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Abstract

The severity of atheroma burden in patients strongly correlates to increasing levels of plasma neopterin, the
oxidation product of 7,8-dihydroneopterin. Interferon-y stimulation of macrophages causes the synthesis of 7,8-
dihydroneopterin, a potent antioxidant that inhibits oxidative damage to cells, and the cytotoxicity of oxidized
low-density lipoprotein (oxLDL) to monocyte-like U937 cells but not THP-1 cells. With human monocyte—
derived macrophages (HMDMs), oxLDL triggered a large oxidative stress, causing the rapid loss of cellular
glutathione, glyceradehyde-3-phosphate dehydrogenase (GAPDH) inhibition, and eventual loss of viability
without caspase-3 activation. Inhibition of oxLDL cytotoxicity to HMDMs occurred at 7,8-dihydroneopterin
concentrations >100 uM. The oxLDL-mediated glutathione loss and GAPDH inactivation was inhibited by 7,8-
dihydroneopterin. 7,8-Dihydroneopterin rapidly entered the HMDMs, suggesting that much of the protective
effect was scavenging of intracellular oxidants generated in response to oxLDL. OxLDL uptake by HMDMSs was
reduced by 30% by 7,8-dihydroneopterin. Immunoblot analysis suggests that this decrease in oxLDL uptake was
due to a significant downregulation in the levels of CD36. These results imply that 7,8-dihydroneopterin protects
human macrophages both by scavenging oxidants generated in response to oxLDL and by decreasing CD36-

mediated uptake of oxLDL. Antioxid. Redox Signal. 13, 1525-1534.

Introduction

NCREASED CLINICAL USE of plasma neopterin is seen as a

marker of a patient’s level of inflammation in conditions as
diverse as cancer and tuberculosis infection. Neopterin is the
oxidation product of 7,8-dihydroneopterin, a pterin synthe-
sized by macrophages when stimulated by y-interferon re-
leased by Th-1 cells (17, 52). The increase of plasma neopterin
levels has been strongly correlated with increased athero-
sclerotic burden (1, 43, 47). Significant amounts of neopterin
and 7,8-dihydroneopterin have been reported in the interior
of an atherosclerotic plaque (13, 17), which represents local-
ized sites of chronic inflammation (36). Although neopterin is
a sensitive marker of inflammation, it is becoming increas-
ingly apparent that 7,8-dihydroneopterin and neopterin have
distinct biologic properties. They may have significant influ-
ence on the inflammatory process, especially in chronic in-
flammation, such as atherosclerosis.

In vitro studies have shown that 7,8-dihydroneopterin is a
potent antioxidant that can protect a range of biomolecules
and cells from various oxidants, including hydroxyl and
peroxyl radicals (21, 24, 25, 31). Oxidized low-density lipo-
protein (OxLDL) formation with copper, peroxyl, or cellular
oxidants is effectively inhibited by scavenging of the chain
carrying lipid-peroxyl radical within the LDL particle by 7,8-
dihydroneopterin (13, 15, 23, 24). 7,8-Dihydroneopterin ac-
celerates copper-mediated oxidation if added after the lag
phase because of increased metal reduction (26).

7,8-Dihydroneopterin is effective in protecting the mono-
cyte-like U937 cells from the cytotoxic effects of oxidized low-
density lipoprotein (oxLDL) (5). Cell death due to oxLDL
cytotoxicity is considered to be a major factor in the develop-
ment of a necrotic core in advanced atherosclerotic plaques (28,
30). Our previous studies have shown 7,8-dihydroneopterin
protects U937 cells from oxLDL by preventing the loss of
intracellular glutathione and the initiation of necrosis (5).
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Although oxLDL itself is not capable of directly generating
oxidants, exposure to U937 cells causes a large intracellular
oxidant flux, which can be scavenged or inhibited by 7,8-
dihydroneopterin.

Surprisingly, 7,8-dihydroneopterin cannot protect the re-
lated monocyte-like THP-1 cells from oxLDL-induced cyto-
toxicity (5). In THP-1 cells, oxLDL triggers caspase activation
and apoptosis without the loss of glutathione (4). This non-
oxidative stress mechanism in THP-1 cells does not appear to
be inhibited by 7,8-dihydroneopterin. OxLDL-induced cell
death occurs through a number of mechanisms, depending on
the type of cell under study and the level to which the LDL has
oxidized (22). The proposed mechanisms include calpain
activation through oxysterol-induced alterations in lipid rafts—
associated calcium channels (6), dephosphorylation and inhi-
bition of protein kinase B, leading to mitochondrial dysfunction
through Bcl-2 and MAPK (9, 45), lysozyme destabilization (7,
34), and CD36-linked NADPH oxidase activation (33, 37).

Human macrophages derived from peripheral blood
monocytes, usually described as human monocyte-derived
macrophages (HMDMs) have been described undergoing
both caspase and caspase-independent cell death (3, 22, 53).
We have observed oxLDL causing HMDMs to undergo a
caspase-independent cell death characterized by a rapid loss
of glutathione, caspase inactivation, and the appearance of
necrotic cell morphology (22). In this study, we examined
whether 7,8-dihydroneopterin can inhibit oxLDL-induced
death in HMDMs and whether the mechanism involves the
reduction of intracellular oxidative stress, as observed with
U937 cells.

Materials and Methods

All reagents and chemicals were AR grade or better and
obtained from either the Sigma Chemical Company (St. Louis,
MO) or BDH Chemicals New Zealand Limited. Solutions
were prepared by using high-purity water generated from an
NANOpure ultrapure water system from Barnstead/
Thermolyne (Dubuque, IA). Cells were grown in Nunc plates
supplied by In Vitro New Zealand Ltd., and the remaining
plastic ware was supplied by Greiner Bio-one through Raylab
New Zealand Ltd. Neopterin and 7,8-dihydroneopterin were
obtained from Schirck’s Laboratories, Jona, Switzerland.
Phosphate-buffered saline (PBS) solution consisted of 150 mM
sodium chloride and 10 mM sodium phosphate, pH 7.4.

LDL was purified by buoyant density-gradient ultracen-
trifugation by using a Beckman SW41 rotor from EDTA-
treated plasma collected by venipuncture from healthy male
and female donors after an overnight fast, as previously de-
scribed (5, 10, 23). LDL concentration (total mass) was deter-
mined by enzymatic cholesterol assay with the Chol MPR 2 kit
supplied by Roche Chemicals (Bern, Switzerland) (20).
Heavily oxidized oxLDL with the properties previously de-
scribed (5) was prepared by incubating LDL at a concentra-
tion of 3mg/ml (600 ug/ml protein) with 400uM CuCl,
solution for 24 h at 37°C before stirring with chelex-100 resin
for 2h to remove copper ions. The oxXLDL was concentrated
by using a Vivapore membrane concentrator (Millipore,
Billerica, MA) before filter sterilization through a 0.22-um
membrane filter and then stored at 4°C.

Human monocyte-derived macrophages (HMDMSs) were
prepared from whole blood donated by clinically healthy
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hemochromatosis patients at the NZ Blood Services
(Christchurch) under ethics approval CTY/98/07/069 gran-
ted by the New Zealand Upper South B Ethics Committee.
The monocytes were purified by centrifugation over Lym-
phoprep and differentiated into adherent macrophages in
adherent 12-well plates (14). The cells were maintained in
RPMI 1640 supplemented with 10% heat-inactivated human
serum plus 100 U/ml penicillin and 100 ug/ml streptomycin.
Cell viability was determined by MTT reduction (38). Cell
protein concentration was determined by using the BCA
Protein Determination kit supplied by Pierce, (Rockford, IL)
with bovine serum albumin as the standard.

Cellular glutathione levels were measured by deriva-
tion with monobromobimane and reverse-phase Cyg high-
performance liquid chromatography (HPLC) analysis of
the fluorescent derivative by using monobromobimane-
derivatized GSH as a standard (11). Neopterin and 7,8-
dihydroneopterin were measured with reverse-phase HPLC
analysis of cell lysates after removal of proteins by precipi-
tation with trichloroacetic acid (13, 21). GAPDH activity was
measured in cell lysates by monitoring the rate of conversion
of NADP" to NADPH in the presence of glyceraldehyde-
3-phosphate over a 4-min period (49). OXLDL uptake by
HMDMs was measured by using Dil-labelled oxLDL (12, 50).
The Dil uptake was measured by lysing cells into isopropanol
and measuring the native Dil fluorescence intensity. The cel-
lular protein concentration was determined by analysis of cell
pellets collected after centrifugation of the isopropanol. In-
tracellular superoxide release was detected with dihy-
droethidium (DHE) staining (8) of cells grown on sterile glass
coverslips. The cells were incubated for 20min with DHE
before examination with fluorescence microscopy.

Caspase-3, CD36, and scavenger receptor-A (SCR-A) were
detected by immunoblotting after SDS-PAGE electrophoresis
cells were harvested by scraping in lysis buffer (40 mM
HEPES, 50 mM NaCl, 1 mM EDTA, and 1 mM EGTA, plus one
tablet of Roche Complete mini protease inhibitor per 10 ml).
Immunoblots were probed with either anti-CD36 rabbit
polyclonal (NB400-145, Novus Biologicals, Cambridge, UK),
diluted 1:1,000, followed by peroxidase-conjugated goat
polyclonal anti-rabbit IgG (NB730-H, Novus Biologicals) at
1:2,000 dilution; or anti-caspase-3 (E-8) (SC-7272, Santa Cruz
Biotechnology, Santa Cruz, CA) followed by conjugated goat
anti-mouse IgG (F.) (31434; Pierce Biotechnology); or anti-SR-
A (I-20) (SC-20441, Santa Cruz Biotechnology) followed by
peroxidase-conjugated donkey anti-goat IgG (SC-2020, Santa
Cruz Biotechnology). Lane loading was accessed by reblotting
with anti-f-actin (A5316, Sigma-Aldrich Chemical, St. Louis,
MO) followed by peroxidase-conjugated sheep anti-mouse
IgG (RPN4401, Amersham Biosciences, Amersham, England).
Immunoblots were visualised by using Supersignal West
Dura chemiluminescence from Pierce. The image was re-
corded on a Syngene Chemigenius-2 bioimaging system by
using Genesnap software (Global, Aotearoa, NZ).

Phosphatidylserine (PS) translocation to the cell surface as a
marker of apoptosis was measured by staining cells grown on
coverslips with annexin-V-FITC by using the Annexin V
Apoptosis Kit form Santa Cruz Biotechnology and viewing by
fluorescence microscope by using Zeiss Axiolmager.M1 epi-
fluorescent microscope.

The data were analyzed by using the Prism software
package supplied by Graphpad Software Inc. (San Diego,
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CA). Comparisons among treatments were performed by
using one-way analysis of variance (ANOVA). All results are
expressed as the mean £ SD of triplicate treatments. Results
shown are from single experiments, representative of a min-
imum of three. Where appropriate, significance is indicated as
(**)p <0.001; (**)p <0.01, or (*)p <0.05.

Results

OxLDL induced cell death in the HMDMSs only after 12 h of
incubation (Fig. 1A). Up to the 12-h time point, the cell mor-
phology appeared normal, but after this, increasing numbers
of lysed cells were observed. The appearance of lysed cells
corresponded with the loss of cell viability, as measured by
the ability to reduce MTT to the purple formazan product. The
oxLDL-induced loss of viability was significantly inhibited
by 50uM 7,8-dihydroneopterin added 10min before the
oxLDL treatment (Fig. 1B). One hundred micromolar 7,8-
dihydroneopterin reduced the loss of viability to a mean value
of 20%, with the majority of the cells displaying normal
morphology.

To understand the nature of the 7,8-dihydroneopterin
protection, the mechanism of the oxLDL-induced death in the
HMDMs was further examined, as conflicting reports in the
literature exist on the oxLDL-induced death mechanism (22).
Western blot analysis constantly failed to show any sign of
proteolytic activation of caspase-3 in the oxLDL-treated
HMDMs. The 32-kDa band of procaspase-3 was clearly seen
(Fig. 2A), but no active 17- or 20-kDa band was evident. This
confirms our earlier investigations, in which no caspase en-
zyme activity was observed with oxLDL exposure (22).
Phosphatidylserine externalization in the plasma membrane
appeared to increase, as indicated by staining with annexin-V
after 3 and 6 h after the treatment with oxLDL (Fig. 2B-E). This
process was significantly slowed and reduced in the presence
of 7,8-dihydroneopterin (Fig. 2F-H). Although the effector
caspase-3 appears not to be activated by oxLDL exposure,
phosphatidylserine translocation, another classic marker of
apoptosis, occurs.

We previously observed the loss of caspase activity during
oxLDL-induced death of U937 cells (4). This was also accom-
panied by a large loss of glutathione, suggesting inhibition of
caspase-3 activity through oxidative loss of key thiols within
the enzyme. With the HMDMs, we observed a similar and very
rapid loss of glutathione (Fig. 3A). Within 6h of adding the
oxLDL, nearly 50% of the glutathione was lost, with the level
dropping to 36% of the control by 24 h. Generally, no signifi-
cant loss was observed in the absence of oxLDL, although a
small loss was observed at 24h in this experiment. As with
previous studies using 7,8-dihydroneopterin on macrophage-
like cells (5, 25), addition of 7,8-dihydroneopterin alone had no
significant effect on the levels of glutathione, but in the pres-
ence of oxLDL, a dose-dependent protection of the glutathione
levels was noted at the end of a 24-h incubation (Fig. 3B). The
200 uM 7,8-dihydroneopterin maintained the glutathione level
at 68% of the control value.

Based on studies with monocyte-like U937 cells (4, 29) and
endothelial cells (51), we suspect that oxLDL induced the
HMDM cells to generate reactive oxidants that depleted
the intracellular glutathione levels. Treatment of cells with the
fluorescent dye DHE confirmed that oxXLDL was inducing an
oxidative stress over the first 6 h (Fig. 4A-C), which was re-
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FIG. 1. OxLDL loss of HMDM cell viability is inhibited
by 7,8-dihydroneopterin. (A) HMDMs were incubated with
1mg/ml oxLDL in RPMI-1640 supplemented with 10%
human serum. At indicated time points, the medium was
removed, and the cell viability was determined by measur-
ing MTT reduction. (B) Increasing concentrations of 7,8-
dihydroneopterin inhibited oxLDL-induced loss of HMDM
cell viability during a 24-h incubation with 1 mg/ml oxLDL.
The 7,8-dihydroneopterin was added 10 min before the oxLDL.
*p <0.05; **p <0.01; **p <0.001.

duced by the addition of 7,8-dihydroneopterin (Fig. 4D and
E). This suggested that the 7,8-dihydroneopterin was either
inhibiting the oxidant production or scavenging the oxidant
directly.

Like the caspases, the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH) has a critical thiol
within its active site that, when oxidized, results in the loss of
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FIG. 2. OxLDL does not activate HMDM cell caspase-3 but causes phosphatidylserine translocation to the plasma
membrane, which is inhibited by 7,8-dihydroneopterin. (A) HMDMs were incubated under various conditions before
washing, and cell lysates were collected for immunoblot staining for caspase-3 activation and f-actin as a loading control.
Lane 1: control cells at zero time; lane 2: with 1mg/ml oxLDL for 12h; lane 3: with 2mg/ml oxLDL for 12h; lane 4: with
1mg/ml oxLDL for 24 h; lane 5: with 2mg/ml oxLDL for 24 h. Cells were grown on coverslips before exposure to 1 mg/ml
oxLDL for Oh. (B) 3h (C, F), 6h (D, G), and 12h (E-H) with (F-H) or without 200 uM 7,8-dihydroneopterin (C-E). Phos-
phatidylserine exposure on the cells surface was visualized by staining with annexin-V under fluorescence microscopy.

enzymatic activity. In HMDMSs, oxLDL was observed to cause
a rapid reduction of GAPDH activity, which paralleled the
loss of glutathione (Fig. 5A). Within 6 h of oxLDL addition, the
GAPDH activity had been reduced to 50% of the control. No
loss in GAPDH activity was observed in the absence of
oxLDL or in the presence of only 7,8-dihydroneopterin. At
50 uM 7,8-dihydroneopterin, a small but statistically signifi-
cant protection of the GAPDH activity steadily increased with
7,8-dihydroneopterin concentration. 7,8-Dihydroneopterin at
200 uM completely prevented the oxLDL-induced loss of
GAPDH activity (Fig. 5B).

The data strongly suggest that 7,8-dihydroneopterin may
be scavenging oxidants generated by the cell in response
to the oxLDL binding or internalization. Such a mode of
activity would require 7,8-dihydroneopterin to enter the
cells. This was examined by incubating HMDMs with 7,8-
dihydroneopterin and analyzing cell lysates at various time
points. A gradual loss of 7,8-dihydroneopterin was observed
in the media, with the concentration decreasing by 50% over a
24-h period (Fig. 6). This loss is due to oxidation of the 7,8-

dihydroneopterin to 7,8-dihydroxanthopterin and neopterin
(13, 18). Intracellularly, the 7,8-dihydroneopterin level in-
creased rapidly, with half the maximum concentration
reached within 4 h and maximum at 12h (Fig. 6). No signifi-
cant loss of intracellular 7,8-dihydroneopterin was noted over
the following 12-h period, even though the media concen-
tration dropped by 25%. As the cells were not stimulated with
y-interferon, the intracellular generation was negligible.
Although intracellular oxidant scavenging by 7,8-
dihydroneopterin appeared to explain the cellular protection
from oxLDL, reduced uptake of oxLDL into the cells was also
explored. By using Dil-labeled oxLDL, we measured oxLDL
uptake by HMDMs and found that 7,8-dihydroneopterin re-
duced the uptake, but only by a third when compared with
cells without 7,8-dihydroneopterin (Fig. 7A). The concentra-
tion of oxXLDL used was below the cytotoxic concentration,
thus removing the compounding factor of cell death and lysis
from the analysis. A simple explanation for this decrease in
oxLDL uptake is downregulation in the levels of the main
scavenger receptors of oxXLDL, scavenger receptor-A (SR-A)
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FIG. 3. OxLDL causes a rapid loss of intracellular gluta-
thione, which is inhibited by 7,8-dihydroneopterin. (A)
Cells in RPMI1640 supplemented with 10% human serum
were incubated with () and without ([]) oxLDL before cell
GSH levels were measured with HPLC analysis at indicated
time points. (B) HMDMs were incubated for 24h in the in-
dicated 7,8-dihydroneopterin concentrations, without (con-
trol) or with 1mg/ml oxLDL, before the intracellular GSH
concentration was determined by HPLC analysis. *p <0.05;
**p <0.01; **p <0.001.

and CD36. Immunoblot analysis of HMDMs treated with 7,8-
dihydroneopterin showed no significant change in SR-A
levels (data not shown), but a significant concentration-
dependent loss of the CD36 was observed with both the 83-
and 100-kDa bands (Fig. 7B). The greatest loss appears with
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the 100-kDa plasma membrane form, in which 200 uM 7,8-
dihydroneopterin almost completely inhibited the appear-
ance of this isoform.

Discussion

OxLDL induces a large oxidative stress in the HMDMs,
causing cellular death, similar to that with U937 cells (4). This
study shows that the oxidant release, detected as DHE fluo-
rescence, is associated with rapid loss of glutathione, inacti-
vation of GAPDH, and possible loss of caspase activity. The
oxidative stress develops rapidly with >25% of the glutathi-
one and GAPDH activity lost within 3h of oxLDL addition
(Figs. 3 and 5). It is not until 12h later that this intracellular
damage appears as a significant loss of cell viability (Fig. 1).
Also similar to the U937 cells (5) is that the presence of
7,8-dihydroneopterin effectively inhibits oxLDL-induced
oxidant production and cell death in HMDMs, as shown
by decrease in DHE staining, and maintenance of glutathi-
one levels and GAPDH enzyme activity. The presence of
7,8-dihydroneopterin within the cells and the known radical-
scavenging properties of 7,8-dihydroneopterin (19, 24, 41)
strongly support an intracellular scavenging mechanism for
the observed protection.

The heavily oxidized oxLDL used in this study is relatively
inert chemically, because most of the LDL components have
been oxidized and can no longer sustain any significant oxi-
dant production (16, 51). Treatment of oxLDL with antioxi-
dant before addition to cells does not reduce the oxLDL
cytotoxicity (5, 51). It is, therefore, reasonable to assume that
the oxLDL-induced intracellular oxidant production is a cel-
lular response to oxLDL. In the case of HMDMSs, we have
shown that this response is large enough to be cytotoxic.

A number of mechanisms responsible for oxLDL-induced
intracellular oxidant production have been reported. Mi-
tochondrial dysfunction (3), NADPH-oxidase activation (33),
and lipoxygenase activity (51) have all been demonstrated to
occur in response to oxLDL. Our DHE data suggest that su-
peroxide may be the primary reactive oxygen species gener-
ated within the cells, possibly due to NADPH-oxidase
activation, as has been reported in U937 cells (40, 48). How-
ever, DHE is not sufficiently discriminative between super-
oxide and other ROS, so it is likely that a range of reactive
oxygen species is generated.

A strong experimental link exists between CD36 binding of
oxLDL and superoxide/oxidant generation. Cell experiments
in which CD36 binding of oxLDL is inhibited by anti-CD36
antibodies, or in which the receptor is absent, still take up
oxLDL, (likely through SR-A), yet have significantly re-
duced levels of reactive oxygen species (ROS) production,
caspase activation, and cell death (51, 53). OXLDL binding to
CD36 of HMDMs has been reported to generate large
amounts of hydrogen peroxide (37), which would have
originated as superoxide. 7,8-Dihydroneopterin is an effec-
tive scavenger of superoxide and also appears to be able to
inhibit NADPH-oxidase (32). Both mechanisms may operate
within the HMDMs. In addition to radical scavenging, 7,8-
dihydroneopterin induced downregulation of the 100-kDa
plasma membrane glycoform of CD36 on the HMDMs may
also reduce the level of superoxide production. The superoxide
generated is then scavenged by the 7,8-dihydroneopterin that
has collected within the HMDM cells.
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7,8-Dihydroneopterin only decreased Dil-oxLDL uptake
by 30% over a 24-h period, suggesting that oxLDL was still
entering the cell through another receptor(s), possibly SR-A.
This is similar to the effect reported when CD36 was blocked
by using an antibody, causing a decrease but not inhibition of
oxLDL uptake (53). Increased SR-A activity has been reported
to decrease oxLDL cytotoxicity to THP-1 cells, suggesting that
SR-A is responsible for uptake and foam cell formation (35)
but not for the toxic effects after oxLDL binding and inter-
nalization. This suggests that the CD36 downregulation in the
HMDMs has an important contribution to the observed pro-
tection against oxLDL.

The combination of these arguments led us to advocate that
with HMDMs and U937 cells, oxLDL triggers an excessive
respiratory-burst response, which is effectively inhibited or
quenched by 7,8-dihydroneopterin. This response is not seen
with THP-1 cells (4) or cells treated with 7-ketocholesterol, in
which changes in the key intracellular kinases and lipid raft—
associated calcium channels results in cytochrome c release,

GIESEG ET AL.

FIG. 4. OxLDL causes the intracellular
generation of reactive oxygen species, which
is reduced by 7,8-dihydroneopterin. HMDMs
grown on coverslips in six-well plates were
incubated for various times with the indicated
oxLDL and 7,8-dihydroneopterin concentra-
tion described below for each panel. The in-
tracellular distribution of reactive oxidant
species was detected by staining the cells with
DHE. (A) Untreated cells at 0h; (B) 1mg/ml
oxLDL after 3h; (C) 1mg/ml oxLDL after 6h;
(D) 1mg/ml oxLDL with 200 uM 7,8-dihy-
droneopterin after 3h; and (E) 1 mg/ml oxLDL
with 200 uM 7,8-dihydroneopterin after 6 h.

caspase activation, and apoptosis (6). In the apoptotic mech-
anism, the oxidative stress is much reduced, and the gluta-
thione levels are reasonably well maintained during the first
12h of the response (4, 46). Monocyte-like THP-1 cells have
significantly lower levels of CD36 expression on the plasma
membrane compared with U937 cells (2). This may explain the
much lower oxidative-stress levels observed in THP-1 cells
exposed to oxLDL. The reason the mechanism triggered in
THP-1 cells is not activated in our HMDMs treated with 7,8-
dihydroneopterin is uncertain. The oxLDL preparations used
in these experiments were rich in oxysterols and therefore
should have triggered the caspase-mediated mechanism seen
in THP-1 and other cell types. The mechanism we have pro-
posed for 7,8-dihydroneopterin action should only have
changed the HMDM death mechanism from necrosis to ap-
optosis by protecting the caspase activity. Ascorbate has
been reported to do just that with HMDMs and, as a result,
increased the strength of the apoptotic response to oxLDL (27).
The exact mechanism by which oxLDL causes deactivation
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FIG. 5. OxLDL loss of macrophage GAPDH enzyme ac-
tivity is inhibited by 7,8-dihydroneopterin. (A) Monocyte-
derived macrophages in RPMI1640 supplemented with heat-
inactivated human serum were incubated with 2mg/ml
oxLDL for <24h (@), or 200 uM 7,8-dihydroneopterin was
added to the medium before the oxLDL (QO). At indicated
time points, the cells were collected, and the GAPDH activity
was measured. (B) Level of GAPDH protection from oxLDL
is related to 7,8-dihydroneopterin concentration. Cells were
incubated for 24h with increasing concentrations of 7,8-
dihydroneopterin with 2mg/ml oxLDL (®) or without (O).

of AKT kinase with subsequent cJNK activation and apoptosis
is uncertain (9, 45), and from our data, does not appear to
occur in U937 or our HMDMs.

How 7,8-dihydroneopterin is downregulating the level of
the CD36 protein in HMDMs also is uncertain. Studies on
CD36 in THP-1 and U937 cells clearly show that the 100-kDa

that reported with a-tocopherol.

The loss of GAPDH activity within the first hours of oxLDL
exposure would potentially exacerbate cellular stress.
GAPDH inhibition would cause the glycolytic carbohydrate
intermediates to be shunted into the pentose phosphate
pathway, generating more NADPH (42). Although increased
NADPH generation would normally increase the cells” ability
to regenerate GSH (42), with HMDMSs and U937 cells, it also
provides more NADPH for the NADPH-oxidase. The loss of
GSH in the HMDMs (Fig. 3) and U937 cells (4) shows that the
increase in GSH regenerative capacity was not enough to
protect the cells. As MTT reduction is dependent on NADPH
reductases (38), this would also explain the high MTT-
reducing potential of the HMDMSs for the first 12h, even
though GAPDH and general cell metabolism was failing.

Within actual atherosclerotic plaques, total neopterin levels
(neopterin plus 7,8-dihydroneopterin) have been measured in
the low micromolar range (13), and this concentration varies
along the length of the plaque (17), suggesting that a range
of pathologies is occurring. These are advanced plaques in which
the possible protective mechanisms of 7,8-dihydroneopterin on
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FIG. 7. 7,8-Dihydroneopterin treatment decreases Dil-
oxLDL uptake and CD36 levels in HMDMSs. (A) HMDMs
were incubated in RPMI-1640 with 10% human serum and
0.2mg/ml Dil-labeled oxLDL with (M) and without ([J)
200 uM 7,8-dihydroneopterin for <10h. Cells were washed
with PBS and lysed with isopropanol, and the fluorescence
intensity (FI) was measured. Cell protein was recovered from
the isopropanol and measured as described in Methods. (B)
HMDM cells were incubated in RPMI-1640 with 10% human
serum containing 200 uM 7,8-dihydroneopterin. At indicated
time points, the cells were washed, and the lysates were
analyzed with immunoblot analysis for CD36 and f-actin as
an internal loading control. (C) Graphic display of the CD36
signal of the Western blot in B, normalized to the control
values with no 7,8-dihydroneopterin. The black bars are the
100-kDa isoform, and the clear bars are the 83-kDa isoform.
*p <0.05; **p <0.01; **p <0.001.
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macrophage cell death explored in this research, and the in-
hibition of oxLDL formation (14, 24), have been over-
whelmed. In middle-aged and older subjects with low levels
of vascular disease, the action of 7,8-dihydroneopterin may be
an important process in slowing or preventing the effects of
oxLDL formation.
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