
Annals ofthe Rheumatic Diseases 1993; 52: 67-73

REVIEW

Iron in joint inflammation
Alya J Dabbagh, Charles W Trenam, Chris J Morris, David R Blake

Iron and joint inflammation was first associated
by Hochstatter in his description in 1674 of an
arthritis associated with excessive bleeding,l
effectively a description of the synovitis assoc-
iated with haemophilia. Haemophilic arthro-
pathy is characterised by a florid and proliferative
synovitis and associated with erosive bone
damage and cartilage destruction.2 Bleeding
intoan otherwise normal joint is clearly associated
with damage. In patients with an abnormal
joint, for instance rheumatoid synovitis, iron
may also play a part in perpetuating inflammatory
damage.
Even though rheumatoid arthritis (RA)

mainly affects peripheral synovial joints, it is
also a systemic disease, being accompanied
by anaemia, weight loss, and an increase in
erythrocyte sedimentation rate. Vascular,
cardiac, and pulmonary lesions are also pro-
duced. All rheumatoid patients with persistent
inflammation develop the anaemia of chronic
disease. This is a mild anaemia associated with
chronic inflammatory conditions. It is charac-
terised by a disturbance in iron metabolism,
which results in hypoferraemia (low serum
iron and haemoglobin concentrations), despite
iron stores that range from adequate to raised.

Other features of the anaemia of chronic
disease include a decrease in both plasma total
iron binding capacity and transferrin saturation
with iron. There is, however, a marked increase
in serum ferritin, and in RA serum ferritin
levels may reach 250% of initial values.3 4
The most widely accepted explanation for the

low serum iron appears to be that iron deposited
in the reticuloendothelial (RE) cells is not
properly released to transferrin in the circu-
lation-that is, it is poorly re-used.5
The RE system has a central role in iron

metabolism, processing haemoglobin from
senescent erythrocytes.6 Under normal circum-
stances the RE system provides most of the iron
required for erythropoiesis, and iron storage
and release by the RE system are in equilibrium.

After a lag period due to haem catabolism the
RE cells release iron into the plasma by a two
phase process. The first is an early phase
(immediate release from haem catabolism),
which is completed within a few hours, and the
second is a late phase corresponding to iron
release from RE stores.7
Lee proposed two mechanisms for the

impaired RE iron release during inflammation.
The first is the liberation of the iron binding
protein lactoferrin from the specific granules
of leucocytes. Lactoferrin at low pH (<7-0)
removes iron from the extracellular transport
protein transferrin. The lactoferrin then

returns the iron to the macrophage where it is
stored as ferritin. Lactoferrin does not transfer
iron to erythropoietic cells.8 The second mech-
anism was first proposed by Konijn and Hershko
who suggested that the hypoferraemia of
inflammation results from an increase in intra-
cellular synthesis of the iron storage protein
apoferritin. Serum apoferritin behaves as an
acute phase reactant and in acute inflammatory
states it tends to parallel changes in another
acute phase protein, haptoglobin. The apofer-
ritin provides a storage depot for incoming iron
delivered through lactoferrin or from effete
erythrocytes. Stored iron is less available to
the plasma iron transport system than iron
recently derived from destroyed erythrocytes.
Therefore, it would be expected that a diversion
of iron into stores would result in hypoferraemia
and an iron supply insufficient for erythro-. .9poiesis.

Recently, Fillet and coworkers characterised
RE iron kinetics in patients with inflammatory
disease and in normal controls. As compared
with normal subjects, the patients with inflam-
mation had significantly lower serum iron
concentrations and higher plasma ferritin
concentrations. Early release of radiolabelled
iron from the RE cells was considerably reduced
and the late release markedly increased. There
was an appreciable negative correlation of the
percentage of early release with plasma ferritin,
but no correlation was found between the
percentage of early release and biological
markers of inflammation (erythrocyte sedi-
mentation rate, fibrinogen, or a2 globulin).
This showed that early release was decreased
because RE stores were increased and not
because of the intensity of inflammation itself. 0
Ferritin production is enhanced in the inflam-
matory RE cells,9 and this precedes the decrease
in serum iron concentrations. Thus Fillet et al
(1989) have supported the hypothesis of
increased ferritin synthesis as a mechanism for
the reduction in iron output from RE cells.'0
These changes are the result of the production

of inflammatory mediators from a variety of
different cell types. The increased synthesis of
the acute phase proteins is driven by interleukin
1,11 interleukin 6,12 and tumour necrosis
factor.'3 Specific acute phase proteins are
regulated differently by the inflammatory
mediators interleukin 1, interleukin 6, and
tumour necrosis factor.'4

Ferritin
The iron storage protein ferritin may be glyco-
sylated within hepatocytes and secreted,
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behaving as an acute phase protein in inflam-
mation.'5 As well as increasing the synthesis of
ferritin, interleukin 1 contributes towards the
hypoferraemia by increasing lactoferrin pro-
duction from the specific granules of neu-
trophils.'6 During inflammation lactoferrin
competes with transferrin for iron (particularly
at the low pH existing in inflammatory sites),'7
and it does not transfer iron to erythropoietic
cells,'8 only to macrophages."9 In 1989 Brock
and Alvarez-Hernandez showed that tumour
necrosis factor has a greater effect than inter-
leukin 1 on the changes in iron metabolism
associated with inflammation.20 Tumour
necrosis factor was shown to alter the ability of
macrophages to take up, process, and release
iron.
There are a strikingly large number of ferritin

molecules in the rheumatoid synovial lining
cells. Muirden was the first to suggest that the
large amounts of iron sequestered in the
rheumatoid synovial membrane may contribute
towards the anaemia of the disease. The author
found large amounts of iron loaded ferritin
molecules, particularly in type A synovial lining
cells. The ferritin was scattered throughout the
cell cytoplasm but was often concentrated in
lysosomes. All the synovial biopsy specimens
which contained iron were removed from
patients who were either severely or moderately
anaemic.2' Previous work by Muirden showed
that the synovial lining cells of rabbits could
take up ferritin,22 and this was also shown to be
true for iron dextran23 when injected intra-
articularly into the rabbit knee joint. Muirden
concluded that the synovial intimal cells play an
active part in the absorption of ferritin from the
synovial cavity and that A cells played the major
part in this uptake.22 Ball et al detected a mild
inflammatory reaction in the synovial membrane
with some synovial proliferation five to 18 hours
after the iron dextran injection. The iron was in
the forms of ferritin and haemosiderin and
persisted for three months after the injection.23

Muirden and coworkers showed that synovial
cells in culture can ingest haemoglobin pre-
pared from haemolysed red cells, and the
subsequent appearance of ferritin in these cells
implied that they were able to synthesise
apoferritin. The authors suggested that both the
synthesis of ferritin and the breakdown of
haemoglobin take place within the same
lysosome and that iron from lysed erythrocytes
is likely to be an important source of the iron
deposits in the rheumatoid synovia.24 Muirden
and Senator performed a light microscopic
study of synovia from 23 rheumatoid patients
and synovia from patients with other joint
diseases. They showed that iron deposits are a
constant feature ofthe pathology ofRA. Prussian
blue (Perns) positive staining, indicating the
presence of ferric iron, was seen in all but one of
the 27 synovial biopsy specimens. The exception,
material processed for electron microscopy,
showed ferritin granules in some of the surface
cells. Haemosiderin granules were seen in 15 of
the 27 biopsy specimens. The authors suggested
that iron deposits in RA arise from continued
oozing of blood from the vascular granulation
tissue into the synovial cavity.25 In highly

inflamed rheumatoid joints, simple weight
bearing or the stress of motion may compress
the hyperplastic villi and synovial folds, leading
to bleeding. These large deposits of iron may
have a considerable contributory role in the
anaemia and pathogenesis of this disease.

The role of iron in RA
Muirden provided further evidence for the link
between synovial iron and the pathogenesis of
RA.26 In 28 patients there was a significant
relation between the presence of anaemia due to
RA and histological estimate of the extent of
iron deposits. There was also a relation between
the duration of the disease, the grade of
radiographic change, and the extent of iron
deposition.26 An isotope kinetic method with
59Fe labelled plasma transferrin was used to
study the rate and mechanism of iron deposition
in the synovial membrane in 13 rheumatoid
knees.27 Iron accumulation occurred only
after incorporation of labelled iron into circu-
lating erythrocytes. This led to the conclusion
that intermittent intra-articular haemorrhages
were the source of iron deposits in the rheuma-
toid synovia. This hypothesis has been tested
using the rat allergic air pouch model, which
produces a similar membrane structure to that
of human synovium. The addition of autologous
whole blood to this naturally remitting allergic
model prolongs a low grade inflammatory state
as in RA, where microbleeding occurs. The
proinflammatory factor in these studies was
present in erythrocytes and would appear to be
haem iron,28 rather than breakdown products of
haemoglobin such as haemin, which depresses
ferritin synthesis in vitro. 9 Macrophage ferritin
synthesis was much enhanced in this model.30
The amount of ferritin within human

rheumatoid synovial macrophages was shown to
be associated significantly with the activity of
early rheumatoid disease at the time of biopsy.
In contrast, deposition of Perls' positive haemo-
siderin was associated with persistence of the
disease.30 The authors suggested that ferritin
production may fail in a population of synovial
macrophages, and that iron derived from effete
erythrocytes is deposited in such a fashion as to
induce the synthesis and release of collagenase
and prostaglandin E2 with consequent joint
damage. Alternatively, the ferric iron may be
reduced to the ferrous form and promote the
formation of toxic free radical species.

Blake et al, expanding on this theme,
suggested two possible mechanisms for the
damage caused by the accumulation of iron in
the rheumatoid synovial membrane.3' Firstly,
they suggested that iron catalyses oxidative
radical reactions which lead to the formation of
the hydroxyl radical (0OH) and subsequent
lipid peroxidation. Hydroxyl radicals and lipid
peroxidation cause extensive disruption of
cellular organelle membranes and promote
inflammatory tissue damage. Polyunsaturated
fatty acids in plasma low density lipoproteins
can be oxidised by iron, endothelial cells, and
macrophages. This oxidised low density lipo-
protein has chemotactic properties for monocytes
and is cytotoxic to endothelial cells and smooth
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muscle fibres. This group has recently shown
the presence of both intracellular and extra-
cellular staining for oxidised low density
lipoprotein in the rheumatoid synovium. Intra-
cellular staining was confined to foamy macro-
phages. Type A synoviocytes did not form foam
cells but did show a surface staining pattern.32
Secondly, the infiltration of the rheumatoid
synovium by chronic inflammatory cells may be
due to a tendency for these cells, which have
receptors for iron binding proteins, to migrate
towards deposits of iron.33

Iron was seen in 25% of the synovial cells
from patients with RA.3 The iron was usually
deposited in siderosomes in type B cells, which
were the predominant cell type, and no tissue
damage was observed in the vicinity of these
iron rich siderosomes. This is in contrast with
the findings in type A cells, where siderosomes
were associated with considerable cytoplasmic
damage. The authors suggested that the apparent
dominance of the type B cells may be due to
type A cell damage and death, reflecting the
capacity for free radical production in these
macrophage-like cells in response to iron.
Alternatively, there may be a failure of type A
cells to produce an apoferritin response with the
subsequent precipitation of intracellular
proteins by iron. The authors also put forward
the idea that the synovial cells may change their
function, with a transition from A to B cell
morphology as a result of inflammation.35 This
second hypothesis would explain the apparent
correlation between the amount of iron in the
synovia and the extent of erosive damage,25 as
it is the synovial B cells that have the capacity to
cause local bone resorption through the genera-
tion of prostaglandin E2. Another pertinent
observation is that rheumatoid synovial cells are
more sensitive to oxidative stress than normal
cells, as shown by Rogers et al.36 They showed
that mild stress induced by free radicals (and
also heat shock) readily caused a collapse of the
intermediary filament, vimentin, from a trans-
cytoplasmic to a perinuclear position.36
Low molecular weight iron chelates which are

capable of catalysing OH formation and lipid
peroxidation have been detected in rheumatoid
synovial fluid37 using the bleomycin method.38
The concentration of this bleomycin-detectable
iron correlated with the thiobarbituric acid reac-
tive material in the synovial fluid and with
indices of disease activity (knee score, leucocyte
count, and synovial fluid C reactive protein).
Recently, Grootveld et al (unpublished data),
using Hahn spin echo and single pulse proton
('H) nuclear magnetic resonance (NMR)
spectroscopy combined with the use of powerful
iron chelators have 'speciated', and confirmed
the presence of these catalytic, non-transferrin
bound iron, low molecular weight complexes in
fresh synovial fluid samples; they characterised
them as predominantly complexes with endo-
genous citrate, with the possible involvement of
acetate and formate. These are in a form that
can stimulate the generation of 'OH from the
superoxide radical (Of) and hydrogen peroxide
(H202) via the Harber-Weiss reaction, by
oxidant mediated mobilisation from ferritin and
haemoglobin, especially in the acidotic environ-

ment of inflamed joints (Grootveld M C et al,
unpublished data).

In rheumatoid synovial fluid the concentration
of ferritin is considerably higher than in the
serum.39 This ferritin, however, contains very
little iron.'5 Apoferritin alone has the ability to
stimulate Of production from neutrophils,
which are abundant in the rheumatoid synovial
fluid. The Of can mobilise iron from ferritin,4
which may explain the low iron loading of
synovial fluid ferritin.

Further work by Blake and Bacon has shown
a significant association between synovial fluid
ferritin concentration, synovial immune
complexes, and other indices of inflammatory
activity in patients with RA. They suggested
that this association may be due to a direct toxic
effect of excess iron within the synovial RE cell,
reducing its ability to clear immune complexes.4'

Recently, Ahmadzadeh and coworkers42
presented evidence supporting the findings of
Blake and Bacon.4' 43 The authors measured
the iron binding proteins, free and bound iron
in the synovial fluid of 30 rheumatoid patients
and compared them with those of patients with
osteoarthritis. They demonstrated a significant
increase in synovial fluid ferritin and lactoferrin
but not transferrin. Despite a significant increase
in bleomycin detectable iron, there was a
decrease in the saturation index of synovial fluid
ferritin and transferrin. Free or bound iron in
synovial fluid correlated with indices of inflam-
matory activity such as rheumatoid factor and
immune complex levels in the synovial fluid of
patients with RA. These data suggest that iron
participates in the local inflammatory process
and has an important role in the pathogenesis of
articular damage in patients with RA.42 4

Further evidence for the damaging effects of
iron in RA is provided by the exacerbation of
synovitis seen when iron is given to rheumatoid
patients. In addition to the anaemia of chronic
disease, some rheumatoid patients develop true
iron deficiency anaemia. Figures of up to 75%
of patients with RA have been quoted." In
these iron deficient patients there is a clinical
need to provide iron in a safe and non-toxic
form. Oral iron supplements in the form of
ferrous sulphate produce a flare of the peripheral
synovitis within 48 hours of ingestion." This
was shown by both clinical and laboratory
indices. A large number of patients with RA
receive multiple drug treatment (including
penicillamine, which binds iron) and are
intolerant of oral iron supplements. Intra-
muscular preparations of iron are difficult to
administer owing to poor muscle bulk and local
tenderness. In this group a total dose infusion of
iron dextran is usually given. Reddy and Lewis
(1969) reported that five of seven rheumatoid
patients treated with intravenous iron dextran
showed a flare in their arthritis. In each instance
the flare took place within 24 hours of iron
dextran administration, but only in those joints
already affected by arthritis. The joints demon-
strated increased swelling, heat, and pain.45 We
have attempted to mimic the clinical situation in
which anaemic rheumatoid patients are given
iron supplements in the presence of clinical
joint symptoms by using the adjuvant arthritis
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model in rats and giving iron in the presence of,
rather than before, clinical manifestations of
joint symptoms. Iron produced an exacerbation
of joint inflammation between three and five
days after injection.i6 This is similar to the
findings of Lloyd and Williams, who showed
that nine of 10 patients showed an exacerbation
of arthralgia for up to seven days when given
total dose infusion of iron dextran. The joint
symptoms were accompanied by a feeling of
general malaise, low grade fever, and a definite
rise in erythrocyte sedimentation rate.47
Two studies by Blake's group48 49 have

provided clear evidence that iron catalysed
reactions are the causative factors in the exacer-
bation of synovial inflammation consequent on
total dose infusion of iron dextran. In the first
study the authors showed that the exacerbation
corresponded with saturation of serum iron
binding capacity. The levels of immune com-
plexes were unaltered, implying a normal RE
cell function and hence ruling out the dextran as
a causative factor. In one patient an increase in
lipid peroxidation products (as measured by
thiobarbituric acid reactive material and con-
jugated dienes) in the synovial fluid corres-
ponded with the exacerbation of synovitis. The
authors confirmed this by an in vitro study
which showed that it was the iron component of
the iron dextran complex which stimulated lipid
peroxidation.
The second study showed that exacerbation

of rheumatoid synovitis produced by total
dose infusion of iron dextran corresponded with
saturation of serum and synovial fluid iron
binding capacity giving rise to low molecular
weight iron chelates which can cause oxidative
damage. Simultaneously, lipid peroxidation and
the concentration of dehydroascorbate increased
in both serum and synovial fluid. Hepatic
function was transiently disturbed seven days
after the infusion, implying hepatic oxidant
stress within the iron loaded liver. A relatively
new approach to the treatment of RA is the
removal of excess iron within the joint. This
manoeuvre has been successful in animal
models, the iron chelator desferrioxamine
reducing the incidence and severity of inflam-
mation and associated soft tissue swelling and
bone erosion in rat adjuvant polyarthritis.S° In
patients, however, desferrioxamine has been
associated with cerebral and ocular toxicity5' 52
and is not orally active. A new orally active
family of chelators, the hydroxypyridinones,
have been tested for anti-inflammatory activity
by our group in animal models. They successfully
compete for iron with apotransferrin and under
certain conditions exceed desferrioxamine in
their iron scavenging abilities.53

Effect of iron on cells within the inflamed joint
LYMPHOCYTES
One of the earliest changes in the rheumatoid
synovium is an infiltration of lymphocytes,54
which are predominantly T cells.

It is now generally agreed that lymphocytes
require iron for proliferation and that this iron
is obtained from transferrin.""57 Transferrin
receptors are present in phytohaemagglutinin

stimulated lymphocytes,58 and proliferating
lymphocytes acquire iron by a mechanism
similar to that described for other cells. Iron
uptake was shown to precede DNA synthesis,59
probably because production of the ribonucleo-
tide reductase, an enzyme containing iron, is a
rate limiting step in lymphocyte proliferation.'

In vitro iron had a modulating effect on the
expression ofsome human lymphoid cell surface
markers.6' In 1986 Bryan and coworkers
studied the effect of ferric citrate on the
expression ofthe surface markerson lymphocytes
activated by pokeweed mitogen. They showed
that iron suppresses the expression of the
molecules identified by the monoclonal antibody
OKT9, and had no effect on other activation
associated markers such as Ia and T10. The
authors concluded that iron has a differential
immunoregulatory influence on the expression
of certain lymphocyte surface molecules on
actively dividing lymphocytes.62 In addition,
ferric citrate has been shown to diminish the
cloning efficiency of human memory T4+
lymphocytes.63 Iron also has a modulatory
effect on immunological functions, as shown by
Keown and Descamps. The authors demon-
strated a marked inhibition of T cell immune
responsiveness after the endocytosis of opson-
ised erythrocytes by adjacent macrophages in
culture. This effect was not due to phagocytosis
alone, similarly treated erythrocyte ghosts being
without effect, but was traced to the inhibitory
effect of an intracellular erythrocyte com-
ponent.6' Further work by this group showed
that this substance is haemoglobin, and that
ferritin and iron (III) salts also exert an
immunosuppressive effect.65 In an immuno-
cytochemical study of the changes in rat synovial
T cell subsets after a transient iron overload
(provoked by a single intravenous injection of
ferric citrate, which caused a transient increase
in the transferrin saturation above 100%) De
Sousa et al (1988) noted a relatively higher
increase in the ingress of W3/25+ (CD4) than
OX8+(CD8) cells in the synovium at 24 hours
after the injection.!' These findings illustrate
and reinforce the apparent 'specific' response of
the helper inducer T cell subset to changes in
serum iron concentration. Roberts and Davies
have postulated that the exacerbation ofsynovitis
seen in rheumatoid patients given intravenous
iron dextran may be related to an increase
in lymphocyte proliferation in the synovial
membrane.67 Hence it seems that iron can
either promote or suppress lymphocyte pro-
liferation depending on its exact form and
concentration in the rheumatoid synovium.

PHAGOCYTIC CELLS
The increased susceptibility to infection of
patients with an iron overload as in the inherited
disorder idiopathic haemochromatosis, or in
patients receiving repeated transfusions, is
attributed to the high plasma and tissue iron
concentration, which creates an environment
favourable for bacterial growth,68 and to the
impaired function of monocytes and neutro-
phils.69 In patients receiving haemodialysis with
iron overload related to multiple blood trans-
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fusions Flament et al reported an impairment of
phagocytosis together with a decrease in 0!
production by neutrophils.0 In addition, there
is a decrease in the lytic ability of peripheral
blood monocytes from patients with thalassaemia
major, which negatively correlates with serum
ferritin concentration.7' Chemotaxis was

decreased by FeC13 in vitro" and by post-
treatment serum samples from patients given
iron dextran.73 Chemotaxis of neutrophils from
patients with iron overload was also impaired.69
Such impairment of neutrophil function is
probably mediated by non-transferrin bound
iron.74 Hoepelman and coworkers performed a
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series of studies on the effects of iron on
phagocyte function, aggregation, and adhesion
to endothelial cells. They showed that when
ferric citrate, in concentrations comparable
with those found in the serum of patients with
iron overload is incubated with neutrophils
from healthy donors it impairs phagocytic
function. The uptake of radiolabelled S aureus
was used to assess the phagocytic function of
neutrophils.75 The authors postulated that iron
can be released from ferric citrate by reduction
to the water soluble ferrous state after interaction
with Of or ascorbate in a mechanism similar to
the release of iron from ferritin.i This led them
to study the effect of ferrous iron on neutrophil
phagocytic function. Ferrous ascorbate signi-
ficantly impaired the phagocytic function of
neutrophils at iron concentrations as low as
1-10 Rmol/l. This toxic effect was inhibited by
desferrioxamine and transferrin. Toxicity
mediated by ferrous ammonium sulphate, but
not by ferrous ascorbate, was prevented by the
oxygen free radical scavengers thiourea,
mannitol, and catalase. Ferrous iron impaired
the uptake of S aureus by neutrophils of a
patient with chronic granulomatous disease,
whereas ferric iron did not. The authors there-
fore concluded that iron mediated impairMnent
of neutrophil function is not only a result of the
generation of reactive oxygen species but also of
direct interaction of iron (II) or an iron (II)
oxygen intermediate with molecules of the cell
membrane.76 All the iron complexes which were
shown to impair phagocytic function also
stimulated lipid peroxidation in both monocytes
and neutrophils. The lowest concentration of
ferrous ascorbate capable of inducing lipid
peroxidation, however, was considerably higher
than that which impaired phagocyte function.77

Further studies by Hoepelman and coworkers
have shown that non-transferrin bound ferrous
iron can induce neutrophil aggregation and
adherence of neutrophils to endothelial cells.78
This phenomenon can be of considerable
importance, especially when there are high
concentrations of non-transferrin bound iron in
tissues-for example, in the synovial fluid of
patients with RA.37 Neutrophil-endothelium
adhesion can lead to injury of the endothelium
and may contribute to the exacerbation of the
synovitis in rheumatoid patients after intra-
venous iron dextran infusion. In addition, the
02 anion, released from stimulated neutrophils,
may induce ferrous iron release from the endo-
thelial cell itself and hence further augment
neutrophil mediated damage to these cells. Iron
induced neutrophil endothelial cell adherence
could be completely inhibited by catalase or
desferrioxamine. Hoepelman and coworkers
have shown that adherence of neutrophils to
endothelial cells, induced by iron, is primarily
mediated by translocation of the specific
granule protein lactoferrin to the plasma
membrane. In addition, monoclonal antibodies
directed against the leucocytes cell adhesion
molecules (CD18) also inhibited iron mediated
adherence. Iron also induced an increase in the
surface expression of CD18 on neutrophils.79

In summary, non-transferrin bound iron is
taken up by phagocytes and induces peroxidation

of membrane lipids. This damage is mediated
by the formation of the OH radical. In a highly
reducing environment, however, as exists when
ascorbic acid is present or when neutrophils are
activated, damage is probably also mediated by
other iron-oxygen intermediates. These free
radicals induce peroxidation of membrane
lipids, but other mechanisms such as changes in
the cytoskeleton by damage to cell proteins
may also impair phagocytic function. Iron
mediated lipid peroxidation may also lead to
translocation of lactoferrin and adhesion
antigens leading to damage to endothelial cells
and further release of iron and reactive oxygen
species. Iron is present in the rheumatoid
synovial membrane mainly in the form of
ferritin. Ferritin is also found in the synovial
fluid, where its concentration correlates closely
with levels of other indices of intra-articular
disease activity, such as synovial immune
complexes. Iron concentrations within the
synovial membrane do not correlate closely with
the duration of the disease. This may be because
such iron originates, at least in part, from
microbleeding. Iron concentrations do correlate,
however, with erosive bone damage. In early
rheumatoid disease the presence of ferritin and
haemosiderin iron in the synovial membrane
implies a poor prognosis.3" Oral iron supple-
ments or total dose infusion of iron dextran
exacerbate the rheumatoid synovitis. This
exacerbation is thought to be due to the low
molecular weight iron chelates which promote
free radical production with subsequent lipid
peroxidation, leading to cell damage and death.

1 Bullock W, Fildes P. A treasury of human inheritance. Vol. 1.
London: Dulau, 1912: 169-354.

2 Morris C J, Wainwright A C, Steven M M, Blake D R. The
nature of iron deposits in haemophilic synovitis. An
immunohistochemical, ultrastructural and X-ray micro-
analytical study. Virchotvs Arch [Al 1984; 404: 75-85.

3 Bentley D P, Williams P. Serum ferritin concentration as an
index of storage iron in rheumatoid arthritis. J Clin Pathol
1974; 27: 786-8.

4 Hansen T M, Hansen N E, Birgens H S, Holund B,
Lorenzen I. Serum ferritin and the assessment of iron
deficiency in rheumatoid arthritis. Scand J Rheumatol
1983; 12: 353-9.

5 Cartwright G E, Lee G R. The anaemia of chronic disorders.
BrJ Haematol 1971; 21: 147-52.

6 Deiss A. Iron metabolism in reticuloendothelial cells. Semin
Haematol 1983; 20: 81-90.

7 Fillet G, Cook J D, Finch C A. Storage iron kinetics VII. A
biologic model for reticuloendothelial iron transport.J Clin
Invest 1974; 53: 1527-33.

8 Lee G R. The anaemia of chronic disease. Semin Haematol
1983; 20: 61-80.

9 Koniin A M, Hershko C. Ferritin synthesis in inflammation.
Pathogenesis of impaired iron release. BrJ7 Haematol 1977;
37: 7-16.

10 Fillet G, Beguin Y, Baldelli L. Model of reticuloendothelial
iron metabolism in humans: abnormal behaviour in idio-
pathic haemochromatosis and in inflammation. Blood 1989;
74: 844-51.

11 Ramadori G, Sipe J D, Dinarello C A, Mizel S B, Colten H R.
Pre-translational modulation of acute phase hepatic protein
synthesis by murine recombinant interleukin-1 (IL-1) and
purified human IL-1. J Exp Med 1985; 162: 93042.

12 Houssian F A, Devogehaer J-P, Damme J V, Deuxchaisues
C N, Van Snick J. Interleukin-6 in synovial fluid and serum
of patients with rheumatoid arthritis and other inflam-
matory arthritides. Arthritis Rheum 1988; 31: 784-8.

13 Darlington G J, Wilson D R, Lachman L B. Monocyte-
conditioned medium, interleukin-1 and tumour necrosis
factor stimulate the acute phase response in human
hepatoma cells in vitro. J Cell Biol 1986; 103: 787-93.

14 Andus T, Geigner T, Hirano T, Kishimoto T, Heinrich P C.
Action of recombinant human interleukin 6, interleukin 1
beta and tumour necrosis factor alpha of the mRNA
induction of acute phase proteins. EurJ Immunol 1988; 18:
739-46.

15 Brailsford S, Lunec J, Winyard P, Blake D R. A possible role
for ferritin during inflammation. Free Radic Res Commun
1985; 1: 101-9.

72



Iron injoint inflammation

16 Smith B J, Speziale S C, Bowman B J. Properties of
interleukin-1 as a complete secretagogue for human
neutrophils. Biochem Biophys Res Commun 1985; 130:
1233-40.

17 Van Snick J L, Masson P L, Heremans J F. The involvement
of lactoferrin in the hyposideremia of acute inflammation.
J Exp Med 1974; 140: 1068-84.

18 Brock J H, EsparzaI. Failure of reticulocytes to take up iron
from lactoferrin saturated by various methods. Br J
Haematol 1979; 42: 481-3.

19 Markowetz B, Van Snick J L, Masson P L. Binding and
ingestion of human lactoferrin by mouse alveolar macro-
phages. Thorax 1977; 34: 109-12.

20 Brock J H, Alvarez-Hernandez X. Modulation of macrophage
iron metabolism by tumour necrosis factor and interleukin
1. FEMS Microbiol Immunol 1989; 1: 309-10.

21 Muirden K D. Ferritin in synovial cells in patients with
rheumatoid arthritis. Ann Rheum Dis 1966; 25: 387-401.

22 Muirden K D. An electronmicroscope study of the uptake of
ferritin by the synovial membrane [Abstract]. Arthritis
Rheun 1963; 6: 289.

23 Ball J, Chapman J A, Muirden K D. The uptake of iron in
rabbit synovial tissue following intra-articular injections of
iron-dextran. J Cell Biol 1964; 22: 351-64.

24 Muirden K D, Fraser JR G, Clarris B. Ferritin formation by
synovial cells exposed to haemoglobin in vitro. Ann Rheum
Dis 1967; 26: 251-9.

25 Muirden K D, Senator G B. Iron in the synovial membrane in
rheumatoid arthritis and other joint disease. Ann Rheum
Dis 1968; 27: 38-47.

26 Muirden K D. The anaemia of RA: the significance of iron
deposits in the synovial membrane. Australian Annals of
Medicine 1970; 2: 97-104.

27 Bennet R M, Williams ED, Lewis SM, Holt P J L. Synovial
iron deposition in RA. Arthritis Rheum 1973; 16: 298-304.

28 Yoshino S, Blake D R, Hewitt S, Morris C J, Bacon P A.
Effect of blood on the activity and persistence of antigen
induced inflammation in the rat air pouch. Ann Rheun Dis
1985; 44: 485-90.

29 Lin J-J, Danich-McQueen S, Patino M M, Gaffield L,
Walden WE, Thach RE. Depression of ferritin messenger
RNA-translation by haemin in vitro. Science 1990; 247:
74-7.

30 Morris C J, Blake D R, Hewitt S D, Lunec J. Macrophage
ferritin and iron deposition in the rat air pouch model of
inflammatory synovitis. Ann Rheun Dis 1987; 46: 334-8.

31 Blake D R, Gallagher P J, Potter A R, Bell M J, Bacon PA.
The effect of synovial iron on the progression of rheuma-
toid disease. Arthritis Rheum 1984; 27: 495-501.

32 Winyard P G, Tatzber F, Esterbauer H, Blake D R, Morris
C J. Presence of oxidised low density lipoprotein-containing
foam cells in the synovial membrane from patients with
rheumatoid arthritis. J Clin Invest. In press.

33 Blake D R, Hall N D, Bacon PA, Dieppe PA, Halliwell B,
Gutteridge J M C. The importance of iron in rheumatoid
disease. Lancet 1981; ii: 1142-4.

34 Morris C J, Blake D R, Wainwright A C, Steven M M.
Relationship between iron deposits and tissue damage in
the synovium: an ultrastructural study. Ann Rheum Dis
1986; 45: 21-6.

35 Hamerman D. Synovial joints. Aspects of structure and
function. In: Balazs ES, ed. Chemistry and molecular biology
of the intercellular matrix. London: Academic Press, 1970:
1259-72.

36 Rogers K R, Morris C J, Blake D R. Cytoskeletal rearrange-
ment by oxidative stress. IntJ Tissue React 1989; XI: 309-
14.

37 Rowley D A, Gutteridge J MC, Blake D R, Halliwell J MC.
Lipid peroxidation in rheumatoid arthritis: thiobarbituric
acid-reactive material and catalytic iron salts in synovial
fluid from rheumatoid patients. Clin Sci 1984; 66: 691-5.

38 Gutteridge J M C, Rowley D A, Halliwell B. Superoxide-
dependent formation of hydroxyl radicals in the presence
of iron salts. Detection of free iron in biological systems by
using bleomycin-dependent degradation of DNA. BiochemJ
1981; 199: 263-5.

39 Blake D R, Bacon P A. Synovial fluid ferritin in rheumatoid
arthritis. BMJ 1980; 281: 715-6.

40 Biemond P, Eijk H G V, Swaak A J G, Koster J F. Iron
mobilization from ferritin by superoxide derived from
stimulated PMN leucocytes. J Clin Invest 1984; 73:
1576-9.

41 Blake D R, Bacon P A. Synovial fluid ferritin in rheumatoid
arthritis: an index or cause of inflammation. BMJ 1981;
282: 189.

42 Ahmadzadeh N, Shingu M, Nobunaga M. Iron-binding
proteins and free iron in synovial fluids of rheumatoid
arthritic patients. Clin Rheumatol 1989; 8: 345-51.

43 Blake D R, Bacon P A. Effect of oral iron on rheumatoid
patients. Lancet 1982; i: 623.

44 Hansen T M, Hansen N E. Serum ferritin as indicator of iron
responsive anaemia in patients with RA. Ann Rheum Dis
1986; 45: 596-602.

45 Reddy P A, Lewis M. Adverse effect of intravenous iron-
dextran in rheumatoid arthritis. Arthritis Rheum 1969; 12:
454-7.

46 Dabbagh A J, Blake D R, Morris C J. Effect ofiron complexes
on adjuvant arthritis in the rat. Ann Rheum Dis 1992; 51:
516-21.

47 Lloyd K N, Williams P. Reactions to total dose infusion of
iron dextran in RA. BMJ 1970; ii: 323-5.

48 Blake D R, Lunec J, Ahern M, Ring E F J, Bradfield J,
Gutteridge J M C. Effect of intravenous iron dextran on
rheumatoid synovitis.Ann Rheum Dis 1985; 44: 183-8.

49 Winyard P G, Blake D R, Chirico S, Gutteridge J M C,

Lunec J. Mechanism ot exacerbation ot rheumatoid syno-
vitis by total-dose iron-dextran infusion. In vivo demon-
stration of iron promoted oxidant stress. Lancet 1987; i:
69-72.

50 Andrews F J, Morris C J, Kondratowicz G, Blake DR. Effect
of iron chelation on inflammatory joint disease. Ann Rheum
Dis 1987; 46: 327-33.

51 Blake D R, Winyard P, Lunec J. Cerebral and ocular toxicity
induced by desferrioxamine. QJ Med 1985; 56: 345-51.

52 Pall H, Blake D R, Winyard P. Ocular toxicity of desterrio-
xamine. An example of copper promoted auto-oxidative
damage. BrJ Ophthalmol 1989; 73: 29-31.

53 Hewitt S D, Hider R C, Sarpong P, Morris C J, Blake D R.
Investigation of the anti-inflammatory properties of
hydroxypyridinones. Ann Rheum Dis 1989; 48: 382-8.

54 Schumacher H R, Kitridon R C. Synovitis of recent onset: a
clinico-pathologic study during the first month of disease.
Arthritis Rheum 1972; 15: 465-84.

55 Vogt A, Mischell R I, Dutton R W. Stimulation of DNA
synthesis of mouse spleen cell suspensions by bovine
transfeffin. Exp Cell Res 1969; 54: 195-200.

56 Tormey D C, Imrie R C, Mueller G C. Identification of
transferrin as a lymphocyte growth promoter in human
serum. Exp Cell Res 1972; 74: 163-9.

57 Phillips J L, Azari P. Effect of iron transferrin on nucleic acid
synthesis in phytohemagglutinin-stimulated human lym-
phocytes. Cell Immunol 1975; 15: 94-9.

58 Larrick J W, Cresswell P. Modulation of cell surface iron
transferrin receptors by cellular density and state of
activation. Journal of Supramolcclar Structures 1979; 11:
579-86.

59 Brook J H, Rankin MC. Transferrin binding and iron uptake
by mouse lymph node cells during transformation in
response to concanavalin A. Immunology 1981; 43: 393-8.

60 Kay J E, Benzie C R. The role of the transferrin receptor in
lymphocyte activation. Immunol Lett 1986; 12: 55-8.

61 Nishaya K, Chiao J E, De Sousa M. Iron binding proteins in
selected human peripheral blood cell sets: immunofluo-
rescence. Brj Haematol 1980; 46: 235-45.

62 Bryan C F, Leech S H, Bozelka B. The immunoregulatory
nature of iron. II. Lymphocyte surface marker expression.
J Leukoc Biol 1986; 40: 589-600.

63 Good M F, Chapman D E, Powell L W, Halliday J W. The
effect of iron (Fe3+) on the cloning efficiency of human
memory T4+ lymphocytes. Clin Exp Immunol 1986; 66:
340-72.

64 Keown P, Descamps D. Suppression de la reaction lympho-
cytaire mixt par des globules rouges autologues et leurs
constituants: une hypothese nouvelle sur l'effet apparem-
ment tolerogene des transfusions sanguine en trans-
plantation. C R Acad Sci [III] 1987; 287: 749-52.

65 Keown P, Descamps-Latscha B. In vitro suppression of cell
mediated immunity by ferroproteins and ferric salts. Cell
Immunol 1983; 80: 257-66.

66 De Sousa M, Dynesius-Trentham R, Mota-Garcia F, DeSilva
M T, Trentham D E. Activation of rat synovium by iron.
Arthritis Rhewn 1988; 31: 653-61.

67 Roberts D, Davies J. Exacerbation of rheumatoid synovitis
by iron dextran infusion. Lancet 1971; i: 391.

68 Weinberg E D. Iron with holding: a defence against infection
and neoplasia. Physiol Rev 1984; 64: 65-102.

69 Van Asbeck B S, Marx J J, Struyvenberg A, Verhoef J.
Functional defects in phagocytic cells from patients with
iron overload. J Infect 1984; 8: 232-40.

70 Flament J, Goldman M, Waterlot Y, Dupont E, Wybran J,
Vanherweghem J L. Impairment of phagocytic oxidative
metabolism in haemodialysed patients with iron overload.
Clin Nephrol 1986; 25: 227-30.

71 Ballart I J, Estevez M E, Sen L, et al. Progressive dysfunction
of monocytes associated with iron overload and age in
patients with thalassaemia major. Blood 1986; 67: 105-9.

72 Ward P A, Goldschmidt P, Greene N D. Suppressive effects
of metal salts on leucocyte and fibroblastic function.
J Reticuloendothel Soc 1975; 18: 313-21.

73 Becroft D M 0, Dix M R, Farmer K. Intramuscular iron
dextran and susceptibility ofneonates to bacterial infections.
Arch Dis Child 1977; 52: 778-81.

74 Fondu P. The functions of iron in the defence against infec-
tions, and especially the importance of abnormalities in
phagocytosis in iron overload. Bull Mem Acad R Med Belg
1989; 144: 223-30.

75 Hoepelman I M, Jaarsma E Y, Verhoef J, Marx J J M.
Influence of iron (II) and polynuclear and mononuclear
iron (III) complexes on PMN functions. In: Rice-Evans C,
ed. Free radicals, cell damage and disease. London: The
Richelieu Press, 1986: 45-54.

76 Hoepelman I M, Jaarsma E Y, VerhoefJ, Marx J J M. Effect
of iron on polymorphonuclear granulocyte phagocytic
capacity: role of oxidation state and ascorbic acid. Br J
Haematol 1988; 70: 495-500.

77 Hoepelman I M, Bezemer WA, Van Doornmalen E, Verhoef
J, Marx J J M. Lipid peroxidation of human granulocytes
and monocytes by iron complexes. BrJ7 Haematol 1989; 27:
58O8.

78 Hoepelman I M, VerhoefJ, Marx J JM. Effect of non-trans-
ferrin bound iron on the aggregation and adhesion of
polymorphonuclear leucocytes. Ann N Y Acad Sci 1988;
526: 3634.

79 Hoepelman I M, Vandenbrouck-Grauls C M J E, Thyssen
H M W M, Van Kessel K P M, Marx J J M, Verhoef J.
Iron stimulates adherence to endothelial cells by trans-
location of the specific granule protein lactoferrin to the
plasma membrane. In: Hoepelman I M, ed. Iron and
infection Wijk-bij-Duurstede, The Netherlands: drukwerk-
verzorging ADDIX, 1989: 113-29.

73


