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Abstract

While new anti-cytokine disease-modifying anti-arthritic drugs for rheumatoid arthritis have been designed via mechanistic approaches, the
mechanism of action of a number of more established disease-modifying anti-arthritic drugs has not been elucidated. In the case of D-penicillamine
and sodium aurothiomalate, the key structural feature appears to be a free thiol group. However, the role thiol groups play in the therapeutic
efficacy of these drugs has not been defined. A number of lines of evidence have demonstrated increased generation of reactive aldehydes and the
associated depletion of free thiol pools in rheumatoid arthritis. These observations have led to the suggestion that reactive aldehydes may be the
ultimate mediators of cell destruction in rheumatoid arthritis joints. Our data clearly demonstrate that thiol-containing disease-modifying anti-
arthritic agents both directly sequester reactive aldehydes and augment intracellular thiol pools, which also can buffer increased aldehyde load and
oxidative stress. These data are consistent with clinical data that penicillamine lowers synovial aldehyde levels and augments plasma thiols. We
suggest that these actions are the pivotal mechanism of action of thiol-containing disease-modifying anti-arthritic drugs. Understanding the

mechanism of action of these drugs provides the opportunity for the design of more potent and safer thiol drug candidates.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Despite many decades of research, the mechanism of action
of'the disease-modifying anti-rheumatic drugs penicillamine and
sodium aurothiomalate has remained elusive. Several cogent
reviews (Drury et al., 1984; Jellum et al., 1977) have concluded
that the key structural feature of these drugs is a free thiol group.
With respect to gold-containing drugs, only gold complexed to
thiol compounds is effective; gold chloride and colloidal gold
are ineffective for the treatment of rheumatoid arthritis (Drury
et al., 1984). In the case of sodium aurothiomalate, this disease-
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modifying anti-arthritic drugs dissociates in plasma to free
thiomalate and protein bound gold (Rudge et al., 1984; Jellum
et al.,, 1979). Other thiol agents have also been reported to
demonstrate anti-rheumatic activity and include captopril (Drury
et al., 1984; Martin et al., 1984) but not the non-thiol ACE
inhibitor pentopril (Bird et al., 1990); bucillamine (Yokota et al.,
2007); tiopronin (Drury et al., 1984); and 2-0x0-3-(2-mercap-
toethyl)-5-phenylimadazolidine, the major thiol metabolite of
levamisole (Drury et al., 1984; Kumar et al., 1980; De Brabander
et al., 1979; Table 1). Despite evidence for the requirement of a
thiol group in these drugs, the functional role of the thiol group in
therapeutic efficacy has not been defined. It clearly does not
involve antioxidant activity since these disease-modifying anti-
arthritic agents are not better antioxidants than trolox or ascorbic
acid (Mazor et al., 2000), potent antioxidants that do not dem-
onstrate anti-rheumatic activity.
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Table 1
Structures of thiol-containing DMARD drugs

Thiol drug

Structure

Tiopronin (Drury et al., 1984; Wood et al., 2007b)

Penicillamine (Drury et al., 1984; Jellum et al., 1977)

Bucillamine (Yokota et al., 2007; Wielandt et al., 2006)

Sodium aurothiomalate (Drury et al., 1984; Jellum et al., 1977)

Thiomalic acid (Drury et al., 1984; Jellum et al., 1977)

Captopril (Martin et al., 1984)

Levamisole metabolite (Kumar et al., 1980;
DeBrabander et al., 1979)

CH3-([3H-CO-NH-CH2-COOH
SH

HOOC‘J (|3H3
NHz-CH-C’-SH
CH;

(|3H3 (|IOOH
HS-(|?-CO-NH-CH-CH2-SH
CH;

Na.OOC-(EH—CHz-COO.Na
S-Au

HOOC-CH-CH,-COOH

SH
o COOH
HS%N: :
H CH,

Hallmark features of thiol agents that might explain their
therapeutic actions as disease-modifying anti-arthritic drugs are
their avidity to sequester cytotoxic aldehydes (Ivanova et al.,
2002; Wood et al., 2006a; Nagasawa et al., 1978; Wondrak et al.,
2002; Zeng and Davies, 2006; Esterbauer et al., 1976) and to
restore cellular thiol pools via stimulating cystine uptake (Issels
et al., 1988; Jokay et al., 1998), disulfide exchange reactions
(Gahl et al., 1985; Wood et al., 2007b), and stimulation of
glutathione synthesis (Issels et al., 1988; Jokay et al.,, 1998;
Wielandt et al., 2006). These pharmacological actions are ex-
tremely relevant since free thiols are decreased in the plasma

(Giustarini et al., 2005; Banford et al., 1982) and cytotoxic
aldehyde products of lipid peroxidation are increased in plasma
and synovial fluid (Wade et al., 1987) of RA patients. Increased
polyamine oxidase activity in synovial fluid and synovial tissues
(Ferrante et al., 1990; Seiler, 2004) results in augmented pro-
duction of putrescine in rheumatoid arthritis (Yukioka et al.,
1992). Coupled with the production of putrescine is the gen-
eration of the cytotoxic aldehydes acrolein and 3-aminopropanal
(Ivanova et al., 2002; Seiler, 2004). Cytotoxic aldehydes pro-
duced by synoviocytes in vitro can mediate collagen degradation
(Morquette et al., 2006; Tiku et al., 2003).
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Fig. 1. Concentration-dependent cell death of SN56 cells by the reactive aldehydes
3-aminopropanal (3-AP) (A) and acrolein (B). Prior reduction of cellular glu-
tathione with buthionine sulfoximine (BSO, 800 uM, 4 h prior to aldehyde
addition) potentiated aldehyde-dependent cell death. Data are presented as
% control£S.E.M. (n=6 wells) based on the WST-1 assay at 24 h post-aldehyde
addition. This experiment was repeated 3 times.

In light of these congruent findings, we decided to investigate
the ability of thiol-containing disease-modifying anti-arthritic
drugs to protect cells from acrolein and 3-aminopropanal cyto-
toxicity, to characterize the thiol-aldehyde adducts and to ex-
amine the ability of thiol-containing disease-modifying anti-
arthritic drugs to augment cellular free thiols.

2. Materials and methods
2.1. Cell culture

The murine cell line, SN56.B5.G4 (Blusztajn et al., 1992)
was grown in 75 cm?® flasks in DMEM/Ham’s F12 (1:1)
containing 10% FBS. For aldehyde toxicity experiments cells
were harvested and grown in 48 well plates. For biochemical
studies cells were grown in 12 well plates.

2.2. Aldehyde toxicity

Aldehyde-induced cell death was examined with the
o,p-unsaturated aldehyde, acrolein and the amino aldehyde,
3-aminopropanal. Aldehyde concentration response data were
generated for inducing cell death in control cells and cells
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Fig. 2. Concentration-dependent antagonism, with D-penicillamine, tiopronin and
thiomalate, of SN56 cell death by the reactive aldehydes 3-aminopropanal (3-AP,
400 pM) and acrolein (100 uM). Data are presented as % cytoprotection+S.E.M.
(n=6 wells) based on the WST-1 assay at 24 h post-aldehyde addition. The drugs
were added as co-treatments. This experiment was repeated 3 times.

treated with buthionine sulfoximine (800 pM) which lowers
intracellular glutathione levels by 50 to 60% (McNutt-Scott
and Harris, 1998). For drug protection studies, aldehyde con-
centrations that elicited 100% cell death were used: acrolein
(100 pM) and 3-aminopropanal (400 pM). Thiomalate, D-
penicillamine and tiopronin were added as co-incubations. For
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Fig. 3. SN56 cell death induced by 3-aminopropanal (400 uM) is antagonized by
delayed (2.5 h) addition of thiomalate (TM), D-penicillamine (Pen), tiopronin
(TP), captopril (Cap) and N-benzylhydroxylamine (NBHA), all at 500 pM. Data
are presented as % cytoprotection£S.E.M. (n=6 wells) based on the WST-1
assay at 24 h post-aldehyde addition. This experiment was repeated 2 times. All
drug additions are significantly different (»p<0.05) from 3-aminopropanal+
vehicle (i.e. 100% cell death or 0% cytoprotection).
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Fig. 4. Mass spectra of the thiol-aldehyde adduct (M.Wt.=206) of thiomalate and acrolein. The 1:1 adduct was first methylated (2 M HCl/methanol at 80 °C for 1 h)
and the reaction product (M.Wt.=234) yielded a strong [M+ 18]+ ion of 252 and a small [MH]* ion of 235 in ammonia PCI (A). This product was further derivatized
with pentaflurobenzylhydroxylamine to yield the oxime derivative (M.Wt.=429, B) with the following key ions: [MH]* 0f 430, [M+ 18]+ 0f 447, and [MH— 181]* of
249. Penicillamine formed the cyclized adduct of 1 mole acrolein and 2 moles penicillamine (M.Wt.=348). This product was methylated and acylated with
trifluoroacetic anhydride. The derivative (M.Wt.=458) formed a strong [M+ 18]* ion of 476 (C).

delayed drug addition studies, thiomalate, D-penicillamine,  2.3. Cellular cysteine, cystine and cystathionine

tiopronin, captopril, and N-benzylhydroxylamine were admi-

nistered 2.5 h after 3-aminopropanal. After 24 h, cell viability Cells were treated with 50 to 600 pM tiopronin, thiomalate
was assayed with the Roche WST-1 assay kit. or D-penicillamine for 24 h and cellular thiols measured.
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Cellular cysteine was quantitated by GC-MS, using deuterated
internal standards, as previously described (Wood et al.,
2006b, 2007b). Cystine and cystathionine were measured by
GC-MS after methylation and acylation with pentafluorpro-
pionic anhydride (Wood and Cheney, 1985). In ammonia PCI
the [M+ 18]" ions that were monitored were 560 (cystathio-
nine), 564 ([*H4]cystathionine), 578 (cystine) and 582 ([*H,]
cystine). Levels were expressed as nmol/mg of acid-precip-
itable protein (1 N HCI; 25,000 xg).

2.4. Thiomaleate- and penicillamine-acrolein adduct formation

To monitor for the predicted (Esterbauer et al., 1976)
thiazolidine diadduct product (M.Wt.=334) of 2 moles of
penicillamine and 1 mole of acrolein, product formation in PBS
was first monitored. The reaction mix was Savant dried after 2 h
and methylated. The methylated product was Savant dried and
the dimethyl-monoacyl derivative (M.Wt.=458) formed with
trifluoroacetic anhydride monitored by GC-MS. This derivative
formed a strong [MH+ ammonia]” ion of 476.

To determine the mass spectra of the reaction of thiomalate
and acrolein, the 2 h reaction mix was Savant dried and then
methylated. A single dimethylated reaction product (M. Wt.=234)
was observed which was the monoadduct with a strong [MH+
ammonia]” ion of 252 and a small [MH]" ion of 235 in ammonia
PCI. This product was further derivatized with pentaflurobenzyl-
hydroxylamine to yield the oxime with the following key ions:
[MH]" of 430, [MH+ ammonia]* of 447, and [M— 181]" of 249.
To further validate this adduct, we loaded cells (75 cm? flask) with
300 uM thiomalate for 1 h and then added 100 uM acrolein
and incubated the cells for a further 2 h. Cellular extracts were
methylated and yielded the anticipated [MH+ ammonia]" ion of
252.

2.5. Statistics

All experimental groups consisted of 6 tissue culture wells and
all experiments were repeated at least 2 times. Data were analyzed
with a one-way ANOVA followed by the Dunnett’s ¢ test.

3. Results
3.1. Aldehyde-dependent cell death in SN56 cells

We have previously demonstrated that acrolein and 3-
aminopropanal, cytotoxic aldehyde products of augmented poly-
amine metabolism, reduce intracellular free thiols in SN56 cells
and that thiol agents can restore intracellular thiol status and
protect cells from aldehyde-mediated cell death (Wood et al.,
2007b). We utlized this well characterized cell line to further
investigate the actions of thiol-containing disease-modifying anti-
arthritic drugs. Acrolein and 3-aminopropanal demonstrated con-
centration-dependent cell death with a 24 h incubation period
(Fig. 1). Aldehyde mediated cell death was significantly poten-
tiated (3-fold increase in aldehyde potency) by prior reduction of
glutathione levels with buthionine sulfoximine (BSO), a selective
inhibitor of y-glutamylcysteine ligase (EC 6.3.2.2; McNutt-Scott
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Fig. 5. Augmentation of intracellular cysteine and cystathionine levels in SN56
cells after 6 h treatments with D-penicillamine or thiomalate. Data are presented
as mean+S.E.M. (n=6 wells). All drug effects were significant (p<0.05) at
=100 pM. This experiment was repeated 2 times.

and Harris, 1998), the rate-limiting enzyme, in glutathione bio-
synthesis (Fig. 1).

3.2. Cytoprotection against aldehyde-dependent cell death with
disease-modifying anti-arthritic thiol agents

Using aldehyde concentrations that resulted in 100% cell
death we were able to show concentration-dependent cytopro-
tection (Fig. 2) with D-penicillamine, tiopronin, and thiomalate.
Next we investigated the ability of delayed addition of thiols to
protect SN56 cells from 3-aminopropanal cytotoxicity (Fig. 3).
All the thiol agents examined provided at least 55% cytopro-
tection with a delayed addition 2.5 h after the aldehyde. The
reference aldehyde sequestering agent, N-benzylhydroxylamine
(Wood et al., 2007a) also provided cytoprotection with delayed
administration. The potent antioxidant, trolox (200 and 600 uM)
was ineffective as a cytoprotectant in this assay (data not shown).

3.3. Aldehyde—thiol adducts

To demonstrate direct aldehyde sequestration by thioamalate
and D-penicillamine, we analyzed, by GC-MS, the adducts
formed with acrolein (Fig. 4). Penicillamine and thiomalate
can theoretically form hemithioacetals with reactive aldehydes.
Penicillamine (Nagasawa et al., 1978; Wondrak et al., 2002), like
cysteine (Esterbauer et al., 1976) should also further cyclize to
form a thiazolidine ring. This indeed was the case. The product
(M.Wt=334) of D-penicillamine and acrolein was derivatized to
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obtain the volatile dimethyl-monoacyl derivative (M.Wt.=458)
that yielded an intense [MH+ ammonia] " ion of 476. The reaction
product (M.Wt.=206) of thiomalate and acrolein was derivatized
to obtain the volatile dimethyl product (M.Wt.=234) which on
GC-MS vyielded a strong [MH+ ammonia]” ion of 252. The
dimethyl product was further derivatized with pentaflurobenzyl-
hydroxylamine to yield the oxime derivative (M.Wt.=429)
with the following key ions: [MH]" of 430, [MH+ ammonia]”
of 447, and [MH— 181]" of 249. These data support the ability of
D-penicillamine and thiomalate to directly sequester cytotoxic
aldehydes.

3.4. Disease-modifying anti-arthritic thiol agents augment
intracellular cysteine levels

Next we investigated the ability of disease-modifying anti-
arthritic thiol agents to augment intracellular cysteine levels
(Fig. 5). We have previously demonstrated that tiopronin can
augment intracellular cysteine levels via disulfide exchange reac-
tions (Wood et al., 2007b). Similarly we found that penicillamine
and thiomalate increased intracellular cysteine levels in a con-
centration-dependent manner (Fig. 5). This increased availability
of cysteine also resulted in augmented synthesis of cystathionine
(Fig. 5). Intracellular cystine levels were increased 15 to 20% at all
penicillamine and thiomalate concentrations, consistent with
rapid metabolism of cystine to cysteine (Wood et al., 2007b) and
maintenance of low intracellular cystine levels.

4. Discussion

Our data demonstrate clearly that disease-modifying anti-
arthritic thiol agents act to both directly sequester reactive
aldehydes and to restore intracellular thiol pools that can also act
to sequester aldehydes. These data are consistent with the
observations that penicillamine can form adducts with reactive
glycoaldehydes (Wondrak et al., 2002; Zeng and Davies, 2006)
and acetaldehyde (Nagasawa et al., 1978), that penicillamine
decreases aldehyde load in synovial fluid of rheumatoid arthritis
patients (Wade et al., 1987), and that penicillamine and sodium
aurothiomalate augment plasma free thiol levels that are de-
creased in rheumatoid arthritis patients (Banford et al., 1982;
Haataja et al., 1978). Increased synovial aldehydes in theumatoid
arthritis include malondialdehyde (Wade et al., 1987), glycoalde-
hydes (Chen et al.,, 1998), and presumably acrolein and 3-
aminopropanal, byproducts of increased polyamine metabolism
(Morquette et al., 2006; Tiku et al., 2003; Ferrante et al., 1990).
Reactive aldehydes produced by chondrocytes, synoviocytes and
invading immune cells bind to collagen making it more prone to
degradation (Morquette et al., 2006; Tiku et al., 2003), leading to
destruction of articular cartilage and ultimately to deterioration of
subchondral bone. The aminoaldehydes produced from poly-
amine metabolism also are lysomotropic (Wood et al., 2007a; Yu
et al., 2003) and release proteolytic cathepsins, like cathepsin D
which is known to be increased in the extracellular space in
rheumatoid arthritis (Dingle, 1975) and participate in local tissue
destruction. While immune-mediated inflammatory cascades are
early events in rheumatoid arthritis, inflammatory mediators aug-

ment polyamine metabolism and aldehyde production which
in turn feedback and further augment ongoing inflammation
(Furumitsu et al., 2000), a vicious cycle that can be broken by
thiol agents (Kumar et al., 1980; De Brabander et al., 1979;
Wielandt et al., 2006; Peristeris et al., 1992). These data are all
consistent with the concept that reactive aldehydes may be the
critical mediators of cell death in rheumatoid arthritis.

In toto, current scientific data suggest that reactive aldehydes
may be the final common mediators of cell death in rheumatoid
arthritis joint destruction. Our data further suggest that disease-
modifying anti-arthritic thiol agents act to reduce this aldehyde
load and slow joint injury. The clinical efficacy of thiol-con-
taining disease-modifying anti-arthritic agents may well require
the additive actions of aldehyde sequestration, free radical
scavenging (Kumar et al., 1980; Mazor et al., 2006), and down-
regulation of pro-inflammatory cascades (Peristeris et al., 1992;
Wielandt et al., 2006; Yokota et al., 2007). Understanding the
mechanism of action of disease-modifying anti-arthritic thiols
allows for the design of more effective thiol agents with greater
therapeutic indices.
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