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Abstract-The anti-rheumatic drug tenidap has been shown previously to attenuate superoxide production by 
activated neutrophils. Given the importance of leukocyte as well as endothelial cell derived superoxide in 
mediating inflammatory responses, the effects of tenidap on mammalian enzymes capable of generating super- 
oxide were determined. Tenidap had no effect on the generation of superoxide by NADPH oxidase reconstituted 
from fractionated neutrophil lysates. However, significant inhibition of superoxide production by mixtures of 
hypoxanthine and xanthine oxidase. was observed in the presence of 3-30 pdniL tenidap. The kinetics of 
xanthine oxidase inhibition by tenidap were non-competitive; the Ki of tenidap for xanthine oxidase was 11 
pg/mL (34 @.4). No inhibition of xanthine oxidase was observed in the presence of other known inhibitors of 
cyclooxygenase. Inhibition of xanthine oxidase may be a heretofore unrecognized mechanism of the anti- 
rheumatic effects of tenidap. 
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Superoxide-derived oxidants are important mediators of 
inflammatory response and tissue injury. Mammalian 
cells generate superoxide by activation of an NADPH 
oxidase or during the xanthine oxidase-catalyzed con- 
version of purine mel:abolites (hypoxanthine and xan- 
thine) to uric acid. Superoxide produced by endothelial 
cell-associated xanthirle oxidase may facilitate endothe- 
lial adhesion responses required for recruitment of leu- 
kocytes into sites of inflammation [ 1, 21. During activa- 
tion of neutrophils (PMNq and macrophages, superox- 
ide-derived oxidants such as HOC1 are generated, which 
facilitate tissue degradation by leukocyte proteases [3]. 

Tenidap sodium, an anti-rheumatic drug currently 
used in clinical trials for the treatment of rheumatoid 
arthritis, has been shown previously to attenuate super- 
oxide production by human neutrophils stimulated with 
formylated peptides (1-met-leu-phe) or SAIgG in vitro 
[4]. In clinical studies of patients with rheumatoid ar- 
thritis, subjects treated with tenidap have been observed 
to experience significant reductions in synovial fluid leu- 
kocyte counts [5]. Whether these in vivo effects are due 
to decreased production of leukocyte chemotactic factors 
within the joint or modulation of neutrophiVsynovia1 en- 
dothelial interactions required for migration of leuko- 
cytes into the joint has not been determined. Since gen- 
eration of superoxide is pivotal to the production of ox- 
idants mediating tissue injury and may also be important 
in mediating leukocytt:-endothelial cell adhesion func- 
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tions, the mechanisms whereby tenidap attenuates super- 
oxide production are of interest. Accordingly, we per- 
formed studies to determine the effects of tenidap on 
NADPH oxidase and purine-metabolizing enzymes. 

MATERIALS AND METHODS 

Materials and reagents 

Xanthine oxidase, nucleoside phosphorylase, cy- 
tochrome c, adenosine, guanosine, hypoxanthine, na- 
proxen, ibuprofen, diclofenac, indomethacin and other 
chemical reagents were obtained from the Sigma Chem- 
ical Co. (St. Louis, MO). Tenidap was obtained from the 
Central Research Division, Pfizer Inc. (Groton, CT). 

Preparation of leukocytes 

Neutrophils were prepared from normal donors as pre- 
viously described [6]. The neutrophil preparations con- 
tained less than 1% contaminating mononuclear cells, 
and cell viability by trypan blue exclusion consistently 
exceeded 98%. 

Assay for NADPH oxidase activio 

Fluid phase, reconstituted NADPH oxidase was pre- 
pared by sonicating neutrophils, and then separating the 
cell membrane fraction from the cytosol and subcellular 
granules by ultracentrifugation of the sonicate through 
Percoll (400,000 g). The cytosol and cell membrane 
fractions were saved, and the membranes were resus- 
pended in Borregard relaxation buffer (ATP, EGTA, 
PIPES, MgCl,, NaCl, and KCl, pH 7.3) [7]. Just prior to 
performing the assays, oxidase was extracted from the 
membranes by incubating equal volumes of the mem- 
brane preparation with glycine-buffered (pH 8.0) sodium 
deoxycholate (2.33% in 50% glycerol) for 30 min at 4”, 
followed by ultracentrifugation (435,000 g). Reaction 
mixtures contained 150 pL of the resultant supematant 
(containing dormant oxidase), 150 pL of the saved cy- 
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tosol fraction, and 500 pL of assay buffer (ATP, 
NADPH, 0.7 mg/mL cytochrome c, EGTA, and PIPES, 
pH 7.3), with or without O-30 pg!mL tenidap [7]. The 
reaction was started by adding 7.5 pL of 15 mM SDS, 
and the change in extinction (550 nm) of cytochrome c 
during a 15-min incubation at 37” was measured spec- 
trophotometrically; superoxide production was deter- 
mined using extinction coefficients for non-reduced 
(0.89 x lo4 M-’ cm-‘) and reduced cytochrome c (2.99 
x lo4 M-’ cm-‘) [8]. 

Assay for purine-metabolizing enzymes 

ADA activity was determined using the direct spec- 
trophotometric assay. Using cytosolic extracts of Jurkat 
cells (ATCC TlB 152) as a source for ADA, 10 pL of 
cell extract was added to mixtures of 50 mM potassium 
phosphate buffer (pH 7.4,25”) with 60 and 20 pM aden- 
osine f 15 pg/mL tenidap, and the extinction at 265 nm 
was recorded [9]. 

Purine nucleoside phosphorylase activity was deter- 
mined in a similar fashion by adding aliquots of Jurkat 
cell extract to mixtures of 100 mM potassium phosphate 
(pH 7.4,25”) with 50 and 25 pM guanosine f 15 pg/mL 
tenidap and recording the Aextincrion at 257 nm [IO]. 

Effects of tenidau on xanthine oxidase-mediated su- 
peroxide production were determined by recording the 
extinction at 550 nm of reaction mixtures containing 
0.04 IU xanthine oxidase, 0.35 mg cytochrome c, and 1.5 
to 20.0 pM hypoxanthine in 0.5 mL of 20 mM K,HPO, 
(pH 7.3), + O-30 pg/mL tenidap over a 1-min incubation 
at 25”. Kinetic constants were determined using the EZ 
Fit program (E.I. DuPont de Nemour). 

RESULTS 

Effects of tenidap on activity of NADPH oxidase 

In the presence of NADPH, ATP, and dilute detergent 
(SDS), NADPH oxidase components residing in the cy- 
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Fig. 1. Generation of stmeroxide by mixtures of hypoxanthine 
and xanthine oxidase in the presence of various concentrations 
of tenidao. Mixtures containing 0.04 IU/mL xanthine oxidase, 
0.6 mg/mL cytochrome c, and25 pM hypoxanthine in phos- 
phate buffer were incubated (25O) with O-30 udrnL (&lo0 
pM) tenidap. Bar heights denote mean (N = 3 replicates) initial 
reaction velocity expressed as AeXtinction at 550 nmlmin; error 

bars denote SD. pmol/min. 

Fig. 2. Effects of tenidap and other inhibitors of cyclooxygenase 
on activity of xanthine oxidase. Mixtures containing 0.04 IU/ 
mL xanthine oxidase, 0.6 mg/mL cytochrome c, and 25 @4 
hypoxanthine in phosphate buffer were incubated (25’) with 
100 pM concentrations of tenidap, indomethacin, naproxen, 
ibuprofen, diclofenac, or piroxicam. Bar heights denote the 
mean (N = 3) rate of superoxide generated by mixtures ex- 
pressed as percent of control mixtures incubated in the absence 
of drug; error bars denote SD. The mean rate of superoxide 
generation by control mixtures (without drug) was 798 + 135 

tosol and plasma membrane fractions of sonicated neu- 
trophils can be reconstituted to generate superoxide. To 
determine whether activity of NADPH oxidase is atten- 
uated in the presence of tenidap, cell fractions of neu- 
trophil lysates were incubated with the above cofactors 
and SDS in the presence or absence of tenidap. In trip- 
licate experiments, superoxide generated by reconsti- 
tuted NADPH oxidase derived from human neutrophils 
(392 * 67 pmol/min) was not attenuated significantly in 
the presence of 30 pg/mL tenidap (376 f 48 pmolfmin). 
No reduction of cytochrome c was observed when 
tenidap was incubated with cytochrome c alone or with 
reaction mixtures in which either SDS, NADPH, or the 
cellular fractions had been deleted (data not shown). 

Eflects of tenidap on superoxide generation by 
purine-metabolizing enzymes 

To determine the effects of tenidap on enzymes in the 
purine metabolism pathway, activities of ADA, purine 
nucleoside phosphorylase (PNP), and xanthine oxidase 
were determined in the presence or absence of tenidap. 
ADA activity, measured using the direct spectrophoto- 
metric assay of adenosine, was not altered in the pres- 

ence of 15 pg/mL tenidap (data not shown). Similarly, 
tenidap had no effect on the activity of purine nucleoside 
phosphorylase (data not shown). 

In contrast, superoxide production by mixtures of hy- 
poxanthine and xanthine oxidase was attenuated mark- 
edly in a concentration-dependent fashion by 3-30 pg/ 
mL (IO-100 pM) tenidap (Fig. 1). Since tenidap has 
known inhibitory effects on cyclooxygenase, identical 
experiments were performed in the presence of other 
cyclooxygenase-inhibiting anti-inflammatory drugs. No 
inhibition of xanthine oxidase activity was observed in 
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Fig. 3. Lineweaver-Burk plot of xanthine oxidase activity in the presence of various concentrations of tenidap. 
Mixtures of xarthine oxidase, hypoxanthine, cytochrome c, and O-15 ltg/mL tenidap were incubated at 25”. 
Initial reaction velocity (v) was determined from A~ex,incu,,n at 550 nm during the initial 15 set of incubation for 
each substrate/inhibitor combination. [S] = concentration of hypoxanthine (pM); ordinate values represent 

the presence of 100 @4 concentrations of indomethacin, 
piroxicam, ibuprofen, or diclofenac (Fig. 2). Superoxide 
generated by mixtures of hypoxanthine and xanthine ox- 
idase was actually enhanced in the presence of naproxen 
(Fig. 2). 

Kinetics of xanthine oxidase inhibition by tenidap 

To further characterize the inhibition of xanthine ox- 
idase by tenidap, Lineweaver-Burk plots were generated 
from results of experiments in which 1.5-20 @vl hypo- 
xanthine and 3-15 pg/mL (10-46 @I) tenidap were in- 
cubated with a fixed amount of xanthine oxidase. Inhi- 
bition of enzymatic activity was still observed even 
when the substrate concentration (1000 PM) exceeded 
the concentration of tenidap by IO-fold (data not shown). 
Of the inhibition models tested, a non-competitive 
model best fit the data (Fig. 3), with the Ki of tenidap for 
xanthine oxidase being 11 l.tg/mL (34 PM). 

DISCUSSION 

In both animal models of inflammation and in the 
joints of patients with rheumatoid arthritis, tenidap has 
been shown previously to attenuate inflammatory re- 
sponses significantly [5, 111. Although tenidap has 
known inhibitory effects on cyclooxygenase and 5-li- 
poxygenase [ 121, it remains unclear whether attenuation 
in the generation of inflammatory eicosonoids accounts 
for all of the observed effects of tenidap in vivo. The 
heretofore unrecognized inhibitory effect of tenidap on 
xanthine oxidase suggests another mechanism whereby 
tenidap attenuates acute inflammatory responses. 

The failure of other cyclooxygenase inhibitors to at- 
tenuate xanthine oxidase activity suggests that the struc- 
tural features of tenidap responsible for mediating inhi- 
bition of xanthine oxidase are likely distinct from those 
mediating the drug’s known inhibitory effects on ei- 
cosonoid-metabolizing enzymes. Comparable to other 
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Fig. 4. Structures of tenidap and other inhibitors of xanthine 
ox&se. 
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known heterocyclic inhibitors of xanthine oxidase and 
unlike most cyclooxygenase inhibitors (an exception be- 
ing indomethacin), tenidap contains two fused unsatu- 
rated rings containing at least one nitrogen atom (Fig. 4) 
[ 13-161. However, unlike allopurinol and other purine 
analogs that exhibit substrate-competitive inhibition of 
xanthine oxidase [ 171, the inhibition of xanthine oxidase 
by tenidap is non-competitive. Although the binding 
sites involved and mechanism of inhibition remain to be 
determined, the finding of non-competitive inhibition 
suggests that tenidap interacts with xanthine oxidase do- 
mains distal to the substrate binding site, possibly result- 
ing in allosteric effects that attenuate enzymatic activity. 

The absence of a direct inhibitory effect of tenidap on 
NADPH oxidase activity is consistent with results of 
previous studies examining the effects of tenidap on neu- 
trophil activation in vitro. As previously reported, 
tenidap significantly attenuates superoxide generated by 
neutrophils stimulated with SAIgG, but does not atten- 
uate superoxide generated by neutrophils stimulated 
with direct activators of protein kinases such as PMA 
[4]. Previous studies have failed to demonstrate signifi- 
cant xanthine oxidase activity in neutrophils [18], and 
we have noted no inhibition of superoxide production by 
SAIgG- or PMA-stimulated neutrophils in the presence 
of allopurinol (W.W.C., unpublished observations). 
These findings indicate that tenidap attenuates PMN su- 
peroxide production via mechanisms independent of the 
effect of the drug on xanthine oxidase, and more likely 
interferes with ligand-triggered signal transduction 
events occurring prior to activation of protein kinases 
and NADPH oxidase. 

However, with regard to endothelial cell functions, the 
effect of tenidap on xanthine oxidase activity may have 
important anti-inflammatory consequences. Mammalian 
endothelial cells constitutively express significant 
amounts of xanthine dehydrogenase which, in the pres- 
ence of TNFa, C5a, or sequential hypoxia and re-oxy- 
genation, is converted to xanthine oxidase [ 19,201. Stud- 
ies of cytokine-stimulated endothelial cells and animal 
models of ischemia-reperfusion injury suggest that su- 
peroxide generation by endothelial cell-associated xan- 
thine oxidase enhances leukocyte-endothelial cell adhe- 
sion responses [ 1, 21. Inhibition of xanthine oxidase ac- 
tivity with attendant attenuation of PMN-endothelial 
cell interactions may, therefore, be a mechanism of 
tenidap’s anti-inflammatory effects in vivo. Further stud- 
ies to elucidate the mechanism whereby tenidap alters 
xanthine oxidase turnover and endothelial cell adhesion 
responses may provide useful insights into the anti-in- 
flammatory effects of this compound in vivo. 

Acknowledgemenfs-This work was supported, in part, by 
Merit Review Awards (W.W.C. and W.D.B.) from the Depart- 
ment of Veterans Affairs and a grant from the Central Research 
Division, Pfizer Inc. 

REFERENCES 

. Suzuki M, Inauen W, Kvietys PR, Grisham MB, Meininger 
C, Schelling ME, Granger HJ and &anger N, Superoxide 
mediates reperfusion-induced leukocyte-endothelial inter- 
actions. Am J Physiol257: H174U-H1745, 1989. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Wiles ME, Hechtman HB, Morel NML and Shepro D, 
Hypoxia reoxygenation-induced injury of cultured pulmo- 
III y;n30vessel endothelial cells. J Leukoc Biof 53: 49& 

Wei’ss SJ, Tissue injury by neutrophils. N Engl J Med 320: 
365-376, 1989. 
Blackbum WD Jr, Loose LD, Heck LW and Chatham WW, 
Tenidap, in contrast to several available nonsteroidal anti- 
inflammatory drugs, potently inhibits the release of acti- 
vated neutrophil collagenase. Arthriris Rheum 34: 21 l- 
216, 1991. 
Blackbum WD Jr, Heck LW, Loose LD, Eskra JD and 
Carty TJ, Inhibition of 5-lipoxygenase product formation 
and polymorphonuclear cell degranulation by tenidap so- 
dium in patients with rheumatoid arthritis. Arfhriris Rheum 
34: 204-210, 1991. 
Chatham WW, Heck LW and Blackbum WD Jr. Ligand- 
dependent release of active neutrophil collagenase. Arrhri- 
lis Rheum 33: 228-234, 1990. 
Babior BM, Kuver R and Cumutte JT, Kinetics of activa- 
tion of the respiratory burst oxidase in a fully soluble sys- 
tem from human neutrophils. J Biol Chem 263: 17 13-l 718, 
1988. 
Massey V, The microestimation of succinate and the ex- 
tinction coefficient of cytochrome c. Biochim Biophys Acta 
34: 255-256, 19.59. 
Baggott JE, Vaughn WH and Hudson B, Inhibition of 
5-aminoimidazole-4-carboxamide ribotide transformylase, 
adenosine deaminase and 5’-adenylate deaminase by poly- 
glutamates of methotrexate and oxidized folates and by 
S-aminoimidazole-4-cruboxamide riboside and ribotide. 
Biochem J 236: 193-200, 1986. 
de Lamirande G, Allaro C and Canter0 A, Purine-metabo- 
lizing enzymes in normal rat liver and Novikoff hepatoma. 
Cancer Res 18: 952-958, 1958. 
Ottemess IG, Pazoles PP, Moore PF and Pepys MB, C-re- 
active protein as an index of disease activity. Comparison 
of tenidap, cyclophosphamide and dexamethasone m rat 
adjuvant arthritis. J Rheumatol 18: 505-511, 1991. 

12. Moilanen E, Alanko J, Asmawi MZ and Vapaatalo H, CP- 
66,248, a new anti-inflammatory agent, is a potent inhibitor 
of leukotriene B, and prostanoid syntheses in human poly- 
morphonuclear leukocytes in vitro. Eicosanoids 1: 35-39, 
1988. 

13. Wyngaarden JB, 2,5-Diaminopurine as substrate and inhib- 
itor of xanthine oxidase. J Biol Chem 224: 453-462, 1957. 

14. Silberman HR and Wyngaarden JB, 6-Mercaptopurine as 
substrate and inhibitor of xanthine oxidase. B&him Bio- 
phys Acfa 47: 178-180. 1961. 

15. Fridovich I, A new class of xanthine oxidase inhibitors 
isolated from guanidinium salts. Biochemistry 4: 1098- 
1101, 1965. 

16. Priest DG, Hynes JB, Jones CW and Ashton WT, Quinazo- 
lines as inhibitors of xanthine oxidase. J Pharm Sci 63: 
1158-I 160, 1974. 

17. Elion GB, Enzymatic and metabolic studies with allopuri- 
nol. Ann Rheum Dis 25: 608-614, 1966. 

18. Phan SH, Gannon DE, Varani J, Ryan US and Ward PA, 
Xanthine oxidase activity in rat pulmonary artery endothe- 
lial cells and its alteration by activated neutrophils. Am J 
ParhoZl34: 1201-121 I, 1989. 

19. Fried1 HP, Till GO, Ryan US and Ward PA, Mediator 
induced activation of xanthine oxidase in endothelial cells. 
FASEB J 3: 2512-2518, 1989. 

20. Terada LS, Guidot DM, Leff JA, Willingham IR, Hanley 
ME, Piermattei D and Repine JE, Hypoxia injures endo- 
thelial cells by increasing endogenous xanthine oxidase ac- 
tivity. Proc Nat1 Acad Sci USA 89: 3362-3366, 1992. 


