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Abstract

The atherosclerotic plaque is an inflammatory site where macrophage cells are exposed to cytotoxic oxidised low density lipoprotein
(oxLDL). Interferon-y released from T-cells results in macrophage synthesis of 7,8-dihydroneopterin which has antioxidant and
cytoprotective activity. Using the human derived monocyte-like U937 and THP-1 cell lines, we examined whether 7,8-dihydroneopterin
could inhibit the cytotoxic effect of oxLDL. In U937 cells, oxLDL caused a dramatic loss of cellular glutathione and caspase independent cell
death associated with phosphatidylserine exposure on the plasma membrane. 7,8-Dihydroneopterin completely blocked the cytotoxic effect
of oxLDL. In contrast, oxLDL initiated THP-1 cell apoptosis with reduction in cellular thiols, caspase-3 activation and plasma membrane
phosphatidylserine exposure. 7,8-Dihydroneopterin was unable to alter these processes or restore the THP-1 cellular thiol content. 7,8-
Dihydroneopterin did provide some protection to both THP-1 cells and U937 cells from AAPH derived peroxyl radicals. The preincubation
of oxLDL with 7,8-dihydroneopterin did not reduce cytotoxicity, suggesting that 7,8-dihydroneopterin may be acting in U937 cells by
scavenging intracellular oxidants generated by the oxLDL. The data show that pM levels of 7,8-dihydroneopterin may prevent oxLDL

mediated cellular death within atherosclerotic plaques.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of immune cells and markers of immune
cell activation strongly support the view that atherosclerotic
plaques are sites of localised chronic inflammation [1-3].
One of the immune markers reported to correlate with
atherosclerotic plaque development is plasma neopterin
[4,5]. Neopterin can be formed through the oxidation of

Abbreviations: AAPH, 2,2'-azobis(amidinopropane) dihydrochloride;
DTNB, 5,5 -dithiobis (2-nitrobenzoic acid); EDTA, Ethylenediaminetetra-
acetic acid disodium salt; GSH, glutathione; HPLC, high performance
liquid chromatography; LDL, Low density lipoprotein; oxLDL, oxidised
low density lipoprotein; PS, phosphatidylserine; PBS, phosphate buffered
saline; SDS, sodium dodecyl sulphate
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7,8-dihydroneopterin by HOCI1 [6,7]. The presence of
chloro-tyrosine indicates the generation of HOCI within
atherosclerotic plaques and +y-interferon stimulation of
macrophages results in the synthesis and release of 7,8-
dihydroneopterin [8,9]. This would suggest that a probable
source of the plasma neopterin is activated macrophages
within atherosclerotic plaques.

The exact function of macrophage 7,8-dihydroneopterin
synthesis and release in response to y-interferon stimulation
is uncertain. 7,8-Dihydroneopterin is a redox active com-
pound capable of acting as either a pro-oxidant or
antioxidant depending on the chemical environment. We
have previously shown that at low uM concentrations 7,8-
dihydroneopterin is a potent antioxidant capable of protect-
ing cells, cellular membranes [6], free proteins, cellular
protein and protein thiols [10—12] from oxidant damage.
Copper, peroxyl radical and cell mediated LDL oxidation is
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also effectively inhibited by pM levels of 7,8-dihydroneop-
terin [13—15]. Much of this protection is due to the potent
radical scavenging ability of 7,8-dihydroneopterin with
peroxyl radicals, superoxide, hypochlorite and hydroxyl
radicals [12,16—18]. These observations have led us and
others to suggest that 7,8-dihydroneopterin may be syn-
thesised to protect macrophages from the oxidants present in
inflammatory sites such as atherosclerotic plaques [12,13].
At mM pterin concentration neopterin and 7,8-dihydro-
neopterin have been reported to promote radical generation
and apoptosis in a range of cell types exposed to different
forms of cellular stress [19—-22].

One of the major oxidants present within atherosclerotic
plaques is oxidised LDL (oxLDL) [23]. The uncontrolled
uptake of oxLDL by macrophages results in the formation
of lipid loaded foam cells. It is the build up of foam cells
within the artery wall which characterises the atherosclerotic
plaque [24]. The cytotoxicity of oxLDL appears to cause the
death of macrophages and smooth muscle cells deep within
the plaque, leading to the formation of a necrotic core region
[23,25,26].

To provide some insight into the possible effect of 7,8-
dihydroneopterin within plaques, we have examined the
effect of this pterin in two different human monocyte-like
cell lines exposed to oxLDL. The THP-1 and U937 cell
lines have been extensively used to model aspects of
atherosclerosis and are equally susceptible to oxLDL
induced cell death. We have previously reported that oxLDL
triggers caspase-3 activation and apoptotic cell death in
THP-1 cells, while cell death in the U937 cells occurs
independently of caspase-3 activity and is characterised by a
massive loss of intracellular thiols [27].

2. Methods

All chemicals used were of AR grade or better and
supplied by either the Sigma Chemical Company (USA) or
BDH Chemicals New Zealand Limited. Tissue culture
media including the heat inactivated foetal calf serum was
supplied by Invitrogene New Zealand Limited and plastic
ware from Sarstedt Australia Pty Ltd. through Global
Science and Technology Ltd. (New Zealand). Neopterin
and 7,8-dihydroneopterin were obtained from Schirck’s
Laboratories, Switzerland. 2,2'-azobis(amidinopropane)
dihydrochloride (AAPH) was supplied by Aldrich Chemical
Company Inc. Chelex-100 resin was supplied by Bio-Rad
Laboratories (NZ). All solutions were prepared using ion-
exchanged ultrafiltered water from a NANOpure ultrapure
water system supplied by Barnstead/Thermolyne (Iowa,
USA). Phosphate buffered saline (PBS) solution consisted
of 150 mM sodium chloride and 10 mM sodium phosphate
pH 7.4.

LDL was purified from EDTA treated plasma collected
by venapuncture from healthy male and female donors
following an overnight fast. After removal of cellular

components by centrifugation, the plasma from multiple
donors was pooled and frozen at —80 °C for up to 6 months.
LDL was purified by a single 22 h ultracentrifugation of the
pooled EDTA-plasma using a buoyant density four step
discontinuous gradient in a Beckman SW41 rotor [28,29].
LDL concentration (total mass) was determined by enzy-
matic cholesterol determination using the “Chol MPR 2” kit
supplied by Roche Chemicals (New Zealand), assuming an
LDL molecular weight of 2.5 MDa and a cholesterol content
of 31.6% [29]. Purified LDL was desalted by dialysis
against nitrogen-gassed chelex-treated phosphate buffered
saline (pH 7.4). OXLDL was prepared by incubating LDL at
a concentration of 4 mg/ml with 200 pM CuSOy solution for
24 h at 37 °C before stirring with chelex-100 resin for 2 h to
remove copper ions. HPLC analysis[14] showed the
oxidation had increased the LDL TBARS level from 0.2
to 1.9 nmol/mg LDL. The electrophoretic mobility of the
oxLDL was 3.2-fold higher than the native LDL. Native and
oxLDL were concentrated with Urifil-10 concentrators
(Millipore, MA, USA) and sterilised through a 0.22-pm
membrane filter (Pall Gelman Laboratory) before addition to
the cells.

THP-1 and U937 cells were grown in RPMI 1640 with 2
mM glutamine, 5% heat-inactivated foetal bovine serum,
100 U/ml penicillin and 100 pg/ml streptomycin, in a
humidified atmosphere with 5% CO, at a density of not
more than 2x 10%ml. During experiments, cells were
incubated for up to 48 h in RPMI 1640 alone at 5 x 10°
cells/ml with the described additives before washing in
warm PBS to remove the media before analysis.

Cell viability was determined by trypan blue dye
exclusion [30] and the cells’ ability to reduce MTT (Sigma)
[31] by using 10% “/y sodium dodecyl sulphate (SDS, final
concentration) to lyse the cells and solubilise the insoluble
MTT-formazan salt.

Total cellular thiol content was determined by incubating
the PBS washed cells in 10% “/y SDS and 30 uM 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB, final concentration
shown) for 30 min at room temperature and reading the
absorbance at 412 nm [32].

Cellular glutathione (GSH) was measured in PBS washed
cells by derivatisation with monobromobimane and analysis
by gradient reverse phase high performance liquid chroma-
tography (HPLC) with fluorescence detection [33]. The
GSH concentration was calculated from comparison to peak
area of known concentrations of glutathione solutions,
standardised using DTNB.

7,8-Dihydroneopterin and neopterin concentrations in the
media were measured by reverse phase HPLC with electro-
chemical and fluorescence detection as previously described
[34].

Caspase-3-like activity was determined by measuring the
rate of cleavage of the artificial substrate DEVD-AMC
(Sigma) [35]. PBS washed cells (1 x 10°) were lysed in 100
uL of caspase reagent buffer containing 100 mM HEPES
(N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulphonic acid),
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10% W/y sucrose, 0.1% “/y CHAPS (3-[(3-chloramido-
propyl) dimethylammonio]-1-propane sulphonate), 10 %% ¥/,
NP-40, 5 mM DTT and 50 puM DEVD-AMC (acetyl-asp-
glu-val-asp-7-amido-4-methyl-coumarin) pH 7.25. The Cas-
pase-3 activity was determined measuring the increase in
fluorescence over time in a heat-jacketed F-4500 Hitachi
fluorometer at Ao, 370 nm and A.,, 445 nm at 37 °C.
Fluorescence units were converted to pmol of free AMC
using a standard curve generated with reagent AMC.

Cells were pelleted and suspended in binding buffer
containing Annexin V-FITC and propidium iodide (PI), as
per the manufacturer’s instructions (Apoptest-FITC A700
kit, Nexins Research). Following ten min in the dark,
10,000 cells were analysed with a Vantage fluorescence-
activated cell sorter from Becton Dickinson (San Jose, CA).
The cells were classified as viable, apoptotic or necrotic
based on regions drawn on the dot plots. Cells with low
Annexin V-FITC and PI fluorescence were classified as
viable, cells binding Annexin V-FITC but excluding PI were
classified as apoptotic and double labelled cells were
classified as necrotic [36].

The data were analysed using the Prism software package
supplied by Graphpad Software Inc. Comparisons among
treatments were performed using one-way analysis of
variance (ANOVA). When significance was observed
(P <0.05), Tukey’s multiple comparison test was per-
formed to determine which means differed from the control
by a significant margin. All results are expressed as the
mean+S.D. of triplicate treatments. Results shown are from
single experiments, representative of a minimum of three.
Where appropriate on figures significance is indicated as
**%kP <0.001; **P <0.01, *P <0.05.

3. Results

Incubation of THP-1 and U937 cells with 1.5 mg/ml
oxLDL caused similar losses in cell viability, as measured
by the cells ability to exclude the dye trypan blue or reduce
MTT (Fig. 1). The addition of 7,8-dihydroneopterin to U937
cells reduced this loss of oxLDL mediated cell viability
(Fig. 1A). The same trend was seen with both cell viability
assays even though they measure very different aspects of
cell activity.

In contrast, the incubation of THP-1 cells with 7,8-
dihydroneopterin failed to prevent the loss of cell viability
as measured by either assay. The addition of 7,8-dihydro-
neopterin in the absence of oxLDL had no significant effect
on the viability of either cell type. Studies with up to 200
UM neopterin failed to show any protective effect against
oxLDL with either THP-1 or U937 cells.

Under light microscopy, the effect of the oxLDL treat-
ment on the U937 cells could be clearly seen with the loss of
normal cell morphology and the appearance of many
shrunken and distorted cells (Fig. 2). Increasing the
concentration of 7,8-dihydroneopterin prevented this dam-
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Fig. 1. 7,8-Dihydroneopterin protects U937 but not THP-1 cells from
oxLDL induced loss of cell viability. U937 (A) or THP-1 cells (B) were
suspended at 5 % 10° cells/ml in RPMI 1640 with 1.5 mg/ml oxLDL and
increasing concentrations of 7,8-dihydroneopterin (78 NP). After 48 h, the
cell viability was measured by the MTT reduction assay (white bars) and
the trypan blue dye exclusion assay (black bars). A control incubation of
cells with 200 uM 7,8-dihydroneopterin (labelled 78 NP only) was included
to show 7,8-dihydroneopterin did not affect cell viability. Data are
expressed as a percentage of the value obtained from cells which had no
oxLDL added.

age with the 200 pM 7,8-dihydroneopterin treated cells
appearing morphologically similar to the untreated control.
Treatment with 200 uM 7,8-dihydroneopterin alone had no
effect on the cell morphology. OXxLDL treatment of the
THP-1 cells resulted in a similar loss of normal cell
morphology with the appearance of many shrunken and
lysed cells as previously described [27]. Treatment with 7,8-
dihydroneopterin, even at 200 uM failed to prevent the loss
of the normal THP-1 cell morphology (data not shown).
The loss of cell viability and the effect of 7,8-
dihydroneopterin was further characterised by flow cytom-
etry analysis of phosphatidylserine externalization and cell
lysis. OXLDL caused a 57% loss of normal U937 cells (Fig.
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Fig. 2. 7,8-Dihydroneopterin prevents loss of U937 cell morphology. U937
cells were suspended at 5x 10° cells/ml in RPMI 1640 with 1.5 mg/ml
oxLDL and increasing concentrations of 7,8-dihydroneopterin for 48 h
before being photographed under a light microscope. (A) Control without
oxLDL; (B) oxLDL; (C) oxLDL+200 uM 7,8-dihydroneopterin; (D) 200
uM 7,8-dihydroneopterin no oxLDL.

3A) which is in relatively good agreement with the cell
viability assays (Fig. 1A). Of these abnormal U937 cells, the
majority became necrotic as shown by positive staining by
both annexin-V and PI. A smaller rise in apparent apoptotic
cells is also seen. Treatment with 7,8-dihydroneopterin
significantly reduced (P <0.001) the size of this necrotic
population to almost half of its previous level with a
corresponding doubling in the number of normal cells (Fig.
3A and E). Though this increase with 7,8-dihydroneopterin
was highly significant, the number of normal cells was not
restored to that seen with the controls. In contrast, 7,8-
dihydroneopterin did restore MTT reduction activity to 90%
of the untreated control cells (Fig. 1A), possibly due to
metabolic activity of annexin V staining apoptotic cells
which made up 30% of the oxLDL treated U937 cell
population.

THP-1 cells were treated with 1 mg/ml oxLDL, which
we have previously shown causes the cells to become
apoptotic[27] (Fig. 3B). Treatment with 7,8-dihydroneop-
terin resulted in a small but insignificant increase in normal
cells. Similarly, 7,8-dihydroneopterin had no effect on
caspase-3 activity in the THP-1 cells (Fig. 4). In the absence
of oxLDL, 7,8-dihydroneopterin did not activate caspase-3
in THP-1 cells. With U937 cells, no caspase-3 activity was
observed in response to oxLDL treatment, with or without
7,8-dihydroneopterin addition (data not shown). Neopterin
had no effect on either cell line in the presence or absence of
oxLDL.

Our previous studies had shown that 1.5 mg/ml oxLDL
causes a massive 90% loss of intracellular thiols in U937
cells [27]. The addition of 7,8-dihydroneopterin resulted in
concentration dependent protection of the cellular thiol pool
with 200 pM 7,8-dihydroneopterin reducing the oxLDL

mediated loss to only 50% of the control cells’ levels (Fig.
5). The increase in cellular thiols was not significant below
100 pM 7,8-dihydroneopterin. The DTNB assay measures
all cellular thiol groups so using a separate HPLC method
we measured the changes in the U937 GSH levels. OxLDL
completely eliminated the GSH levels but 100 uM 7,8-
dihydroneopterin reduced this to only 40% compared to the
control while 200 pM increased the GSH level to a
concentration significantly higher than the control
(P<0.001). In contrast, oxLDL treatment only caused a
significant (P<0.001) 25% loss in the THP-1 cell thiol
content (Fig. 5B). The THP-1 thiol loss could not be
prevented by the addition of 7,8-dihydroneopterin. The
addition of native LDL to either cell line did not
significantly alter the intracellular thiol levels (data not
shown).

OxLDL was not immediately toxic to the U937 cells but
required a minimum of 6 h of exposure before a significant
loss in cell viability was observed. We found that if the
oxLDL was removed after less than 6 h and the cells
incubated for a further 36 h, only a 25% loss in MTT
reducing activity was observed (data not shown). If the
oxLDL exposure was increased to 12 h before changing the
media the loss in MTT reducing activity was increased to
75%. It is during this 6 h window that 7,8-dihydroneopterin
was found to be effective at protecting the U937 cells from
oxLDL toxicity. 7,8-Dihydroneopterin could be added up to
6 h after the oxLDL and still provided a significant 8%
increase (P <0.1) in U937 cell viability (Fig. 6). We found
there was no difference between adding the 7,8-dihydro-
neopterin with the oxLDL or 2 h later. Both treatments
provide a 27% increase in MTT reducing activity compared
to the oxLDL treated control cells. This time window during
which 7,8-dihydroneopterin can be added to provide
protection to cells is in marked contrast to our previous
studies which found that cells and lipoproteins need to be
preincubated for up to 10 min before oxidant addition to
gain maximum protection [10,12,13]. Preincubation of
THP-1 cells with 200 uM 7,8-dihydroneopterin up to 2 h
before oxLDL addition still failed to prevent the loss of cell
viability.

Though the data indicated that the 7,8-dihydroneopterin
was causing some change in the intracellular environment
of the U937 cells we did examine whether incubating the
oxLDL with 7,8-dihydroneopterin could reduce the
cellular toxicity. This analysis showed that 7,8-dihydro-
neopterin had no direct effect on oxLDL chemical toxicity
(data not shown), further supporting the idea that 7,8-
dihydroneopterin is acting on the cells rather then the
oxLDL.

The striking difference in the effect of 7,8-dihydroneop-
terin on the two cell types lead us to examine the cells’
susceptibility to peroxyl radicals generated by the thermol-
ysis of AAPH. As with previous studies [12], 7,8-
dihydroneopterin was found to effectively scavenge peroxyl
radicals so reducing the loss in cell viability (Fig. 7A).
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Fig. 3. 7,8-Dihydroneopterin reduced phosphatidylserine exposure on oxLDL treated U937 cells but not THP-1 cells. U937 (A) or THP-1 (B) cells were
incubated for 48 h at 5 x 10°/ml in RPMI 1640 with a combination or either of 200 uM 7,8-dihydroneopterin (78 NP) or oxLDL. U937 cells were treated with
1.5 mg/ml oxLDL and THP-1 cells with 1 mg/ml oxLDL. The cells were co-stained with annexin V-FITC and propidium iodide, and the fluorescent labelling
assessed on a FACS vantage flow cytometer. The open bars represent normal cells, hatched bars the apoptotic cells and solid bars the necrotic cells. A
representative experiment showing 5000 U937 cells treated consisting of untreated U937 cells (C); U937 cells incubated with 1.5 mg/ml oxLDL (D); or U937
cells incubated with both 1.5 mg/ml oxLDL and 200 uM 7,8-dihydroneopterin (E); is presented.

Surprisingly, AAPH caused a similar loss in cellular
thiols in both cell types (approximately 40%) but it was
only in the U937 cells that 7,8-dihydroneopterin was able
to prevent the loss in total cellular thiols (Fig. 7B).
Although oxLDL and AAPH appear to cause very differ-
ent forms of oxidative stress, 7,8-dihydroneopterin was
only able to protect the thiols in the U937 cells (Figs. 5
and 7). No significant difference in the total thiol

concentration was found between the control THP-1 and
U937 cells.

HPLC analysis of the endogenous pterin concentrations
showed the level of 7,8-dihydroneopterin was too low to
cause a significant cellular difference between the two cell
lines. Media from THP-1 cells had a pterin concentration
(neopterin+7,8-dihydroneopterin) of 25.5 nM while media
incubated with U937 cells had a concentration of 16.58 nM.
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Fig. 4. 7,8-Dihydroneopterin had no effect on caspase-3 activation in
oxLDL treated THP-1 cells. THP-1 cells at 5 x 10 cells/ml were suspended
in RPMI 1640 to which was added 1.5 mg/ml oxLDL, with increasing
concentrations of 7,8-dihydroneopterin. The control group was cells with
no oxLDL or 7,8-dihydroneopterin added. Two additional controls involved
cells with no added oxLDL but containing either 200 uM 7,8-dihydro-
neopterin (78 NP) or 200 pM neopterin (NP). After 48 h of incubation, the
cells were harvested and the caspase-3 like activity measured by monitoring
the hydrolysis of DEVD-AMC.

There was no significant difference in intracellular concen-
tration with U937 cells having 2.8 nmol pterin/mg pterin
while the THP-1 intracellular concentration was 2.7 pterin
nmol/mg protein.

4. Discussion

The regulation of cellular GSH levels appears to be a key
component determining the fate of oxidatively stressed cells.
In U937 cells, the rapid thiol loss induced by oxLDL resulted
in caspase independent cellular death which appeared more
necrotic than apoptotic in nature. Caspase enzymes are
sensitive to cellular redox states as the active site includes a
reduced cysteine thiol residue. Oxidation of the caspase thiol
results in the loss of caspase activity [37]. The total loss of the
U937 GSH and protein thiols would have greatly increased
the intracellular oxidative stress leading to the observed loss
of caspase activity. Macrophage like RAW264.7 cells treated
with BSO have also been reported to lose caspase activity
during nitric oxide donor initiated apoptosis [38]. The failure
of the caspase apoptosis system may have been responsible
in part for the necrotic nature of the oxLDL-treated U937
cells when examined by flow cytometry (Fig. 3).

In contrast, the THP-1 cells’ thiol levels were not as
severely affected by the oxLDL (Fig. 5B) even though both
cell lines have a similar sensitivity to oxLDL induced loss of
cell viability [27]. The level of cellular thiols was
maintained at 75% of untreated THP-1 cells and caspase-3
was activated during the apoptosis.

We have previously shown 7,8-dihydroneopterin to be a
good inhibitor of various forms of oxidative damage to cells
[10,12]. Tt was therefore surprising to find such a striking
difference in the level of protection afforded by 7,8-
dihydroneopterin between the two cells lines. 7,8-Dihydro-
neopterin failed to prevent oxLDL induced reduction in
cellular thiols in the THP-1 cells and the initiation of
apoptosis, whereas 200 pM 7,8-dihydroneopterin com-
pletely restored cellular GSH levels in the U937 cells, with
viability being returned to 75% of the control value (Figs.
1A and 5A).

The fact that 7,8-dihydroneopterin was observed to
provide some protection to both cell lines exposed to
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Fig. 5. 7,8-Dihydroneopterin increased intracellular thiol levels in oxLDL
treated U937 but not THP-1 cells. U937 (A) or THP-1 cells (B) were
suspended at 5x 10° cells/ml in RPMI 1640 with 1.5 mg/ml oxLDL and
increasing concentrations of 7,8-dihydroneopterin (78 NP). After 48 h the
total cellular thiol content was measured using the DTNB assay and the
values shown as white bars. The GSH concentration (black bars) was
determined only for the U937 cells, by derivatisation with monobromobi-
mane and HPLC analysis. A control incubation of cells with 200 uM 7,8-
dihydroneopterin (labelled 78 NP only) was included to show 7,8-
dihydroneopterin did not cause thiol loss. Data are expressed as a
percentage of the value obtained from cells which had no oxLDL added.



S.K. Baird et al. / Biochimica et Biophysica Acta 1745 (2005) 361—369 367

70+ stk
kK
= 60 T l
=]
=]
g 50+
O sk
- :
2 401 T
2 304
e
=204
Gl
104
=7 =z z z ¢
Z = = = = =
< o o o o <
— ~
c
Z.

Timing of 7,8-dihydroneopterin
addition after oxLDL

Fig. 6. 7,8-Dihydroneopterin inhibited the loss of cell viability up to 6 h
after the addition of oxLDL to U937 cells. U937 cells were suspended in
RPMI 1640 media containing 1.5 mg/ml oxLDL and 200 pM 7,8-
dihydroneopterin except for the control which had no 7,8-dihydroneopterin
added. The 7,8-dihydroneopterin was added either at 0, 2, 6, 12 or 24 h after
the oxLDL addition. Cell viability was measured by MTT reduction 48 h
after the addition of the oxLDL. Data are expressed as a percentage of the
value obtained from cells which had no oxLDL added.

AAPH peroxyl radicals suggests that the protection from
oxLDL was not due to the scavenging of extracellular
radicals or oxidants on the oxLDL (Fig. 7A). Preincuba-
tion of oxLDL with ascorbate or dehydroascorbate has
been reported to inhibit oxLDL induced macrophage
apoptosis, possibly by reacting with reactive groups on
the ApoB100 [39]. With 7,8-dihydroneopterin, preincuba-
tion with oxLDL failed to reduce the level of viability loss
showing that with U937 cells 7,8-dihydroneopterin is
acting on a cellular mechanism. Trolox has been reported
to inhibit oxLDL induced apoptosis in blood derived
macrophages by scavenging intracellular peroxyl radicals
[40]. a-Tocopherol, another peroxyl radical scavenger, has
also been reported to protect U937 cells from 7p-
hydroxycholesterol induced GSH loss and apoptosis. As
7,8-dihydroneopterin is also a peroxyl radical scavenger, it
is possible that a similar mechanism is occurring with the
U937 cells. N-acetylcysteine and GSH have been reported
to inhibit oxLDL and 7-ketocholesterol induced apoptosis
by increasing the intracellular thiol pool in macrophages
and U937 cells [41,42]. It is unlikely that 7,8-dihydro-
neopterin can regenerate or increase intracellular GSH
levels as 7,8-dihydroneopterin is unable to reduce oxidised
protein thiols [12]. This strongly suggests that with U937
cells, 7,8-dihydroneopterin is protecting the intracellular
thiol pool by scavenging reactive oxygen species gener-
ated by the presence of oxLDL. A number of the lipid
oxides found in oxLDL have been shown to increase the
level of intracellular reactive oxygen species in macro-
phages [42,43]. How 7,8-dihydroneopterin reaches these
intracellular reactive species and why this does not occur

with THP-1 cells is difficult to determine with the current
data.

The results presented here clearly show that for some cell
types and oxidative stresses, 7,8-dihydroneopterin is an anti-
necrotic agent. This may appear to be in conflict with other
studies showing 7,8-dihydroneopterin and neopterin induc-
ing apoptosis or oxidative stress, but these studies use mM
concentrations of the pterins [19-22]. Clearly, below 500
uM 7,8-dihydroneopterin is a radical scavenger and
inhibitor of cellular necrosis.

Assuming macrophage derived foam cells within the
artery wall behave in a similar fashion to U937 cells, 7,8-
dihydroneopterin can be expected to play a major role in the
control of both oxLDL formation [14] and foam cell
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Fig. 7. The effect of 7,8-dihydroneopterin on AAPH treated cells. THP-1
(white bars) or U937 (black bars) were suspended at 5 x 10° cells/ml in
Earle’s balance salt solution with 10 mM AAPH and increasing concen-
trations of 7,8-dihydroneopterin. After 12 h, the cell viability was measured
by MTT reduction analysis (A) and the total cellular thiol content (B) was
measured using the DTNB thiol assay. A control incubation of cells with
only 200 pM 7,8-dihydroneopterin (labelled 78 NP only) was included to
show 7,8-dihydroneopterin by itself did not cause thiol loss. Data are
expressed as a percentage of the value obtained from cells which had no
oxLDL added.
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viability. Our preliminary evidence suggests that with blood
derived macrophages exposed to oxLDL 7,8-dihydroneop-
terin inhibits apoptosis (unpublished results). The key
question then becomes whether 7,8-dihydroneopterin can
reach M concentrations within atherosclerotic plaques to
affect the apoptotic and scavenging activity observed in
tissue culture. Though there is a considerable amount of
literature on pterin levels in plasma and urine, the actually
concentration within sites of inflammation is not known and
therefore requires investigation.
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