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The effect of a panel of pterins on xanthine oxidase was 
investigated by measuring formation of urate from xan- 
thine as well as formazan production from nitroblue 
tetrazolium. The pterin derivatives, depending on their 
chemical structure, decreased urate as well as formazan 
generation: 200 pM neopterin and biopterin suppressed 
urate formation (90% from baseline) and formazan 
production (80% from baseline) as well. Their reduced 
forms, 7,8-dihydroneopterin and 5,6,7,8-tetrahydro- 
biopterin, showed a lesser but still strongly diminishing 
influence (40% from baseline). Another oxidized pterin 
namely leukopterin showed only a weak inhibitory 
effect. Xanthopterin, a known substrate of xanthine 
oxidase, had a strong effect on urate formation (80% 
inhibition), but a lesser effect on formazan production 
(30% reduction). When iron-(IU)-EDTA complex was 
added to the reaction mixture all the effects were more 
pronounced. Superoxide dismutase, which removes 
superoxide anion by dismutation into oxygen, decreased 
formazan production in addition to pterin derivatives 
and had a small but enhancing effect on urate formation. 
Also the reductant N-acetylcysteine had an additive 
effect to pterins to diminish formazan production in a 
dose-dependent way. The results of our study suggest 
thatdependingontheirchemicalstructurepterinsreduce 
superoxide anion generation by xanthine oxidase. 

Keywords: Pteridine,, xanthine oxidase, urate, formazan, 
superoxide 

I N T R O D U C T I O N  

H u m a n  macrophages  s t imulated wi th  inter- 

feron--7 p roduce  and release neopter in  in large 
amounts ,  l~j The determinat ion of ur inary  and  
serum neopter in  concentrations is wide ly  used  
for moni tor ing cellular i mmu n e  activation status 
in diseases like viral infection, au to immune  
disorders  and  malignancies (reviewed in refs. 
2-5). So far, there is no clear biological function 
for the produc t ion  of neopter in  derivatives by  the 
activated h u m a n  macrophages.  In an earlier 
s tudy  an association was described between the 
amount  of neopter in  p roduced  by  st imulated 
macrophages  and the capacity of the same cells 
to p roduce  reactive oxygen species, I61 and 

recently it was found  that pter idine derivatives 
are able to interfere wi th  processes media ted  
by  reactive oxygen and chloride metabolites, t71 

Measur ing luminol  chemiluminescence a num-  
ber of pter idines scavenged hydrogen  peroxide- 
der ived  reactive oxygen intermediates.  [8-1°1 In 
contrast, at more  str ingent environmental  
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conditions, namely at neutral or s ightly alkaline 
pH and in the presence of iron-(III)-EDTA, 
neopterin and other non-reduced pterins like 
biopterin were found to enhance chemilumines- 
cence. [9"111 Similar effects of pterins have been 
also found investigating chloramine-T-induced 
chemiluminescence. [9"121 Also in cell culture 
systems neopterin enhances effects mediated by 
reactive oxygen metabolites, e.g., exogenous 
neopterin suppresses production of erythropoie- 
tin in the hepatocytoma cell line Hep-G2,/131 and 
it also induces nitric oxide synthase gene expres- 
sion in rat vascular smooth cells. [~4] From these 
data it is concluded that neopterin may amplify 
effects of reactive oxygen metabolites also in 
biological systems and probably in general. 
In contrast to this, Kojima et al. [Isl found that 
7,8-dihydroneopterin acts as an antioxidant in 
the hypoxanthine/xanthine oxidase (XOD) sys- 
tem and in rat macrophages stimulated with 

phorbol ester. Furthermore neopterin was found 
to suppress the generation of superoxide anion 
in macrophages due to its inhibitory influence 
on plasma-bound NADPH oxidase. I161 These 
observations seem to contrast the enhancing 
effect of neopterin on reactive oxygen metabo- 
t tes  in the studies mentioned earler. To gain 
some more insight into the interaction of pterins 
with enzyme reactions we investigated the in- 
fluence of a panel of reduced and non-reduced 
pteridines on XOD in more detail. 

MATERIALS AND METHODS 

Reagents 

Pterins (5,6,7,8-tetrahydrobiopterin, 7,8-dihydro- 
neopterin, L-erythro-biopterin, D-erythro- 
neopterin, xanthopterin and leukopterin) were 

o OH o OH 

Neoptenn Biopterin 

CH~ 

0 0 

.,.QK7 
H 

Xanthopterin Leukopterin 

0 OH 0 OH 

. ,  o. , . A - = A = J  o'. 
H I 

7,8JDihydroneopterJn 5,6,7,8-Tetrahydrobioplerin 

FIGURE 1 Chemical formulas of different oxidized and  reduced pterins. 
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INHIBITION OF XANTHINE OXIDASE BY PTERINS 333 

purchased from Dr. B. Schircks Laboratories 
(Jona, Switzerland). The chemical structures of 
these pterin derivatives are shown in Figure 1. 
Xanthine, XOD (from buttermilk), nitroblue tetra- 
zolium (NBT), superoxide dismutase (SOD) and 
N-acetylcysteine (NAC) were from Sigma Che- 
mical Co. (St. Louis, MO, USA). Iron-(III)-chlor- 
ide, ethylenediamine tetraacetic acid disodium 
salt (EDTA), potassium hydroxide, potassium 
dihydrogen phosphate (KH2PO4) and dipotas- 
sium hydrogen phosphate (K2HPO4x 3H20) 
were obtained from Merck (Darmstadt, Germany, 
analytical grade). 

Preparation of buffer solution: KH2PO4 and 
K2HPO4x 3H20 were dissolved in distilled 
water reaching a final concentration of 13mM. 
Solutions with pH-values 5.0-9.5 were prepared 
by different mixtures of these stock solutions 
according to Sorensen. 

XOD Activity Measured by 
Urate Formation 

Effects of pterins on XOD activity were mea- 
sured by spectrophotometric detection of urate 
formation. [171 Reaction mixtures contained 
340~M xanthine diluted in 13mM potassium 
phosphate buffer (pH 5.5-9.5). Different pterins 
(final concentrations: 10, 25, 50, 100 and 200 ~M), 
as well as 5-500 ~M iron-(III)-chloride in 10 ~M- 
1raM EDTA or 1.25-10U/mL SOD or 0.15- 
300 ~M NAC buffered in pH 7.5 were added to 
the test system. After addition of 0.052U/mL 
XOD and incubation for 10 rain at 25°C, absor- 
bance at 290 nm wavelength was measured (U 
2000 double beam spectrophotometer; Hitachi 
Ltd., Tokyo, Japan). 

Superoxide Radical-generation by XOD 
Measured by Reduction of Nitroblue 
Tetrazolium (NBT) 

Reaction mixtures contained 170~tM xanthine 
and 320~M NBT diluted in 13mM phosphate 
buffer (pH 5.0-9.0). The effects of different 

pterins were investigated applying concentra- 
tions from 10-200~M. The influence of ferric 
ion, SOD, and NAC was detected by supplemen- 
tation of the reaction mixture with 1-100~M 
iron-(III)-chloride in 2-200 ~M EDTA or 1.25- 
10 U / m L  SOD or 0.15-300 ~M NAC. The reaction 
was started by adding 0.052U/mL XOD. After 
incubation for 10min at 25°C, NBT reduction 
was detected by measuring absorbance at 
560nm (U 2000 double beam spectrophotom- 
eter; Hitachi Ltd., Tokyo, Japan). I181 Solutions of 
pteridine derivatives (10-2001~M) were used as 
blank controls. By this procedure absorbance 
of the compounds at 290nm was taken into 
consideration. 

RESULTS 

Assessment of Assay Effects 

Generation of superoxide, measured by xanthine 
oxidation, increased linearly according to the 
concentrations of xanthine, and a strong linear 
correlation between XOD concentration and the 
formation of urate was observed. The time course 
showed that accumulation of urate reached a 
plateau after approximately 600 s and increased 
with higher pH. Urate formation was highest at 
slightly alkaline pH 7.5. Formazan production 
also increased linearly in dependence on 
xanthine and NBT concentrations. Formazan 
levels reached a plateau after 600s, and the 
reaction was pH-dependent, the maximum for- 
mazan production was observed at pH 8.0. 

Effects of Different Pterins on 
Urate Formation 

Compared to the control experiments, urate 
formation was diminished by supplementation 
with pterins in a concentration-dependent man- 
ner (Figure 2). Neopterin and biopterin strongly 
suppressed the production of urate at 50- 
200 ~M. The neopterin-induced inhibition ranged 
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FIGURE 2 Concentration-dependent influence of pterins on urate production (mean values and standard deviations are 
shown; #p < 0.05, *p < 0.01). 

from 29.8% to 78.8%. Using biopterin a 19.1- 
80% decrease from baseline was observed. Also 
xanthopterin in dependence on the concentration 
diminished the urate formation. In contrast, 
leukopterin was less effective to suppress urate 
formation, but at a concentration of 200pM 
leukopterin still a significant reduction (-14.6%) 
was caused. The reduced pteridines, 7,8-di- 
hydroneopterin and 5,6,7,8-tetrahydrobiopterin, 
also induced a concentration-dependent sup- 
pression of urate production (16.3% and 10.2% 
at 100~M). HPLC measurements t41 were per- 
formed before and after incubation of specimens, 
and it was apparent that the concentrations 
of pteridine derivatives were unaltered upon 
incubation with XOD. 

Effects of Pterins on Formazan Production 

The generation of formazan was diminished by 
different pterins (Figure 3). Supplementation 
with neopterin resulted in a decline of formazan 
production (41.4-88.2% with 50-200~/I  neo- 
pterin), and also biopterin diminished formazan 
production (57.4-90.9% reduction with 50- 
200~M biopterin). The effect of xanthopterin 
on formazan production (200 ~M xanthopterin 

inducing a 37% reduction) was less marked 
compared to the more dramatic influence on 
urate formation. As with urate formation leuko- 
pterin had very low activity on formazan 
production. The di- and tetrahydroforms of 
neopterin and biopterin also diminished the 
formazan production, at the highest concen- 
tration of 7,8-dihydroneopterin and 5,6,7,8- 
tetrahydrobiopterin, the statistically significant 
suppression reached 22.5% and 53.7%. When 
pteridine derivatives were incubated with NBT 
alone, neither any production of formazan nor 
any change of pteridine concentrations was seen. 

Stability of Pterins in the 
Presence of XOD 

In order to evaluate eventual chemical modifica- 
tion of the pterins when exposed to XOD we 
examined absorbance spectra in a time-depen- 
dent fashion during 12rain (U 2000 double 
beam spectrophotometer). No change of absor- 
bance spectra was observed with most pterins, 
except xanthopterin which was chemically modi- 
fied upon incubation with the enzyme as 
reflected by a decline of UV-absorbance around 
350-420nm, the characteristic absorbance of 
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FIGURE 3 Concentration-dependent influence of pterins on formazan production (mean values and standard deviations 
are shown; #p < 0.05, *p < 0.01). 

TABLE I Influence of neopterin and 7,8-dihydroneopterin on the formazan production after incubation of xanthine 
with xanthine oxidase in the presence of iron-(III)-EDTA, SOD and NAC (% of control ± SEM) 

Control Fe(III)-EDTA (5/10 ~M) NAC (300 pM) SOD (1.25 U/mL) 

Neopterin QdVl) 
0 100 72.1 70.9 44.1 

50 53.6 + 3.3 28.8 + 2.2 19.9 ± 1.4 7.9 + 0.4 
200 16.9 ± 1.7 6.5 + 1 3.5 ± 0.7 1.3 + 0.2 
Dihydroneopterin (~M) 

0 100 72.1 70.9 44.1 
50 90.6 + 4.7 58.3 + 3.6 50.3 + 3.5 25.1 + 1.8 

200 46.1 + 1.3 31.7 + 3.6 29.1 ± 3.5 15.8 + 2.2 

xanthopterin,  and  a concomitant  appearence of 

UV-absorbance of 300-360 nm wavelength.  These 
results were s trengthened by monitoring the 

concentrations of various pterins by fluorescence 

detection (emission: 440 nm, excitation: 350 nm) 

after h igh-performance liquid chromatogra-  

phy: 14] no decline of concentrations of pterins 

dur ing XOD reaction could be detected, except 

xanthopterin (data not shown). 

Effects of Ferric Ion, EDTA, SOD 

and N A C  

Addi t ion of iron-(III)-EDTA to the reaction 

mixture in the concentration range of 1-500 ~M 
decreased formation of urate and of formazan in 

a strong dose-dependent  way. When  neopterin or 

7,8-dihydroneopterin in different concentrations 

(50-200 ~M) was added  to the reaction mixture 

which contained 5 ~tM iron-(III)-EDTA, formazan 

product ion was still more  reduced compared  

to the i ron-EDTA supplemented  control. Neo- 

pterin had a two- to four-fold higher scaveng- 

ing activity on formazan product ion than 

7,8-dihydroneopterin.  The scavenging effects of 

the pterins were concentrat ion-dependent  (Table 
I). The same was true for urate formation (data 

not shown in detail). 
SOD supplementa t ion reduced formazan for- 

mation, but  in contrast urate generation was 

increased with high concentrations of 1 0 U / m l  

SOD (data not shown). Low concentrations of 
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SOD had no effect on urate formation. Supple- 
mentation of pterins to the reaction mixture 
containing 1 .25U/mL SOD caused an additive 
decrease of formazan formation with neopterin 
and 7,8-dihydroneopterin (Table I). 

Addition of NAC in the concentration range of 
0.15-300 ~M had no influence on urate formation, 
and formazan production was slightly decreased 
and this was true even at the lowest concentra- 
tion of 0.15p~I. When NAC was added, the 
scavenging activities of pterins were additive 
(Table I). 

DISCUSSION 

Superoxide anion as well as hydrogen peroxide 
are generated by XOD with xanthine. [191 The 
catalytic activity of XOD can be measured by 
urate formation or by formazan production 
with the NBT reduction method.tls'2°I By measur- 
ing production of uric acid from xanthine, 
indirectly the generation of superoxide anion is 
monitored. By this way, the influence of supple- 
mented substances on XOD can be indirectly 
determined by monitoring urate production. [a91 
In an alternative way, spectrophotometric mon- 
itoring of formazan production from NBT 
allows to estimate potential additional effects of 
supplemented compounds on superoxide anion 
stability and content plus effects on XOD. At 
pH 7.5 the XOD reaction was optimal, at lower 
pH XOD is denaturated, and it is inactived at 
higher pH. Also the rate constant for spontan- 
eous dismutation of superoxide anion decreases 
at alkaline pH. [2°1 

Various pterins depending  on their chemical 
structure (Figure 1) decrease formazan and urate 
production (Figures 2 and 3). Different interac- 
tions may be possible: 

(1) Certain pterins themselves can be a sub- 
strate of XOD, being hydroxylated during the 
enzymatic reaction. According to Rembold I2L22j 
XOD may attack the ring system in positions 2, 4, 
and 7 of non-hydrogenated pterins in a nucleo- 

philic fashion. It has been shown by Forrest 
et al. [23] and Rembold I21I that the double bonds 
of the pyrazino moiety in unsubstituted pterins 
such as 7,8-dihydropterin or isoxanthopterin are 
readily susceptible to nucleophilic attack. In our 
study, xanthopterin was diminished during the 
reaction and a shift of W-absorp t ion  spectra was 
observed. In agreement with earlier studies, 
xanthopterin is converted to leukopterin by 
XOD. [21-23] By this reaction, xanthopterin may 
hinder urate generation in a competitive way. 
There was only a small effect of xanthopterin on 
formazan production, which shows that XOD 
reaction and thus superoxide anion production 
takes place in the presence of xanthopterin. 
However, spectrophotometric and fluorescence 
measurements showed that no chemical modi- 
fication of all the other investigated pterins, 
neopterin, biopterin, leukopterin and the 
reduced forms 7,8-dihydroneopterin and 5,6,7,8- 
tetrahydrobiopterin occurred in our experiments. 
In agreement, all pteridine derivatives which 
strongly diminished urate production also re- 
duced formazan production (Figures 2 and 3). 
If pter idines were a substrate of XOD, one 
would expect that production of superoxide 
anion [24] and thus formazan from NBT should 
be unaltered. 

(2) Steric factors and or electronic distributions 
of pterins could be important for the inhibition of 
XOD. Having a similar chemical structure to 
xanthine and also to the molybdenum cofactor, 
these pterins may occupy the active center of the 
enzyme or may engage the binding site of the 
cofactor without being a substrate for the en- 
zyme. Neopterin and biopterin possess an almost 
identical side chain with several hydroxyl groups 
at position 6 as compared with the cofactor, and 
these compounds had a strong diminishing effect 
on urate and formazan production. Absence o f  
such a side chain at position 6 in case of 
leukopterin resulted in a drastically smaller 
scavenging effect on urate and formazan produc- 
tion than with the other oxidized pterins. This 
leads to the suggestion that the presence of the 
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propyl group in position 6 is important for strong 
interaction of pterins with XOD. Reduced pterins, 
carrying additional hydrogens, e.g., 7,8-dihydro- 
neopterin and 5,6,7,8-tetrahydrobiopterin, also 
decreased urate and formazan generation but 
less dramatically than neopterin and biopterin. 
5,6,7,8,-Tetrahydrobiopterin may interfere with 
the redox-recycling of the molybdenum cofactor 
and consequently lower urate and formazan 
production. Such a reaction is not possible for 
the 7,8-dihydro-forms and the oxidized pterins, 
neopterin and biopterin. Schindelin et al. [25] 
discussed that although pterins in the coenzyme 
do not directly participate in the actual electron 
transfer, their oxidation state-dependent interac- 
tion with the molybdenum could influence the 
electronic properties of the metal, thereby inhibi- 
tion of XOD would be possible. 

(3) Several oxidized pterins and especially 
those with the proper side chain at position 6, 
e.g., neopterin, are known to enhance effects of 
various reactive species I121 and may thus be 
capable of reacting with reactive oxygen inter- 
mediates and therefore may also influence the 
reduction of NBT. The diminished formazan 
production was not necessarily only a result of a 
lower content of superoxide anion due to an 
inhibitory influence of pterins on XOD, but also a 
direct interaction of pterins with superoxide 
anion to catalyze the production of, e.g., OH" 
seems possible. Indeed, the effect of neopterin 
and biopterin on formazan production was even 
stronger than that on urate formation. This 
observation would well agree with the assump- 
tion that the oxidized pteridines, neopterin and 
biopterin, additionally diminished the produc- 
tion of formazan from NBT possibly by catalyz- 
ing the conversion of superoxide anion to other 
reactive species whereas reduced pteridines, 
dihydroneopterin and tetrahydrobiopterin, have 
no such effect. 

In the presence of iron, urate and formazan 
production were reduced and the influence of 
pterins was even more expressed. Superoxide 
anion reduces ferric into ferrous ion, which has 

strong reducing activity on hydrogen peroxide- 
forming hydroxyl radical (Fenton reaction). The 
catalytic activity of ferric ion seems to be required 
for the effects of pterins on XOD, and chemical 
reduction of active agents by iron-(m) may 
scavenge superoxide-dependent formazan pro- 
duction [26] (Table I). Fe could also interact with 
formazan radicals and also OH" could simply 
inactivate XOD. SOD and NAC diminished 
formazan but not urate production, the effects 
of pteridine derivatives were in addition. SOD 
eliminates superoxide anion by dismutation and 
NAC as well as cysteine (data not shown) inhibit 
formazan production by reducing oxygen radi- 
cals through oxidation of their free sulfhydryl 
groups which may explain the scavenged rate of 
formazan production (Table I). NAC can also 
directly interact with formazan. High concentra- 
tions of SOD even increased urate production. 
SOD may prevent oxidative inactivation of XOD 
by its own toxic products. Llsl This observation 
may also serve as an explanation for the drastic 
inhibitory effects of neopterin and biopterin on 
urate formation. The oxidized pterins could 
inhibit XOD by enhancing the inactivation of 
the enzyme by its oxidative products. This 
explanation would be in line with the known 
enhancing potential of these compounds on 
reactive oxygen metabolites. 

We conclude, oxidized and reduced forms of 
pterins may inhibit conversion of xanthine by 
XOD in different ways. Substrates of XOD like 
xanthopterin may competively bind in the active 
center. Reduced pterins like 7,8-dihydroneo- 
pterin may interfere with the pterin residue in 
the molybdenum cofactor. In contrast, oxidized 
pterins may interact with the superoxide pro- 
duced, which may enhance the feedback inhibi- 
tion of XOD and also directly reduce the amount 
of reactive metabolites for NBT reduction. 
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