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COMMENTARY

INHIBITION OF URATE PRODUCTION BY ALLOPURINOL

Tuomas SPECTOR
Wellcome Research Laboratories, Research Triangle Park, NC 27709, U.SA.

Allopurinol has provided the clinician with an entirely
novel approach to the treatment of hyperuricemia.
In contrast to the anti-inflammatory and uricosuric
agents which traditionally have been applied to the
problems of hyperuricemia, allopurinol prevents
hyperuricemia by inhibiting the synthesis of urate,
Although the overall mode of action by which allo-
purinol accomplishes this has been well established,
the process is by no means simple. In fact, it appears
that the complexities of allopurinol’s molecular inter-
actions have fostered some misconceptions and misin-
terpretations. In an attempt to clarify the mechanism
of action of allopurinol, the studies of the key proper-
ties of this agent and its active metabolite, oxipurinol,
have been integrated into the following Commentary.

Mechanism of the inhibition of xanthine oxidase

Although the lowering of urate levels in vivo by
allopurinol is basically caused by the inhibition of
xanthine oxidase, allopurinol should be viewed as an
alternate-substrate inhibitor, The tenacious inhibition
of xanthine oxidase is a result of the unconventional
binding of the oxidized product, oxipurinol (Fig. 1).

The excellent substrate activity of allopurinol is
characterized by a binding constant {1-7 x 1077 M)
that is about 5 to 40-fold lower than the K,, of the
physiological substrate, xanthine {17, and a V¥, that
is 2 to 6-fold faster than the V,,, for xanthine [2-4].
However, under conditions where oxygen serves to
accept electrons from xanthine oxidase, the rapid rate

for the oxidation of allopurinol exponentially de-
creases (T, = 18 sec at 25°) to a rate of <1 per
cent the rate observed with xanthine [5]. This decele-
ration in the rate for the conversion of allopurinol
to oxipurinol is caused by a rather unusual type of
alternate-product inhibition [3,6] that has been
termed “suicidal” [3]. The identification of oxipurinol
as the active inhibitor of its own production as well
as the production of urate and the discovery of the
intricate mechanism of its inhibition were the results
of two independent investigations in 1970 [3,6].

The clues that greatly aided the understanding of
the nature of the inhibition arose from earlier studies
with xanthine oxidase. The original study of Elion
{1] demonstrated that while allopurinol could slowly
{within 5 min at 25°) bring about the “apparent inacti-
vation” of xanthine oxidase in the absence or presence
of xanthine, “apparent inactivation”™ by oxipurinol
required the presence of xanthine. In the absence of
xanthine, the binding of oxipurinol was considerably
weaker. The other studies revealed that the rapid oxi-
dation of allopurinol or xanthine in the presence of
allopurinol, as mediated by xanthine oxidase, could
be sustained {i.e. avoiding the exponential decline in
rate} if an artificial electron acceptor, such as 2,6-dich-
lorophenolindophenol (DCIP), phenazinemethosul-
fate or ferricyanide, was substituted for oxygen [2,4].
The molecular events that were reflected in these
observations were dependent upon the oxidation state
of one of the elements of the self-contained electron
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Fig. 1. Production of the tight-binding inhibitor of xanthine oxidase (X.O.}.
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transport chain of xanthine oxidase. That is, the tight
binding of oxipurinol (K; = 5 x 107 M [6]) occurs
only when molybdenum (Mo) is in an electronically
reduced [3, 6] state; and, conversely, the rapid release
of oxipurinol is promoted by the efficient reoxidation
of this element by the artificial electron acceptors
[2-4].

The members of the electron transport chain, in
their oxidized states, consist of Mo (VI), two iron/sul-
fur centers and FAD. Reducing equivalents flow from
the substrate to O, via this chain, entering at Mo
and exiting at FAD (see Ref. 7 for review). The iron/
sulfur centers act as electron reservoirs serving to
maintain the efficiency of this process [8]. When oxi-
purinel binds to the active site of xanthine oxidase,
it complexes Mo [5] in the formal oxidation state
of IV (3] and thereby renders this component inac-
cessible to reoxidation by the other components of
the chain or by O,. The artificial electron acceptors
can, on the other hand, directly reoxidize the Mo and
cause the rapid release of the tightly bound oxipurinol
[2-4.9].

Conditions for inhibition in vitro

The three constituents required to produce the
most effective inhibition of xanthine oxidase are: oxi-
purinol, xanthine oxidase with Mo in the oxidation
state of IV (reduced), and time. Oxipurinol, in slight
excess, must be incubated with xanthine oxidase. It
can either be added directly, or generated from allo-
purinol {1, 3, 6]. It should be reiterated here that the
binding of oxipurinol under these conditions is three
orders of magnitude more tenacious than that of allo-
purinol. In experiments where allopurinol and xan-
thine oxidase were incubated either anaerobically [3]
or in the presence of a chemical reductant [6], only
oxipurinol (not allopurinol} was found to be tightly
bound to the enzyme.

The Mo of the enzyme may be reduced either by
a substrate, such as hypoxanthine, xanthine or allo-
purinol [1.3,5), or by a chemical such as dithionite
[6]. Furthermore, since the binding of oxipurinol is
a slow process, the enzyme must remain reduced for
the required time period. This is accomplished with
cither excess reductant [1, 3, 6] or with stoichiometric
amounts of reductant (i.e. six reducing equivalents/
active center) and strict anaerobicity [3]. It is also
important to note that the time-dependence for the
binding is very sensitive to temperature. The develop-
ment of the inhibition requires an incubation of less
than | min at 407, but over 2 hr at 27 [6].

Whereas violation of the above conditions will
result in less than maximal inhibition. adherence to
them will produce an enzyme-inhibitor complex with
a dissociation constant of 5 x 1071 M [6].* The
slowness of the dissociation of this complex is exem-
plified by the initial inability of either the dilution
of the complex or the addition of substrate to pro-
mote its breakdown [6]. This tight-binding property
of oxipurinol has been exploited in titration studies
with xanthine oxidase. It was of interest that a stoichi-
ometry of less than 1 mole of bound inhibitor/mole

* Comparative studies of the overall potency of inhibi-
tors of xanthine oxidase vs allopurinel should be refer-
enced against this K, valuc for oxipurinol.
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Fig. 2. Time-dependence for the binding of oxipurinol to
xanthine oxidase and for the release of oxupurinol as pro-
moted by dichlorophenolindophenol (DCIP). The oxi-
dation of xanthine (167 uM) by bovine milk xanthine oxi-
dase at 25 was monitored spectrophotometrically
(AE ;60 = 7.8 mM "', cm " '). Reactions B and C illustrate
the slow formation of the inhibitor complex. The dissocia-
tion of this complex after the reoxidation of reduced xan-
thine oxidase (note short lag) by DCIP is illustrated in
reaction B. The reduction of DCIP has a AE,y, = —09
mM ™! cm™!. This figure was reproduced from Ref. 9.

of enzyme was obtained [3.6]. These findings con-
firmed the earlier evidence [10-12] that a population
of non-functional enzyme was present in the prep-
arations of xanthine oxidase. Resolution of functional
and non-functional enzyme was later accomplished
with an affinity column consisting of a derivative of
oxipurinol as the attached ligand [13].

Reversibility of inhibition

Oxipurinol is correctly described as a “fitrating,”
“stoichiometric,” or “pseudoirreversible™ inhibitor
that causes apparent inactivation of xanthine oxidase,
but it is not an irreversible inhibitor. There is no evi-
dence for covalent bond formation. In fact. the rever-
sibility of the inhibition has been demonstrated by
several different approaches. For example, the inhibi-
tion is slowly reversed by prolonged dialysis (1], or
rapidly reversed in the presence of certain artificial
electron acceptors [2-4,9). The rapid reversal. as well
as the slow development of the inhibition. is illus-
trated in Fig. 2. This reversal is due to the direct
reoxidation of Mo (IV) and subsequent release of oxi-
purinol. Reversal will also occur spontaneously
(T, , = 6 hr) if the xanthine oxidase -oxipurinol com-
plex is incubated in the absence of a reductant under
aerobic conditions [3]. In this case. however, it is
not established whether the dissociation of the inhibi-
tor or the reoxidation of the Mo occurs first. Finally,
the activity will return at an intermediate rate if the
inhibitor complex is incubated with xanthine [6,9].
The amount of reversal in the presence of substrate
is directly related to the duration of catalytic cycling.
While the initial reversal is negligible. approximately
50 per cent reversal is observed within 10-15 min.
It is conceivable that the superoxide anion {O;7)
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generated during the catalytic cycling may facilitate
the reoxidation of reduced Mo.

Clearly, enzyme complexed with oxipurinol will not
catalyze the oxidation of substrates that bind to the
xanthine site. However, the remaining portions of the
molecule should not be considered inert. Although
a paucity of information on this subject is available,
it is established that the xanthine oxidase~oxipurinol
complex can readily accept reducing equivalents from
NADH by direct transfer at the FAD site [3]. Pre-
sumably, the oxidation of NADH could, therefore,
catalytically proceed with O, as the electron acceptor
and without displacement of bound oxipurinol* Con-
sequently, empirical evidence should be obtained
before it is assumed that the oxidation or reduction
of an unconventional substrate by xanthine oxidase
will be prevented by allopurinol or oxipurinol.

Studies in vive

The efficacy of allopurinol seems to be facilitated
by the fact that the active inhibitor is metabolically
produced in vivo. Studies have shown [14-17] that
the oral administration of oxipurino! will bring about
the lowering of plasma and urinary urate, but the
required dose {600 mg/day) is twice that required with
allopurinol. Actually, the plasma levels of oxipurinol
achieved from a single 300 mg dose of allopurinol
were slightly higher than those obtained after giving
600 mg oxipurinol directly [15]. The disadvantage of
the oral administration of oxipurino] instead of allo-
purinol seems to be related to the relatively poor
absorption of oxipurinel [15].

The production in vive of oxipurinol manages to
persist throughout the entire course of treatment with
allopurinol [16]. A portion of allopurinol is undoubt-
edly oxidized by xanthine oxidase that is not com-
plexed with oxipurinol. Studies with partially purified
enzyme {18] and in vive studies with mice [19] sup-
port the hypothesis that the remainder may be oxi-
dized by aldehyde oxidase (EC 1.2.3.1} This enzyme
will catalyze the conversion of hypoxanthine to xan-
thine as well as allopurinol to oxipurinel, but not
the conversion of xanthine to urate (see Refl 20 for
reviewl,

There were two case histories of xanthinuric
patients, grossly deficient in xanthine oxidase, that are
pertinent to this topic. One patient readily converted

allopurinel to oxipurinol [217], but the other patient
converted only minute amounts [16]. The oxidation
of allopurinol by the former patient had been attri-
buted to the catalytic action of IMP dehydrogenase
{EC 1.2.1.1.4) subsequent to the formation of allopur-
inol nucleotide [217. Recent studies in pitro, however,
have demonstrated that aliopurinol nucleotide is not
a substrate for this enzyme (i.e. the velocity was less
than 0.003 per cent of that observed with IMP [22]).

An alternate explanation of these data is that alde-
hyde oxidase is capable of oxidizing allopurinol in
humans as it does in mice. Thus, the patient who

* Catalytic oxidation of NADH by oxipurinol-com-
plexed xanthine oxidase has been demonstrated with ferri-
cyanide serving as the electron acceptor [3], These results
are unfortunately equivocal because ferricvanide will di-
rectly reoxidize the Mo {1V} and thereby release the inhibi-
{or.
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formed oxipurinol from allopurinol possessed alde-
hyde oxidase, while the other patient was deficient
in aldehyde oxidase as well as xanthine oxidase.

To date, there are reports of five xanthinuric
patients. Two of these patients readily convert allo-
purinol to oxipurinol. A review of these studies is
presented in Ref 7.

1t is of interest that oxipurinol, a structural isomer
of xanthine, behaves very much like urate with respect
to its clearance in the human kidney. s rate of clear-
ance {approximately 20 ml/min) is only about three
times faster than that for urate [15, 16]. Apparently,
it is reabsorbed [15, 161, but not secreted [15], at
the urate site in the tubules, and is responsive to the
uricosuric action of probenecid [15, 16]. This uncom-
mon feature accounts for the extended half-life (18-33
fir} of oxipurinol in human plasma [15, 16], and prob-
ably is important to the time-dependence of the for-
mation of the inhibitor complex with xanthine oxi-
dase. Allopurinol, on the other hand, is rapidly
cleared by the kidney with a rate approaching the
glomerular filtration rate [16],

In addition to the inhibition of xanthine oxidase,
there exist other factors that probably contribute to
the mode of action by which allopurinol inhibits the
production of urate. Subsequent to the inhibition of
xanthine oxidase, there is a dramatic increase in the
reutilization of hypoxanthine and xanthine by conver-
sion to their respective nucleotide monophosphates,
In turn, these nucleotides may serve as feedback in-
hibitors of the de nove pathway for the biosynthesis
of purines (see Refs. 23 and 24 for reviews). Therefore,
in addition to the individual contributions of this
enhunced reutilization and subsequent feedback inhi-
bition to the decrease of urate production, there is
a multiple lowering of the subsirate pressure that
hypoxanthine and xanthine ¢xert on inhibited xan-
thine oxidase. Consequently, these effects may provide
additional assistance to the inhibition by oxipurinol

SUMMARY

The mechanism by which allopurinol decreases
urate production involves the inhibition of xanthine
oxidase. The active inhibitor, oxipurinol, is metaboli-
cally produced by the oxidation of allopurinol as
catalyzed by xanthine oxidase and/or aldehyde oxi-
dase. Oxipurinol slowly forms a reversible complex
with electronically reduced xanthine oxidase which
has a dissociation constant of 5 x 107" M. Since,
compared to oxipurinol, allopurinol is more effi-
ciently absorbed from the gastrointestinal tract, the
production in vive of oxipurinol is more effective than
the direct oral administration. Reabsorption of oxi-
purinol at the urate site of the renal tubules greatly
prolongs its biological hali-life. The inhibition of xan-
thine oxidase results in the enhancement of hoth the
reutilization of hypoxanthine and xanthine by conver-
sion of the bases o their nucleotides and the sub-
sequent feedback inhibition of the purine biosynthetic
pathway by these nucleotides. These last two pro-
cesses may provide additional assistance to the inhibi-
tion by oxipurinol, since they cause a multiple lower-
ing of the substrate pressure on inhibited xanthine
oxidase.
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