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SUMMARY

The murine macrophage cell line RAW 264 constitutively synthe-
sizes tetrahydrobiopterin (BH,), the cofactor required for the
hydroxylation of the aromatic amino acids and for the production
of nitric oxide. Stimulation of the cells with interferon-y and
lipopolysaccharide induced the production of nitric oxide and
increased BH, levels further. When the cells were stimulated in
the presence of 2,4-diamino-6-hydroxypyrimidine (DAHP), an
inhibitor of BH, biosynthesis, biopterin levels decreased by 90%
within 6 hr, whereas nitrite production was essentially unaffected.
Pretreatment of the cells for 12 hr with DAHP decreased intra-
cellular BH, concentrations by >95% yet inhibited the cytokine-
stimulated production of nitric oxide by only 50%. However,
pretreatment with DAHP plus N-acetylserotonin, an inhibitor of

sepiapterin reductase, the terminal enzyme of the BH, biosyn-
thetic pathway, decreased biopterin levels by >99% and inhibited
nitric oxide synthesis by 90%. This inhibition could be reversed
by loading the cells with dihydrobiopterin, a precursor of BH, via
the dihydrofolate reductase salvage pathway. In addition, these
studies revealed that N-acetyiserotonin has a direct inhibitory
effect on nitric oxide synthesis, acting in a BH,-independent
manner. The results presented here support previous sugges-
tions, based on experiments with isolated enzymes, that BH, is
absolutely required for cytokine-stimulated nitric oxide produc-
tion in macrophages and they suggest that only a small fraction
of the total intracellular BH, pool in macrophages is utilized in
the production of fully active nitric oxide synthase.

NO is produced by the action of at least two different forms
of NOS, which catalyze the conversion of arginine to citrulline
and NO in a complex hydroxylation reaction that requires
molecular oxygen and a bewildering array of redox cofactors,
including NADPH, FAD, FMN, tetrahydrobiopterin (1), and
even heme iron (2). One type of NOS is also Ca?*/calmodulin
dependent and constitutively present in a variety of different
cells, including endothelial cells where NO plays a role in the
control of vascular tone (3), in platelets where it regulates
aggregation (4), in hippocampal neurons where it plays a role
in long term potentiation (5), and in cerebellar neurons where
it has been proposed to act as a neurotransmitter (6). These
multiple actions of NO are thought to be mediated by cGMP
produced via NO activation of guanylate cyclase (1). A cyto-
kine-inducible form of NOS, which is Ca?*/calmodulin inde-
pendent, has been found in macrophages (7), vascular smooth
muscle cells (8), fibroblasts (9), endothelial cells (10), renal
mesangial cells (11), and hepatocytes (12). Although it was
originally suggested that cytokine-induced NOS in macro-
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phages plays an important role in tumoricidal/bactericidal ac-
tivity via generation of the cytotoxic agent NO (13), the func-
tion of cytokine-induced NOS activity in other cells is still
unclear.

When BH, was first shown to be required for the NOS
reaction catalyzed by the isolated enzyme (14), it seemed logical
to assume that it might participate in this reaction in the same
manner as had been previously established for the aromatic
amino acid hydroxylases, where its oxidation is tightly coupled
to the reduction of molecular oxygen (15). However, this has
remained a controversial point because stoichiometric oxida-
tion of BH, does not appear to occur during the NOS reaction
(16). On the other hand, there is some evidence that BH, is
required for NO synthesis in intact cells, because inhibition of
de novo BH, biosynthesis (see Fig. 1) has been shown to result
in inhibition of NOS activity in cytokine-stimulated human
fibroblasts (9) and in endothelial cells (17). Recent findings
that complicated studies of the role of BH, in NO production
showed that, unlike other BH,-dependent hydroxylases, puri-
fied NOS contains tightly bound BH, (3, 18) and its removal
leads to irreversible loss of activity (18). Although the require-

ABBREVIATIONS: NO, nitric oxide; BH., 6-(1’,2’ -dihydroxypropyi-(L-erythro)-7,8-dihydropterin)dihydrobiopterin); BH,, 6(R)«(1’,2’-dihydroxypropyl-
(L-erythro)-5,6,7 ,8-tetrahydropterin) (6(R)-tetrahydrobiopterin); DAHP, 2,4-diamino-6-hydroxypyrimidine; IFN-v, interferon-v; LPS, lipopolysaccharide;

NAS, N-acetyiserotonin; NOS, nitric oxide synthase.
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ment for BH, was first discovered using NOS isolated from
stimulated murine macrophages (14), it has not yet been dem-
onstrated that intracellular BH, is required for the generation
of NO and its metabolites by macrophages. In this report, we
show that it is necessary to decrease intracellular BH, concen-
trations by >99% to inhibit cytokine-inducible production of
NO in macrophages.

Experimental Procedures

Materials. Recombinant murine IFN-y was obtained from R & D
Systems (Minneapolis, MN). LPS from Escherichia coli (055:B5),
DAHP, and NAS were from Sigma (St. Louis, MO). BH, was obtained
from Dr. B. Schircks Laboratories (Jona, Switzerland). All other re-
agents were of the highest quality and were obtained from local sources.

Cell culture. RAW 264 cells, a mouse monocyte-macrophage cell
line (obtained from Dr. Robert Aksamit, LGCB, National Institute of
Mental Health), were cultured in minimum essential medium contain-
ing 10% fetal bovine serum, 4 mM L-glutamine, 100 units/ml penicillin,
and 100 ug/ml streptomycin and were maintained in humidified 5%
C0/95% air at 37°. Cells were seeded in six-well clusters (Falcon) at
a cell density of 3-4 % 10%/well and were allowed to adhere for 90 min.
Culture medium was then replaced with 3 ml of fresh medium in the
absence or presence of 5 mM DAHP, 5 mMm NAS, or both DAHP and
NAS, with cytokines as indicated. Because RAW cells are very sensitive
to the cytotoxic activity of cytokines (19), preliminary experiments
established that 25 units/ml IFN-y and 1 ng/ml LPS gave maximum
responses with acceptable levels of cytotoxicity. In some experiments,
cells were pretreated for 12 hr with DAHP and NAS to deplete cellular
BH, levels (see Fig. 1 and Results). Culture medium was then replaced
with 3 ml of fresh medium containing the same concentrations of
inhibitors plus IFN-y and LPS where indicated in the figure legends.
At various times after addition of cytokines, medium was removed and
the cells were harvested by scraping followed by several washes with
10 ml of Dulbecco’s phosphate-buffered saline (without calcium and
magnesium). Medium and harvested cells were frozen at —70° and
nitrite, protein, and pterin levels were measured as soon as possible.

Preparation of macrophage extracts. The cell pellets were re-
suspended in 300 ul of extract buffer (20 mM Tris- HCI, pH 7.4, 0.1 mM
EDTA, 1 mM dithiothreitol, 10% glycerol, 0.1% Tween 20) and then
disrupted by sonication (3 X 10 sec). After centrifugation at 16,000 X
g for 20 min at 4°, the total pterin and protein concentrations in the
supernatants were measured as described below.

Measurement of intracellular biopterin. Cell extracts (100 ul)
were deproteinized by mixing with 10 ul of 30% trichloroacetic acid.
After centrifugation, 75 ul of supernatants were mixed with 75 ul of 0.2
M H;PO, and 10 mg of MnO; were added to oxidize reduced pterins to
their fluorescent aromatic forms. After 10 min at room temperature,
samples were filtered and analyzed by reverse phase high performance
liquid chromatography with fluorometric detection, as described pre-
viously (20). The fraction of the total intracellular biopterin pool that
was present as the fully reduced, tetrahydro form was determined by
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differential oxidation with iodine as described previously (21). The BH,
content was determined in selected samples from each experiment and,
except for treatments with BH; and methotrexate (see Results), was
always >95%.

Nitrite assay. Nitrite levels in media, which reflect intracellular
NOS activity (22), were determined by the Griess reaction using a
microplate reader (Biotek EL340), essentially as described (23).

Protein determination. Protein concentrations in cell extracts
were measured by the Coomassie Blue dye-binding method, with a
commercial kit (Pierce).

Resuits

In agreement with previous studies (19), treatment of RAW
cells with IFN-y and LPS induced the synthesis of NO, as
measured by nitrite production (Fig. 2B). Unlike other cell
types with inducible NOS activity, murine macrophages con-
stitutively synthesize relatively high levels of BH,, which are
further increased by cytokine treatment (Fig. 2A). Previously,
to demonstrate a requirement for BH, in the production of
cytokine-induced NO in various cell types, several laboratories
have utilized DAHP, an effective competitive inhibitor of GTP
cyclohydrolase (24), the rate-limiting enzyme in BH, biosyn-
thesis (Fig. 1) (25). We found that treatment of RAW cells
with DAHP, in the presence or absence of cytokines, resulted
in 90% depletion of intracellular BH, levels within 6 hr (Fig.
2A). In contrast to the effects of DAHP on NOS activity in
other cells, there was no corresponding inhibitory effect on the
rate of the IFN-y/LPS-induced production of nitrite (Fig. 2B).
These results suggest that, although the turnover of BH, in
macrophages is rapid and comparable to that found previously
for neurons and other cells with known BH,-dependent hy-
droxylation reactions (26, 27), either BH, is not required for
NOS activity in RAW cells or the enzyme is fully active at very
low concentrations.

In order to deplete intracellular BH, levels more completely,
we examined the effect of pretreating RAW cells with DAHP
before stimulation with cytokines. Treatment with 5 mM
DAHP for 12 hr resulted in a decrease in BH, levels of 96%
(Fig. 3A). In this case, IFN-y/LPS-stimulated nitrite produc-
tion was inhibited by 52%, when measured after a subsequent
12-hr treatment with the cytokines (Fig. 3B). Thus, intracel-
lular BH, levels can regulate NOS activity, but even 4% of the
original constitutive BH, concentration is still sufficient for
generation of significant amounts of active NOS.

Another inhibitor of the BH, biosynthetic pathway that has
been used to deplete BH, levels in several cellular systems is
NAS, an inhibitor of sepiapterin reductase (see Fig. 1) (28).
However, in contrast to other types of cells where NAS effec-
tively blocks synthesis of BH,, treatment of RAW cells with

Fig. 1. Proposed pathway for biosynthesis
of BH in RAW cells. the pathway
has not been compiletely elucidated in these
cells, it is generally agreed that GTP cycioh-
ydrolase catalyzes the initial reaction and
sepiapterin reductase catalyzes the termi-
BHy nal reaction in the pathway in rodents. In

Ditydrofolate Reductase the salvage pathway, sepiapterin is con-
verted to BH, by sequential NADPH-de-
pendent reductions catalyzed by sepiap-

GTP Cyclohydrolase 6PPH 4 Synthase Sepiapterin Reductase terin reductase and dihydrofolate reduc-
GTP NHoTP g 6PPHy BHy4 tase. NH,TP, dihydroneopterin
7 7 triphosphate; 6PPH,, 6-pyruvoyitetrahy-
/ m{ dropterin; SP, sepiapterin; MTX, methotrex-

DAHP ate.
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Fig. 2. Effect of DAHP on biopterin levels and nitrite production by RAW
cells. RAW cells were stimulated with IFN-y (25 units/ml) and LPS (1 ng/
ml) in the absence or presence of DAHP (5 mm). Biopterin in cell extracts
(A) and levels of nitrite in medium (B) were measured as described in
Experimental Procedures. Data are the means + standard deviations
from two experiments carried out in triplicate (six determinations). @,
IFN-y and LPS only; O, IFN-y and LPS plus DAHP; B, DAHP only.

NAS had very little effect on BH, levels (data not shown). As
would be expected for inhibition of sequential reactions in a
metabolic pathway, the combination of DAHP and NAS was
more effective at inhibiting BH, synthesis than was either
inhibitor alone, resulting in depletions of >99% to barely de-
tectable levels after 12 hr (Fig. 3A). When these severely BH,-
deficient cells were treated with IFN-y and LPS, nitrite pro-
duction was dramatically inhibited (Fig. 3B). Interestingly, 5
mM NAS alone inhibited NOS activity in RAW cells, inde-
pendently of any demonstrable effects on BH, levels. In prelim-
inary experiments, we found that NAS and serotonin inhibited
in vitro activity of NOS.!

'K. C. Campos, N. Sakai, S. Kaufman, and S. Milstien, unpublished obser-
vations.
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Fig. 3. Biopterin levels and nitrite production in cytokine-stimulated RAW
cells pretreated with inhibitors of biopterin synthesis. Cells were treated
with DAHP (5 mm), NAS (5 mm), or DAHP plus NAS for 12 hr before
stimulation with IFN-y (25 units/ml) and LPS (1 ng/ml). The inhibitors
were also present at the same concentration during the stimulation
period. At the indicated times, total intracellular biopterin concentration
(A) and nitrite production (nmol/10° cells)B) were measured as described
in Experimental Procedures. Data are the means + standard deviations
from two typical experiments carried out in triplicate (six determinations)
and repeated seven times. @, IFN-y and LPS only; O, IFN-y and LPS
plus DAHP; A, IFN-y and LPS plus NAS; A, IFN-y and LPS plus DAHP
and NAS.

To demonstrate that the effects of BH, depletion on NOS
activity in RAW cells were indeed due to the measured changes
in BH, levels, it was necessary to show that repletion with
exogenous BH, can reverse the effects. This repletion can be
accomplished in several ways, i.e., addition of BH, to the
medium, treatment with sepiapterin, which is converted to BH,
by the salvage pathway (29), or addition of BH,, which can be
reduced to BH, by the action of dihydrofolate reductase (30).
Exogenous BH, is cytotoxic (31) and also is not stable enough
to be used during the activation period. It was also not possible
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to use sepiapterin as a source of intracellular BH, because in
these studies we were testing the effects of NAS, a potent
inhibitor of sepiapterin reductase, which is also an essential
component of the salvage pathway (29). However, we found
that exogenous BH, was effectively taken up by RAW cells and
converted to BH,. Treating the cells for 6 hr with BH, (100
uM) resulted in intracellular BH, levels of >1000 pmol/mg. As
shown in Fig. 4, the inhibitory effect of 5 mM DAHP/5 mM
NAS on nitrite production was reversed by exogenous BH,.
The fact that this reversal was due to the dihydrofolate reduc-
tase-catalyzed reduction of BH, to BH, was demonstrated by
the finding that methotrexate, a potent dihydrofolate reductase
inhibitor, blocked the stimulatory effect of BH, without having
any effect on nitrite production by itself. As discussed above,
NAS has a BH,-independent inhibitory effect on NOS activity.
Thus, the reversal of the inhibition of nitrite production by the
combination of DAHP and NAS, although apparently less than
100%, was in fact equal to the stimulation expected on the
basis of the BH-independent inhibition found with NAS alone.

Discussion

The only known role for BH, in macrophages is in the
production of NO, where its precise mode of action in the
enzymatic oxidation of arginine is still enigmatic (16). The
requirement for BH, in the NOS reaction was discovered by
Tayeh and Marletta (14), who showed that the activity of a
partially purified preparation from macrophages lost its ability
to oxidize arginine after removal of low molecular weight com-
ponents and who found that the activity could be restored by

60

NITRITE PRODUCTION (1M/24 h)

IFNLPS +DAHP  +DAHP  +DAHP  +MTX
NAS NAS NAS
BH,  BH,

MTX

Fig. 4. Nitrite production in BH.-depleted RAW cells is stimulated by
loading with BH,. Ceils were stimulated with IFN-y and LPS as described
in the legend to Fig. 2, in the absence or presence of both DAHP (5 mm)
and NAS (5 mm) and BH., (0.1 mm), with or without methotrexate (MTX)
(10 um). The medium used in the methotrexate experiments was also

with thymine (40 um) and inosine (100 um) to prevent any
effects on cell growth. Nitrite was measured in medium as described in
Experimental Procedures, using the corresponding medium as blank,
and the results are expressed as um/24 hr. In the absence of methotrex-
ate, intracellular BH, levels were elevated from 45 pmoi/mg to approxi-
mately 1000 pmol/mg by the addition of BH..
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the addition of BH,. To date, it has not been demonstrated
that intracellular BH, regulates NOS activity in macrophages,
because murine macrophages constitutively synthesize high
levels of BH, (Fig. 2A). BH,-dependent synthesis of NO has
been demonstrated in several systems, including cytokine-ac-
tivated murine fibroblasts (9), calcium ionophore-stimulated
porcine aortic endothelial cells (32), and cytokine-activated
murine brain endothelial cells (17), by the use of the GTP
cyclohydrolase inhibitor DAHP (see Fig. 1). However, BH,
levels and biosynthesis rates in these cells are very low before
activation, whereas RAW cells constitutively synthesize BH,
and maintain an intracellular concentration of approximately
2 uM. Treatment of RAW cells with DAHP effectively inhibited
BH, synthesis, resulted in 90% depletion of intracellular BH,
levels within 6 hr and also prevented the cytokine-induced
increase in BH, (Fig. 2A). However, the remaining BH, was
still present at an intracellular concentration of approximately
0.2 uM, a concentration similar to the reported apparent K,
value of 0.2 uM for NOS (33). Thus, it was not surprising that,
in contrast to the effects of DAHP-dependent BH, depletion
on inhibition of NOS activity in other cells, there was not a
significant inhibition of the rate of the cytokine-induced pro-
duction of NO in RAW cells (Fig. 2B). However, when BH,
levels were further decreased to 4% of control levels by prein-
cubation of the cells for 12 hr with DAHP, cytokine-stimulated
NOS activity was significantly inhibited (Fig. 3B), although
NO was still produced at 50% of the control rate.

Because a significant amount of NOS activity still remained
after >96% of the intracellular BH, was removed, we developed
a different strategy for more complete inhibition of de novo
BH, biosynthesis in order to determine whether BH, was
absolutely essential for induction of NOS activity. Pretreat-
ment of RAW cells with a combination of DAHP and NAS,
inhibitors of the initial and terminal enzymes of the BH,
pathway (Fig. 1), respectively, effectively reduced BH, to nearly
undetectable levels and almost completely prevented the cyto-
kine-induced increase in NOS activity. Furthermore, control
experiments in which BH, levels were replaced by treating
BH,-depleted cells with BH; resulted in restoration of the NOS
activity to the expected level. It should be noted that NAS
alone, as well as serotonin (data not shown), inhibits NOS
activity even in the presence of BH,. Further experiments are
in progress to explore this potentially important finding, be-
cause serotonin and NO have opposite effects on blood pressure.

The results presented here establish that BH, is required for
cytokine-inducible NOS activity in macrophages. The complete
removal of BH, from RAW cells by a combination of BH,
biosynthesis inhibitors should allow testing of the activity of
other pterin cofactors with inducible NOS and provides an
additional pharmacological approach to possibly regulate over-
production of NO in various infectious diseases.
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