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The effect of hyperlipemic human serum on superoxide
anion (O2") production by rat peritoneal macrophages
was investigated. Phorbol myristate acetate (PMA)-
stimulated O2™ production was inhibited when cells
were preincubated with hyperlipemic human serum.
This inhibition was specifically carried out by a lipid
fraction and was dependent on both cholesterol and
triglyceride serum levels. This inhibitory effect was not
exerted by a direct effect on NADPH-oxidase activity,
nor by a putative superoxide dismutase activity present
in the serum. With human neutrophils, we observed a
decreased mobility of the cytosolic factor p47-phox to
the membrane during the activation process, caused by
hyperlipemic serum. We did not find any effect of
hyperlipemic serum on NOz production by cultured
rat macrophages. These results suggest that a patholog-
ical increase of circulating plasma lipids may be associ-
ated with an impaired inflamatory capacity of
macrophages.

INTRODUCTION

The role of macrophages on the pathogenesis of
atherosclerosis has been recognized.' There is a

recruitment of monocytes in the subendothelial
space in the early events of the atherosclerotic
process. Macrophages in the arterial wall are
derived from blood monocytes and were shown
to possess both the low density lipoprotein (LDL)
receptor and a scavenger receptor, which takes
up modified forms of LDL, primarily oxidized-
LDL.? Macrophages first play a protective role
by their ability to remove LDL from their envi-
ronment, but when cholesterol is supplied in
excess, these cells can be converted into foam
cells’

Anindex of macrophage inflamatory activity is
the capacity to produce superoxide anion (O ). Oz
is produced in response to a variety of membrane
stimulants which activate the respiratory burst by
the membrane-bound NADPH-oxidase. This
complex has at least four components: two sub-
units of the membrane bound cytochrome b, p91-
phox and p22-phox, and two cytosolic
components, p47-phox and p67-phox, which
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TABLE 1 Effect of hyperlipemic serum on NADPH-oxidase activity in rat peritoneal macrophages

nmol O2” /min x mg protein

[Triglycerides] [Cholesterol] = [NADPH]... 50 uM 200 uM

- — 5.07 £ 0.42 1146+ 0.84
0.74 ¢/l 1.95 g/l 5.64+1.22 11.35+0.21
128¢gl 2.06g/ 5.58+1.90 1211+ 0.69
0.8gl 3.49gl 6.20+2.18 12.14+1.29

Rat peritoneal macrophages were incubated with 100 nM PMA in the presence of 2% human serum
(v/v) with the cholesterol and triglyceride concentrations as indicated. After 15 min, the cells were
treated as described in “Materials and Methods”. The NADPH-oxidase was measured in the postnuclear
supernatant. Data are means + S.E.M. of three experiments performed in triplicate.

translocate to the membrane during activation of
the cell.*>*

Production of O, has been demonstrated to be
one of the main functional responses by which
macrophages kill invading microbes or tumor
cells.” Superoxide generated by the macrophages
oxidizes the native LDL and transforms it into
modified LDL? which is able to bind to
macrophage-specific receptors. With regard to
LDL oxidation by macrophages, no consensus on
the mechanism exists: lipoxygenase activity has
been reported to be involved in LDL oxidation by
murine peritoneal macrophages’ but this is
controversial.'® Moreover, Wilkins and Leake"
described that NADPH-oxidase was not essential
for the modification of LDL by macrophages.

In the present study we have studied the effect
of hyperlipemic human serum on superoxide
anion production by rat peritoneal macrophages.
An inhibition on O,  production has been ob-
served when the cells were preincubated with
hyperlipemic serum for 30 min before PMA addi-
tion. The inhibition was produced by a lipid
fraction, and both cholesterol and triglyceride-
rich serum had the same effect. No change in
NADPH-oxidase activity was found.

MATERIALS AND METHODS
Materials

Chemicals were of analytical grade and were
obtained from Merck, Darmstadt, Germany.

Biochemical reagents and enzymes were from
Boehringer Mannheim, Germany, or from Sigma
Chemical Co., St Louis, MO, U.S.A. Human serum
was obtained from University Hospital ‘Virgen
Macarena’, Seville. Anti-p47-phox antibody was
kindly provided by Prof. O.T. Jones (Dept. of
Biochemistry, Bristol University, England).

Macrophage Preparation and Culture

Macrophages were obtained from peritoneal
lavage of rats as previously described.”” Peritoneal
cells were suspended in Krebs-Ringer bicarbonate
buffer (KRB) containing 10 mM glucose and 2%
bovine serum albumin (w/v) and incubated in
plastic Petri dishes at 37 °C under air/CO, (19:1)
for 3 h. The dishes were then vigorously rinsed
with cold KRB buffer and the adherent cells were
detached using a rubber policeman, washed twice
and suspended in KRB buffer without albumin
but containing 10 mM glucose. Cell viability was
estimated by Trypan blue exclusion. In some
experiments macrophages were resuspended in
culture medium (RPMI 1640, Hepes 20 mM, 2 mM
glutamine, 10% FCS and antibiotics), plated
(5 x 10° cells /300 ul per well) in flat bottom 96-well
culture plates and incubated at 37 °C for 2 h. Non
adherent cells were removed by washing three
times with RPMI 1640 and macrophage mono-
layers were then cultured in culture medium. The
components added to the culture medium are
indicated in Table 2. After 72h of culture
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TABLE 2 Effect of hyperlipemic serum on nitrite production by
rat peritoneal macrophages

Serum added Nitrite production
[Cholesterol; Triglycerides] (g/1) nmol/well
Control (None) 32.7+3.14
Normal serum
1[1.73; 0.76] 121+1.21
2[2.01; 0.99] 13.9+1.69
Hyperlipemic serum
1[4.16; 4.94] 3.38+0.56
2[3.32; 0.98] 6.44+1.04
3[2.90; 1.09] 9.22+0.98
4[4.32; 747 7.99+1.09
5[1.99; 3.60] 10.9+1.53
6 [1.81; 2.89] . 6821183

Rats were injected intraperitoneal with E. Coli (previously
killed by heat in an autoclave at 120 °C during 20 min). After 5
days, macrophages were isolated and cultured with serum.
Final serum concentration in the culture media was 2% (v/v).
After 72 h, aliquots of culture media were removed to measure
accumulated nitrite. Data are means + S.E.M. of three
experiments performed in triplicate.

supernatants were removed to measure
accumulated nitrite.

Assay of Superoxide Anion Release

O, was measured by following the superoxide
dismutase-inhibitable reduction of cytochrome ¢
at 550 nm as described.”” Macrophages (10°
cells/ml) were incubated at 37 °C with 10 mM
glucose, 80 uM cytochrome c and stimulated with
100 nM PMA. The reduction of cytochrome c was
recorded continuously using a Hewlett Packard
spectrophotometer. The O, released was calcu-
lated by using a molar absorption coefficient of
211 mM " em™.

NADPH-oxidase Activity

NADPH-oxidase activity was quantified as O,
production by measuring the superoxide dis-
mutase inhibition of the reduction of cytochrome
cat 25 °C as described.” Macrophages were incu-
bated with 100 nM PMA in the absence (control)
or in the presence of 2% human serum (v/v) for
5min. The cells were harvested and homogenized

with a Potter-Elvehjem homogenizer in 10 mM
Tris, 0.35 M sucrose, pH 7.2. The homogenate was
centrifuged at 1000 x g to eliminate debris and
unbroken cells. Enzyme activity was assayed in
the supernatant (postnuclear supernatant). Reac-
tion mixture (1 ml) contained 10 mM phosphate
buffer,pH7.2,100 mM NaCl, 1 mM MgCL,, 80 yM
cytochrome ¢ and the postnuclear supernatant.
The reaction was started by addition of 200 uM
(maximal activity) or 50 uM (submaximal activity)
of NADPH (final concentration). The absorbance
change at 550 nm was recorded.

Preparation of Human Serum Lipid Extracts

Lipid extracts were obtained from human serum
as follow: 4 ml human serum were mixed with
150 ml chloroform:methanol (2:1). This mixture
was shaken for 10 min and then filtered. 20%
CaCl, (w/v) was added to the filtered volume and
it was shaken for 5 min. After two phases were
formed, the lower phase, which contained the
lipids, was collected and evaporated. The lipid
extract was dissolved in 1 ml ethanol and added
to the cells. Control cells had the same amount of
solvent.

Neutrophils Preparation, Electrophoresis and
Immunoblotting

Human neutrophils were prepared from venous
blood of healthy donors by standard methods."”
Cells (107 cells/ml) were resuspended in Krebs
Ringer bicarbonate buffer containing 10 mM
Hepes pH 7.4, 0.5 mM CaCl; and 5 mM glucose.
After incubation as indicated in Figure 4, cells
were centrifuged 30 seconds in a microfuge and
resuspended in 10 mM Tris-HCI pH 7.4, 1 mM
PMFS and 100 U/ml aprotinin and were dis-
rupted by sonication (3 x 20 seconds). Fraction-
ation was carried out as described in.' First,
sonicated cells were centrifuged for 10 min at
10,000 x g and postnuclear supernatants were then
recentrifuged for 1 h at 100,000 x g. Similar ali-
quots (80 ug of protein) of cytosolic fractions were
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electrophoresed on a 10% SDS/PAGE gel as.”
Proteins were transferred to nitrocellulose mem-
branes in semi-dry conditions with a Bio-Rad
Trans Blot cell apparatus. The blots were incu-
bated with purified rabbit anti-p47-phox antibody
(dilution 1:1000). After washing, blots were newly
incubated with horseradish peroxidase labelled
sheep anti-rabbit IgG antibody. Detection of
bound antibody was performed by an enhanced
chemiluminescence method, using luminol and
other enhancers (manuscript in preparation).

Other Methods

Protein concentration was determined by the
modified Lowry method'® with bovine albumin as
standard.

O:;  production by phenazine metho-
sulphate/NADH was followed by cytochrome ¢
reduction at 20 °C."” The reaction mixture con-
tained 20 mM pyrophosphate, pH 8.3, 5 uM cyto-
chrome ¢ and 100 uM NADH. The reaction was
triggered by 10 uM phenazine methosulphate and
followed at 550 nm. Superoxide dismutase activ-
ity in serum was assayed according to the method
described by Beyer.”’ Venous blood was sampled
an overnight fast and serum was obtained by
low-speed centrifugation. The cholesterol and tri-
glycerides were analyzed enzymatically on a
Technicon RA-1000 autoanalyzer.

The accumulation of NO; in culture super-
natant was measured with the Griess reagent.”
NO;” concentration was calculated from a NaNO;
standard curve.

RESULTS

Peritoneal rat macrophages were preincubated in
the presence of 2% hyperlipemic human serum
(v/v) for 15 min before stimulation with PMA.
Figure 1 illustrates results from different experi-
ments in which PMA-stimulated O, production
was measured. In the presence of hyperlipemic
serum macrophages displayed a reduced capacity

nmol 02‘/mg protein
N
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FIGURE1 Effect of hyperlipemic human serum on Oz ~ produc-
tion by peritoneal macrophages. Macrophages were pre-
incubated in the absence (O) or in the presence of human serum
with several cholesterol and triglyceride concentrations: 1.86 g/l
cholesterol and 0.9 g/l triglycerides (@), 2.55 g/l cholesterol and
1.1 gitriglycerides (), 3.1 g/l cholesterol and 1 g/l triglycerides
(W) and 2.1 g/l cholesterol and 12.8 g/l triglycerides (O). After 15
minat 37 °C the respiratory burst was triggered with 100 nM PMA
and the Oz ~ production was recorded at different times. Data
shown are means * S.E.M. of five experiments performed in
triplicate.

to produced O;" in response to 100 nM PMA. The
inhibition ranged from 22% to 67% compared
with control cells. It was also observed that O,
production was weakly decreased when normo-
lipemic human serum was used. However, this
inhibition did not exceed 14% regarding control
cells (preincubated without serum).

In order to determine what lipidic component
(e.g. cholesterol or triglycerides) were responsible
for the inhibitory effect on O;” production, macro-
phages were preincubated with serum containing
different levels of either cholesterol or triglycer-
ides. Figure 2A shows that serum with increasing
concentrations of cholesterol (but normal triglyc-
eride concentration) inhibited, in dose-dependent
manner, the O, produced at 60 min of PMA addi-
tion. A similar inhibitory effect on respiratory
burst was found when serum with high triglycer-
ide levels (but normal cholesterol concentration)
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FIGURE 2 Dose effect of cholesterol and triglycerides on O2 ™ production by rat peritoneal macrophages. The cells were incubated in
the absence (control) or in the presence of 2% human serum with increasing concentrations of cholesterol but triglycerides concentra-
tions lower than 1 g/1 (A), or with 2% human serum with increasing concentrations of triglycerides but cholesterol concentrations lower
than 2 g/l (B). The respiratory burst was stimulated, after 15 min of the preincubation with serum, with 100 nM PMA and the Oz ~
released was estimated at 60 min. The results are means + S.EM. of three experiments performed in triplicate.

was used (Figure 2B). The lipid fraction from
hyper- or normolipemic serum was extracted as
described in the Materials and Methods section.
This lipid fraction was used to determine whether
a serum lipid component or a non-lipemic factor
was the responsible for the inhibitory effect ob-
served on respiratory burst. Figure 3 illustrates
that the lipid fraction exerted an inhibitory effect
on PMA-stimulated O, production, similar to
those obtained when complete hyperlipemic
serum was used. These data suggest that the
serum lipid component is likely the responsible
for the inhibitory effect.

The cellular viability was not altered by human
serum (tested by exclusion of Trypan blue test).
Alternatively, the inhibitory effect might be the
consequence of the scavenger effect on anion su-
peroxide of an unidentified serum component or
by the presence of high superoxide dismutase
activity in the serum. Both possibilities were an-
alyzed. The results shown that serum assayed did
not interfere with the O, generated by the
phenazine methosulphate/NADH system, and

direct measurements of superoxide dismutase
failed to reveal detectable activity in any of the
serum samples used (data not shown). Thus, both
possibilities seem unlikely.

A direct interaction of the serum lipid fraction
with the O; producing enzyme (NADPH-
oxidase) could be suggested. To test for this pos-
sibility, the NADPH-oxidase activity was assayed
in crude supernatants from PMA-stimulated
macrophages in the presence or absence of serum.
Table 1 illustrates that NADPH-activity was not
affected by the preincubation with 2% hyper-
lipemic serum, indicating that the serum lipid
component did not induce an irreversible modifi-
cation of NADPH-oxidase. The inhibitory effect of
hyperlipemic serum is more probably due to an
alteration of the activation mechanism of the
NADPH-oxidase rather than a direct effect on the
enzyme. To investigate this possibility, we have
studied by immunoblotting whether hyper-
lipemic serum alters the mobility of p47-phox in
human neutrophils. Figure 4 illustrates that in
resting cells most of p47-phox remains in the
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FIGURE3 Oz production by rat peritoneal macrophages in the
presence of human serum lipid extracts. The cells were incubated
in the absence (O) or in the presence of 2% lipid extracts (v/v)
obtained from human serum with several cholesterol and triglyc-
eride concentrations: 1.86 g/l cholesterol and 0.9 g/l triglycerides
(@), 3.1 g/l cholesterol and 1 g/l triglycerides (V) and 2.1 g/l
cholesterol and 12.8 g/l triglycerides (¥). After 15 min at 37 °C
the respiratory burst was triggered with 100 nM PMA and the O;
~ production was recorded at different times. The values are
means + S.E.M. of three experiments performed in triplicate.

cytosolic fraction (lane A). The activation of
NADPH- oxidase with PMA is associated with the
disappearance of p47-phox from the cytosolic
fraction after PMA addition (lane B). The simulta-
neous presence of PMA with hyperlipemic serum
(lane C) caused that a relative amount of p47-phox
remained in the cytosol, which implicated a lower
activity of NADPH-oxidase. If normal serum was
added with PMA (lane D) no modification was
detected compared with PMA alone (lane B).

We have also performed experiments to ana-
lyze the effect of hyperlipemic serums on nitric
oxide production by macrophages maintained in
culture for 48 h. Nitric oxide has been identified as
a potent and pleotropic mediator with biological
roles in inflammatory responses, blood vessel re-
activity and neurotransmission.”” Table 2 shows
that addition of normolipemic serum (control
serum) to culture media produced strong
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FIGURE 4 Effect of hyperlipemic serum on disappearance of
p47-phox cytosolic factor from cytosol. Human neutrophils (107
cells) were preincubated without additions (lane A and B), with
2% hyperlipemicserum (cholesterol 4.16 g/l, triglycerides4.96 g/1)
(lane C) or with 2% normal serum (cholesterol 1.73 g/l, triglycer-
ides 0.73 g/l) (lane D). After 15 min at 37 °C 100 nM PMA was
added (lanes B,C and D) and the cells were incubated for 5 min
at 37 °C. Following these treatments cytosolic fraction was pre-
pared, electrophoresed and immonoblotted with a polyclonal
antibody anti-p47-phox.

inhibition on NO;™ production (about 60%) by rat
macrophages. When hyperlipemic serums were
added the same degree of inhibition was ob-
served. Thus, no relationship between cholesterol
or triglycerides levels of serum and inhibition of
NO;™ production by macrophages maintained in
cultured could be established.

DISCUSSION

The superoxide anion production by rat perito-
neal macrophages when cells are incubated with
hyperlipemic serum was studied. The results
show that human hyperlipemic serum produces
an inhibition of the PMA-stimulated respiratory
burst in rat peritoneal macrophages, which de-
pended on cholesterol and trigliceride serum lev-
els and was specifically exerted by a serum lipid
fraction. The activity of NADPH-oxidase,
measured in crude extracts, was not affected by
previous exposure to hyperlipemic serum.
Perhaps oxidized-LDL might be the factor re-
sponsible for the respiratory burst inhibition.
However, we have found a similar inhibitory
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effect using serum with high triglyceride levels
and normal cholesterol concentration and serum
with increasing cholesterol concentration and
normal triglyceride levels.

Another possibility is that exposition to hyper-
lipemic serum might alter macrophage lipid com-
position and alter membrane fluidity. The
respiratory burst is membrane-dependent, so
changes in membrane lipid composition and flu-
idity may affect the anion superoxide production.
Indeed, changes in macrophage membrane fluid-
ity due to variation in membrane lipid composi-
tion was associated with a decrease in respiratory
burst* Mahoney et al.” showed that other
membrane-associated functions such as receptor-
mediated phagocytosis and pinocytosis were
dependent on lipid environment.

A negative modulatory effect of fatty acids or
derived products on macrophage functions has
been described. Engels et al.”® observed that a
linoleic acid metabolite inhibited O, ~ production
when added exogenously. Other lipids such as
sphinganine and sphingosine are potent inhibi-
tors of the neutrophil respiratory burst and PKC
activity.” Also dietary n-3 fatty acid supplemen-
tation reduces O, ~ production® and synthesis of
interleukin-1 and tumor necrosis factor by macro-
phages.” In contrast, an enhanced O, ~ production
in neutrophils® and increase NADPH-oxidase
activity in cell free systems™ by polyunsatured
fatty acid has been described. However, Badwey
et al.” and Curnutte et al.” observed that the poly-
unsatured fatty acid-stimulated O, ~ production
was inhibited by albumin.

In aging, where there is an increase in plasma
cholesterol levels in human as well as in rats,” a
decrease in O, ~ production by fat peritoneal
macrophages stimulated with PMA has been de-
scribed.* NADPH-oxidase activity does not
change in macrophages after the incubations with
hyperlipemic serum. This suggests that the inhib-
itory effect is more probably due to a dysfunction
in the NADPH-oxidase activation mechanism
than a direct effect on the enzyme. Similar results
has been described during aging.* In agreement

with this possibility we observed a partial inhibi-
tion of translocation to membrane of cytosolic
factor p47-phox during PMA-dependent activa-
tion of respiratory burst in the presence of hyper-
lipemic serum. It has been shown that the
translocation of p47-phox appears to depend on
the presence of membrane-bound cytochrome
bsss, which cytoplasmic domain play a critical role
in interaction with p47-phox.’ From present data
(Figure 4) could be suggested that the putative
alterations of membrane exposed to hyperlipemic
serum are produced by a decreased translocation
of p47-phox to membrane.
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