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SUMMARY

We have previously shown that the gold-containing disease-modifying anti-rheumatic drugs, auranofin

(AF) and gold sodium aurothiomalate (GSTM) reduce human umbilical vein endothelial cell (HUVEC)

adhesion molecule expression and neutrophil (PMN) adherence. AF diminishes E-selectin and

intercellular adhesion molecule-1 (ICAM-1) on cytokine-activated HUVEC, while GSTM decreases

only E-selectin. Since tight adhesion is critical for PMN to damage EC, we tested whether these drugs

modulated human PMN-mediated injury to TNF-a -activated HUVEC in vitro (as measured by 51Cr

release). Here we show that TNF-a caused a prominent PMN-mediated cytotoxicity that was dose-

dependently reduced when AF and GSTM were added to the assay system. We also found that a potent

inhibitor of NF-kB, pyrrolidine dithiocarbamate (PDTC) in a dose-dependent manner impaired TNF-a -

induced cytotoxicity, indicating a role of NF-kB activation in cytokine-induced endothelial injury. To

examine the effects of AF and GSTM on TNF-a -induced NF-kB activation this was measured in

HUVEC nuclear extracts by an electrophoretic mobility shift assay. AF, but not GSTM, decreased TNF-

a -induced NF-kB activation in HUVEC. Thus, in this in vitro model of vasculitis, AF and GSTM dose

dependently reduced TNF-a -mediated neutrophil-dependent cytotoxicity for HUVEC, and AF, but not

GSTM, inhibited NF-kB mobilization, thereby providing possible mechanisms for effects of AF and

GSTM.
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INTRODUCTION

The adhesion of circulating leucocytes to vascular endothelium is

pivotal for the inflammatory responses in various disorders, e.g.

systemic vasculitis and rheumatoid arthritis [1]. The proinflam-

matory cytokine TNF-a is known to activate endothelial cells to

express adhesive and activation molecules for leucocytes [1]. This

can lead to an activation of the cytotoxic capacity of polymorpho-

nuclear neutrophils (PMN), which may result in injury to the

endothelial cells that is dependent on adhesion molecules [2,3].

We have recently described that the gold-containing disease-

modifying anti-rheumatic drugs, auranofin (AF) and gold sodium

thiomalate (GSTM) in vitro modulate human umbilical vein endo-

thelial cell (HUVEC) adhesion molecule expression and PMN

adherence to HUVEC [4]. AF diminishes E-selectin and inter-

cellular adhesion molecule-1 (ICAM-1) expression on cytokine-

activated HUVEC, while GSTM decreases only E-selectin. We

also reported that AF and GSTM are both potent inhibitors of

endothelial cytotoxicity induced when activated PMN are added

[5] and may also reduce endothelial injury when HUVEC have

been activated by cytokines and quiescent PMN subsequently

added [6]. We and others have shown that AF may inhibit

degranulation and chemotaxis of PMN in vitro, and GSTM has

been reported to interfere with endothelial proliferation in vitro

and synovial expression of E-selectin in vivo [7±10].

Induction of adhesion molecules, e.g. ICAM-1 and E-selectin,

by TNF-a and other inflammatory cytokines is regulated at the

level of gene transcription and requires the transcription factor

nuclear factor-kB (NF-kB) [11,12]. The NF-kB/Rel transcription

family plays an important role in cytokine-induced gene activation

[13]. This family consists of p50 (NFkB1), p52 (NFkB2), p65

(RelA), RelB, v-Rel and c-Rel. NF-kB is maintained in the

cytoplasm of cells in an inactive form in association with IkB-a .

TNF-a stimulation triggers the release of NF-kB from IkB,

resulting in NF-kB translocation to the nucleus, where it binds to

DNA at specific kB sites, rapidly inducing a variety of genes,

encoding signalling proteins [12,14±16]. In endothelial cells, the
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p50-p65 heterodimer is the dominant species that binds to kB

consensus sequences in ICAM-1 and E-selectin genes and acti-

vates gene transcription. Thus, agents that block NF-kB activation

have the potential to inhibit inflammatory processes in endothelial

cells. The two important anti-inflammatory agents salicylates and

glucocorticoids have recently been reported to inhibit NF-kB-

driven gene expression, which may offer an explanation, at least

partly, to the anti-inflammatory actions of these drugs [17±19].

Since tight adhesion is critical for PMN to damage EC, we

tested whether AF and GSTM modulated human PMN-mediated

injury to TNF-a -activated HUVEC in vitro by decreasing TNF-

a -induced NF-kB activation.

MATERIALS AND METHODS

Chemicals

Heparin, pyrrolidine dithiocarbamate (PDTC), TNF-a (2 � 107 U/

mg) and Triton X-100 were obtained from Sigma Chemical Co.

(St Louis, MO). AF was from Smith Kline Beecham (Brentford,

UK), and GSTM from Rhone-Poulenc Rorer (BirkeroÈd, Den-

mark). 51Cr was from Du Pont Co. (Wilmington, DE), endothelial

cell growth factor from Collaborative Research, Inc. (Bedford,

MA) and 24-well polystyrene plates (2 cm2/well) from Nunclon

(Roskilde, Denmark). Fetal calf serum (FCS), HEPES, penicillin,

streptomycin, RPMI 1640 and Hanks' balanced salt solution

(HBSS) were from Gibco (Paisley, UK). Collagenase (type 3) was

supplied by Worthington (Freehold, NJ), Sephadex G25 and

Percoll by Pharmacia Fine Chemicals (Uppsala, Sweden). EDTA

was from Merck (Darmstadt, Germany). All other chemicals were

also of the highest purity and quality commercially obtainable.

Endothelial cell cultures

HUVEC were obtained from human umbilical veins by treatment

with 0´2% collagenase as described [20]. Cells were suspended in

culture medium (RPMI 1640 with 20% FCS, 90 mg heparin/ml,

50 mg endothelial cell growth factor/ml, 100 U penicillin/ml,

100 mg streptomycin/ml, HEPES, sodium pyruvate and non-

essential amino acids) and grown in 80-cm2 tissue culture flasks

precoated with 2% gelatin. Culture medium was changed the

following day and then three times per week. HUVEC were

trypsinized when confluent, resuspended in medium and seeded

into 24-well plates (2 cm2 per well) and utilized as primary

cultures upon achieving confluence.

Preparation of neutrophils

Neutrophils were prepared by a one-step discontinuous Percoll

gradient centrifugation on venous blood obtained from healthy

volunteers, as described previously [21]. The purified PMN

(. 98% purity and viability) were washed twice before lysis of

contaminating erythrocytes with ice cold ammonium chloride

(0´155 m) and resuspended in HBSS at pH 7´4.

51Cr-release cytotoxicity assay

HUVEC, obtained from human umbilical veins, were grown in

tissue culture flasks, resuspended and seeded into 24-well plates

and utilized as primary cultures [20]. HUVEC monolayers were

labelled with 6 mCi of 51Cr for 24 h, washed and TNF-a (100 ng/

ml) was added to the labelled monolayer and dishes were incu-

bated for 24 h at 378C in a 5% CO2 incubator. After two washes

the monolayer was covered with 1´25 � 106 PMN in HBSS with

1% FCS in a final volume of 500 m l, yielding an effector to target

(endothelial cell) ratio of 6´25:1. Dishes with HUVEC and PMN

were incubated for 4 h at 378C. When the incubation was termi-

nated supernatants were centrifuged to pellet any HUVEC that

may have detached but not lysed. HUVEC monolayers were lysed

and the radioactivity of supernatants, pellet fractions and the lysed

HUVEC was counted in a gamma counter. The intra-assay

variations were small and seldom differed more than ^ 5% of a

mean value.

Nuclear extracts and electrophoretic mobility shift assay

HUVEC were either left untreated or were incubated with AF (1

or 5 mg/ml) or GSTM (50 mg/ml) for 30 min and then stimulated

with TNF-a (100 U/ml) for 2 h. Nuclear proteins were extracted

in the presence of 1 mg/ml aproptinin, 1 mg/ml antipain, 1 mg/ml

chymostatin, 0´1 mg/ml leupeptin and 1 mg/ml pepstatin in order

to inhibit proteases, as described previously [22]. A NF-kB-

specific single-stranded `anti-sense' oligonucleotide (5 0-CCA

GAT GGC CTC TCG GAA AGT CCC CTC TGT TGA G-3 0)
was filled in labelled using the Klenow fragment of Escherichia

coli DNA polymerase 1 in the presence of a32P-dGTP and a32P-

dCTP. Electrophoretic mobility shift assay (EMSA) was con-

ducted as previously described [23]. Nuclear extract (10 mg) was

incubated with 50 000 ct/min of radiolabelled NF-kB oligo-

nucleotide at room temperature for 20 min in the presence of

1 mg of poly (dI-dC) and the resulting complexes were separated

on a 6% polyacrylamide gel in Tris/borate/EDTA buffer. A 100-

fold molar excess of unlabelled oligonucleotide was included in

competition experiments. For supershift assays, 2 mg of a poly-

clonal anti-NF-kB p50 or p65 subunit antibody were added to the

nuclear extract simultaneously with the labelled probe. Autoradio-

graphic signals were quantified by scanning laser densitometry.

Statistical evaluation was performed with Student's two-tailed

t-test for paired samples, when appropriate.

RESULTS

We reported earlier that TNF-a causes a prominent PMN-

mediated endothelial cytotoxicity [2]. To investigate the effect of
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Fig. 1. The effect of auranofin (AF) on the cytotoxicity induced by

100 ng/ml of TNF-a . Human umbilical vein endothelial cells (HUVEC)

were treated for 30 min with AF, rinsed and then exposed to TNF-a for

24 h; subsequently unstimulated polymorphonuclear neutrophils (PMN)

were added. Mean and s.e.m. values for five experiments, run in

duplicates. **P , 0001; *P , 0´01 compared with controls, i.e. cyto-

toxicity induced by TNF-a without AF. No cytotoxicity was found when

HUVEC were treated with TNF-a and AF without any PMN present.
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gold-containing disease-modifying anti-rheumatic drugs on the

TNF-a -induced neutrophil-dependent endothelial injury we

examined whether the drugs protected EC by incubating the

HUVEC monolayers with the anti-rheumatic drug for 30 min,

washed the monolayers, added TNF-a for 24 h, rinsed and then

co-incubated with PMN.

AF as well as GSTM significantly hampered TNF-a -induced

endothelial injury (Figs 1 and 2). The dose curves for these two

gold salts have been reported [6]. Thus, AF as well as GSTM

protect HUVEC from neutrophil-dependent cytotoxicity induced

by TNF-a .

Based on our previous findings that expression of the adhesion

molecules E-selectin and ICAM-1 on cytokine-activated HUVEC

monolayers is essential for the endothelial injury in vitro [2], and

since this expression requires the transcription factor NF-kB, we

studied whether a potent inhibitor of NF-kB, PDTC, might

interact with the TNF-a -induced endothelial damage [24,25]. We

found that PDTC in a dose-dependent way impaired TNF-a -

induced cytotoxicity, thereby indicating a role of NF-kB activa-

tion in cytokine-induced endothelial injury (data not shown).

To examine the effects of gold-containing anti-rheumatic

drugs on TNF-a -induced NF-kB activation we carried out EMSA

to determine the levels of NF-kB in nuclear extracts from

HUVEC treated with TNF-a in the presence of AF or GSTM.
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Fig. 2. The effect of gold sodium aurothiomalate (GSTM) on the

cytotoxicity induced by 100 ng/ml of TNF-a . Human umbilical vein

endothelial cells (HUVEC) were treated for 30 min with GSTM, rinsed

and then exposed to TNF-a for 24 h; subsequently unstimulated

polymorphonuclear neutrophils (PMN) were added. Mean and s.e.m.

values for five experiments, run in duplicates. **P , 0´01 compared with

controls, i.e. cytotoxicity induced by TNF-a without GSTM. No

cytotoxicity was found when HUVEC were treated with TNF-a and

GSTM without any PMN present.

Fig. 3. The effect of auranofin (AF) on TNF-a -induced NF-kB activation. Human umbilical vein endothelial cells (HUVEC) were left

untreated (lanes 1±3) or incubated with 1 mg/ml AF for 30 min (lanes 4 and 5). Cells were then stimulated with TNF-a (100 U/ml) for 2 h

(lanes 2±5). Reactions were performed in the presence of a 100-fold molar excess of unlabelled NF-kB consensus oligonucleotide (lanes 3

and 5). Nuclear extracts were analysed subsequently for DNA binding activity in electrophoretic mobility shift assays. The position of the

inducible NF-kB complexes is noted.
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As previously described, TNF-a (100 U/ml) induced a nuclear

translocation of NF-kB (Figs 3 and 4) [11]. Competition of the NF-

kB complexes with unlabelled oligonucleotide demonstrated that

these complexes were specific for the NF-kB site (Figs 3 and 4).

When HUVEC were preincubated with AF (1 mg/ml) for

30 min followed by addition of TNF-a for 2 h, AF abolished

TNF-a -induced NF-kB activation in HUVEC (Fig. 3). Similar

results were seen with a higher concentration of AF, 5 mg/ml

(data not shown). The intensity of the bands was assessed by

densitometry and AF reduced the activation of NF-kB induced by

TNF-a by 94% (data not shown).

However, when the cells were pretreated with GSTM (50 mg/

ml) for 30 min followed by incubation with TNF-a for 2 h, no

significant effect on the TNF-a -induced NF-kB activation was

observed (Fig. 4).

DISCUSSION

This study indicates that AF and GSTM are potent inhibitors of

cytokine-mediated neutrophil-dependent cytotoxicity for HUVEC

in vitro, and that AF, but not GSTM, impaired NF-kB mobiliza-

tion. The two gold-containing disease-modifying anti-rheumatic

drugs studied here have both gained general acceptance as

effective therapies for RA.

In vitro, injury to endothelial cells by PMN can be induced

either by directly activating the neutrophils [20] or by activation

of EC by means of cytokines. The mechanisms for inducing

cytotoxicity in either system as well as the effects of anti-

rheumatic drugs have common but also separate features. Thus,

we have previously shown that IL-1b , interferon-gamma (IFN-g)

and TNF-a are powerful inducers of PMN-mediated cytotoxicity

for HUVEC in vitro [2]. This cytotoxic effect of IL-1b , IFN-g
and TNF-a is dependent on PMN, the expression of E-selectin

and ICAM-1 on HUVEC, associated with nitric oxide (NO)

generation in the system, possibly involving PMN activation via a

surface receptor and phospholipase C-mediated events, but

unrelated to the release of granule constituents and of oxygen

radicals [2]. These findings suggest that adhesive interactions

between PMN and HUVEC are of significance for the cytotoxic

process and that drugs attenuating this process might be anti-

inflammatory.

Heimburger et al. [4] recently demonstrated that AF and

GSTM may modulate PMN adherence and HUVEC adhesion

molecule expression. AF as well as GSTM reduced IL-1b-induced

endothelial hyperadhesiveness for PMN, AF decreased E-selectin

and ICAM-1 expression on cytokine-activated HUVEC, while

GSTM diminished only E-selectin [4]. Thus, the two gold salts

appear to interact with HUVEC and EC in discrete ways.

Further evidence for separate effects of AF and GSTM is

provided here. As we have previously shown [6], AF and GSTM

hampered HUVEC activation by IL-1b and TNF-a . Addition of

AF, but not GSTM, reduced the high levels of IL-8 produced by

TNF-a -treated HUVEC [6]. IL-8 is a neutrophil chemokine and

up-regulator of membrane adhesion receptors in neutrophils

Fig. 4. The effect of gold sodium aurothiomalate (GSTM) on TNF-a-induced NF-kB activation. Human umbilical vein endothelial cells

(HUVEC) were left untreated (lanes 1±3) or incubated with 50 mg/ml GSTM for 30 min (lanes 4 and 5). Cells were then stimulated with

TNF-a (100 U/ml) for 2 h (lanes 2±5). Reactions were performed in the presence of a 100-fold molar excess of unlabelled NF-kB

consensus oligonucleotide (lanes 3 and 5). Nuclear extracts were analysed subsequently for DNA binding activity in electrophoretic mobility

shift assays. The position of the inducible NF-kB complexes is noted.
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[26,27] and the IL-8 gene has been reported being co-operatively

regulated by both NF-kB and CEBP/B transcription factors [28].

In addition, AF and GSTM protected HUVEC from injury by

PMN in a dose-dependent manner. The latter effect might be

related to increased HUVEC resistance towards NO generated in

the system [6]. Thus, AF and GSTM hamper cytokine-induced

neutrophil-dependent endothelial injury by effects on the PMN as

well as on HUVEC.

In this study we found that a well-known potent inhibitor of

NF-kB [24,25], PDTC, in a dose-dependent manner reduced

TNF-a -induced cytotoxicity, indicating a role of NF-kB activa-

tion in cytokine-induced endothelial injury. However, the exact

molecular mechanisms through which PDTC could elicit cell

signaling effects in a cellular setting remain unclear. The mechan-

isms for the effects of PDTC on NF-kB are likely to involve

inhibition of binding of the transcription factor to DNA rather than

an effect on the activation process [29]. The use of adenoviral

gene transfer of the IkB-a molecule in EC, which ensures a

specific inhibition of NF-kB, implies that ICAM-1 and vascular

cell adhesion molecule-1 (VCAM-1) are under NF-kB control

[30]. We also observed that AF, but not GSTM, inhibited NF-kB

mobilization. This may offer an explanation, at least partly, to the

anti-inflammatory actions of AF and why GSTM only reduces

E-selectin expression on TNF-a -activated HUVEC, while AF

decreases both E-selectin and ICAM-1. The fact that AF is a NF-

kB inhibitor has been suggested in earlier studies [31,32], and

there have also been observations indicating that AF but not

GSTM inhibits the induction of TNF-a in macrophages [33,34].

Recently it has become clearer that many clinically important

anti-inflammatory agents, including salicylates, glucocorticoids

and NO, share the ability to abolish NF-kB-driven gene

expression in both leucocytes and endothelial cells [17±19,35].

Salicylates were suggested to inhibit activation of NF-kB by

preventing phosphorylation and subsequent degradation of the

inhibitor IkB-a [17]. The synthetic glucocorticoid dexamethasone

induced the transcription of the IkB-a gene, which resulted in an

increased rate of IkB-a protein synthesis and markedly reduced

the amount of NF-kB that translocated to the nucleus [19]. So far,

it is not known whether there is an effect of AF on IkB-a
production or degradation.

One might also consider other (in)activation pathways for NF-

kB. Reactive oxygen mediators may act as regulators of NF-kB

[36] in EC, with a tyrosine kinase-dependent mechanism [37]. A

number of anti-oxidants have been reported to inhibit cytokine-

induced nuclear translocation of NF-kB and induced IkB-a
phosphorylation [38,39]. Since AF can inhibit fMLP-induced

release of superoxide, H2O2 and granule contents, as well as

cytosolic calcium transients, in PMN [40,41] it is also possible

that AF inhibits NF-kB translocation by acting as anti-oxidant to

affect the NF-kB/IkB-a signalling pathway. Furthermore, AF

might also act directly to block kinase cascades involved in TNF-a
signalling of NF-kB.

Thus, in this in vitro model of vasculitis AF and GSTM inhibit

TNF-a -induced neutrophil-dependent endothelial injury. AF, but

not GSTM, abolished NF-kB mobilization. These new findings

can help in understanding some of the suppressive effects of these

disease-modifying anti-rheumatic drugs on rheumatoid vasculitis

and inflammation. The clinical importance of AF and GSTM as

anti-rheumatic agents may result from the ability to inhibit the

expression of adhesion molecules involved in leucocyte recruit-

ment. It is anticipated that novel effective inhibitors of NF-kB

will be identified and these may hold promise as useful immuno-

suppressive and anti-inflammatory agents.
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