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EFFECTS OF DRUGS 

ON URIC ACID IN MAN 

William N Kelley 
Duke University Medical Center, Durham, North Carolina 27710 

INTRODUCTION 

-:-6623 

A large number of drugs affect the serum urate concentration. In virtually every 
case, whether the serum urate concentration is raised or lowered due to administra­
tion of the agent, the effect is of potential clinical significance. Hyperuricemic agents 

may contribute to the ultimate development of gouty arthritis or uric acid nephropa­
thy. In addition, several of these agents have been used to help define the mechanism 

by which uric acid is synthesized and excreted in normal and gouty man. Hypouri­
cemic agents may contribute to the precipitation of acute gouty arthritis or uric acid 

stone formation. More important, they may be useful in the control of hyperuri­
cemia. Drugs exhibiting either effect may complicate interpretation of the serum 

urate value in the patient with arthritis. 
In the last review of drugs and uric acid appearing in this series (I), major 

emphasis was placed on the hypouricemic agent, allopurinol. At that time al­
lopurinol was a relatively new agent which had been studied extensively but had just 
been introduced for regular clinical use. Over the ensuing years the major develop­
ments have been in the metabolism, mechanism of action, and side effects of a wide 

number of different agents affecting the serum urate concentration. Accordingly, in 
this review, an attempt is made to consider the effect of drugs on uric acid in a 
somewhat broader sense. 

DRUGS ELEVATING THE SERUM URATE CONCENTRATION 

Drugs play an important role in the pathogenesis of hyperuricemia in man. Paulus 
et al noted that drugs were a major factor in the development of an elevated serum 

urate concentration in 20% of the hyperuricemic subjects in one hospital study (2). 
Of the new cases of gout in Framingham, Massachusetts, approximately 50% have 
developed in subjects taking drugs that may elevate the serum urate concentration 
(3). The most important group of drugs capable of producing hyperuricemia are the 
diuretic agents. Additional agents in common clinical use, which are capable of 
producing sustained hyperuricemia, include salicylates in low dosage, pyrazina-
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328 KELLEY 

mide, nicotinic acid, ethambutol, and ethanol. Finally, a number of other drugs are 
capable of producing rather striking, though usually transient, hyperuricemia. 
These include fructose, 2-ethylamino-l ,3.4-thiadiazole, and the cytotoxic agents. 

Diuretics 

The more potent diuretic agents frequently lead to an increased serum urate concen­
tration. The administration of thiazide and chlorothiazide for 3 days to 10 months 
led to a mean increase in the serum urate concentration of 1.8 mg/IOO ml in a total 
of 28 patients (4-6). The administration of chlorthalidone over a 19 week period 
produced an increase in the serum urate of greater than 1 mg/IOO ml in 50% of 
62 patients with a mean increase 1.3 mg/IOO ml in all patients (7). Similar results 
were reported with acetazolamide (8), furosemide (9), and ethacrynic acid (10). 

The data are contradictory with some of the less potent diuretics. Triamterene 
was shown with chronic use to lead to the development of hyperuricemia in several 
studies (11,12), whereas no effect was noted in another (13). Amiloride has been 
shown to be associated with a mild elevation of the serum urate (14) whereas 
spironolactone has not. The incidence of hyperuricemia after repeated administra­
tion of the mercurial diuretics has not been established. However, the organomer­
curials are listed as capable of producing hyperuricemia by Beyer & Baer (15). 

There are several mechanisms by which potent diuretic agents may produce 
hyperuricemia. Replacement studies led Suki et al (16) to postulate that thiazide­
induced hyperuricemia is a byproduct of extracellular fluid volume contraction. The 
work of Steele & Oppenheimer (17,18) with furosemide and ethacrynic acid sup­
ported this hypothesis and led them to suggest that tubular reabsorption of filtered 
urate was increased with volume contraction. However, factors other than volume 
contraction may also contribute to the hyperuricemic effect of the diuretic agents. 
Furosemide induces hyperlacticacidemia sufficient to suppress tubular excretion of 
urate (19). This is also true for diazoxide, a nondiuretic thiazide which promotes 
muscle glycolysis and leads to hyperlacticacidemia (20). Thiazide-induced hyperuri­
cemia is corrected by KCI or NH4CI suggesting that a redistribution of urate among 
body compartments may be a contributing factor (21). Ayvazian & Ayvazian sug­
gested that hydrochlorothiazide may also stimulate an increased production of uric 
acid (8); however, as they pointed out, alternative explanations existed to account 
for their observations. Finally it has been proposed that the thiazides may decrease 
the fractional excretion rate of uric acid by interfering directly, in a competitive 
manner, with urate secretion (7). 

Most of the diuretic agents, when given intravenously in high dose, have a 
transient uricosuric effect. Although this could be related to a direct effect on uric 
acid transport it seems equally plausible that this effect of the diuretic agents is 
related to the striking increase in sodium excretion. 

Diuretic-induced hyperuricemia can be readily controlled with hypouricemic 
agents when indicated (22,23) without apparently altering the natruretic effect of the 
diuretic llgent. Beyer & Baer noted that the s�cretion of chlorothiazides by renal 
tissue from mongrel dogs was inhibited by probenecid (24,25). Because the natru-
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DRUGS AND URIC ACID 329. 

retic effect of this class of diuretic agents depends on drug concentration within the 
tubular lumen, these observations suggested that uricosuric agents, like probenecid, 
might block the natriuretic effect of the diuretics. Indeed, the natriuretic effect of 
mercurials in chickens (26) and of furosemide in mongrel dogs (27) is markedly 
reduced by the administration of probenecid. Although this possibility has not been 
examined extensively in man, zoxazolamine (28) and probenecid (29) are said to 
have no effect on the natriuretic effect of the chlorothiazides in man. 

Salicylates 

Salicylates have a dual effect on uric acid excretion; small doses produce uric acid 
retention whereas large doses produce uricosuria. Retention of uric acid in response 
JO low doses of salicylic acid was first reported by Salome (30) in 1885, which was 
eight years after See (31) had produced uricosuria and resolution of tophi in a gouty 
subject by the administration of large doses of salicylates. The hyperuricemic effect 
of acetylsalicylic acid in doses of less than 2.0 g per day was subsequently demon­
strated by many investigators (32-39). For example, treatment with acetylsalicylate 
at a dose of 1.2 g for 4 days led to an increase in the serum urate from 1.0 to 1.8 
mg/100 ml in males and from a to La mg/IOO ml in females whereas a dose of 2.4 
g per day produced uricosuria in most subjects including three of seven male subjects 
and eight of eight females (40). Gouty patients are said to be especially sensitive to 
the urate-retaining properties of salicylates. 

Yu & Gutman (41) found that the maximal antiuricosuric effect of salicylates 
occurred at' a plasma concentration of 5 mg/IOO ml, and uricosuria began to occur 
at a concentration in excess of 10 mg/IOO m!. However, this paradoxical effect of 
salicylates on uric acid clearance was found to be more dependent on the concentra­
tion of free salicylate in the tubular urine than either the dose administered or the 
plasma concentration. Uric acid retention was observed at an excretion rate of free 
salicylate below 0.5 mg/min whereas uricosuria was observed at salicylate excretion 
rates in excess of this value. Thus, alkalinization of the urine, which increases the 
excretion of ionized salicylate at any plasma salicylate level, would enhance the 
excretion of uric acid. Although the effects of salicylate on the serum urate concen­
tration appear to be related to an alteration in the renal handling of uric acid, the 
exact mechanisms involved remain to be established. 

Interference with the colorimetric procedure for uric acid by salicylate metabo­
lites, predominately gentisic acid, may lead to confusion in the interpretation of uric 
acid values (40). At serum salicylate concentrations from 25 to 35 mg/IOO ml, the 
colorimetric urate determination ranged from 13% (1.3 mg/IOO m)) to 75% (7.0 
mg/IOO m!) higher than the true serum urate concentration (40). 

Salicylate at any dose inhibits the uricosuric effect of many uricosuric agents 
including sulfinpyrazone, probenecid, and iopanoic acid (42,43). Concomitant ad­
ministration of acetylsalicylate is a common factor when uricosuric therapy fails to 
control hyperuricemia. The nature of the interactions between salicylates and other 
drugs as related to their effect on uric acid clearance are complex and incompletely 
understood. 
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330 KELLEY 

Pyrazinamide 

The antituberculous agent, pyrazinamide, is the most powerful agent causing urate 
retention in man. It was first noted to produce hyperuricemia in 1956. In reporting 
3 cases of clinical gout occurring while patients were on pyrazinamide therapy, 
Cullen et al (44) noted hyperuricemia in all patients receiving the drug. Subse­
quently, Shapiro & Hyde noted the development of hyperuricemia in 46 patients 
receiving pyrazinamide. In five patients also receiving p-aminosalicylic acid (PAS) 
the development of hyperuricemia was delayed, whereas in three patients receiving 
sodium salicylate or acetylsalicylate in addition to pyrazinamide (45) hyperuricemia 
did not occur. Cullen et al (46), suggested that the hyperuricemic effect ofpyrazina­
mide was due to a reduction in the renal excretion of uric acid. 

The metabolism of pyrazinamide is summarized in Figure 1. The parent com­
pound is slowly deamidated to pyrazinoic acid by one of the hepatic microsomal 
drug-metabolizing enzymes, pyrazinamide deamidase (47-49), which appears to be 
different from the enzyme which deamidates nicotinamide. Pyrazinoic acid is then 
oxidized to 5-hydroxypyrazinoic acid by xanthine oxidase (47). Although pyrazina­
mide is also metabolized to another compound, whose structure is not defined, and 

PYRAZINAM IDE 

I PYRAZINAMIDE 
DEAMIDASE 

o 
(}�OH 

N 
PYRAZINOIC ACID 

XANTHINE 
OXIDASE 

(N)�� 

-/ � 
o N 

5-HYDROXYPYRAZINOIC ACID 

CPD IT 
(structure not established) 

N R A 
()CHC¥OH 

N 
PYRAZINURIC ACID 

Figure 1 Metabolism of pyrazinamide. 
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pyrazinoic acid may be converted to pyrazinuric acid, these are metabolic pathways 
of minor importance. 

The administration of pyrazinamide consistently leads to an 80 to 90% reduction 
in the renal clearance of uric acid (So-S2). Several lines of evidence suggest that this 
effect of pyrazinamide is due to the major metabolite, pyrazinoic acid. 1. Pyrazinoic 
acid is more potent in producing a decreased renal clearance of uric acid than 
pyrazinamide (S1). 2. The effect of pyrazinamide on uric acid transport begins at 
the time that pyrazinoic acid appears in the plasma (47). 3. The effect of pyrazinoic 
acid on uric acid transport occurs even if further metabolism of the drug is inhibited 
by the administration of allopurinol (47). 

Pyrazinoic acid appears, like most other drugs affecting uric acid excretion, to 
have a dual effect on uric acid transport. A decreased excretion of uric acid is the 
usual response observed following the administration of pyrazinoic acid in humans 
(47), chimpanzee (S3), Cebus monkey (S4), mongrel dog (47), Dalmation coach 
hound (50), and guinea pig (55), whereas an increased excretion of uric acid is 

usually observed in the rabbit (S6) and rat (S7). However, following massive doses 
of the drug, the opposite effect, a uricosuric response, can be demonstrated in the 
mongrel dog and chimpanzee (47). Neither pyrazinamide nor pyrazinoic acid has 
been shown in humans, to date, to produce an increased clearance of uric acid. It 
seems likely, however, that such would occur if high enough plasma levels of 
pyrazinoic acid could be achieved. Although the hyperuricemic effect of pyrazinoic 
acid (and hence pyrazinamide) has been attributed to selective inhibition of renal 
urate secretion, it seems quite likely, from a consideration of the data cited above, 
that uric acid reabsorption may also be altered. The importance of this in the 
interpretation of the "pyrazinamide suppression test" has been considered elsewhere 
(58). 

Pyrazinamide hyperuricemia does not respond to uricosuric therapy (59,60). 
However, both acetylsalicylic acid (61) and PAS (59) may prevent or delay the 
development of hyperuricemia during pyrazinamide therapy for tuberculosis. Petty 
& Dalrymple (62) observed that a dose of acetylsalicylic acid (2.4 g per day), which 
may produce uric acid retention, was capable of completely reversing the hyperuri­
cemic effect of pyrazinamide in II patients. The nature of this paradoxical effect of 
acetylsalicylic acid remains unclear. 

Nicotinic Acid 
Hyperuricemia occurred in 41 to 78% of subjects receiving 3 to 6 g of nicotinic acid 
daily in the treatment of hypercholesterolemia (63-65). A mean increase of 1.3 
mg/IOO ml was observed in one study of 25 patients (65). 

The structural similarity of pyrazinoic acid (Figure' I) and nicotinic acid (Figure 
2) suggests that the mechanism responsible for the anti uricosuric effect of each 
compound might be similar. Gaut et al noted a 7S% decrease in the clearance of 
uric acid over a 3 week period following the administration of nicotinic acid at a 
dose of 4.S g day to five subjects (66). Gershon & Fox (67) recorded a 62% decrease 
in the fractional excretion rate of uric acid I hr after the administration of I g of 
nicotinic acid orally to nine subjects. Thus the hyperuricemic effect of nicotinic acid 
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332 KELLEY 

Figure 2 Structure of nicotinic acid (left) and nicotinamide (right). 

like pyrazinoic acid appears to be due, at least partly, to a reduced renal excretion 
of uric acid. Nicotinic acid differs from pyrazinoic acid, however, in that its 
hyperuricemic effect is not reversed by acetylsalicylic acid (67). Nicotinamide, the 
amide derivative of nicotinic acid (Figure 2), at a dose of 4.5 g per day had little, 
if any, effect on uric acid excretion (67). 

The importance of changes in uric acid synthesis during nicotinic acid administra­
tion is unclear. Becker et al noted an increase in the rate of purine biosynthesis de 
novo following the administration of nicotinic acid in man (68). In addition, 
nicotinamide stimulates purine biosynthesis de novo in rat liver and kidney by 
activation of the hexosemonophosphate shunt (69,70). However, nicotinic acid re­
duces the rate of purine biosynthesis de novo in cultured human fibroblasts (71). The 
significance of the reduction of intracellular phosphoribosyl pyrophosphate (PP­
ribose-P) following exposure to nicotinic acid in cell culture (71) and in vivo (67) 
is also difficult to interpret at the present time. 

The uricosuric effect of agents such as sulfinpyrazone and iopanoic acid is inhib­
ited by nicotinic acid (67). This suggests that control of nicotinic acid - induced 
hyperuricemia, when indicated, will require the use of a xanthine oxidase inhibitor. 

Ethambutol 

Ethambutol is used clinically in the treatment of mycobacterium tuberculosis infec­
tions in man (Figure 3). Postlethwaite et al (72) noted an increase in the serum urate 
concentration of 2.4 mg/l00 ml or greater in 15 of24 patients with active tuberculo­
sis who were treated with ethambutol at doses ranging from 12 to 19 mg/kg per day. 
An increase in the serum urate concentration was noted as early as 24 hr after the 
administration of a single dose of ethambutol or as late as 90 days after initiation 
of continuous therapy with the drug. 

The hyperuricemic effect of ethambutol is due to a decreased renal clearance of 
uric acid (72,73). Ethambutol differs from pyrazinamide in that its hyperuricemic 
effect is not reversed by acetylsalicylic acid. Unlike acetylsalicylic acid and nicotinic 
acid, ethambutol does not block the effect of probenecid or sulfinpyrazone. The 
hyperuricemic effect of ethambutol also cannot be attributed to lactic acid accumu-

Figure 3 Structure of ethambutol. 
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Jation or extracellular fluid (ECF) volume depletion. Thus, although the exact 
mechanism responsible for the hyperuricemic effect of ethambutol remains un­
defined, several characteristics distinguish its effect from that of other agents that 
produce hyperuricemia by altering the renal handling of uric acid. 

The hyperuricemia observed during ethambutol therapy responds equally well to 
probenecid, sulfinpyrazone, and allopurinol (73). 

Ethanol 

In his classic review on gout published in 1863, A. B. Garrod (74) wrote: "There 
is no truth in medicine better established than the fact that the use of fermented 
liquors is the most powerful of all the predisposing causes of gout; nay, so powerful, 
that it may be a question whether gout would ever have been known to mankind 
had such beverages not been indulged in." 

The centuries-old belief that the acute gouty paroxysm may be associated with 
overindulgence in drink has at long last acquired a physiologic explanation. 
Hyperuricemia is common in inebriated subjects (75), and infusions of ethanol result 
in hyperuricemia (76). As ethanol is metabolized by alcohol dehydrogenase, NAD 
is reduced, and this may account in part for the excessive conversion of pyruvate 
to lactate. The levels of hyperlacticacidemia achieved (76) are adequate to suppress 
the renal excretion of uric acid and to induce hyperuricemia (77). 

The changes occurring in the serum urate concentration may be quite large and 
rapid. In five acutely intoxicated subjects who were hyperuricemic on admission to 
the hospital, Lieber et al (76) noted a subsequent decrease in the serum urate ranging 
from 4.0 to 6.8 mg/IOO ml over an ensuing II day period. The administration of 
alcohol, orally or intravenously, to seven normal subjects led to an increase in the 
serum urate in six of the subjects which ranged from 1.0 to 3.0 mg/IOO m!. This 
occurred in most cases in less than 12 hr. 

More recently, Maclachlan & Rodnan (78) have observed that the combination 
of ethanol ingestion and fasting may be additive or synergistic with respect to the 
effects of each of these factors on uric acid metabolism. Presumably, the ketonemia 
associated with both fasting (79) and ethanol-induced glycogen depletion (80) leads 
to a further reduction in uric acid excretion. 

Several epidemiologic studies have reported a correlation between serum urate 
levels and habitual alcohol intake (81,82). The daily ingestion of alcohol in signifi­
cant but tolerated amounts, ego 100 ml per 24 hr, may be associated with hyperuri­
cemia and an increased urinary excretion of uric acid, both of which may return 
toward or to normal during protracted periods (days) of abstinence and normal diet. 
These cycles are not explained by reduced urinary clearance of uric acid. An effect 
upon purine synthesis has, therefore, also been postulated (83). It seems likely that 
several additional factors such as muscle hyperactivity and ECF volume depletion 
may contribute to the development or maintenance of hyperuricemia particularly 
during the phase of alcohol withdrawal. 

The relationship of ethanol to uric acid metabolism has been reviewed recently 
by Newcombe (84). 
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L-Dopa 

Several reports suggest that L-dopa may lead to the development of hyperuricemia 
(85-87). However, it is possible that in some patients this effect is due to interference 
by L-dopa with the phosphotungstic acid method for determining uric acid (88,89). 
A similar effect may be observed with a-methyldopa. Clearly, the mechanism and 
significance of this effect of L-dopa remains to be further clarified. 

Fructose 

The phenomenon of fructose-induced hyperuricemia was initially described in man 
by Perheentupa & Raivio (90). Although this effect of fructose has not been consis­
tently confirmed by other investigators (91), there appears to be a relationship 
between the rate of fructose administration and the degree of hyperuricemia pro­
duced (92). The effects of the acute intravenous administration of large doses of 
fructose may be summarized as follows: (a) increased serum urate; (b) increased 
urinary inosine, hypoxanthine, and xanthine excretion (93); (c) increased urinary 
uric acid excretion (90, 93, 94); (d) increased fractional excretion rate of uric acid 
(94); (e) decreased hepatic ATP and ADP with no change in AMP (95, 96); (f) 
increased incorporation of glycine-14C into adenine nucleotides (97) and uric acid 
(98); (g) decreased PP-ribose-P and ribose-5-P content in erythrocytes; and (h) 
increased plasma lactate (90-92). 

These findings are most consistent with a model in which fructose leads to a rapid 
degradation of purine nucleotides with the consequent formation of inosine, hypox­
anthine, xanthine, and uric acid. Because ATP normally inhibits 5'-nucleotidase and 
inorganic phosphate inhibits AMP deaminase. the reduced intracellular content of 
both compounds associated with the phosphorylation of fructose stimulates the 
catabolism of AMP to inosine and subsequently uric acid. Although the hyperlac­
ticacidemia may contribute to the development of hyperuricemia, it appears to be 
a relatively unimportant factor (93). Approximately equimolar infusions of glucose 
and galactose do not produce a similar effect on purine metabolism (94). 

The possibility that fructose may cause hyperuricemia by increasing the rate of 
purine biosynthesis de novo must also be considered. Fructose is both a precursor 
and stimulator of PP-ribose-P synthesis in human cells in vitro (93). Because 
PP-ribose-P is a limiting substrate for the initial step of purine biosynthesis de novo, 
an increased concentration of PP-ribose-P would be expected to increase the rate 
of purine synthesis de novo. However, several findings indicate that the rapid 
increase in plasma urate concentration, which occurs 30 to 45 min after the infusion 
of fructose, is not due to this mechanism. 1. The infusion of fructose does not 
increase PP-ribose-P levels in erythrocytes in vivo; in fact, the intracellular concen­
tration of PP-ribose-P. as well as its immediate precursor. ribose-5-phosphate, ap­
pears to decrease. 2. Hyperuricemia occurs following the infusion of fructose· to 
patients with hereditary fructose intolerance in whom there is a genetically deter­
mined block in the further metabolism of fructose-I-phosphate (90). This finding 
also suggests that increased uric acid production can occur without stimulating 
PP-ribose-P synth�is. 3. It seems unlikely that an increase in purine biosynthesis 
de novo would lead to so rapid an increase in the serum urate concentration. As 
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discussed later, the most potent stimulator of purine biosynthesis de novo known 
in man, 2-ethylamino-I,3,4-thiadiazole, increases the serum urate concentration in 
24 to 48 hr, not in 30 to 45 min. 

The chronic ingestion of fructose leads to little if any detectable change in the 
serum or urinary uric acid (94). Although an increase in the incorporation of 
glycine-14C into uric acid suggests that the chronic as well as the acute administra­
tion of fructose is associated with an enhanced rate of purine biosynthesis de novo 
(98), it is not possible to discern in either case if this is a primary or secondary effect. 

2-Ethylamino-1,3, 4-thiadiazole 

The compound, 2-ethylamino-I,3,4-thiadiazole (EA-TDA) (Figure 4), was found to 
arrest the growth of experimental tumors in mice (99). When administered to 
human subjects, however, it produced a severalfold increase in both the serum urate 
level and the excretion of uric acid in the urine (100). Subsequent studies demon­
strated a striking increase in the rate of purine biosynthesis de novo in man following 
administration of the drug (101-103) as reflected in (a) an increased incorporation 
of glycine-14C into urinary uric acid, hypoxanthine, xanthine, adenine, guanine, and 
methylguanine and (b) an increased excretion rate of those compounds. 

The mechanism responsible for this effect of EA-TDA still remains unclear. The 
effect of the drug on purine metabolism in man can be prevented by the simultaneous 
administration of nicotinamide at a dose 4 times greater than that ofEA-TDA ( 102, 
1 03), and by nicotinic acid ( 102). In the chick embryo the effect of EA-TDA is 
reversed by allopurinol ( 104) as well as by a number of nicotinamide antagonists 
( 105). Whatever the mechanism, it does not require the presence of hypoxanthine­
guanine phosphoribosyltransferase in man (106). 

Cytotoxic Drugs 

Hyperuricemia may occur following the administration of any agent that leads to 
a breakdown of cells. In this setting there is a rapid release of preformed purine 
nucleotides and cellular nucleic acids leading to an increased synthesis of uric acid. 
This effect of the cytotoxic agents usually occurs in association with the treatment 
of neoplastic disease. 

DRUGS REDUCING THE SERUM URATE CONCENTRATION 

Drugs may reduce the serum urate concentration by increasing the rate of elimina­
tion of the compound or decreasing its rate of synthesis. An increased rate of 
elimination could theoretically be achieved by increasing urate destruction (e.g. 

/\. H 
HC C-N-CH -CH 

II II 2 3 
N-N 

Figure 4 Structure of 2-ethylamino-l ,3-4-thiadiazole. 
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uricase), by increasing its disposal through the gastrointestinal tract, or by increas­
ing renal excretion of the compound. For practical purposes, the latter mechanism 
is the only one of importance at this time. A decreased synthesis of uric acid could 
also potentially be achieved at a number of different sites in the pathway. However, 
inhibition of the final step leading to the synthesis of uric acid has proven to be most 
important. In this review, therefore, the hypouricemic agents are considered in two 
sections, uricosuric agents and xanthine oxidase inhibitors. 

Uricosuric Drugs. 

A large number of drugs with diverse chemical al1d pharmacologic properties 
decrease the serum urate concentration in man by enhancing the renal excretion of 
uric acid. These compounds are listed in Table 1. At the present time, probenecid 
(Benemid (8)) (Figure 5) and sulfinpyrazone (Anturan) (Figure 6) are most widely 
employed for this purpose in the United States; in Europe benzbromarone and 
zoxazolamine are used as well. 

MECHANISM OF ACTION The renal handling of uric acid has been reviewed 
elsewhere (107, 108). Briefly, uric acid is filtered at the glomerulus, and reabsorbed 
and secreted within the nephron. The exact location and quantitative significance 
of the latter two processes, however, remains to be established. The uricosuric effect 
of a drug could be due to an increase in the quantity of urate filtered, an inhibition 
of the tubular reabsorption of urate, or an enhancement of its secretion. 

Drugs could increase the quantity of urate filtered by increasing either the 
glomerular filtration rate or the plasma concentration of free urate. Although the 
former mechanism has not been demonstrated, the latter has received some support 
(109, 110). A number of agents with a uricosuric effect in man such as sulfinpyra-

Table I Drugs shown to be uricosuric in man 

Acetoheximide 
Azauridine 

Benzbromarone 

Benziodarone 

Calcium ipodate 

Chlorprothixene 

Cinchophen 

Citrate 

Dicumarol 

Diflumidone 

Estrogens 
Ethyl biscoumacetate 
Ethyl p-chlorophenoxyisobutyric acid 

Glyceryl guaiacolate 

Glycine 

Glycopyrrolate 

Halofenate 

Iodopyracet 
iopanoic acid 

Meglumine iodipamide 

p-Nitrophenylbutazone 

Orotic acid 

Outdated tetracyclines 

Phenolsulfonphthalein 

Phenylbutazone 

Phenylindandione 

Probenecid 

SalicYlates 

Sodium diatrizoate 
Sulfaethylthiadiazole 

Sulfinpyrazone 

W 2354 
Zoxazolamine 
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Figure 5 Structure of probenecid. 

zone, probenecid, salicylates, phenylbutazone, sulfaethylthiadiazole, diflumidone, 
W2354, and halofenate, have been shown to reduce the binding of uric acid to 
albumin in vitro (108, 110, 111). In addition, there is recent evidence that salicylates 
may reduce urate binding to protein in vivo (112). If urate is displaced from plasma 
proteins in vivo this would increase the filtered load of free urate and could account 
for at least part of the uricosuric effect of these drugs. With the exception of 
salicylates, however, there is no evidence that these agents actually displace uric acid 
binding in vivo. 

The uricosuric effect of most agents studied including probenecid, salicylates, and 
sulfinpyrazone has been attributed to inhibition of the tubular reabsorption of 
filtered urate. With several exceptions, drugs with a significant uricosuric effect in 
man {I 13) are, like uric acid itself, weak organic acids. Since tubular reabsorption 
of uric acid is thought to occur by a process common to many organic acids, it has 
been assumed that these drugs inhibit this process in a competitive manner. 

Four drugs that are not organic acids have a uricosuric effect in man. Studies with 
two of these agents, outdated tetracycline (114) and chlorprothixene (liS), suggest 
that they may inhibit the reabsorption of uric acid in the. proximal tubule in a 
nonspecific manner that also affects the reabsorption of other compounds in this 
segment of the nephron. Glycopyrrolate may exert its uricosuric effect by virtue of 
its anticholinergic properties (116). The precise mechanism of action of the final 
agent in this group, zoxazolaminc, has not been established. 

Figure 6 Structure of sulfinpyrazone. 
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It has been suggested recently that several drugs including glycine ( 117), benzi­
odarone ( 1 18), and the X-ray contrast agents ( 119) may enhance the tubular secre­
tion of urate. This hypothesis is based on the observation that the effect of these 
drugs is completely or partially blocked by the prior administration of pyrazinamide 
(PZA). A more recent interpretation of this response to pyrazinamide would suggest 
that these drugs do not enhance uric acid secretion but inhibit the reabsorption of 
uric acid distal to the secretory site ( 107). The difficulty in interpretation of the 
"PZA suppression test" has been discussed elsewhere ( 108) and is not reviewed here. 

METABOLISM AND DOSE Because probenecid and sulfinpyrazone are the two 
most commonly used uricosuric agents, their metabolism is reviewed in some detail. 

Probenecid, p-(di-n-propylsulfamyl)benzoic acid (Figure 5), was developed origi­
nally as an inhibitor of renal tubular secretion of penicillin. Shortly afterward, it was 
found to have a potent uricosuric effect in man, and its value in the control of 
hyperuricemia was soon demonstrated. The drug is readily absorbed in the gastroin­
testinal tract. The half-life of probenecid in plasma is dose-dependent ( 120), but 
ranges from 6 to 12 hr. It is readily bound to plasma proteins (89-94% of drug) 
and is largely confined to the extracellular fluid. 

The drug is rapidly metabolized in vivo as shown by the recovery in the urine of 
less than 5% of the administered dose within 24 hr. The major urinary metabolite, 
probenecid acyl monoglucuronide, accounts for 41 % of the administered compound 
within 48 hr. The remainder of the metabolites result from oxidative attack of the 
n-propyl side chain and are the monohydroxylated derivatives at the secondary 
(7.2-12.5%) and terminal ( 1.6--3.7%) positions and the carboxyl (6.3-9.2%) and 
N-dipropyl (4.6--8.0%) compounds (121, 122). The side-chain metabolites possess 
uricosuric activity in animals (123). 

Probenecid was the first agent found to be consistently effective in lowering the 
serum urate concentration in gout. The maintenance dose ranges from 500 mg to 
3 g per day given in 3 or 4 divided doses (124). The initial dose should be low (e.g. 
250 mg 2 to 3 times per day) in order to avoid sudden mobilization of large quantities 
of urate. 

Sulfinpyrazone was specifically developed for use as a uricosuric agent and is one 
of the most potent known (Figure 6). It is rapidly and completely absorbed, with 
a peak concentration in the serum 1 hr after its oral administration. The half-life 
in serum is 1 to 3 hr (125, 126). At a serum concentration of 10 mg/IOO ml, 98% 
of the drug is bound to plasma proteins. As a result, sulfinpyrazone, like probenecid, 
is largely confined to the extracellular fluid (126, 127). Some 20 to 45% of the drug 
is excreted unchanged in 24 hr, predominately during .the first 6 hr (125, 127). Most 
of the drug is excreted in the urine as the parahydroxyl metabolite, which is also 
uricosuric in man. 

A dose of sulfinpyrazone of 35 mg has a uricosuric effect comparable to 100 mg 
of probenecid ( 125), and 400 mg per day has an effect similar to that observed with 
1.5 to 2.0 g of probenecid per day (128). Hence sulfinpyrazone is 3 to 6 times more 
potent than probenecid on a weight basis (I2 I ). The usual maintenance dose ranges 
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from 200 to 400 mg/day in 3 or 4 equally divided doses, although a maximal effect 
is frequently not reached until a dose of 800 mg/day is administered. Sulfinpyrazone 
has an additional uricosuric effect in subjects receiving the maximal effective dose 
of probenecid. 

SIDE EFFECTS Side effects of probenecid include an 8 to 18% incidence of gas­
trointestinal complaints, a 5% incidence of hypersensitivity and rash, and a 10 to 
20% incidence of gouty arthritis. However, serious side effects of probenecid seem 
to be extremely rare. Hepatic necrosis has been reported in one patient (129) and 
the nephrotic syndrome in another (130). One patient, who took a massive overdose 
of probenecid (42.5 g) in a suicidal attempt, developed seizures but. had no apparent 
long-term sequelae. 

The incidence of gastrointestinal symptoms with sulfinpyrazone (10 to 15%) is 
roughly the same as that observed with probenecid (128, 131-133). However, sulfin­
pyrazone appears to produce a higher incidence of bone marrow changes as com­
pared with probenecid (128, 134, 135). 

A complication of therapy with either probenecid or sulfinpyrazone which is 
preventable, is uric acid stone formation. Initiation of uricosuric therapy leads to 
a transient increase in uric acid excretion. After the serum urate level drops, the 
urinary uric acid excretion will return essentially to pretreatment values. Because 
uric acid is relatively insoluble, especially in acid prine, this transient increase in uric 
acid excretion can lead to the development of uric acid stones. This complication 
was recorded in 9% of the patients treated by Gutman & Yu (124). 

Uric acid stone formation can be minimized by initiating uricosuric therapy with 
a relatively low dose and increasing it over a period of days or weeks, by maintaining 
an adequate urine flow, and by alkalinizing the urine with the oral administration 
of sodium bicarbonate or sodium citrate during the early course of drug therapy. 
After the hyperuricemia has been controlled and the urinary uric acid has returned 
to normal, these precautions are no longer necessary in most patients. 

Probenecid also has a number of effects which could be of physiologic significance. 
Probenecid blocks the transport of serotonin and dopamine out of the cerebrospinal 
fluid (CSF). This is reflected in an increase in the concentration of 5-hydroxyindolea­
cetic acid and homovanillic acid in CSF obtained from patients being treated with 
probenecid (136--138). In addition, probenecid reduces the renal excretion of panto­
thenic acid (139, 140), androsterone (141), ACTH (142), and diiodotyrosine (143). 

Although probenecid may reduce the elevated serum phosphorous concentration in 
patients with hypoparathyroidism (144-146), it appears to have no effect on serum 
phosphorous, amino acid excretion (121, 147), or glucose excretion (121) in normal 
subjects. Finally, this drug seems to inhibit in some manner the conjugation of 
benzoic derivatives with glycine (148). 

It is not known whether sulfinpyrazone has any or all of these effects on the 
transport, excretion, or metabolism of endogenous substances. However, one action 
of this agent of potential therapeutic significance is the reduction in platelet function 
observed following its administration. As a result of this effect sulfinpyrazone de­
creased thrombosis in arteriovenous shunts (149) and prolonged platelet survival in 
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340 KELLEY 

patients with prosthetic heart valves, rheumatic heart disease, and recurrent venous 
thrombosis (150, 151). This effect of sulfinpyrazone on platelet function can be 
demonstrated in vitro and thus appears to be unrelated to its hypouricemic effect. 

INTERACTION WITH OTHER DRUGS Probenecid has a number of effects on the 
renal excretion, volume of distribution and/or hepatic uptake of a number of drugs. 
These are summarized in Table 2. As a result of these interactions certain drugs 
should be used with caution in patients receiving probenecid. Dapsone and indome­
thacin, for example, should be used at a lower dose in patients receiving probenecid. 
Aspirin and its closely related compounds should not be given with probenecid. Not 
only does prob�necid delay the renal excretion of salicylic acid and many of its 
glucuronide derivatives, but acetylsalicylate completely blocks the uricosuric effect 
of probenecid and most other uricosuric agents. 

The effect of probenecid on the metabolism of some drugs has been used to good 
advantage. Probenecid has been used, for example, to enhance the blood levels of 
ampicillin and penicillin. In addition, the prolonged half-life of Rifampicin ® ob­
served in the presence of probenecid may be therapeutically useful. Probenecid also 
appears to reduce the volume of distribution of several antibiotics, including am­
picillin, ancilin, nafcillin, and cephalordine (152); should the concentration of these 
antibiotics be significantly reduced in certain body fluids or spaces in the presence 
of probenecid the net effect could be detrimental. 

It seems quite possible that sulfinpyrazone may inhibit the excretion or metabo­
lism of many of the same compounds altered by probenecid. At the present time 
there is relatively little data on these potential effects of sulfinpyrazone. 

Table 2 Effects of probenecid on metabolism of other drugs 

Decreased renal excretion 

Paraaminohippuric acid 

Phenolsulfonphthalein 

Salicylic acid and its acyl and phenolic glucuronides 

Phlorizin and its glucuronide 

Acetazolamide 

Dapsone and its metabolites 

Sulfinpyrazone and its parahydroxy metabolite 

Indomethacin 

Ampicillin 

Penicillin 

Reduced volume of distribution 

Ampicillin 

Ancilin 
Nafcilin 

Cephaloridine 

Impairment of hepatic uptake 

Bromsulfonph thalein 

Indocyanin green 

Rifampicin 
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Decreased Uric Acid Formation 

DRUGS AND URIC ACID 341 

For practical purposes the only therapeutically effective method for decreasing uric 
acid formation at the present time involves inhibition of xanthine oxidase. The final 
steps leading to the synthesis of uric acid involve the conversion of hypoxanthine 
to xanthine and xanthine to uric acid and are catalyzed by a single enzyme, xanthine 
oxidase. Many inhibitors of xanthine oxidase are known, including 6-pteridylalde­
hyde and various purine analogs such as adenine, 2,6-diaminopurine, 6-thiopurine, 
symmetrical triazines, 6-chloropurine, and 4-diazoimidazole-5-carboxamide. Al­
lopurinol, however, has proved to be the most important compound in this group. 
This compound is a purine analog that differs from hypoxanthine in that the 
positions of the 7-nitrogen and 8-carbon are reversed. 

Both allopurinol and its major metabolic product, oxipurinol, an analog of xan­

thine, are potent inhibitors of xanthine oxidase (1, 153-155) (Figure 7). The Michae­

lis constant of allopurinol is some 15 to 200 times lower than that of xanthine, 

whereas that of.oxipurinol is comparable to that of xanthine (153). Allopurinol may 
show substrate-competitive kinetics. Both allopurinol and oxipurinol produce pseu­
do-irreversible inactivation of xanthine oxidase. Such inactivation occurs when 
allopurinol and enzyme are incubated in the absence of substrate, but enzyme 
activity can be restored by prolonged dialysis. Oxipurinol has no effect on enzyme 
alone, but inactivates it in the presence of xanthine (1, 153). 

Allopurinol was first synthesized for trial as a chemotherapeutic agent, but by 
itself had little or no effect upon experimental tumors (156, 157). It was found to 
be an inhibitor of xanthine oxidase (154) and to inhibit the conversion of 6-thiopu­
rine to 6-thiouric acid in mouse and man (158). It was first introduced clinically as 
adjunct therapy in patients receiving 6-thiopurine for leukemia (159). Patients given 
allopurinol showed a pronounced. reduction in both serum and urinary uric acid 
values (J 59, 160). These observations suggested a trial of the agent in gout and it 
is now established as one of the standard forms of therapy of hyperuricemia and uric 
acid stones. 

The administration of allopurinol in man is followed by a prompt decrease in the 
serum and urinary uric acid within 24-48 hr, reaching a maximum in 4 days to 2 
weeks and remaining relatively constant over prolonged periods of time (157, 161). 
There is no evidence for irreversible inactivation of xanthine oxidase in man as has 
been observed in vitro or, for that matter, of enzyme induction. Withdrawal results 
in a return to pretreatment serum urate levels within a few days, and the exceptional, 
more prolonged effects are usually associated with delayed excretion of oxipurinol. 

METABOLISM AND DOSE Allopurinol has a very short biological half-life of only 
2-3 hr (162). Some 3-10% of an administered dose is excreted with a clearance rate 
approximately equal to the glomerular filtration rate (162). Most of the allopurinol 
(45-65%) is rapidly oxidized to oxipurinol in vivo, with a smaller portion being 
converted to allopurinol ribonucleoside (163) and allopurinol ribonucleotide (164). 
Most of the oxipurinol formed is excreted unchanged by the kidney with a relatively 

long half-life (28 hr) (162). A portion is metabolized to the 7-N-ribosyloxipurinol 
(oxipurinol ribonucleoside) and the I-N-ribosyloxipurinol (165) derivatives as well 
as the corresponding ribonucleotide derivatives (166). The pathways involved in the 
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Figure 7 Metabolism of allopurinol. The reactions indicated by the numbers are catalyzed 
by the following enzymes: 1, xanthine oxidase; 2, hypoxanthine-guanine phosphoribosyl­
transferase; 3, orotate phosphoribosyltransferase; 4, purine nucleoside phosphorylase; 5, 
pyrimidine nucleoside phosphorylase; 6,S'nucleotidase. 

metabolism of allopurinol are summarized in Figure 7. Factors that affect uric acid 

excretion generally alter oxipurinol excretion in a similar manner ( 165). 
It has been suggested that oxipurinol rather than allopurinol is primarily responsi­

ble for xanthine oxidase inhibition in vivo (153). A direct comparison of the two 
drugs indicates that allopurinol is probably the more effective but this is due to the 
relatively poor absorption of oxipurinol in the gastorintestinal tract ( 1 67). 

With the use of allopurinol a normal serum urate value can be achieved in all but 
a few patients. The doses required to reduce elevated serum levels to normal average 
200-400 mg/day. In contrast to the uricosuric agents, allopurinol therapy can be 
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initiated at a dose that is expected to provide effective control of the hyperuricemia. 
Although allopurinol is usually given in 3 or 4 divided doses, a single daily dose may 
be adequate because of the relatively prolonged half-life of oxipurinol. 

SIDE EFFECTS More than half of the increase in urinary oxypurines observed 
with allopurinol therapy consists of xanthine, a relatively insoluble compound in 
acid and neutral urine ( 168). The levels attained with full doses of allopurinol may 
equal those observed in patients with xanthinuria who lack xanthine oxidase activity 
as an inborn error of metabolism. These levels of xanthine in the urine have been 
associated in the xanthinuria patients with the occurrence of urinary calculi com­
posed of xanthine. Thus far, development of xanthine crystalluria or lithiasis as a 
complication of allopurinol therapy has not been observed in any patient given the 
drug for treatment of gout or uric acid stones. Three instances of xanthine stone 
formation, related to allopurinol therapy, have been reported in other circum­
stances. Two occurred in children with the Lesch-Nyhan syndrome ( 169, 170) and 
the third in an adult patient with lymphosarcoma ( 17 1). All three patients excreted 
approximately 1500 mg of uric acid per day. One child, who received 9 mg of 
allopurinol per kg, excreted as much as 800 mg of xanthine per day while on therapy 
( 172, 173). It appears that allopurinol should be given cautiously and in minimal 
doses to patients with extraordinarily great uric acid excretion values, particularly 
those with inability to reutilize hypoxanthine and xanthine because of HGPRT 
deficiency ( 174). 

When allopurinol is given, serum oxypurine levels rise only slightly, reaching 
0.5- 1.0 ( 159, 168) or, rarely, 2.0 mg/l00 ml ( 175) because of the relatively high 
renal clearance of oxypurines. As Klinenberg et al point out, the oxypurine levels 
achieved are well below the solubility limits of hypoxanthine or xanthine in serum 
( 168). However, hypoxanthine, xanthine, and oxipurinol crystals have been noted 
in skeletal muscle from gouty subjects treated with allopurinol ( 176). In these 
patients the concentration of hypoxanthine and xanthine in muscle is considerably 
less than observed in patients congenitally deficient in xanthine oxidase (J 77), 
and it is not certain that significant clinical symptoms result from this phe­
nomenon. 

Serious complications of allopurinol therapy appear to have been rare during its 
initial 8 years in general use. Approximately 5% of patients find it necessary to 
discontinue the drug ( 178). Allopurinol may lead to the development of gastrointes­
tinal intolerance ( 175), skin rashes, sometimes with fever ( 168), leukopenia, throm­
bocytopenia, hepatitis, or vasculitis (179). It is not clear whether these are related 
to hypersensitivity or to a toxic effeG:t of the drug. These complications tend to occur 
more often in the presence of renal insufficiency. Despite earlier reports to the 
contrary, allopurinol has no significant effect on iron absorption, storage, or utiliza­
tion (I). 

In addition, allopurinol has several other effects that have been demonstrated in 
man. Inhibition of both purine and pyrimidine biosynthesis de novo and depletion 
of intracellular PP-ribose-P are the effects most consistently observed in vivo. 

In most patients the replacement of urinary uric acid by the oxypurines, hypoxan­
thine and xanthine, is less than stoichiometric ( 159, 174, 180). The deficit ranges 
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from 10-60% and is roughly proportional to the pretreatment level of uric acid 
excretion ( 1 76). The total deficit may amount to several hundred milligrams of total 
purines (uric acid plus oxypurines) per day ( 1 59, 1 75). In addition, the reduction 
in total purine excretion is associated with a decreased incorporation of isotopic 
glycine into urinary uric acid ( 1 8 1 ). This effect of allopurinol requires the presence 
of hypoxanthine-guanine phosphoribosyltransferase ( 1 82) and may be due to a 
combination of factors, including (a) an increased conversion of hypoxanthine to 
inosine 5'-monophosphate (IMP) ( 1 6 1 ), with the reduction in purine biosynthesis 
de novo due to the inhibitory action of purine ribonucleotides derived from IMP, 
(b) the conversion of allopurinol to its ribonucleotide, and the reduction of purine 
biosynthesis de novo by the inhibitory effect of allopurinol ribonucleotide upon 
glutamine PP-ribose-P amidotransferase ( 183, 184), and (c) depletion of PP-ribose­
P, an essential substrate of PP-ribose-P amidotransferase ( 1 64, 1 85), as a result of 
the conversion of either allopurinol or hypoxanthine to their respective ribonucleo­
tide derivatives. 

The administration of allopurinol leads to a substantial reduction of erythrocyte 
PP-ribose-P content, which occurs 3-5 hr after administration of the drug ( 164). 
This effect in the erythrocytes is due to consumption of PP-ribose-P by the conver­
sion of allopurinol to its ribonucleotide. It is not attributable to increased reutiliza­
tion of hypoxanthine and xanthine, because PP-ribose-P levels do not fall after 
oxipurinol administration ( 1 64). Nevertheless, it has been shown that reutilization 
of hypoxanthine ( 1 86) and xanthine ( 1 87) for nucleic acid synthesis is markedly 
enhanced in the intact rat when their oxidation is inhibited by allopurinol. 

The administration of allopurinol and oxipurinol in man is accompanied by a 
striking increase in the excretion of orotidine and orotic acid ( 188, 1 89). Studies in 
vivo and in cell culture demonstrate that this effect results from inhibition of 
orotidine 5'-phosphate decarboxylase, which catalyzes a step in the conversion of 
orotic acid to uridine 5'-monophosphate (UMP). Inhibition of orotidine 5'-phos­
phate decarboxylase in vivo is not dependent on the presence of hypoxanthine­
guanine phospho ribosyl transferase activity and therefore cannot be completely 
attributed to the formation of 1 -N -ribosyloxipurinol 5' -monophosphate, allopurinol 
ribonucleotide, or xanthosine-5'-monophosphate, each of which is a potent inhibitor 
of orotidine 5'-phospate decarboxylase in vitro ( 1 90). At least in hypoxanthine­
guanine phosphoriboxyltransferase - deficient cells, the inhibitory effect of these 
compounds on pyrimidine biosynthesis appears to involve formation of derivatives 
that are analogs of the purine 3-N-ribonuc1eotides ( 1 9 1 ,  192) whose formation is 
catalyzed by a different enzyme, orotate phosphoribosyltransferase ( 166). It seems 
likely at this time that the inhibition of orotidine 5'-phosphate decarboxylase is 
largely due to both I-N-ribosyloxipurinol 5'-phosphate and 7-N-ribosyloxipurinol 
5'-phosphate. The administration of allopurinol to rats is associated with a transient 
decrease in UMP and UDP pools in the liver whereas UTP levels are actually 
elevated; no change is observed in the level of uridine nucleotides in the kidney 
( 1 93). These studies suggest that, at least in the rat, any reduction of intracellular 
pyrimidine nucleotides due to the inhibition of pyrimidine biosynthesis de novo is 
rapidly corrected presumably by an enhanced conversion of uridine to UMP. 
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The administration of allopurinol also leads to an eightfold increase in the activity 
of oro tate phosphoribosyltransferase and orotidine 5 '-phosphate decarboxylase in 
circulating erythrocytes ( 1 88, 194). The increase can usually be demonstrated within 
one week of allopurinol therapy and the activity appears to level off after 3 to 6 
weeks. The mechanism responsible for this has been somewhat controversial. The 
ribonucleotide derivatives of both allopurinol and oxipurinol are capable of shifting 
the configuration of the complex of orotate phosphoribosyltransferase and orotidine 
5'-phosphate decarboxylase to a larger, more stable molecular species ( 195). Most 
of the data currently available are consistent with the hypothesis that the apparent 
increase in enzyme activity is due to stabilization of the enzyme complex to the 
extraction procedure. Other possibilities include stabilization of the enzyme com­
plex to degradation in vivo or "activation" of the enzyme complex. Irrespective of 
the mechanism, this latter change in enzyme activity during allopurinol therapy 
appears at the present time to be of little clinical consequence. 

Allopurinol also has a number of other metabolic effects, which have been demon­
strated in vitro or in lower animals. Through its action upon xanthine oxidase it 
inhibits tryptophan pyrrolase ( 196), probably by limiting the availability of H202 to 
the latter enzyme ( 197, 1 98). Allopurinol also inhibits purine nucleoside phosphory­
lase (1 63, 199) and pyrimidine deoxyribosyltransferase (200) in vitro. It activates, 
and at a higher concentration inhibits, urate oxidase (201). 

INTERACTION WITH OTHER DRUGS There are several potentially important 
drug-drug interactions involving allopurinol which deserve comment. Purine ana­
logs such as 6-mercaptopurine and azathioprine, which are inactivated by xanthine 
oxidase, are potentiated by the xanthine oxidase inhibition associated with al-

Table 3 Metabolic effects of allopurinol 

Clinical Effect 

I. Hypouricemia 

2. Decreased total purine 

production 

3 .  Orotidinuria 

4. Orotic aciduria 

5. Prolorigation of half-life of 
drugs metabolized by the 

m icrosomal oxidizing 
system 

M echanism 

Xanthine oxidase inhibition 

Inhibition of PP-ribose-P 

amidotransferase 
PP-ribose-P depletion 

Inhibition of orotine 5 '-phosphate 

decarboxylase 

Inhibition of orotate phospho­

ribosyltransferase 

PP-ribose-P depletion 

Inhibition of hepatic m icrosomal 

drug-metabolizing enzymes 

6. Apparent increased activity ? S tabilization of enzymes to 

of orotate phosphoribosyl- extraction 

transferase and orotidylic ? Activation 
decarboxylase 

Allopurinol 

Oxipurinol 

Effector 

Allopurinol- I -N-ribosylphosphate 

IMP 

Allopurinol 

Oxipurinol-7 -N-ribosylphospha te 

Oxipurinol- I -N-ribosylphospha te 

Allopurinol-l -N-ribosyiphosphate 

? OMP 

Allopurinol 

Unknown 

Allopurinol- I -N-ribosylphospha te 

Unknown 
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lopurinol administration. In addition, allopurinol has an inhibitory effect on the 
hepatic microsomal drug-metabolizing enzymes (202). Thus drugs such as antipy­
rine and bishydroxycoumarin, which are metabolized by this system, should be used 
with caution and at a lower dose in patients receiving allopurinol.  The half-life of 
probenecid is prolonged by about 50% in the presence of allopurinol (203), which 
has been attributed to the inhibitory effect of allopurinol on the microsomal drug­
metabolizing system. The administration of allopurinol is associated with a threefold 
higher incidence of ampicillin-related skin rash (204). However, it is not clear from 
the latter study whether this potentiation is due to allopurinol, or to the presence 
of hyperuricemia. 

Some of the metabolic effects of allopurinol are summarized in Table 3. 

SUMMARY 

In this review the drugs capable of increasing or lowering the serum .urate concentra­
tion are considered with regard to mechanism of action and significance of the effect, 
where known. Several hypouricemic agents, probenecid, sulfinpyrazone, and al­
lopurinol, are considered in further detail because of their major clinical importance. 
No effort has been made, however, to summarize the relative clinical indications for 
each agent. In addition, in those cases where specific details could not be included 
because of limitations of space, the appropriate reference has been given. 

Literature Cited 

I .  Rundles, R. W., Wyngaarden, J. B., 
Hitchings, G. H.,  Elion, G. B. 1969. 
Ann. Rev. Pharmacol 9:345 

2. Paulus, H. E., Coutts, A., Calabro, J. J . ,  
Klinenberg, J. R. 1970. J. Am. Med. 
Assoc. 2 1 1 :277 

3. Healy, L. A., Hall, A. P. 1 970. Bull. 
Rheum. Dis. 20:600 

4. Monroe, K. E. ,  Grant, L. H.,  Sasahara, 
A. A., Littmann, D. 1 959. N Engl. 1. 
Med. 261 :290 

5. Healey, L. A., Magid, G. J., Decker, 
J. L. 1 959 . N Engl. 1. Med. 261 : 1358 

6. Freeman, R. B. ,  Duncan, G. 1960. Me­
tabolism 9: 1 107 

7. Bryant, J. M. et al 1962. Am. 1. Med. 
33:408 

8. Ayvazian, J. H., Ayvazian, L. F. 1961 .  
J. Clin. Invest. 40: 1 961  

9. Schirmeister, J . ,  Willmann, H.  1 964. 
Klin. Wochenschr. 42:623 

10. Dollery, C. T., Parry, E. H. 0., Young, 
D. S. 1 964. Lancet 1 :954 

I I .  Cranston, W. I., Semmence, A. M.,  
Richardson, D.  W.,  Barnett, C. F. 1965. 
Am. Heart J. 70:455 

1 2. Sperber, R. J., DeGraff, A. C. 1965. 
Am. Heart J. 69: 1 34 

1 3. Walker, B. R., Hoppe, R. C., Alexan-

der, F. 1 972. Clin. Pharmacal. Ther. 
1 3 :245 

14. Gombos, E. A., Freis, E. D., Mogh­
adam, A. i966. N Engl. J. Med. 
275: 1 2 1 5  

1 5. Beyer, K .  H . ,  Baer, J .  E .  1 96 1 .  Phar­
macal. Rev. 1 3 :5 1 7  

1 6. Suki, W. N . ,  Hull, A .  R . ,  Rector, F .  C. 
Jr., Scldin, D. W. 1 967. 1. Clin. Invest. 
46: 1 12 1  

1 7. Steele, T .  H .  1 969. 1. Lab. Clin. Med. 
74:288 

18. Steele, T. H., Oppenheimer, S. 1969. 
Am. 1. Med. 47:564 

19. Schirmeister, J., Man, N. K., Hallauer, 
W. 1 969. Progress in Nephrology, ed. G. 
Peters, F. Roch-Ramel, p. 59. New 
York: Springer 

20. Schultz, G. ,  Gesaft, G., Losert, W., Silt, 
R. 1 965. Arch. Pharm. 255:372 

2 1 .  Zwcifter, A. J., Thompson, G. R. 1 965. 
Arthritis Rheum. 8 : 1 1 34 

22. Brest, A. N., Heider, c., Mehbod, H.,  
Onesti, G. 1 966. 1. Am. Med. Assoc. 
1 95 : 1 32 

23. Nicotero, J. A., Scheib, E. T., Martinez, 
R., Rodnan, G. P., Shapiro, A. P. 1970. 
N Engl 1. Med. 282 : 133 

24. Beyer, K. H., Baer, J. E. 1 96 1 .  Phar­
macol. Rev. 1 3 :5 1 7  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

5.
15

:3
27

-3
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

5/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



25. Baer, J. E., Russo, H. F., Beyer, K. H. 
1 959. Proc. Soc. Exp. Bioi. Med. 
100:442 

26. Campbell, D. E. S. 1 960. Acta Phar­
macal. Taxical. 17 :2 1 3  

27. Hook, 1. B., Williamson, H .  E. 1 965. J 
Pharmacal. Exp. Ther. 149:404 

28. Reed, E. B., Feichtmeir, T. V., Craig, 
S. G. 196 1 .  Arthritis Rheum. 4:533 

29. Smilo, R. P., Beisel, W. R., Forsham, 
P. H. 1962. N. Engl. J. Med. 267 : 1225 

30. Salome, E. G. 1 885. Med. Jahrb. Wien. 
p. 463 

3 1 .  See, G. 1 877. Bull. Acad. Med. Paris 
6:689, 7 1 5, 926, 937, 1 024, 1 877 

32. Fauvel, P. 1907. C. R. Acad. Sci. 
144:932 

33. Klemperer, F, Bauer, W. 1 944. J Clin. 
Invest. 23:950 

34. Gutman, A. B. 1 9 5 1 .  Bull. NY Acad. 
Med. 27:144 

35. Gutman, A. B., Yu, T. F. 1952. Advan. 
Intern. Med. 5:227 

36. Yu, T. F., Sirota, J. H., Gutman, A. B. 
1 953. Clin. Res. Prac. 1 : 107 

37. Crone, C., Lassen, U. V. 1955.  Acta 
Pharmacal. 1 1 :355 

38. Yu, T. F., Gutman, A. B. 1 955.  Pmc. 
Soc. Exp. Bioi. 90:542 

39. Gutman, A. B., Yu, T. F. 1955.  Ann. 
Rheum. Dis. 1 4:444 

40. Grayzel, A. I . ,  Liddle, L., Seegmiller, 
J. E. 1961 .  N. Engl. J Med. 265:763 

4 1 .  Yu, T. F., Gutman, A. B. 1 959. J. Clin. 
Invest. 38: 1 298 

42. Yu, T. F., Dayton, P. G., Gutman, 
A. B. 1963. J. Clin. Invest. 42: 1 330 

43. Postlethwaite, A. E., Kelley, W. N. 
1 972. J Am. Med. Assoc. 2 1 9: 1479 

44. Cullen, J. H., Early, L. J. A., Fiore, 
J. M. 1 956. Am. Rev. Tuberc. 74:289 

45. Shapiro, M., Hyde, L. 1957. Am. J. 
Med. 23:596 

46. Cullen, J. H., LeVine, M., Fiore, 1. M. 
1957. Am. J Med. 23:587 

47. Weiner, I. M., Tinker, J. P. 1 972. J. 
Pharmacal. Exp. Ther. 1 80:4 1 1  

48. Toida, I. 1 973. Am. Rev. Res. Dis. 
107:630 

49. Toida, I .  1 973. Am. Rev. Res. Dis. 
107:639 

50. Yu, T. F., Berger, L., Stone, D. J., 
Wolfe, J., Gutman, A. B. 1 957. Proc. 
Sac. Exp. Bial. Med. 96:264 

5 1 .  Gutman, A. B., Yu, T. F., Berger, L. 
1 969. Am. J. Med. 47:575 

52. Steele, T. H.,  Rieselbach, R. E. 1 967. 
Am. J. Med. 43:868 

53. Fanelli, G. M. Jr., Bohn, D. L., Reilly, 
S. S. 1 97 1 .  Am. J. Physial. 220:61 3  

DRUGS AND URIC ACID 347 

54. Fanelli, G. M. Jr., Bohn, D., Stafford, S. 
1970. Am. J Physiol. 2 1 8:627 

55. Mudge, G. H., McAlary, B., Berndt, 
W. O. 1968. Am. J. Physial. 2 14:875 

56. Beechwood, E. C., Berndt, W. O., 
Mudge, G. H. 1 964. Am. J Physiol. 
207 : 1 265 

57. Kramp, R. A., Lassiter, W. E., Gott­
schalk, C. W. 1 97 1 .  J. Clin. Invest. 
50:35 

58. Holmes, E. W., Kelley, W. N., Wyn­
gaarden, J.  B. 1972. Kidney Int. 2: 1 1 5 

59. Shapiro, M.,  Hyde, L. 1957. Am. J 
Med. 23:596 

60. Kanner, 0., Jacobs, P. 1957. Trans. VA­
Armed Forces Can! Chemother. Tu­
berc. 1 6:244 

6 1 .  Wood R. H. N. 1 963. Bull. Rheum. Dis. 
1 3 :297 

62. Petty, T. L., Dalrymple, G. V. 1964. 
Ann. Intern. Med. 60:898 

63. Christensen, A. ,  Achor, W. P., Berge, 
K. G., Mason, H. L. J Am. Med. Assac. 
1 77:546 

64. Berge, K. G. et a1 1961 .  Am. J. Med. 
3 1 :25 

65. Parsons, W. B. 1961 .  Arch. Int. Med. 
107:653 

66. Gaut, Z. N., Pocelinko, R., Solomon, 
H. M., Thomas, G. B. 1 9 7 1 .  Metabolism 
20: 103 1 

67. Gershon, S. L., Fox, I. H. 1 974. J. Lab. 
Clin. Med. In press 

68. Becker, M. A., Raivio, K. 0., Meyer, 
L. J., Seegmiller, J. E. 1973. Clin. Res. 
2 1 :6 1 6  

69. Shuster, L . ,  Goldin, A .  1 958. J. Bial. 
Chern. 230:873 

70. Shuster, L., Abraham, G. 1 959. J. Bioi. 
Chem. 234: 129 

7 1 .  Boyle, J. A., Raivio, K. 0., Becker, 
M. A., Seegmiller, J. E. 1972. Biachim. 
Biophys. Acta 269: 1 79 

72. Postlethwaite, A. E., Bartel, A. G.,  Kel­
ley, W. N. 1 972. N. Engl. J. Med. 
286:761 

73. Postlethwaite, A. E., Kelley, W. N. 
1972. Arthritis Rheum. 1 5 :403 

74. Garrod, A. B. 1 863. The Nature and 
Treatment of Gout and Rhuematic 
Gout, p. 25 1 .  London: Walton & Ma­
ber1y 

75. Lieber, C. S., Davidson, C. S. 1 962. Am. 
J. Med. 33:3 1 9  

76. Lieber, C .  S . ,  Jones, D. P . ,  Losowsky, 
M. S., Davidson, C. S. 1 962. J Clin. 
Invest. 4 1 :  1 863 

77. Yu, T. F., Sirota, J. H., Berger, L., 
Halpern, M., Gutman, A. B. 1957. Prac. 
Soc. Exp. Bial. Med. 96:809 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

5.
15

:3
27

-3
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

5/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



348 KELLEY 

78. Maclachlan, M. J., Rodnan, G. P. 1 9�7. 
Am. 1. Med. 42:38 

79. Dillon, E. S., Dyer, W. W., Smello, 
L. S. 1 940. Med. Clin. N. Am. 24: 1 8 1 3  

80. Lefevre, A . ,  Adler, H., Lieber, C .  S. 
1 970. 1. Clin. Invest. 49: 1 775 

8 1 .  Saker, B. M., Toller, O. B., Burvill, 
M. J., Reilly, K. A. 1 967. Med. J. Aust. 
1 : 1 2 1 2  

82. Evans, J .  G., Prior, I .  A. M., Harvey, 
H. P. B. 1 968. Ann. Rheum. Dis. 27:3 19  

8 3 .  Delbarre, F., Auscher, c. ,  Brouilhet, 
H.,  de Gery, A. 1 967. Sem. Hop. Paris 
43:659 

84. Newcombe, D. S. 1972. Metabolism 
2 1 : 1 1 93 

85. al-Hujaj, M., Schonthal, H. ,  Kranken­
haus, J. 1 9 7 1 .  N. Engl. J. Med. 285:859 

86. Jonas, S. 1 97 1 .  N. Engl. 1. Med. 
285 : 1 488 

87 .  Honda, H. ,  Gindin, R. A. 1 972. 1. Am. 
Med. Assoc. 2 1 9:55 

88. Cawein, M. J., Hewins, 1. 1 969. N. 
Engl. 1. Med. 2 8 1 : 1489 

89. Paldine W. J. 1 972. N. Engl 1. Med. 
286:376 

90. Perheentupa, 1., Raivio, K. 1 967. Lan­
cet 2 :528 

9 1 .  Sahebjami, H., Scalettar, R. 1 9 7 1 .  Lan­
cet 1 :366 

92. Heuckenkamp, P.-V., Zollner, N. 197 1 .  
Lancet 1 : 808 

93. Fox, I. H., Kelley, W. N. 1972. Metabo­
lism 2 1 :7 1 3  

94. Narins, R .  G . ,  Weisberg, J .  S., Myers, 
A. R. 1974. Metabolism 23:455 

95. Bode, C., Schumacher, H., Goebell, H., 
Zelder, 0., Pelzel, H. 1 9 7 1 .  Harm. 
Metab. Res. 3:289 

96. Bode, J. c., Zelder, 0., Rumpelt, H. J. 
1 973. Eur. J. Clin. Invest. 3:436 

97. Schwarzmeier, J. D., Markt!, W., 
Moser, K., Lujf, A. 1 974. Res. Exp. 
Med. 1 62:341 

98. Emmerson, B. Personal communication 
99. Shapiro, D. M., Shils, M. E., Fugmann, 

R. A., Friedland, I .  M. 1 957. Cancer 
Res. 1 7 :29 

100. Krakotf, I. H., Magill, G. B. 1 956. Proc. 
Soc. Exp. BioI. Med. 9 1 :470 

1 0 1 .  Seegmiller, J. E., Grayzel, A. I., Liddle, 
L. 1 959. Nature 1 83 : 1 463 

102. Krakoff, I. H., Balis, M. E. 1959. 1. 
Clin. Invest. 38 :907 

103. Seegmiller, J. E., Grayzel, A. I., Liddle, 
L., Wyngaarden, J. B. 1963. Metabo­
l ism 1 2 :507 

104. Duggan, D. E., Pua, K. H., Elfenbein, 
G. 1 968. Mol. Pharmacal. 4:53 

105. Krakoff, I .  H .  1964. Biochem. Phar­
macal. 1 3 :449 

106. Nyhan, W. L., Sweetman, L., Lesch, M. 
1 968. Metabolism 1 7:846 

107. Steele, T. H. 1973. Ann. Intern. Med. 
79:734 

108. Holmes, E. W., Kelley, W. N., Wyn­
gaarden, J. B.  1972. Kidney Int. 2: 1 1 5 

109. Bluestone, R., Kippen, I . ,  Klinenberg, 
J. R., Whitehouse, M. W. 1970. J. Lab. 
Clin. Med. 76:85 

1 10. Klinenberg, 1. R., Kippen, I. 1970. 1. 
Lab. Clin. Med. 75:503 

I I I . Schlosstein, L. H. et al 1973. J. Lab. 
Clin. Med. 82:4 1 2  

1 12. Postlethwaite, A .  E., Gutman, R .  A., 
Kelley, W. N. 1 974. Metabolism 23:771 

1 1 3.  Gutman, A. B. 1 966. Advan. Phar­
macal 4:9 1 

1 14. Funlop, M., Drapkin, A. 1965. N. Engl. 
J. Med. 272:986 

l i S. Weinshilbaum, R. M.,  Goldstein, J., 
Kelley, W. N. Arthritis Rheum. In press 

1 1 6. Postlethwaite, A. E., Ramsdell, C. M., 
Kelley, W. N. 1974. Arch. Intern. Med. 
1 34:270 

1 1 7. Yu, T. F., Kaung, C., Gutman, A. B. 
1970. Am. 1. Med. 49:352 

1 1 8.  Gougoux, A., Michaud, G., Vinay, P., 
Lemieux, G. 1 970. Clin. Res. 1 8 :747 

1 1 9. Postlethwaite, A. E., Kelley, W. N. 
1 9 7 1 .  Ann. Intern. Med. 74:845 

1 20. Dayton, P. G. et a1 1963. 1. Pharmacal 
Exp. Ther. 140:278 

1 2 1 .  Beyer, K .  H .  et a1 1 95 1 .  Am. J. Physiol. 
1 66:625 

122.  Dayton, P. G., Percel, J. M., Cunning­
ham, R. F. et a1 1 973. Drug Metab. Dis­
position 1 :742 

1 23.  Israili, Z. H., Percel, J. M., Cunning­
ham, R. F. et al 1972. 1. Med. Chem. 
1 5:709 

1 24. Gutman, A. B., Yu, T. F. 1 957. Lancet 
2: 1258 

1 25.  Burns, J. J. et  al  1 957. 1. Pharmacal. 
Exp. Ther. 1 1 9:4 1 8  

1 26. Dayton, P .  G . ,  Sicam, L .  E., Landrau, 
M., Burns, J. J. 1961 .  J. Pharmacal. 
Exp. Ther. 1 32:287 

1 27.  Gutman, A. B. et al 1 960. Am. J. Med. 
29: 1 0 1 7  

1 28. Yu, T .  F . ,  Burns, J .  J . ,  Gutman, A. B. 
1 958. Arthritis Rheum. 1 :532 

1 29. Reynolds, E. S., Schiant, R. c., Gonick, 
H. C., Dammin, G. J. 1 957. N. Engl. 1. 
Med. 256:592 

1 30. Ferris, T. F.,  Morgan, W. S., Levitin, H. 
1961 .  N. Engl. 1. Med. 265:38 1  

1 3 ! .  De Seze, S., Ryckewaert, A. 1960. Ex­
pansion Sci. Franc Paris 

1 32. Emmerson, B. T. 1963. Med. 1. Aust. 
1 :839 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

5.
15

:3
27

-3
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

5/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



1 3 3 .  Kuzell, W., Glover, R., Gibbs, 1. ,  Blau, 
R. 1 964. Rheum. Scand. Suppl. 8 : 3 1  

1 34. Glick, E .  N .  1 9 6 1 .  Proc. Roy. Soc. Med. 
54:423 

1 35 .  Persellin, R. H., Schmid, F. R. 1 96 1 .  J. 
Am. Med. Assoc. 1 75:971 

1 36. Bowers, M. B. Ir. 1 970. Life Sci. 9:691 
1 37. Tamarkin, N. R., Goodwin, F. K.,  Ax­

elrod, 1. 1970. Life Sci. 9: 1 397 
1 38.  Van Praag, H. M., Korf, I., Puite, J. 

1970. Nature 225: 1 259 
1 39. Boger, W. P., Bayne, G. M., Gylfe, 1., 

Wright, L. D. 1953. Proc. Soc. Exp. 
Bioi. Med. 82:604 

140. Markkanen, T. K.,  Toivanen, P., Toi­
vanen, A., Sotaniemi, E. 1 963. Scand. J. 
Clin. Lab. Invest. 1 5 :5 1 1  

141 .  Gardner, L. I. ,  Crigler, 1. R. Jr., Mi­
geon, C. J. 195 1 .  Proc. Soc. Exp. Bioi. 
Med. 78:460 

142. Bonar, J. A., Perkins, W. H. 1962. J. 
Clin. Endocrinol. 22:38 

143. Huang, K. C. 1 96 1 .  J. Pharmacal. Exp. 
Ther. 1 34:257 

144. Dubin, A., Kushner, D. S., Bronsky, 
D., Pascale, L. R. 1956. Metabolism 
5:703 

145. Kolb, F. 0., Rukes, J. M. 1 954. J. Clin. 
Endocrinol. 14:785 

146. Persellin, R. H.,  Schmid, F. R. 196 1 .  J. 
Am. Med. Assoc. 1 75:97 1 

147. Beam, A. G., Kunkel, H. G. 1 954. J. 
Clin. Invest. 33 :400 

148. Beyer, K. H., Wiebelhaus, V. D., Till­
son, E. K., Russo, H. F., Wilhoyte, 
K. M. 1 950. Proc. Soc. Exp. Bioi. Med. 
74:772 

149. Kaegi, A. et al 1974. N Engl. J. Med. 
290:304 

I SO. Weily, H. S., Genton, E. 1970. Circula­
tion 42:967 

1 5 1 .  Steele, P. P., Weily, H. S., Genton, E. 
1 973. N Engl. J. Med. 288: 1 148 

1 52.  Gibaldi, M., Schwartz, M. A. 1 968. 
Clin. Pharm. 9:346 

153 .  Elion, G. B. 1966. Ann. Rheum. Dis. 
25:608 

1 54. Feigelson, P., Davidson, J. D., Robins, 
P. K. 1957. J. Bioi. Chern. 226:993 

1 55. Beyer, K.  H. 1950. Pharm. Rev. 2:227 
1 56. Shelanski, M. L., Taylor, E. W. 1967. 

J. Cell BioI. 34:549 
1 57. Wyngaarden, J. B., Rundles, R. W., 

Metz, E. N. 1965. Ann. Intern. Med. 
62:842 

1 58. Elion, G. B. et al 1963. Biochem. Phar­
macal. 1 2:85 

1 59. Rundles, R. W., Wyngaarden, J. B., 
Hitchings, G. H. ,  Elion, G. B. 1963. 
Ann. Intern. Med. 60: 7 1 7  

DRUGS AND URIC ACID 349 

1 60. Wyngaarden, J. B., Rundles, R. W., 
Silberman, H. R., Hunter, S. 1 963. Ar­
thritis Rheum. 6:306 

1 6 \ .  Rundles, R. W., Metz, E. N., Silber­
man, H. R. 1 966. Ann. Intern. Med. 
64:229 

1 62.  Elion, G. B., Kovensky, A., Hitchings, 
G. H., Metz, E., Rundlcs, R. W. 1966. 
Biochem. Pharmacal. 15 :863 

1 63 .  Krenitsky, T. A., Elion, G. B., Strelitz, 
R. A., Hitchings, G. H. 1967. J. Bioi. 
Chern. 242:2675 

1 64. Fox, I .  H., Wyngaarden, J. B., Kelley, 
W. N. 1970. N Engl. J. Med. 283 : 1 1 77 

1 65. Elion, G. B., Yu, T. F., Gutman, A. B., 
Hitchings, G. H.  1 968. Am. J. Med. 
45:69 

1 66. Beardmore, T. D., Kelley, W. N. 1971 .  
J. Lab. Clin. Med. 78:696 

1 67. Chalmers, R. A. ,  Kromer, H., Scott, 
J. T., Watts, R. W. E. 1 968. Clin. Sci. 
35:353 

1 68.  Klinenberg, J. R., Goldfinger, S. E., 
Seegmiller, J. E. 1 965. Ann. Intern. 
Med. 62:639 

1 69. Greene, M. L., Fujimoto, W. y', Seeg­
miller, J. E. 1 969. N Engl. J. Med. 
280:426 

1 70. Boger, W. P., Bayne, G. M., Gylfe, J., 
Wright, L. D. 1953.  Proc. Soc. Exp. 
Bioi. Med. 82:604 

1 7 1 .  Band, P. R. et al 1 970. N Engl. J. Med. 
283:354 

1 72. Sorensen, L., Seegmiller, 1. E. 1 968. 
Fed. Proc. 27: 1097 

1 73. Wyngaarden, J. B. 1970. N Engl. J. 
Med. 283:371 

1 74. Kelley, W. N., Greene, M. L., Rosen­
bloom, F. M.,  Henderson, J. F., Seeg­
miller, J. E. 1969. Ann. Intern. Med. 
70: 1 5 5  

1 75. Yu, T .  F., Gutman, A .  B .  1964. Am. J. 
Med. 37:885 

1 76. Watts, R. W. E., Scott, J. T., Chalmer, 
R. A. 1 9 7 1 .  Quart. J. Med. 40: 1 

1 77. Watts, R. W. E., Snedden, W., Parker, 
R. A. 1 9 7 1 .  Clin. Sci. 4 1 : 1 5 3  

1 78.  Kuzell, W., Seebach, L .  M . ,  Glover, 
R. P., Jackman, A. E. 1966. Ann. 
Rheum. Dis. 25:634 

179 .  Jarzobski, 1. R., Ferry, J., Wombolt, D., 
Fitch, D. M.,  Eagan, J. D. 1970. Am. 
Heart J. 79: 1 1 6 

1 80. Dayton, P. G., Amor, B., Auscher, c., 
de Gery, A. 1966. Ann. Rheum. Dis. 
25:627 

1 8 1 .  Emmerson, B. T. 1 966. Ann. Rheum. 
Dis. 25:622 

1 82. Kelley, W. N., Rosenbloom, F. M., 
Miller, J.,  Seegmiller, 1. E. 1968. N 
Engl. J. Med. 278:287 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

5.
15

:3
27

-3
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

5/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



350 KELLEY 

1 83. Caskey, C. T., Ashton, D. M., Wyn­
gaarden, 1. B. 1964. J. Bioi. Chem. 
239:2570 

1 84. McCollister, R. J., Gilbert, W. R. Jr., 
Ashton, D. M., Wyngaarden, I. B. 
1 964. J. Bioi. Chem. 239 : 1 560 

1 85. Holmes, E. W., Wyngaarden, J. B., Kel­
ley, W. N. 1 973. J. Bioi. Chem. 
248:6035 

1 86. Pomales, R., Bieber, S., Friedman, R. ,  
Hitchings, G. H. 1 963. Biochim. Bio­
phys. Acta 72: 1 19 

1 87. Pomales, R., Elion, G. B., Hitchings, 
G. H. 1965. Biochim. Biophys. Acta 
95:505 

1 88. Fox, R. M., Royse-Smith, D., O'Sul­
livan, W. J. 1970. Science 1 68:861 

1 89. Kelley, W. N. , Beardmore, T. D. 1970. 
Science 169:388 

1 90. Beardmore, T. D., Fox, L H., Kelley, 
W. N. 1 970. Lancet 2:830 

1 9 1 .  Hatfield, D., Wyngaarden, J. B. 1 964. 
J. BioI. Chem. 239:2580 

192. Hatfield, D., Wyngaarden, J. B. 1964. 
J. Bioi. Chem. 239:2587 

193. Nelson, D. J.,  Bugge, C. J. L., Krasny, 

H. c., Elion, G. B. 1973. Biochem. 
Pharmacal. 22:2003 

1 94. Beardmore, T. D., Cashman, J. S., Kel­
ley, W. N. 1972. J. Clin. Invest. 5 1 : 1 823 

195. Grobner, W., Kelley, W. N. 1975. Bio­
chem. Pharmacal. In press 

1 96. Chytil, F. 1 968. J. Bioi. Chem. 243:893 
197. Ghosh, D., Forrest, H. S. 1 967. Arch. 

Biochem. 1 20:578 
198. Julian, J., Chytil, F. 1970. J. Bio/. 

Chem. 245: 1 1 6 1  
199. Krenitsky, T .  A . ,  Elion, G .  B . ,  Hender­

son, A. M., Hitchings, G. H. 1 968. J. 
BioI. Chem. 243:2876 

200. Gallo, R. D., Perry, S., Breitman, T. R. 
1968. Biochem. Pharmacal. 1 7:2 1 85 

201 .  Truseve, R., Williams, V. 1 968. Bio­
chem. Pharmacal. 17: 165 

202. Vesell, E. S.,  Passananti, G. T., Greene, 
F. E. 1970. N. Engl. J. Med. 283 : 1 484 

203. Tjandramaga, T. B. et al 1972. Phar­
macology 8:259 

204. Boston Collaborative Drug Surveillance 
Program. 1 972. N. Eng!. J. Med. 
286:505 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

5.
15

:3
27

-3
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

5/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



