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Abstract

To determine whether oxidized LDL enhances atherogene-
sis by promoting monocyte recruitment into the vascular
intima, we investigated whether LDL accumulation and
oxidation precede intimal accumulation of monocytes in
human fetal aortas (from spontaneous abortions and pre-
mature newborns who died within 12 h; fetal age 6.2+1.3
mo). For this purpose, a systematic assessment of fatty
streak formation was carried out in fetal aortas from nor-
mocholesterolemic mothers (n = 22), hypercholesterolemic
mothers (n = 33), and mothers who were hypercholester-
olemic only during pregnancy (n = 27). Fetal plasma cho-
lesterol levels showed a strong inverse correlation with fetal
age (R = —0.88, P < 0.0001). In fetuses younger than 6 mo,
fetal plasma cholesterol levels correlated with maternal
ones (R = 0.86, P = 0.001), whereas in older fetuses no
such correlation existed. Fetal aortas from hypercholester-
olemic mothers and mothers with temporary hypercholes-
terolemia contained significantly more and larger lesions
(758,651+87,449 and 451,255+37,448 pm? per section, re-
spectively; mean=SD) than aortas from normocholester-
olemic mothers (61,862+9,555 um? P < 0.00005). Serial
sections of the arch, thoracic, and abdominal aortas were
immunostained for recognized markers of atherosclerosis:
macrophages, apo B, and two different oxidation-specific
epitopes (malondialdehyde- and 4-hydroxynonenal-lysine).
Of the atherogenic sites that showed positive immunostain-
ing for at least one of these markers, 58.6% were established
lesions containing both macrophage/foam cells and oxidized
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LDL (OxLDL). 17.3% of all sites contained only native
LDL, and 13.3% contained only OxXLDL without monocyte/
macrophages. In contrast, only 4.3% of sites contained iso-
lated monocytes in the absence of native or oxidized LDL.
In addition, 6.3% of sites contained LDL and macrophages
but few oxidation-specific epitopes. These results demon-
strate that LDL oxidation and formation of fatty streaks
occurs already during fetal development, and that both
phenomena are greatly enhanced by maternal hypercholes-
terolemia. The fact that in very early lesions LDL and Ox-
LDL are frequently found in the absence of monocyte/mac-
rophages, whereas the opposite is rare, suggests that intimal
LDL accumulation and oxidation contributes to monocyte
recruitment in vivo. (J. Clin. Invest. 1997. 100:2680-2690.)
Key words: arteriosclerosis « lipoprotein oxidation « mac-
rophages « hypercholesterolemia « fetal development

Introduction

The recruitment of circulating monocytes into the vascular in-
tima and their subsequent transformation into macrophage/
foam cells are key elements of the initiation of atherosclerosis.
Little is known, however, about the factors responsible for and
the mechanisms involved in monocyte recruitment. Oxidative
modification of LDL is thought to play an important role in
atherogenesis (for review see references 1-3). Lipid peroxida-
tion products generated during LDL oxidation are chemotac-
tic for both monocytes and T cells, and inhibit the motility of
macrophages, thus trapping them in the intima. In addition,
even minimally modified LDL (i.e., LDL oxidized to an extent
that does not suffice for recognition by scavenger receptors)
may enhance expression of adhesion molecules and cytokines
by endothelial cells (3). In turn, antioxidants inhibit upregula-
tion of some of these genes, e.g., vascular cell adhesion mole-
cule 1, both in vitro and in vivo (4-6). Therefore, it has been
hypothesized that increased formation of OxLDL! in the vas-
cular intima is responsible for monocyte recruitment. OxXLDL-
mediated events would then induce the phenotypic transfor-
mation of monocytes into macrophages, and subsequent
uptake of OxLDL by scavenger receptors would result in foam
cell formation. Other atherogenic effects of OxLDL, e.g., its
cytotoxicity, interference with vascular relaxation in response
to nitric oxide (7), or platelet-activating factor-dependent pro-
aggregatory effects (8), are more likely to influence later
stages of atherogenesis.

1. Abbreviations used in this paper: 4-HNE, 4-hydroxynonenal; MDA,
malondialdehyde; OxLDL, oxidized LDL.



In vivo evidence for the atherogenicity of OxLDL was pro-
vided by the fact that several powerful antioxidants, e.g.
probucol, butylated hydroxytoluene, and diphenyl-phenylene-
diamine, significantly reduced progression of atherosclerosis in
rabbits (9-11), primates (12), and mice (13). On the other
hand, less powerful antioxidants such as vitamin E yielded in-
consistent results in animal models (14-16). Evidence for the
antiatherogenic effect of antioxidants in humans is still incon-
clusive (17-21).

Immunocytochemistry with antibodies to different epi-
topes of OXLDL has confirmed the presence of OxLDL in ath-
erosclerotic lesions of various animal models (22-26) and in
human lesions (27, 28). However, the temporal sequence of
LDL penetration, LDL oxidation, and intimal monocyte accu-
mulation have never been systematically studied in very early
stages of lesion formation. This is due in part to the fact that
the aortic intima of most animal models (in which lesion for-
mation could be induced under well-controlled conditions)
consists of little more than the endothelial monolayer. Thus,
before intimal accumulation of macrophage/foam cells occurs
it is difficult to define sites at which lesion formation has been
initiated. The lack of intimal tissue does not favor an immuno-
cytochemical study of native and oxidized LDL in these mod-
els, at least by light microscopy. In contrast, human arteries are
very suitable for this kind of analysis because of the presence
of adaptive intimal thickening at lesion-prone sites (29).

To determine the temporal sequence of intimal accumula-
tion and oxidation of LDL and intimal accumulation of mono-
cytes, we examined human fetal aortas for the presence of
LDL, oxidation-specific epitopes, and macrophage/foam cells
in early lesions. Because hypercholesterolemia is a well-recog-
nized risk factor of atherogenesis and because it enhances
LDL oxidation in humans (30-32), we used fetal aortas from
hypercholesterolemic mothers and mothers with temporary
hypercholesterolemia during pregnancy in addition to normo-
cholesterolemic mothers. In doing so, this study also provides
the first systematic morphometric assessment of fatty streak
development in fetal aortas, and yields information on the role
of maternal and fetal hypercholesterolemia in fetal fatty streak
formation.

Methods

Human subjects. Aortas (n = 82) were obtained from spontaneously
aborted fetuses (n = 35) and premature newborns who died within
12 h of birth (n = 47). The mean fetal age was 6.2+1.3 mo. Because
there was no difference in age between the spontaneously aborted fe-
tuses and the premature newborns, all of these aortas will be termed
“fetal aortas.” Mothers had presented with acute signs of imminent
birth/abortion or with birth in progress. Fetuses and premature new-
borns who died in pediatric intensive care were routinely subjected to
autopsy at the Department of Human Pathology of the Federico II
University of Naples. Causes of spontaneous abortion and premature
death included trauma, eclampsia, and fetal genetic defects (often as-
sociated with cerebral malformations). Fetuses from mothers with
diseases affecting hematopoiesis or the immune system (including
HIV) were excluded from the study. To reduce potential oxidative ar-
tifacts, only aortas that were obtained within 3.5 h after death were
used. Fetuses were classified based on maternal plasma cholesterol
levels that were determined at admission to the hospital. In addition,
a detailed history was obtained to ascertain past plasma cholesterol
levels before and during pregnancy. Maternal and fetal plasma cho-
lesterol levels in venous blood were determined in a routine clinical

laboratory by an automated enzymatic procedure using kits from
Boehringer Mannheim (Mannheim, Germany). To investigate the cor-
relation of fetal cholesterol levels with maternal cholesterol levels and
fetal age, only data from fetal blood samples obtained before death
were used. Lipoperoxide levels in EDTA-containing plasma were eval-
uated spectrophotometrically using the LPO kit (Kamiya Biomedical
Company, Thousand Oaks, CA) as previously described (31, 32).

Of the mothers, 22 had normal plasma cholesterol levels (total
plasma cholesterol = 185-200 mg/dl, depending on age; normocho-
lesterolemia), 27 were hypercholesterolemic only during pregnancy
(temporary hypercholesterolemia), and 33 were hypercholester-
olemic both before and during pregnancy (hypercholesterolemia; see
Table I). The three groups showed no significant differences in ma-
ternal race, age (27+5, 28+6, and 28*5 yr in the groups with normo-
cholesterolemia, temporary hypercholesterolemia, and hypercholes-
terolemia, respectively), and smoking habits (33, 21, and 28% of
subjects were current smokers in the three groups). The mean age of
the fetuses of all three groups was also similar, and within each group
the fetal body mass index was proportional to the stage of pregnancy
(data not shown).

The protocol of the study was approved by the Human Ethical
Committee of Federico II University, Naples.

Preparation of aortic sections. The fetal aorta was exposed, the
branching arteries were cut off, and loose adventitial tissue was re-
moved in situ. The vessel was then cut open, thoroughly washed with
cold sterile PBS containing 2 mM EDTA to remove adherent blood
cells, and placed in ice-cold PBS containing 50 wM butylated hydroxy-
toluene, 0.001 % aprotinin, 50 puM EDTA, and 0.008 % chlorampheni-
col equilibrated with nitrogen to reduce spontaneous lipid peroxida-
tion in the intima. The aorta was divided into arch, thoracic, and
abdominal segments. For the first 29 aortas, all segments were im-
mersed in OTC medium, flash-frozen in liquid nitrogen, and sec-
tioned with a cryotome. Approximately 60 frozen sections were cut
from each segment and stained with oil red O. Of these, 30 step sec-
tions each were used for morphometric evaluation of lipid-containing
lesions in the arch, thoracic, and abdominal segments (see below).
Thus, quantitation of lesion areas and distribution was based on 90
sections per aorta. Additional sections were stained with Alcian blue
to determine the density of smooth muscle cells in the media, a mea-
sure of tissue maturity. For the first 29 aortas, only morphometric
analysis was performed. For the remaining 53 aortas, the arch, tho-
racic, and abdominal segments were further subdivided into two
parts. One part was frozen and analyzed as described above. The sec-
ond part was fixed in buffered 10% formalin, paraffin-embedded, and
1215 serial sections (5-7 pm thick) were prepared for immunocy-
tochemistry.

Measurement of lesion sizes and maturity. To determine the size
of lesions in fetal aortas, 90 sections each from all 82 aortas were
stained with oil red O and counterstained with hematoxylin (33). Le-
sions were then photographed, and the photographic slides in turn
were scanned to obtain electronic images using a Macintosh Color
One Scanner (Apple Computer, Cupertino, CA). All sections,
blinded for the classification of the fetal aorta, were analyzed by F.P.
D’Armiento using an Orthoplan microscope equipped for micropho-
tography (Leitz, Wetzlar, Germany). The following parameters were
determined by computer-assisted image analysis, using Ofoto soft-
ware T1-2 version 2.0 (Apple Computer): (a) the greatest intimal/me-
dial ratio of normal adaptive intimal thickenings and atherosclerotic
lesions (this was to provide a measure of the degree of intimal thick-
ening occurring in fetal aortas); (b) the number of oil red O-positive
lipid accumulations in each section (because the same adaptive inti-
mal thickening frequently showed more than one area staining with
oil red O, no attempt was made to define and count individual le-
sions; instead, the entire aortic section was counted as lesioned when
at least one area of lipid accumulation was present); (c) the cumula-
tive surface area of all oil red O—positive areas per section, deter-
mined in all 90 sections of each aorta—30 each from the arch, thoracic,
and abdominal segments (measuring the areas of oil red O—positive
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lipid accumulation is preferred to measuring the entire intimal area
because it allows one to assess the onset of lesion formation in normal
adaptive intimal thickenings, and because it avoids the error associ-
ated with determining the medial delimitation of very small lesions);
and (d) the surface area of the single largest lesion encountered in each
section. This was to provide a measure of lesion formation using a
more traditional definition of lesions (i.e., areas with increased intimal/
medial ratio containing both lipid accumulations and macrophage/
foam cells). Intercostal, mesenteric, and renal artery branch points
were included in the evaluation of the thoracic and abdominal seg-
ments of the aorta, but were not assessed separately.

To obtain a measure of the maturity of the fetal aortas, the density
of smooth muscle cells in the media was measured in 8 sections each
from 58 fetal aortas (6.0£1.4 mo). These sections were stained with Al-
cian blue using a standard procedure (34), and the number of stained
cell nuclei per area unit of the media was determined with the image
analysis system described above. For comparison, nuclear density was
also measured in equivalent areas of the aorta of 6 adults (28+4 yr).

Immunocytochemistry. Duplicate serial sections of the fixed and
paraffin-embedded segments of the arch, thoracic, and abdominal
sections of each fetal aorta were immunostained with the following
antibodies: () MDA2 and NAS59 at a dilution of 1:500 (1 wg/150 ul),
two murine monoclonal antibodies specific for malondialdehyde
(MDA)-lysine and 4-hydroxynonenal (4-HNE)-lysine epitopes, re-
spectively. These antibodies were generated by immunization of mice
with homologous MDA-LDL and 4-HNE-LDL, and recognize the
above epitopes on OxLDL as well as on other adducts between pro-
teins and lipid peroxidation products. In other words, these antibod-
ies recognize oxidation-specific epitopes, but are not specific for oxi-
dized LDL (35); (b) NP1533975, a mouse monoclonal antibody
(IgG,) to human apo B (1:500 dilution; Boehringer Mannheim Italia,
Monza, Italy). This antibody recognizes apo B, but staining with this
antibody does not exclusively represent native, nonoxidized LDL be-
cause the apo B epitope is only destroyed by very extensive oxida-
tion; and (c) HAM-56, a monoclonal antibody generated against hu-
man macrophages that also recognizes monocytes, but not B and T
lymphocytes (1:500 dilution; Axcel Accurate, Westbury, NY) (36). To
ensure that all monocytes are recognized, a number of serial sections
of lesions/lesion-prone areas containing no or only isolated mono-
cytes recognized by HAM-56 were also stained with a second mono-
clonal antibody to monocyte/macrophages (1:500 dilution; anti-
CD11b, Boehringer Mannheim). This antibody is specific for the
complement receptor, a membrane glycoprotein that occurs on
monocytes, but not on B and T cells, and that is preserved during
monocyte differentiation.

Immunocytochemistry was performed using an avidin-biotin per-
oxidase method. Before immunostaining, endogenous peroxidase ac-
tivity potentially present in the aortic tissue was quenched by a 10-min
incubation of the sections at 4°C with 0.3% hydrogen peroxide in PBS
containing 0.5 uM butylated hydroxytoluene. Slides were washed twice
with PBS, and were incubated for 30 min with normal horse serum
(Dako Corp., Carpinteria, CA) and for 60 min at room temperature
with the primary antibody. Slides were then thoroughly rinsed, incu-
bated for 30 min with biotinylated horse anti-mouse IgG (1:500 dilu-
tion; Dako Corp.), washed, and incubated for 30 min with avidin—
biotin peroxidase (Dako Corp.). Antibodies bound were visualized
by 20-min incubation with 3,3-diaminobenzidine tetrahydrochloride.
Because of the large number of sections stained and the need for
identical staining conditions, all immunocytochemistry was per-
formed using an automated tissue staining machine (TMS500; BioTek
Solutions, Baltimore, MD) that provided consistent temperature, re-
agent volume, humidity, and incubation times.

Serial sections immunostained with our panel of antibodies were
used for two different assessments. We first determined the percent-
age of sections showing staining for monocyte/macrophages, apo B,
and MDA-lysine or 4-HNE epitopes, irrespective of whether the
staining was located in the same area of the section. We then investi-
gated the temporal sequence of events in early atherogenesis follow-
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ing a different protocol. For this purpose, an atherogenic site was de-
fined as a specific area of thickened intima immunostaining with at
least one of the antibodies. Spatially separated areas in the same
adaptive thickening were treated as distinct sites. Corresponding ar-
eas of the serial sections were checked for staining with all other anti-
bodies, and atherogenic sites were classified depending upon whether
they contained (a) only monocyte/macrophages; (b) only native LDL;
(¢) LDL and isolated monocyte/macrophages; (d) OxLDL (one or
both oxidation-specific epitopes and apo B but no macrophages); or
(e) both OXLDL and monocytes, macrophages, or foam cells.
Statistical analysis. Results were analyzed by one-way ANOVA
followed by Bonferroni’s corrected ¢ test. A P < 0.05 was considered
significant. Numerical data obtained from immunocytochemistry
were analyzed for mean, variance, standard deviation, kurtosis and
skew. Correlations were determined by linear regression analysis.

Results

Maternal and fetal plasma cholesterol levels. The maternal
plasma cholesterol and triglyceride levels are shown in Table 1.
In all three groups an increase in plasma cholesterol levels was
observed during pregnancy, but this increase was significant
only in the two hypercholesterolemic groups. During preg-
nancy, plasma cholesterol levels of the two hypercholester-
olemic groups were similar (325+44 vs. 38550 mg/dl; NS),
whereas the difference between these groups and the normo-
cholesterolemic group (17520 mg/dl) was highly significant
as expected. Fetal plasma cholesterol values before death were
determined in a subgroup of 44 cases (54%; 17 from the nor-
mocholesterolemic, 16 from the temporary hypercholester-
olemic, and 11 from the hypercholesterolemic group), ages
6.4+0.6 mo, averaging 185*+54 mg/dl. Individual values are
shown in Fig. 1 A. When data from the entire subgroup were
analyzed together, fetal cholesterol levels showed only a weak
correlation with maternal ones (R = 0.37, P < 0.02). This re-
sult is in agreement with the well-known fact that maternal and
fetal lipoprotein levels are generally not correlated at birth
(38). Average plasma cholesterol levels of fetuses from normo-
cholesterolemic and hypercholesterolemic mothers were simi-
lar (196=32 and 179+45 mg/dl, respectively). Plasma choles-
terol levels of the younger fetuses (< 6 mo of age, n = 10),
however, were significantly higher than those of older fetuses

Table I. Maternal Plasma Cholesterol and Triglyceride Levels

Hypercholester-

Normocho- olemia during Hypercho-
lesterolemia pregnancy lesterolemia
n=22 n=27 n=233
Plasma cholesterol
(mg/dl)
before pregnancy 155+28 178+30 292+41*
during pregnancy 175+20 325+44% 385+50%
Plasma triglycerides
(mg/dl)
before pregnancy 165+20 155+21 161+28
during pregnancy 19022 188+23 19527

*P < 0.05 vs. normocholesterolemic mothers and mothers with tempo-
rary hypercholesterolemia during pregnancy; *P < 0.05 vs. respective
values before pregnancy; *P < 0.05 vs. normocholesterolemic mothers.
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Figure 1. (A) Correlation between fetal and maternal plasma choles-
terol. Maternal classification (normocholesterolemia, temporary hy-
percholesterolemia or hypercholesterolemia) is indicated by the sym-
bols, but regression was calculated from pooled data. Data represent
a subset of 44 cases (54%), mean age 6.37+0.6 mo, for which fetal
cholesterol levels before death were available. Open triangles, nor-
mocholesterolemia; closed circles, temporary hypercholesterolemia;
open squares, hypercholesterolemia. (B) Correlation between fetal
age and fetal plasma cholesterol level in the same group of 44 cases.
(C) Correlation between fetal and maternal plasma cholesterol. Data
are the same as in A, but correlation was analyzed separately for
younger (< 6 mo old) and older fetuses.

(427£62 vs. 23748 mg/dl, P < 0.0001). When fetal choles-
terol levels were plotted against fetal age (Fig. 1 B), a highly
significant inverse correlation was established (R = —0.88, P <
0.0001). When we reexamined the correlation between fetal
and maternal cholesterol levels by fetal age (i.e., irrespective
of the maternal classification), we found an excellent correla-
tion between fetal and maternal cholesterol levels in fetuses
younger than 6 mo (R = 0.88, P < 0.01), whereas no correla-
tion existed for fetuses 6 mo old or older (Fig. 1 C). Plasma
lipoperoxide levels were 0.63+0.24 wM in normocholester-
olemic mothers, 0.71£0.22 wM in mothers with temporary
hypercholesterolemia, and 0.85+£0.27 uM in hypercholester-
olemic mothers (P < 0.05 vs. normocholesterolemic mothers).
As expected, there was a positive correlation between choles-
terol levels and lipoperoxide levels in the two hypercho-
lesterolemic groups (R = 0.65, P < 0.01; R = 0.77, P < 0.003
in mothers with temporary or continuous hypercholester-
olemia, respectively), as well as in pooled data from all three
groups (R = 0.58, P < 0.05).

Maturity of fetal aortas. Morphometric analysis of the me-
dia of 58 fetal aortas from all three groups showed 755+123
smooth muscle cell nuclei/mm?. Smooth muscle cell density was
significantly smaller than that determined in the aortic media of
adults (1,005%110) and from comparable values reported in lit-
erature (37). Data were not normally distributed (skew = 2.12)
and were therefore analyzed by Wilcoxon test. When the fetal
arch, thoracic, and abdominal aorta were compared, no signifi-
cant differences in nuclear density were found (P = 0.65).

Extent of fatty streak formation in fetal aortas. Morpho-
metric analysis of fetal aortas was performed in 30 oil red
O-stained sections each from the arch, thoracic, and abdomi-
nal segments of all 82 fetal aortas. At this very early stage, the
amount of lipid accumulated in the intima often does not sub-
stantially increase the intimal area, which is often determined
primarily by an underlying adaptive intimal thickening (in the
absence of lipid accumulation and foam cell formation, adap-
tive intimal thickenings are generally not considered lesions,
even though they are found at predilection sites of atheroscle-
rosis). Therefore, lesion formation was assessed in terms of the
number and area of oil red O—positive intimal lipid accumula-
tions (Fig. 2) rather than in terms of the entire intimal area. To
our surprise, large numbers of lipid accumulations were found
in all aortas, including fetal aortas from normocholesterolemic
mothers. When results were expressed as percent of sections
containing at least one such area (Fig. 3 A), 63.3% of aortas
were affected in the normocholesterolemic group vs. 77.8 and
75.6% in the hypercholesterolemic group and the group with
temporary hypercholesterolemia during pregnancy, respec-
tively. The differences between the two hypercholesterolemic
groups and the normocholesterolemic group were significant
in the arch and abdominal segments (P < 0.05), but not in the
thoracic aorta. Contrary to expectation, the percentages of
positive sections of the thoracic segments were not much
smaller than those of the rest of the aorta. The numbers of
lipid-rich areas per section (actual numbers shown in the bars
in Fig. 3 A) were much greater in both hypercholesterolemic
groups than in controls, and this difference was most pro-
nounced in the abdominal aorta where atherosclerosis is most
extensive in adults and adolescents (39).

We then compared the area of the intimal lipid accumula-
tions, measuring both the single largest lesion in each section
(Fig. 3 B) and the cumulative area of all oil red O—positive ar-
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Figure 2. Presence of intimal lipid accumulations in fetal aortas. Fro-
zen sections were prepared from the arch, thoracic, and abdominal
segments of all 82 fetal aortas and stained with oil red O, as described
in Methods. These sections were used to determine various measures
of lesion formation, including the area of lipid accumulations and the
intimal/medial ratio of lesions (see Fig. 3). Representative examples
are shown here. (A) An adaptive intimal thickening with signs of be-
ginning lipid accumulation. (B) Higher magnification of a fatty streak
containing substantial amounts of lipid (magnification: A, 562.5X; B,
2250%).

eas (Fig. 3 C). As shown in Fig. 3 B, fetal aortas from both
groups of hypercholesterolemic mothers contained dramati-
cally greater lesion areas than did aortas from the normocho-
lesterolemic group. Differences were significant at P < 0.005-
0.001 in the abdominal aorta and the aortic arch (as well as in
the entire aorta), whereas the absolute lesion size in the tho-
racic aorta was small, and differences between groups were not
significant. Comparison of the cumulative areas of all intimal
lipid accumulations (Fig. 3 C) yielded essentially the same re-
sult. Note that the values of the hypercholesterolemic group
were consistently higher than those of the group with tempo-
rary hypercholesterolemia during pregnancy, even though, ex-

Figure 3. Quantitation of lesions in 82 fetal aortas from normocholes-
terolemic mothers, mothers with temporary hypercholesterolemia
during pregnancy, and hypercholesterolemic mothers. A total of 90
sections of each aorta (30 each from the arch, thoracic, and abdomi-
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nal segments) were prepared and analyzed by computer-assisted im-
age analysis as described in Methods. (A) Percentage of all sections
containing lesions. The average number of lesions (areas of oil red
O-stained lipid accumulations) per section is indicated by the insert
in the bars. *P < 0.05 compared with the normocholesterolemic group.
(B) Area of the single greatest lesion present in each cross-section.
This parameter provides a conservative measure of lesion formation
because small lesions and adaptive intimal thickenings in which lipid
and macrophage accumulation is just beginning are ignored. *P <
0.005; #*P < 0.001, compared with the normocholesterolemic group.
(C) Cumulative area of all oil red O staining per section. *P < 0.005;
#P < 0.001; and **P < 0.0005 compared with the normocholester-
olemic group, respectively; *P < 0.05 compared with the group with
temporary hypercholesterolemia. White bars, normocholesterolemia;
hatched bars, temporary hypercholesterolemia; gray bars, hypercho-
lesterolemia.



Figure 4 . Presence of apo B, oxidation-specific epitopes, and monocyte/macrophages in early lesions of fetal aortas. Tissue sections were pre-
pared as described in Methods and immunostained with the avidin-biotin peroxidase method. Epitopes recognized by the primary antibody are
brown; the nuclei are counterstained with hematoxilin. Serial sections of a fetal aorta from the hypercholesterolemic group stained with (A)
NP1533975, a monoclonal antibody to human apo B (1:500 dilution), and (B) NA59, a monoclonal antibody against 4-HNE-lysine epitopes

Fatty Streak Formation in Human Fetal Aortas ~ 2685



cept for the cumulative lesion area in the entire aorta (P <
0.05), the difference did not reach statistical significance.

To obtain another measure of lesion formation, we also de-
termined intimal/medial ratios in the fetal aortas. Normal
adaptive intimal thickening in all three groups had an intimal/
medial ratio of 0.189+0.95 (n = 23). Minimal lesions contain-
ing both OxLDL and macrophage/foam cells had a ratio of
0.325£0.201 (n = 65). The largest fatty streaks (found mostly
in the two hypercholesterolemic groups) had a ratio of
0.755+0.167 (n = 28).

Occurrence of lipoprotein oxidation in fetal aortas. Serial
paraffin-embedded sections of the three aortic segments of the
fetal aortas were immunostained with antibodies against mac-
rophages, apo B, and two oxidation-specific epitopes, MDA-
lysine and 4-HNE-lysine. Both adaptive intimal thickenings
undergoing fatty streak formation and established lesions fre-
quently contained apo B in the subendothelial space, as shown
in an aortic section from the hypercholesterolemic group
stained with NP1533975 (Fig. 4 A). Oxidation-specific epitopes
frequently colocalized with apo B, as indicated by Fig. 4 B, a
serial section stained with NAS9 (specific for 4-HNE-lysine).
The intensity of apo B staining in areas rich in oxidation-spe-
cific epitopes, however, varied considerably, as previously ob-
served in humans and animal models of atherosclerosis (data
not shown; 22-27). Both oxidation-specific epitopes showed
similar distribution (Fig. 4 C, 4-HNE lysine; Fig. 4 D, MDA-
lysine), and were mostly found in colocalization with macro-
phage/foam cells. This result is typical of early stages of lesions
in animal models of the disease (22, 23, 26, 28). Lesions from
normocholesterolemic mothers were frequently smaller, as in-
dicated in Fig. 3, B and C, but generally showed similar stain-
ing patterns as lesions of the same size from the two hypercho-
lesterolemic groups (Fig. 4 E, stained for MDA-lysine).
Adaptive intimal thickenings undergoing early atherogenic
changes and fatty streaks also contained large numbers of
monocyte/macrophages (Fig. 4, F and G, stained with HAM-
56). In addition, isolated monocyte/macrophages were also
seen in some adaptive intimal thickenings (Fig. 4 H, stained
with the antibody against CD11b).

Quantitative analysis of all immunostained sections con-
firmed these qualitative observations. As shown in Fig. 5, the
percentage of aortic sections containing oxidation-specific
epitopes, macrophages, and apo B was significantly higher in
the hypercholesterolemic groups compared with the normo-
cholesterolemic group, reflecting the greater number and size
of lesions previously noted. Within each group, however, the
frequency of staining with individual antibodies was similar.
Clearly, immunocytochemistry provides only semiquantitative
results, and the absolute amounts of different epitopes recog-
nized by different antibodies cannot be compared because
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Figure 5. Presence of LDL, oxidation-specific epitopes, and mono-
cyte/macrophages in sections of fetal aortas. Serial sections from

the aortic arch and the thoracic and abdominal aorta were immu-
nostained with monoclonal antibodies NP1533975 (against apo B),
MDAZ2 and NA59 (against oxidation-specific epitopes), and HAMS56
(against monocyte/macrophages and foam cells) as described in
Methods and shown in Fig. 4. Aortic sections containing at least one
lesion showing substantial staining were counted as positive, and re-
sults were expressed as percent of all sections. *P < 0.005; P < 0.001
compared with the normocholesterolemic group.

of differences in antibody affinity, epitope accessibility, and
other reasons. Nevertheless, the fact that in aortas of the hy-
percholesterolemic groups, between 63 and 85% of all sections
contained oxidation-specific epitopes, demonstrates that ex-
tensive lipid oxidation occurs already during fetal develop-
ment. Furthermore, the fact that similar percentages of sec-
tions contain apo B and oxidation-specific epitopes indicates
that LDL is likely to be a primary source of the oxidized lipids.

Differential analysis of aortic lesions. To obtain evidence
supporting the hypothesized sequence of events in early
atherogenesis, i.e., to verify that LDL infiltration and oxida-
tion precede recruitment of large numbers of monocytes into
the vascular intima and their transformation to macrophage/
foam cells, we reexamined the same immunostained serial sec-
tions using a different approach. Rather than analyzing areas
fitting the traditional definition of early lesions (increased inti-
mal/medial ratio, presence of substantial numbers of intimal
macrophage/foam cells and lipids), we treated each distinct in-
timal area that showed positive immunostaining for macro-
phages, apo B, or oxidation-specific epitopes as a potential
atherogenic site. This definition of atherogenic sites was cho-
sen for the purpose of our investigation because it presumably

Figure 4 legend (Continued)

(1:500 dilution). (C) Higher magnification of a different lesion from the hypercholesterolemic group stained with NA59. Both macrophage-asso-
ciated and diffuse extracellular presence of oxidation-specific epitopes can be noted. Lesions in aortic sections from the hypercholesterolemic
(D) and normocholesterolemic (E) group immunostained with MD A2, a monoclonal antibody against MD A-lysine, another oxidation-specific
epitope (1:500 dilution). Staining patterns obtained with MD A2 were generally very similar to those obtained with NA59. (F) Shoulder area of a
lesion from the hypercholesterolemic group stained with HAMS56, a monoclonal antibody against human monocyte/macrophages (1:500 dilu-
tion). Numerous macrophages can be seen in this area that is also rich in lipids (not shown). (G) High magnification of an established fatty streak
in an aorta from the hypercholesterolemic group stained with HAMS6. Numerous macrophages are seen at this site, which also contained Ox-
LDL (not shown). (H) Isolated monocytes stained with anti CD11b (or HAMS56, not shown) were found in a small percentage of sites. (Magnifi-

cation: A, B, 562.5X; C-E, G, H,2640X; F, 660X.)
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encompasses the earliest stages of the atherogenic process. It
should, however, be kept in mind that not all of these sites will
progress to fatty streaks, and that not all fatty streaks will fol-
low the same evolution towards more advanced atheroscle-
rotic lesions. We then examined the same areas in the corre-
sponding serial sections for immunostaining with the other
antibodies, and classified the sites into five groups as described
in Methods.

Results of the quantitative analysis are reported in Fig. 6.
As expected, the vast majority (58.6+10.2%) of all sites con-
tained both oxidation-specific epitopes and apo B (OxLDL in
the following), as well as macrophage/foam cells. Most of these
sites met the conventional criteria defining fatty streaks. Based
on temporal studies in animal models of atherosclerosis in
which such lesions appeared after 10-14 d of hypercholester-
olemia (40), it can be assumed that these lesions were at least 2
wk old. The other four classes mostly represent sites of lesion
initiation, even though some of the sites containing only mono-
cyte/macrophages may also represent normal tissues patrolled
by monocytes. A remarkable 17.3+5.9% of all atherogenic
sites contained only LDL (apo B), and an additional 13.3£6.1%
contained only OxLDL (oxidation-specific epitopes and apoB)
but no monocyte/macrophages. In contrast, only a very small
percentage of sites (4.3%£2.7%) contained exclusively macro-
phages. In most of these sites only isolated cells were seen. In
addition, in 6.3+3.1% of atherogenic sites both monocyte/
macrophages and native apo B, but few if any oxidation-spe-
cific epitopes, were found.

The exact epitope recognized by HAMS56 is not known. Al-
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Figure 6. Ditferential analysis of the composition of atherogenic sites
in fetal aortas. Immunostained aortic sections were the same as those
used for Fig. 5. For this analysis, an atherogenic site was defined as an
intimal area immunostaining with at least one of the antibodies
against monocyte/macrophages, apo B, or oxidation-specific ep-
itopes. Each site was then checked in the corresponding serial sec-
tions for staining with the other antibodies, and sites were classified
into five groups according to results: areas containing only monocyte/
macrophages; areas containing only LDL; areas containing only
OxLDL (one or both of the oxidation-specific epitopes and apo B);
areas containing LDL and monocyte/macrophages; and areas con-
taining both OxLDL and macrophages or foam cells. Results repre-
sent 115 such sites in the normocholesterolemic group, 139 sites in the
group with temporary hypercholesterolemia, and 153 in the hyper-
cholesterolemic group. Data were expressed as percent of all sites in
the same group. No statistically significant differences were found be-
tween groups.

though this antibody recognizes monocytes in addition to mac-
rophages, serial sections of some sites were also stained with a
second monoclonal antibody against a preserved epitope of
monocytes (CD11B; Fig. 4 H) to ensure that quantitative anal-
ysis was not biased by incomplete detection of monocytes. This
procedure yielded very similar results to staining with HAMS56
(data not shown).

Discussion

The primary goal of our systematic analysis of human fetal
aortas was to investigate the temporal sequence of events dur-
ing lesion formation in order to test the hypothesis that intimal
accumulation and oxidation of LDL is responsible for recruit-
ment of monocytes and subsequent foam cell formation initia-
tion. In addition, data on the extent of fatty streak formation
occurring during early human development would be of value
to assess the progression of such lesions to the more advanced
lesions seen in young adults, and conversely, to assess their po-
tential for regression. Finally, we hoped to gain insights into
the influence of maternal hypercholesterolemia on fetal cho-
lesterol levels and lesion formation.

The first remarkable result was the sheer number of lesions
present in fetal aortas. Fetal aortas from normocholester-
olemic mothers showed signs of lesion formation in 63.3% of
aortic sections, and even higher percentages were found in the
aortas of fetuses from hypercholesterolemic mothers (Fig.
3 A). The prevalence of these lesions in different segments of
the aorta reflected the prevalence of fatty streaks and ad-
vanced lesions in adults, with the greatest numbers occurring
in the abdominal aorta. Maternal hypercholesterolemia dra-
matically raised the intimal/medial ratios, the cumulative area
of intimal lipid accumulations (Fig. 3 C), and the area of the
largest lesion per aortic section (Fig. 3 B). For the purpose of
this study, we applied the term “lesion” to any thickened inti-
mal area that showed either accumulation of LDL or OxLDL,
or macrophage/foam cell accumulation exceeding the presence
of isolated monocytes in normal adaptive intimal thickening.
Most of these lesions were identifiable only under the micro-
scope, and at best would fit the criteria defining early fatty
streaks. It is generally assumed that fatty streaks may progress
to more advanced lesions because they occur at the same pre-
dilection sites as more advanced lesions (39), and because
transitional stages of lesions have been described (41, 42).
Studies on primates, the experimental model closest to hu-
mans, also provide strong evidence for the progression of some
fatty streaks to fibrolipid plaques (43). The observation that
early lesions are present in a large percentage of cross-sections
of fetal aortas suggests that the time of onset of many lesions
observed in children and young adults (39) may be much ear-
lier than previously assumed. On the other hand, the sheer ex-
tent of lesion formation observed in fetal aortas, and the fact
that the size of fetal lesions was strongly related to plasma cho-
lesterol levels that decreased with increasing age, emphasizes
the potential for regression of such early lesions. If regression
indeed occurs, this could also imply that at early stages of le-
sion development intimal macrophage/foam cells may regress
from the lesion, taking lipid with them. A substantial potential
for regression of early lesions would be consistent with the ob-
servation that some atherosclerotic lesions of adults can re-
gress, in particular as a result of intensive lipid-lowering inter-
vention (44).
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The fact that large numbers of early lesions were found in
fetal aortas may have several explanations. The first of these is
the elevated fetal plasma cholesterol level during early fetal
development. As indicated by Fig. 1 B, fetal cholesterol levels
showed a significant inverse correlation with fetal age. Pre-
sumably, the elevated plasma cholesterol levels observed in
younger, more immature fetuses represent a physiological ele-
vation required to meet greater requirements of cholesterol.
At the same time, these high cholesterol levels may lead to
foam cell formation in the vascular intima. Our observation
that fatty streak development was dramatically increased in
the two fetal groups with hypercholesterolemic mothers strongly
supports the assumption that fetal hypercholesterolemia was
an important atherogenic factor.

Although we cannot rule out that the absolute cholesterol
levels in the entire group may have been influenced by acute
maternal and fetal stress, the striking correlation between fetal
plasma cholesterol levels and maternal ones observed in fe-
tuses younger than 6 mo, but not in older ones (Fig. 1 C), sup-
ports the idea that fetal cholesterol levels before the sixth
month of gestation are strongly influenced by maternal choles-
terol metabolism. The mechanisms by which this occurs re-
main to be determined. To date, it has been presumed that fe-
tal cholesterol requirements are met by de novo synthesis
rather than by use of maternal or placental cholesterol (45, 38).
Only limited data, however, are available on fetal lipid param-
eters during the earlier stages of pregnancy.

A second cause of increased fatty streak formation, partic-
ularly in fetuses from hypercholesterolemic mothers, may be a
greater sensitivity of fetal aortas to hypercholesterolemia. Our
measurement of smooth muscle cell densities in the media pro-
vided a clear indication of the immaturity of fetal aortas. Fi-
nally, increased lipid peroxidation in the maternal circulation
(46) may have enhanced the susceptibility of fetal LDL to oxi-
dation. Other studies have shown that hypercholesterolemia is
associated with increased oxidation (30-32); our observation
of greater lipid hydroperoxide levels in the plasma of hyper-
cholesterolemic mothers also supports this concept.

One of the goals of this study was to determine whether
lipid oxidation occurs in fetal aortas, and if so, whether LDL is
a major source of the lipids being oxidized. As described in
Results, a very large percentage of all fetal fatty streaks and
atherogenic sites contained MDA-lysine and 4-HNE-lysine
epitopes. This result is in agreement with our previous obser-
vation that lipid fractions extracted from fatty streaks of hu-
man fetal aortas contain higher levels of lipid peroxidation
products (measured as thiobarbituric acid-reactive substances
and conjugated dienes) than lipids extracted from normal ar-
eas of the same aortas (47). It should be noted, however, that
the monoclonal antibodies used to detect these oxidation-spe-
cific epitopes recognize MDA-lysine and 4-HNE-lysine adducts
present on a variety of different proteins, and thus are not spe-
cific for oxidized apo B (28, 48, 49). It is possible that some of
the immunostaining seen in lesions represents modification of
other proteins or cellular membranes by lipid oxidation prod-
ucts. The presence of lipid peroxides in atherosclerotic lesions
of human aortas was first detected more than 40 yr ago (50). It
has since been established that plaques contain isomers of hy-
droxy and hydroperoxy cholesterol in esterified and free form
(51-53), as well as oxidized fatty acids (51, 53, 54). Indirect evi-
dence for increased lipid oxidation is also provided by in-
creased titers of circulating autoantibodies to oxidation-spe-
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cific epitopes in animal models of atherosclerosis (22, 26, 28,
48, 49, 55) and in human patients with increased risk factors or
clinical manifestations of atherosclerosis (for review, see refer-
ence 56). Lipid oxidation, however, may be involved in a num-
ber of pathologies other than atherosclerosis (in particular,
diseases associated with inflammatory conditions, such as sys-
temic lupus erythematosus, chronic juvenile arthritis, and
eclampsia) where it also gives rise to similar oxidation-depen-
dent neoepitopes (for overview and discussion, see reference
48). To date, it is unknown to what extent oxidation of LDL
(or other lipoproteins) contributes to the overall amount of
vascular lipid oxidation products. Nevertheless, the fact that in
this study we frequently found colocalization between immu-
nostaining with oxidation-specific antibodies and with the
monoclonal antibody against apo B suggests that much of
the immunostaining obtained with MDA2 and NAS59 indeed
represents OXLDL. Previous studies combining immunocyto-
chemistry and Western blot analysis of LDL extracted from le-
sions also support this conclusion (57).

Human studies of LDL oxidation are complicated by the
fact that human arteries obtained at autopsy may be subject to
spontaneous post-mortem oxidation. Although we used only
aortas that were obtained within 3.5 h after death, and pro-
cessed the tissues in the presence of strong antioxidant protec-
tion, we cannot exclude that the extent of LDL oxidation in
vivo may be overestimated to some extent. However, the ob-
servation of a very substantial number of lesions containing
apo B, but few, if any, MDA- and 4-HNE-lysine epitopes,
speaks against extensive postmortem oxidation.

The observation that a large percentage of all atherogenic
sites contained only LDL or OxLDL, whereas few lesions con-
tained only macrophages without LDL or OxLDL (Fig. 6),
provides strong but indirect evidence for a causal role of LDL
accumulation and oxidation in intimal recruitment of mono-
cytes. As expected, the vast majority of atherogenic sites
(58.6%) contained both OxLDL and macrophages. Most of
these sites represented established fatty streaks that showed
greater intimal/medial ratios than the underlying adaptive inti-
mal thickening. No less than 30.6% of all atherogenic sites con-
tained only apo B or only OxLDL, but no monocyte/macro-
phages. In contrast, only 4.3% of all atherogenic sites contained
isolated monocytes in the absence of immunochemically de-
tectable apo B and oxidation-specific epitopes. Even this small
percentage is likely to be an overestimation since isolated
monocytes observed in some adaptive intimal thickenings may
represent tissue patrolling rather than initiation of an athero-
genic process.

The fact that 6.3% of atherogenic sites contained both
LDL and monocyte/macrophages, but apparently not OxLDL,
may have several explanations. First of all, some of these may
represent sites in which intimal LDL accumulation occurs in
an area that is being patrolled independently by a few mono-
cytes. The second possibility is that the LDL present at these
sites has undergone minimal degrees of oxidation insufficient
to generate immunochemically detectable amounts of MDA-
and 4-HNE-lysine epitopes. Indeed, substantial in vitro evidence
suggests that minimally oxidized LDL induces endothelial ex-
pression of adhesion molecules and monocyte recruitment (3).
Nevertheless, our data cannot rule out that factors indepen-
dent of LDL and its oxidative modification are responsible for
some monocyte recruitment.

Although our results clearly suggest that LDL accumula-



tion and oxidation precede monocyte recruitment in time, our
conclusions about the temporal sequence of events in the initi-
ation of atherogenesis are subject to the limitations of any
static observation of a dynamic process. Therefore, we cannot
rule out that lesions may also follow several different pathoge-
netic routes rather than the temporal sequence of events sug-
gested above.

In conclusion, this study demonstrates that early athero-
genesis is prevalent in human fetal aortas, and that it is greatly
enhanced by maternal hypercholesterolemia. Furthermore,
data on lesion composition suggest that intimal LDL accumu-
lation and oxidation are responsible, at least in part, for intimal
recruitment of monocytes. This constitutes further support for
the role of LDL oxidation in the initiation of atherosclerosis.
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