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We describe expression of alpha, mu and pi class glutathione S-transferases (GST) and, CuZn- and Mn
superoxide dismutase (SOD) in human synovium and cultured synovial fibroblasts. Immunohistochemical
and immunoblotting studies showed synovium and cultured cells expressed pi GST and both isoforms
of SOD. Cellular localisation was largely perinuclear. No expression of alpha or mu GST was detected
even though polymerase chain reaction analysis showed 4/6 subjects had positive genotypes at the
polymorphic, mu class GSTMI1 locus. Incubation of cultured synovial fibroblasts with H,0,, IL-la
and the cyclooxygenase and lipoxygenase inhibitor, Tenidap, did not induce expression of alpha, mu
or pi GST though treatment with IL-la caused a marked increase in the expression of Mn SOD.

KEY WORDS: glutathione S-transferase, superoxide dismutase, oxidant stress, synovium, polymerase
chain reaction, interleukin-la.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic disease of unknown aetiology characterised
by inflammation of synovial joints and destruction of cartilage and bone. Chronic
inflammation is associated with increased levels of reactive oxygen species (ROS)
such as superoxide radical and hydrogen peroxide (H,0,) which in RA, may be
produced by phagocytes in the synovial fluid and pannus and/or by synovial endo-
thelial cells during hypoxia-reperfusion. Data describing products of oxidative stress
in the serum, synovial fluid and breath of patients with inflammatory joint disease
suggest tPe synovium is exposed to levels of these species that exceed its detoxication
capacity '.

Author for correspondence: Prof. Richard Strange, School of Postgraduate Medicine, University of
Keele, North Staffordshire Hospital Centre, Hartshill, Stoke-on-Trent, Staffordshire ST4 7QB, England.
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The effects of ROS are complex; low concentrations (eg H,0, 107®*M) are mito-
genic while high levels (eg H,0, 107*M) may cause cell damage or even death’.
Consequently, intracellular levels of superoxide radical and H,0, are modulated by
the antioxidant enzymes, CuZn- and Mn superoxide dismutase (SOD), glutathione
peroxidase and catalase thereby reducing formation of hydroxyl radical®. However,
while co-ordinated enzyme expression protects cells, many molecules suffer ROS-
induced damage during oxidative stress. '

Recent data suggest a role for the glutathione S-transferase (GST) supergene
family in the repair/detoxication of various products of oxidative stress. The
cytosolic GST can be grouped into the alpha, mu, theta and pi classes**. While the
number of genes encoding these isoforms is unclear, the alpha and mu classes appear
to each comprise at least six genes®. The most widely expressed mu gene, GSTM1,
is polymorphic with about 50% of individuals being homozygous for the deleted
GSTMI*O allele®’. These subjects express no GSTM1 enzyme.

Several lines of evidence implicate alpha, mu and theta GST in antioxidant
defence; firstly, in vitro substrates include products of ROS attack on lipid and
DNA?. Secondly, alpha and mu GST demonstrate coordinated expression and
location to similar cell types as the superoxide dismutases and Se-glutathione
peroxidase®. Thirdly, the finding of an antioxidant responsive element (ARE) in the
rat alpha Ya gene that is activated by H,0, and other oxidants '° suggests expression
of this gene can be altered by oxidant stress.

Synovium is a heterogeneous tissue with resident populations of fibroblasts,
macrophages and endothelial cells which in RA is infiltrated by lymphocytes and
phagocytes. Expression of GST and other antioxidant enzymes by synovial cells
has not been described but may be critical in mediating the response to oxidative
stress. Since the growth status of cells influences expression of mu and pi GST",
inflammatory products that affect cell proliferation (eg ROS and cytokines) may
also affect expression of these GST.

We now describe studies in human synovium to define expression of alpha, mu
and pi GST and CuZn- and Mn SOD, Since a feature of RA is the marked increase
in synovial fibroblasts, we have also examined the effects of H,O, and/or IL-1«
on expression of these enzymes in cultured fibroblasts. It is not known if GSTM|I
phenotype reflects genotype in these cells, and we have compared genotype deter-
minations made using the polymerase chain reaction (PCR) with phenotype deter-
mined using immunoblotting. Since increased synthesis of prostaglandins (PG),
particularly PGE,, is a prominent feature of RA and alpha GST isoforms Al-1]
and A2-2 preferentially catalyse the formation of PGF,, and PGD, respectively
from PGH,?, we have also studied expression of alpha GST after inhibition of
eicosanoid synthesis by Tenidap, an anti-rheumatic drug that inhibits lipoxygenase

and cyclooxygenase'* ",

MATERIALS AND METHODS

Patient Samples

Synovium was obtained, with the approval of the Ethics Committee of the North
Staffordshire Hospital, at synovectomy or total joint replacement from the patients
shown in Table 1.
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TABLE 1
Patient Details
disease joint MnSOD CuZnSOD GSTM1/mu alpha pi culture
1 RA knee +* + G+ P- - + +
2 RA knee + + P - + +
3 RA wrist +* + - + +
4 RA hip + + - + +
S RA shoulder +* + P- + +
6 OA knee + + - + +
7 OA knee + + G+ P- - + +
8 0OA knee + + G~ P- - + +
9 OA knee + + G+ P- - + +
10 OA knee + + - + +
11 OA knee + + P- +
12 OA hip + + + +
13 OA hip + + +
14 ReA hip + + G- P - + +
15 AS knee + + + +
16 PVNS knee + + - + +
17 CTS wrist + + P- +
18 TS ext pol + + + +
19 Men. Tear knee + + G+ P- + +
20 Men. Tear knee + + P- +
21 Men. Tear knee + + P- +

Abbreviations: RA, rheumatoid arthritis. OA, Osteoarthritis. ReA, Reactive arthritis. AS, Ankylosing
Spondylitis. PVNS, Pigmented villonodular synovitis. CTS, idiopathic carpal tunne! syndrome. TS,
tenosynovitis. Men. Tear, meniscal tear. *, Mn SOD mol. wt. 16500. G, GSTMI genotype. P, GSTM1
phenotype.

Immunohistochemical Localisation Of Enzyme Expression

Localisation of enzyme expression in paraffin wax sections of synovial tissue from
3 subjects (Table 1; patients 1, 14 and control) was performed using an immuno-
peroxidase method . Primary antibodies were used at a dilution of 1/75 and posi-
tive control sections (liver, kidney) were also studied.

Immunoblotting

For immunoblotting, blocks of synovium (2-3 mm?) were snap frozen in liquid N,
immediately after removal. Before electrophoresis, frozen tissue was ground to a fine
powder, dissolved in sample buffer (see below) at 100°C and centrifuged (10 500 g,
5 min, 20°C) to remove insoluble material. In experiments with synovial fibroblasts,
cells were trypsinised from culture flasks, cell numbers counted in an haemocyto-
meter and equal numbers (about 4 x 10°) of cells from each flask diluted with
sample buffer comprising 125 mM Tris-HCI (pH 6.80) containing 4% (w/v) SDS,
1% (v/v) 2-mercaptoethanol, 20% (v/v) glycerol and 0.02% (w/v) bromophenol
blue. The mixture was heated (100°C, 5 min) and 10 ul portions (2 X 10* cells)
loaded onto 12.5% SDS discontinuous polyacrylamide gels and immunoblotted
after electrophoresis. Blots were incubated with sheep primary antisera to human
CuZn-and Mn SOD, the alpha A1 monomer and pi GST and, rabbit primary antisera
to GSTMI1 and the rat alpha class Ya and Yc¢ monomers. Each GST antibody cross-
reacted on immunoblots with other isoforms of the same class. There was no reaction
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with GST isoforms from other classes'¢. Antisera to the SOD isoforms were only
recognised by their own antigens'’. A horseradish peroxidase detection system was
routinely used. Weak or negative signals were checked using an enhanced chemilu-
minescence detection system (ECL, Amersham International plc.). To quantify
changes in enzyme expression following incubation with recombinant 1L-1« (British
Biotechnology Products, Ltd, Oxon), H,0, and Tenidap (Pfizer Central Research,
Kent), samples were equalised for cell number, immunoblotted and the grey levels
of bands compared by image analysis (Confocal Technologies, U.K.).

Isolation Of Synovial Fibroblasts

Synovium was dissected free from surrounding tissue, cut into 2-3 mm? pieces and
digested (3-4h, 37°C) with occasional shaking in Earles Balanced Salt Solution
containing 2 mg/ml collagenase (Sigma Type 1A). The suspension was filtered
through 100 micron mesh, centrifuged (600 g, 5 min) and resuspended in Dulbeccos
Modified Eagles Medium (DMEM) containing 10% heat inactivated foetal calf
serum (FCS), 2 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 ug/ml)
and fungizone (0.25pg/ml). Cells were seeded into 25 cm? plastic culture flasks and
cultured (37°C) in a humidified incubator (5% CO,: 95% air). Adherent synovial
fibroblasts were grown to confluence and passaged with 0.25% (w/v) trypsin
containing 1 mM EDTA. Cells were cultured further in 75 cm? flasks and passaged
at a ratio 1:2. Cells were studied up to passage 12.

Immunofluorescence Microscopy

Subconfluent and confluent synovial fibroblasts grown on 13 mm diam. glass cover-
slips were fixed (30 min, 20°C) in 3.5% formaldehyde in phosphate buffered saline
(PBS). Cells were washed (X3) and permeabilised with 95% ethanol at —20°C for
2min. After washing in PBS the coverslips were incubated (30 min, 20°C) with
primary antibodies to Mn- and CuZn SOD and alpha, mu and pi GST and washed
X3 (15 min) with PBS. Fluorescein conjugated secondary antibodies were incubated
with the cells for a further 30 min, followed by extensive washing with PBS. Cover-
slips were mounted in PBS/glycerol (1:9) containing 25 mg/ml 1,4-diazobicyclo-
(2.2.2) octane to prevent quenching of fluorescence. Slides were examined using a
microscope with an epi-fluorescence attachment and photographed.

Effects Of H,0,, IL-1a And Tenidap On Enzyme Expression In Synovial
Fibroblasts

To study the effects of these treatments on expression of GST and SOD, a suspension
of about 5 x 10° cells was added to 75 cm? culture flasks. Growth medium was
removed after 72 h, replaced with maintenance medium (medium containing 0.5%
FCS) and the cells returned to the incubator for a further 24 h. The maintenance
media were replaced (day 0) with growth media containing H,0, (10®M) with/
without human IL-1« (1 ng/ml) or, Tenidap (5 ug/ml) and effects on enzyme expres-
sion were studied after up to 72 h.

Determination Of GSTM1 Genotype

GSTM1 genotype was determined in 6 samples of synovium using PCR performed
in duplicate using 1 ug DNA and primers to exon 4 and exon 5 of GSTM1 '8, Since
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GSTM1 is deleted, GSTM1*O/GSTM1*0 homozygotes can be differentiated from
GSTMI1*A and GSTM1*B homo- and heterozygotes by the absence of a 273 bp
fragment (exon 4, intron 4, exon 5) on agarose gels after ethidium bromide staining.
Primers to 3 globin were used as positive control.

Analytical Methods

Cell numbers were determined using a crystal violet colourimetric assay'®, numbers
determined by this method correlated well with those determined using a haemo-
cytometer. PGE, levels in media were determined in duplicate using radioimmu-
noassay {(New England Nuclear, MA, USA).

Statistical Methods

Wilcoxon signed rank matched pairs tests were used to compare means of cell
numbers determined by optical density measurements.

RESULTS

Immunohistochemical Localisation Of Antioxidant Enzymes In Synovial Tissue

GST and SOD isoenzymes in synovial tissue were localised using immunohisto-
chemistry. Synovial tissue is heterogeneous and shows marked inter- and intra-
sample variation in cellularity, fat and connective tissue content. These differences
may depend on the site of removal and type and extent of disease. Data therefore,
were interpreted as showing the presence/absence of expression rather than quan-
titative differences in level.

a) Alpha GST. No staining detected (Figure 1a).

b) Mu GST. No staining detected.

¢) Pi GST. Strong positivity was seen in fibroblast and macrophage type cells of
the synovial lining layer (Figure 1b), as well as many infiltrating lymphocytes.
While most of the lining layer was positive, some regions of lymphocytic
infiltration around blood vessels showed little or no staining.

d) Mn SOD. Intense staining was observed in the fibroblasts and macrophages of
the synovial lining layer, in endothelial cells and in some lymphoblasts.

€) CuZnSOD. Thestaining pattern for CuZn SOD was similar to that for Mn SOD.

Expression Of Antioxidant Enzymes In Synovial Tissue

To confirm the immunohistochemical results, immunoblotting was used to detect
expression of SOD and GST isoenzymes in synovium.

a) AlphaGST. Alpha GST was not detected in 11 synovia examined even after over-
loading the gels and prolonged exposure of the X-ray film using the ECL method.
Lanes containing alpha GST standard demonstrated strong overloading.

b) Mu GST. No expression of mu isoenzymes was detected in 12 synovia examined
even though lanes containing mu GST standard demonstrated strong over-
loading. The GSTM1 genotype of 6 subjects was examined by PCR; a 273 bp
fragment of DNA was detected in 4 subjects indicating they had positive
GSTM1 genotypes.
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(a)

()

FIGURE 1| Localisation of GST in synovial tissue. Sections of synovium from a patient with RA
stained by an indirect immunoperoxidase method. Staining for alpha GST (a) was negative. Pi GST
(b) was strongly positive, especially in the fibroblast and macrophage cells of the lining layer. The sections
were counterstained with haematoxylin. Mag X250.

¢) Pi GST. A single band (mol. wt. 23000) was detected in all 21 samples.

d) Mn SOD. Mn SOD was detected in all 21 synovia examined irrespective
of clinical condition. While a protein with the expected monomer mol. wt.
of 22000 was identified in all cases, a further band of lower mol. wt.
(approx. 16500) was seen in 3/5 RA patients. In 2 cases the 16500 band was the
most prominent (Figure 2a). To determine if expression of this protein was
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(a) Mn SOD
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FIGURE 2 Expression of Mn SOD in synovium and blood leucocytes. Expression of Mn SOD in
synovium (a) from subjects with RA (lanes 1,4,7), osteoarthritis (lane 2,3,5) and reactive arthritis (lane
6) was studied using immunoblotting. The molecular weight (X10%) of peptides is indicated. Figure 2b
shows expression of Mn SOD in blood leucocytes from 7 RA patients.
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(a)

(b)

i
FIGURE 3 Immunofluorescence staining of SOD and GST in synovial fibroblasts. Immunofluorescence

microscopy was used to determine the subcellular distribution of a) alpha GST, b) pi GST, ¢) Mn SOD
in cultured synovial fibroblasts. Mag X500.

inherent to RA patients, we also examined expression of Mn SOD in peripheral
mononuclear cells. In 16 RA patients (including the 3 subjects demonstrating
the 16500 mol. wt. band) only one band (mol. wt. 22 000) was seen (Fig. 2b).

e) CuZn SOD. A single band with the expected mol. wt. of 18000 was observed
in the 21 synovia examined.
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FIGURE 3 continued

Immunofluorescence Microscopy

The distribution of Mn- and CuZn SOD, alpha, mu and pi GST within synovial
fibroblasts was studied by immunofluorescence. Examples of the staining patterns
are shown in Figure 3abc.

a)
b)
<)

d)

€)

Alpha GST. No positivity for alpha GST was detected (Figure 3a).
Mu GST. No positive staining for mu class GST was detected.

Pi GST. Staining for pi GST was particularly bright around the nucleus (Figure
3b). Staining was detected in all cells although the intensity varied between
individual cells in any population. Similar variations were found in quiescent
and growing cells.

Mn SOD. Figure 3c shows the network of bead-like structures within the
cytoplasm that demonstrated positivity for Mn SOD. Staining was particularly
intense around the nucleus but was also found at the periphery of the lamelli-
podia. Bright staining was found in all cells examined from fibroblast cultures
prepared from 16 subjects. There were no obvious differences between quies-
cent and growing cells.

CuZn SOD. The staining pattern for CuZn SOD was similar to that of pi GST
but differed from that of the Mn-isoform; localisation was mainly associated
with the cytoplasm surrounding the nucleus. The staining intensity varied
between individual cells in any population but the isoform was expressed in all
cells examined from the 16 separate cultures.
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Effects of H,0,, IL-1o: And Tenidap On Expression Of Antioxidant Enzymes

To determine if expression of GST and SOD by synovial fibroblasts was altered
by H,0, (10°°M), IL-la or Tenidap, enzyme expression was studied 24 h, 48h
and 72 h after treatment. Synovial fibroblast numbers were determined 72 h after
incubation with H,0,, IL-1« or Tenidap.

After 72 h, there was a significant increase (p < 0.001) of 59% in cell numbers
in control wells compared with numbers at day 0 (n = 7). Compared with the control
wells at 72 h, cell growth was unaffected by treatment with H,0,. Treatment with
IL-1a or, IL-la and H,0, (10 ~®M) resulted in significant increases (p < 0.05) in
cell numbers of 19% above that in 72 h control wells and 21% above that in 72 h wells
treated with the oxidant alone.

After 72 h incubation, PGE, concentrations in control wells were 0.04-0.05 ng/
ml (n = 3). After treatment with IL-lo, PGE, levels were 2-3ng/ml. In the
presence of Tenidap, both with and without IL-1a, no PGE, was detected.

a) Alpha GST. No expression of alpha GST was detected 72 h after treatment with
Tenidap, IL-1a and/or H,0, (10 %, 10~*M). Higher levels of H,0, (107}
and 10 ~*M) for up to 48 h also did not effect expression of alpha GST.

b) Mu GST. No expression of mu GST was detected after 72 h treatment with
Tenidap, IL-1a and/or H,0,. Treatment with higher concentrations of H,0O,
(10~* and 10 ~*M) for up to 48 h also did not effect expression of mu isoforms.

¢) Pi GST. Expression of pi GST was unchanged 72 h after treatment in control,
oxidant stressed and IL-1« treated cells.

d) Mn SOD. Expression of Mn SOD was unchanged in control cells after 72 h.
Following treatment with IL-1e, both with and without H,0,, expression of
this enzyme was markedly increased compared with the control cells, after
24h, 48 h and 72 h (Figure 4). H,0, and Tenidap had no apparent effect on
expression.

e) CuZn SOD. Expression of CuZn SOD was not affected by any of the
treatments.

DISCUSSION

We have studied expression of alpha, mu and pi GST and CuZn and Mn SOD in
human synovium. Since the tissue contains fibroblasts, macrophages, endothelial
cells and, in inflammatory conditions various types of leucocytes, immunohisto-
chemistry was first used to identify which cells expressed these enzymes. We then
studied the effects of H,0,, IL-1a and Tenidap on the expression of GST and SOD
in cultured synovial fibroblasts. These cells were selected because an outstanding
feature of RA is the increase in synovial fibroblast numbers and their response
to oxidative stress and cytokine stimulation may be critical.

Immunohistochemical studies showed widespread expression of pi GST and, CuZn
and Mn SOD. Expression of alpha and mu GST was not detected. These results
were supported by immunoblotting; while expression of pi GST and both SOD
isoforms was found in all synovia, no subjects expressed alpha or mu GST.

Interestingly, immunoblotting provided evidence that Mn SOD might be sus-
ceptible to oxidant stress. Previous studies have shown H,0O, causes inactivation
and even fragmentation of CuZn SOD* and, while we found no evidence of altered
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Mn SOD
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FIGURE 4 Effects of IL-la and H,0, on expression of Mn SOD in synovial fibroblasts. Immuno-
blotting was used to determine the effects of IL-la and H,0, (10~%M) on expression of Mn SOD in
cultured synovial fibroblasts.

forms of CuZn SOD, evidence of fragmentation of the Mn-isoform was found in
3/5 subjects with RA; it is possible that the immunoreactive protein with a mole-
cular weight 16500 could be a ROS-modified form of Mn SOD (mol. wt. 22000).
Interestingly, this phenomenon was not found in peripheral blood leucocytes even
in RA patients who demonstrated two Mn SOD bands in synovium.

The alpha class of GST genes is complex and remains poorly understood’. Thus,
while the Al-1 and A2-2 isoenzymes are relatively widely expressed, other genes
such as that encoding the putatively skin-specific enzyme that appears to correspond
with the rat YcYc isoform demonstrate restricted expression?'. Expression of these
alpha GST was not detected in synovium. Studies in various tissues have shown
considerable inter-subject variation in the level of expression of alpha GST. For
example, in brain, many subjects do not express this GST class?. Our examination
of 11 synovia indicates this GST class is not expressed in this tissue. The significance
of this variation in terms of inter-tissue differences in protection against oxidative
stress is unclear but since recent data suggest the importance of this class, synovia
might be considered to be relatively vulnerable to ROS. Immunohistochemical and
immunoblotting studies similarly showed that mu isoforms such as GSTM1 are not
expressed in synovium even in genotypically positive subjects. The importance of
GSTMI in the protection of cells from ROS-induced damage is also unclear and it
is not known whether tissues that constitutively fail to express the locus are more
sensitive than expressing tissues.

As expected, immunofluorescence studies in cultured fibroblasts showed expres-
sion of SOD and pi GST but not alpha or mu GST. Enzyme expression was strongest
around the nucleus; staining for Mn SOD was bead-like as expected for a mito-
chondrial enzyme while pi GST and CuZn SOD were dispersed in cytosol.
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Although cultured synovial fibroblasts did not constitutively express alpha GST,
oxidative stress might be expected to affect expression since Rushmore eral."
showed induction of chloramphenicol acetyl-transferase (CAT) activity in cells
transfected with constructs of the rat Ya monomer ARE and CAT following stress
with concentrations of H,O, similar to those we used (2.5 x 10~*-10°M). We found
however, no detectable expression of alpha class GST comprising the Al, A2, Ya or
Yc monomers following treatment of synovial fibroblasts with H,0, (10 7%, 10 * or
10 ~*M). Expression of mu and pi GST and SOD isoforms was also unaffected.

We also attempted to effect expression of alpha GST in cultured synovial fibro-
blasts by treatment with IL-1a and Tenidap. Among the many cytokines present in
synovial fluid and synthesised by synovial fibroblasts, IL-1« is of interest because
it induces bone and cartilage degradation and can initiate chronic erosive arthritis
in rabbits. The cytokine has pleiotrophic effects on diverse cell types including
fibroblasts and it has been argued that exposure to IL-la constitutes an oxidant
stress 2}, While induction of Mn SOD appears a common effect, there was no effect
on CuZn-isoform or alpha, mu or pi GST. While other studies have shown reciprocal
changes in the expression of mu and pi GST in confluent cells and, cells in the
log-phase of growth'', we found no effects of IL-1e on mu and pi even though the
cytokine significantly increased the growth rate of synovial fibroblasts. Similarly
treatment with Tenidap, an inhibitor of PG synthesis had no effect even though
alpha GST have different effects on the synthesis of PGF,, and PGD,.

Our studies suggest synovium may not be well protected against oxidant stress.
Furthermore, since studies in transfected cells and transgenic animals have shown
that isolated, increases in CuZn SOD expression can be deleterious®, the implica-
tions for synovial fibroblasts of up-regulating Mn SOD but not other enzymes
during oxidative stress are unclear.
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