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Tumour necrosis factor-a causes an up to 30-fold induction of GTP cyclohydrolase I (EC 3.5.4.16) activity in murine
dermal fibroblasts in a dose-dependent manner. Owing to the high constitutive activities of 6-pyruvoyltetrahydropterin
synthase and sepiapterin reductase (EC 1.1.1.153), this potentiates biosynthesis of tetrahydrobiopterin. Murine
macrophages already contain high activities of GTP cyclohydrolase I when unstimulated, and this is further augmented
up to 4-fold by tumour necrosis factor-a/interferon-y. In Western blots an antiserum to murine liver GTP cyclohydrolase
I does not stain cell extracts with high enzyme activities, suggesting that the cytokine induced peripheral form of GTP
cyclohydrolase I might differ from the liver form.

INTRODUCTION

Tetrahydrobiopterin is synthesized from GTP by a sequence
of three enzymes: GTP cyclohydrolase I (EC 3.5.4.16), 6-pyru-
voyltetrahydropterin synthase and sepiapterin reductase (EC
1.1.1.153) [1]. The metabolic roles of tetrahydrobiopterin in
mammals include action as cofactor in phenylalanine-4-, tyro-
sine-3- and tryptophan-5-mono-oxygenases, thus being essential
for the control of blood phenylalanine levels and neuro-
transmitter synthesis [2]. In addition, the cleavage of glyceryl
ethers in rat liver microsomes [3] and the formation of nitrogen
oxides from arginine in cytokine-treated murine cells [4-6] have
been found to require tetrahydrobiopterin for full activity.

In humans, neopterin is excreted in increased amounts in
patients with diseases challenging the cell-mediated immunity
[7,8]. Neopterin is a degradation product of 7,8-dihydroneo-
pterin triphosphate, the first biosynthetic intermediate of tetra-
hydrobiopterin synthesis [1]. In vitro, human macrophages pro-
duce high amounts of neopterin when stimulated with interferon-
y derived from activated T-lymphocytes [9]. Interferon-y acti-
vates GTP cyclohydrolase I in human macrophages [10], fibro-
blasts and tumour-cell lines up to 40-fold [11], in T-cell lines 2.5-
fold [12]. This triggers the synthesis of tetrahydrobiopterin inside
the cells. Depending on the constitutive activity ofthe subsequent
enzyme, 6-pyruvoyltetrahydropterin synthase, this tetrahydro-
biopterin synthesis is accompanied by accumulation of neopterin
derivatives [11]. After cleavage of the phosphate moieties by
phosphatases the neopterin derivatives leak from the cells. This
gives rise to the up-to-100-fold increases of neopterin concen-
trations in body fluids of patients suffering from diseases with
endogenous cytokine formation, e.g. in endotoxic shock (see [8]
for a review).

In contrast with the situation in humans, body fluids of mice
do not contain neopterin [13], nor is its excretion enhanced in a
way similar to humans by immunological challenge. Although
minor increases in GTP cyclohydrolase I activity has been
observed by treating a murine T-cell line with interleukin 2 [14],
the question remained open as to whether murine cells could also

be triggered to potentiate their GTP cyclohydrolase I activity in
a manner similar to interferon-y-treated human cells and which
cytokine might be capable of doing so. In the present paper we
show that tumour necrosis factor-a is a potent GTP cyclo-
hydrolase I-inducing cytokine in murine fibroblasts and, to a
lesser extent, in murine macrophages. We compared its action
with interferon-y, the most powerful GTP cyclohydrolase I
stimulator in humans. In addition, we investigated the impact of
both cytokines on the subsequent enzyme activities of the
tetrahydrobiopterin-biosynthetic pathway and tested immuno-
logical reactivity of the cell homogenates with an antiserum to
murine liver GTP cyclohydrolase I in Western-blot experiments.

EXPERIMENTAL

Materials
Recombinant murine interferon-y with a specific activity of

107 i.u./mg of protein (produced in Chinese-hamster ovary cells)
was obtained from Holland Biotechnology (Leiden, The Nether-
lands). Recombinant murine tumour necrosis factor-a (4 x
107 i.u./mg of protein; expressed in Escherichia coli) with an
endotoxin content of < 10 pg/mg of protein, as determined by
the Limulus amoebocyte lysate test, was generously given by Dr.
G. R. Adolph (Bender and Co., Vienna, Austria). A rabbit
antiserum neutralizing murine tumour necrosis factor-ao was
purchased from Innogenetics (Antwerp, Belgium). Human recom-
binant interferon-y with a specific activity of 2 x 107 i.u./mg of
protein was kindly provided by Bioferon (Laupheim, Germany),
and human tumour necrosis factor-a (2 x 107 i.u./mg of protein)
was obtained from Sigma (Munich, Germany). Roswell Park
Memorial Institute tissue-culture medium type 1640 (RPMI
1640) (endotoxin concentration < 1 pg/ml), Dulbecco's modified
Eagle's medium, minimum essential medium (Eagle) with Earle's
salts, and fetal-calf serum were from Biochrome (Berlin, Ger-
many). All other cell-culture supplements were from Sigma. GTP
cyclohydrolase I was purified from Escherichia coli (strain B) as
described in [15]. Sepiapterin reductase was purified from Droso-
phila (strain Oregon R) as previously described [11]. Pteridines

Abbreviations used: MHC, major histocompatibility complex; RPMI 1640, Roswell Park Memorial Institute tissue-culture medium type 1640.
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were obtained from Dr. B. Schircks Laboratories (Jona, Swit-
zerland). The other compounds were of Pro Analysi quality from
Merck (Darmstadt, Germany). Tissue-culture plasticware was
from Falcon (Beckton-Dickinson, Lincoln Park, NJ, U.S.A.).
The protein dye reagent was from Bio-Rad (Richmond, CA,
U.S.A.).

H.p.l.c. apparatus
An h.p.l.c. system, consisting of a liquid chromatograph

(LC 5500; Varian, Palo Alto, CA, U.S.A.), an LS 4 fluorescence
detector (Perkin-Elmer, Beaconsfield, U.K.) and an AASP
module (Varian) for direct insertion of solid-phase cartridges,
was used for detection of pteridines in enzyme incubation
mixtures and cell extracts. Fluid connections of the AASP
instrument were modified as described in [16]. Reversed-phase
columns were Lichrosorb products (RP18; 7 /zm particle size)
from Merck; strong-cation-exchange cartridges for solid-phase
extraction were from Varian.

Tissue culture
The murine macrophage cell lines P388D1 and J774A.1 were

obtained from the American Type Culture Collection (Rockville,
MD, U.S.A.). Cells were maintained in RPMI 1640 medium
containing 2 mM-L-glutamine, penicillin (100 i.u./ml), strepto-
mycin (0.1 mg/ml) and 100% (v/v) heat-inactivated fetal-calf
serum. Peritoneal exudate cells for purification of resident
peritoneal macrophages were obtained from 8-10-week-old
Balb/c mice by peritoneal lavage with phosphate-buffered saline
(130 mM-NaCI/2 mM-KCI/6 mM-Na2HPO4/1 mM-KH2PO4),
pH 7.4. The thus-obtained peritoneal exudate cells from 30-40
mice for each experiment were kindly provided by Dr. E.
Kampgen, Department of Dermatology, University of Inns-
bruck. Cells were sedimented at 200 g, washed once with RPMI
1640 supplemented as described above and seeded at a density of
106/ml. To allow for macrophage adherence, cells were incubated
for 2 h at 37 °C in C02/air (1:19). Plates were then washed with
warm phosphate-buffered saline (see above) to remove non-
adherent cells. The cell population obtained by this procedure
was about 90% macrophages, as determined by morphology
and a-naphthyl acetate esterase staining (Sigma). Murine fibro-
blasts, kindly provided by Dr. C. Heufler, Department of Der-
matology, University of Innsbruck, were isolated from ear dermis
explants of 8-10-week-old Balb/c mice. These were allowed to
grow for 3-4 weeks with a change of medium every week, using
RPMI 1640, supplemented as described above. Using this
procedure, only fibroblasts survive in the culture. For experi-
ments, cells of passages 10-20 were used. Human dermal
fibroblasts, T 24 bladder carcinoma cells and THP- 1 myelo-
monocytoma cells were grown and stimulated as previously
described [11]. For stimulation, cells were cultivated in cytokine-
containing medium for 48-72 h. All cells were mycoplasma-
negative, as judged by staining with 4',6-diamidino-2-phenyl-
indole [17].

Preparation of cell extracts
Adherent cells were collected after trypsin treatment or scraped

off the plates (P388D1 and J774.A1). Cell extracts were obtained
by repeated freezing and thawing of pelleted phosphate-buffered-
saline-washed cells in 500 ,ul of distilled water. Peritoneal macro-
phages were directly extracted off the plates with distilled water.
After centrifugation at 10000 g for 10 min, the supernatant was
used for determination of intracellular pteridines and enzyme
assays.

Determination of intracellular pteridines and of enzyme
activities

Intracellular concentrations ofreduced and oxidized pteridines
were determined by oxidation with iodine in acidic or basic pH
as described in [18], and then measured by h.p.l.c. with fluor-
escence detection [16]. For determination of enzyme activities,
protein fractions of cells freed from low-molecular-mass com-
pounds by Sephadex G-25 chromatography, and enzyme assays
adapted from previous work were used as described [I I]. Briefly,
GTP cyclohydrolase I activities were measured by incubation
with 2 mM-GTP in the presence of 5 mM-EDTA, the resulting
dihydroneopterin triphosphate oxidized with acidic iodine sol-
ution, the phosphates cleaved with alkaline phosphatase and the
resulting neopterin determined by h.p.l.c. Owing to the presence
of EDTA, 6-pyruvoyltetrahydropterin synthase is inhibited and
the 7,8-dihydroneopterin triphosphate forned by GTP cyclo-
hydrolase I is not further metabolized.

6-Pyruvoyltetrahydropterin synthase was measured by in-
cubation with dihydroneopterin triphosphate (freshly prepared
by the use of GTP cyclohydrolase I from E. coli) in the presence
of excess sepiapterin reductase, NADPH and Mg2". The 6-
pyruvoyltetrahydropterin initially formed is thus converted into
tetrahydrobiopterin, which is determined by h.p.l.c. after oxi-
dation in acidic iodine solution.

Sepiapterin reductase was measured by incubation with-sepiap-
terin and NADPH, followed by oxidation of the resulting
tetrahydrobiopterin to biopterin and determination by h.p.l.c.
[16].

Protein determination
Protein concentrations of cell extracts and eluates were de-

termined as described by Bradford [19]. Pure BSA (Serva,
Heidelberg, Germany) was used as standard.

Detection of major-histocompatibility-complex (MHC) antigens
MHC antigens were detected by enzyme-linked immuno-

fluorescence assay as described in [20], using purified anti-IAd
antibody (Beckton-Dickinson, Mountain View, CA, U.S.A.)
and undiluted supernatant from 34-1-2S hybridoma (anti-H2-
Kd/Dd; American Type Culture Collection). A horseradish-
peroxidase-conjugated antibody to mouse IgG whole molecule
(Sigma) served as second antibody.

Western blotting
GTP cyclohydrolase I was purified from mouse liver homo-

genates (strain C3H) by (NH4)2SO4 fractionation, Ultrogel Ac-
A34, DEAE-Trisacryl and GTP-agarose chromatography. Puri-
fied protein (150,g) was used for immunizing New Zealand
White rabbits [21]. Fresh livers from three Balb/c mice were
washed in 0.1 M-Tris/HCl (pH 7.8)/5 mM-EDTA/0.3 M-KCI/
10% (v/v) glycerol, frozen for 1 h at -80 °C and then homo-
genized under liquid N2 by means of a pestle. The material was
then mixed with 10 ml of the above-described Tris/HCI buffer
and cells were disrupted by sonification. After centrifugation at
10000 g for 30 min, the homogenate was purified by passing it
through Sephadex G-25 columns. Human liver material was
generously provided by Dr. E. Ambach, Institute of Forensic
Medicine, University of Innsbruck. It was obtained (with in-
formed consent of the next-of-kin) from a 30-year old male 18 h
after he had died in an accident. The material was stored frozen
at -20 °C for another 20 h. About 10 g of frozen material were
then treated as described for mouse liver. Material from cultured
cells (murine and human) was derived as described above, using
0.1 M-Tris/HCl, pH 7.8, supplemented as described for mouse
liver, instead of distilled water for preparation of cell extracts.
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GTP cyclohydrolase I activity was determined by using an
aliquot of freshly prepared Sephadex G-25 eluates.

Samples were applied to 10% polyacrylamide gels containing
0.4% SDS as described in [221. A discontinuous pH-gradient
from pH 6.8 to pH 8.8 was used. Samples were denatured by
heating to 100 °C for 2 min in the presence of 3% (v/v) SDS and
5 0 (v/v) 2-mercaptoethanol. Up to 100 jig of total protein were
applied per lane. Mouse GTP cyclohydrolase I prepared for
immunization was used as positive control and for spiking
unknown samples. Prestained molecular-mass markers
(Amersham International, Amersham, Bucks., U.K.) were used
for calibration. Proteins were blotted to nitrocellulose filters
(Schleicher and Schfill; BA 83) as described by Towbin et al. [23].
Filters were blocked for 1 h with phosphate-buffered saline (see
above), containing 0.020% (v/v) Tween 20, 10% (v/v) fetal-calf
serum, 1 % (v/v) BSA and 0.5 % (v/v) ovalbumin. Filters were
then allowed to react with the antiserum to mouse GTP cyclo-
hydrolase I (1: 5000) for 90 min and for a further 90 min with an
affinity-purified human-serum-adsorbed goat anti-[rabbit-IgG,-
A,M(H + L)] second antibody (5 mg/ml, diluted 1:5000), which
was conjugated to alkaline phosphatase (Tago, Burlingame, CA,
U.S.A.). Antibodies were diluted in the above-described blocking
buffer, except that only 1% (v/v) fetal-calf serum was used.
After each incubation step, filters were washed for 3 x 15 min
with phosphate-buffered saline, containing 0.02% (v/v) Tween
20. Alkaline phosphatase activity was revealed with Nitroblue
Tetrazolium and 5-bromo-4-chloroindol-3-yl phosphate tolu-
idine salt (Sigma) as described in [24].

RESULTS

Table 1 shows GTP-cyclohydrolase I, 6-pyruvoyltetrahydro-
pterin synthase and sepiapterin reductase activities as well as
intracellular biopterin concentrations in extracts of murine
fibroblasts, peritoneal macrophages and macrophage lines
(P388D1 and J774A. 1). Untreated cells were compared with cells

treated with murne tumour necrosis factor-a (500 i.u./ml),
interferon-y (50 i.u./ml), and a combination of both stimuli.
These doses had been previously found to be optimal for
pteridine-dependent nitric oxide formation [6]. 6-Pyruvoyl-
tetrahydropterin synthase and sepiapterin reductase were present
in a comparable range in all four investigated cells and remained
unchanged upon treatment with murine interferon-y or murine
tumour necrosis factor-a. By contrast, GTP cyclohydrolase I was
low in untreated fibroblasts and strongly stimulated by tumour
necrosis factor-a, leading to a substantial increase in intracellular
biopterin levels. GTP cyclohydrolase I activity was only marg-
inally stimulated by 50 i.u./ml of murine interferon-y; higher
doses of murine interferon-y (500 i.u./ml and 1000 i.u./ml) did
not show a stronger stimulation than 50 i.u./ml in any of the
tested cell types. Peritoneal macrophages as well as the macro-
phage lines P388D1 and J774A.1 showed considerable GTP-
cyclohydrolase I activity even when untreated. This was slightly
enhanced by murine tumour necrosis factor-a or murine inter-
feron-y and the combination of both stimuli in freshly isolated
peritoneal macrophages, but not in the permanent macrophage
lines P388D, and J774A. I. Intracellular levels of biopterin,
which occurred to more than 950% as tetrahydro derivative,
accordingly showed little change in the murine macrophages and
macrophage lines. None of the investigated murine cells con-
tained detectable quantities of neopterin.

Since in human cells interferon-y is the strongest stimulus of
GTP cyclohydrolase I, we wanted to confirm the activity of the
murine interferon-y preparation by measuring induction of
MHC-antigen expression [25]. As little as 5 i.u./ml of interferon-
y was able to induce significantly increased expression of MHC
class II antigens in P388D1 and J774A.1 (6-fold as compared
with controls) as well as MHC class I antigens in fibroblasts (4-
fold as compared with controls). Thus the interferon-y prep-
aration used was highly active on the cells, while having little
impact on GTP cyclohydrolase I activities.

Time- and dose-dependence of GTP cyclohydrolase I stimu-

Table 1. Enzyme activities of tetrahydrobiopterin biosynthesis and intracellular biopterin concentrations in murine fibroblasts, murine macrophages and
macrophage cell lines with and without cytokine treatment

Murine fibroblasts and macrophages were isolated and grown as detailed in the Experimental section. About I07 cells were incubated for 48 h with
either medium alone or in the presence of 50 i.u. of interferon-y (IFN-y)/ml, 500 i.u. of tumour necrosis factor-cc (TNF-cc)/ml, or a combination
of both. Cells were then harvested, disrupted, and Sephadex G-25 eluates were prepared. Enzyme activities were determined as detailed in the
Experimental section. Mean values + S.D. for three determinations are shown, except for single observations in the case of intracellular biopterin
concentrations of peritoneal macrophages. Significance (Student's t test): **P < 0.01; *P < 0.0001.

Enzyme activity (pmol min-1 mg-')
Intracellular

6-Pyruvoyltetrahydropterin Sepiapterin biopterin
Cell type Treatment GTP cyclohydrolase I synthase reductase (pmol mg-')

Fibroblasts None
TNF-a
IFN-y
IFN-y +TNF-a

Peritoneal None
macrophages TNF-a

IFN-y
IFN-y +TNF-a

P388D1 None
TNF-a
IFN-y
IFN-y +TNF-a

J774A.1 None
TNF-a
IFN-y
IFN-y +TNF-a

0.05 +0.01
1.52 _ 0.051--
0.12_+0.01
2.06 + 0.03
1.22 +0.41
2.55 + 07
1.64+0.09
4.46 + 0.07
6.72 +0.46
6.60 +0.10
5.87 + 0.08
5.76 +0.34
1.18 +0.13
1.14+0.02
1.02+0.06
0.98 +0.05

39.2+ 3.1
35.8 + 1.7
40.6+ 2.9
31.6+ 1.3
43.3 +2.1
42.5 +0.9
41.3+ 1.2
39.9+ 1.4
60.4+ 2.5
54.8 +4.5
57.2+ 1.7
57.8+ 3.1
24.5 +2.0
32.6+ 1.8
26.9+ 1.4
27.1+ 5.6
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451 + 31
466+ 18
431 +28
475 +9
189+15
226 + 11
196+7
214+8
299 + 11
311 +22
293 + 14
310+ 19
302 + 37
339+ 33
282 + 52
300+12

lOi+3 -- *
134+ 18""
15+ 1

161 + 18
63
102
73
132
476 + 38
477 + 27
385 ± 43
456 + 53
264+39
276 +43
275 + 27
261 +31
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Fig. 1. Time-course (a) and dose-dependence (b) of GTP cyclohydrolase I
activity induced by tumour necrosis factor-a in murine fibroblasts

Confluent monolayers of fibroblasts were treated with 500 i.u./ml of
tumour necrosis factor-a at zero time. At the indicated time points
(a), cells were harvested for determination of GTP cyclohydrolase I
activity. For the dose-dependence curve (b), confluent monolayers
were incubated with various doses of tumour necrosis factor-a for
48 h. GTP cyclohydrolase I activity was determined as detailed in
the Experimental section. Values are means + S.D. for three deter-
minations.

Table 2. Effect of cycloheximide on GTP cyclohydrolase I activity in
murine (MuFB) and human (HFB) fibroblasts and in THP-1 cells

Confluent monolayers of murine or human fibroblasts and THP-1
monocytoma cells (107 in 20 ml) were treated with 1 ,ug of cyclo-
heximide (CHX)/ml, alone or in the presence ofcytokines: 50 i.u. of
interferon-y (IFN-y)/ml plus 500 i.u. of tumour necrosis factor-a
(TNF-a)/ml. GTP cyclohydrolase I activity was determined in
Sephadex G-25 eluates as described in the Experimental section.
Values are pmol of neopterin formed/min per mg of total cell
protein. Results are means + S.D. for three different incubations from
one of three similar experiments.

GTP cyclohydrolase I
pmol - min- *mg-'

Treatment MuFB HFB THP- 1

Control
CHX
IFN-y/TNF-a
CHX/IFN-y/TNF-a

0.08 +0.02
0.29+0.02
1.98+0.10
3.12+0.06

0.02 +0.01
0.02 +0.01
2.31 +0.07
1.22+0.04

0.03 +0.01
0.02+0.01
1.07 +0.01
0.34+0.01

Molecular
mass (kDa)

97.4 -

69.0 -

lation in murine fibroblasts by murine tumour necrosis factor-a
is presented in Fig. 1. Activity was raised as quickly as 4 h after
the addition of murine tumour necrosis factor-a- and reached a
plateau after 30 h. Tumour necrosis factor-a at 5 i.u./ml was
sufficient to lead to a significant (P < 0.0001; Student's t test)
stimulation of GTP cyclohydrolase I activity.
We also tested for specificity of the effect of tumour necrosis

factor-a on murine fibroblasts by using a neutralizing antiserum
to murine tumour necrosis factor-a. GTP cyclohydrolase I
activity (pmol - mg-' * min-') was 0.09 + 0.002/0.11 + 0.03 for un-
treated control cells and 1.53 + 0.12/1.25 + 0.02 for cells treated
with 500 i.u./ml of murine tumour necrosis factor-a. Concurrent
application of the neutralizing antiserum (1000 i.u./ml) com-
pletely reduced the enzyme activity to 0.11+0.01/0.07+0.01
(mean+ S.D. for three incubations; two experiments).
To test a previous suggestion of the mechanism of increased

pteridine synthesis [14] we investigated the impact of cyclo-
heximide on cytokine induction of pteridine synthesis. As shown
in Table 2, cycloheximide inhibited GTP cyclohydrolase I activity
in human cells (dermal fibroblasts and THP-1 monocytoma
cells). However, in murine fibroblasts cycloheximide did not
inhibit cytokine-stimulated GTP cyclohydrolase I activity, but
clearly enhanced the enzyme activity.

Finally, we tested cross-reactivity of murine and human cell
and liver homogenates with an antiserum prepared against
purified mouse liver GTP cyclohydrolase I in Western-blot
experiments. As is seen from Fig. 2, human and murine liver
homogenates show cross-reactivity with the antiserum (lanes b
and g). In contrast, extracts of murine P388D1 macrophages,
tumour necrosis factor-a stimulated murine fibroblasts, human
T 24 cells (control and interferon-y treated) as well as human
THP-1 cells did not cross-react (lanes c, e, h, i and 1). These cell
extracts had GTP cyclohydrolase I activities comparable with the
liver specimens, and equivalent amounts (10 sg) of protein were
applied to each lane. To exclude experimental artifacts, the
extracts showing no cross-reactivity were spiked with purified
murine GTP cyclohydrolase I, and the cross-reactivity was
recovered (lanes d, f, k and m in Fig. 2). Using up to 100 ug of

ON" a- &men46.0-

30.0- a b c d e f g h k m
_ + - +

Fig. 2. Western-blot analysis of GTP cyclohydrolase I in murine and
human liver homogenates as compared with extracts of cytokine-
stimulated cells

Samples were resolved in 10% SDS/polyacrylamide gels and
transferred to nitrocellulose. Bands were stained with a rabbit
antiserum for GTP cyclohydrolase I of mouse liver and an alkaline
phosphatase-conjugated second antibody (see the Experimental
section). Purified murine liver GTP cyclohydrolase I (0.15 ,ug), used
for immunization, was run as positive control (lane a). From liver
homogenates and cell extracts (see the Experimental section) 10 jug
of total protein was applied per lane; b, mouse liver homogenate; c
and d, P388D1; e and f, murine fibroblasts treated with 500 i.u. of
tumour necrosis factor-a/ml for 48 h; g, human liver homogenate;
h, T 24 control cells; i and k, T 24 cells treated with 250 i.u. of
interferon-y/ml for 48 h; and m: interferon-y-stimulated (250 i.u./
ml; 48 h) THP- I cells. Lanes labelled with ' + ' had been spiked with
0.15,ug of purified enzyme corresponding to an activity of 0.24
pmol min-1. GTP cyclohydrolase I activities per lane were as
follows: a, 0.24; b, 0.22; c, 0.42; d, 0.42 + 0.24; e, 0.15; f, 0.15 +0.24;
g, 0.05; h, 0.01; i, 0.13; k, 0.13+0.24; 1, 0.12; and m, 0.12+
0.24 pmol min-'. One of a series of five blots with individually
prepared and freshly used cell preparations is shown here.

total cell protein did not result in any reaction with the antiserum
to GTP cyclohydrolase I.

DISCUSSION

Pteridine metabolism in mice and other non-primate mammals
differs from humans in that neopterin is not detected in body
fluids of mice, and is found to be very low in some non-primate
mammals [13]. In humans, neopterin concentrations show pro-
nounced increases in clinical states leading to activation of the
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cell-mediated immunity such as viral infections, allograft in-
jections or cytokine treatments (reviewed in [8]). In non-primate
mammals several findings suggested that, despite the lack of
neopterin formation comparable with that in humans, the
pteridine excretion might be stimulated by immunological chal-
lenge. This includes increased excretion of 7,8-dihydro-6-hydro-
xylumazine [26], biopterin [27] and several pteridines [28] in
tumour bearing-mice, rats and dogs respectively. Small amounts
of neopterin have been detected in sheep after immunization [29].
However, all the changes reported in these studies were of minor
extent compared with the large changes seen in humans. On the
basis of investigations with cultured cells from man and mouse,
it had been argued that the high increase in neopterin in humans
was due to the rise in intracellular GTP pools and the lack of
feedback inhibition, rather than due to an increase in pteridine-
biosynthetic activity [14].
The present study is the first detailed investigation of the

impact of a cytokine on pteridine-biosynthetic activities in
cultured non-primate, non-neopterin-forming cells. Our results
clearly indicate that tumour necrosis factor-a induces in murine
fibroblasts an up to 30-fold stimulation of GTP cyclohydrolase
I activity, thus potentiating the biosynthesis of tetrahydro-
biopterin. Since the enzyme assay incubations were done using
protein fractions freed from low-molecular-mass compounds at
saturating conditions with respect to GTP, this resembles increase
in biosynthetic activity rather than feedback or substrate con-
centration effects, as suggested previously [14]. 6-Pyruvoyl-
tetrahydropterin synthase activities in the cultured murine cells
(Table 1) are found to be two orders of magnitude higher than in
human cells [11]. Thus the 7,8-dihydroneopterin triphosphate
formed by GTP cyclohydrolase I is efficiently converted into
tetrahydrobiopterin by the murine cells irrespective of the
activation state of GTP cyclohydrolase I. This explains the lack
of neopterin accumulation in cytokine-treated murine cells,
confirming previous observations made with homogenates of
murine and human liver [30].

In contrast with human fibroblasts, GTP cyclohydrolase I
activity is much less stimulated by murine interferon-y in murine
fibroblasts. Another difference to the human system is that
murine macrophages already contain high GTP-cyclohydrolase I
activities when unstimulated. This gives an enzymic basis for the
high intracellular tetrahydrobiopterin concentrations in murine
macrophage lines [4,5,14]. However, the general mechanism
seems to be equivalent in both species: cytokines lead to an
increase in GTP cyclohydrolase I activity and thus trigger
increased synthesis oftetrahydrobiopterin. To date, the metabolic
role of this synthesis has been demonstrated in murine cells only.
The tetrahydrobiopterin thus formed provides a cofactor es-
sential to the formation of nitric oxide from arginine [4-6]. This
reaction is regulated by the same cytokines as pteridine synthesis.
The unstable reaction product nitric oxide is involved in the
cytotoxicity of cytokines and in the regulation of blood pressure
(summarized in [31]).
The time course of the induction of GTP cyclohydrolase I

activity (Fig. I) would suggest synthesis de novo of GTP
cyclohydrolase I protein after the cytokine treatment. In human
fibroblasts and monocytes (THP- 1), cycloheximide drastically
reduced cytokine-induced activation of GTP cyclohydrolase I,
whereas in murine fibroblasts the enzyme activity was further
enhanced by cycloheximide. It was shown previously that tran-
scription of genes induced by interferon-y requires protein
synthesis [32]. On the other hand, it was reported that inhibition
of protein synthesis by cycloheximide can activate transcription
factors such as NF-KB [33]. This factor is also induced by tumour
necrosis factor-a, thus leading to cytokine-induced gene ex-
pression without involvement of protein synthesis [34]. Our
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results obtained with cycloheximide may therefore reflect dif-
ferent pathways of processing of the cytokine signal in the cell
types used.
An antiserum prepared to murine liver GTP cyclohydrolase I

did not stain a protein extracted from cultured cells in Western-
blot experiments, even though a high activity was applied to each
lane (Fig. 2). One means of explaining this finding is the
assumption that GTP cyclohydrolase I might occur as two
distinct molecules: a constitutive liver form, and a cytokine-
inducible peripheral form. This would resemble very much the
situation with dioxygenases cleaving tryptophan to N-formyl-
kynurenine, which occur in a constitutive liver form (tryptophan
pyrrolase) and an interferon-inducible peripheral form (indo-
leamine 2,3-dioxygenase) [35].

This work was supported by the Austrian Research Funds (Zur
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