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Factors that m o d e  peniciiiamine-induced lupus in Brown Norway rats: A mode1 of 

idiosyncratic drug reactions. 

Ebrahirn Sayeh, Facuity of Pharrnacy, PhD., 200 1, University of Toronto. 

ABSTRACT 

Idiosyncratic h g  reactions appear to be immune-mediated. immune responses are 

driven by helper T cells (Th); Th1 responses promote cell-mediated immunity whereas Th2 

responses drive antibody-mediated reactions. Th1 cytokines inhibit Tb2 responses and Th2 

cytokines inhibit Th1 responses; iherefore, it may be possible to prevent idiosyncratic h g  

ceactions by changing the Th cytokine baIance. 

We tested this hypothesis in an anhd mode1 in which penicillamine causes a lupus-like 

syndrome in Brown Norway rats. This syndrome has the hallmarks of a Th2-mediated respome. 

and we tried to inhibit it with a polymer of inosine and cytosine @oIy I:C), a Th1 cytokine- 

inducer. However, we found that a single dose of poly I:C, given at the onset of penicillamine 

treatment, signifïcantly increased both the incidence (100% vs. 60%) and accelerated the omet 

(30 + 4 vs. 39 f 5 days) of penicillamine-induced Iupus when compared with controls. 

To d e  out other effects of poly I:C that might overshadow the induction of Th1 

cytokines, we directly tested the effects of the prototypic Th1 cytokine, interferon-y. AIthough 

not as dramatic, interferon-y-pretreatment aiso appeared to make the syndrome worse. 

Conversely, when we used misoprostol, a prostaglandin-E analog that Enhibits Th1 

cytokines, it completely protected the animais. Just one dose of misoprostol pcïor to initiation of 

peniciliamine tteatment was suficient to provide this protection. 



Evidence suggests that nitric oxide (NO) promotes a Thf response and wodd be 

expected to inhilit a Th2 response. The syndrome was also completely inhibitcd by 

aminoguanidine, an inhibitor of NOS. Again, these results were the opposite of that expected 

h m  the ThI/Th2 paradigm. 

in short, we have demonstrated that penicillamine-induced lupus in BN rats has tbe 

capacity to be influenced by the extemal factors. Poly-I:C, misoprostol and aminoguanidine 

were shown to effectively manipulate the incidence and severity of the syndrome in BN rats. 

However, OUT results suggest that the manipulatory effects of these agents on the deveiopment of 

the syndrome do not seem to correlate with the capacity of these agents to influence the Thl/Th2 

cytokine balance in BN rats. Finally, our data implicate involvement of NO in the development 

of penicillamine-induced lupus in this animal model. 



ACKNOWLEDGEMENTS 

1 wouid first like to extend my sincere gratitude to my supervisor, Dr. Jack Uetrecht, for 

his enormous contribution to my graduate studies. His leadership and encouragement have ken 

invaluable throughout my education. 1 owe a debt of gratitude to him for ai i  the help he has 

given me. I am fortunate to have had such an understanding, supportive, patient and 

knowIedgeab1e supervisor to guide me through my Ph.D. degree. 

1 would also like to thank the many contributions made by Drs. Peter Wells, Jack Hay 

and paûicia Harper while serving on my advisory cornmittee. Their consmctive criticisms and 

advice made this project possible. 

1 am aIso very grateful to al1 the members of our laboratory for their fiiendship and 

technical advice. In particuiar, 1 wish to thank Mr. Nasir Zahid for his many üuiy enjoyable 

scientific and nonscientific discussions. It is because of these wonderfui and friendiy individuais 

that my graduate career was so enjoyable. 

1 am also gratefd to Dr. Neil R. Pumford and Dr. Alan H. Lazanis for attending my 
Senate Defense and their d e s  as my external appraiser. 

1 wouid like to especially thank my wife and my daughters who have k e n  emmely  

supportive throughout my education. Their encouragement throughout my graduate studies has 

been tremendous. 



TABLE OF CONTENTS 

Abstract 

Acknowledgments 

Table of content 

List of Tables 

List of Figures 

List of Abbreviations 

List of Publication and abstracts 

Chapter 1 Ceneial Introduction 

1.1 An overview of research interests, rationai and objectives 

1.2 Hypothesis 

1.3 Penicillamine 

1.3.1 Structure 

1 -3.2 History 

1.3.3 Clinicat use 

1.3 3 .I Wilson's disease 

1.3.3.2 Cystinuria 

1.3.3.3 Progressive S ysternic Sclerosis 

1.3.4 Biochemicd actions 

1 . M l  Heavy metal chelation 

1.3 -4.2 Disuifide interchange 

1.3.4.3 Thiazolidine formation 

1.3.5 Pharmacokinetics of peniciiiamine 

1.3 5.1 Absorption and bioavailability 

1.3.52 Distribution 

1.3.5.3 Excretion 

1.3.6 Penidamine-associateci adverse dmg reactions 

13.6. t HematoIogic toxicities 



1.3.62 proteinuria 12 

1.3.6.3 Skin ceactions 12 

1.3.6.4 Taste impairment 12 

1.3 -6.5 Induction of idiosyncratic autoimmune syndromes 13 

1.4 Adverse h g  reactions 15 

1.4.1 The impact of adverse dmg-ceactions 15 

1.4.2 Classification 15 

1.4.3 Type A adverse drug reactions 16 

1.4.4 Mecbnisms of type A adverse dmg reactions 16 

I .4.5 Type B adverse drug ceactions 17 

1.4.6 Significance of idiosyncratic dmg reactions 17 

1.5 Clinicai characteristics of idiosyncratic adverse dmg ceactions 18 

1 .S. 1 Cutaneous ceactions 18 

1 S.2 Hepatotoxicity 19 

1.5.3 Hematological ceactions 20 

1 5 4  Drug-induced lupus 20 

1.5 -4.1 Lupus 20 

1.5.4.2 Immunology of lupus 2 1 

1.5.4.3 Causes of lupus 22 

1.5.4.4 Clinical manifestations of lupus 22 

1.6 Possible mechanisms of hg-induced lupus 24 

1.7 Immune involvement in idiosyncratic dmg ceactions 35 

1.7.1 The role and functions of the immune system 25 

1.7.2 Hapten hypothesis 27 

1.7.3 Mechanisms of hapten formation 29 

1.7.3.1 Direct conjugation to proteins 29 

1.7.3 2 Dmg-protein conjugation via bioactivation 29 

1.7.4 Classification of hypersensitivity reactions 3 O 

1 -7.5 Non-hapten hypothesis 32 

1.7.5.1 Mediation by complement or aiterations in the complement system 32 

t -8 Experimentai models of h g  or chetnical-induced idiosyncratic reactions 33 



1.8.1 Mercury-induced autoimmunity in BN rats 

1.82 Effect of mercuric chloride in other species 

1.8.3 Penicillamine and gold salt-hduced autoimmunity in rats 

1.8.4 Penkillamine and gold salt-induced autoimmunity in mice 

1.8.5 Gold salt-induced autoimmune nephritis in guinea pigs 

1.8.6 Cadmium-induced autoimmunity 

1.8.7 Propylthiouracil-induced SLE in cab 

1.8.8 L-canavanine-iaduced SLE 

1.8.9 Hydraiazine and procainamide-induced autoimmunity 

1.8.10 Trichoroethylene-induced autoimmune response in MRL+/+ rnice 

1.8.1 1 Peniclllamine-induced lupus in BN rats 

1.9 New approaches to inhibit hg-induced idiosyncratic reactions 

1.9.1 Blocking o f  class II MHC 

1.9.2 Peptide therapy 

1.9.3 Manipulation of T ce11 recognition and tolerance 

1.9.3.1 T ce11 vaccination 

1.9.3.2 Oraily hduced tolerance to auto-antigens 

1.9.4 T ceil monoclonal antibodies 

1.9.5 Manipulation of T helper ce11 subsets 

1.9.5.1 Cytokines 

1 -9.5 -2 Antigen quantity 

1.953 Co-stimulatory and surface molecules 

1.9.5.4 Application of ThlRhî responses 

Chapter 2 EKect of poiy-I:C, misoprostol and recombinant rat 

interferon-gamma on the clinical outcome of 

penicillamineinduced lupus in BN rats 

2.1 Abstract 

2 2  Introduction 

2.3 MateriaIs and methods 

2.3.1 Animals 



23.2 Chemicais, kits and solutions 

2.3.3 Treamient of rats with penicillamine 

2.3.4 Co-treatments to m o d e  the incidence of peniciiiamine-induced lupus 

2.3.5 Clinicai evaluation of dmg-induced lupus in rats 

2.3.6 Blood, spleen and liver collection 

2.3.7 Analysis of serum IgE 

2.3.8 Analysis of I L 4  and IFN-y mRNA 

2.3.9 Analysk of PCR reaction products 

23.10 Statisticai analysis 

2.4 Resuits 

2.4.1 induction of lupus in BN rats d e r  penicillarnine treatment 

2.4.2 Effect of poly-I:C administration on chicai manifestations of the lupus 

viii 

54 

54 

55 

56 

56 

56 

57 

58 

59 

60 

60 

60 

2.4.3 Effect of misoprostol administration on clinicai manifestations of the Iupus 63 

2.4.4 Effect of recombinant rat iFN-y on clhicai manifestations of the lupus 64 

2.45 S e m  IgE IeveIs 64 

2.4.6 IL4 and [FN-y mRNA expression 67 

2.4.7 Liver histology 68 

2.5 Discussion 73 

Chapter 3 Effect of aminoguanidine on the incidence and swerity of 

penicüiamùie-indaced lupus in Brown Noiway rats 

3.1 Abssact 

3.2 introduction 

3.3 Materials and methods 

33.1 Animais 

3 3 2  Chernicals and solutions 

33.3 Induction of Iupus with penidamine 

33.4 Animai monitoring 

3.35 Co-treatments with aminoguanidine andior L-ar-e 

33.6 Meamment of nitric oxide production 

3 3.7 Spleen weight 



3.3.8 Statistical d y s i s  

3.4 Results 

3.4.1 Effects of aminoguanidine on clinical manifestations of the lupus 

3 .42 Effect of aminoguanidine on urinary nihite exmtion 

3.4.3 Effect of aminoguanidine on spIeen weight 

3.4.4 Effects of L-arginine on the reversai of the 

inbibitory eflect of aminoguanidine 

3.5 Discussion 

Chapter 4 Summary and discussion 

4.1 Summary and discussion 

References 

Appendix 



LIST OF TABLES 

Page 
Chapter 2 Effécts of poly-I:C, misoprostol and recombinant rat iFN-y 

on the clinical ontcome of penicillamine-indnred lupus in BN rats 

Table 2-1 Clhical scoring of peniciiiamine-induced lupus in BN rats 

Chapter 3 Effet of aminoguanidine on the incidence and swerity of 

penicillamiae-uiduced lupus in BN rats 

Table 3-1 Effecl of matment and disease severity on urinary nitrite excretion 89 

Table 3-2 Effects of treatment and disease developrnent on spIeen size 90 



LIST OF FIGURES 

Chapter 1 

Figure 1-1 

Figure 1-2 

Figure 1-3 

Figure 1-4 

Figure 1-5 

Figure 1-6 

Figure 1-7 

Figure 1-8 

Figure 1-9 

Chapter 2 

Figure 2-1 

Figure 2-2 

Figure 2-3 

Figure 2-4 

Cenerai Introduction 

Structures of penicillamine and cysteine 

Disulfide interchange between penicilimhe and cystine 

Thiazolidine formation between penicillamine and 

aldehyde groups on soluble collagen 

Classification of the immune system into two components, a cellular 
response and a humoral or antibody respoase 

Pathway for production of an immune response by reactive 

drug molecules associating with celluiar macromolecules 

in the absence of adequate detoxification of reactive h g  metabolites 

Classification of hypersensitivity reactions as described 

by Gel1 and Coombs 

immune interactions and novei approaches to inhibit unwanted 

immune-mediated reactions 

DBerentiation of naive CD4+ T ceIIs into Th1 and Th2 subsets 

Stimuli for the differentiation of Th0 cells into Th1 and Th2 subsets 

Effects of poly-I:C, misogrostol and recombinant rat IFN-y on the 

Clinical outcome of penicillamine-induced Lupus in BN rats 

mect  of poly-I:C on the severity of penicillamine-induced lupus 

in BN rats 

Hect of poly-I:C or misopstol on the incidence of 

penicillamine-induced lupus in BN rats 

Effect of poly-I:C or misopstol on the body weight gains in BN rat 

Effect of recombinant rat iFN-y on the îime to omet of 

peniciliamine-induced lupus in BN rats 

Page 



xii 

Figure 2-5 Effect of treatment with poly-I:C or misoprostok on the 

senmi IgE levels in penicillamine-treated BN rats 

Figure 2-6 Wect of recombinant rat iFN-y-treatment on serum IgE levels 

in peniciiiamine-treated BN rats 

Figure 2-7 Effect of recombinant rat EN-y-treatment on the expression of 

MRNA for IL4 and EN-y in peniciiiamine-treated BN rats 

Cbapter 3 Effect of aminoguanidine on the incidence and severiîy of 

Peniciiiamine-induced lupus in BN rats 

Figure 3-1 Effect of aminoguanidine and arginine on the incidence of 

Penicillamine-induced lupus in BN rats 

Figure 3-2 E f f i  of treatment and ciinicai lupus on weight gain 



xiii 

LIST OF ABBREMATIONS 

Abbreviation 

ANA 

MC 

BN 

CD4+ celIs 

CDS+ cells 

C N S  

COX 

CYP450 

EAE 

EDTA 

ELISA 

Fig. 

GBM 

HLA 

ICOS 

Ig 

IL- 

INOS 

LEW 

LPS 

MBP 

MHC 

mRNA 

NSAID 

P M  

PBS 

PCR 

Poly-I:C 

Name - 
antinuclear antiidy 

antigen presenting ce11 

brown norway 

helper T cells 

cytotoxic T lymphocytes 

centrai nervous system 

cyclooxygenase 

cytochrome P450 

experimental autoimmune encephalomyelitis 

ethylenediamintetraacetic acid 

enzyme-linked immunosorbent assay 

Figure 

giomedar basement membrane 

human leukocyte antigen 

inducMe CO-sthdator 

immun0 glo bulin 

interleukin 

inducible niûic oxide synthase 

Lewis 

lypopolysaccharide 

myelin basic protein 

major histocompatibility complex 

messenger RNA 

non-steroidal a.-inflammatory dnrg 

pathogen-associated molecular pattern 

phosphate buffier d i e  

polymerase chah reaction 

poIymer of inosine and cytosine 



xiv 

PRP 

m 
RA 

rr 

SD 

SLE 

TBM 

TCE 

K R  

Th 

Th1 

Th2 

TNF 

pattern recognition receptors 

propyIthiouraci1 

rheumatoid arthritis 

recombinant rat 

S prague-Dawte y 

systemic Lupus erythematosus 

tutiular basement membrane 

ü i c  hloroethy lene 

T cell receptor 

heiper T ce11 

helper T ce11 type 1 

helper T ce11 type 2 

tumor necrosis factor 



LIST OF PUBLICATION AND ABSTRACTS 

Ebrahim Sayeh, Jack P. Uetrecht. Factors that modifj penicillarnine-induced autoimmunity 

in Brown Norway rats: failure of the T h l m  paradigm. Taricology 163 (2001) 195-211. 

b) Abstracts 

Sayeh E, Uetrecht JP (1998) Inhibition of peniciiiamine-induced lupus in Brown Norway rats 

by arninoguanidine, an inhibitor of nitric oxide synthase. Toxico~ogicafScienc4s 42 (1-S):8 

Sayeh E, Uetrecht JP (1997) Poly I:C increases the incidence and severity of lupus in 

peniciilamine-treated rats. The T~~~'cologrSt 36 (1  pt. 2):196 



Cbapter 1 

General Introduction 



1 .  An overview of research objectives and rationale 

Al1 drugs used to treat patients are associated with side effects. Idiosynmtic adverse 

reactions are ofien serious reactions that occur in a small number of patients treated with a 

specific dmg. Aithough rare these reactions are often severe and sometimes fatal (Park B. K. et 

al 1998). Such reactions are not detected by pre-dinical toxicology testing in animais and, in 

general. the mechanisms involved are poorly understood. Due to their unpredictable nature, 

hg-induced idiosyncratic reactions have posed a dificult problem, both in medical practice and 

for present and future h g  devetopment. Thus, a better understaudhg of the mechanisms 

involved could lead to a significant improvement in h g  therapy and simplify h g  development. 

Peniciiiamine, a drug used in the matment af rheumatoid arthritis, is known to induce a 

range of idiosyncratic reactions of an autoimmune nature including hg-induced lupus (Howard- 

Lock H.E. et ai 1986). Penicillarnine also induces a lupus-'ke syndrome in Brown Norway (BN) 

rats (Donker A.J. et al 1984). The idiosyncraric nature and many of the features of the syndrome 

in BN rats are similar to penicillamine-induced lupus in hurnans, Therefore, penicillamine- 

induced lupus in BN rats represents a reasonable mode[ for the study of the mechanism of h g -  

induced lupus in hurnans. 

T helper (Th) cells play a centrai d e  in al1 immune-mediated reactions (Druet P. et al 

1995). These (Th) cells cm be directed towards developing into Th1 or Th2 cells. Th1 cells 

promote cell-mediated imrnunity, whereas Th2 cells drive antibody-mediated reactions 

(Mosmann T.R. et al 1986). Severd lines of evidence have suggested that successful resolution 

of certain immune-mediated diseases depend on the activity of a specXc Th subset (Le., Thi), 

and is prevented by activation of the other Th subset cells (i.e., Th2). Thus, one important 

determinant of the type of adverse reaction induced by dnigs may depend on the balance of Th1 

and Th2 helper T cells. These observations suggest that knowledge of the type of T helper subset 

activated by h g s  and the factors that differentiaiiy affect the activation of Th1 or ThS celis 

rnight provide suitable means for modulation of several types of inappropriate immune responses 

including hg-induced lupus. 



The objectives of this project were: a) to determine if altering the baiance of T h l m  

responses intluences the incidence of penicilIamine-induced Iupus in BN rats; b) to determine if a 

correlation exists between induction of specXc patterns of Th1 or Th2 cytokine synthesis and the 

resulting clinical consequences; c) to investigate the possible therapeutic role of agents that have 

the capacity to influence Thl- or TM-type responses for penicillamine-induced Iupus in BN rats. 



1.2 Hypothesis 

The balance of Th1 vs. Th2 cytokines is a major determinant of the development of 

penicillamine-induced lupus in BN rats, Altering this cytokine balance provides a method of 

preventing drug-induced lupus and other idiosyncratic drug reactions. 



1 3  penicillamine 

13.1 Structure 

Peniciiiamine is a structurai analog of the natural amino acid cysteine in which methyl 

groups replace the two hydrogen atoms in the beta carbon position (Fig, 1-1). Penicillamine can 

exist as either the D or L stereoisomer due to its asymmetnc carbon atom. The D fonn is the 

naturally occurring isomer and is the isomer used clinically. Thus, ai1 M e r  references to 

penicillamine in this thesis will specificaily denote the D form. As shown in fig.1, penicillamine 

possesses three functionai groups: alpha amino, carbonyl and suifhydryl. The reactions of these 

tbree groups largely determine the biologically relevant chernistry of the compound. 

13.2 History 

Penicillamine was fim isolated h m  the acid hydroiysis products of penicillin by 

Abraham in 1943 and named penicillamine (Abraham E. P. et al 1943). Penicillamine is the 

most characteristic degradation product of the penicillin type of dbiot ics  and was fim 

chemically synthesized in 1949. Walshe was the first to idenw penicillamine in the urine of 

patients with advanced hepatic disease who were being treated with penicillin for intercurrent 

infections (Walshe J.M. 1956). He becarne interested in the compound because of its chemicai 

structure and suggested that it should chelate divaient cations, particdarly copper, and thereby 

promote its excretion in patients with Wilson's disease (Walshe J.M. 1956). This proved to be 

correct, and penicillamine is acknowledged to be the dnig of choice for this inherited metabolic 

disorder that had previously led to severe morbidity and mortality. The drug may aiso mobilize 

other divaient cations, such as Iead, and it is used in the treatment of intoxication with this and 

certain other heavy metals (BouIding J.E. & Baker RA. 1957). 

in 1954, Tabachnik demonstrated the in viîro formation of a mixed disulfide, 

penicillamine-cysteine (Tabachnick M. et a1 1954). Ten years later, this observation was appiied 

clinicaüy in the management of yet another metabolic disorder, cystinuia (Crawhail J.C. et al 

1963). Because of the enhanceci solubility of the mixed disuitide resuituig h m  the 





peniciiiamine-cystine interaction in vivo (Fig.1-2), administration of the drug to patients with 

cystinuria resuits in a diminution of rend caiculus formation, ofien with dissolution of pre- 

existing Stones. 

133 Chical use 

1.3.3.1 Wilson 's disease 

Wilson's disease is a rare, autosomal recessive, inherited disease characterized by both 

degenerative changes in the brain and cirrhosis of the liver due to deposition of copper. There is 

a decrease in the concentration of s e m  cedoplasmin and total senun copper with an increase 

in non-cedoplasmin copper. 

The treatrnent of Wilson's disease has two main objectives, to minirnize the intake and 

absorption of copper and to prornote the excretion of copper already deposited in the tissues. 

Penicillamine is prescribed for the latter purpose because it has the ability to chelate copper fiom 

the tissues and hence enhance its excretion in urine. 

1.3.3.2 Cvstinuria 

Cystinuria is an inlieritable disorder in which there is a defect in the transport of the 

amino acids, cystine, lysine, ornithine and arginine. Cystine has very Low solubility at the usual 

pH of urine. Impaired rend tubuIar reabsorption of cystine leads to increased daily urinary 

excretion. Whereas in normal individual the daily urinary output of cystine is 40-80 mg, in 

cystinuria this may exceed I g a day. The formation of trrinary cystine calculi is ahost certain 

when the excretion exceeds 300 mg a day due to the poor aqueous solubility of cystine. 

However, this amino acid can be readily solublized by the formation of a mixed disuifide with 

peniciiiamine. 

1.3.3.3 Promessive Svstemic Sclerosis (Scleroderma) 

Scleroderma is an autoimmune disease, which is characterized by excessive deposition of 

coiiagen in skin and by fibrosis involvhg viscera and vasculahme (Kang B. et al 1982). Collagen 

is initidy secreted by fibroblasts h a soluble form, which is a substrate for the enzyme Lysyl 

oxidase. This enzyme oxidizes the E-amino groups of lysine residues on soluble coilagen to 

aidehyde groups. These groups fiom SchifPs bases with Lysyl residues on other molecules of 



Penicillamine + CH -c- S- S- c -CH ,-b CL C- S- S- c -CH + cysteine 
I I I I I I I I 

cystine penicillamine-L-cysteine 

Fig. 1-2. Disulfide interchange between penicillamine and cystine. In this reaction 
penicillamine is oxidized and the disulfide is reduced. 



soluble coilagen, making a relatively weak crosslink. The crosslink then stabilizes. In vitro 

studies have shown that aidehyde groups of soluble collagen fom thiazolidines with 

peniciliamine, blocking formation of Schiff s bases and thereby preventing c r o s s i i i  (Fig.1-3) 

( N i d  M E  1977). Even &er the Schiffs base c r o s s l i  are formed; penicillamine is able to 

deave them, again probably through thiazolidine formation. However, penicillamine is not 

capable of cleaving the mature crosslinks. Moreover, examination of collagen fiom systemic 

sclerotic patients largely supports the above explanation of penicillamine's effect in vivo (Light 

N. et ai 1986). 

13.4 Biochemical actions 

Many of the biochemical modes of action of penicillamine depend on its abdity to 

complex with copper ions and on its ability to disrupt disulfide bonds. 

1.3.4-1 H e m  metal chelanon 

Due to the three functional groups, penicillamine can act as a ligand for a number of 

transitionai metals under appropriate pH conditions (Chow S.T. et al 1973). Chelation of 

divalent cations. such as copper and lead, has been reported (Goldberg A, et al 1963; Weigert 

W.M- et ai 1975). Chelation of cadmium. gold, zinc, iron, manganese. nickel and mercury &y 

penicillamine has aiso been described (Fernandez L. et al 1977; Freeman H.C. et al 1976). 

1.3.4.2 Disulfide interchange 

Penicillamine will oxidize in the presence of a transitional metai and a mild oxidizing 

agent, mch as oxygen, and forms a symmetrical disulfide (Faggiani R, et al 1984). It will also 

react with other thiols, such as cysteine or cystine, under similar circumstances to form mixed 

disuifides (Tabachnick M. et ai 1954). The reactions are presented in figure 1-2- 

PeniciIlamine is similady shown to react in vitro with oxidized glutathione. in this mictiont the 

oxidized glutathion is reduced by penicillamine (Bir K. et al 1970; Dnimmer R. et al 1987). The 

symmetrical peniciflamine disufide, however, is relatively resistant to chernical reduction and 

thus does not participate in disulnde interchange reactions. This is possibty due to steric 

hindrance of the disuIfide bond by the four swrounding methyI groups. 



. - 
Li.. - 
G 
3 
3. 
CD 

- O-O -2 

O r =  



1-3-4-3 Thimolidine Tomtion 

Because of its particular chernid structure, penicillaaine is able to form a thiazoiidiie 

ring by reacting with ddehyde or ketone groups (Howard-Lock H. E. et ai 1985). Thiazolidines 

can dso form with acetaldehyde (Nagasawa H.T. et al 1978) and pyridoxai (Heddle J.G. et al 

1963) as well. ThiazoMiie formation is relevant to the action of penicillarnine in systemic 

sclerosis disme. 

13.5 Pharmacokinetics of penicülamine 

1.3.51 Absomtion and bioavailabiiity 

Peniciilamine is readily absorbed h m  the gut. Peak concentrations of free penicillamine 

occur between 1.5 and 4 hours after oraI dosage in Casting patients (Kukovetz W.R. et al 1983). 

Bioavailability is reduced more than 50% by food and antacids and 35% reduced by ferrous 

sulfate (Osman M.A. et al 1983). Peak concentrations range h m  5 pM after 150 mg to 27.5 pM 

d e r  800 mg after oral administration (Brooks P.M. et al 1984; Wiesner R.H. et al 1982). 

1-3.52 Distribution 

Despite the apparent high volume of distribution, penicillamine is not actively taken up 

by marnmalian cells (Bergstrom R.F. et al 1981). Foilowing oral administration of this dmg in 

humans, fsee penicillamine concentrations in red blood cells are lower than serum concentrations 

(Russeii A.S. et ai 1979). Uptake by Iymphocytes and macrophages is also limited (Dawkins 

R.L. et ai 1981). The apparent high volume of distribution for penicillamine. despite limited 

entry to cells, may be due to binding to tissues, such as skin (Bergstrom R.F. et al 1981), aorta 

(Ruocco V. et al 1983) and plasma proteins (Joyce DA. 1989), which occurs rapidy but is 

slowly reversibie. 

1.3.5.3 ficretion 

PenicilIamine has k e n  shown to have a biphasic pIasma clearance with approximateiy 

20% king excreted rapidly in the urineT mody as a disulnde (Bergstrom R.F. et al 1981; 

Kukovetz W.R. et ai 1983). Symnietncal peniciliamine disuIfide (Perrett D. et ai 1976) and 

disufides between penicillamine and L-cystehe (Bergstrom RF, et al 198 l), hornosysteine and 

plasma protein (Bergstrom RF, et al 1981) are the major metabolie products of penicillamine. 
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The balf-life of the rapid plasma clearance phase is about one hour, and the half-life for the 

slower clearance phase is about 8 days. 

13.6 Penicillamine-a~ochted adverse drug reactions 

2.3.6.1 Hematoloaic toxicities 

Hematologicai side effects are probably the most serious of the adverse reactions caused 

by penicillamine. Leucopenia. hmbocytopenia and aplastic anaemia have al1 been reported 

with thrornbocytopenia being the most common. Hematological side effects lead to treatment 

cessation in 2 to 5% of patients (Capell HA. et al 1990; Kean W.F. et al 1982; Situnayake RD. 

et al 1987). Regdar monitoring of blood counts wiIl detect most of these side effects at an early 

stage* 

1.3.6.2 P r o f e i ~ ' ~  

Proteinuria occurs in up to 13% of the peniciIlarnine-treated RA patients but only in about 

4% of patients with Wilson's disease (Capell HA. et ai 1990; Stein H.B. et al 1980). Rend 

biopsies of patients with proteinka show typicai immune-complex nephritis, with peak 

incidences u s d y  occurring 6-9 months d e r  ihe start of treatment, Should urinary protein 

excretion exceed 2 g per day, treatment should be withdrawn and urinary abnormalities may take 

up to 12 months to revert to normal (Howard-Lock H.E. et ai 1986). 

1.3.6.3 Skin reactions 

Skin rashes are the most common of ail the side effects (25 to 50%), and may occur f i e r  

oniy two weeks treatment (Anderson JA. 1992). The rashes are more prevalent in Wilson's 

disease than RA due to the higher initial starting dose. 'Late' skin rashes may occur after several 

months or even years of treatment and are usuaily unresponsive to antihistamines and require 

withdrawai of treatment (Howard-Lock H.E. et a1 1986). About 1% of patients develop oral 

uicers b t  require a reduction in the maintenance dose or, more usually, withdrawal of the cimg. 

1.3.6.4 Taste îmvaïrment 

Impairment of taste is very common (up to 25%) and usudy occurs within the first few 

weeks and persists for up to 3 months. This hypogeusia will n o d y  ckar up even though 

therapy is continued (Howard-Lock HE. et ai 1986). Nausea, anorexia and abdominal pain may 



occur, u d y  in the &t 6 montbs and more fkquently with higher doses and rapid dose 

in-ents (Hill HSH. 1977). Gastrointestinal events cause approximately 5% of the treatment 

withdrawais (Cape11 H.A. et al 1990). 

1.3.6.5 Inducrion of  idiommatic auroimmune mndromes bvaenicilimine 

What are autoimmune diseases? The word 'auto" is the Greek word for self. The 

immune system is a cornplicated network of celts and molecules that nomally work to defend 

the body and eliminate iafectians caused by bacteria, Wuses and other invading microbes. If a 

person has an autoimmune disease, the h u n e  system rnistakeniy attacks self, targeting the 

cells, tissues and organs of a person's ovn body. There are many different autoimmune diseases 

and they can each affect the body in different ways. For exampie, the autoimmune reaction is 

directed against the brain in muItipIe scIerosis and the gut in Crohn's disease. in other 

autoinunune diseases. sucb as systemic lupus erythematosus, a£f'ected tissues and organs may 

Vary among individuals with the same disease. One person with lupus may have affected skin 

and joints whereas another rnay have aEected skin. kidney and lungs. 

The genes a person inherits together with the way the person's immune system ~sponds 

ta certain triggets or environmental agents, such as chernicals or dmgs, rnay infiuence the 

development of an autoimmune disease. 

PenicillamIne therapy is associated with a nurnber of autoimmune diseases. 

Penicillamine has k e n  repurted to be involved in the development of a lupus-Iike syndrome 

(iiarpey J.P. et al 1971; Oliver 1. et al 1972; Walshe J.M. 1981), myasthenia gravis (Dawkins 

R.L. et ai 1981), polymyositis (Ostensen M. et al 1980)' dermatomyositis {Fernandez L. et al 

1977) and pemphigus (Howard-Lock H.E. et d 1986). 

Myasthenia gravis is a neuromuscular disease d o s e  pathogenesis is largely mediated by 

immune mechanisms. Antibodies to the acetytchoiie receptor can be dernomted in most 

patients (ûawkins R.L. et al 1981). Aithough the precise role of this senun factor in the 

production of the physiologie abnormaiities or their correIation with c l i d  severity is not quite 

clear, an association of acetylchohe receptor antibodies with the disease is not disputed 

Penicillamine-associated myasthenic syndromes are common and quite simdar to idiopathic 

myasthenia gravis (Dawkuis R L  et al  198 1). Clinical and serological fïndinjg, e.g. the presence 

of anti-acetylcholie receptor antibodies in over 80% of patients, c m o t  heIp diffmntiate 



between idiopathic and the drug-induced myasthenia However, peniciîiamine-iiduced 

myasthenia may be associated with the HLA-DR1 phenotype, in contrast to idiopathic 

myasthenia, which is associated with the HLA-DR3 phenotype. The role of picillamine is 

indicated by the cbronologicai relationship between the onset of clinical/serological 

abnonnalities and penicillamine therapy as well as their resolution d e r  discontinuation of the 

offending drug, Most cases were noted in rheumatoid patients with oniy a few cases in patients 

with Wilson's disease. 

Pemphigus is a disease in which epidermai cell-to-ce11 adhesion is abnormai (Stein H.B. 

et ai 1980). This defective adhesion process is associated with an autoimmune antigen-antibody 

reaction mcurring on surfaces of epidennal cells (differentiating keratinocytes). Pemphigus also 

noted in approximately 1% of penicillamine-treated patients (Howard-Lock H.E. et ai 1986). 

Skin lesions rnay be more severe than in idiopathic pemphigus and can result in a fatal outcome. 

In contrast to idiopathic pemphigus, circulating pemphigus antibodies are ofien not detected in 

the sera of patients with penicillamine-induced pemphigus. 

PoIymyositis of varied severity (fiom mild muscle weakness to fatal evolution) has dso 

been noted wiîh penicillamine treatment (Ostensen M. et ai 1980). 

Penicillamine-induced lupus was first described in patients with RA by Harkcom et aI. in 

1978 (Harkcom T.M. et ai 1978) and has been subsequentIy reported during penicillamine 

treatment of Wilson's disease (Wdshe LM. 1981) and cystinuria (Oliver 1. et ai 1972). The 

fkequency of penicillamine-induced lupus in RA has been reported to be as hi& as 2% (Chalmers 

A. 1982), which is consistent with the fkquency found in patients taking penicillamine for 

Wdson's disease (Waishe J.M. 1981). 

Penicillamine-induced lupus may deveiop any time after 6 months and is usually 

associatecl with doses of 500 mg or more of penicillamine. Common presenting features include 

pleurisy, rash, cytopenias, proteinuria, or increasing muscle and joint pain afler an initiai 

response to thmpy (Chalmers A. 1982). 

PeniciUarnine shouid be withdrawn h m  patients who develop symptoms similar to any 

of the above syndromes. Most of these reactions resolve on stopping penicillarnine but the h g  

should not be reintroduced, The mechanisms of the aforementioned peniciiiamine-associated 

autoimmune complications are unknown. 



1.4 Adverse drug reactions 

An adverse h g  reaction is dehed  as any undesirable effect of a h g  beyond its 

anticipated therapeutic effects occuning dining ciinicaI use (Pirmohamed M. et al 1998). 

1.4.1 The impact of adverse dmg-reactioos 

Adverse h g  reactions are a major clinical problem. Approximately 5% of al1 patients 

treated with a course of medication have an adverse reaction related to therapy (Parker C.W. 

1979, and approximately 5% of hospitai admissions are due to adverse hg-reactions (Jick H. 

1984). Adverse dmg reactions are more common arnong hospitalized patients than arnong 

ambulatory patients, occurring in as many as 30% of hospitalized patients (Classen D.C. et ai 

1991), which considerably increases the length and cost of hospitalization. It is hard to estimate 

the economic burden of adverse h g  reactions, but it has been estimated that the annual cost in 

the US alone for screening, diagnosis and therapy of adverse h g  reactions is in the range of $ 

US 3 billion a year (Bates D.W. et al 1997). 

Another cost associated with adverse h g  reactions is their effect on h g  development. 

Studies of the adverse effects of dnigs and the legai costs associated with adverse dnig reaction 

result in higher prices for new pharmaceuticai agents. 

in addition to the economic cost of adverse dnig reactions, unfortunate patients who 

develop adverse dmg reactions pay a price in terms of pain and suffering. Mcireover, in the US, 

for example, morbidity and mottality related to adverse dnig reactions may account for up to 

140,000 deaths per year (Bates D.W. et al 2997). 

1.43 Classification 

Although many different classifications of adverse dnig reactions have been descriid, a 

classification where adverse reactions are divided into two types, A and B, has been widely 

adopted in both experünental (Zbinden G. 1980) and clinical pharmacology (Breckenridge A.M. 

& ûrme M L E .  1987). By separating adverse dmg reactions into those that are normal, but 



augmente4 actions of a particdar drug (type A reactions), and those that are totaîiy abriormal, 

bizarre effects (type B reactions), it is possible to make a logicai framework for considering the 

toxicity of drugs that has both theoreticai and practical uses. 

1.43 Type A adverse drog reactions 

Type A adverse dnrg reactions are the result of an exaggerated, but otherwise normal, 

phannacological action of a drug given in the usual therapeutic doses. Drowsiness with 

benzodiazepine anxiolytics and bradycardia with P-adrenoceptors antagonists are examples of 

type A reslctions. Type A reactions are largely predictable on the basis of a drug's known 

pharmacology. They are usd ly  dosedependent and, although their incidence and morbidity in 

the community is ofien hi&, the risk of mortality is generally low. 

1.4.4 Mechanisms o f  type A adverse drug reactioas 

When a group of individuais receive a drug, a spectrum of responses is observed. This 

variability manifests itself either as differing doses required to produce the same effect, or as 

differing responses to the administration of a defined dose, and this forms the basis of type A 

reactions. in some instances, type A reactions may be an excessive therapeutic effect, such as 

hypotension with antihypertensive dnigs. In others, the reaction rnay occur as a result of a drug's 

primary pharmacological action at some other site, such as peptic dceration and hemorrhage 

with nonsteroidal ad-inflammatory drugs. However, many type A reactions are not due to the 

pharmacological action of a h g  t b t  mediates its therapeutic efiect but to some other property 

that it possesses. For instance, phenothiazines, some histamine Hl-antagonists and tricyclic 

antidepressants have anticholinergic properties that resuit in atropine-like adverse reactions, 

including dryness of the mouth, diffcdty with accommodation and, occasionaily, retention of 

urine. 

Variabüity in response to the administration of a dehed dnig dose is usually seen with 

anticoagulants, such as wacfarui. The doses of d a r i n  that are required to achieve therapeuik 

anticoagulation may Vary 20-foid betwm individuais. The reasons for this particular form of 



interindividual variability are muhifactorial. They are not solely due to differences in the manner 

in which the drug is distniuted and metaboiized, interindividual ciifferences in the sensitivity at 

the site of action are also involveci. There is thus considerable variation, between individuals, in 

the phma  wacfarin concentrations required to produce similar degrees of anticoagulation 

(Routiedge PA. et ai 1979). Type A reactions develop in individuals lying at the extremes of 

dose-response curves for pharmacological and toxicoIogicai effects. 

1.4.5 Type B adverse dmg reactions 

Type B adverse h g  reactions, which are sometimes refened to as "idiosyncratic, 

hypersensitivity or ailergic reactions", involve aberrant effects that are not expected h m  the 

known pharmacologicai actions of a h g .  

The t m  "idiosyncratic h g  reaction" wili be used in this thesis to describe a reaction 

that: 

does not occur in most patients who are treated with the h g t  even at high doses 

is usually unpredictable 

is not observeci during conventional pharmacological and toxicologicai screening tests, 

1.4.6 Significance of idiosyncratic drug reactions 

Idiosyncratic cirug reactions are of major concem, both in medical practice and for drug 

development. Although these reactions are less common than predictable (type A) reactions, 

they are not rare, and they probabIy account for approximately 10% of al1 adverse h g  reactions 

(Park B.K. 1986). In addition, there are a large number of h g s  that are associated with serious 

and ofien iife-threatening idiosyncratic reactions. 

At present it is not possible to accurately predict the risk that a new dmg wiiI cause 

idiosyncratic reactions, and such adverse reactions are usually only detected at a relatively late 

stage in drug development. For this teason, many h g s ,  such as practolol, benoxaprophen, 

ticrynafen and zomepirac, were withdrawn shortiy afier they were released on the market. This is 

wastef' in temis of commercial investment and human effort. 



1.5 Clinical characteristics of idiosyncratic adverse drug reactions 

The ciuucal characteristics of idiosyncratic drug reactions can Vary considerably between 

different drugs and aiso for the same h g  in different individuals. The most couunon targets for 

idiosyncratic dnig reactions are the skin, blood cekls and the liver, but virtually any organ can be 

afEected, Reactions are sometimes limited to specific orgaus such as the Iiver or bone marrow. 

However, in other instances, multipte organs rnay be affiited sirnuitaneously. in addition, the 

primary drug-induced lesion may be accompanied by general manifestations such as fever, s k h  

rash, lymphadenopathy and eosinophilia suggestive of a hypersensitivity reaction. 

1.5.1 Cutaneous reactions 

Adverse cutaneous reactions to h g s  are hquent and affiect 2-3% of hospitalized 

patients (Park B. K. et al 1987). Fomately, most skin reactions are mild and only require 

withdrawal of the cimg for tesolution. The majority of hg-induced skin reactions appear to be 

of an immunological nature. This has b e n  attnbuted to the combination of metabolic activity 

and imxnunologicai cornpetence of the skin. The skin contains small quantities of both phase 1 

and phase II hg-metabolizing enzymes, incIuding different forms of cytochrome P450. in 

addition the skin is immunologically very active and contains specialized cells such as 

Langerhans cells and dendritic cells (Phohamed M. et ai 1998). 

The two most severe skin reactions are Stevens-Jonson syndrome, for which rnortality 

rates approach 5%, and toxic epidemai necrolysis, which has a mortality rate of 30% 

(Pirmohamed M. et ai 1998). Stevens-Jonson syndrome is a disease in which cutaneous lesions 

of erythema multiform bullosum are accompanied by severe mucous membrane involvement and 

systemic symptoms. This condition is occasionaily fatal. in toxic epidermai necrolysis, the 

epiderrilis is infiltrated by activated T Lymphocytes (the majority of which are CD8+ ceIls) and 

macrophages, which suggests a ceil-mediated cytotoxic reaction against epidermal ceils (Stiles 

D.P. et al 1990). 



The dmgs most kquently involved in Me-threatening cutaneous reactions include 

antibacterials, such as long acting sulfonamides and penicillin, anticonvulsants and nonsteroidai 

anti-infiammatory drugs (NSAIDs) (Park B. K. et al 1998). Of the anticondsants, the ammatic 

compounds phenytoin, carbarnazepine and phnobarbitone are particularly liable to cause skin 

eruptions (üetrecht J.P. 1990). 

1.52 Hepatotoxicity 

Idiosyncratic dmg reactiocs affecthg the liver are common with more than 600 dmgs 

having b e n  reported to cause hepatic injury. Clinical features variably inchde liver 

enlargement, abnormal liver hct ion test resdts, jaundice and fever (PohI L.R. et al 1988). 

Offending drugs have included sulfonamides, phenylbutazone, allopurinol, haIothme, phenytoin, 

quinidine and chiorproparnide (Park B. K. et al 1998). The pattern of Iiver injury is variable and 

includes hepatitis. cholangitis, steatosis, grandoma, cinhosis and neoplasia. Idiosyncratic 

hepatotoxicity may be due to direct toxicity of a chemicdly reactive metabolite or secondary to 

an immune reaction. However. it is always difficult to determine whether the toxicity is 

chemical or immunological in nature because of the inaccessibility of the damaged tissue, 

especially at the thne of the initial tissue injury. Fortunately, withdrawai of the offending dmgs 

leads to clinical and histological resolution in the majority of cases. Aithough with some drugs, 

such as iproniazid, withdrawal has no effect and the hepatic injury progresses &er 

disconiinution, suggesting an immunologicai etiology (Pirmohamed M. et al 1998). Overt 

hepatic disfunction due to dmgs is uncornmon, with dmgs accounting for about 2% of ali cases 

of jaundice (Descotes 1990), although asymptomatic Iiver enzyme elevation is more common, 

king as high as 20% for some dmgs such as isoniazid (zimmerman H.G. 1978). Hepatic failure 

is îhe most severe result of liver injury of which idiosyncratic dmg reaciions account for 

approximately 20% of cases (zimmerman H.G. 1978). 



1.53 Hematological reactions 

Blood ceUs are a common target in idiosyncratic drug reactions. hg-induced 

hematological toxicity can affect platelets, red cells, white cells or al1 the cellular elements of the 

bone marmw leading to thrombocytopenia, hemolytic anemia, agranulocytosis or aplastic 

anemia, respectively. The most serious of these reactions, because of its high mortality, is 

aplastic anemia. Although this is a rare miction, it has k e n  estimated that between 30% to 60% 

of all cases of this hematologicai abnormality are related to drug treatment (Uetrecht J.P. 1990). 

Aplastic anemia (failure of bone marrow to produce ail of the blood ce11 lines) is presurnably due 

to damage of the pluripotential stem cells (Uetrecht J.P. 1990). The mortality rate for aplastic 

anernia can be as high as 50% (Park B.K. et al 1987). in agranulocytosis onIy the granulocyte 

cell lines (mainly neutrophils) are depleted (granulocyte count of less than 500 celldpL). This 

can occur either through depletion of granulocyte precursors in the bone marrow or peripherai 

destruction of neutrophils (Pirmohamed M. et al 1998). Agranulocytosis has k e n  found to be 

the most likely cause of death among hg-induced blood dyscrasias. The incidence of 

agranuIocytosis is dependent on the h g ;  clozapine 1 in 100 (Pirmohamed M. et al 1998), 

captopril 1 in 250 (Classen D.C. et al 1991) and phenothiazines 1 in 1300 (Pirmohamed M. et al 

1998). Many drugs thrit cause agranulocytosis are ais0 associated with aplastic anemia The 

idiosyncratic nature of drug-induced agranulocytosis. and the tirne course of the reactions, 

especialiy on rechallenge with dmg, may sometimes be strongly suggestive of the involvement of 

the immune system. However. direct evidence for such a mechanism is often limited. Hemolytic 

anemia and thrombocytopenia are other hematologicai reactions associated with the use of some 

dmgs. These adverse reactions also usually appear to be immune-mediated. 

13.4 Dmg-induced lupus 

1.5.4 I Luvus 

Lupus is a muitisystern autoimmune disease affecthg a variety of tissues and organs. ï h e  

disease is characterized by a profound and widespread disturbance of immune mechanisms, 

leading to the formation of autoantibodies and immune complexes. Lupus characteristicalIy 



affects the vasculature (leading to rend, cerebrovascular, pulrnonary and widespread organ 

involvement) as well as serosal surfaces (leading to pleurisy, pericarditis and peritonitis), WhiIe 

rend, central nervous system (CNS) and cardiac lesions are prognostically most important, the 

most fkquent manifestations of lupus are of skin and of joint disease. The etiology of lupus is 

unclear, but hormonal factors, environmental toxins, infectious vinises, genetic predisposition 

and certain drugs have al1 been considered risk factors. Idiopathic lupus (when the cause of 

lupus is not known) is seen predominantly in young women, with a femde: male ratio of 

approximately 10:l. Each patient is unique and may suffer h m  a variety of signs and 

symptoms. The disease is highly unpredictable, and most patients experience flare-ups or 

fluctuations. Dnig-induced lupus is most notably different from idiopathic SLE in that: 

It resolves on discontinuation of the dmg (possibly for this reason, it is a milder syndrome). 

There are no specifically predisposed age groups as affected patients rnerdy reflect those 

more fiquently treated with the dmg. 

A greater percentage of Caucasian patients with less female predominance than reported in 

idiopathic lupus is evidenced in hg-induced lupus. 

Rend lesions may occur but less tiequently than in idiopathic lupus. The centrai nervous 

system is rarely affected. 

High titers of antihistone antibodies are found in more than 95% of patients with drug- 

induced lupus. By contrast, native antiDNA and antiSM antibodies are generally considered 

as very specific for idiopathic Iupus and hence extremely infiequent in hg-induced lupus 

syndrome (Descotes 1990). 

1.5.4.2 Immunoloav of l u w  

The inimunologicaI hallmark of Iupus is the presence of circulating antinuclear antridies 

(ANA). These antibodies are present in 96% of cases. The ANA may be directed against various 

components of the nucieus, the most characteristic king native or double-stranded DNA 

(dsDNA). Anti-dsDNA antibodies are seldom found in any condition other than lupus. 

Antibodies to single-stranded DNA are also found in Iupus but are less specXc. Antibodies to 

solubk proteins of the nucleus may also be found in lupus. By a strange convention these 

antigens are ofien named fiom the fïrst two letters of the surname of the patient in whom they 



were füst discovered (e.g., Sm = Smith). Anti-Sm antibodies are highiy specific for tupus 

(Chape1 H. & Haeney M. 1984; Rose N. & Machay 1,1985). 

in addition to ANA, autoantibodies may also be found in lupus to other celIs and cellular 

components. For instance, many Iupus patients have anti-phospholipid, -red blood cells, - 
platelets and -lymphocytes antibodies (Rose N. & Machay 1. 1985). Lupus patients also have a 

marked polyclonai B ce11 activation and an associated hypergammaglobuiinemia. Patients with 

active Iupus usuaily have low complement levels, because in these individuals complement is 

consumed during the formation of the immune complexes (Rose N. & Machay 1.1985). 

I.5.43 Causes of 1uuu.s 

Why does the nuclear component in the Lupus patient become antigenic? In some patients 

dmgs are to blame. It is estimated that about 10% of lupus is drug-induced (Uetrecht J.P. 1990). 

Most commody, hydralazine, isoniazid and pmcainamide are associated with the induction of 

lupus. Many of these compounds have an aromatic amine group, which is rnetabolized by 

acetylation. It is possible that a Wus may aiso be responsible for the disease but none has yet 

ken identified. 

About 30% of SLE patients report an exacerbation of their syrnptoms by suniight (Stiles 

D.P. et ai 1990). It is aiso likely that ulûavioIet radiation may denature DNA and tender it 

antigenic. 

Reactive oxygen species, which are released at sites of inflammation during the 

respiratory birrst that accompanies phagocytosis, can dso denature DNA (StiIes D.P. et al 1990). 

1.5.4. J Clinical manifestations a f l u m  - 

Skin and joints= The commonest featuces of lupus are inflammation of the skin (often in 

sun-exposed parts) and joints secondary to immune complex deposition. The arthritis of lupus is 

relatively miId and seldom damages the cartilage or causes deformities. The rash is ofien across 

the cheeks in a classical butteffly distribution. CkcasiondIy the skin lesions are more severe and 

progress to ulcers or gangrene. Many patients aiso develop diffuse or patchy hair loss 

(Weathaall D.J. et al 1987). However, skin rash is less common in dmg-induced lupus, and 

when it does occur, it is not the butterfly rash often seen in idiopathic lupus. 

Kidney: The senous coasequences of Iupus arfse rnainly h m  involvement of the kidney, 

lung or brain. Circuiating immune complexes, depending, in part, on their size, rnay cause 



various patterns of kidney damage. Two clinid syndromes may r e d t  h m  rend damage. One 

is rend faiiure, which may happen very suddenly, and the other is the nephritic syndrome. In the 

Mer  situation the kidneys leak large amounts of aibumin and the patient becomes edematous 

because there is no longer wflicient albumin in the circulation to maintah an adequate osmotic 

pressure. 

L u n ~  Smail blood vesse1 infiammation in the lungs may produce progressive 

b d e s s n e s s .  The muscles of the chest waIl and diaphmgni may also become infiamed and 

weak (Rose N. & Machay 1. 1985). 

Brcriii: Infiammation in the brain may produce l o s  of consciousness or a variety of 

psychiatrie syndromes. However, this is relatively uncommon (Rose N. & Machay 1. 1985). 

Thrombosis: As a resuIt of the anti-cardiolipin antibody, wtiich promotes coagulatioo. 

patients may develop recurrent thrombosis in the arteries or veins, ïhese CIO& may cause strokes 

or m y o d i a i  infarctions (heart attacks). In pregnant wornen small clots in the placenta may 

cause rniscarriages (StiIes D.P. et ai 1490). 

BIad related problenrî: Antibodies to red blood cells and platelets rnay be associated 

with anemia and bleeding respectively (Weathedl D.J. et ai 1987). 

As can be seen h m  the above description, the posstile features of lupus are very diverse 

because many combinations of these fatures may occur together. in addition, patients rnay feel 

unwell with fever and they often experience a signilicant body weight loss. 

There is a large degree of overiap between drug-induced and idiopathic lupus (when the 

cause of lupus is unknown) and it is impossible to differentiate them on the buis of clinical or 

Iaboratory manifestations (Uetrecht J.P. 1990). However, there are some specific diagnostic 

criteria for hg-induced lupus: 

There shodd bave been no history suggestive of lupus More drug therapy was started. 

a A positive antinuclear a n t i i y  should be detectable, with at least one dinical feature of SLE 

(fever, myalgias and arthralgias) during sustained treatment. 

There should be rapid irnprovement in the c l i c a l  symptoms and a graduai fa11 in the 

antinuciear anti'bodes and other seroIogic changes when the dmg is withdrawn (%ce EJ. & 

Venables P.J. 1995). 



1.6 Possible mechanisms of drug-induced lupus 

The mechanisrn of dnig-induced lupus has been a matter of much speculation. Foiiowing 

are the mechanisms that have been proposed: 

One rnechaaism is that drugs could facilitate the expression of idiopathic lupus in 

predisposed patients (Alarcon-Segovia D. et al 1965). This hypothesis has not been 

substantially dwurnented and there is no clear evidence that drugs inducing a lupus-like 

syndrome in humans can accelerate the development of lupus in animai modeis. 

Another mechanism possibly involved in the pathogenesis of drug-induced syndromes is the 

interaction of dnigs with nuclear antigens. For instance, hydralazine has k e n  reported to 

cornplex with nucleoproteins (Tan E.M. 1974). A possible mechanism is that hydralazine or 

procainamide couid act as a hapten and react with histone proteins leading to the formation of 

antihistone antibodies. However, attempts to induce antinuclear antibodies by Unmunizing 

animals with procainamide bound to proteins were generaily unsuccessful (Gold E.F. et al 

1977). 

Another mechanism is the interference of drugs or their reactive metabolites with the immune 

system. hdeed, lupus-inducing drugs have been shown to impair some components of the 

normal immune response. As an example, a-methyidopa was found to impair 

phytohemagglutinin-induced proliferation of T-lymphocytes (Kirtiand H.H. et ai 1980) 

whereas procainamide, in addition to exerting the same effect (Bluestein H.G. et ai 1979), 

may dso specifically activate B-Lymphocytes (Forrester J. et ai 1988). Lymphocytotoxic 

antibodies were also found in patients with hydralazine or procainamide-induced Lupus but 

their pathogenic significance is unclear (Bluestein H.G. et ai 1979). 

An interference with the complement system has also ken  considered due to the established 

involvement of various complement defects in idiopathic Iupus erythernatosus. Even though 

several dmgs that induce lupus syndromes, e.g. hydralazine, isoniazid or procainamide, have 

been shown to inhibit various complement components, in particular C3 and C4 (Sim E- et al 

I985), the rote of this interference in the induction of drug-induced lupus is unsettled. 

An intefierence with mononuclear phagocytes is another hypothesis (Uetrecht J.P. 1988). 

Drugs that have k e n  associated with the induction of lupus syndromes are readily oxidized 



to reactive metabolites within monocytes and macrophages. ïnterestingly, reactive 

metabotites produced within mononuclear phagocytes may bind to class ii molecules of the 

major histocompatibility complex (MHC) at the surface of macrophages or other antigen- 

presenting cells and modi@ them in such a way that T cells recognize the modifiecl epitopes 

as foreign. The molecule generated wodd be fûnctionally equivaient to an dogeneic MHC 

molecule and would give rise to a strong stimuiation of T-lymphocytes and the subsequent 

production of autoantibodies (GIeichman E. et ai 1988) (interactions similar to those 

occurring in graft-versus-host disease), 

inhibithg DNA methylation and aitering expression of certain genes is another mechanism 

that has been postuiated for the induction of lupus by some drugs, such as procainamide and 

hydralazine (Yung RL. & Richardson B.C. 1994). These dmgs have b e n  shown to inhibit T 

ce11 DNA methylation and induce autoreactivity. In addition, T cells isolated h m  patients 

with active Lupus were show to have hypomethylated DNA and d i i s h e d  DNA 

methyltransferase activity (Yung R.L. & Richardson B.C. 1994). Moreover. in an 

expenmental modei, it was show that the adoptive transfer of murine T cells made 

autoreactive with DNA methylation inhibitors was sufficient to cause a lupus-like disease in 

otherwise heaithy syngeneic recipients (Yung R.L. & Richardson B.C. 1994). These nsults 

and others propose a mechanism for hg-induced lupus, in which certain environmental 

agents modi@ T cells by inhiiiting DNA methyiation and aitering expression of certain 

genes, thereby inducing autoreactivity. The autoreactive cells then interact with the host to 

produce a lupus-like disease (Richardson B. et al 1990). 

1.7 Immune involvement in idiosyncratic drug reactions 

1.7.1 The role and hinctions of the immune systcm 

The immune response can be separated into two components, a ceiiular response and a 

humoral or anti'body response (Fig. 1-4). These two systems act together to perform three major 

activities: 

Distinguishing "seif" fkom "non-self' constituents, 

Attacking and eliminating %on-self" constituents, 
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Fig. 1-4. The i mrnune system can be separated into two components, a ce1 Mar 
response and a humoral or antibody response. 



Storing the determinants of these events in immune mernory. 

To be recognized by the immune system, antigens are internalized, partiaiiy degraded and 

displayed as antigenic detemiinants or epitopes on the surface of the ce11 in association with 

major histocornpatibiIity cornplex (MHC) molecuies. In the case of virai infections, this process 

leads to the marking of infécted cens for destruction by the immune system. Cell-mediated 

cytotoxicity occurs through recognition of MHC-restricted antigen via the T-celi receptor 

cornplex, causing celIular activation, production of cytokines, clonai expansion and the 

recruitment of activated macrophages (vetrecht 1997). In contrast, a humoral response is elicited 

by B celi production of antigen-specific antibody through the interaction of B cells with T celis 

that have been activated by antigen-presenting cells (APCs) (Uelrecht 1997). 

As stated above, rnany idiosyncratic adverse reactions are thought to be mediated by the 

immune systern on the basis of clinicd criteria (Park B.K. 1986; Pinnohameci M. et al 1998; Pohl 

L.R. et al 1988). Adverse dnig reactions that involve the immune system are refened to as 

hypersensitivity reactions (üetrecht J.P. 1988). 

The mechanism by which a h g  leads to an immune-rnediated adverse reaction is 

explained by the hapten hypothesis (Park B. K. et ai 1987). In the following sections of this thesis 

the posnilated mechanistic details of immune-mediated hypersensitivity reactions to dmgs will be 

discussed (Fig. 1-5). 

1.7.2 Hapten hypotbesb 

The term hapten has been used to descrilx a substance that is not immunogenic per se but 

becomes irnrnunogenic when conjugated to a macromo1ecuIar 

An immunogen is a substauce that is capable of elicitiag a specific immune response 

manifested by the formation of specific anti'bodies andfor speciflcally committed lymphocytes. 

The molecular mas of an organic molecuie is one of the major determinants of its abiiity 

to act as an immunogen. It is generally believed that low molecular weight compounds (4000 

Da), such as dnigs, are not immunogenic but may become so when they become covdentIy 

bound to a macromolecuie, such as an endogenous protein to fom a hapten. 





1.73 Mechanisms of hapten formation 

1.7.3.1 Direct coniu~ation to ~roteins: 

The classicd mode1 sensitiPng agents, such as dinitrochlorobenzene and 

dinitrofluorobenzene, b i d  directly to proteins in a relatively nonselective manner and modm 

primarily lysine and cysteine residues (Park B. K. et ai 1998). These compounds have been used 

in various animal models to investigate contact sensitivity, tolerance and antigen presentation. 

Certain drugs, such as penicillin, have a reactive structure and have the capacity to bind 

covalentiy to protellis and carbohydrates by reaction with nucIeophilic amino, hydroxyi, 

mercapto and histidine groups. A number of sites on the molecuIe are open to nucleophilic 

attack and, therefore, a number of mtigenic detenninants may be formed (Uetrecht J.P. 1990). 

As explained at the beginning of this chapte. penicillamine is a trifunctional amino acid 

containing a fiee sulfhydryl group and a free amino group. It therefore has direct chemicai 

reactivity toward a range of bioiogicai rnacromoiecuies. The drug can react with biochernicai 

intermediates that contain a free carbonyl group, to form thiazolidine derivatives. Penicillamine 

can also participate in thiol-disuIfide interchange reactions between the fiee sulfhydryl group in 

penicillamine and cystine groups in proteins, which goverm its disposition in tissues. This is a 

spontaneous equilibriurn process, which may result in the formation of disuIfide-linked 

penicillamine-protein conjugates and the reduction of existing (cystine) disulfide bonds in 

proteins. 

At present, ail drugs or h g  metabo[ites that can conjugate directly to proteins in vivo, by 

formation of a stable covalent bond, shodd be considered potential immunogens. 

1.7.3.2 Drux- rotei in coniuaation via bioactivation: 

The majority of drugs do not bind directly to proteins in vitro, and it is therefore assumed 

that bioactivation to a chemicaily reactive metabdite, which is thought to tùnction as the 

dtimate hapten, must occur in vivo. Bioactivation to chemicaily reactive species is u&ly 

dependent on oxidative phase 1 biotransformations, which are perfomed principdly by 

cytochrome P450 enzymes. A number of drugs, such as halothane and tienilic acid, that are 

associated with hypersensitivity have been shown to undergo metaboIism to chemicdy reactive 

metabotites in the presence of human and animal hepatic microsornes in vitro (Pohi LA. et ai 



1988). Drug metabolisa may a h  occur within Ieukocytes by non-P450 enzymes. Mature 

neutmphils have hvo enzymes, NADPH oxidase and myeioperoxidase, which together lead to the 

oxidation of drugs. NADPH oxidase couverts oxygen to superoxide, which is reduced to 

hydrogen peroxide. Hydrogen pemxide olcidizes myeloperoxidase to form a compound that c m  

oxidize drugs either directly, or indirectly by oxidation of chloride to hypoctilomus a d ;  this can 

also bioactivate drugs to protein-reactive @es (Uetrecht J.P. 1990). 

1.7.4 Classification of hypersensitmty reactioas 

in 1963, dflerent types of hypersensitivity were classifieci by the Coombs and Gel1 

(Coombs RRA. & Gel1 P.G.H. 1968) (Fig.l-6). 

T m  1 hmersensitivitv refers to reactions initiated by antigen cross-Iinking between specific 

immunoglobuiin E (1g.E)-Ioaded mast ceii Fc receptors. Cross-linking stimulates mast ce11 

release of chemicd mediators, such as histamine, serotonin prostaglandin, leukotrienes and 

heparin, which initiate inflammation, vasodilation and reduced plateiet coagulation. Clinical 

symptorns of type 1 hypersensitivity may manifest as anaphylaxis, aIlergic rhinitis, urticaria 

and/or bronchospasm. The reactions can be local or systemic, and symptorns range fiom 

mild irritation to severe anaphylaxis (e.g. hives, swelling of mouth and throat, dificulty 

breathing, hypotension and shock). 

T m  U hypersensitivit, is mediated by processes in which antibodies (usuatly IgG) are 

directed against antigens present on ce11 swfaces. Antihdy-antigen interaction leads to 

immune activation and cell damage via activated effector cells, such as NK celIs, neutrophils 

and monocytes, or via activation of complement-induced lysis. C l i c a i  manifestations of 

these reactions include disorden, such as hemoIytic disease of the newborn, hg-induced 

hemolytic anemia and @ rejection in transplantation. 

T m  ïii hwersensitivitv descriis processes mediated by immune complexes that are fomed 

when mtigen interacts with a n t i i y  that has not been cleared by the reticuioendothelial 

system. in the case of persistent infection, autoimmune disease (e-g., systemic lupus 

erythematosus) or repeated contact with antigens (e-g., occupatiod lung disease), chronic 

antigen-antibody interactions cm lead to tissue deposition of immune complexes. 



Fig. 1-6. Classification of hypersensitivi~ reactions as described by Gel1 and Coombs. 
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Complement activation and polymorphonuclear celi chemotaxis are the mediators of 

inflammation that damages the af5ected tissue. 

T v ~ e  IV hmrsensitivitv (delavedsnset) describes reactions that take more than 12 hours to 

evotve; these reactions are mediated by T-lymphocyte responses to antigen. The activated T 

cells produce and secrete cytokines that, in tum, stimulate general inûammation and 

macrophage activation. Examples of delayed-onset hypersensitiviîy include contact 

dermatitis and tuberculin reactions, both of which occur within 72 hours of antigen challenge. 

Besides hapten-induced mwanted immune responses, there are other ways in which a 

drug (or metabolite) couid interact with the immune system that wouid result in the development 

of idiosyncratic reactions. 

1 . 7 5  I Drus-induced idiosvncratic reactions mediuted by  complemenr or alterations in the 

com~lemenr -rem 

Complement: The complement system is a p u p  of about twenty serum proteins whose overall 

function is the control of idammation. Severai of the components are acute phase proteins. The 

components interact with each other and with other elements of the immune system. For 

exarnple, a number of microorganisms spontaneously activate the complement system via the so- 

called 'ahernative pathway', which is an innate, non-specific reaction. This results in a coat of 

complement molecules on the microorganism, leading to its uptake by phagocytes. The 

compIement system can also be activated by anti'bodies bond to the pathogen surface (the 

classical pathway) when it constitutes a specific, adaptive response. 

Complement activation is a cascade reaction with each component sequentially acting on 

othm in a siailar way to the blood-clotting system. Activation of the complement system by 

either the classical or the alternative pathway generates peptides that have the following effects: 

ûpsonization (coating) of microorganisms for uptake by phagocytes. 

Amaction of phagocytes to sites of infection (chemotaxis). 

increased blood flow to the site of activation and increased permeabiüty of capillaries to 

plasma molecules. 



Damage to plasma membranes on cells, gram-negative bacteria, enveloped Wuses or other 

organisms that have induced the activation. This, in tum, can produce lysis of the ceii. 

A dnrg or its metabolite couid directly modiSl activation of complement or clearance of 

immune complexes and resuit in the development of idiosyncratic reactions. An example of this 

type of mechanism is the idiosyncratic reaction induced by the radiographic contrast media. This 

chernical induces an anaphylactic-like syndrome in some people that does not appear to be 

mediated by immunoglobulin E (IgE). Although the pathogenesis of this adverse reaction is not 

completely known, radiocontrast material does predispose to activation of the alternate 

complement pathway (Arroyave C.M. et al 1976; Kolb W.P. et al 1978). Such activation could 

explain many of the features associated with the idiosyncratic reactions induced by radiographic 

contrast media, and this rnay play an important role in their pathogenesis. 

A different type of interaction between drugs and the complement qstem that rnay lead to 

the development of idiosyncratic reactions has been reported (Sim E. et al 1985). Dmgs that are 

good nucleophiles, such as hydralazines, have been shown to react with C4 or C3 components of 

the complement, and this lads to an increase in the concentration of circulating immune 

complexes (Sirn E. et ai 1988). Thus, it has been proposed that this type of enhancement in the 

levels of immune complexes may be the mechanism by which some drugs (e.g., procainamide. 

hydralazine and penicilfamine) induce lupus (Sim E. & Law S.A. 1985). 

Drugs such as penicillamine, which has several effects on cellular immunity including T- 

helper and B-cell fimctions, is likely to interfere with irnrnunoreguiation of humoral antibody 

production at various levels within the immune system. One shouid not therefore automatically 

assume that dmgs that cause adverse reactions of an immunological nature do so by f o d g  

haptens. 

1.8 Experimental models of drug or chernical-induced idiosyncratic reactions 

1.8-1 Mercu'v-induced autoimmuniiv in BN rats 

Mercuric chIoride (lmgkg, s.c.; 3 times a week) induces an autoimmune disease in BN 

rats (Sapin C. et d 1977). in the second week d e r  the fïrst HgClt injection, an edargement of 

spIeen and Iymph nodes is found due to proliferation of both CD4+ T-helper and B ceiis 



(Pelletier L. et ai 1988). Autoantibodies to anti-glomeruiar basement membrane (GBM), type II 

coUagen and DNA are detected in these animais. Serum immunogiobulin concentrations, 

especially IgE, are increased. T celIs tiom diseased BN rats can transfer the disease in mmve 

syngeneic recipients (Pelletier L. et ai 1988). The susceptibiiity to mercury-induceci 

autoimrnunity iz genetically conûoiied. Thus, Lewis rats are resistaat in contrast to BN rats 

(Druet E. et al 1977). 

1.8.2 Effect of  mercuric chioride in other mecies 

Mercuric chloride induces an idiosyncratic autoimmune disease in rabbits quite similas to 

the one observed in BN rats (Roman-Franco et al 1978). The susceptiiility of mice to mercury- 

induced autoimmunity has been studied by severai investigatos (Hultman P. & Enestrom S. 

1987; Hultman P. & Enestrom S. 1988; Pietsch P. et al 1989). As found in rats, susceptibility is 

geneticaily controlled. Lymplioproliferation, an inmase in total serum IgG and IgE 

concentrations, circulating antinucleolar antibodies and an immune compiex-type 

glomerulonephritis were described in A-SW, SJL and B10-S mice. En contrast, DBN2 mice 

were completely resistant to mercury-induced autoimmune disease. 

1.8.3 Penicillarnine and ~ o l d  salt-induced autoimmunity in rats 

BN rats treated with penicillamine or goId salts dispIay autoimmune disorders similar to 

the ones following mercuric chloride injections (Donker A.J. et ai t 984; Tornade H. et ai 1990). 

in mercuric chloride-injected BN rats, autoimmune disorders are more intense than in gold salt- 

and penicillamine-treated BN rats. Nephrotic syndrome or protehuria is found in ail the rats 

injected with mercuric chioride versus 50% in the gold salt- and none in the penicillamine-treated 

BN rats. Similarly, enhancement of senxn IgE concentration is the highest in the first group 

when compared to those of other two groups (Prowost-Danon A. et a1 1981; Tornade H. et ai 

1990). Lewis rats are resistant to the induction of autoimmune diseases by aii of these three 

dmgs. 

1.8.4 PeniciZiarnine and aold suZt-inàuced autoimmunitv in mice 

A-SW mice that are susceptiile to mercuric chlaride-induced autoimmunity aiso produce 

antinuclear antibodies when treated with either goId sodium thiomalate or D-penicillamine 

(Robinson C.J.G. et ai 1986). An increase in total senxm IgG and IgE concentrations was 

detected in A-SW mice when injected with goId salts (Pietsch P. et ai 1989). 



1-83 C d d  salt-induced autoimmune ne~hritis in minea ~ i a s  

Hartley guinea pigs injected with goId sodium aurothiornalate developed an autoimmune 

tubulointerstitiai nephntis and an immune complex giomerulopathy (Ueda S. et al 1986). Anti- 

tubdar basement membrane (TBM) a n t i i e s  were found Iineariy deposited dong the TBM in 

those animals. Anti-bmh border m t i i e s  have been considered to be involved in the 

pathogenesis of the glomeruiar disease. 

1.8.6 Cadmium-induced autoimmunitv 

Cadmium can induce antinuclear a n t i i e s  in K R  but not in BALBlc mice (Ohsawa M. 

et al 1988). Cadmium has been reported to induce an immune complex type glomerulonephritis 

in Sprague-Dawley rats (Johsi B.C. et al 1981). 

1.8.7 Provvlthiouracil-induced SM in cats 

Fifty to 70% of mongrel cats receiving propyIthiouracil (PTU) develop an autoimmune 

disease marked by lymphadenopathy, autoimmune hemolytic anemia and autoantibodies such as 

anti-native DNA antibodies (Aucoin D.P. et ai 1988). The presence of a fiee sulfhydryl group on 

PTU is required for autoimmunity to occur (Aucoin D.P. et al 1988). 

1.8.8 L-canavanine-induced SL E 

in monkeys, alfalfa sprouts can induce anemia, iow serum complement, antibodies to 

DNA aad deposition of irnmunoglobdins in skin and kidneys. This autoirnrnunity is attributed 

to the unusual amino acid constituent, Lanavanine (Malinow MA. et ai 1982). 

1.8.9 Hvdralazine and ~rocainarnide-ihced auioimmuniîv 

Hydralazine, given orally at the dose of 0.5-1 mg/day for 6-8 months increases the 

incidence of antinuclear antibodies in AU and C57BW6 mice (Cannat A. & Seligmann M. 1968). 

In one report, procainamide given oralIy at the dose of 20 mg/day for 8 months had the same 

effect in these two strains (Ten-Ven J.H. & FeItkamp T.E.W. 1972). However, clinical 

manifestations were absent, 

1.8.10 Trichloroethvlene-inducedautoimmune resmnse in M U + / +  mice: 

Trîchloroethylene (TCE) is an organic solvent that is mainly used as a degreasing agent 

for metals. TCE has also been found as an indoor contaminant due to its use in adhesives, spot- 

removers, carpet-cleaning fluids and paint removers (Bruckner J. V. et al 1989). Human 



exposure to bas been associated with the development of autoimmune diseases such as systernic 

lupus erythematosus and scleroderma (Khan M.F. et al 1995). 

The development of a spontaneous SLE-like disease in two MRL substrains of mïce 

(MRL +/+ and MRL IprApr) has been shown (Andrews B.S. et al 1978). Unlike the MRL IprApr 

mice, which develop the SLE-like disease early in iife, the MRL +/+ mice do not n o d y  

develop the clinical syrnptoms of autoimmunity until late in life (during their second year of Me). 

However, MRL +/-t mice treated with TCE have b e n  shown to exhibit an accelerated SLE-like 

autoimmune response early in Iife (Khan M.F. et al 1995). Using this mouse model, 

investigators have studied the capacity of TCE and its metabolites to induce autoimmunity 

(Griffin J.M. et al 2000). In addition, possible mechanisms by which TCE pmmotes an 

autoimmune response in this animal model have been studied (Gilbert K.M. et al 1999). 

1.8.1 I Penicillamine-induced h ~ u s  in BN rats: 

Penicillamine has been shown to induce a lupus-like syndrome in Brown Nonvay (BN) 

rats (Donker A.J. et al 1984). Four to eight weeks &er peniciIlamine administration in a dosage 

of 20 or 50 mg per day, 70% of BN rats became ill. The disease was characterized by weight 

loss. dermatitis and a high mortality rate. The plasma of these animals contained antinuclear 

antridies and immune complexes. Thus, it appears that BN rats are particularly susceptible to 

develaping a lupus-like disease after exposure to peniciiiamine. BN rats are also known to k the 

susceptibke süain for the induction of lupus by mercuric chloride (HgC12) and gold salts (Druet E. 

et al 1977). 

in general, susceptibility to autoimmune diseases is controlled by environmental and 

genetic factors, especially MHC genes (Uetrecht 1997). The association of MHC genosipe with 

autoimmune disease is not surprishg because autoimmune responses involve T cells, a d  the 

abüity of T celis to tespond to a particular antigen depends on MHC genotype. Thus the 

associations can be explained by a simple model in which suscepti'biIity to an autoimmune 

disease is determined by ciifferences in the abüity of different aiIeIic variants of MHC moIecuies 

to present autoantigenic peptides to autoreactive T cells. However, MHC genotype alone does 

not determine whether an individual develops disease. There are other Iess understwd 

environmentai factors that affect the immune system and the course of autoimmune diseases. 



In rats susceptibility to peniciiiamine-induced autoimmunity is also genetically 

contro1Ied. Unlike BN rats, Lewis (LEW) and Sprague-Dawley (SD) rats are resistant to 

deveIoping autoitnmunity with peniciUamine (Donker AJ. et ai 1984). The differences in 

suscepti'bility to penicillamine-induced lupus in these rat strains codd be due to polymorphism of 

the MHC genes. A straindependent Th ceii activation and IgE production has been shown in 

these animals with BN rats dassified as high, but LEW and SD are low IgE responders 

(Goldman M. et al 1991). In addition, in vitro characterization of iFN-y gene expression and 

secretion demoustrated differences between these rat strains. BN rats are known as low IFN-y 

producers, while LEW and SD rats are classified as high IFN-y responders (Druet P. & Pelletier 

L. 1996). These observations suggest a genetic predisposition to disease development in BN rats. 

However, BN rats initially receiving 5 mg of penicillamine per day (for four weeks) and 

subsequently 20 and 50 mg per day (for several weeks) do not develop the autoimmune disease. 

It appears that in these rats an initial, relatively low dosage of the h g  induces tolerance to a 

dosage that otherwise would have been fatal (Donker A.J. et al 1984). 

To compare penicillamine- and mercuric chloride-assoçiated Lupus, another group of 

investigators reproduced and evaluated the penidlamine-induced lupus animai mode1 in more 

detail (Tornade H. et ai 1990). TheK findings in this experiment confirmed the previously 

reported results with regard to: 

Inducibility of the hg-related lupus in BN rats with a high incidence after treating animals 

for a relatively short period of time with 20 mg of penicillamine per &y. 

Reproducibility of the hg-associated autoimmune disease in this experimental model. 

Lack of requirement for an immune stimulator (adjuvant) for the developrnent of the h g -  

induced lupus in this animal mode!. 

PenicUamine-induced hpus in BN rats can be termed idiosyncratic due to the following 

characteristics: 

It is not induced in al1 BN rats treated wiih penicillamine (the incidence of the development 

of lupus in BN rats is about 60% when the animals are treated with 20 mglday of 

penicillamhe for 8 weeks), and it is not possibIe to predict which BN rat wiii deveIop the 

lupus &et treatment with penicillamine. 



It is not induced in other si..- of rats, such as Sprague-Dawley or Lewis, with any dose of 

penicüiamine. 

The mechanism of induction of lupus by penicillamine in BN rats is not known. 

Thus, this experimental model is considered a representative model of hg-induced 

idiosyncratic reactions- In general, not many good animai models exist for hg-induced 

idiosyncratic responses. From a limited number of the available animai models of hg-induced 

idiosyncratic reactions, penicillamine-induced lupus in BN rats seems to be unique because of 

the following features: 

The h g  @niciilamine) induces the idiosyncratic reaction (lupus) in susceptible animals 

(BN rats) with a high incidence (60%) and in a relativeiy short period of tirne (8 weeks). 

The mode1 is reproducible both in the way it is induced and in the clinicai features 

rnanifested. 

The animals exhibit clinical (rash, weight loss) and immunological features (ANA) analogous 

CO the adverse reaction induced in some humans. 

The usefulness of an animai mode1 depends on how closeIy it resembIes the disease to 

which it is compared. RareIy does a model show ail the clinical, morphological, biochemical and 

functionai features of the specific disease entity they resemble, yet they may still contribute 

significantly to a better understanding of the adverse reaction induced in humans. in respect to 

peniciliamine-induced lupus in BN rats, it should be emphasized that although many of the 

features of this syndrome in BN rats are similar to the syndrome induced by penicillamine in 

humans, these two syndromes may not be exactly the same. in fact, not al1 haman idiosyncratic 

teactions to a specific dmg are the same and penicillamine-induced lupus in the BN rat is Uely 

to involve a mechanism very simiiar to sorne human idiosyncratic drug reactions. 

The existence of the above animal model, which closely resembles the adverse reaction 

that occurs in some humans treated with the same drug, offers an excelient opportunity to explore 

the mechanisms operative in hg-induced lupus idiosyncratic reaction. We have used this 

animal model to study the factors that may iduence the incidence and severity of the 

penicillamine-induced lupus idiosyncratic reaction. 



1.9 Therapeatic strategies and new approaches to inhibit drug-induceà 

idiosyncratic reactions 

The immune response, whether autoreactive or no4 is initiated by an antigen presenting 

ceii (APC) offering a peptide (either foreign or of seif-origin) through its class II: major 

histocompatibility complex molecules (MHC-II) to a T helper ce11 (Th) receptor. if the T ceii 

receptor (TCR) has specificity for both seIf-MHC and the specific peptide presented, and dso 

receives the necessary second signai, the T ce11 will proliferate and differentiate into effector cells 

and actively participate in the immune respoase. Theoreticaily, interference with any one of the 

above interactions should intenvpt the immune response (Fig. 1-7). 

The pathogenesis of an autoimmune disease, such as lupus, is a complicated process that 

involves recognition of specific antigen(s), T ce11 activation, release of numerous cytokines, and 

the production of effector molecule(s), which, in m, leads to target tissue damage. dysfunction 

and the development of clinical illness. interruption of any step in such a process could serve as 

a target for clinical intervention. 

1.9.1 Blocking of class ïï MHC 

Removal or blocking of class iI MHC on APCs should resuit in their inability to ptesent 

peptide to the K R .  This can be achieved in vin0 by using class II-specitic monuclonal 

antibodies. However, if such antibodies could recognize aii cIass II molecules, they wodd block 

al1 antigen presentation and have an undesirable non-specific immunosuppressive effect. As 

most individuals are heterozygous at each class iI locus and as we ail have multiple class II loci, 

a more logical approach wouid be to use oniy highIy-specific monoclonai antibodies to a specific 

type of class 11 molecule, which is known to be associateci with a particular disease. 

Limited experimental work bas ben performed in animais in which class II monoclonal 

antiidies have been administered. Any beneficid effèct of such treatment would be dependent 

on continuous administration and it seems uniikely that such matment offers a viable option. 
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Fig. 1-7. Immune interactions and novel approaches to inhibit unwanted 
immune-mediated reactions. 



1.9.2 Peptide therapy 

A second possibility for therapeutic intervention is at the Ievel of peptide binding to the 

class II molecule. if presentarion of auto-antigen by a specifiç, HLA-associated molecule is an 

important component of the disease process, the administration of an altemative peptide with 

high affinity for the class II antigen presenting groove should displace and block the auto- 

antigen. There is considerable evidence that class II molecules cm bind most peptides. 

However, some peptides have a high affinity for specific HLA molecules. if such a peptide could 

be found, which is aIso non-toxic, its use as a blocking agent codd have grrat benefit (Adorini L. 

& Nagy Z.A. 1990). For example, in the EAE model, a peptide with high affXty for the MHC 

class II molecule LAU was sbown to prevent induction of EAE. It is iikely that this blocking 

peptide inhibited disease by cornpetitive bindiig, as it was not immunogenic itself. 

1.93 Manipulation of T eeii recognition and tolerance 

Manipulation of T ce11 recognition and tolerance may be induced specifically through 

procedures, such as T ce11 vaccination and induction of oral tolerance, or non-specifically by 

administration of monoclonal antibodies to T ce11 sirrface ceceptors. 

1.9.3.1 T ce11 vaccinarion 

T ceIl vaccination refers to the use of autoimmune T cells as vaccines to induce specific 

irnrnunity to the T cells responsible for the disease. The effecùveness of T ceil vaccination to 

confer resistance has k e n  demonstrateci in a number of animal models of autoimmune diseases 

including adjuvant arthntis, experimental autoimmune thyroiditis and type il coilagen arthritis 

(Thompson H.S.G. & Staines N.A. 1991). The protection induced by T ceU vaccination is 

specsc and can ody be induced by activated ceus. Resting cells d l  neither passively transfer 

the disease nor confer resistance. This resistance is thought to be due to the generation of anti- 

idiotypic suppressor T cells. 

Several clinical triais in humans are now under way. One such triai in RA uses T 

lymphocytes from synovial fluïd exudates, expanded in vitro and then irradiated, to vaccinate 

patients fiohse A.W. & Cohen IR. 1990). 



1.9.3.2 OraIEv inaUced tolerance to aut0-anh'gen.s 

The main interface between the immune response and extemai antigens is at the ievel of 

mucosaI surfaces, such as gut. The gut encounters the iargest challenge with ingestion of food 

and bacteriai antigens. However, these antigens rarely immunize and this route of administration 

of antigens d y  induces oral tolerance. This observation provided the bais for experiments 

wbere auto-antigens were given oraiiy and the effects on disease outcorne were measured. 

Feeding either rats or mice with soIubIe type II cohgen before giving the usual parenterai 

arthritogenic challenge of type II collagen had a significatlt effect (Thompson H.S.G. & Staines 

NA, 1991). Fewer animais deveIoped the arthritis and, in those animais that the disease was 

induced, the onset was delayed. Similarly in a rat mode1 for EAE, oral administration of myeIin 

basic protein (MBP) before giving a standard MBP encephalitogenic challenge reduces both the 

incidence and severity of EAE. This phenornenon is specific, as feeding anirnals with an 

irretevant antigen confers no protection in these animal models. 

Evidence fiom an animal modei of muitiple sclerosis, chronic relapshg experimentd 

dlergic encephalomyelitis, has provided some encouragement for considering oral tolerance 

induction as a treatment in humans. Guinea pigs aiready suffering h m  this condition benefit 

considerably h m  MBP given orally, with the frequency and severity of subsequent relapses 

being diminished. This approach is now being evduated in clinicai trials. MBP is king 

administered oraIly to multiple sclerosis patients. in addition, type U collagen is k ing  given in 

capsule form as a treatment for RA. 

1.9.4 T celi monoclonal antibodies 

Another approach may corne fiom using monocIonaI antibodies to T ce11 d a c e  markers 

and receptors. Such antibodies have been used in bone marrow and rend transplantation 

patients, and clinical trials of their efficacy in certain autoimmune diseases are under way. 

A n t i i e s  to a number of T ce11 d a c e  components may have therapeutic potentid. These 

include CD4, CDS, CD7, the IL-2 receptor and the T cell receptor (dB or y/6 dimer) (Cooke A. 

& Wraith D.C. 1993). 



Many of these antibodies tix complement and the reduction or removal of celis by 

cytotoxicity is likely. This strategy is aiso Likety to lead to undesirable generalized 

ùnmunosuppression, 

1.9.5 Manipuiation of T Eelper ceU subsets 

The immune system employs a highiy complex mechanism designed ite to genera 

responses to protect us against a variety of foreign pathogens while at the same time preventing 

responses against self antigens. In addition to deciding whether to respond, the immune system 

must also choose appropriate effector fimctions to deai with each pathogen. A ce11 critical in 

mediating and tegulating these effector Fmctions is the CD4+ T cell. Furthemore, it is the 

elaboration of specific cytokines f?om CD4+ T cells that appears to be the major mechanism by 

which they mediate their functions, Thus, characterizing the types of cytokines made by CD4+ T 

cells, as well as how their secretion is controlled is extremely important in understanding how the 

immune response is regulated. 

Until 1986, aithough it was recognized that cytokines, such as interleukin-2 (a-2), drove 

cellular immune responses and that (IL-4) infiuenced mtibody production, the events controlling 

which cytokine was selected by the immune system for a particth immune response remained 

obscure. The breakthrough came when Mosmann et al. fmt described two polarized sets of 

mouse T helper cells (Th1 and ïh2) with distinct cytokine secretion pattern (Fig.l-8) (Mosmann 

TR. et ai 1986). Subsequently described in humans and other species, Th1 cells secreted IL-2, 

interferon-y (EN-y) and tumor necrosis factor-B (TNF-P) and promoted cellular immune 

responses. Th2 cells secreted IL-4, IL-5, IL-6 and IL-IO and promoted B ceU proliferation and 

antibody secretion. This new way of thinking was a great advance in understanding the controI 

of immune responses. 

It was also discovered ihat Th1 and Th2 cells cross-regulate each other's developrnent, 

which provides a rnechanisrn for regdation of immune reqonses (Reiner S.L. 2001). For 

example, iFN-y, which is a product of Th1 ceus, inhibits Th2 celi proliferation (Zhang Y. et ai 

2001). On the other hand, IL-4 and IL-10, which are products of Th2 cells, cm d o m g d a t e  

Th1 ce11 responses (Boothby M. et al 2001). This interplay can result in a predominance of Th1 





or Th2 ceus foilowing preferential stimulation of a particular Th subset. Strong celi-mediated 

immuaity and ofien only a weak humorai response characterize the Th1 responses. In contrast, 

Th2 responses are usually associated with high titer antibody responses, but poor delayed-type 

hypersensitivity reactions. 

During the course of an immune response, different immunoglobulin isotypes are also 

expressed. Initidly, IgM is secreted and IgG levels subsequently increase. It has k e n  shown 

that cytokines derived fiom T cells play a critical role in isotype switching. Thus, L-5, a product 

of Th2 cells, allows B cells to switch f?om IgM to IgGl secretion. Higher doses of iL-4 and 

more pmlonged stimulation results in switching fiom IgGlto IgE. in contrast, W y ,  a product 

of Th1 ceus, is associated with switching fiom IgM to IgG2a. Thus, stimulation of Thl or Th2 

ceIls may k expected to cesuit in expression of different imrnunoglobulin classes and isotypes. 

The isotype pattern induced during an infection or following irnmunization is a clue as to which 

Th subset bas become more prominent. For example, predominant IgGl or 1gE levels wodd 

suggest Th2 ce11 expansion, whereas predominance of IgG2a would imply more pronounced 

recnritment of Th1 cells. 

The factors responsible for the ï h  ce11 differentiation into a predominantly Th1 or Th2 

profile has been extensively investigated. Both environmental and genetic factors influence the 

Th1 or Th2 differentiation. The tendency to produce Th1 or Th2 responses to an antigen is 

detemined, in part, by the genetic makeup of the host. However, scientists have k e n  trying to 

determine Hmat other factors may be involved in the induction of Th1 or Th2 responses. At least 

three different environmental factors seem to intluence differentiation of Th cells. These factors 

are 1) avdability of cytokines in the microenvironment of the responding Th celis (Fig.1-91, 2) 

antigen quantity and 3) the type of CO-stimulatory signai that Th cells receive h m  adgen 

presenting cells. 

1.9.5- 1 Cytokines 

The abi ty  of a T ceU to respond to both autocrine and exogenous cytokines depends on 

the ability to ny la te  expression of specific receptors. Precuïsors of Tb ceUs (Tho) express 

receptors for IL-2, iL4 (Rocken M. et al 1992) and IFN-y (Bach EA. et al 1995). but do not 

express IL-12 receptors until activated. Thus Th0 cens can respond to the principal players in 

both Th1 and Th2 development. iFN-y and IL-4 have direct effects on each d e r ,  down- 





regulating each other's receptors and expression, However, wMe iL-4 directiy down regdates 

IL-12 receptors, IL-12 has no direct effect on L-4, working only via EN-y (Nakamura T. et al 

1997). IL-12 is produced by APC and directly affects the T ceus. Thus, ZIL-12 is produced by 

the MC, a positive feedback loop of IFN-y production results, down regulating IL-4. However, 

if IL-12 is not made by the APC, IL4 produced by the T celi wiii rapidly dom-regulate EL-12 

receptors and the T cells wili be fiee to continue to produce I L 4  This effect is ampMed by IL- 

10 production by APC, via IL-10 strongly inhibithg IL-12 (Hsieh C. S. et a l  1993). 

1.9.5.2 AnriPen auantiîy 

The initial event in T ce11 activation is ligation of the T ce11 receptor (TCR) by 

antigeriMHC complexes on the surface of an APC. The strength of signal this delivers to the T 

ce11 depends on the affinity of the TCR for the antigen, and the amount of antigen avaiIable 

(Constant S.L. & Bottomly K. 1997). The resuits obtained fiom a study in which a range of 

peptide antigens was used to investigate the role of antigen in Th ce11 difierentiation pattern 

demonstrate that the nature and abundance of an antigen does influence Th differentiation toward 

Th1 or Th2 (Constant S.L. & Bottomly K. 1997). la general, small quantities or low aftinity of 

antigen for TCRMHC, which results in less stimulation for T cells, has been thought to favor 

Th2 responses, whiIe high a f i t y  and abundance of antigen favors Th1 responses. Exactly why 

the degree of stimulation affects polarkation between Th1 and Th2 responses is not clear yet. It 

has been hypothesized that low levels of antigen drive IL4 production, whiie high levels may 

drive IFN-y production (Rogers P.R. & CroR M. 1999). 

1 .933  Co-stimularorv and d a c e  molecules 

As discussed before, IL-12 and IL-IO produced by M C  are crucial in driving T'hl and 

Th2 tespouses, respectively, but CO-stimulation by surface molecules is aiso essential. Model 

systems studying individuai CO-stimulatory molecules have shown that ligation of the inducible 

CO-stimulator (ICOS) molecuie on T cells stimulates IL-10 production (Huttoff A. et al 1999). 

CD40 Ligand wiii induce IL-12 production by dendritic cells (Shu U. et al 1995). Ligation of 

CD28 on T cells by CD80 (B7-1) can induce either a Th1 or Th2 response, whereas CD86 (B7-2) 

ligation of CD28 preferentially induces a Th2 response (Freeman G J. et al 1995; RuIifson LC. et 

a1 1997). Also, LFA-1/ICAM family tigation on T cells tends to favor Thl cesponses (Rogers 

P K  & Cmfl M. 2000). 



1.9.5.4 Auulicalion of Thl and Th2 resoonses fo rirevent diffèrent immune-medi~red disorders 

In experimentai models, a number of diseases can be prevented by switching immune 

responses h m  Th1 to Th2 or fiom Th2 to Th1 (Nicolson B.N. & Kuchroo V. 1996). For 

example, In experimental autoimmune encephalomyelitis (EAE) induced by the transfer of 

centrai nervous system (CNS) antigen-specific T cells, pathogenic T cells have universally been 

found to be of a Th1 phenotype (luppi P. et ai 1995). Th1 celis also appear to be involved in the 

early and late phases of diabetes development in the nonobese diabetic (NûD) mice, a 

spontaneous rnodel for human type 1 diabetes (Luppi P. et ai 1995). It has k e n  shown that the 

mechanisms that activate Th2 cells and induce the secretion of a dominant Th2 cytokine pattern 

prevent the development of EAE and the progression of diabetes in diabetic animals (Luppi P. et 

ai 1995). 

Experimental autoimmune uveoretinitis (EAU) is an ocuiar autoimmune disease that cm 

be induced in Lewis rats by a singie imunization with the soluble retinal antigen (Saoudi A. et 

ai 1993). EAU, which is a Thl-dependent autoimmune disease, cm be prevented by in vivo 

matment with monoclonal antibodies against IFN-y or IL-2 receptor (Saoudi A. et al 1993). 

Experimental Leishmania major infections in different moue strains induce either a Th1 

or a Th2 respome. Mice that can generate Thl-type immunity in response to Uifection clear the 

organism (resistant), whereas mice that generate Th2 responses succumb to lethal Leishmania 

infections (susceptiile). Many of the Iesions in the mice that die are due to the inappropriate 

actions of the immune system itself rather than to direct effects of the infectious organism. Anti- 

iFN-y antibody administered at the time of Leishmania infection aitered the Th1 profile of 

resistant mice to a Th7 profile and made those mice susceptible to the infection. In contrast, 

Early treatment of susceptible mice with anti-tL-4 antibodies resulted in inhibition of the 

nonprotective Th2 response and establishment of a protective Th1 population (Coffman R.L. et 

ai 1991). 

Thus, manipdation of the Thl/Thî balance may provide new approaches for the specific 

treatment of a wide range of immune-mediated disorders. 



Chapter 2 

Effect of Poly I:C, Misoprostol and Recombinant n t  interferon-y on 

the Clinical Outcome of Peniciliamine-Induced Lupus in Brown 

Norway Rats 



2.1 Abstract 

Idiosyncratic drug reactiom appear to be immune-mediated. Immune responses are driven by 

helper T celis (Th); Th1 responses promote cell-mediated immunity whereas Th2 responses drive 

antibody-mediated reactions. Th1 cytokines inhibit Th2 responses and Th2 cytokines inhiiit Th1 

responses; thedore, it may be possible to prevent idiosyncratic h g  reactions by changing the 

THlITh2 cytokine bahce. We tested this hypothesis in an animal mode1 in which penicillamine 

causes a lupus-like syndrome in Brown Norway rats. This syndrome has the hallmarks of a Th2- 

mediated response, and we tried to inhibit it with a polymer of inosine and cytosine (poly I:C), a 

Th1 cytokine-inducer. However, we found that a single dose of poly I:C, given at the onset of 

penicillamine treatment, significantly increased both the incidence (100% vs 60%) and 

accelerated the omet (30 f 4 vs 39 t 5 days) of penicillamine-induced lupus when compared 

with controls. To d e  out other effects of poly 1:C that might overshadow the induction of Thl 

cytokines, we directiy tested the effects of the prototypic Th1 cytokine. interferon-y. Although 

not as dramatic, interferon-y-pretreatment also appeared to make the syndrome worse. 

Conversely, when we used misoprostol, a prostaglandin-E analog that inhibits Th1 cytokines, it 

completely protected the animais. Just one dose of misoprostol prior to initiation of 

penicillamine treatment was sufficient to provide this protection. These results, although 

dramatic, suggest that the effects of these agents were not mediated by theu effects on T h l m  

balance but rather by some other mechanism, possibly by effects on macrophage activation. 



2.2 Introduction 

Most idiosyncratic dmg reactions have characteristics, such as a delay between starting 

the drug and the onset of the teaction, that suggest they are mediated by the immune system (Park 

B. K. et ai 1998). Some idiosyncratic reactions, such as dnig-induced lupus, which is an 

autoimmune syndrome, are clearly immune-mediated. Immune reactions are believed to require 

T helper (Th) cells. in recent years it has been proposed that immune-mediated reactions involve 

a balance between T helper ceIl subtypes, namely Th1 and Th2, which are characterized by their 

pattern of cytokine secretion (Mosmann T.R. et al 1986). Th1 cells produce iL-2, lymphotoxin 

and interféron-y (IFN-y), with INF-y king prototypic, and Th2 cells produce IL-4, IL-5, IL-6, IL- 

9, iL-10 and IL-13, with IL-4 king prototypic (Mosmann T.R. & Sad S. 1996). in general, Th2 

ceils drive a humoral (antibody-mediated) immune response, whereas Tb1 cells are involved in 

the induction of cytotoxic T cell-mediated responses. The major stimulus for the induction of a 

Th1 response is L-12 produced mainly by antigen presenting cells (Werner C.A. et al 1996). 

The factors involved in the induction of a Th2 response are less clear because the major cytokine 

responsible is IL-4, but the major source of iL-4 is Th2 cells. it may be that the initial L-4 to 

induce a Th2 response comes h m  mast cells and basophils or a CD4' NICI* T ce11 subset 

(Mosmann T.R. & Sad S. 1996). Altematively. macrophagederived IL-6 may be the stimulus 

for iL-4 production (Rincon M. & Flavell R.A. 1997). The cytokines produced by each subset 

are bdieved to act as their own autocrine growth factors, but they cross-regulate and inhiiit the 

other subset's development and tùnction (Morel P.A. & ûriss T.B. 1998; Nakamura T. et al 

1997). At least in clones of T cells, the cells become irreversibly cornmitted to either a Th1 or 

Th2 phenotype, and this cornmitment appears to be determined in the 6rst 48 h after antigen 

stimulation (Morel PA. & Oriss T.B. 1998). This mode1 of cross-regdation has been 

successfiüly applied to explain a number of immune phenomena in vivo (Paul W.E. & Seder 

RA. 1994, Romagnani S. 1994; Sher A. & Coffman RL. 1992), although Th1 cells have been 

reported to proMerate in response to IL-4 under certain conditions (ûriss T.B. et al 1999). Thus 

it should be possible to iduence an immune response by altering the balance of T h l m  

cytokines, especiaIIy earIy in the response, and such a strategy might be usefiil for the prevention 

and/or treatment of immune-mediated reactions. 



The characteristics of idiopathic lupus in humans suggest that it is a Tiû-dnven d o n .  

A halimark of lupus is autoantibodies, particularly antinuclear antibodies, which could be due to 

activation of autoreactive B cells by Th2 cells. in addition, it has been reported that patients 

with lupus have greater numbers of lymphocytes that produce IL-4 and LI0 and decreased 

numbers that produce L-2 and IFN-y (Funauchi M. et ai 1998). Furthemore, patients with 

recent onset lupus had decreased production of IL-12 and an increase in production of IL-IO 

(Horwitz D.A. et al 1998; Liu T.F. & Jones B.M. 1998). Drugs, such as procainarnide, 

hydralazine and penicillamine, cause a lupus-like syndrome in humans (Enzenauer RJ. et al 

1990; Harkcom T.M. et al 1978; Uetrecht 1997). in addition to lupus, penicillamine is known to 

induce a range of autoimmune idiosyncratic reactions, such as myasthenia gravis and pemphigw 

(Jaf5e 1. A. 1979; Jaf5e I.A. 1981). 

Animal models of cimg reactions in which a drug has been obsewed to cause a simiIar 

idiosyncratic reaction in an animai species as it does in humans are rare, but penicillamine aiso 

causes a Iupus-like syndrome in rats (Donker A.J. et ai 1984). The reaction is idiosyncratic in 

that it appears to be specific for Brown Norway (BN) rats and does not occur in Lewis or Sprague 

DawIey rats. It is aiso idiosyncratic in that it only occurs in about 60% of the BN rats that are 

treated. The syndrome of penicillamine-induced lupus in BN rats is characterized by antinuclear 

antibodies, elevated senun IgE levels, proteinuria and immune complex glomeruionephritis, as 

weIl as clinical manifestations incIuding weight loss and rash (Tornade H. et al 1990). The 

idiosyncratic nature and many of the features of this syndrome in BN rats are similar to 

penicillarnine-induced lupus in humans. Therefore, penicillarnine-induced lupus in BN rats may 

involve a similar mechanism and provide a reasonable mode1 for the study of the mechanism of 

dmg-induced lupus and possibly other idiosyncratic drug reactions in humans. 

Peniciilamine-induced lupus in BN rats is associated with elevated levels of IgE, and the 

major determinant of IgE production is believed to be iL-4, the prototypic Th2 cytokine (Ochel 

M. et al 1991; Romagnani S. 1990). in fact, IgE levels are ofien considered an indirect measure 

of iL-4 levels (Finkelman F.D. et ai 1986). It is also known that penicillamine treatment rip- 

regulates IL-4 mRNA expression in BN rats (Qasim F. J. et al 1997). The susceptibiility of the 

BN rat appeats to be due, at least in part, to defective IFN-y synthesis in this strain (Druet P. & 

PeiIetier L. 1996). Based on these facts, it has been assumed that peniciüamine-induced lupus is 



Th2 ceii dependent (Goldman M. et ai 1991). The counter-regdatory nature of Th cytokines 

predicts that Th1 cytokines would inhibit penicflamine-induced lupus. if the baiance of 

ThlRh2 cytokines is a major determinant of the nature of an immune response, altering this 

baiance might provide a method of preventing drug-induced Iupus and other idiosyncratic drug 

reactions, We set out to test this hypothesis with penidIamine-induced lupus in the BN rnodel. 



2.3 Materials and Metbods 

Studies were performed in male BN or Lewis rats weighing 170 to 200 g obtained h m  

Harlan Sprague Dawley (Indianapolis, Di). M e r  arrival, al1 animals were housed two to a cage 

in a 12 h lighttdark cycle at 22OC. The rats were fed a standard rat chow (Agribrands, Purina 

Ca- Strathroy, ON) and alIowed tap water for a week before starting the experiments. 

2 3 3  Chemicals, Kits and Solutions 

Penicillamine was s generocs gifi fiom Merck Frosst Canada inc. (Montreal, QC). Poly- 

I:C was purchased fiom Sigma-Aldrich Canada (Oakville, ON). Misoprostol was a generous gifi 

fiom Searle (Skokie, IL). 

Recombinant rat FN-y was purchased fiom R&D Systems (Minneapolis, MN). The 

RNA extraction kit was obtained fiom Quiagen Inc. (Santa Clarita, CA). The cDNA synthesis 

kit was purchased h m  Promega (Madison, WI). The DNA purification kit was purchased fiom 

GIBCO BRL (Toronto, ON). Rumpund3 (Xylasine) and KetalinB (Ketamine) were purchased 

fiom Miles Canada Inc. (Etobicoke, ON) and MTC Pharmaceuticais (Cambridge, ON), 

respec tively. 

Poly-I:C was dissolved in cold normai saline over a period of 2 h with intermittent 

shaking, and misoprostol was diluted in normal saline immediately before injection. 

233 Treatment of rats with peniciiiamine 

Based on an average observed water intake of 56 dday/cage (28 mi/da~Irat)~ 

peniciliamine was dissolved in the drinking water of rats (based on 3 days water consumption) at 

concentrations of 120 mgl168 ml (20 mgldaylrat), 60 mgIl68 ml(l0 mgldaylrat) or 30 mgl168 ml 

(5 rng/daylrat). 



23.4 Co-treatments to modify the incidence of penicillaaiine-indu4 lupus 

Thirty BN rats were injected i.p, with poly-I:C at a dose of 10 mgkg body weight 

(DeClercq E. 198 1) on day zero of the expriment and, on the same &y, treatment was initiated 

6 t h  peniciliamine at a dose of 20, 10 or 5 mg/day in groups 1, 2 or 3, respectively (10 rats in 

each group). Another 30 BN rats h m  the same litters served as 3 groups of controls and were 

injected with 1 ml of nomai saIine and also started on penicillamine at a dose of 20, 10 or 5 

mg/day, respectively (n=10 in each group). Eight age-matched BN rats served as untreated 

controls and received only a saline injection on day 0. Ali rats were killed a few days d e r  the 

peak of the disease (showing the clinical scoring of 4 based on the Table 2-1) or 8 weeks after 

starting the experiments if an animal did not develop lupus. 

To determine the effect of poly-1:C treatment on rats that are not genetically susceptible to 

penicillamine-induced Iupus, 10 Lewis rats received a single i.p. dose of poly-I:C (10 mgkg 

body weight) at the beginning of the expriment prior to peniciliamine treatment (20 mg/day) as 

described above. Control groups of Lewis rats received either penicillamine (20 mg/day) and a 

single i.p. injection of s a h e  (10 rats) or an i,p. injection of saline alone (4 rats). Al1 rats were 

killed on week 8 of penicillarnine treatrnent. 

in another experiment, BN rats (n=10) were simiIarly treated with one dose of 

misoprostol (0.3 mgkg body weight, s.c.) and then starteci on peniciltamine at a dose of 20 

mg/day in the drinking water. Groups of control animais. 10 in each group, were treated with 

peniciiiamine alone or misoprostol alone. All of the rats were killed at the end of 8 weeks of 

peniciiiamine treatrnent. 

A group of BN rats (n=12) w m  injected s.c. once per day, with 750 units of recombinant 

rat (rr) IFN-y on days O, 1 and 2 of the experiment. Afier receiving the first injection of rriFN-y, 

the rats were started on pniciiiamine at a dose of 20 mg/day as descriùed above for 8 weeks. 

Groups of conml rats (n=12) were treated with penidamine alone or rrIFN-y alone (n=6). 



23.5 Clinid Evaluation of dmg-induccd lupus in rats 

Skin abnormalities are part of the syndrome of penicillamine-induced lupus in BN rats 

(Tornade H. et d 1990). The development of the skin lesions on BN rats afkr penicillamine 

treatment was quantifieci according to the arbitrary scale presented in Table 2-1. Rats that 

demonstrated an enhanced severity of the skin lesions &er penicillamine treatment (score 4 

based on the TabIe 2-1) were exsanguinated. 

A significant &op in body weight u s d y  foUowed the dermatoIogical signs of 

penicillamine-induced lupus (Tornade H. et ai 1990). Ai1 rats were weighed once a week fiom 

the beginning of the experiments to assess possible weight changes. 

23.6 Blood, spleen and liver collection 

At different intervais, rats fiom the test and control groups were selected and bled by 

retrosrbital puncture under light anesthesia @p. injection of 0.2 ml of a 1:l mixture of xylasine 

(20 mglml) and ketamine (20 mgtml) per rat). At the end of each experiment the rats were killed 

by cervical dislocation and their spleens were removed and stored at -80°C. The blood of each 

rat was ailowed to dot at room temperature (10 min) and the senun was separated afkr 

centrifiigation at 15,000 rpm for 5 min and stored at -20°C until tested for antibody content. At 

the beginuing of the study, blood and spleens ftom mtreated rats were also coUected for use as 

control samples and stored at -80°C. 

Livers were removed fiom animals h m  each treatment group when they were sacrificed, 

sliced and 6xed 6th 10% buffered formaiin. Embedded sections were stained with 

hematoxylin/eosin. 

The IgE immunogiobuiin Ievels in the sera of rats were determined by a sandwich ELISA 

assay as descnïd in detail elsewhere (Sapin C. et ai 1984). Briefly, plastic microtiter plates 



(Dynatec Laboratones, Alexandria, VA) were coated with 100 pl of mouse monoclonal anti-rat 

IgE (10 pg/ml; Immuuocorp, Montreal, QC) in a coating solution (50 mmoVL of Tris 

(tnsfiydroxymethyl]aminomethane) buffer, pH 7.8, containing 0.5 g/L of sodium &de) and 

incubated ovemight at 4°C. Then the plates were washed three times with phosphate-buffered 

saline (PBS) containing 1% Tween 20 (Sigma-Aldrich Canada, Oakvilie, ON) foUowed by 

incubation with 50 pl of 1% bovine serum albumin (BSA; Sigma-Aldrich Canada. Oakville, ON) 

in PBS at room temperature for 1 h. The plates were then washed three times with PBS-Tween 

and 100 pl of seridly-diluted IgE staudard (Serotec Canada, Toronto, ON) or rat sera was added 

to the wells. Standard and individual test serum samples were diluted to various extents in the 

assay b d e r  (50 mm01 of Tris soiution, pH 7.8, containing 60 g of bovine senun albumin, 0.5 

mol of KCI, 0.5 g of sodium azide, 50 ml of normal mouse serum and 5 g of Tween 20 per liter). 

The plates were incubated at room temperature for 1 h. Thereafler, they were washed 3 limes 

with PBS-Tween and then 100 pl of goat anti-rat IgE mAb (Cedarlane, Hornby, ON) diluted in 

6% BSA (1:5000) was added to each well. M e r  a one h incubation at room temperature and 

washing 3 times with PBS-tween, 100 pl of an alkaline phosphataseîonjugated donkey anti-goat 

IgG antibody diluted in 6% BSA (15000) was added to each well. Then subsequent to a one h 

incubation at room temperature, 50 pl of 1 mg/ml p-nitrophenyl phosphate (Sigma, St. Louis, 

MO) in 100 mM diethanolamine-HC1 pH 9.8 was added to each well. M e r  a 10 min incubation 

at room temperature, the color reacuon was quantified by an ELISA reader (Cybeffluor; Toronto, 

ON) at 405 m. Rat myeloma IgE was used as a standard. Regression curves were constructed 

for each plate h m  duplicate sarnples of five dilutions of known IgE concentration between 1 

and 500 ng/ml. 

23.8 Aoalysis of I L 4  and EN-y  mRNA 

Reverse transcriptase-PCR (RT-PCR) was performed as foliows: 

Total RNA was extracted h m  rat spleen (20 mg) by guanidinium isothiocyanate method 

using a kit purchased from Qiagen. RNA ievels in each sample were determined by UV 

absorbance at 260 m. An absorbance of 1 unit at 260 um (Ax0) conesponded IO 40 pg of RNA 

per ml. 



DNase digestion of the RNA preparation with RNase-&ee DNase was performed by ushg 

a kit purchased h m  GIBCO BRL Canada inc. After heat inactivation of the DNase, the puritied 

RNA was used directly for the synthesis of cDNA. 

Synthesis of the first-stranded cDNA for the above cytokines was perfomed using a kit 

purchased h m  Promega (Madison, WI). Two pg of total RNA was used for each cytokine. 

A DNA thermal cycler (Perkin Eimer 2400; Foster City, CA) was used with 45 cycles of 

denaturing (94"C, 30 sec), annealhg (57OC, 1 min) and extension (68"C, 2 min). M e r  the final 

cycle, the reactions were incubated for 7 min at 68°C and stored at 4°C. Primers of the cytokines 

were prepared by the nuckic acid synthesis unit of University of Toronto (Toronto, ON). 

Primer sequences were as folIows: 

IL-4 sense 5' -TGA TGG GTC TCA GCC CCC ACC ITG C 3' 

iL-4 antisense 5' -CTT TCA GTG TTG TGA GCG TGG ACT C 3' 

IFN-y sense 5' -ATG AGT GCT ACA CGC CGC GTC TTG G 3' 

IFN-y antisense 5' -GAG TTC ATT GAC AGC TTT GTG CTG G 3' 

p-actin sense 5' -ATG CCA TCC TGC GTC TGG ACC TGG C 3' 

P-a& adsense 5' -AGC AIT TGC GGT GCA CGA TGG AGG G 3' 

23.9 Analysis of PCR reaction products 

Aiiquots of the PCR products (5 pl h m  each sample) were anaiyzed by electrophoresis 

on a 2% agarose gel in Tris acetate EDTA b d e r  ( 10.8 g of Tris, 5.5 g botic acid, 4 ml 0.5 M 

ethylenediamine tetraacetic acid, pH 8.0 in 200 ml of distilled water). The gel was stained with 

ethidium brornide and a picture was taken under an ü V  light. Under the experimental 

conditions, the PCR product generated by iL-4 primas was between 300-400 base pairs while 

that generated by IFN-y prime= was between 400-500 base pairs and bat generated by p-actin 

primers was 600 base pairs. 



Data are presented as the mean * SD. Comparisons between 2 groups of animals were 

done using the 2-tailed Student's t-test. Comparisons between multiple groups were done using 

an andysis of variance. P values l e s  than 0.05 were considered signifÏcant. 



2.4.1 Induction of Iupus in BN rats after penicillamine treatment 

In a pilot study we reproduced and studied the penicillarnine-induced lupus model. A 

group of BN rats (n=12) was treated with 20 mg of penicillamine per &y for a period of 10 

weeks. As it has been reported (Donker A.J. et ai 1984), some of the rats in this group (n=8) 

developed early signs of skin lesions on the head and neck that became more severe with tirne 

until the animals died. in these rats a significant drop in body weight dso foiiowed the skin 

Iesions. When the disease was ailowed to nm its course, the majority of the diseased rats (6 out 

of 8) died whereas 2 severely diseased rats started to recover despite continued treatment as 

evidenced by their normai weight gain and signs of improvement in the skin tesions. The rest of 

the rats (n=4) in this group did not deveIop any signs of skin abnonnalities or weight loss despite 

continuation of penicillarnine treatment until end of the experirnent. 

The senun of the penicillaniineaeated rats contained IgG antinuclear antibodies (ANA; 

results not shown) and hi@ levels of IgE antibodies as had k e n  reported previously (Donker 

AJ. et ai 1984; Tornade H. et al 1990). 

2.4.2 Effect of poly-I:C administration on clinical manifestations of 

penicillamine-induced lupus in BN or Lewis rats 

Time of onset, incidence and severity of the skin lesions were compared between diierent 

groups of rats. Significant clifferences in both the time of onset and the severity of the lupus were 

seen in poly-1:C + penicillamine versus penicillamine onIy-treated BN rats as  illustrateci in Fig. 2- 

1. The tirne to onset of cIinicd signs was decreased h m  39 +, 5 days in @cillamine-treated 

rats to 30 + 4 days in the poty-I:C + peniciilamine-treated group. Likewise, as shown in Fig. 2-1- 

B, on day 42, five out of ten BN rais that received an injection of poly-I:C and were then treated 

with 20 mg penicilIamine/day had aiready dispIayed an enhanced form of the skin 



O No chicai sign of the disease 

1 Redness of animai's ears, feet and tail 

2 Appearance of rash on the ears and feet 

3 Spread of rash over the whole body 

4 loss of hair from rat's ears and legs and a swoiien bloody snout 

Table 2-1 Clinical scoring of peniciilamuie-induced lupus in Brown Norway rats. 

Lupus was induced in Brown Norway rats by orally administration of 20 mg of 

peniciiiamine/day/rat. The appearance of skin abnormalities in peniciliamine-treated rats 

were quantified according to the acbitrary scale presented in this Table. 



Number of rats 

Number of rats 



lesions (score 4 in Table 2-1) compared with zero out of 10 of penicillarnine-treated controls 

(Fig. 2-1-A). 

As Uustrated in Fig. 2-2, by 42 days, 10 of IO (100%) of poly-I:C + penicilIamine-treated 

rats were diseased compared with 3 out of 10 (30%) of penicillamine-treatedat controls. In 

contrast, none of the poly-1:C i- penicillamine-ûeated Lewis rats developed clinicai signs of 

penicillarnine-induced Lupus (Appendix-TabIe 1). BN rats that were treated with polyI:C alone 

did not develop lupus (Appenduc-Table 2). Nor did poly-1:C resuit in lupus in BN rats when co- 

administered with lower doses of peniciliamine (5 or IO mgldaylrat) for 56 days (Appendix- 

Table 2). 

A generai weight loss was seen dler the development of the skin abnomalities in the rats 

following peniciIlaahe treatment, As shown in Fig. 2-3, treatment with penicillamine at a dose 

of 20 mgMay did not significantly influence the body weight gain of BN rats until day 35 of post- 

treatrnent, but it did cause a decline in the body weight in some of the rats thereafter. Body 

weight los ,  however, was seen in ail BN rats that were injected with a single i.p. dose of poly- 

I:C prior to the 20 mg/day penicillamine treatment, and it started earlier (day 28 of post- 

treatment) and was more pronouncd than that of peniciliamine alone-mted rats (Fig. 2-3). 

PeniciIlamine treatment did not significantly influence body weight gain in any of the Lewis rats 

(results not shown). 

2.4.3 Effect of misoprostol administration on clinical manifestations of 

penicillamine-induced lupus in BN rats 

Administration of a single dose of misoprostol (0.3 mgkg; s.c.) in BN rats prior to 

penicilIamine treatment compIetely prevented skin lesions (Fig. 2-2) and weight Ioss (Fig, 3) 

when compared to rats who were treated with 20 mg of penicilIamine/day alone. 



2.4.4 Effect of recombinant rat IFN-y on cünical manifestations of 

penicillamine-induced lupus in BN rats 

. 
As shown in Fig, 2-4, CO-administration of rrIFN-y during the 6rst 3 days of penicillamine 

treatment appeared to decrease the mean time to the omet of clinical lupus h m  37 i 4 days in 

penicillarnine only-îreated group (n=12) to 28 k 5 days (n=12); however the difference was not 

statistically significant. Administration of the rrIFN-y did not significantly change the incidence 

of the lupus (7 out of 12 rats in the penicillamine aione-treated vs 8 out of 12 rats in the 

peniciiiamine + rrIFN-y-treated group). 

2.4.5 Serum IgE levels 

Elevation of serum IgE levels is one of the characteristic features of penicillamine- 

induced lupus in BN rats, and it is aiso indicative of a Th2 response; therefore, it was one of the 

key parameters measured in this study. The effect of these treatments on total s e m  IgE levels 

in BN rats is shown in Fig. 2-5. There was no significant IgE increase in the serum of untreated 

control anirnals (mean s e m  leve( 0.9 r 0.3 pg of IgE/ml), the poly-1:C-treated group (mean 

serum level 1 .O + 0.4 pg of 1gElr.d) or the misoprostol-treated group (mean serum leve10.8 + 0.3 

pg of IgE/ml). in contrast, the mean I SD of the senun IgE levels increased in al1 BN rats treated 

with 20 mg of penicillarnine per &y. However, there was no significant ciifference in the s e m  

IgE levels between BN rats that developed lupus and rats that did not develop the lupus afkr 

treaunent with 20 mg of penicillamine per day (Appendix-Figure 4). The inmase in IgE Ievel 

was detectable at day 14 and reached a peak vaiue during the forth week after the peniciIIamine 

treatment; IgE concentration then tended to decrease. ïhere was no increase in senmi IgE leveIs 

in BN rats treated with penicillamine at a dose of 5 rng/day (1.1 + 0.3 pg of IgE/ml) compared to 

non-treated animais. 

In BN rats treated with one dose of poly-I:C More peniciiiarnine trpatment, serum IgE 

levels showed a similar increase starting at week 2; however, the concentration of IgE was 

signifïcantly higher at day 14 (p=û.0001) and 35 @=0.000 1) when compared with those treated 
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Figure 2-2. Effect of poly I:C or misoprostol on the incidence of peniciîiamine- 

induced lupus in BN rats. 
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Groups of rats were treated with peniciüamine alone (20 mgtday; p.o.), a single dose of 

poiy 1:C (IO mgkg; i.p.) followed by penicillamine (20 mglday), or a single dose of 

misoprostol (0.3 mgkg; s.c.) foUowed by penicillamine (20 mg/day) for 56 day 

(n=IO/gmup). The total number of rats in each group that demonstrated the clinicai signs 

of the lupus were enumerated weekly. 
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Figure 2-3. Effect of poly I:C or misoprostol on the body weight gains in BN rats. 

Groups of rats were either treated with peniciilamine done (20 rng/day; n=10), a single 

dose of poly I:C (IO mgkg; n=S), a single dose of misoptostoI(300 pg/kg; n=5), a singIe 

dose of poly I:C folfowed by penicillarnine (n=IO), or a single dose of misoprostoI 

foiiowed by peniciLiamine @=IO). A group of untreated rats acted as the controi(~8). 

Aii rats were weight once a week fiom the beghnhg of the experiments and the mean f 

SD of their body weight/group/week was compared. 



with peniciliamine aione and remained high until &y 35 of the e x p e h t  as indicated in Fig. 2- 

5. The peak in average I g E  levels in this group was observed at day 35 of pst-treatment. In 

contrast, the levels of IgE in rats treated with one dose of misoprostol before initiation of 

peniciliamine treatment initially increased at day 14, but then decreased to a level lower than 

those of rats treated with penicillarnine aione at day 38 @.0003) and 35 (p=0.0001) of post- 

treatment as iiiustrated in Fig. 2-5. 

As expected, basal IgE levels were higher in BN rats (1 ug/ml) than in Lewis rats (0.3 

uglml). Unlike BN rats, following 20 mg/day penicillamine treatment, there was no increase in 

mean + SD of s e m  I g E  levels in Lewis rats (n=6) compared to non-treated animais (Appendx- 

Figure 1). 

As illustrated in Fig. 2-6, IgE levels in the serum of rats treated with both penicillamine 

and rriFN-y increased in parallel with the levels of IgE in the s e m  of penicillamine only-treated 

rats. 

2.4.6 IL4  and iF%y mRNA expression 

The increased production of IgE associated with penicillamine-induced lupus in BN rats 

suggests that Th2 cells are dominant in this syndrome, For m e r  evidence of Th2 dominance, 

we used the RT-PCR analysis to compare the expression of the Th1 cytokine (EN-y) and the Th2 

cytokine (IL-4) mRNA in spleen cells €rom BN rats. These experiments dernonstrated that 

mRNA for iFN-y cytokine was expressed in the splenmytes of al1 treated and non-treated-BN 

and -Lewis rats (Appendi-Figures 2 & 3). In contrast, IL-4 mRNA was not detected in 

untreated control BN rats (Appendix-Figure 2) or peniciUamine-treated BN rats that did not 

develop lupus (Appendix- Figure 5). However, it was detected in the BN rat spleen cells after 

development of lupus foliowing treatment with penicillamine, peniciiiamine plus rrIFN-y (Fig. 2- 

7) or penicillamine plus poly I:C (Appendix-Figure 2). 

In Lewis rats, there was no detectable level of I L 4  mRNA expression in spleen celis fier 

peniciiiamine treatment for 8 weeks (Appendix-Figure 3). 



2.4.7 Liver histology 

The liver h m  the polyI:C+penicillamine-bated rat demonstrated a number of large 

aggregates which were associated with necrosis of the contained hepatocytes. Furthemore, it 

showed diffuse portal and sinusoida1 infiltration of plasma ceUs, lymphocytes, eosinophils, 

neutrophils and macrophages. in addition, there were nwnerous large foci of granulomatous 

Iesions on the liver of this rat up to 2 mm in diameter. The histology of the liver from the 

penicillamine only-treated rat that had developed the clinical signs of the lupus showed sirnilar 

but milder changes with rare large grandomatous lesions on the liver, when compared to that of 

polyI:C+penicillamine-treated animal (Appendix-Table 3). 

Ln conhast, examination of the liver h m  the misoprostol+penicillamine-beated rat, the 

peniciUamine-treated animai without clinical signs of the lupus and the non-treated control rat 

showed rninirnai focal inflammation with no large areas of necrosis (Appendix-Table 3). 



penicillamine rrlFN + penicillamine 

Figure 2-4. Effect of recombinant rat IFN-y on the time to onset of peniciiiamine- 

induced lupus in BN rats. 

Rats were either treated with penicilIamine alone (20 mgtday; p.o.) or both recombinant 

rat interferon-gamma (dFN-y; 750 units/day/rat for 3 consecutive days at the beghning 

of the expriment; s.c.) and peniciiiamine (20 mg/day; p.o.) for 8 weeks. The d u e  for 

each group represents the mean f SD of the t h e  (days d e r  starting the experiment) at 

which the animais fkst developed signs of Iupus (score of 1 using the scaie presented in 

Table 2-1 ; n=7/group). 



- penicillamine + poly l:C - penicillamlne - misoprostol+ penicillamine - non-treated control - miroprostol * 
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Figure 2-5. Effect of treatment with poiy I:C or misoprostol on the semm IgE levels in 
penicülrrninetreated BN rats. 

Brown Norway rats were either treated wi?h penicillamine alone (20 mgiday), or a single dose of 

poly I:C or misoprostol followed by penidamine (n=lO/group). Totai senim IgE levels in BN 

rats were determinecl weekly by a sandwich ELISA assay as described in Muterials and 

Methodr. The data shown represent the mean f SD of the senmi IgE levels of rats in each group 

at each time point. 

The serum IgE Ieveis m pdy 1:C + peniciliarnine treated group were signincantIy higher (* 

p=0.0001) when compared with penicillamine-treated group. 

The serum IgE Ievels in misoprostoL+ penicrllamine-treated group were signiscantly lower (** 
p-0.0003, *** p=0.0001) compared to hose treated with peniciliarnine done. 
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Figure 2-6, Effect of recombinant rat IFN-y-treatment on serum IgE levels in 

penicillamine-treated BN rats. 

Rats were either treated with penicillamine alone (20 mg/day) or both penicillamine and 

nlFN-y (n=IUgroup), as descn'bed in Materials and Methods, for 56 days. TotaI IgE 

Ievels in the sera of rats were determined at days 14 and 28 of post-treatments by a 

sandwich El,ISA assay. The data shown are the mem + SD of the serum IgE Ievets of 

rats in each group at each t h e  point 



Figure 2-7. Effect of rrIFN-y-treatment on the expression of mRNA for IL-4 
and IFN-y in penicillamine-treated BN rats. 

Brown Noway rats treated with both penicillamine and rrIFN--1 (n= 12). The data 
shown are for a representative 3 out of 8 lupus-rats, 
Samples (2 ug) of totaI RNA extracted fiom fiozen sp teen of 3 randomly chosen 
lupus-rats were reverse transcribed into cDNA and ampIified by PCR as described 
in ~Materiafs and i t led id~.  The PCR products were resolved by electrophoresis on 
a 2% agarose gel and visualized with ethidium bromide staining. Lanes 2.5 and 8 
represent I L 4  mRNA; lanes 3,6 and 9 represent IFN-y mRNA; and lanes 4,7 and 
10 represent p-actin mRNA expression. Lane 1 contains molecular mass markers. 



2.5 Discussion 

We fint used poly-I:C, a synthetic double-stranded polyribonucleotide, to stimulate 

interferons (Field A.K. et ai 1967) in an attempt to tip the baiance toward a Th1 response. 

Presumably because of its struct1,ual resemblance to double-stranded viral EWA, poly-I:C elicits 

immune responses that mimic a viral uifection and include stimulation of interferon-a (JFN-a) 

and iL-12 production by macrophages (Manetti R. et ai 1995). As mentioned in the introduction, 

IL-12 is believed to be the major determinant of a Th1 response, and IL-12 knockout rnice have 

severely impaired iFN-y production and almost completely lack the ability to generate a Th1 

response (Magram J. et ai 1996). IFN-a is also known to stimulate a Th1 response and inhibit a 

Th2 response (Finkeiman F.D. et al 199 1; Rogge L. et ai 1997; Wenner C.A. et ai 1996). In view 

of the simple Thl/Th2 mode1 with counter regdation of Th1 and Th2 cytokines, poly-I:C would 

be expected to inhibit a Th2-driven response and, therefore, inhibit penicillamine-induced lupus. 

In fact. we found that poly-I:C increased the incidence of penicillamine-induced lupus to 100% 

and it occurred earlier and was more severe than in those animals treated with peniciilamine 

alone, However, the effects of Th1 cytokines on lupus in other studies have k e n  contradictory 

and many studies have found that they exacerbate lupus. Specifically, IFN-y appears to cause an 

exacerbation of Lupus in humans (Machold K.P. & Srnolen J.S. 1990) and IFN-a therapy leads to 

a [upus-like syndrome (Wandl U.B. et ai 1992). In addition. IFN-y appezus to be required for 

lupus to occur in MRL-lpr mice (Balomenos D. et al 1998; Haas C. et al 1997). in animai 

models there is evidence that Th1 cytokines can accelerate lupus (Takahashi S. et ai 1996), but 

resuhs are not aiways consistent (Peng S. L. et ai 1997). An added complication to the 

interpretation of these resdts is the fact that the effects of poly-I:C are complex. Aithough poly- 

I:C has been reported to induce IL-12 in viiro, the effects in vivo could be different, and IFNa 

has been reported to inbiit the production of IL-12 (Biron C.A. 1998). Furthennorq the effect 

of poly-I:C is dose dependent and it can have opposite effects at different doses (SOM D.O. et al 

1998). Therefore, we tested the effect of the prototypic Th1 cytokine, FN-y, on the induction of 

lupus by peniciliamine. Although there was a trend to an earlier onset of lupus in iFN-y-treated 

animais, the effects were not signifïcant and it is difficult to interpret the d t s  because they 

might have been different with a ciiffereut schedule of iFN-y-treatment On the other hancl, EN-y 



certaidy did not decrease clinicai manifiestations of peniciüamine-induced lupus as wodd be 

expected h m  the Thl/Th2 model. Furthemore, IFN-y did not suppress the increase in IgE and 

the expression of IL-4 mRNA induced by penicillamine. 

Misoprostol is a prostoglandin-El analog that binds to the prostaglandin EP~IEPWEP~ 

receptors and inmeases T ce11 CAMP levels (Zeng L. et ai 1998). It has effects on the immune 

system very similar to those of prostaglandins El and E2 (Haynes D.R. et al 1992) but has the 

advantage that it has significant bioavailability when adrninistered orally. Prostaglandin E2 is a 

potent inhibitor of IL-12 (Van-der Pouw Kraan et al 1995) and IL-12 receptor expression (Wu C. 

Y. et al 1998). It inhibits the priming of T cells for the production of IFN-y but not IL4 (Abe N. 

et d 1997). Overall, it appears that the balance of IL-12 and prostagiandin E2 determine FN-y 

Ievels in activated Th cells (Hilkens C.M. et al 1996). In vivo, misoprostol has been show to 

suppress both chical and histoiogicai characteristics of experimental autoimmune 

encephalomyelitis, an animal model for human multiple sclerosis in Lewis rats (Reder A.T. et ai 

1994). Indeed, the beneficiai effect of misoprostol in preventing this autoimmune disease, in 

which Th1 cells are implicated in the disease process, was shown to be achieved via suppressing 

the Thl-like pathway. Therefore, using the ThIrni2 model, misoprostol would be expected to 

stimulate a Th2-driven response and increase the incidence of drug-induced lupus. Again the 

results in penicillamine-treated BN rats were the opposite those predicted by the T h l m  model. 

Although our resuIts were not those expected fiom the T h l m  model. they do fit with 

some other data on the effects of IFN-y on lupus as stated above. This suggests that, although 

penicillamine-induced Iupus in the BN rat has many characteristics of a TE-driven reaction, the 

pathogenic mechanism is more complex and both Th1 and Th2 cytokines are required for the 

reaction. Other aspects of idiosyncratic reactions are f i c u i t  to explain on the bais  of the 

ThIrni2 model. For example, reactions that appear to be mediated by cytotoxic T celIs, and 

therefore shouid be Th1 driven, are often associated with eosinophiIia, and eosinophils are 

associated with an elevation of IL-5, which is a Th2 cytokine. The resuits are aiso consistent with 

oîher observations made in idiosyncratic drug reactions in humans. For example it appears that a 

Wal i n f i o n ,  or even infiuenza vaccine, which are likely to have effects similar to poly-I:C can 

increase the risk of idiosyncratic drug reactions. Much of the work d e m g  the Thlmi2 model 

has been done in &O, and it should probably not be surprishg that in vivo the response may be 



more coinplex. Although clones of T cells are irreversibIy committed to either a Th1 or Th2 

phenotype, an immune respoase can be W l y  dominated by a Th1 response and couvert to a 

Th2 response, aIthougb the reverse does not seem to occur (More1 PA. & ûriss TB. 1998). 

It is interesting to note tbat, although misoprostol compIeteIy prevented penicillamine- 

inducect lupus in îhis model, it did not prevent the initiai increase in IgE, but at 3 weeks it peaked 

and then decreased. This suggests that, although the cytokine profile is consistent with a Th2 

response. it is not Th2 cytokines that initially drive the immune response. Altemtively, it could 

be the state of activation of the antigen presenting cells that determines whether there will be an 

active immune response or tolerance, and then it is the balance of cytokines that determines the 

nature of that response. it is k n o m  that IFN-y increases the expression of MHC-II (ReveI M. 

1984). The innate immune system may also play a d e  in the induction of an immune response 

(Fearon D.T. & Locksiey R.M. 1996; Medzhitov R. & janeway C.A. Jr. t997), and IL12 

increases NK ceIl cytotoxicity (Caspi ILR, 1998) and nitric oxide (NO) production (Huang F.P. 

et al 1996). 

Genetics obviously plays an important mie since lupus could not be induced in Lewis rats 

even in the presence of poly-IC. BN rats appear to be predisposed to a Th2 respnse, but it must 

dso be acknowledged that Lewis rats did not develop an obvious Th1 type of response to 

j~enicilIamine. 

Although the r e d t s  do not fit the ThIlTh2 model, they were drarnatic. For example, 

misoprostol has a short biological haif-life, and yet one relativeiy srnail dose admiaistered just 

before starting the penicillmine treatment comptetely prevented penicillamine-induced lupus 

that wodd have othenvise occurred about 4 weeks later. Although it is impossible to extrapolate 

with confidence fiom these results in penicillamine-induced lupus in BN rats to humans with 

other idiosyncratic h g  reactions, if these agents had simitar effects in idiosyncratic dnig 

reactions in humans, it rnight &e possible to use an agent like misoprostol to prevent or treat 

some idiosyncratic drug d o m .  in most cases the incidence of an idiosyndc h g  reaction 

is so Iow that it would not be practicai to use an agent, even as safe as misoprostol, in everyone 

to prevent a rare idiosyncraric teaction to a dnig. However, in some subsets of a population 

where the risk is higher, such as patients with a past history of a reaction to a particdar drug or in 

patients with AIDS who have a very high incidence of idiosyncratic reactions to certain h g s ,  it 



might be feasible. It will be difiïcult to test the abiliîy of agents, such as misopmstol, to prevent 

idiosyncratic dmg reactions in other animal models because of the Iack of such models; 

therefore, it may be necessary to perform iÜrîher tests in patients where the risk vs. benefit of a 

drug favors a trid of the drug even though the risk of an adverse reaction is high. 



Cbapter 3 

Effect of Aminoguinidine on the Incidence and Severity of 

Penicillamine-lnduced Lupus in Brown Norway Rats 



3.1 Abstract 

About 60% of Brown Norway rats (BN) develop an idiosyncratic lupus-like syndrome when 

ûeated with peniciiiamine for several weeks. Using this animai mode1 we attempted to test the 

involvement of nitric oxide in the pathogenesis of penicillarnine-induced lupus. Urine samptes 

h m  individual rats were coUected and assayed for the 24-hr nitnte excretion levels as an 

indirect measurement of in vivo nitric oxide production. In penicillamine-treated rats, the urinary 

nitrite levels increased substantiaily following the omet of the clinical syndrome and there was a 

good correlation between the increased urinary nitrite excretion and the severity of the clinicai 

manifestations of lupus. Co-treatrnent of the rats with aminoguanidine, an inhibitor of inducible 

nitric oxide synthase (LNOS), completely protected the animais fiom penicillamine-induced 

lupus. Furthemore, addition of arginine, the cofactor in NO synthesis, abrogated the protective 

effect of aminoguanidine. These results suggest that nitric oxide pIays an important mie in the 

development of penicillarnine-induced lupus in this model. individuals with HN infections aiso 

have elevated urinary nitrite levels and they also have a marked increase in the incidence of 

idiosyncratic drug reactions. This suggests that NO may aIso play a role in the pathogenesis of 

idiosyncratic drug reactions in humans, and inhiiitors of NOS might be of use in the treatment 

of such reactions. 



3.2 Introduction 

Idiosyncratic dnig reactions are a major clinicai problem (Park B.K. et ai 1987). The tenu 

wiii be used here to indicate adverse reactions that do not occur in most patients at any dose and 

do not involve known pharmacologicai properties of the drug involved. As the name implies, 

Little is known about the factors that influence whether a specific individual will have such a 

reaction to a specific drug. Such reactions have characteristics that suggest involvement of the 

immune system, but that has not k e n  proven for most reactions. We utilized an animal model, 

penicillamine-induced lupus in the Brown Norway rat, to study factors that could influence the 

incidence of such reactions. 

Penicillamine is a chelating agent that is also used to treat idammatory diseases such as 

rheumatoid arthritis (Jaffe 1. A. 1979). However, a major drawback of penicillamine therapy is 

the development of a wide range of autoimmune adverse reactions including a lupus-lie 

syndrome (Taylor KG. & Samanta A. 1992). Penicillarnine-induced lupus in humans is 

idiosyncratic, and dthough the mechanism is unknown, lupus is an autoimmune syndrome and. 

therefore, it must be immune-mediated. 

Like humans, Brown Norway (BN) rats develop a lupus-like disease when treated with 

penicillamine (Donker A.J. et al 1984). The syndrome is aiso idiosyncratic in rats in that it oaly 

occurs in BN rats, not Lewis or Sprague Dawley rats (Donker AJ. et al 1984), and even in BN 

rats only about 60% of treated animais develop the syndrome. The syndrome in rats is 

characterized by the production of antinuclear antibodies (ANA), elevated semm IgE levels, 

immune-complex glomedonephritis and ciiical maniféstations, including weight loss and a 

rash (Tornade H. et al 1990). Many of the features of this experimental model are sirnilar to 

penicillamine-induced lupus in humans. Thus, this animai model provides an opportuuity to 

study the mechanism of hg-induceci iupus and the results may be relevant to other idiosyncratic 

hg-reactions in humans. 

In a previous expriment (reported in chapter 2 of this thesis) we attempted to manipulate 

the incidence of penicillamine-induced lupus in the BN rat by altering the baiance of ThliThZ 

cytokines. Although the effects were the opposite of what we expected based on the apparent 

Th2 characteristics of this syndrome, they were noue the less dramatic. One possible explanation 



for the observed results is that, dthough the syndrome is Th2 driven, this is determined by the 

genetic predisposition of the BN rat to a Th2 response and can not be readiiy changed. I f  this is 

correct, âhe effects of the agents employed in the study (e.g. interfin-y and miçoprostol) must 

be mediated by other mechaaisms, one of which could be due to theù effects (stimulation and 

inhibition, respectively) on macrophages and other antigen presenting ceiis rather than on the 

Thl/'TU balance. lfthis hypothesis is correct, other agents that have important modulatory roles 

with respect to macrophages may also be effective at controlling this idiosyncratic reaction. One 

agent that appears to play an important role in macrophage activation is nitric oxide (NO). 

Therefore, we investigated the role of NO production and inhibition of the inducible NO synthase 

(INOS) on the devebpment of penicillamine-induced tupus in the BN rat. 



3 3  Materials and Methods 

Studies were performed in maIe Brown Norway rats weighiag 180 to 200 g obtained 

h m  Harlan Sprague Dawley (Indianapolis, IN). M e r  anival, ail animais were housed two to a 

cage in a 12 h lightldark cycle at SS°C. The rats were fed a standard rat chow (Agribrands, 

Purina Canada; Strathroy, ON) and allowed tap water for a week before starting the experirnents. 

33.2 Chernicals and solutions 

Peniciliarnine was provided as a genemus g i f t  by Merck Frosst Canada inc. (Montreal. 

QC). N4 1 -naphtyiethylene-diamine), aminoguanid'ie, sulphanilic acid and L-aginine were 

purchased from Sigma-Aldrich Canada (OakviIle, ON). Glacial acetic acid was purchased h m  

Anal& (Toronto, ON). 

3.33 Inductiun of lupus with penicillamine 

The induction of lupus by penicillamine in Brown Norway rats at a dose of 20 mg/day has 

been previoudy reported (Donker A.J. et al 1984). Based on an average obse~ed  water intake of 

28 ddayirat, jmiciUamine was dissohed in the drinking water of rats (based on 3 days water 

coosumption) at a concentration of 120 mg/168 mi (20 mg/dayirat). 

3.3.4 Animai monitoring 

Rats h m  different groups were weighed once a week h m  the beginning of the 

experiments to assess possible weight changes. From week two of the experiments, the rats were 

evaluated daily for the onset of dermatitis and the severity of the skin lesions was determined 

according to an artiitrary scale of O to 4, once a week. The severity scale consisted of: O= no sign 

of skin abnormalities; l= redness of animai's ears, feet and tail; 2= appearance of rash on the ears 



and feet; 3= spread of rash over the whole body; 4= loss of hair h m  the rat's ears and legs and a 

swo Ilen bloody snout. 

335 C~treatment with aminoguanidine andlor L-arginine 

Rats were injected i.p. with a single dose of 100 mgkg of aminoguanidine (in normal 

saline) a day prior to commencement of penicillamine treatment. In addition, ftom day one of 

the experiment, the rats drinking water was dosed with aminomdine to a finai concentration 

of 0.1% (wt/vol) to maintain a more constant level of the iNOS inhibitor. Dosage schedules 

similar to this have k e n  used and found to be nontoxic and effective for inhibiting iNOS activity 

(Griffiths M.J.D. et al 1993). 

In other experiments, both arginine and aminoguanidine, at a îkai concentration of 1% 

and 0.1% wt/voI, respectively, were added to the rat's drinking water from day one of the 

experiment. 

33.6 Measurement of NO production 

At certain time points during the experiments, 24-h urine sarnples were collected h m  

individual animals in metabolic cages and fiozen at -70°C untiI being assayed. Urine nitrite 

leveb were measured by a colorimetric assay based upon the Greiss reaction as has been 

describeci (Vander-Meide et ai 1995) with minor modi£ication. First, 1 ml of 350 &I 

ammonium chionde b a e r  (pH 9.6) was added to 100 pi of urine. Then, d e r  mixing, 2 ml of 

ûeshly prepared Gciess reagent consisting of 5 mM-suiphanilic acid; 5 mM N-(1- 

naphtylethylene-diamine; glacial acetic acid (1: 1 :3 by volume) was added to the reaction mixture. 

The opticai densities of the resuiting solutions were measured at 555 nm d e r  a IO-minute 

incubation in dirn light at room temperature. The amount of nitrite in the samples was calculated 

using a standard curve constructed with a set of known dilutions of sodium nitrite ranging fiom 2 

to 1000 plol. 



33.7 Spleem weight 

At the peak of the seventy of the clinical lupus or at the end of the experiments (day 56), 

rats were sacrificed and their spleens were removed and weighed. Spleen indices were calcuiated 

by dividing the spleen weight by the body weight as reported (Schorlemmer H.U. et al 1996). 

The value for the experimental animals was then calculated and used as the rnean spIeen index 

for the experimental group. For a better cornparison between experiments, the ratio of the mean 

spleen index of the experimentai group to the mean spleen index of the control group (relative 

spleen index) was calculated by the following formula: 

mean spleen index of experimental group 

Relative spleen index = 

mean spleen index of control group 

33.8 Statistical analysis 

Data are presented as the mean k SD. Comparisons between 2 groups of animais were 

done using the ZtaiIed Student's t-test. Comparisons between multiple gmups were done using 

analysis of variance. P values l e s  than 0.05 were considered significant. 



3.4.1 Effects of aminoguanidine on clinical manifestations of the lupus 

The appearance of a typicai rash on the head and face of BN rats d e r  several weeks of 

penicillamine therapy is an early chicaI sign of the development of [upus in these animais. As 

shown in Fig. 3-1, the administration of penicillamine (20 mg/&y/rat) in a group of BN rats for 8 

weeks induced the clinical manifestations of the lupus (clinical score of 1) in 6 out of IO animais, 

and in those rats the first clinical signs of skin lesions was observed after an average of 4 weeks 

of therapy. However, CO-administration of aminoguanidme with penicitlamhe completely 

prevented the skin abnormalities throughout the expriment. 

Another measure of illness is a decrease in the normal weight gain of the animais. Fig. 3- 

2 surnrnarizes values for the weight gain in the six groups of rats. Baseline body weights of rats 

were rneasured at the onset of the expenments and then weighed again at the end of the 

experiments before the animais were sacrificed (day 56 for rats that did not develop lupus and at 

the peak of the illness for rats with lupus). As show in Fig. 3-2, animais that developed other 

signs of lupus aiso had a significant decrease in the normal weight gain. This occurred in 6 

animais treated with penicillamine done but in none of the animais treated with the combination 

of penicillamine and aminoguanidine. 

3.4.2 Effect of aminoguanidine on urinary nitrite excretion 

The values for 24-hrs Ürinary excretion of nitrite in different groups of rats studied are 

summarized in Table 3-1. Mer treatrnent of a group of BN rats with penicillamine for several 

weeks, mean urinary output of these rats was increased regardless of whether they developed 

penicillamine-induced lupus or not. However, as indicated in Table 3-1, rats that were treated 

with peniciilamine and demonstrated early chicai signs of peniciliarnine-induceci lupus (chical 

scoring of 1 or greater) had a higher 24-h. urinary nitrite output (392 f 26) compared to that of 

rats that did not develop lupus (crinicd score of O; 179 + 13). Furthemore. the mean ininary 
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Figure 3-1. Effect of aminoguanidine and arginine on the incidence of 

penicillamine-induced lupus in Brown Norway rats 

Brown Norway rats were treated with penicillamine aione (20 mg/day), penicillamine (20 

mgkg) plus aminoguanidine (a single i.p. injection of 100 mgkg at the omet and 

addition of 0.1% wt/voI in the rat's drinking water throughout the experiment) plus L- 

arginine (1% wt/vol added to the rat's drinking water), cr penicillamine (20 rngfday) plus 

aminoguanidine (same dose as above) for 56 days (n=lO/group). The total number of rats 

in each group that developed clinicai signs of the lupus was determined weekly. 
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Figure 3-2. Effects of treatment and clinical lupus on weight gain 

The change in body weight is the weight of rats on &y 56 (for rats that did not deveIop 

lupus) or at the peak of the disease (for rats that developed lupus) minus that on day 0. 

Values are the mean f SD of the indicated number of animals per group. 

* P < 0.003 versus normal rats, by Student's t-test 



nitrite level was significantly higher (1008 + 83, P~0.003) in rats with the most sever disease 

(clinid score of 4). As shown in Table 3-1, treatment of a group of BN rats with 

aminoguauidine in addition to penicillamine resulted in a mean urinary nitrite excretion Ievel 

(228 f 35) that was not significantly different h m  that of peniciilamine-treated rats that did not 

develop Lupus (179 + 64). 

3.43 Effect of aminoguanidine on spleen weight 

Lymphocyte proMeration and spleen enlargement characterize penidamine-induced 

lupus in BN rats (Donker A.J. et ai 1984). Table 2 demonstrates the values for the mean spleen 

index of diierent groups of rats. The mean spleen index of BN rats that did not develop lupus 

after 56 days of penicillarnine treatment was not significantly increased compared to that of non- 

treated controts (0.0020 vs 0.0019). However, the mean spleen index of rats that developed 

penicillamine-induced lupus was more than two-fold higher compared to that of non-treated 

controIs (0.0040 vs 0.0019), or penicillamine-treated rats that did not develop lupus (0.0040 vs 

0.0020). Treatrnent of rats with aminoguanidine plus penicillamine prevented splenomegdy, and 

as show in Table 3-2, the mean spleen index of rats in this latter group der 56 days of 

treatment was not significantly different from that of conuol rats (0.0020 vs. 0.0019). 

3.4.4 Efferls of L-arginine on the reversal of the inhibitory effect of aminoguanidine 

In a series of experiments, peniciiiamine-treated BN rats were also treated with L-arginine 

doue, arninoguanidine alone, or aminoguanidine plus L-arginine. As shown before, treatment 

with aminoguanidine suppressed clinical as well as other parameters associateci with the 

development of peniciiiarnine-induced lupus throughout the 8-week course of the experiment. 

However, CO-treatment with L-arginine reversed the inhibitory effect of aminoguanidine on the 

development of peniciiiarnine-induced lupus. As depicted in Fig. 3-1, in contrast to 

aminoguanidine-treated group, by 56 days, 5 out of 1 O of aminoguanidine plus L-arginine-treated 

rats had developed penicillamhe-induced lupus. Moreover, a decrease in weight gain was seen 

in ai i  diseased rats in this group as shown in Fig. 3-2. Furthemore, L-aginine substantiaüy 



reverseci the inhibition of nitrite excretion produceci by aminoguimidine in a group of rats as 

shown in Table 3-1. In addition, the inhibitory effect of aminogtmidine on the enhancement of 

spleen weight by peniciiiamine was blocked as shown in Table 3-2. 



Nitrite excretion 
(nmoV2q hrs) 

148 + 16 
l79k 13 * 

392 + 26 ** 
1008 k 83 *** 

228 + 35 

Table 3-1. Effects of treatment and disease severity on urinary nitrite excretion 

A score of O to 4 ( with O = no evidence of d i s e  to 4 = most severe disease ) was assigned to 

rats based on the appearance and severity of skin lesions hduced by peniciilamine using an 

arbiîrary scale as presented in Materials and Metho&. 

24-hour urinary nitrite excretion of rats was measured by the Greiss ceaction assay. 

Values are the mean I SD. 

* P <0.003 versus n o d  rats; ** P <0.003 versus penicillamine-treated rats that did not develop 

the Iupus; *** P <0.000 1 vernis rats with the dinical score of 1, by Student's t-test. 



1 Treatment Group 1 Lupus syndrome 1 Spleen index 1 Relative spleeo 1 

Table 3-2. Effects of treatment and disease development on spleen size 

Spleen indices were determined by weighing the animals and the spleens and caicdating the 

spleen weight in relation to body weight. The ratio of the mean spleen index of the experimentd 

group to the mean spleen index of the control group has been presented as "'relative spleen 

index". 

Data presented are the mean k SD. * P < 0.0001 versus penicillamine-treated rats that did not 

develop lupus, Student's t-test. 

(n) 
Normal rats (6) 

Penicillamine (5) 
Penicillamine (6) 

PenicUamine 
+Aminoguanidine 

no 
no 
Yes 

no 

index 
0.0019 IO.0001 
0.0020 I 0.0004 
0.0040 f 0.0004* 

0.0020 I 0.000 1 

1 
1.053 
2.105 

1 .O53 



3.5 Discussion 

Our data impkate involvernent of NO in the developrnent of penicillamine-uiduced lupus 

in BN rats. First, not only did the urinaty excretion of nitrite (NO oxidation product) increase 

prior to the onset of clinical symptoms, but there was also a good correlation between the 

increased urinary nitrite excretion and the severity of the ciiical syndrome (Table 3-1). Second, 

aminoguanidine, a selective inhibitor of NOS, completely protected the rats Çom the clinical 

changes that occur in peniciliamine-induced lupus (Fig. 3-1). Third, the eEects of L-arginine, the 

cofactor for NO production, indicated that the inhibitory effect of arninoguanidine on the 

development of penicillamine-induced lupus was due to its inhibition of *NOS (Figs. 3-1 and 3-2, 

Tables 3- 1 and 3-2). 

The data reported in Table 3-1 indicate that urinary nitrite excretion of rats was 

substantially entianced upon penicillarnine treatment. This suggests that peniciflamhe induces 

nitric oxide production, presumably by activation of macrophages in these animds. 

Our observations in this study are in contrast to an earlier report that inhibition of NO 

synthase did not influence the incidence of autoimmunity induced by mercuric chloride in BN 

rats (Woolfson RG. et al 1995). However, our resuIts on the elevated NO production in the 

lupus rats are in accord with those obtained in human studies. Several human studies have 

examined the role of NO in autoimmune diseases. in those studies, patients with lupus had 

elevated s e m  NO leveis when compared to hedthy controls (Gilkeson G.S. et al  iI 996: Miesel 

R. & Zuber M. 1993). Furthemore, rend biopsy specimens fiorn individuds with immune 

complex glomedonephritis had enhanceci immunostainhg for NOS cornpared to those fiom 

controls (Kashem A. et al 1996). 

We used penicillarnine-induced lupus in the BN rat as a mode1 because this is one of the 

very few animal models of an idiosyncratic drug reactioa, and it also shares many features with 

the sirnilar idiosyncratic reaction that occurs in humans. However, the mechanisms of other 

idiosyncratic dmg teactions could be very dif3erent h m  those responsible for penicillamine- 

induced tupus and our hdings in this mode1 may not extrapolate to other such reactions. One 

piece of cItnicai data that suggests that NO may be important in the induction of other 



idiosyncratic dmg reactions is that patients infécted with HIV have a markedIy elevated risk of 

idiosyncratic reactions to a wide range of dmgs (Greenberger PA. & Patterson R 1987) and they 

also have elevated urinary and semm nitrite (Baideweg T. et ai 1996; Groeneveld PH. et ai 1996; 

Torre D. & Ferario G. 1996) even though they are otherwise immunosuppressed. It would be 

reasonable to measure urinary levels of nitrite in non-HIV infected patients with severe 

idiosyncratic dnig reactions to determine if increased NO synthesis is a general feature of 

idiosyncratic drug reactions. There are many different types of idiosyncratic drug reactions, and 

it may be that ody specific types of reactions are associated with elevated NO levels. if 

elevation of urinary nitrite levels is found to be characteristic of specific types of idiosyncratic 

dmg reactions, it would be reasonable to attempt to mat severe idiosyncratic dmg reactions 

associated wiih increstsed NO synthesis with agents known to inhibit SIOS. 



Chapter 4 

Summary and discussion 



4.1 Summary and discussion 

The d t s  obtained fiom the studies reported in this thesis can be summarized as 

follows. 

First, in this animal model, the idiosyncratic response that is observed in some rats der 

matment with a higher dose of penicillamine (20 mg/day) has the capacity to be influenced 

by the extemal factors. 

Second, using this experirnental model, it might be possible to predict the potential risk and 

beneficial factors for the development of penicillarnine-induced lupus in BN rats. 

Third, poly 1:C and misoprostol were shown to effectively manipulate the incidence and 

severity of penicillamine-induced idiosyncratic reaction in this animai model in a positive 

and negative rnanner, respectively. However, the manipulatory effects of poly I:C and 

misoprostol on the development of the syndrome in the rats do not seem to correlate with the 

capacity of these agents to influence the ThIrni2 cytokine balance. 

The serological characteristics of penicillamine-induced lupus in BN rats suggest that this 

idiosyncratic dmg reaction is a Th2-driven immune response. Based on the counter regdatory 

nature of the Th1 and Th2 cytokines, it wouid be expected that poly 1:C would inhibit 

penicillamine-induced autoimmunity by stimulating Th1 cytokines, which should inhibit Th2 

cytokines. We observed a potentiation of both the syndrome and Th2 cytokines. Therefore, the 

hypothesis that cbanging the Thl/Th2 balance could be used to prevent the response was never 

reaily tested because Th2 cytokines were increased rather than decreased. Likewise. misoprostol, 

which was expected to inhibit Th1 cytokines and induce Th2 cytokines did not appear to induce 

Th2 cytokines. Therefore, either these agents did not have the effects reported in the literature, or 

the counter regdatory nature of the cytokines was overwheImed by other effects. 

The resuIts obtained h m  the CO-administration of misoprostol with piciliamine in this 

experimentai model demonstrate an inhibitory role for prostaglandins on the development of 

peniciiiamine-induced lupus in BN rats. These results, on the other han& suggest that 

prostaglandin inhibitors, such as non-steroidaI anti-infiammatory drugs (NSAIDs), may 

potentiate the development andlor severity of this drug-induced idiosyncratic reaction in rats. 



The therapeutical effects of NSAlDs are mediated primarily through inhibition of 

cyclooxygenase (COX) enzyme and prevention of subsequent formation of prostagiandins and 

related inflammatory mediators involved in pain and inflammation (Stiles D.P. et ai 1990). 

There are two isofom of the COX enzyme, COX-1 and COX-2 (Crawford L.J. 1997). COX-t 

is a constitutive enzyme present in many tissues, including the stomach, kidneys, and platelets. 

This isoform is responsible for the production of prostaglandins involved in general "house- 

keeping" activities, such as the maintenance of gastric mucosal integrity, vascular hemostasis and 

tegulatior. of rend blood flow. in contrast, COX-2 is predominantly an inducible enzyme at sites 

of infiammation. Expression of COX-2 is nearly undetectable in normal tissues, but it is 

upregulated in response to infiamatory stimuli, such as cytokines and bacterid 

lipopolysaccharides (Crawford L.J. 1997). 

Conventional NSAlDs inhibit both COX-1 and COX-2 enzymes. inhibition of inducible 

COX-2 is the principal anti-infiammatory mechanism of the NSAiDs. Nonspecific COX 

inhibition appears to be responsible for much of the adverse effects seen with NSAIDs. For 

example, reduced PGE-2 production in the gastrointestinal tract leads to gastritis and ulceration. 

The NSAIDs cm also cause reversible rend failure. platelet dyshction and bronchospasrn 

(Schuna A.A. & Megeff C. 2000). New generations of NSAiDs have been developed that 

qecifically inhiiit the COX-2 enzyme and, therefore, are associated with fewer side effects in 

patients. 

As a future study, it is suggested that the modulatory effects of a NSAlD dmg (Le.+ a 

COX-2 inhibitor) on the course of the idiosyncratic h g  reaction to penicillamine in BN rats be 

investigated. [fthe e f k t s  of the NSAlD dnig in the previous study were shown to be opposite to 

that have seen with misoprostol, as predicted, it would strongly suggest a regdatory role for the 

COX enzyme in the mechanism of this adverse h g  reaction. Moreover, the importance of the 

COX-enzyme inhibition on the induction of this idiosyncratic dnig reaction would offer a new 

therapeutid strategy for the future management of idiosyncratic drug reactions. Furthemore. 

the preventive d e  of misoprostol in the induction of this adverse h g  reaction encourages a new 

study to investigate the potentiai therapeutic indications for the other members of the 

prosagiandin family in the prevention of idiosyncratic drug reactions. 



Fourth, the results presented in chapter t h e  of this thesis implicate involvement of NO 

production in the development and seventy of the syndrome in BN rats. 

A smaii amouut of niiric oxide is produced by vascular endothelid celis via a constitutive 

pathway that acts in a critical manner to relax smooth muscles in the cardiovascular, 

gastrointestinal and rend systems (Moncada S. & Higgs AN. 1993). On the other hand, a large 

amount of nitric oxide is synthesized by macrophages via the inducibte pathway which is 

believed to be responsible for the induction of a variety of pathologie effécts (Kolb H. & Kolb 

B.V. 1992). Excessive production of NO appears to be crucial to the initiation and maintenance 

of penicillamine-induced lupus in the BN mode1 because inhibition of NO synthesis by 

aminoguanidine abrogates the disease. NO is produced by macrophages. Macrophages perform 

many functions including synthesis of NO and prostaglandins in response to idammatory 

stimuli (Bachmann S. & Mundel P. 1994; Tetsuka T. et al 1994). Several studies suggest that 

prostaglandii and NO production play a role in the development of lupus in both humans and - 
experimentai models of Iupus. For example, aiterations in prostaglandin production have been 

reported to occur in human and murine lupus nephritis (Kelley V.E. et ai 1986; Patrono C. et al 

1985; Spumey R.F. et ai 1992). Prostaglandin E2 and prostaglandin Il, vasodilators that increase 

glomemlar filtration rate, are decreased in lupus nephritis (Yoshida T. et al 1996). On the other 

hand, when prostaglandin El was exogenously administered in murine lupus, it attenuated the 

disease progression prirnarily by systemic immune suppression (Strassmann G. et al 1994). 

Prostaglandin Jz, a recently described prostaglandin formed fiom dehydration of prostaglandin 

DZ, has k e n  shown in vitro to inhibit activation of normal rat macrophages (Ricote M. et al 

1998). Further studies demoasüated that this prostaglandin had antiptoliferative effects on 

macrophages and pmapoptotic effécts in tumor ce11 lines (Jiang C. et ai 1998; KM H.S. et al 

1996). Additional investigations indicated that prostaglandin J2 inhibiteci NO production by 

activated peritoneal macrophages derivd fiom normal rats (Ricote M. et al 1998). In another 

study it has been shown that prostaglandin Jt and E2 blocked the production of NO in LPS 

stimulated macrophages îÏom Lupus-prone MRL/lpr uiice (ReiiIy C.M. et ai 2000). 

Virai infections have b e n  shown to stimulate NO production by BOS in several ce11 

types including monocytes and macrophages (Heitmeier M.R et al 1998). The effects of poly 

I:C on macrophage expression of iNûS and production of NO have been investigated. in these 



mdies it was shown that poly I:C, aione or in combination with EWy, stimuiated nitrite 

production and NOS expression by mouse macrophages (Heitmeier M.R et al 1998). Similady, 

treatment of rat isiets with poly 1:C + IFN-y stimulated the expression of iNOS and production of 

nitrite by these cells (Heitmeier MA. et ai 1999). 

Based on the above observations, misoprostol may prevent the lupus in BN rats by 

inhiiiting macrophage activation and NO production. On the other han& po1y:IC may activate 

macrophages Ieading to an increase in the expression of costirnulatory rnolecuies and an increase 

in NO production. 

Macrophages are antigen-presenting cells and they also are one of the ce11 components of 

the h a t e  immune system. The prominent role of macrophages iri nitric oxide production and 

the involvement of nitric oxide synthesis in the development of penicillamine-induced lupus in 

BN rats suggest a role for the innate immune systern in this idiosynmtic h g  reaction, 

In generai, the immune system of higher vertebrates consists of two recognition systems: 

innate and adaptive. hunologists  have intensively studied the adaptive immune response for 

several decades. in this systern, antigens are processed and presented in association with MW-iI 

molecule to helper T cells by antigen presenting cells (APCs). These cells (T cells), in nuri, 

stimulate plasma cells to dif'ferentiate into antibody-producing B celIs or stimulate cytotoxic T 

cells that recognize the same peptide antigen in the context of MHC-I molecule. This system, 

with the aid of gene rearraugements, is able to respond to an almost idnite nurnber of antigens 

in a very specific manner. While adaptive irnrnunity occurs only in vertebtates, a11 multicellular 

organisms have sorne f o m  of innate (natural) host defense system (Fearon D.T. & Locksley 

R.M. 1996). The cells most important for an innate immune response are granulocytes, 

macrophages, NK celis and y6 T celis (Fearon D.T. & Locksley RM. 1996). innate immune 

recognition is mediated by a set of germiine encoded receptors which belong to severd distinct 

protein families (Janeway C 1992). For example. mammalian macrophages have mannose, 

lipopolysaccharide and scavenger receptors for identifj6ng components of yeast and bacteriai celi 

waik Plasma proteins, such as the complement cascade, C-ceactive protein, and the mannose- 

binding protein of the coliectin family, also recognize microbial carbohydrates (Janeway C 

1992). These ceUuIar and soluble proteins pre-exist, or are rapidly induced within hours of 

infection. They provide immediate defense against microorganisms by severd mechanisms. 



These receptors recognize conservai molecuiar patterns associateci with microbial pathogens and 

are referred to as pattem recognition receptors (PRR). Because the pathogen-associated 

molecuiar patterns (PAMP) are produced only by microbes and not by host organism, their 

recognition by receptors on the innate immune ceUs can signal the presence of pathogens. 

Triggering of the receptors on cells of the innate immune system by PAMPs can directly 

activate effector mechanisms of innate immunity, such as phagocytosis, induction of the 

synthesis of antimicrobial peptides and induction of nitric oxide synthase in macrophages. 

Additionally, PAMPs induce expression of a set of endogenous signals in the form of 

Uiflamrnatory cytokines. These signais control the recruitment of Ieukocytes to the site of 

infection, and regulate the activation of appropriate effector mechanisms, for example by 

controlling differentiation of T lymphocytes into effector cells of a particular type (Th1 or TM). 

Findly, and most importantIy, recognition of PAMPs by the receptors on cells of the imate 

immune system induces the expression of co-stimulatory moiecdes, such as B7.1 and B7.2, on 

APCs. 

The current mode of helper T ce11 (Th) activation requires two signals. Based on this 

modeI, the presentation of antigen to a Th ce11 is necessary. but not sufficient, to induce 

proliferation. This is only an initiation event. termed signal one, which occurs when the T ce11 

receptor and its co-receptors (CD4 or CD8) are Iigated, Th ce11 proliferation wilI not occur until 

an additionai costimulatory signal is received. This second signal is provided by surface ligands 

on antigen-presenting cells. The major costimulatory molecule expressed by Th cells is CD28. 

which binds to two related cell-surface moiecdes, B7-1 and B7-2, on antigen-presenting cells 

(Bluestone JA. 1995). CD2847 interactions appear to be important in the development of an 

immune response to self as well as foreign antigens. The lack of costimulation after engagement 

of the Th ce11 receptor resuIts in a lack of an immune response or tolerance. Tbis places the 

CD28/B7 pathway at a key location for controlling the immune response. 

For many years, innate immunity bas k e n  considered as a separate entity from the 

adaptive immune response and has been regarded to be of secondary importance in the hierarchy 

of immune functions. However, in recent years, evidence bas ben accumulating that the innate 

immune system may be the ultimate controller of adaptive responses. For example, Janeway 

argues that the activation of adaptive ceiis of the immune system is not hdamentally controlled 



by recognition of self versus nonself antigens through the T ceIl- and B cell-teceptors. Instead, 

he propose that innate receptors that recognize exogenous microbial molecuies govem the 

activation of immunity through the activation of moIecular and cellular innate pathways that tuni 

on T-helper CO-stimulation (Janeway C 1992; Janeway CA. Jr. 1989). 

The dependence of naive T ce11 activation on CO-stimulatory signais is thought to be a 

mecbanism that provides information for the T ce11 conceming the origin of the antigen (Janeway 

C 1992). Self-antigens, as well as environmental non-self antigens that are not of mimbiai 

origin, are not recognized by the innate immune system, and therefore do not hduce the 

expression of CO-çtimulato~ signals. These antigens, when presented by APCs, wodd not 

activate T lymphocytes. Recognition of MHCIpeptide Iigand by a T-cell receptor in the absence 

of CO-stimdation results in clonal inactivation of lymphocytes (tolerance}. In contrast, when the 

antigen is of microbial origin, it induces the expression of CO-stimulatory molecuIes on the APC 

that presents the antigen. Recognition of these antigens by specific T cells resuits in their 

activation and clonai expansion (immune ~sponse). 

in considering the emerging picture of the interplay between innate and adaptive 

responses, Matzinger has propsed that the activation of the immune system is based upon the 

discrimination between dangerou and nondangerous antigens (Matzinger P. 1994). The danger 

model that has k e n  proposed by Matinger suggests that the activation of an APC depends on 

the heaith of the cells in their neighborhood. She proposes that the defauit response of the 

immune system to antigens and haptens is tolerance, and it is "danger" rather than nonseIf that 

leads to an immune response. If a ce11 is hjmd or stresse4 it sen& activating signals to its local 

APCs, which then take up local antigens, travel to the draining lymph nodes and up-regdate the 

CO-stimulatory molecuies needed to activate T celIs. Thus, according to this model, it is the 

innate immune system, which delivers the danger signal to the cells of adaptive immune system. 

It has been proposed that the innate immune system might be Uivolved in the mechanism 

of idiosyncratic cimg reactions (Park B. K. et al 1998; Uetrecht 1997). There are seved  

examples of id iosyndc  dmg reactions with characteristics that suggest mediation by the innate 

immune system. For example, based upon published c h c a i  studies (Saffennan A.Z. et ai 1992), 

if a patient with a recent history of clozapine-induced agranuiocytosis is rechallenged with 

clozapine, it takes just as long, 6-weeks, for the onset of agranulocytosis as it did during first 



exposure. The bng lag time between reemergence of agranulocytosis upon reexposure to 

clozapine is very clülicult to reconcile with an adaptive immune response, which would be 

expected to occur much faster. However, because there are no memory cells in the innate 

immune system (Fearon D.T. & Locksley R.M. 1996), it is possible that the cells of the innate 

immune system mediate clozapine-induced agranulocytosis. There are several other examples of 

hg-induced idiosyncratic reactions that have characteristics that suggest mediation by the innate 

immune system. Some of the examples include, arnoxicillin- and ampicillin-induced skin rash in 

patients who have a viral infection. In these patients, there is usuaily a detay between starting 

the h g  and the onset of rash and it oflen does not recur if the patient is rechallenged with the 

h g .  Similar observations have been made in HIV positive patients in which the adverse 

reactions seen in these patients to sulfamethoxazole oflen do not recur on reexposure. These 

characteristics suggest that the above idiosyncratic reactions that ody occur in a context of a 

danger signal, such as a virus, may be mediated by the innate immune system. 

If this hypothesis (the innate immune system involvement in the mechanism of 

idiosyncratic dmg reactions) is correct, a study of the factors involved in the induction of 

idiosyncratic dmg reactions might make it possible to prevent, or at Ieast decrease, the risk of 

these reactions. 

There is an interesthg observation with penicillamine-induced lupus experimental mode1 

that first was reported by Donker (Donker A.J. et al 1984). If a group of BN rats are treated with 

a small dose of penicitiamine (5 mg/day) for about fou. weeks and then switched to a dose of 20 

mg/day of penicillarnine for the rest of the experiment, none of the animals develop 

penicillamine-induced lupus. This means, the lower dose (5 rng/day) subsequently protects 

aaimals fiom a dose that would normally induce lupus (20 mg/day). The mechanism of this 

hg-induced tolerance in BN rats has not been investigated, but it is likely to be important. 

There are other examples, such as nevirapine and lamomghe, where starting a drug at a low dose 

and then increasing the dose decreases the incidence of an idiosyncratic reaction (Richens A 

1994). 

There are several mechanisms for induction of tolerance, but as discussed above, a major 

mechanism appears to involve antigen presentation to T ceUs in the absence of costimuiation 

h m  APCs (second signai). ExperimentalIy it has been show that blocking CD28/B7 



interactions with specific antibodies inhibits disease progression in a variety of experirnentd 

autoimmune disease models (Khoury S J. et ai 1995). For example, when lupus-proue NZB/W 

F 1 mice were treated with antibodies to both B7-1 and i37-2 before the omet of the disease, the 

production of autoantibodies and the associateci nephritis was completely prevented (Khoury SJ. 

et ai 1995). Possible defects in the CD28B7 system in SLE patients has aiso been investigated 

(Khoury SJ. et ai 1995). These patients were found to have increased expression of the CD28 

gene compared with n o r d  individuais. 

It has been shown that blocking CD28-B7 T ceU costimulation by CTLA4- Ig in a rat 

renal allograft model induces tolerance to rat renal dlografts. immunohistologicai studies in 

these rats demonstrated that CTLA-4 Ig therapy significantly inhibited 1x0s expression in the 

intragraft macrophages (Akalin E. et ai 1996). in another study, the role of CD28-B7 

costimulation blockade by CTLA-4 Ig was studied in a rat model of chronic cardiac rejtxtion 

(Russell M.E. et ai 1996). In rats that were treated with a single dose of CTLA-4 Ig 2 days after 

transplantation, allografts survived significantly longer than in untreated controls. in this study, 

reverse transcriptase-PCR and irnrnunostaining analyses of tissue fiom CTL.A-4 Ig-treated rats 

showed significant reduction in iNOS expression (Russell M.E. et al 1996). These results 

indicate that CD28-B7 blockade inhibits NO production. 

As mentioned before, prostagtandins were show to decrease, whereas poly I:C was 

shown to increase NO production in different systems. These observations suggest that the 

inhibitory effects of some of the agents uçed in our studies, such as misoprostol and 

aminoguanidine, on the development of penicillarnine-induced lupus in BN rats might be 

mediated via inhibition of the CO-stimulatory pathways. On the other hand, poly 1:C rnight 

increase the expression of CO-stimulatory molecules, which, in tuni, could lead to T ceIl 

activation and increased production of NO. Further studies in this regard are needed to provide 

an answer to whether modiSfing the costhdatory signal (CD28B7pathway) is the molecdar 

mechanism by which these agents manipulate the incidence of peniciilamine-associated lupus in 

BN rats. in addition, studies of the roles of CD28 and its B7 ligands in the pathogenesis of 

idiosyncratic reaction in BN rats by the 20 m@y dose of peniciilamine may ais0 heIp us îhher 

understand the mechanism of tolerance induction by the smailer dose of peniciliamine (5 

mg/day) in this animal model. 



Another way to study the mmhanism of tolerance induction in this animal modei is by 

preventing tolerance. A cytokine that appears to be very effective at preventing tolerance in 

Merent models is IL-1, and agents that stimulate JI,-1 production, such as LPS and some 

NSAIDs (Le., aspuin, indometbacin) inhibit tolerance (Weigle W.O. & Romball C.G. 1997). 

Thus, agents that stimulate IL-1 production are expected, at Ieast in theory, to break the tolerance 

in BN rats when CO-administered with a mail dose of penicillamine. In a future study, the effect 

of IL-1 production on the induction of tolerance by the mal1 dose of penicillamine in this animaI 

mode1 should be studied. 

Alternatively, by applying the danger hypothesis to this idiosyncratic h g  reaction, the 20 

rng/day dose of penicillamine could lead to a smail amount of ce11 death or modiQ a cytokine by 

formation of a disulfide bond to one of the high cystein-containhg cytokines and provoke a 

"dangef' signal. This, in tm, could lead to the activation of APCs and induction of the immune 

response. In contrast, the lower dose (5 mg/day) might lead to tolerance because it does not 

cause any harm to the animais. in this case, once tolerance is induced it is much more difficuit for 

the antigen involved to invoke an immune response. 

Similarly, poly 1:C. which potentiated the immune response to penicillamine, codd 

represent a danger signai because it is structurally similar to viral RNA, and as discussed before, 

there are many examptes in which a virai disease increases the risk of an idiosyncratic drug 

reaction (Levy M. 19971, possibly by providing the "danger signai". In particular, AlDS is 

associated with a large increase in the incidence of idiosyncratic h g  reactions. 

On the other hanci, misoprostol couid inhibit cytokines or other factors involved in 

activation of antigen-presenting cells. Elhination of the second signal, couid, in h m ,  lead to the 

induction of tolerance. Simiiarly, NO production (in large amounts) may represent a "danger 

signal" and aminoguanidine could induce tolerance in rats by preventing the cells Erom producing 

increased amounts of NO. 

ln summary, penicillamuie-induced lupus in the BN rat represents a potentialIy usefil 

mode1 for the study of idiosyncratic cimg reactions in humans. Prospective studies of these 

adverse reactions are virtuaily irnposshle because the incidence is usuaily low. Studies of 

patients after the adverse reaction has begun do not allow study of the early steps in the 

pathogenesis of the reaction. Studying animal modeis of idiosyncratic dnig reactions, on the other 



han& permit prospective studies such as potential risk or beneficid factors as well as potentiai 

therapeutical measwes. 

in the current studies we used penicillamine-induced lupus in BN rats as an animai model 

of idiosyncratic drug reactions, There are few other animai modeIs available for the study of 

idiosyncratic drug reactions. ki order to see if our findings in the penicillamine-induced lupus 

model are applicable to the other animai models of idiosyncratic drug reactions, and by 

extensions to some idiosyncratic drug reactions in humans, M e r  studies are needed. In this 

regard, the ability of agents, such as misoprostol and aminoguanidine, to modw the adverse 

reactions in other animai modets of idiosyncratic drug reactions should be investigated. 

Most probably a combiition of environmental and genetic factors is involved in the 

induction of a hg-induced idiosyncratic reaction. Due to the invoIvement of these multiple 

factors, it may not be possible to prevent al1 idiosyncratic drug reactions, but a better 

understanding of the factors involved could markedly decrease the risk. En this respect, animal 

models are important for the study of these factors. With the understanding gained from such 

studies in animai models, it might be possible to proceed to high-risk situations, such as 

suIfonamides in AIDS patients, where the incidence of adverse reactions is high and where 

testing the hypothesis would be feasible. If such studies led to an understanding of the major risk 

factors invotved in idiosyncratic drug mictions, and this understanding led to measures that 

substantially decreased the incidence of such reactions. it would be a major advance. 
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Appendix-Table 1. 

Groups of Lewis rats were treated with penicillamine alone (group 2) or a single dose of poIy I:C 

followed by penicillamine (group 1 )  for 10 weeks. The totai nurnber of rats in each p u p  that 

demonstrated the ciinicai signs of the lupus were enurnersited 

Rat strain 

Lewis 

group 
number 

1 

Z 

3 

4 

cumulative 
incidence (%) at 

week 10 
0 

O 

O 

O 

number of rats / 
P U P  

10 males 

IO mdes 

4 males 

4 mdes 

peniciilamine 
dose 

20 mg/day 

20 mglkg 

O 

O 

paly 1:C dose 

10 mg/kg 

O 

10 mgkg 

O 



nurnber of rats 1 penicillamine 
dose 

10 mglday 

5 mg/kg 

O 

O 

10 mg/day 

5 mglday 

10 males 

poly I:C dose 

lOmg/kg 

10mg/kg 

10mg/kg 

O 

O 

O 

10 males 

4 males 

4 males 

5 males 

5 males 

cumulative 
incidence (%) at 

week 8 
O 

Groups of BN rats were treated with peniciliamine alone (groups 5 & 6) or a single dose of poIy I:C 

foiiowed by penicillamine (groups 1 & 2) for 8 weeks. The total number of rats in each group that 

demonstrated the clinicd signs of the lupus were enumerated. 



Summay of findings in livcr histology studics 

Misoprostol + 
pcnicillamine 

Penicillmine 
without lupus 

Penicillamine 
with lupus 

Poly I:C + 
penicillamine 

Description of liver 

Rare focal collection (0-1 lslice) 

Occasional focal nccrosis 

Occasional portal neutrophils and 
sinusoidal cells 

Mild mixed sinusoidal and portal 
infiltrate, no clusters of cells in sinusoids 

Heavy sinusoidal infiltrate (PC, L. 
PMN,Eos) forming numerous small 

clusters, focal yranulomsitous necrosis 
(0.5 - 2 mm) 

Sinusoida1 
infiltrate 

Ibrtal eosinophils 
and neutrop-hi1s 

O 

Portal plasma 
cells 

O 

~ranulomY (#hl ice) 

Appendix-Table 3. 

Livers were removed from animals from each treatment group when they were sacrificed, sliced and fixed with 10% buffèred formalin. 

Embedded sections were stained with hematoxylideosin and studied under a light microscope. 

Abbreviations used: PC, plasma cells; I,, lymphocy~es; PMN, polymorphonuclear cells: Eos. eosinophils. 



- penicillamine + poly I:C . penicillamine 

poly I:C 
I non-treated control 

2 3 

Time (week) 

Appendix-Figure 1. 

Effect of pre-treatment of 6 Lewis rats with IO mgkg of poly I:C on the semm IgE IeveIs before 

treating rats with 20 mglday of peniciilamine for 5 weeks. S e m  IgE IeveI was anaiyzed by an 

imrnunoassay method (descriid in chapter 2 of this thesis). Results are presented as pg of 

I@ml based on the value obtained for the rat IgE standard. 



Appendix- Figure 2. 

Photograph of a typicai gel demonsîrating polymerase chah reaction products of IL-4 and IFN-y 

reverse transcriptase (RT-PCR). Lanes 2 and 3 show cytokine mRNA expression h m  a spleen 

fiom an untreated control BN rat; lanes 4 and 5 show cytokine mRNA expression h m  a spleen 

fiom a poly- I:C + penicillamine-treated BN rat. Lane 1 size markers. 

SampIes of total celluIar RNA exnacted from spleen were reverse transcribed into cDNA and 

amplified by PCR as described in Materials and Methods (Chapter 2 of this thesis). The PCR 

praducts were resoIved by electrophoresis on a 2% agarose gel and visualized with ethidiurn 

bromide staining. Lanes 2 and 4 represent IL-4 mRNA expression, hues 3 and 5 represent IFN-y 

expression. 



Appendix- Figure 3. 

Photopph of a typical gel dernonstnting polymerase chah reaction products of I L 4  and [FN-y 

reverse transcriptase (RT-PCR). Lanes Z to 7 show cytokine mRNA expression fiom 3 spleens 

from 3 penicillarnine-treated Lewis rats. Lane 1 size markers. 

Sarnples of total cellular RNA extncted fmrn spleen were reverse transcribed into cDNA and 

arnplified by PCR as described in Materials and Methods (Chapter Z of this thesis). The PCR 

products were resolved by electrophoresis on a 2% agarose gel and visualized with sthidium 

bromide staining. Lanes 2.4 and 6 represent I L 4  mRNA expression. lanes 3.5 and 7 represent 

IFN--! expression. 



0 with lupus 
without lupus 

9, 
E 3 I O -  
S 
V) 

O 

lime (week) 

Appendix- Figure 4. 

Comparing senun IgE lewls between a group of BN rats that developed the 

clinical manifestations of the lupus (n=6), and rats that did not dewlop the lupus 

(n=6) afler king treated with 20 mglday of penicillamine for 8 weeks. Total 

s e m  IgE levels were determined weekly by an ELISA method. 'Ihe data 

shown represent the mean +/- SD of the serum IgE levels of rats in each group at 

each time point. 



Appendix- Figure 5. 

Photograph of a gel demonstrating polyrnerase chah reaction products of I L 4  and IFN-y 

reverse transcriptase (RT-PCR). Lane 1 contains size markers. Lanes 2 and 3 show cytokine 

mRNA expression from a spIeen fmm a penicillamine-treateci BN rat that did not develop 

lupus. 

Sarnples of totai cellular RNA extracted h m  spleen were reverse rranscribed into cDNA and 

amplified by PCR as described in chapter 2 of this thesis. The PCR products were resolved 

by electrophoresis on a 2% agarose gel and visudized with ethidiurn bromide staining, Lane 

2 represents IL4 mRNA expression. Iane 3 represents FN-y expression. Lane 7 represents 

P-actin mRNA expression. Lanes 4-6 empty. 




