proteins, and in iron-binding
proteins such as transferr:_’.n, ferritin, lactoferrin, or in enzymes.
The question wether protein-bound iron is also able to stimulate the
formation of more reactive radical species, has been subject of much
research. Many investigations in vitro show that protein-bound iron
does not catalyse OF° formation (27, 28, 29). Furthermore, prevention
of OH" production by lactoferrxin and transferrin was found, based on

the binding of free iron present in the test system (30, 31). In
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contrast, other studies revealed that iron-binding proteins were able
to stimulate OH' formation (32, 33, 34, 35). In these studies, how~
ever, the iron binding proteins were fully saturated with iron, as far
as the iron saturation was mentioned, a sitwation which does seldom
oceur in viveo. Baldwin et al. {3236) probably sclved the problem by
showing that neither transferrin nor lactoferrin stimulated OH' forma-
tion, and explained other results by free iron present in the mate-
rials used.

Ferritin regquires some special attention, for different groups
found that it could stimulate OH" formation (37, 38, 392), although
Gutteridge et zl. {29) found no effect. The mechanism by which ferri-
tin did increase oxygen free radical damage was unknown. In this

thezis new information about the role of ferritin is presented.

BIOLOGICAL EFFECTS

The destructive effects of oxygen free radicals are based on
their reactions with a wide spectrum of biomeclecules. Freeman et al.
{20) recently reviewed these targets.

Major targets are:

- Proteins

Unsaturated or sulfur containing amincacids are especially sensitive
for free radical attack. This will result in structural alterations of
proteins and less of their function.

- Nucleic acids

Strand scission and base medification are known to occur. These events
are related to mutations and malignant transformation of cells.

- Lipids

Membranes are major targets for oxygen free radical damage, firstly
because oxygen ig five times more goluble in lipids compared to water
(40} and secondly because polyunsaturated fatty acids are very sensi-
tive to free radical attack. The process of the breakdown by oxygen
free radicals is called lipid peroxidation. One initiating radical can
cause a chain of reactions, breaking down the fatty acid, producing a
high amount of secondary radicals and many breakdown products, for
example malondialdehyde, which is often used to measure lipid peroxi-

dation, and hydroxynonenal. Many of these intermediates possess in-
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trinsic toxic effects.

-~ Carbchydrates

Resulting in changes in ¢ell surface receptors and glycoproteins.

- Hyaluronic acid

This macreomolecule is important to maintain the high viscosity of
synovial £luid. It is depolymerised by oxygen free radicals resulting
in a decrease in viscosity.

- Collagen

Interference with the polymerisation of collagen occurs.

- Proteocglycans

Destruction of proteoglycans and collagen will interfere with the
normal structure of cartilage.

It is clear that if oxygen free radicals are produced in a biolo-
gical system, damage will occur. Membranes desintegrate due to Lipid
peroxidation leading to cell death, metabolic pathways are blocked due
to enzyme destruction, structural molecules are damaged, and so on. In
fact the human being can survive not because the presence of oxygen
but despite the presence of oxygen. For survival a complex of many
protectors is necessary.

On the other hand, higher organisms have learned to use their
enemy: granulocytes and macrophages produce superoxide to kill phago-

cytosed mirce-organisms (22, figure 3).

PROTECTORS

In life well-being often depends on a balance between good and
evil. This general statement is also true with regard tc oxygen free
radicals. The occurrence of damage due to oxygen free radicals depends
on the balance between the amount and type of radicals which are
formed, and the amount of protectors present at the same location

{figure 4).
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Protectors

a-Tecof | Trans
pherol i

Oxygen Free Radicals

DISEASE HEALTH

Fig.4: The balance between oxygen free radicals and protectors.

Enzymatic protection

Protection against oxygen free radicals depends partially on
specific enzymes. Superoxide dismutase (SOD) is able to convert 02_ to
H,0,. Catalase and glutathione peroxidase complete the detoxification
by further reduction of Hy0,5 to Hy0 (figure 5). In contrast to cata-
lase glutathione peroxidase is able to convert peroxidated polyunsatu-
rated fatty acids to the hydroxy-form. Peroxidated fatty acids in
lipids cannot be reached by glutathione peroxidase. Recently an enzvme
isg discovered, called peroxidation inhibkbiting protein (PIP), which is
able to react with peroxidated fatty acids in phospholipids, yielding
the corresponding alkcholic fatty acid (41).

Both glutathione peroxidase and PIP need reduced glutathione
(GSH) as electron donor. GSH is recovered from oxidised glutathione
(GSSG) by glutathione reductase, consuming NADPH formed in the pentose

shunt. A1l these protective enzymes are present almost exclusively

intracellularly.

Non-enzymatic protection

A large group of scavengers are available protecting by non-
enzymatic mechanisms. Some impertant representatives are shown in
figure 5. Vitamin E {&Tocopherol) is important in the protection of
membranes against lipid peroxidation. GSHE is essential as co-factor

for glutathione peroxidase and FIP. Extracellular fluids contain only
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minor amounts of scavengers. Ceruloplasmin is the major protector in

body fluids. Interestingly, it is an acute phase reactant increasing

in concentration during active inflammation. This seems to be a com~

pengatory mechanism for the oxygen radicals produced during inflamma-

tion. Iron-binding proteins can protect by binding iron and so prevent

the formation of more destructive oxygen free radicals, as described

previously.
OXYGEN
FREE
RADICALS
ENZYMATIC PROTECTION NON-ENZYMATIC PRCTECTION
02" c¢-Tocopherol
. EwCarotene
Ascorbic acid
Supcroxide Glutathione (GSH)
Dismutase Ceruloplasmin
o~
et
N
4 Iron - binding
Lipid-00K H202 + 02 proteins :
GSH + GSH + Transforran
Peroxidation Glutathione Lactoferrin
Inhibiting Catalase Peroxidase
Protein
Lipid-0OH Hzo + 02' H20 + G38G
\
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Fig.5: Protectors against oxygen free radicals.



OXYGEN FREE RADICALS IN ISCHEMIA

Many patholegical events are related to oxvgen free radical
damage: a wide spectrum of inflammatory diseases (42, 43, 44), direct
and late tigsue destruction by irradiaton {45, 46), toxicity of many
chemicals (23), the effect of high oxygen pressure on lungs (47, 48},
and the effects and side-effects of cytostatic drugs like the antro-
cyelins (24).

The important role of free radicals in the pathogenesis of tissue
damage in ischemia is increasingly recognised. In physiolegical cir—
cumstances xanthine dehydrogenase is present in many tissues, conver—
ting xanthine to uric acid, using WaDT as electron acceptor. During
ischemia xanthine dehydrogenase is converted to xanthine oxidase which
uses 0, as electron acceptor, leading to the production of 02" and
H505 (42, 49). simultaneously in ischemia ATP is broken down via AMP
to xanthine, which together with oxygen, present due to reperfusion or
due to partial ischemia, are the substrates necessary for the produc-
tion of oxygen free radicals. This hypothesis is suppeorted by the
beneficial effects of superoxide dismutase during intestinal and myo-
cardial ischemia (50, 51). In addition post—ischemic tissue destruc-
tion could be inhibited by allopurinecl, an inhibkiter of xanthine
oxidase (50-54).

EVIDENCE FOR A ROLE OF OXYGEN FREE RADICALS IN THEE PATHOGEWESIS OF
RISUMATOID ARTHRITIS

SOURCES OF OXYGEN FREE RADICALS IN RHEUMATOID ARTHRITIS

Quantitatively the most important scurces of oxygen free radicals
in RA are the PMN in synovial fluid and macrophage-like cells in the
synovial membrane. Up to 70% of the synovial 1ining cells are type A
cells, which are derived from blood monocytes, and in the synovial
fluid in RA the number of PMN can increase to 75 x 109/1. Macrophages
and PMN will phagocytose immunecomplexes, cellular debris and other

substances. Active phagocytosis is accompanied by activation of the
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membrane bound NADPH-oxidase complex, which will release 02- in the
phagocytosing vacuole and cutside the cell (22, figure 3). An addi-
tional socurce of oxygen free radicals might be xanthine oxidase formed
during relative ischemia (55) or due to proteclytic attack on xanthine

dehydrogenase-
DETECTION OF OXYGEN FREE RADICAL DEPENDENT TISSUE DAMAGE

Direct measurement of oxygen free radicals in biological ma-
terials are impossible because of their very short half-life. So only
the detection of products, which are typical for free radical attack,
can be used. Malondialdehyde is found in serum and synovial fluid in
Ra {56, 57). It has to be realised, however, that malondialdehyde is
not only formed during lipid peroxidation but also during prostaglan-
din synthesis. Lipid peroxidation products of higher molecular weight
are detected in synovial fluid of RA patients (58, 59), providing
stronger evidence for oxygen free radical reactions.

Hyalurcnic acid, a glycosaminoglycan, present in normal synovial
fluid has a very high molecular weight. This is responsible for the
high viscosity of synovial fluid making it a perfect lubricant. How-
ever, in RA hyaluronic acid is depolymerised and the viscosity is
decreased to the value of serum. How to explain the depolymerisation?
In synovial £luid neo hyaluronidase is present and the proteases formed
by granulocytes are unable to degrade hyaluronic acid. It is evident
that hyaluronic acid is very sensitive to oxygen free radical attack,
resulting in its depolymerisaticn (60). It can be concluded that the
presence of low molecular weight hyvaluronic acid in RA is caused by

free radical attack.

BENEFICIAL EFFECTS OF OXYGEN FREE RADICAL PROTECTCRS IN RHEUMATHOILD
ARTHRITIS

In controlled trials SOD is shown to be effective in Ra (61, 8&2).
However, the results of these studies are variable and no placebo is
used in the control group. It is hard to believe that injection of SOD
a few times a week is adeguate to destroy all the superoxide which is

formed, in view of the very short half-life of S0D (approximately 20
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min.). More studies are needed to evaluate the usefullness of S0D in
RA.

Drugs which are commonly used in RA are tested for their effects
on oxygen free radicals. D-penicillamin, especially its copper conju-
gate possesgs SOD activity (63). Gold compounds and a spectrum of non-~
steroidal anti-inflammatery drugs (NSAID) are found to inhibit super-

oxide production by granulocytes in vitro (64-66).
TEE ATM OF THE STUDY

Current knowledge strongly suggests that oxygen free radicals are
involved in the pathogenesis of RA. Additional information about the
mechanism of free radical attack is necessary in order to £ind out if
interaction with the mechanism of free radical damage can be used in
the treatment of this crippling disease.

Attention iz focussed on the following main guestions:

-~ Are protective factors against oxygen free radicals present in
sufficient amounts in RA (chapter 2, 3).

- 1Is iron available in RA in a form abkle to catalyse the formation of
hydroxyl radicals {chapter 4-6).

« Are non-steroidal anti-inflammatory drugs able to inhibit 02_ pro—

duction in vivo (chapter 7).
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CHAPTER 2.

PROTECTIVE FACTORS AGATNSYT CXYGEN FREE RADICALS AND HYDROGEN PEROEXIDE
IN REFEURMATOID ARTHRITIS SYNOVIAL FLUID

P. Biemond, A.J.G. Swaak and J.F. Koster

Arthritis Rheum 27:760, 1984
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STREARY

Oxygen free radicals are probably involved in the pathogenesis of
rheumatoid arthritis (RA). The enzymes involved in protection against
oxygen free radicals and H,0, (superoxide dismutase, catalase and
glutathione peroxidase) were measured. Superoxide dismutase was not
increased, glutathione peroxidase was slightly and catalase was
strongly elevated in RA synovial £fluid {SF} compared with control SF.
Although these enzymes are present in SF, the activities are insuffi-
cient to protect against oxygen free radicals and H,0,. In contrast to
transferrin, ferritin was increased in RA synovial fluid. Ceruloplas-
min was also elevated. When rat liver microsomes were used as a target
for oxygen free radicals, serum and SF were both protective. Gel
filtration experiments showed that the fraction pattern in which there
was maximal protective potential against lipid peroxidation corres—
ponded closely to the level of ceruleplasmin. After removal of cerulo—
plasmin from serum cor SF, about 70% of the protective capacity disap-
peared. It is concluded that ceruloplasmin is an important protector

against oxygen free radicals.
INTRODOCTION

Evidence is accumulating which suggests that oxygen free radicals
such as superoxide (02_) and hydroxyl radical (0OE"}), and related
oxygen species such as hydrogen peroxide (H202) and singlet oxygen,
are involved in the pathogenesis of rheumatoid arthritis (RA). During
phagocvtosis granulocytes and macrophages produce large amcunts of 02“
and H,0, (1). Oxygen free radicals destroy lipids by a process called
lipid peroxidation. In synovial fluid (SF) from RA patients, degrada-
tion products of lipid peroxidation can be detected (2, 3). In RA
patients and in experimentally-induced arthritis in animals, super-
oxide dismutase ($0D), an enzyme destroying 02_, given systemically or
locally, induces a decrease of inflammation (4, 5). In RA hyaluronilc
acid is depolvmerized, although nco hyzluronidase is present in SF and
the proteases in SF are unable te degrade hyaluronic acid. Oxygen free
radicals have been shown to cause depolymerization of hyalurenic acid
(6, 7).



The deleterious effect of oxygen free radicals increases when
ireon is present. Although there is much debate about the exact mecha—
nism, it is generally accepted that iron stimulates the formation of
CH", possibly by the reaction: 02" + H,0, —ng;-ow + 0BT + 05-In
most systems which have heen investigated, this catalytic function of
iron is blocked when it is bound to its specific binding proteins.

The large number of phagocytosing granulocytes present in RA SF
will produce a considerable amount of oxygen free radicals and Ho05e
The aim of this study was to investigate the protection in SF against
oxygen free radicals and H,0,- The fellowing proteins, known to pro-
tect in vitre, were measured in SF: 1) SO0D, which catalyses the reac—
tion 202" + 2};*’-@-}1202 + 057 2) catalase and glutathione peroxidase,
which enzymatically reduce H,0, to H507 3} ceruloplasmin, which sca—

venges 0, ; 4) transferrin and ferritin, which are iren binding pro=
teins.

Lipid peroxidation of rat liver microsomes induced by oxygen free
radicals was used as a model. The effect of oxygen free radicals in
this system can be inhibited by serum and SF. Factors responsible for

the inhibition were investigated.
MATERYATS AND METHCDS

Synovial fluid and serxa

SF was obtalined from 7 patients with traumatic knee lesions, 6
patients with osteocarthritis (QA) of the knee and 17 patients with
classic of definite RA as defined by the American Rheumatism Associa-
tion criteria (8). Sera were also obtained from the last 2 groups.
Heparin was added to the SF samples. They were then centrifuged for 10
minutes at 3,000 revolutions per minute and the supernatants were
stored at -70°C. Samples containing more than 15 mg hemoglobulin pexr 1

were excluded.

Superoxide dismztase

SOD activity was determined using the cytochrome ¢ reduction
inhibition method of McCoxd (2). The SOD concentrxation was expressed
in mg using bovine erythrocyte SOD (Boehringex, Mannheim, FRG) as a

standaxd (lot 10711C1, 5,000 units/mg). Under the applied conditicms,
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SF produced no spontaneous cytochrome ¢ reduction. Ceruloplasmin at
the concentration present in $F had no significant effect on the
assay. SOD added to SF was determined to have a recovery of 89%, so no

significant inhibition was present in SF.

Catalase

Catalase was measured by tracing the degradation of H,0., spectro-
photometrically, according to the method of Aebi (10). The catalase
activity in SF could be blocked effectively by 10 pM NaN,. Catalase

added to SF was determined to have a recovery of 90%.

Glutathione peroxidase

Glutathione peroxidase content was determined according to the
method of Paglia and Valentine (i1). One unit corresponds to 1 pmole
NADPH oxidation per minute. The recovery of the enzyme in SF was 100%.
Ceruloplasmin and transferrin levels were estimated by single radial
immunodiffusion (12). Fexritin content was determined using an enzyme

immunoassay (Ferrizyme, Abbott Laboratories, Chicage, IL).

Megsurement of inhibition of 0., -induced lipid peroxidation

Lipid peroxidation of rat liver microscmes isolated from Wistar
rats (13} was performed as follows: the incubation mixture contained
(in final concentrations) 33 mM Tris-HCl {pH 6.8), 0.33 mM xanthine,
0.133 mg/ml dialysed xanthine oxidase, 0.12 mM E‘ecl3, 2 mM ADP, and 1
mg protein/ml microsomes. The final volume was 3 ml. The incubation
was performed at 37°C and started by the addition of xanthine oxidase.
At indicated times, samples were drawn and thiobarbkituric acid-reac-
ting products were measured {14).

Serum or SF was applied to a 100 x 1,6 ¢m column of Sephadex G-
200 and eluted at a flow rate of 6.5 ml/hour with 50 mM Tris-ECl (pH
7.4) with 0.1 M NaCl. Fractions of the eluate were assayed for the
capacity to irhibit lipid pe?oxidation of rat liver microsomes and for
the concentration of transferrin and ceruloplasmin.

Serum and SF free from ceruloplasmin were prepared with a column
of human ceruloplasmin antibody linked to CNBEr-activated Sepharose 4B.
Before chromatography SF was pretreated with hyaluronidase to decrease

the viscosity. The eluate was dialyzed against 2 mM sodium phosphate
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(pE 7.0) and concentrated to the original protein concentration. The
final preparations were checked for the presence of ceruloplasmin.

Human ceruloplasmin type X was from Sigma Chemical Co., St. Louis, MO.

Statistical analysis

Significance of differences in concentrations was determined by

Student's t-test.
RESULTS
TOTAL PRCTEIN

SF from patlents with traumatic knee lesions contained 42 + 8 mg
protein/ml (mean + SD), SF from patients with OA contained 49 + 13 mg

protein/ml, and RA SF contained 56 + 7 mg protein/ml.
SUPEROXIDE DISMUTASE, CATALASE, AND GLUTATHIONE PEROXIDASE

SOD activities were found to be as follows: 1.2 + 0.6 mg/l in SF
from patients with traumatic knee lesions, 1.3 + 0.3 mg/l in OA SF,
and 1.4 + 0.6 mg/l in RA SF. No significant differences were found

between these groups (Figure 1).
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Fig.1: Superexide dismutase (SOD}, catalase, and glutathione perexidase activities in synovial
fluid (mean#$D) of patients with traumatic knee lesions (Traum), ostecarthritis (0A), and
rheumatoid arthritis (RA). P values for OA and RA versus Traum are shown; NS= not significant.
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The catalase activity in SF from patients with traumatic knee
lesion was low: 3 + 2 units/ml. In OA SF it was significantly increa-
sed to 16 + 11 units/ml (P < 0.025) and in RA SF the highest activity
was found: 42 + 25 units/ml (Figure 1}. The concentration in RA pa-
tients was significantly highexr than in OA (P <« 0.025) and trauma
patients (P < 0.0005). Four of the RA patients had received aurothio-
glucose; they had very high catalase levels: 78 + 20 units/ml. The
increase of catalase in OA and RA cannot be explained by lysis of
small amounts of erythrocytes. The accepted maximal amount of hemoglo-
bin for used SF was 15 mg/l. Lysis of erythrocytes resulting in 15
mg/l hemoglobin in SF increased catalase activity by only 3 units/ml.

Glutathione peroxidase in SF from patients with traumatic knee
lesions was 60 + 25 mU/ml, in OA SF it was 85 + 29 mU/ml, and in RA SF
the activity increased significantly to 93 + 18 mU/ml (P < 0.001

versus traama patients) (Figure 1).
TRANSFERRIN, FERRITIN AND CERULOPLASMIN

The concentrations of transferrin, ferritin and ceruloplasmin in
SF from the 3 groups are shown in Figure 2. Transferrin was not signi-
ficantly elevated in CA SF or in RA SF. The ferritin concentration in
RA SF was strongly increased. In RA SF the average ceruloplasmin
concentration was twice as high as in SF from trauma patients, and in

0a SF the amount was also elevated.
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Fig.2: Ceruloplasmin, transferrin, and ferritin concentrations in synovial fluid in patients with
traumatic knee lesions (Traum}, ostecarthritis (OA)} and rheumatoid arthritis (RA). P values for
OA and RA versus Traum are shown; N§= not significant.
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The distribution of these 3 proteins between serum and SF from
the patients is shown in Table 1. Both transferrin and ceruloplasmin
were present in SF in a concentration below the serum concentration.
The SF/serum concentration ratio was slightly, but not significantly,
higher in RA than in OA. Ferritin was present in SF from RA patients

in a concentration 15 times higher than in the corresponding serum.

Table 4. Distribution of ceruloplasmin, transferrin and ferritin be-
tween serum and synovial fluid of patients with ostecarthritis and

®
rheumatoid arthritis .

SF/serum
SF Serum ratio b
Ceruloplasmin, mg/ml
0n (n= 6} 0.162+0.039 0.350:+0.063 0.46+ 0.09 NS
RA (n=17) 0.209+0.052 0.423+0.148 0.50+ 0.14  (OA vs RA)
Transferrin, mg/ml
OR (n= 6) 1.35 tp.51 2.10 ip.81 0-6@:_0.08 NS
RA (n=17) 1.49 £0.53 2.18 +0.77 0.71+ 0.22 {0A vs RA)
Ferritin, g/ml
RA (n=17) 2.09 #2.77  0.15 +0.24 14.8 +13.6

-
Values are mean * SD. SF = synovial £luid; OA = osteoarthritis; RA =

rheumatoid arthritis; NS = not significant.
INHIBITION BY SERUM AND SF OF 02_-INDUCED LIPID PEROXIDATION

Peroxidation of rat liver microsomes, induced by 02_ generated by
xanthine and xanthine oxidase in the presence of Fe3+, could be bloc-
ked by addition of serum and SF from both RAR patients and controls.
The inhibition was concentration—-dependent, and about 3% serum or
about 6% SF resulted in complete inhibition. To determine which frac-
tion was responsible for this inhibition, G~200 gel filtration was
performed. In the eluate the capacity to inhibit the lipid peroxida-

tion was measured. The G~200 gel filtration pattern of RA SF (Figure
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3) is representative forxr the SF and sera both of RA patients and

controls.
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Fig.3: Sephadex G-200 gel fiitration of synovial fluid from a patiant with rheumatoid arthritis,

For all samples, maximal inhibition of the lipid peroxidation was
found between the second and third peaks of absorption at 280 nm.
Occasionally a small peak at the void volume was found; this was not
further investigated. Ceruloplasmin and transferrin levels were deter-
mined in the fractions obtained. The ceruloplasmin concentration and
the inhibition of the lipid peroxidation in individual fractions
conformed closely to the same pattern. From the elution pattern it can
be concluded that under these conditions, transferrin offers almost no
protection against oxygen free radicals.

To investigate the possibility that ceruloplasmin was able to
inhibit lipid peroxidation in the described system, the inhibition of
purified human ceruloplasmin was measured. Ceruloplasmin was able to
inhibit peroxidation of rat liver microsomes in a concentration-
dependent manner. The necessary concentration was of the same order as
found in serum and SF.

Serum and SF from control and RA patients were treated with human
anti-ceruleplasmin to obtain fluids free of ceruloplasmin. The capa-

city of this serum and SF te inhibit lipid peroxidation was compared
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with that of the original serum or 8F. Figure 4 shows the effect of
removing ceruloplasmin on the inhibition of lipid peroxidation of rat
liver microsomes. In all groups the capacity to inhibit lipid peroxi-

dation was decreased by 70% with removal of cerulcoplasmine.

Q.44 .

0.3
g
n &4 50 Al SF saeruloplasmin
2 0.2 a— free
° / / 25 pl 5F
1=
@
a
a
2 0. //////
L

] 15 20

min,

Fig.4: Superoxide-induced lipid peroxidation of rat liver microsomes, followed by measurement of
thiobarbituric acid -reacting products. Complete system ( &—e ); final volume 3 ml. Effect of
synovial fluid (SF) from a patient with rheumatoid arthritis ( &), and the same fluid after
removal of ceruloplasmin (A&—a ).

DISCUSSION

There is much evidence to suggest that oxygen free radicals and
HaG, are closely involved in the pathogenesis of RA. Granulocytes are
strongly increased in mumber in RA SF and produce large amounts of 02_
and H,0, during the phagocytosis of immune complexes and other mate-
rials {(1}. Oxygen free radicals and other secondarily formed radicals
are possibly responsible for at least part of the Jjoint destruction.
Several substances are known to protect against oxygen free radicals
in vitro, but only a small number of investigations have been perfor-
med on detecting these protectors in RA.

Conflicting data are presented in the literature about the con-
centraton of superoxide dismutase in RA SF. Blake et al. found no SO0D
at all in RA SF (15). Igari et al. {(16), however, showed a low concen—
tration in OA SF but a 4 times higher level in RA SF. The concentra-
tion of SOD in granulocytes was decreased by 40% in juvenile RA pa-

tients (17).

Banford et al. (18} measured SOD in erythrocytes in patients with
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RA. The S0D concentration of hemolysate was decreased in RA; however,
a decrease in hemoglobin concentration was also found. The low concen-—
tration of S0D in hemolysate found in that study c¢an be explained by
the anemia commonly found in RA.

In the present study a low SCD concentration in SF from patients
with traumatic knee lesicons and with OA was found, in agreement with
the results reported by Igari et al. £for CA. In contrast with Igari's
findings, the SOD concentration in RA was not elevated in our study.
It is wvery doubtful that this low SOD concentration can protect
against oxygen free radicals. In various cell types and tissues, SOD
activity is 18~440 times hicher, and in in vitro svstems higher con-
centrations are needed to protect against oxygen free radicals.

Catalase and glutathione peroxidase are capable of detoxifying
H.O0,. Blake et al. (15) found low concentrations of catalase in RA SF,
but no reference group was investigated. We estimated almost no cata-
lase activity in SF from trauma patients. In OA SF the concentration
was elevated, and in RA SF a further increase occurred. Within the Ra
group 4 patients who received aurothioglucose had very high catalase
levels. Although catalase is significantly increased in RA, we agree
with Blake et al. that the concentration is too low to expect consi-
derable protection against H,0, in SF.

Glutathione peroxidase was elevated in RA SF compared with SF
from trauma patients. This increase was nearly as great as the in-
crease of total protein found in RA SF. No increase in transferxin
concentration was found in RA SF. The concentration is, however, high
enough to bind about 4 times the amount of iron known to be present in
SF (192). In most systems transferrin-bound iron is not able to cata-
lyze the formation of OH'. Thus, before iron can have a deleterious
effect, it must be separated from transferrin. Another possibility is
that iron is bound very tightly in a small complex which prevents
binding to transferrin.

Ferritin was strongly increased in RA SF compared with both 0A
and traumatic SF. This is in agreement with the results of Blake et
2l. (20). The ferritin concentration in RA SF was on the average 15
times higher than in the corresponding serum. It is unlikely that
ferritin in RA SF is derived from serum, which is the case for most

other serum proteins, such as ceruvloplasmin and transferrin. The
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concentration of these proteins in SF is less than the corresponding
serum value. We favor the hypothesis that ferritin is synthesized by
synovial membrane cells and enters SF by secretion of by release from
dying cells. The high production of ferritin by synovial ¢ells, as
shown by Muirden et al. {21), is a protective reaction to the conti-
nuous iron release in SF, due to blood loss and the resulting break-
down of hemoglobin. Ferritin and transferrin can both play a dual
role: 1) protection against oxygen free radicazls by binding free iron,
or 2) stimulation of OH" production by release of free iron from the
binding protein. In this context the percentage of iron saturation
could be very important.

Ceruloplasmin has been shown to possess 02_ scavenging activity
{22}, The present investigations confirm that this acute phase reac—
tant is elevated in RA SF (23, 24).

There are several potential protectors against oxygen free radi-
cals in SF, but the relative importance of these proteins is unknown.
Stocks et al. {253) have investigated inhibition of lipid peroxidation
by serum. They used brain homogenate as a lipid peroxidating system,
which could be blocked by small amounts of serum. They concluded that
the protection by serum against oXygen free radical induced lipid
peroxidation was based on the presence of transferrin and another
protein, most likely ceruloplasmin. In the present study 02" induced
lipid peroxidation of rat liver microsomes was used. Serum and SF from
both controls and RA patients blocked this process.

Gel filtration of serum or SF from both groups showed a peak at
which lipid peroxidaticn was inhibited. The position of this peak did
not correspond with transferrin levels, but did correspond with ceru-
loplasmin levels. The postulated role of ceruloplasmin was strengthen-—
ed by the fact that purified human ceruloplasmin was able to inhibit
lipid peroxidation in the system used on the same order of concentra—
tions as were present in serum or SF. Furthermore, the inhibition of
lipid peroxidation by ceruloplasmin—free serum or SF was diminished by
about 70% compared with the corresponding complete serum or SF.

Ceruloplagmin is definitely shown +o be an important protector
against oxygen free radicals in serum and synovial fluid both in
controls and rheumatoid arthritis patients. Cur system is not appro—

priate for detecting a possible inhibitory effect of transferrin or
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other iron binding proteins, since rather high concentrations of iroen

were added.
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SUMMARY

We detected no @ifference in the reduced glutathione content of
erythrocytes obtained £rom patients with rheumatoid arthritis (RA) and
controls. The stability of glutatione to oxidative stress (cumene
hydroperoxide) was also the same. Although measured in the erythro-
cyte, our results indicate that changes in intracellular reduced
glutathione are not involved in the aetiology of RA. Serum from pa-—
tient with RA had a significantly reduced (P < 0.01) sulfhydryl {8H}
concentration (415 + 82 (SD) pmol/l) compared with controls (583 + 74
pmol/l)- This was also valid if the SH groups were expressed per gram
of protein. Serum and synovial fluid from RA patients contained simi-

laxr levels of SH groups (pmol/g protein).

Key words: glutathione, erythrocyte membrane, oxygen free radicals,

oxidative stress, cumene hydroperoxide, antioxidants.

INTRODUCTION

It has been reported that the number of free SE groups in the
sera of rheumatoid arthritis {RA) patients is depressed (1, 2). This
depression is associated with the activity of the disease (2). Eall et
al. {3) have shown in vitro that H,0, formed during phagocytosis by
granulocytes diminishes the amount of free SH groups. These authors
propose that serum SH groups act as important extracellular scavengers
of peroxides and are therefore helpful in protecting the surrounding
tissues. However, it is unlikely that H,0, is formed in the intravas-
cular compartment, whereas H,0, would be expected in the synovial
fluid of RA patients due to the activity of phagocytosing cells. It is
possible therefore that the concentration of sulfhydryl groups/g pro-
tein might be lower in synovial fluid than in serum. In this report we
compared the concentration of SH groups in serum and synovial fluid of
RA patients.

An important, non-protein, free SE is glutathione (GSH). This
tripeptide is located almost entirely intracellularly and the negli-
gible amount present in serum can be ignored for the purposes of this

study. GSH is very important for normal cell functions. In the context
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of this report GSH has an important role in the defence against oxida-
tive stress. For example, glutathione peroxidase is involved in the
destruction of free peroxidated fatty acids and H202 (4). Furthermore,
glutathione is the cosubstrate for the peroxidation inhibiting protein
which is capable of destroying hydroperoxide fatty acids located in
phosphelipids (5). Glutathione peroxidase does not possess this latter
activity (4). Oxidised glutathione (GSSG) is reduced by the NADFPH
{reduced nicotinamide adenine dinuclectide phosphate) dependent enzyme
glutathione reductase. NADPH, formed by the pentose phosphate shunt,
is important, as it is not only the total amount of GSH which is
important for the cell but alse the capacity of the cell to reduce the
formed GSSG.

It has been repoxrted (6) that the amount of GSH in erythrocytes
of RA patients increases after treatment with penicillamine.
It has also been claimed (7) that GSE decreases during relapses and
increases during remissions. Since the amount of GSE of RA patients
and controls does not differ very much, we have investigated the

capacity of erythrocytes from RA patients to reduce GSSG.

MATERIALS AND METHEODS

Serum, synovial £fluid, and erythrocytes were cbtained from pa=-
tients with classic or definite RA as defined by the American Rheuma-
tism Association criteria (8). Controls and patients were age matched
and all below the age of 355.

Protein determinations were performed according to Lowry et al.
(9). SH groups were assayed with 5,5'-dithiobis(2~nitrobenzoic acid)
(DTNB) as follows: 50 pl serum, 750 pl 0.1 M phosphate buffer (pH 7.4)
and 200 pl DINE (2 mM) were incubated at 37°C for 5 min. The absorban-
ce at 412 nm was measured and a meolar extinction ccefficient of 13,600
was used. GSH was determined according to Beutler et al. {10). The
capacity of cells to reduce oxidised glutathione (the so called gluta-

thione stability) was determined according to Koster et al. {11).
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RESULTS
SERUM AND SYNOVIAL FLUID 8H GROUPS

Table 1 shows the amount of SH groups present in the sterum and
synovial fluid of RA patients and in the serum of controlg. The abso-
lute concentration of SH in serum from RA patients was significantly
lower than that of healthy controls (P < 0.01), when expressed as
either umol/1 or pmol/g protein. Synmovial fluid samples were obtained
from the same RA patients. The synovial fluid SH concentration was
lower than in serum. Ne difference was found when the SH concentration

was expressed as pmol/g protein.

Tabkle 1. The level of SH groups in the serum and synovial fluid of RA

patients (n=5) and in the serum of controls {n=5).

SE Protein SH/g protein
(pmol/1) (ng/ml) (pmol/g protein})
Control serum 583+74 70.64+2.2 8.26+1.09
RA patient
serum 415+89 " 70.8+6.7 5.85+1.06"
RA patient
synovial fluid 257464 41.4%6.9 6.23+1.248

The values are mean + SD.
*
P < 0.0% compared with control.

€ Not significant compared with RA serum.

GLUTATHIONE STABILITY IN ERYTHROCYTES FROM RA PATIENTS AND HEALTHY
CONTRCLS

There was nc difference in the amount of GSH (amol/ml(pmol/l)pac-

ked cells) in erythrocytes from RA patients and controls (Table 2).
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Table 2. The GSH level in erythrocytes from RA patients and controls.

Contyol {(n=4) RA (n=6}
GSE (nmol/ml packed cells)” 1772+144 1898+85

Values are wmean + SD.

* nmol/ml=Pmol/l.

Fig. 1. compares the ability of ervthrocytes obtained from RA
patients and healthy controls to regenerate GSH after peroxidative
stress. There is the same rapid depletion of GHS upon addition of
cumene hydroperoxide and a similar rate of GSH restoration. This
indicates that the capacity to maintain adeguate GSH levels under

peroxidative circumstances is the same for both groups.

Fig.1: The reduced glutathione content of intact erythrocytes from RA patients [n=6) and
contrels {n=4) during incubation with cumene hydroperoxide {0.5 mM} in the presence of glucese
(5 mM)., Cumene hydroperoxide was added at zero time, and the values are expressed as a
percentage of the initial glutathions content. Controls o—o and ©—@ ; RA patients og—o and
Z—a& Open symbols are in the absence and closed symbols in the presence of cumene hydro-
peroxide.
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DISCUSSICH

We have confirmed that sera from RA patients have a reduced
amount of SE groups compared with controls. The reduction in serum SE
groups is not simply a result of the decrease in serum albumin as
shown by Thomas and Evans (12). Hall et al. (3} suggested that the
diminished amount of SH groups may be due to oxidation by H,0, gene-
rated by stimulated phagocytes. We were able to confirm these data
{unpublished results). In RA patients without extra—articular lesions
it is unlikely that circulating granuleocytes are stimulated and so
would neot produce H,0pe In the synovial fluid H,0, is to be expected
due to phagocytosis. It therefore seemed reascnable to assume that the
amount of SE (pmol/g protein) would be lower in the symovial fluid
than in the sera of RA patients. However, our data showed that there
was no difference in SE groups (per g protein) in these twoc compart-
ments. It is possible that this is due to a2 rapid exchange of proteins
between the synovial f£fliuid and serum. Another possibility is that the
synovial fluid contains a factor(s) which protect{s) the proteins
effectively.

Treatment of RA patients with penicilliamine leads to an increase
in the amount of erythrocyte GSH (6, 7). Although the absoliute amount
of GSH is important, in order tec maintain cellular functions and
provide a barrier against peroxidative destruction, the capacity to
reduce the formed GSSG is alse very important. This reaction enables
the cell to withstand stress longer than would otherwise be possible
if GSH were not regenerated. We have shown that there is no difference
in GSH content of erythrocytes from RA patients and controls. If
alterations of GSH levels did have a role in the aetiology of RA, it
is possible that the capacity to regenerate GSH during oxidative
stress could be reduced. However, erythrocytes from controls and RA
patients were equally eﬁfec;ive in regenerating GSHE when challenged
with cumene hydroperoxide. It is therefore unlikely that the increase
in eryvthrocyte GSH, observed on administration of penicillamine, can
explain the disease remissions. Furthermore it is not known, at least
to our knowledge, what happens to the GSH level in erythrocytes from

controls treated with penicillamine.
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ABSTRACT

During inflammation, the superoxide anion (02_} and hydrogen
peroxide (Hzoz) are produced by stimulated polymorphonuclear leuko-
cytes and macrophages. The toxic effects of these reactive oxygen
intermediates increase when traces of iron are present, because iron
catalyzes the formation of the hydroxyl radical (OH"). Partially
saturated iron-binding proteins, such as transferrin and ferritin, are
unable to catralyze OH' formation in vitro. Mobilization of iron from
these proteins is necessary for iron stimulation of CE™ formation.
This paper reports that stimulated polymorphonuclear leukocytes mobi-
lize iron from human and horse ferritin, but not from human transfer-—
rin. Iren release from ferritin depends on 02' because it can bhe
prevented by the addition of supexoxide dismutase. Catalase and di-
methyvlsulfoxide have no inhibitory effect on iron mobilization. The
efficiency of the iron release increases at low levels of 02' produc=
tion. Only 02" produced by granulocyvtes is sufficient for iron mobili-
zation, because sclid potassium superoxide is also able to release
iron from ferritin. We propose that this reaction may potentiate the

formation of the OH' radical in inflammatory states-
TNTRODTCTION

During inflammation, stimulated polymorphonuclear leukocytes
(PMN) and macrophages produce large amounts of superoxide (02_) and
hydrogen peroxide (3202) (1). These products can be toxic by themsel-
ves, but their detrimental effects are strongly increased in the
presence of iron, able to catalyze the formation of the hydroxyl
radical (OH') by the following overall reaction: 02— T HNG, m—oz +
OH™ + OH*. Nearly all the iron present in the body is located in haem~
containing proteins and in iron~binding proteins such as transferrin,
ferritin, lactoferrin, or in enzymes. In in vitro systems, protein-
bound iron is often unable to catalyze CH" formation (2, 3, 4). Iron-
binding proteins are even able to inhibit destruction by oxygen free

radicals by binding of iren (5, 6).
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The present investigations are focussed on the mobilization of
iron from ferritin or transferrin by 02" produced during inflammation.
Subsequently, mobilized iron could catalyze 0H® formatin. Ferxritin is
very important in the storage of iron, but the exact physiological
mechanism for iron mobilization from ferritin is still unknown. Reduc—

3+ in the ferritin core to F32+ seems to be essential (7).

3+ to Fe2+- In this

tion of Fe
Superoxide can act as a reductant able to reduce Fe
study we were able to show that 02-, derived from stimulated PMN, is
abie to mebilize iron from ferritin. The relevance of this finding in

relation to rheumatoid arthritis (RA) is discussed.

METECDS

Reagentsg

Cadmivm—£free ferritin from horse spleen, 22% iron (50% satura-
ted}, catalase, cytochrome ¢ and superoxide dismutase (S0D) from
bovine erythrocytes were obtained from C.F. Boehringer & Sons, Mann-
heim, Federal Republic of Germany. Dimethylsulfoxide (DMSO) and 4,7
diphenyi-1,10-phenanthreline disulfonate acid sodium salt {batho-
phenanthroline} came from E. Merck, Darmstadt, Federal Republic of
Germany. Human transferrin was from Behringwerke A.G., Marburg, Fede—
ral Republic of Germany. Potassium superoxide (XO,) came from Fluka
A.G., Buchs, Switzerland; and Sephadex G-50 medium was from Pharmacia
Fine Chemicals, Uppsala, é;aeden. 48~Phorbol 12B-myrisate 13C~acetate
(P¥MA) and horse spleen apoferritin were obtained from Sigma Chemical
Co., St. Louis, MO. Scdium metrizoate—ficoll {Lymphoprep) came from

Nyegaard & Co. Oslo, Norway-

BMN leukocytes

PMN were isolated from defibrinated blood of healthy human volun-—
teers by sodium metrizoate-ficell centrifugation and by lysis of
erythrocytes using a cold isotonic NH,C1l solution (8). The final cell
suspension contained 95% PMN. At least 95% of the cells were viable,
based on the exclusion of trypan blue. PMN were suspended in a solu-

tion containing: 137 mM WaCl, 5.4 mM XKC1l, 0.7 mM NaH2P04, 0.8 mM
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MgS0,, 1.3 mM CaCl,, 5.5 mM glucose, 25 mM Tris {pE 7.4 at 37°C) angd S
g/l of bovine serum albumin. This solution was also uged as incubation
buffer.

Ferritin iron mobilization by PMN

The incubation mixture c¢ontained in final concentrations: 0.5 -
1.0 x 105 PMN/ml, 100 ng PMA/ml, 0.25 mg/ml horse spleen ferritin and
1 mM bathophenanthroline. The incubation at 37°C was started by adding
PMN. At different times, samples were drawn and placed on ice. The
samples were centrifuged for 5 minutes at 20,000 g and the absorption
at 530 nm was measured with the incubation buffer as reference. The
amcunt of iron release was calculated from the increase in the absorp-—
tion. The extinction coefficient of bathophenanthroline is 22,140
M Tem™ ¥ (9). The same incubations were performed with 0.25 mg/ml human
ferritin, which was isolated from human liver according to Penders et
al. (i0), and with 3 mg/ml human transferrin, which was 60% saturated
with iron. All the incubations were carried out in duplo. Gel filtra-
tion of the iron-binding proteins on Sephadex G-50 were carried out to

exclude interference by nonprotein-~bound iron.

Efficiency of 0, —dependent iron mobilization

Uging the same batch of PMN, both the 02' production and the iron
mobilization from horse spleen ferritin were measured at the same
time. Iron release during 15 min was estimated as described above. 02_
production was measured with a mixture that conta:l:.ned 150 pM cyto~
chrome ¢, 100 ng/ml PMA and 0.034-1.34 x 10° 2MN/m1, using the same
incubation buffer. The incubation at 37°C was started by addition of
PMN. After 15 min, the absorption at 550 nm was measured. The 02"
production was calculated from the increase of the absorption by using
an extinction coefficient of 21,100 M en™T for cytochrome c. Control
experiments showed that cytochrome ¢ reduction by stimulated PMN could
be blocked completely by 13 pg/ml SOD.

Ferritin iron mobilization by X0,

0.25 mg/ml horse spleen ferritin and 1T mM bathophenanthroline
were added to the above mentioned buffer without bovine serum albumin

(pH 7.4). The absorption at 530 nm was measured, using the buffer as
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reference. Solid KO, was added, and after the oxygen bubbles disap-
peared, the absorption was measured again. The addition of KO, was
repeated several times. At the end of this experiment the pH was

slightly increased to 8.0.

RESULTS

Figure 1 shows that PMN, stimulated with PMA, are capable of
mobilizing iren £rom horse spleen ferritin. The incubation mixture
contained (.25 mg/ml ferritin, which represented 980 uM ircn. After 30
min, 0.5% of the iron was mobilized. If the incubation was performed
at 0°C, or when no PMN were added, hardly any iron was mecbilized
{Table 1). There was alsc no significant iron release following incu—
bation in the absence of ferritin or with iron-free horse ferritin
(apoferritin). After stimulation, PMN pr_oduce large amounts of 02_ and
H,y05. It is known that 02_ can act as a reducing agent; therefore, 02-
could be responsible for the iron mobilization from ferritin. Addition
of SOD resulted in an inhibition of iron mobilization, which gives
strong evidence that 02_ is involved. Addition of catalase showed a
small increase in iron release, which can be explained by prevention
of reoxidation of Fe2+ by Hy0, DMSQ, a scavenger of OH radicals, had

no influence.

\

"

lren Mobtlized )J\l
[*]
'"”4\

1 I,‘__a——'—%—I - Ferritin
ke -
'I————_‘_'*_ + 500
-n-/
o 10 20 0
minuten
Fig.1: lron mobilization from horse spleen ferritin by superoxide produced by stimulated PMN.

The incubation mixture contained 0.2% mg/ml ferritin, 0.8 x 106 PMN/m] and 1mM bathophenan-
throline to measure Fe2+. Complete mixture {4}; 100 mg/ml SOD added (®); ferritin omitted
(@ }. Mean and standard deviation of two incubzations are shown.
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Table 1. Iron meobilization from human and herse ferritin and transfer-

rin by O, produced by stimulated PMN and the effect of SOD, catalase

and DM30

Iron mobili-

zed in 30 min

Horse spleen ferritin
(0.25 mg/ml, n=9)} 5.1+0.4
Incubation at 0°C
Without ferritin
Apoferritin substituted
for ferritin
Without PMN
Addition SOD (8.3 pg/ml}
Addition SOD (33.3 pg/ml)
Addition catalase (1040 U/ml)
Addition DMSO (10 mM)}

Human liver fexritin (0.25 mg/ml} 3.2+0.4
Addition SOD (33.3 Fg/ml)

Buman transferrin (3 mg/mi) 0.1+0.03

Iron saturation 60%

Percentage of iron
moblilization compa—
red with the com-

plete system with-

out additions

100
0+ 3
19+ 3

16+ 5
10+ 6
45+ 2
2510

120+ ©

102+ 7

190
46+ 4

All incubations were carried out with three different PMN prepara~

tions: the mean + D is shown. For each PMN preparation the incuba-

tions were performed in duplicate.
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Similar results were obtained when human liver ferritin was added
instead of horse spleen ferritin. The incubation mixture contained 280
M iron boumd in ferritin. After 30 min, 0.3% of the iron was mobili~
zed. Iron mobilization from human ferritin was also inhibited by the
addition of S0D. No measurable amount of iron could be mobilized from
human transferrin. The total amount of ireon present in the incubation
mixture was considerably lower in cases of transferrin compared with
cases of ferritin. Also, by increasing the transferrin concentration
five times, practically no iron could be mobilized. 3 further increase
in concentration of transferrin was technically impossible. Sephadex
G-50 gel filtrations of the iron-binding proteins were performed
before the incubations to exclude interference by nonprotein-bound
iron.

Theoretically, one mole of iron can be mobilized by one mole of
02_.Therefore, the ratio of mebilized iron over total 02- produced
can be considered as a parameter for the efficiency by which 02' is
used for iron mobilization. This was tested by using varving amounts
of PMN. simultaneous measuremhents of 02‘ production and iron release

showed that the efficiency declined at higher 02_ production (figure
2).

KOy KO, -
i = [ 87 l L l
st ™oa k_,_/—J
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2i3 - = &
2= 3
T8 “
- ]
2, Za
2 F
o
2 = LJ\__J
= - g 2 \-—_’_—J
o 20 a9 60 Q 2 4 & [] 10 12
0, Production um minutes
Fig.2: Efficiency of iron mobilization from Fig. 3: Iron mobilization from horse spleen
horse spleen ferritin by 02" produced by ferritin by KOz. Assay mixture contained
PMN, Simultaneous 02' production and iron 0.25 mg/ml ferritin and 1mM bathophenan-
refease from ferritin by stimulated PMN throline. At indicated times some grains of
were measured. 02- production was varied KO2 were added.

by using different amounts of PMN (0. 034~
1.38 xme ml), lncubation time was fixed at
15 min.
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During stimulation, proteases are also released. These proteases
possibly destroy ferritin, thereby liberating the iron that is subse-
quently reduced by 02-. Figure 3 shows, however, that addition of
grains of solid KO, to ferritin caused mobilization of iron. This
experiment showed that 02- is capable of mobilizing iron from ferri-
tin. XOp-induced irxon mobilization could not be inhibited by SOD. This
can be explained by the observation that at very high levels of 02“,
like in this experiment, spontaneous dismutation is much more impor-—

tant than SOD catalyzed dismutation (11).
DISCUSSION

During inflammation, large amounts of 02— and Hzoz are produced
by stimulated PMN and macrophages (1). The destructive effects of
these reactive oxygen intermediates are greatly enhanced by the pre-
sence of iron. This leads to the formation of the OH' radical from 02_
and H,0,. Iz vivo, nearly all the iron is located in enzymes, haem-—
containing proteins, or in specific iron-binding proteins such as
transferrin, ferritin, and lactoferxrrin.

Ferritin is the main protein in the storage of iron (12, 13}. It
consists of 24 polypeptide chains. There are two types of subunits {H
and L) with molecular weights of 22,000 and 192,000, respectively. The
polypeptide chains are arranged in a spherical protein shell with a
central cavity. There are six channels through this shell. In one
molecule of ferritin up to 4,500 iron atoms can be stored. Iron is
present in ferritin largely as ferric oxyhyvdroxide, together with some
phosphate. Deposition of iron in ferritin requires that iron be pre-
sent in the ferrous state; molecular oxygen is also used in the pro—
cess. The exact mechanism is still unrevealed. The mechanism of iron
mobilization is also unclear. A reducing substance is needed te form
ferrous iron. In vivo reduced riboflavin mononucleotides possibly play
this role. Subsequently, the ferrous iron must be complexed with a
suitable iron chelator.

Many investigations in vitro showed that protein-bound iron does
not catalyze OH® formaticn (2-4). Furthermore, prevention of OH’
production by lactoferrin and transferrin was found to be due to the

binding of free iron present in the test system {5, 6). In contrast,
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other studies showed that iren-~binding proteins were able to stimulate
OE' formation (14=17). In these studies, however, the iron-«binding
proteins were fully saturated with iron, which seldom occurs in vive,
or no saturation was mentioned. 5o, most probably in vivo, the iron-
binding proteins, which are partially saturated with iron, axe inca-
pable of catalyzing the production of the very aggressive 0F radical.
Gutteridge et al. (4) reported the presence of a small amount of
nonprotein-bound iron in some extracellular fluids, for example syn-
ovial f£luid. Until now, this interesting cbservation was not confirmed
by ethers.

It is difficult to understand that "free iron” can exist in the
presence of transferrin, only partially saturated with ireon, because
transferrin has a very high affinity for iron. The present study shows
an alternative source of iron, which can catalyze OH' formation.
Stimuiated PMN caused mobilization of iron from ferritin. The iron
release could be blocked by S0D, but not by catalase or DMSO, indica-
ting that 02_ was necessary in contrast to H,0, and OH™. Catalase
showed a small but reproducible increase in iron mobilization. This
can be explained as follows: catalase inhibits oxidation of small

2+ 3+

amounts of free Fe te Fe by Hy0o- Fe3+ is unable to bind to

bathophenanthroline, a known chelator, to estimate Fez+l

The efficiency of iron mobilization by ©, was dependent on the
amount of 02- produced. At & low level of 02- production per time unit
a relatively greater amount of iron was mobilized than at a higher
level of 02- production pex time unit. Stimulated PMN also caused
release of iron from human liver ferritin. Again the iron release was
0,  dependent, for it could be inhibited by SOD. 0,  was not able to
release measurable amounts of iron from human transferrin.

Stimulated PMN not only produce O, and Hy0,, Put also produce
proteolytic enzymes. It is possible that the proteolytic enzymes
degrade the protein part of ferritin, and that 02' subsequently redu-
ces Fe3+ to Fe2+, which can bind to bathophenanthroline. Although it
cannot be excluded that proteolytic enzymes play an additicnal role in
the measured iron mobilization, it is shown that 02- on its own is
able to release iron from ferritin. Addition of solid X0, to horse

spleen ferritin resulted in a release of iron.

Iron release from fexxritin is shown to be possible with xanthine
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and xanthine oxidase, a well known source of 0, (18, 18). It is
doubtful whether xanthine and xanthine oxidase mobilize iron from
ferritin by formation of 02”, because mobkilization occurs much better
when oxygen is absent and, in our knowledge, no literature data show
that the release can be blocked by SOD. In preliminary investigations
we were also able to release iron from ferritin by xanthine and xan-
thine oxidase, but it could not »e blocked by SOD. Electrons are
probably carried from the enzyme substrate complex to ferritin using a
different carrier than O, -

The conclusion drawn is that stimulated PMN and macrophages will
mobilize iron if ferritin is present by an 02" dependent mechanism.
This iron can be used immediately for stimulating OH" formation from
O,  and H,0,, which are produced by the same stimulated cells, before
it will bind teo transferrin.

The following pathophysioclogical consegquences can be expected
from the mobilization of iron from ferritin by stimulated PMN. There
is a coatinuous flow of leukocytes to synovial fluid, predominantly
PMN, reaching levels up to 7 x 107/ml. The PMN phagocytose actively
immune ¢omplexes and other material. These cell numbers are much
higher than those used in the present in vitre study. Thus, a con=-
tinuous production of considerable amounts of 02" can be expected.
Although the ferritin concentration in synovial fluid of RA patients
is much lower than the concentration used in our system, the conti-
TUOUS 02_ production by the invading PMN possibly releases enough iron
to catalyze the formation of OH". It is worth mentioning that RA
gynovial fluid contains much higher concentrations of ferritin
(2.09+2.77 pg/ml) than normal synovial fluid (0.2340.17 ng/ml) {20,
21). In the synovial membrane of RA patients the number of macrophages
are increased and a large amount of ferritin is present (22); thus,
iron mobilization can be expected. Iron release from ferritin by 02_
can alse be important in other diseases when inflammatory cells are
stimulated in the presence of ferrxitin. In haemochromatosis such a

situation possibly occurs.
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CHAPTER 5.

INTRA-ARTICULAR FERRITIN-BOUND IRON IN REEUMATOID ARTERITIS
A FACTOR THAT IRCREASES OXYGEN FREE RADICAL-INDUCRD TISSUE DESTRUCTLON

P, Biemond, A.J.G. Swaak, H.G. van Eijk and J.F. Koster
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Iron mobiljzed from ferxitin is able to convert superoxide and
hydrogen peroxide, which are produced in large amountg in rheumatoid
arthritis (RA), to the extremely toxic hydroxyl radical. We have found
that synovial fluid ferritin is increased significantly in RA patients
compared with controls. The high synovial f£fluid: serum ferritin ratio
is compatible with the hypothesis that synovial £luid ferritin is
derived from the synovial membrane. We found no difference in ferritin
concentrations in the synovial membranes of RA patients compared with
controls. Quantitative data regarding the amount of iron bound to
ferritin showed that the level was 2.9 times hicher in RA synovial
membrane than in that of controls. Moreover, RA synovial fluid con-
tained considerable amouts of iron bound to ferritin. Calculation of
the iren saturation of ferritin revealed that RA synovial membranes
contained a mean of 2,210 moles of iron per mole of ferritin, which
was significantly elevated compared with the mean value of 1,500 moles
found in the synovial membranes of the controls. The decreased satura-~
tion of ferritin in RA synovial fluid, compared with that in the
synovial membrane, could be due to an uncompensated release of iron
from ferritin, that has been induced by superoxide that is produced by
gtimulated granulocytes. The results demonstrate that in the Joints of
RA patients, sufficient ferritin lcaded with iron is available to

stimulate oxygen free radical damage.
INTRODUCTION

It is well known that there is a relationship between iron con-
centration and the development of arthritis. In rheumateid arthritis
(RA} there is an increased concentration of iron in the synovial fluid
and synovial membrane (1). Arthritis develops as a result of iron
accumulation in the Jjoint in hemochromatosis, which is characterized
by a systemic overload of iren, and in hemophilia, in which synovial
iron deposition results from recurrent hemorrhages. Recently, treat-
ment of RA patients with intravenous administration of iron has been
shown to result in a flare—up of the arthritis (2}

The importance of oxygen free radicals in the pathogenesis of RA
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is becoming widely recognized (3-6). After stimulation, granulocytes
and macrophages produce large amcounts of superoxide (02_) and hydrogen
peroxide (7}. These preoducts can be toxic in themselves, but their
toxicity increases greatly in the presence of iron and results in the
production of the extremely reactive hydroxyl radical, as follows:
0, + Hy0, 2E o, + OH™ + OH

Hydroxyl radical formation can only be catalyzed by free iron (8). The
main bioclogic function of iron-binding proteins is prevention of the
hydroxyl radical formation that is stimulated by free iron. Iron bound
to transferrin or lacteferrin, which are extracellular iron-binding
proteins, is unable to stimulate hydroxyl formation (2). In contrast,
ferritin can increase oxygen free radical damage (10).

Ferritin is the main protein invelved in the intracellular sto—
rage of iron (11, 12), Apoferritin consists of 24 polypeptide chains.
There are two types of subunits, H and L, with molecular weights of
22,000 and 12,000, respectively. The polypeptide chaing are arranged
in a spherical protein shell, with a central cavity. There are six
channels through this shell. The molecular weight of apoferritin is
approximately 450,000. One molecule of apoferritin can store as many
as 4,500 iron atoms. Iron is present in ferritin largely in the form
of ferric oxyhydroxide, together with some phosphate. The mechanisms
by which iron is deposited in, and mobilized from, ferritin are not
known. Cur previous investigations have shown that the superoxide
produced by granulocytes is able to release iron from feritin, which
makes it available for stimulation of hydroxyl radical formation (13).

Ferritin has been found to be increased in RA synovial fluid
(14). This discovery was followed by speculations about its role in
the pathogenesis of RA (15). The probability of such was diminished by
a preliminary report that the ferritin in RA synovial fluid does not
contain iron (16)}. This situation prompted us to study the distribu—

tion of ferritin in the joint, together with its irom saturation.
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PATIENTS AND METHCDS

Synovial fluid, synovial membrane, and serum samples

Synovial fluids, svnovial membranes, and sera were obtained from
patients with classic or definite RA, according of the American Rheu«
matism Association diagnostic criteria (17), from patients with osteo-
arthritis (OA), and from patients with traumatic knee lesions, for
which meniscectomy was performed.

Byalurcnidase and heparin were added to the synovial f£luid sam-
ples. The samples were centrifuged and then stored at -70°¢. Samples
containing > 15 mg/l hemoglobin were excluded from this study.

Synovial membrane biopsy Specimens were mechanically homogenized
in 10 volumes of 10 mM sodium phosphate, pH 8.0, for 60 seconds at
4°C. The homogenate was centrifuged at 15,000 g for 20 minutes. The

supernatant was used after filtration.

Measurement of fexritin

The ferritin concentrations in sera, synovial fluids, and syn-—
ovial membrane homogenate supernatants were detexmined by the Specto-
Ferritin immunoassay (Ramco Laboratories, Houston, TX). Samples with

ferritin concentrations > 400 pg/l were diluted prior to use.

Meagurement of ferritin-bound iron

Iron—-free laboratory materials and solurions were used. Ferritin-
bound iron was measured by a modification of the method of Zuyderhoudt
et al. {i8). Antibodies to human ferritin (Dakopatts, Glostrup, Den-
mark) were immobilized. The ferritin antibody (1 ml) was coupled to
CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, Uppsala, Swe-
den) according to the manufacturer's instructions. The sample was
dAiluted with equal amcunts of 0.15 M NacCl, and 1 ml was mixed with 2
mg of Sepharose-anti-ferritin containing 34 pg of immunoglobulin. This
was mixed overnight at room temperature. The samples were then centri-
fuged for 10 min at 250 g, and the supernatant was carefully removed.
No ferritin was detected in the supernatant.

The pellet was removed, washed 3 times with saline, and 0.7 ml of
12.5 M HC1 was added. After 15 min, 0.1 ml of 142 mM ascorbic acid

{fresh) and 0.6 ml of 7.5 M sodium acetate were added (pH range 4-5}.

o4



Iron was detected after the addition of 0.2 ml of 10 mM Ferene-$
(Sigma, St. Louisg, MO} by using the extinction coefficient, at 595 nm,
of 35,500 # 'en™. This method resulted in ferritin iron determina-
tions with a sensitivity limit of (.4 pM. The coefficient of variation
of the different determinations of the same sample was approximately
10%. Total protein was measured according to the method of Lowry et

al. (19).

Measurement of ferritin iron saturation

The levels of iron saturation of ferritin in synovial fluids and
synovial membranes were calculated using the ferritin concentration
value and the ferritin-bound iron concentration value. Three pieces of
the same synovial membrane were homogenized separately, and the ferri-
tin iron saturation was determined. This procedure was used with 3
biopsy specimens. With these data, the coefficient of variation of the

entire procedure was calculated to be 7%

Statistical analysis

Because the data showed an asymmetrical distribution, significan-—

ce was assessed by Wilcoxon rank sum test.

RESULTS

FERRITIN LEVELS IN SYNOVIAL FLUID

The ferritin concentration was measured in synovial fluid from 28
patients with RA, 12 with OA, 10 with traumatic knee lesions, 2 with
systemic lupus erythematosus (SLE), 4 with psoriasis, and 4 patients
with gout (figure 1). The mean ferritin ‘concentration was 5.4 times
higher in the synovial fluid of RA patients compared with both patient
control groups (knee trauma and OA) (P <« 0.01), but there was consi-
derable overlap. In the 2 SLE patients, levels of ferritin were within
the same range as those found in the RA patients. The psoriasis and
gout patients showed values equal to those of the DA patients and the

patients with traumatic knee lesions.
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Fig. 1: Ferritin concentration in synovial fluids from patients with traumatic knee lesions (Traum},
osteoarthritis (QOA), rheumatoid arthritis (RA), psoriasis (Pso), gout and systemic lupus
erythematosus (SLE). The ferritin level is significantly higher in RA patients versus the group
with OA and the group with traumatic knee lesions. Bars show the means + SD.

SYNOVIAL FLUID:; SERUM RATIO OF FERRITIN

Ferritin was estimated in paired samples of synovial f£luid and
zerum from 13 RAR patients, 8 OA patients, and 3 patients with trauma-
tic knee lesions, to investigate the distribution of ferritin (table
1). In contrast to most other synovial fluid proteins, which show
gynovial fluid: serum ratios below 1.0, ferritin was found in greater
amounts in syneovial £luid than in serum. In RA patients, the ratio
reached 14.7; this was significantly higher (P <« 0.01) than the ratio
noted in OA patients. Only 3 paired samples cculd be obtained from the
10 patients with traumatic knee lesions. Although no statistical
conclusiens ¢an be drawn from so few data, the results suggest that
the synovial fluid: serum ferritin ratio in this group is egual to

that found in OA patients.
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Table 1. Distribution of ferritin in serum and synovial f£fluid of

x
rheumatoid arthritis (RA) patients and control subjects .

Synovial
Synovial £fluid:gerum
fluid Serum ratio
RA patients 1.54 + 2,27 0.15 + 0.25 14.7 + 14.6%
(n=13}
OA patients (contreol) 0.25 + 0.13 0.12 + 0.09 3.8 + 3.8
(=8}
Trauma patients 0.29 0.02 3.3
(control) 0.39 0.08 4.7
(n=3) 0.30 0. 11 2.6

Values are mean + SD (except for the trauma patients whose values
are listed separately) mg/l. OB = ostecarthritis; trauma = patients
with trazumatic knee lesions.

85« 0.01 versus OA patient group, by Wilcoxecn rank sum test.

FERRITIN LEVELS IN SYNOVIAL MEMBRAWE

The synovial membranes of 18 patients with RA and 21 patients
with traumatic knee lesions were homogenized, and levels of ferritin
and total protein were measured. The results, shown in figure 2,
reveal no sionificant difference in ferritin concentrations per gram

of protein.
AMOUNT OF FERRITIN-BOUND IRON

The amounts of iron bound to ferritin in the synovial membranes
from 12 RA patients and from 10 patients with traumatic knee lesions
are shown in figure 3. The mean value in RA patients was 2.9 times
higher than that in the control group. Despite the wide range of
values in the RA patients, the difference in the mean levels was
significant (P < 0.05).

Synovial fluid from 13 RAL patients contained ferritin-bound iron
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at a concentration of 1.8 + 1.5 M (mean + SD). Only a few contrel

specimens could be analyzed since many of the synovial fluid samples

were excluded because of low ferritin content. In OA patient samples,

the concentration of iron bound to ferritin was in the same range as

that in the RA patients, in patients with trzumatic knee lesions,

however, the concentration tended to be lower.
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Fig.2: Ferritin in the synovial
membranes from patients with
traumatic knee lesions (Traum)
and patients with rheumatoid
arthritis (RA). The ferritin
concentrations are expressed in
mg/gm of protein homogenate;
bars show the means + SD.
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Fig. 3: The concentration of iron bound to
ferritin in the synovial membranes from
patients with traumatic knee lesions (Traum)
and patients with rheumatoid arthritis (RA).
The ferritin-bound iron concentrations are
expressed in umoles/gm of protein homo-
genate; bars show the means + SD.



FERRITIN IRON SATURATION

By using the ferritin walues and the iron bound to ferritin
valueg, the iron saturation of ferritin could be calculated. The mean
ferritin iron loading in the synovial membranes from patients with
traumatic knee lesicons (n=10) was 1,500 moles of iron per mole of
ferritin, which corresponds with 33% iron saturation of the ferritin
molecule {figure 4). The ferritin iron load was significantly higher
(¥ <« 0.0%) in RA patients (n=12), giving a mean value of 2,210
moles/mole (saturation 49%), which is 1.5 times ¢reater than that of
the controls.

Of the 10 synovial fluid samples from RA patients, 2 samples were
excluded because the ferritin concentrations did not reach the 200
pg/l Limit of our detection method. Two other samples contained enough
ferritin, but the iron content of ferritin was below the 0.4 pM limit
of detection. The saturation in these samples were included in the
caleulations (assuming that the iron cortent was 0.4 pM), the true
mean values could be considerably lower. Thegse two samples are indica-
ted by the open triangles in figure 4. Synovial f£fluid from RA patients

showed ferritin iron saturation of 1,150 moles/mele, which is about
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Fig.4: Ferritin iron saturation in the synovial membranes(SM) from patients with traumatic knee
lesions {Traum) and patients with rheumateid arthritis (RA) and the ferritin iron saturation in
RA synovial fluids [SF), Bars show the means + SO. Open triangles represent the 2 somples with
levels of ferritin-bound iron below the 0.4 UM [limit of detection.
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haif the level found in RA synovial membranes {F < 0.01). Synovial
fluid from controls was alsc analyzed, but many samples were excluded
because the amount of ferritin was too low. In two patients with
traumatic knee lesions, ferritin iron loading was 1,850 moles/mole and
3,280 moles/mole, respectively. Two OB patients had values of 3,000
meles/mole and 1,000 moles/mole, respectively, in their synovial fluid
samples. These limited values suggest that, in RA patients synovial
fluid ferritin iron lcading is decreasgsed in comparison with levels

found in controls.
DISCUSSION

Stimulated granulocytes and macrophages produce, in addition to
other inflammatory mediators, large amounts of O, and Hy0, (7).
Investigations during the last decade have shown that these oxygen
free radicals play an important role in tissue destruction in RA (3~
&6). Iron is an essential part of hemoglobin, as well as a variety of
proteins and enzymes in the body. However, iron is very toxic because
it enhances the toxicity of oxygen free radicals (20~22). Rather
inactive reactive oxygen species, such as 02_ and Hzcz, are converted
to extremely toxic species, such as the hydroxyl radical, in the
presence of non-protein-bound iron.

Data from several investigations suggest an important role for
iron in RA. Levels of total iron are increased in RA synovial fluid
and synovial membrane in comparison with levels found in controls (1,
23). Secondly, arthritis is frequently found in patients with hemo-—
chromatosis and hemophilia, diseases in which iron accumulates in
joints. Moreover, RA patients receiving iron intravenocusly experienced
an exacerbation of their arthritis (2).

The iron—binding proteins, transferrin and lactoferrin, protect
against free radical attack by binding iron in a form that is unable
to catalyze hydroxyl radical formation (9). Although transferrin is
present in-high concentrations in synovial fluid (24), it does not
protect, because as a result of oxygen free radical damage, it has
lost its capacity to bind iron (16). Ferritin also protects against
iron-catalyzed free radical damage, but only partially. Ferritin is

able to increase free radical damage (25, 26), althoucgh at a lowerxr
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rate than corresponding amounts of free iroen (10). The differences
between ferritin and transferrin or between ferritin and lactoferrin
have been explained by previous studies that have shown that super-
oxide is able to release iron from ferritin only (13).

The present study focused on the amount of fexrxitin, and more

importantly, the amcunt of iron bound te ferritin, that is present
intra-articularly in RA patients. We sought to determine whether iron
is available to catalyze the conversion of 02_ and H,0, to the very
toxic OE® radical. The ferritin concentration in synovial fluid was
5.4 times higher in RA patients compared with that in OA patients and
in patients with traumatic knee lesions. Our results confirm the
rasults of previous investigations (14).
. Measurements of the ferritin concentraticns in paired samples of
synovial fluid and serum revealed that in Ra, ferritin is much higher
in synovial fluid than in serum. In controls, this ratic was signifi-
cantly lower, although still considerably higher than 1.0. In con-
trast, Milman et al. (27) found the same ferritin concentration ratios
in serum and synovial fluid samples from RA patients and OR patients.
Almost all serum proteins can be found in synovial f£luid, but at
concentrations below those in serum (28). A ratio above 1.0 suggests
that a protein is produced locally and is not derived from serum. The
ferritin present in synovial fluid most likely originates from synthe~
sis in synovial membrane cells, which when they die, release the
fexrritin inte the jeint cavity. Previous studies using microscopy
showed ferritin to be present in the synovial membrane of RA patients;
however, only gualitative information was obtained in the studies, and
no control group was included (22, 30). We measured ferritin gquantita-—
tively. Egual amounts of ferritin (per gram of protein homogenate)
were detected in the syovial membranes of patients with RA and pa~
tients with traumatic knee lesions. Xnowing that the total wvolume of
synovial membrane tissue is increased in RA, the ferritin content of
an entire joint will naturally be higher in RA patients than in con-
trols.

The potential danger of ferritin is related to its iron content.
Blake et al. {16) reported that the ferritin found in synovial fluid
contained no, or hardly any, iron. Our resulis édo not support this

finding. While RA symovial fluid was clearly shown to contain micro-
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molar amounts of ferritin-bound ireon, the limited data from control

specimens suggested that, in patients with traumatic knee lesions, the

ferritin-bound iron concentration in synowvial fluid is less than that
found in RA patients. Considerable amounts of ferritin-bound iron were
found in the synovial membranes of RA patients, and the levels were
statistically significantly higher than those found in specimens from
the contrels. These results clearly show that in Ra, ferritin—-bound
iron is present in concentrations that are adequate to stimulate the
hydroxyl radical formation.

The increase in iron bound to ferritin in RA patients can be
explained by tweo mechanisms that are possibly of equal importance.

1. In RA, repeated lesions of the inflamed, highly vascular synovial
membrane occur, and these result in small hemorrhages. It has been
suggested that there is a total intra-articular bleood loss of 4 mi
in 24 hours (31). Under such conditions, erythrocytes will be
destroyed and their iron will accumulate in the synovial membrane
cells, and ferritin will be produced (32).

2. RA is complicated by an increased affinity of macrophages for iron,
which results in little iron being available for hemoglobin synthe-—
sis. Macrophage—derived cells are a major component of the synovial
membrane. Thus, by this mechanism, considerable amounts of serum
derived iron can be sequestrated into the synovial membrane.

Measurements of ferritin and iren bound to fexritin in the same
tissue samples made in possible to calculate the ferritin iron satura-—
tion. RA synovial membranes had a mean iron saturation of 2,210 moles
of iron per mole of ferritin, which was significantly elevated com—
pared with the value of 1,500 moles/mole found in contxols. RA syn=-
ovial fluid contained ferritin with a mean iron saturation of %,150
moles/mole. This result contrasts with the observation that synmovial
fluid ferritin does not contain iron (16). Cur method of the chemical
measurement of ferritin-bound iron is superior to the density gradient
centrifugation methed used in that study (36). A comparison of ferri-
tin iron saturation in synovial membrane versus synovial fluid in RA
patients revealed a significant decrease in saturation ir synovial
fluid. If gynovial fluid ferritin is derived from the synovial mem—
brane, similar levels of iron saturation are expected. The decreased

saturation can be explained by iron mobilization induced by stimulated
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granulocytes, as shown previously (13). Most likey, iron mobilizaticn
from ferritin alsec occurs in the synevial membrane, but this can be
compensated for by de nove synthesis of ferritin, and the steady state
saturation level will not fall.

Our results support the hypothesis about tissue destruction in RA
that is illustrated in figure 5. Superoxide from stimulated granule—
cytes and macrephages will mobilize ilron from ferritin, which is
present in sufficient amounts in both synovial membrane and synovial
fluid. This iron is available to convert 02" and H202, darived from
the inflammatory cells, te the hydroxyl radical. The hydroxyl radical
is able to destroy cartilage, membranes, hyaluronic acid, and preo-—

teins.

PMN in SF

Mg in SM

0, +H202—-h-02+ OH + OH

[? \ DESTRUCTION
&/
x/ Cartilage

Membranes
Ferritin

in SF and SM

Proteins
Hyaluronic acid

Fig.5: Hypothesis regarding the role of ferritin in the pathogenesis of rheumatoid arthritis.
PMN= polymorphonuclear cell; SF= synovial fluid; M@= macrephage; SM= synovial membrane.
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CHAPTER 6.

ON THE SUPEROZIDE-DEPENDENT AND INDERENDENT MECEANISM OF IRCON
MOBILIZATION FROM FERRITIN BY XANTHIME OXIDASE.
ITS IMPLICATIONS FOR OXYGEN FREE RADECAL INDUCED TISSUE DESTRUCTION
DORING ISCHEMIA AND INFLAMMATION
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Xanthine oxidase is able to mobilize iron from ferritin. This
mobilization can be blocked by 70% by superoxide dismutase indicating
that parg of its action is mediated by superoxide {02—). Uric acid
induced the release of fexritin iron at concentraticons normally found
in serum. The Oz"w-independent mobilization of ferritin iron by xan-
thine oxidase cannot be attributed to uric acid, because:

1. uricase did not influence the O, —independent part,

2. acetaldehyde, substrate for xanthine oxidase, also revealed a 02"—
independent part, although no uric acid was produced. Presumably
the amount of uric acid produced by xanthine oxidase and xanthine
is insufficient to release a measurable amount of iron from ferri-
tin.

The liberation of iroen from ferritin by xanthine oxidase has
important consegquences in ischemia and inflammation. In these circum—
stances xanthine oxidase formed from xanthine dehydrogenase, will
stimulate the formation of a non-protein bound iron pool, and the 02_
produced by xanthine oxidase, or granulocytes, will be converted by
"free"” iron to much more toxic oXygen species such as hydroxyl radi-

cals (CE"), exacerbating the tissue damage.
INTRODUCTION

It has been known for a long time that xanthine oxidase and
ferritin interact with each other (1, 2, 3). In the presence and the
absence of oxygen (4) xanthine oxidase is able to mobilize ircn from
ferritin. Mazur et al. (3) suggested that xanthine oxidase was im-
portant in mobilization of iron from liver ferritin in viwvo. Various
studies have provided data both supporting (5, 6) and opposing (7, %)
this hypothesis. Thopham et al. (9) concluded that the proposed hypo-
thesis was true, because they found an accumulation of iren in the
liver after inhibition of xanthine oxidase. Thev suggested that pre-

vious negative findings were due to an incomplete inhibition of xan-
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thine oxidase.

Ferritin is the main iron storage protein in the body. The phv-
siological mechanism of iron mobilization from ferritin is unclear. A
reducing substance is needed to form ferrous iron, subseguently the
ferrous iron leaves the ferritin core and must be complexed by a
suitable chelator (10-12).

The mechanism by which xanthine oxidase is able +0 release iron
from ferritin was unknown for many years. McCord and Fridovich (13)
found that xanthine oxidase was able to produce superoxide (02_).
Xanthine oxidase is now the most commonly used gsource of 02— in in
vitro experiments. It is uncomprehensible that until recently no one
suggested 02" to be responsible for ferritin iron mobilizaton, while
it was Xnown that a one electron reduction is necessary. Qur previous
investigations demonstrated that ferritin iron could be mobilized by
02‘ derived from granulocytes or solid potassium superoxide (14).

afterwards Thomas et al. (15) have shown that O, produced by
xanthine oxidase is also able to release iron frem ferritin. In the
present study additional information about the mobilization of iroen
from ferritin by xanthine oxidase is obtained. The conseguences of
iron mobilization from ferritin in ischemia and inflammation arxe

discussed.
MATERIALS AND METEOQDS

4,7 Diphenyl=1,10-phenanthroline disulfonate acid sedium salt
(batheophenanthroline), uric acid, xanthine were obtained from E.
Merck, Darmstadt, Federal Republic of Germany. Acetaldehyde from
B.D.H. Chemicals, Pcole, England. Cytochrome ¢, horse spleen ferritin
(22% iron, 50% saturated), transferrin (70% saturated with iron,
removal of free iron by gelfiltration), catalase (65.000 U/mg), super—
oxide dismutase (SOD) (5000 U/mg) and uricase (6 U/mg) came from C.F.
Boehringer & Sons, Mannheim, Federal Republic of Germany. All other
reagents are of highest analytical grade. Milk xanthine oxidase was

purified from fresh cow-milk by the method of Massey et al. (16).
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0,__production

Xanthine oxidase was tested for its capacity to produce O, . The
reaction mixture (total volume 1 ml} contained: xanthine oxidase 0.02
g/l, xanthine 0.2 mM, c¢ytochrome ¢ 30 BM in Tris HC1l 0.7 M, pH 7.4.
Incubation at 20°C was started by addition of xanthine oxidase. The

02" production was calculated from the increase in the absorption at

550 nm, using an extinction coefficient of 21,100 M~ L.om™! for cyto-
chrone c. Cytochrome ¢ reduction slowed down in time, because accumu~
lation of H,0, czused reoxidation ¢f cytochrome c, which could be
inhibited by catalase. So for proper evaluation of 02“ production, the

initial cytochrome ¢ reduction has to be used.

Ferritin iron meobilization

Iron mobilization from fexritin by xanthine oxidase was measured,
by incubation of a mixture containing: xanthine oxidase 0.02 g/1,
xanthine 0.2 mM, ferritin 0.5 g/, bathophenathroline 1 mM in Tris HCL
0.1 M, pE 7.4. A sexrie of experiments was performed with acetaldehyde
10 mM as substrate instead of xanthine. Additicns wexe performed as
indicated in figure legends. Incubation at 20°C was started by the
addition of xanthine oxidase. Iron mobilization was calculated from
the absorption at 530 nm using an extinction coefficient of 22,140
M Lem™! for bathophenanthroline. Release of iron from ferritin by
uric acid was tested in the same system by substitution of xanthine

oxidase and xanthine by uric acid.
RESULTS
FERRTITIN IRON MOBILIZATION BY XAWTHINE OXIDASE

Incukation of horse spleen ferritin with xanthine oxidase and
xanthine resulted in release of iron detected by bathophenanthroline
(figure 1, part B). In control experiments without xanthine oxidase,
xanthine or ferritin, hardly any iron could be detected. Addition of
SOD, able to destroy all 02‘ produced by xanthine oxidase (figure 1,
part A), inhibited ferritin iron release by 70%, indicating that 70%
of iron mobilization is caused by 02-- Catalase revealed minimal

decrease of iron release. Mannitel and dimethylsulfoxide 4id not have
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a2 significant effect too (data not shown). It can be concluded that
H,0, and OH' are not involved in ferritin iron mobilization by xan-
thine oxidase. Xanthine oxidase was unable to release iron from trans-—

ferrin (70% irom saturation) 3 g/l in our system.

Produstion uM
-,
) ]
mobillzed uM

i

02
lron

-+
+*

-l
(S8

Fig.1: Superexide production (A) and iren mobilization frem ferritin by xanthine oxidase and
xanthine {B).

A: Reaction mixture (1ml) contaimed xanthine oxidase 0,02 g/I, xanthine 0.2 mM cytochrome
¢ 30 4M in Tris HCL 0.1 M, pH 7.4, Absorbance was measured continuously at 550 nm.

E: Reaction mixture {1 ml) contained xanthine oxidase 0.02 g/[, xanthine 0.2 mM, ferritin

0.5 g/l and bathophenanthroline 1 mM in Tris HCL 0.1 M, pH 7.4. Absorbance was measured
cantinuously at 530 nm.

@, No additions; o, plus catalase %0 mg/l: x, plus SOD 0.1 g/I; m, plus 30D 0.7 g/1 and
catalase 10 mg/l: a. without xanthire oxidase; @, without xanthine: a, without ferritin.

FERRITIN IRON MOEBILIZATION BY URIC ACID

While 0, seemed to be responsible for 70% of ferritin iron
mobilization by xanthine oxidase, we looked for an additional mecha-
nism of ferritin iron release. FAD orxr FMN on their own did not reveal
iron mobilization from ferritin unless the incubation mixture was
illuminated. Uric acid, the product of the reaction between xanthine
oxidase and xanthine, was able to release iron from ferritin as shown

in figure 2. The amounts depended on the uric acid concentration,
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Fig.Z: lron mebilization from ferritin by Fig. 3: [ron mobilization from ferritin by
uric acid. Incubation mixture (Imi) contain- xanthine oxidase and xanthine, Inhibition
ned ferritin 0.5 g/I, bathophenanthroline by SOD and uricase. Reaction mixture (1ml)
7 mM and uric acid in Tris HCL 0.1 M, contained xanthine oxidase 0.02 g/l,
pH 7.4 Absorbance was measured at 538 nm. xanthine 0.2 mM, ferritin 0,5 g/t and batho-
&, uric acid 200 uM; ©, uric acid 50 pM;  x, phenanthrofine T mM in Tris HCL 0.1 M,
no uric acid: #, uric acid 56 uM plus pH 7.4 Absorbance was measured at 530 nm.
uricase 10 mg/l. o . no additiens; o, plus uricase 10 mg/l;

x,plus SOD 0.7 g/1; m, plus uricase 10 mg/i;
and SOD 0.7 g/l.

which were within the range normalliy found in serum. Addition of
uricase caused a decreased of iron mobilization. Control experiments
excluded a direct interaction between uric acid and bathophenan-
throline. The contribution of uric¢ acid in ferritin iren mobkilization
by xanthine oxidase was investigated by using uricase (figure 3). In
the presence of $0D, uricase did not have an additional inhibitory
effect on ferritin iron release by xanthine oxidase and Xanthine,
suggesting that the 02_-independent part was not due to an effect of
uric acid. Uricase without S0D, however, did ghow a small decrease in
iren mobilization. Suyperoxide preoduction by xanthine oxidase did not
change in the presence of uricase. Liberation of iron from ferritin

also occurred after replacement of xanthine by acetaldehvde. SOD
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inhibited iromn rxelease for 80%, which suggested that about 20% of the
iron mobilization was 02-—independent- These varicus results indicate
that although uric acid is able to release iron from ferritin, its
action is insufficient to explain the complete Ozﬁ-independent part of

ferritin iron release by xanthine oxidase.

DISCUSSION

In the present study iron mobilization from hoxse spleen ferxritin
by xanthine oxidase was found. It could be inhibited by 70% by $0D, at
a concentration able to inhikit all 05  production by xanthine oxidase
(figure 1). In contrast catalase, dimethylsulfoxide (DMSO), and manni-
tol had no effect. On the basis of the inhibition by SOD it can be
concluded that the majority of ferritin iron meobilization was 02“—
dependent, but additionally a 02_~independent part was found. Thomas
et al. (15) found iron mobilization by xanthine oxidase and xanthine,
which could be completely blocked by SOD.

Xanthine oxidase was unable to release iron from human transfer-—
rin saturated with iron for 70%.

Further investigations were performed to elucidate the mechanism
of the 02'-independent iron mebilization. Uric acid, the product of
the reaction between xanthine oxidase and xanthine, Qid mobilize iron
from ferritin, in concentrations which are neormaliy found in serum
{figure 2). This mechanism was already suggested by Green et al. {2].
Liberation of iron from ferritin by uric acid may increase oxygen free
radical damage, which is in sharp contrast to its function as protec—
tor against these radicals as suggested by Ames et al. (17}). However,
their findings could not be reproduced by us {18). To measure the part
of ferritin iron mobilization by xanthine oxidase and xanthine caused
by uric acid, uricase was used (figure 3). After inhibition by S0D,
uricase did not have an additional inhibiting effect on the iron
release, indicating that the contribution of uric acid was small or
absent. A second argument for uric acid not being responsible for the
02_-inaependent part was found by using acetaldehye as a substrate for
xanthine oxidage. Iron meobilization from ferritin then was inhibited

by SOD by 80%, indicating that 20% of iron mobilization was indepen-—
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dent of both 02" and uric acid. Presumably the amount of uric acid

produced by xanthine oxidase is insufficient to cause a measurable

amount of ferritin iron mobilization. FAD and FMN are unable to re-

lease iron from ferritin without illumination of the incubation mix—

ture.

The 02_-independent part can possibly be explained by a direct
electron transfer from xanthine oxidase teo ferritin. However, consi-
dering the fact that these proteins are quite large, stereometric
problems are to be expected. The presumable interaction between xan-—
thine and ferritin is not strong, because after the incubation the
proteins could be easily separated by isoelectric focussing.

Surveying the data we conclude that iron mobilization from ferri-
tin by xanthine oxidase depends on more than one mechanism:

1. 0, -dependent, responsible for zbout 70%,

2. Oz-—independent, possibly using and electron carrier different from
02" which could not be detected, or by direct electron transfer
from the enzyme to ferritin, for example by transfer of electrons
via the protein shell to the iron core.

An 02_-independent mechanisnm is substantiated by ferritin iron release

caused by xanthine oxidase under araerobic conditions (2, 4). Although

ferritin iron mobilization is possible by uric acid, it is negligible
in xanthine oxidase ferritin iron mobilization.

These results have serious implications in oxygen free radical
tissue damage. Superoxide is relatively innocent on its own, but its
toxicity increases enormously in the presence of “ffee“ iron, due to
formation of hydroxyl radicals (0OH'), ferryl or perferryl zradicals
{19-21}. Iron pregent in enzymes, heam—containing proteins or specific
iron-vrinding proteins iike transferrin or lactoferrin is not available
for the catalysation of OH® formation (22-25). Fexrritirn has been shown
to stimulate OH® formation by scome workers {26-28) although others
found no effect (22). In view of the present results it is very likely
that the stimulation of OH' formation by ferritin can be explained by
iren release from ferritin by 02_, followed by catalysation by "free”
iron of OH- formation.

Evidence is accunulating that oxygen free radicals are involved
in the pathogenesis of ischemia. McCord et al- (29, 30) suggested that

during ischemia xanthine dehydrogenase, the natural occuring enzyme
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which uses XADT as alectron acceptor, is converted to xanthine oxi-
dase, which uses oxygen as electron acceptor, resulting in 02“ forma~
tion. Xanthine dehydrogenase is present in considerable amounts in
many tissues (31). Simultaneously, during ischemia, ATP is broken down
via AMP to hypoxanthine, which together with oxygen, present due to
reperfusion or due to partial ischemia, are the substrates necessary
for 02' production. This hypcthesis was supported by the benificial
effects of superoxide dismutase during intestinal and myocardial is—
chemia. In addition, post-ischemic tissue destruction could be inhi-
bited by allopurinol, an inhibitor of xanthine oxidase (32-36).

The potential consequences of ferritin iron mobilization by xan~
thine oxidase are shown in scheme 1. During ischemia xanthine oxidase
will release iron from ferritin. Possibly iron mobilization already
starts before reintroduction of oxygen due to the 02~-independent
mechanism. Non-protein bound iron accumulates, able to catalvse the
formation of the highly toxic hydroxyl radical, from 02_ preduced by
xanthine oxidase. By this serie of events, tissue damage increases
dramatically. In ischemic conditions 02- can alsc be produced by
granulocytes {37).

The protective effect of allopurincl in ischemia can be explained
by prevention of 02_ production by xanthine oxidase. We suggest that
the inhibition of iron release from ferritin by xanthine oxidase is
also important in the effect of allopurinol. The conclusicn of Cham-—
bers et al. (36) that 02_ production by granulecytes is not of impor-
tance in the ischemic myccardium because it can be prevented by alle—
purinol, is not correct. Allopurinol will block the release of iron
from ferritin by xanthine oxidase, free iron will be depressed and OH®
formation from 02_ produced by granulocytes will diminish. Desfer-
rioxamin is also a potential therapeutic agent in the prevention of
ischemic tissue injury on basis of our theory, as well as SOD, cata-
lase, antioxidants and radical scavengers. During inflammation xan-
thine oxidase could possibly be formed from xanthine dehydrogenase by
proteases released from granulocytes, macrophages or dying cells. If
this is true, iron mobilization from ferritin by xanthine oxidase

could also play a role in a wide spectrum of inflammatory diseases.
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SUMMARY

The superoxide (02_) production of stimulated polymorphonuclear
levkeocyvtes ig increased in patients with rheumateoid arthritis and
ostecarthritis compared with controls. Treatment of these different
groups with pharmacelogical amounts of the non-steroidal anti-inflam-
matory drug piroxicam in vivo resulted in a decrease of about 25% in
02' secretion by isolated granulocytes. In vitro experiments showed
that piroxicam inhibits 0,  production of granulocytes by interference
with the stimulation of the NADPH-oxidase. Piroxicam caused diminished
02_ production of membrane fragments if it was present during the
stimulation of the NaDPH-oxidase of the intact c¢ells. During the
actual 02- production of the stimulated membrane fragments piroxicam
had no effect. It is concluded that piroxicam is able to inhikit
granulocyte 02- production by blocking the activation of NADPH-oxi-
dase, which results in diminished tissue destruction by cxygen free

radicals in inflammatory diseases.

KEY WORDS: granulocyte inhibiticn, mechanism of NSAIDsg, granulccyte

membrane fragments, superoxide anion, phagocytosis.

INTRODUCTION

The importance of oxygen free radicals and related activated
oxygen intermediates in the pathogenesis of rheumatoid arthritis (Ra)
is increasingly recognised (1-4). In RA and in other inflammatory
digeases polymorphonuclear leukocytes (PMN) and macrophages are stimu-
lated, which results in the secretion of inflammatory mediators,
including large amounts of superoxide (02“) and hydrogen peroxide
(H202) (5). These cells produce 02_ by the NADPH-oxidase, an enzyme
complex located in the plasma membrane and phagosome. The reduction
egquivalents to reduce oxygen to 02- are derived from NADPH. In the
non-phagocytesing cell the NADPH-oxidase is inactive. When the cell is
stimulated to phagocytose an activation mechanism for NADPE-oxidase is
triggered. Little is known about the molecular basis of this activa-
tion mechanism. These activated oxygen intermediates tcgether with

secondary formed radicals, like the hydroxyl radical (OH'), are able
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to destroy membrane lipids, proteins, deoxyribonucleic acid, hyaluro-
nic acid, and cartilage {3, &, 7). Previous investigations have shown
that different antirheumatic drugs are able to inhibit the production
of oxygen free radicals (8-10). Thus it is reasonable to believe that
non~steroidal anti-inflammatory drugs (NSAIDs) have a beneficial ef-
fect not only by the inhibition of cyclo-oxygenase, as shown by the
excellent work of Vane (11), but also by preventing the formation of
oxygen free radicals.

Until now the inhibition of the 02" producing NADPH~oxidase by
NSAIDs has been mostly tested in vitro. This study is focused on the
in vivo inhibition of 02“ production from PMN by piroxicam, which was
chosen because of the encouraging results already obtained (12-14).
02- production of PMN was tested before and at different times after
the administration of piroxicam to patients with RA and osteoarthri-
tis, and to controls. Attention was also given to the molecular level

at which piroxicam interferes with the NADPH-oxidase.
PATIENTS AND METHODS

Patients

PMN were isclated at different times from patients with classical
or definite RA, from patients with osteocarthritis, and from healthy
volunteers. Patients on D-penicillamine, gold salts, or corticoste-
roids were excluded. All other drugs were discontinued three days
before administering piroxicam. If necessary paracetamol was allowed.

Piroxicam was given orally, 40 mg at time zerc and another 20 mg
24 h later. When blood was taken for PMN isolation a serum sample was
also &rawn, and the serum piroxicam was measured by high performance
thin layer chromategraphy (13). Befoxe and during the observation

period no other NSAIDs were taken.

PMN isolation

PMN were harvested from defibrinated blood by sodium metrizoate-—
Ficell centrifugation (Lymphoprep., Nyegaard & Ce., Oslo, Norwayl.
Erythrocytes were lysed by a cold isctonic NH,C1 solution (16). The
final cell suspension contained 95% PMN. At least 95% of the cells

were viable, based on the exclusion of trypan blue.
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Capacity of PMN to preduce O,

Isclated PMN were measured for their capacity to produce 02' by
the cytochrome ¢ reduction method. The isolated cells were resuspended
in a solution containing: 137 mM NACL, 5.4 mM KC1, 0.7 mM NaH,PQ,, 0.8
nM MgS0,, 1.3 mM CaCly, 5.5 mM glucose, 25 mM trometamol (TRIS) (pH
7.4 at 37°C), and 5 g/i of bovine serum albumin. The incubation mix-—
ture contained in f£inal concentrations: 0.7 x ‘106 PMN/ml (0.7 x 109/1)
exactly, 150 pM cytochrome ¢, and as stimulus 100 Fg/l phorbol myris—
tate acetate (PMA) or 1 g/l serum treated zywmosan. After 15 min at
37°C absorption at 550 nm was measuxed. The 02_ production was calcu-
lated from the increase of the absorption by using an extinction
coefficient of 21,100 litre 1m:>l"'1<:::|t1_.i for cytochrome c¢. Control expe-—
riments showed that cytochrome c reduction was completely blocked by
the addition of 13 mg/l superoxide disﬁnutaSe.

For measurements of the effect of piroxicam in vitro PMN were
cbtained from healthy individuals. Cells were resuspended in: 138 mM
Wacl, 2.7 mM XCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,, T mM MgCl,, 0.6 mM
CaCl,, pE 7.4 (PitM duffer). Incubations were performed with 3.0 x 108
PMN/m}l (3.0 x 109/1). Piroxicam (Pfizer BV Rotterdam, The NWetherlands)
was dissolved in 1 M NalH, followed by correction of the pH, to final
concentrations of 23, 50, and 100 pmol/l. After 5 min preincubation
(37%c) 150 uM cytochrome ¢ and 200 pg/l PMA were added (final concen-—
trations). At different times samples were drawn and 02' production

was measured.

_92_ production by membrane fragments

Membrane fragments were isclated from contrel persons accerding
to Tauber and Goetzl (17). Isolated PMN were preincubated with or
without 100 pM piroxicam for 5 min. This was followed by stimulation
of the cells by incubation with 1 mg/l PMA for three minutes at 37°C.
Cells were homogenised at 0°C and differential centrifugation fol-
lowed. 0, production was measured in a mixture containing: PMN mem-
brane fragments 10 pg protein/ml {mg/l) in PicM buffer, 1 mM NADPH,
and 150 gM cytochrome C. The absorbance was measured at 550 nm in a
double beam spectrophotometer. The effect of the addition of 100 pM
piroxicam during the 02_ production was also studied. All measurements

were duplicated.
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RESULTS

02" PRODUCTION OF PMN ISOLATED FROM PATIENTS WITH UNTREATED RA AND
CSTEOARTHRITIS, AND FROM CONTROLS.

At two different times with an intexrval of 24 h PMN were isolated
from blood from patients with RA and osteoarthritis, and from healthy
controls, before treatment with piroxicam. Without stimulation of the
cells only very small amounts of 02"' were secreted, without difference
between the groups. The 02_ production after stimulation with either
PMA or serum treated zymosan is presented in figqure 1. The mean pro-
duction of the «wo different PMN isclations from each individual is
shown. Rfter stimulation with PMA no significant difference in 02“
production was found between RA patients and controls. In contrast,
patients with osteoarthritis produced 129% 02” in comparison with
controls (P < 0.05). After stimulation with serum treated zymosan 02'
secretion was significantly higher in both RA and osteoarthritis
patients and equalled 212% (P < 0.02) and 154% (P < 0.02) respecti-=
vely.

PMA Stimulated I Zymosan Stimulated

NS p<0.08 p<0.02 P<G.0Z
1150

! 100 LL_ .

(=
2 .f—‘—-
> - .
3 - . = = 1"
& B30 . -
. . -
| e L .
..
o PR — - —
Controls RA OA Controls RA 0A

Fig.1: 01' production by stimulated PMN from: controls (n=5), patients with rheumatoid arthritis
(RA) [n=3), and patients with ostecarthritis (QA) (n=7). Mean and SD of 02' production are
expressed as nmoh"l(}E PMN in 15 minutes. PMA or serum treated zymosan was used as stimulus.
Significant differences with the comtro! group arg indicated. NS5= not significant.
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Fig.2: The effact of piroxicam administered to control persons {n=5} on the 02_ production by
stimulated PMN isolated at different times. (A) Piroxicam concentration in umol/1; (B) 02_
production of PMN stimulated with PMA; (C) 02_ production of PMN stimulated with serum treated

zymosan. 02_ production [(in nmcullw6 PMN in 15 minutes) is expressed as the difference in the

0. production at the indicated time and at time zero, Mean and SD are shown. Significant
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differences are indicated.

02- PRODUCTION OF PMN ISOLATED AFTER TREATMENT WITH PIROXICAM IN VIVO

The effect of administering piroxicam crally on the 02_ produc—

tion of PMN iscolated after treatment was measured in RA and osteo~-

arthritis patients and in healthy controls. Piroxicam was taken orally

at two times, 40 mg at time zero and another 20 mg 24 h later. At the

times indicated PMN were isolated and 02“ production after stimulation

with PMA or serum tyeated zymosan was determined (figures 2, 3 and 4).

After taking the blood samples PMN were washed five times so that no

serum containing piroxicam was left during the 02' estimation. The

isolation procedure took about 2 1/2 h- Fox esach individual the dif-

ference in 02_ production at various times was expressed in comparison
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with the 02- production at time zero, immediately before the first
dose of piroxicam. This presentation was used to diminish the effect
of variation in 02_ production before piroxicam treatment.

There was again very little 02' production without stimulation of
the cells with PMA or serum treated zymosan and this was not changed
hy piroxicam treatment {data not shown). In the control group (n=5)
{figure 2} there was a significant decrease in 02_ production four
hours after taking 40 mg piroxicam, which was independent of PMA or
serum treated zymosan as stimulus. At 28 hours, four hours after the
second dose of piroxicam (20 mg), the 02_ production was conly signifi-
cantly decreased when serum treated zymosan was used as stimulus. At
48 and 72 hours the 02' production approached the level before treat—
ment. The data at t = -24 hours indicate the variatien of the O,

production without treatment.

Piroxicam
10 mg 20 mg
A
15
E Lo
2
3o
s
o
-a4 ) [ a4y 2
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B
10
<
2
3le
2 -l
a
'
S f-10
<
P=<0.08 p=a.05
20 P<0.00
c
0
: [
K
E™ 1 I
2
2 L—
a
T
o roe p<n.0z
<
k2o

P<0.00

Fig.3: The effect of piroxicam administered to RA patients (n=5) on the 02” production by
stimulated PMN isolated at different times. For further explanation see legend te Fig. 2.
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Fig.4: The effect of piroxicam administered to ostecarthritis patients{n=7) on the 02_ pro-
duction by stimulated PMN isolated at different times. For further explanation see legend
to Fig.2.

The RA patients (n=5) (figure 3} showed similar results. Again
piroxicam treatment induced a significant decrease in 02_ production
between four and 28 hours, which was followed by a return to the basal
0,  production at 48 hours. Patients with osteoarthritis (n=7) (figure
4) showed the same pattern, but the decrease in 02- production was
significant only at 28 hours.

No significant change in 02_ production was found in controls
without piroxicam %treatment in a period of four days, and nc diurnal
variation was found.

The effect of piroxicam was essentially the same in all different
groups. Treatment with piroxicam resulted in an average dJdecrease in
02" production of 25%. It should be noted that owing to the extensive

washing during the cell isoclation, ne serum containing piroxicam was
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left during the 02‘ measurements. It can be concluded that piroxicam

treatment in vivo changed the ability of isolated PMN to produce 02'—-
LEVEL OF INTERACTION OF PIROXICAM WITH THE NADPH-OXIDASE OF PMN

Figure 5 shows that the inhibition of 0, production of intact
PMN by piroxicam was dependent on concentration. To identify the mode
of inhibition of the 02- producing NADPH-oxidase complex PMN were
homogenised after stimulation ¢f the NADPH-oxidase with PMA. The
capacity of membrane fragments to produce 02_ was not changed by the
addition of 100 pM piroxicam during the O, production (figure 6).
Membrane fragments obtained from PMN stimulated with PMA in the pre-
sence of piroxicam produced smaller amounts of 02" in comparison with
fragments of ¢ells stimulated in the absence of piroxicam. Addition of

piroxicam to these membrane fragments did not result in enhanced

Pirgxicam
l A
40 1
30
20
= 25 uM =
=
§ 20- Teemt 2
k- +100 pM F 20
3 2 B
o [
2 .
o
10 4 S o4
-]
=]
o] 10 20 30 0 1 2 3 4
min min
Fig.5: The in vitro inhibition of 02" produc- Fig.6: 02_ production {nmol/mg protein) by
tion {nmo!.’ms PMN in 1% minutes) of PMN membrane fragments of PMN stimulated by
stimulated by PMA incubated in presence of PMA. During stimulation of the NADPH-
various pireoxicam concentrations. oxicdase of the intact PMN 100 uM piroxicam

was zbsent in A and present in B, The ef-
fect of 100 kM piroxicam during the 0, pro-
duction is aiso shown {addition indicated by
an arrowj.
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inhibition. These results indicate that piroxicam has no effect on the
NADPE~-oxidase complex itself if it is already stimulated, but that
piroxicam interferes in the mechanism by which the NADPH-oxidase is

stimulated.

DISCUSSION

The exact role of oxygen free radicals in the pathogenesis of RA
is not yet established. However, many authors are convinced that these
radicals have an important role (1-4). Phagocytosing granulocytes are
known to produce considerable amounts of 02_ and HyG, (5). In juvenile
RA stimulated granulocytes are shown to produce twice as much 02- as
control PMN (18). No difference in 02— production was found between
adult RA patients and controls (17) but the study of Chiu et al.
showed that PMN from patients with Felty's syndrome produced only 63%
02" compared with the controls (19). The present investigations show
that after stimulation with serum treated zymosan PMN from patients
with RA or osteocarthritis produce an increased amount of 02" compared
with controls. With PMA stimulated PMN the increase was only signifi=-
cant in the osteocarthritis group- This increased potency of PMN to
produce 02- together with the availability of stimulating factors for
PMN in serum and synovial fluid of RA patients (20) will result in
considerable 02_ production in vivo. In the presence of non-protein
bound iron, possibly derived from ferritin (21), formation of the very
toxic hydroxyl radical has to be expected, and tissue destruction will
result.

The discovery of the inhibition of prostaglandin synthesis by
NSAIDs, due +o inhibition of cyclo—oxygenase, indicated an important
mechanism of action of NSAIDs. At this moment, however, it seems very
likely that in addition other mechanisms have a role in the bheneficial
effect of these drugs. Previous investigations have shown that NSAIDs
like indomethacin, ibuprofen, phenylbutazone and piroxicam (8-12) are
able in wvitro to decrease the release of 02" from PMN. Abramson et al.
(13, 14) showed that piroxicam did also inhibit 02_ production of PMN

in vivo in healthy volunteers. In four RA patients no significant
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effect was found (22). In these studies 02" production was measured
only at two times - before and during treatment with piroxicam- The
present study shows the effect of two doges of piroxicam, and 02"
production was meagured at seven diffevent times - twice before treat—
ment to show the natural variation, at different times during the
phase of high piroxicam serum levels, and during the recevery phase.

The results show that treatment of patients with piroxicam caused
diminished 02' production of their PMN. The average decrease was 25%.
In contrast with the studies of Abramson et al. (13, 14, 22), we found
not only significant decrease in 02_ production in normals but also in
RA and ostecarthritis patients. For the different groups: RA patients,
ostecarthritis patients, and controls, no essential differences in the
inhibition patterns were found. During the recovery phase the 02'
production showed a tendency t¢ normalise. In vive PMN probably are
inhibited to a larger extent, because the isolation procedure of the
PMN lasted for some time and inveolved f£regquent washing of the cells.
These manipulations will possible decrease the effect of piroxicam on
the cells. The conclusion can be drawn that in vivo piroxicam is able
to decrease the 02_ production of PMN to a considerable exXtent.

To obtain information about the mechanism of inhibition investi-
gations were performed on the level at which piroxicam inhibited the
0, production of PMN. Isolated membrane fragments were used, which
are known to contain the O,  producing NADPE~oxidase. Stimulation of
the NADPH-oxidase ig only possible in intact cells, possibly with the
exception of stimulation with ¢cis unsaturated fatty acids (23). For
this reagon cells were homogenised after stimulation of the NADPH-
oxidase with PMA, followed by isclation of the membrane fragments. The
Dz_ production of the PMA stimulated NADPH-oxidase of membrane frag-
ments decreased if piroxicam was present during the activation of the
NADPH~oxidase in the intact cells. Addition of piroxicam to the iso~
lated membrane fragments had ne effect on the 02” mroduction. It can
therefore be concluded that piroxicam interferes in the mechanism by
which the NADPHE~oxidase is activated. For this reason piroxicam can
potentially be very useful for investigations designed to elucidate
the mechanism by which NADPH-oxidase is stimulated.

Overall it seems reasonable to believe that piroxicam, and pos~

sibly other NSAIDs, cause improvement in RA and osteoarthritis not
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only by inhibition of prostaglandin synthesis but alsc by decrease of

the 02— production of PMN and macrophages, which results in the pre-~

vention of tissue destruction caused by oxygen free radicals.
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PROTECTIVE FACTORS AGAINST OXYGEN FREE RADICALS IN RHEUMATOID
AFRTHRITIS

Synovial f£fluid from rheumatoid arthritis (RA) patients was exa-
mined for the amount of protective factors present (chapter 2). Super-
oxide dismutase, catalase and glutathione peroxidase were present in
minor concentraticns, unable to provide any protecticn. The transfer-
rin concentration in synovial fluid is about 50% of the amount normal~
ly found in serum. This transferrin level is adeguate ¢o bind 4 times
the amount of iron present in synovial fluid. The biological activity
of transferrin is decreased, however. Gutteridge et al. (67) showed
that transferrin in RA synovial fluid is unable to bind iron, possibly
due to free radical attack. As a result transferrin, although present
in considerable amounts is unable to prevent iron catalysed hydroxyl
radical formation.

Ceruloplasmin was found in RA synovial fluidé in a concentration
two times higher than in controls. Blake et al. (68) showed that
ceruleplasmin in RA synovial fluid has lost 60% of its activity, due
to free radical attack. By using a lipid peroxidation test system we
were able to show a protective effect of synovial fluid. Analysis
revealed that ceruloplasmin was responsible for the inhibitory effect
of synovial fluid on lipid peroxidation. The protection of ceruloplas—
min is based on its enzymatic activity. In fact ¢ceruloplasmin is a
ferroxidase, converting ferrous (Fe*t™) to ferric (re™™) iron. This
interferes with the reaction between Fe'' and 3202, blocking the
hydroxyl radical formatiocn.

It can be concluded that synovial fluid depends on ceruloplasmin
for its protection against oxygen free radicals. Although RA patients
are not deficient for this protein, it is doubtfull whether the acti-
vity of the protein causes sufficient protection. The presence of
lipid peroxidation products in RA synovial fluid suggest it is insuf-
ficient (57, 59).

Glutathione is important in the protection against oxygen free
radicals, partially because it is a scavenger, but more important it
is needed for the activities of glutathione peroxidase and peroxida-
tion inhibiting protein. Up to now only absclute amounts of GSH were

measured (62, 70) and minor changes were found. The results of the
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present study (chapter 3) show no difference in GSH concentration in
erythrocytes of RA patients and controls. Additionally we found that
during oxidative stress the regeneration of GSE is the same in RA and
controls. Although measured in erythrocytes, the results indicate that
it is wunlikely that changes in intracellular GSH are involved in the

etiology of RA.

AVAILABILITY OF IRON ABLE TO CATALYSE THE FORMATION OF HYDROXYL
RADICALS

Non=protein bound iron will catalyse the conversion of relative
innocent oxygen free radicals like superoxide and hvdrogen peroxide,
which are produced by polymorphonuclear leucocytes (PMN), to very
aggresive oxygen species like the hydroxyl radical. This potentiating
effect stimulated to investigate the availability of free iron in RA.
Only minimal guantities of iron are beund to low molecular weight
chelators, enabling intracellular iron transport. Practically all the
iron present in the body can be found in enzymes, haem-containing
proteins, or in specific iron-binding proteins such as transferrin,

ferritin or lactoferrin.

PMN in SF

Mg in SM

- - L2
0, + H,0, ——2 0, + OH + OH

[? \ . DESTRUCTION
ey Fa
Cartilage

Membrznes
Ferritin

in SF and $M

Proteins
Hyaluronic acid

Fig.1: Hypothesis about the role of ferritin in the pathogenesis of rheumatoid arthritis. SF:
synovial fluid, SM: synovial membrane, OH®: hydroxyl radical, M@: macrophage
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Iron mobilization from ferritin by superoxide

While nearly all iron is protein bound, the possibility of iron
mobilization during inflammation was investigated {chapter 4, 6). It
turned cut that stimulated granulocytes were able to release iron from
ferritin. Superoxide was shown to be responsible for the iron release,
because superoxide dismutase blocked it. Solid potassium superoxide
(X0,) and superoxide produced by xanthine oxidase were alsc able to
release iron from ferritin. Iron mobilization from transferrin could
not be obtained by superoxide. This result has very important implica-~
tions. During inflammation phagocytosing PMN and macrophages produce
large amounts of superoxide. Iron is mobilized from ferritin by super-
oxide, and becomes avallable for catalysation of the hydroxyl radical
formation, resulting in extensive tissue damage (figure 1). This
mechanism is not only important in RA but in every situation in which
superoxide is produced by PMN, or by other sources, in close associa~-
tion with adequate amounts of ferritin. In hemochromatesis for example
this mechanism is very likely to occur, but also in many other inflam-

matory diseases.

The presence of ferritin andé its iron saturation in the rheumatoid

Joint

The knowledge that ferritin is not a safe storage molecule for
iron in relation to oxygen free radicals stimulated to study the
amount of fexxitin and especially its iron loading present in the
rheumatoié joint (chapter 5). In synovial fluid ferritin is much
increased compared to controls, and in contrast to what is suggested
by Blake et al. {(71), ferritin c¢ontains a considerable amount of iron.
In synovial membrane iron bound to ferritin is three times increased
in RA. These resulis clearly indicate that in RA patients iron bound
to ferritin is present in the synovial fluid and the synovial membrane
in amounts sufficient to provide ireon for the formation of the hydoxyl
radical.

In RA the saturation of ferritin in synovial fluid was only 50%
of the saturation in the synovial membrane. This difference is in-
teresting because it is wvery likely that synovial fluid ferxritin
originates from synovial membrane cells, and an ¢gqual saturation would

be expected. The decreased saturation in synovial fluid can be ex-
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plained by iron mobilization by superoxide from PMN, so this result

supports our hypothesis.
HYDROXYL RADICAL FORMATION IN ISCHEMIA

During ischemia xanthine oxidase is formed by the conversion of
xanthine dehydrogenase. Xanthine oxidase is a well known source of
superoxide and hydrogen peroxide. The present study {(chapter 6) shows
that xanthine oxidase will cause iron release from ferritin. About 70%
is dependent on superoxide but a superoxide~independent mechanism of
iron release by xaathine oxidase also exists. Iron mobilization from
ferritin by xanthine oxidase is p:obably essential in the tissue
damage in ischemia. Until now no source of nom—-protein bound ircon was
identified present during ischemia. With the new information the
hvpothesis about the role of oxygen free radicals in ischemic tissue
destruction can be extended (figure 2): During ischemia xanthine
oxidase and xanthine are formed. In the absence of oxygen, iron c¢an be
mobilized from ferritin by the superoxide-~independent mechanism. The
iron mobilization will increase in the presence of oxygen which is
available due to partial ischenmia, or after reperfusion. Superoxide
production will occur in the presence of "free" iron, mobilized from
ferritin, resulting in hydroxyl radical formation and tissue destruc—
tion. This mechanism can be inhibited at several levels. Allopurinol
and superoxide dismutase have already been shown to be effective in
myocardial ischemia in vive (51). Iron chelators like Adesferrioxamin
are not tested yet, but are very promising.

Xanthine oxidase might also be important in RA. Xanthine
dehydrogenase iz found in almost every organ in the body (72). During
inflammation the conversion to xanthine oxidase is likely to occur due
to the activity of proteases or due to relative ischemia (55).
Xanthine oxidase will cause additional production of oxygen free
radicals and iron mobilization frxom ferritin, which will increase

tissue destruction in RA.
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Fig.2: Xanthine oxidase and iron mobilized from ferritin in tissue destruction in ischemia.
Inhibitors: 1 allopurinol ; 2 desferrioxamin: 3 SOD, catalase; 4 radical scavengers.

INDICATION OF IRON ADMINISTRATION IN RHEUMATOID ARTHRITIS

In view of the danger of iron, related to the catalysation of the
hydroxyl radical formation, iron should be handled as very dangerocus.
In my opinion iron suppletion is given much too often. It is not
unusual to start iren treatment only on the basis of anemia, without
any information about its origin. The deleterxrious effects of iron in
RA are clearly illustrated by the fact that arthritis is frequently
found in patients with hemochromatosis or hemophilia, diseases in
which iron accumulates in the Joint. More direct evidence is the
observation that RA patients receiving intravenous iron, showed an
exacerbation of their arthritis (73).

During active inflammation every RA patient is anemic. The serum

iron ig decreased due to the "anemia of inflammaticn”. The most reli-
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able parameter for real iron deficiency is the presence of ircon in the
bone-marrow. To prevent bone-marrow aspiration the serum ferritin
concentration also can be used. However, interpretation of the ferri-
tin concentration must be done very carefully. The inflammatory pro-
cess itself cawses an increase in serum ferritin, so special reference
values have to be used in RA. Arbitrarily a ferritin serum concentra—
tion of 60 pg/l is chosen- Above this value nearly no patients are
found without any stainable bone-marrow iron, and iron treatment is
not indicated. If the ferritin serum concentration in RA patients is
below 60 pg/ml, the bone marrow does not contain any iron in 86%,

indicating real iren deficiency., and iron suppletion should be started
{74, 75).

INHIBITION OF SUPEROXIDE PRODUCTION FROM GRANULOCYTES BY PYIROXICAM

Non—-stercoidal anti-inflammatory drugs {NSAID) are inhibitors of
cyclo—oxygenase as shown by Vane (76). For years this was accepted as
the only therapeutic effect. It has to be kept in mind, however, that
a considerable part of all prostaglandins deminish inflammation, and
their production is alseo inhibited by NSAID. Previously NSAID have
been shown to inhibit superoxide producticon by PMN in vitro (64, 66).
The present results (chapter 7) show that treatment of patients suf-
fering from RA or osteocarthritis, with piroxicam cause a decrease of
0,” production of their blood PMN after isolation. PMN isolated from
synovial fluid were alse inhibited in their superoxide production by
piroxicam treatment {(unpublished). So it is wvery likely that in vitro

ta are also valid in vivo. In addition information is obtained about
the level of interaction between piroxicam and O, production by PMN.
Piroxicam interferes with the activation of the NADPH-oxidase complex.
It can be concluded that the beneficial effect of NSAID like piroxicam

depends partially on a decrease in 02" production by granulocytes.
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QUTLOOK

In thé near future interesting results can be expected from
research about the role of oxygen free radicals in RA.

The joint in RA contains high concentrations of ferritin loaded
with iron, which can be mobilized by 02_. In view of the deleterious
effects of iron in oxygen free radical tissue destruction, a new line
of treatment of RA patients have to be considered: The selective
removal of iron f£rom the joint, by using iron chelators like desfer-—
rioxamin.

Many investigations strenghten the role of oxygen radicals in the
pathogenesis of tissue damage in RA. However, recent resulis indicate
that free radicals might alsc be invelved in the etiology of RA. Human
immunecglobulin is shown to be changed by oxygen free radical attack
(77, 78). We were able to reproduce this result (unpublished). This
result can be incorporated in a new hypothesis about the etiology of
RA (figure 3). An initiating source of oxygen free radicals (still to
be identified) modifies immunoglobin G leading to the exposition of
new antigens. This can explain the formation of rheumatoid factors.
Immune complexes will be formed, initiating an inflammatory reaction.
Superoxide from PMN will release iron from ferritin, able to catalyse
the formation of hydroxyl radicals, which will cause tissue damage but
also will moéify immunoglobulin G. This vicious circle can explain the
chronicity of RA.

Of course many features still have to be resolved. For instance
what is the initiating source of free radicals, and why are not all
inflammatory processes leading to RA. These are important questions
and the answers to them will certainly contribute to the treatment and

eventually to the prevention of RA.
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SUMMARY



Evidence is increasing that oxygen free radicals are involved in
the pathogenesis of rheumatoid arthritis (RA). Stimulated granulocytes
mac¢rophages produce large amounts of superoxide (02_) and hydrogen
peroxide (H,05). Products typical foxr free radical damage are found in
synovial fluid.

The present study shows that no enzymatic protection against
oxygen free radicals is present in synovial fluid. Transferrin is
found in synovial £luid, but other studies indicate that it has lost
its capacity to bind iron, which is essential for its protection
against free radical damage. Ceruloplasmin is shown to offer some
protection of synovial fluid. Reduced glutathione (GSH) in the exy-
throcyte is not decreased in RA, and meore importantly the capacity to
regenerate GSH during oxidative stress is unimpaired. In compariscn to
controls there is no absolute deficiency in protective factors in Ra,
but the protectioen is insufficient to cope with the enourmous amount
of xadicals which are produced during active inflammation.

Iron is important in free radical damage because it catalyses the
conversion of the rather innocent superoxide radical to the extremely
reactive hydroxyl radical (OH")}- Only free iron iz able to stimulate
OE" formation. In the current thesis it is shown that 02- is able to
release ixron from ferritin. Ferritin could be detected in both syn-
ovial £luid and synovial membrane in high concentrations, and con=
tained a considerable amount of iron. These data suggest that oxygen
fres radical damage in RA ig stimulated by the release of ircn from
ferritin by 02_ produced by granulocytes, resulting in the formation
of the extremely toxic hydroxyl radical. This mechanism elucidates an
important part of tissue destruction in RA.

Previous investigations indicate that non~stercidal anti=~
inflammatory drugs (NSAID) are able to inhibit 0,  production by
granulocytes in Vvitro., Piroxicam treatment revealed that alse in vive
inhibition of 02- production can be achieved. Without knowing, for
several decades RA is treated by inhibition of 02_ production, by the
use of NSAID.
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Reuma is een vaak voorkcmende ziekte waarblj er een langdurige
ontsteking van gewrichten optreedt. De ernst van de ontsteking wisselt
vaak in de loop van de tijd en leidt meestal tot beschadiging van het
gewxicht: kraakbeen verlies, verdikking van het gewrichtskapsel en
botaantasting. Tevens gaat de kwaliteit van het gewrichtsvocht als
smeermiddel verloren. Het gevolg is ruwe gewrichisvliakken die over
elkaar heen schuren. Zowel de actieve ontsteking als de verwoeste
gewrichten veroorzaken de patient veel pijn.

De oorzask van reuma is onbekend. De beschikbare kennis wijst er
op dat een combinatie van factoren uiteindelijk reuma veroorzaakt. Het
onderzoek dat in dit proefschrift is beschreven richt zich op een
corzakelijke factor waarvan nog weinig bekend is, namelijk de rol die

giftige zuurstofprodukten spelen in het ontstaan van reuma.

BESCHERMING TEGEN GIFTIGE ZUURSTOFPRODUKIEN

Tijdens de onsteking maken ontstekingscellen grote hoeveelheden
giftige zuurstefprodukten, de zogenaamde zuurstof radicalen. Deze
giftige zuurstofprodukten zijn in staat het gewricht ernstig te be=-
schadigen. De eerste vraag was of in het gewrichisvocht beschermende
factoren aanwezig zijn om de gevormde giftige zuurstofprodukten on-—
schadelijk te maken. Eet bleek dat slechts een eiwit, het ceruloplas—
mine, in gewrichtsvocht enige bescherming biedt, echter deze bescher-

ming is duidelijk onvoldoende.

TOENAME VAN BESCHADIGING DOOR GIFTIGE ZUURSTCFPRODUKTEN ONDER INVLOED
VAN IJZER

Het is bekend dat "vrij" ijzer minder giftige zuurstofprodukten
omzet in extreem giftige soorten. Om dit te voorkomen is ijzer in het
lichaam veilig opgeborgen in eiwitten zoals ferritine. In het beschre-
ven onderzoek is aangetcond dat de ontstekingscellen een giftig zuuar—~
stofprodukt maken dat ijzer uit ferritine vrijmaakti. Het vrijgemaakte
ijzer zal de vorming van secundaire, meer giftige zuurstofprodukten,
doen toenemen. Het vrijmaken van ijzer uit ferritine wordt bevorderd
doordat de noeveelhelid ijzer opgeslagen in ferritine groter is bij

reuma patienten dan bij gezonde mensen.
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Deze resultaten tonen een voorheen onbekend mechanisme van weefselbe-—

schadiging in reuma aan.
BESTRIJDING VAN HET ONGUNSTIGE EFFECT VAN IJZER

De ongunstige rol wvan ijzer tijdens een ontsteking heeft belang-
rijke gevolgen voor de behandeling van reuma:

1. Het voorschrijven van ijzer aan reuma patienten moet worden be-

perkt.
Bloedarmoede komt erg vaak voor bij reumapatienten. Soms weordt dit
vercorzaakt door echt ijzergebrek, echter meestal is er wel vol-
doende ijzer maar kan het niet goed worden gebruikt. Vaak wordt
ijzer voorgeschreven aan reumapatienten, zonder dat een echt ijzer—
tekort is aangetoond, onder het motto: “Baat het niet, dan schaadt
het niet®. Belaas schaadt het wel. Toename van de hoeveelheid ijzer
zal de hoeveelheid zeer giftige zuurstofprodukten doen toenemen.
Het is duidelijk dat ijzer alleen aan een reuma patient mag worden
voorgeschreven als er een echt ijzer tekort is aangetoond.

2. De hoeveelheid ijzer in het gewricht moet worden verlaagd. De
verkregen gegevens zijn een basis om een nieuwe, hopelijk meer
effectieve behandeling van reunma te testen. Door toediening van
medicijinen die ijzer afvoeren uit het gewricht kan de ontsteking

waarschijnlijk worden geremd.

DE INVLOED VAN BEKENDE GENEESMIDﬁELEN TEGEN REUMA OP GIFTIGE ZUURSTOF-
PRODUKTEN

Aspirine in hoge dosering en een groot aantal sterk verwante
medicijnen remmen de ontsteking in reumapatienten. Een wvan deze ge—
neesniddelen, namelijk piroxicam is getest en bleek de aanmaak van
giftige zuurstofprodukten te remmen. Dit resultaat geeft meer inzicht

in hoe deze middelen werken bij reuma.
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CONCLUSTE

De gegevens uit dit proefschrift versterken de argqumenten dat
giftige zuurstofprodukten een rol spelen in het onstaarn van reuma.
Hopelijk zal de behandeling van reumapatienten verbeteren door:
~ Het beperken van het voorschrijven van ijzer.

- Het gebruik wvan nieuwe geneesmiddelen die de hoeveelheid ijzer in
het gewricht doen afnemen.
- Het gebrulk wvan middelen die tegen giftige zuurstofprodukten

beschermen.
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