
Normal and Oxidized Low Density Lipoproteins
Accumulate Deep in Physiologically Thickened Intima

of Human Coronary Arteries
Mitsumasa Fukuchi, Jun Watanabe, Koji Kumagai, Shigeo Baba,
Tsuyoshi Shinozaki, Masahito Miura, Yutaka Kagaya, and Kunio Shirato

Department of Cardiovascular Medicine, Tohoku University, Graduate School of Medicine, Sendai, Japan

SUMMARY: Diffuse intimal thickening (DIT) that develops as a physiologic adaptation in the arterial wall has been implicated to
have a predilection for atherosclerosis. We histologically investigated the lipid accumulation process in the human coronary DIT
by focusing on the localization of normal and oxidized low-density lipoproteins (LDLs). Immunohistochemistry for apolipoprotein
B 100 (a major apolipoprotein of LDL) and 8-iso-prostaglandin F2� (an oxidative product in LDL) showed substantial accumulation
of oxidized relative to normal LDLs in the deep layers of DIT (52/139 segments). Subendothelial deposition of normal rather than
oxidized LDLs, known as an early event of fatty streak formation, was less frequently found (13/139 segments). In contrast with
fibrofatty lesions, lipid accumulation localized deep in DIT was characterized by fine lipid droplets scattered in the preserved
tissue and by its association with neither macrophage accumulation nor apoptosis in the constituent cells. On the other hand, the
deep intimal location of lipid accumulation clearly coincided with increased type I and type III collagen and elastic fibers but rarely
with sulfated proteoglycans including decorin, which were all strongly expressed in advanced lesions. This lipid accumulation was
found only in sites with DIT of more than 200 �m, occasionally extending to the inner media and involving neovessel formation
around it. The presence of deep intimal lipid accumulation was associated with reduced endothelium-dependent relaxation to
substance P in isolated coronary rings. These results suggest that normal and oxidized LDLs accumulate preferably in the
nutritional border zone of established DIT involving local extracellular matrix alterations but independently of inflammatory or
apoptotic processes. This may contribute to the functional and morphologic abnormalities seen in human coronary atherogenesis
that progresses slowly with age. (Lab Invest 2002, 82:1437–1447).

T he atherogenic mechanism initiated by endothe-
lial injury or dysfunction leading to a series of

inflammatory and proliferative responses in the intima
is known as the response to injury theory (Ross, 1999).
This hypothesis would be true particularly in experi-
mentally induced atherosclerosis such as balloon-
injury models (Schwartz et al, 1995). In human coro-
nary arteries, however, early atherosclerotic lesions
including fatty streaks begin in adolescence and
slowly but steadily progress even until 70 years of age
(Eggen and Solberg, 1968; PDAY Research Group,
1993; Stary, 1989). It is well known that primary
atherosclerotic lesions tend to occur in sites with
preexisting intimal thickening that consists of smooth-
muscle hyperplasia (Montenegro and Eggen, 1968;
Neufeld et al, 1962; Schwartz et al, 1995; Stary et al,
1992). This intimal hyperplasia is characteristic of
human coronary arteries, forming diffuse intimal thick-
ening (DIT) in most juveniles and is regarded as an
adaptive response to mechanical stresses secondary
to variations in coronary flow and wall tension with

every myocardial contraction (Ikari et al, 1999; Neufeld
et al, 1962; Sims, 1989; Velican and Velican, 1979).
Although the atherogenic process initiated in DIT

remains unclear, Ross’s theory (Ross, 1999) has been
challenged by some findings specific in human coro-
nary arteries. First, no apparent alterations have been
shown in the endothelium overlying human coronary
DIT (Fukuchi and Giaid, 1999; Williams and Tabas,
1995). In addition, it has been reported that the rates
of smooth muscle cell proliferation are not increased
in either DIT or atherosclerotic plaques compared with
that in the media (Gordon et al, 1990). It has been also
reported that endothelium-dependent relaxation is im-
paired in proportion to the extent of DIT in isolated
human coronary arteries (Keitoku et al, 1990). These
findings lead us to speculate that some atheroscle-
rotic changes proceed slowly beneath the DIT without
active inflammatory and proliferative responses.
Previously, in the grossly normal human aortic intima,

lipoprotein particles have been shown to accumulate
along fibrous tissue elements, termed perifibrous lipid
(Guyton et al, 1985; Smith et al, 1967). Lipid-retentive
properties in the normal but thickened intima have been
suggested to involve extracellular matrix molecules or
local metabolic abnormalities (Adams and Bayliss, 1969;
Guyton et al, 1985; Schwartz et al, 1995; Smith et al,
1967; Spring and Hoff, 1989; Stary et al, 1992; Williams
and Tabas, 1995; Yamauchi and Hoff, 1984). Hitherto, it
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has not been explored how lipid accumulation occurs
with the progression of DIT in human coronary arteries.
In the present study, we histologically characterized the
accumulation of normal and oxidized low-density li-
poproteins (LDLs) in the human coronary DIT. Normal
LDL was identified by using immunohistochemistry for
apolipoprotein B 100 (apo B 100), a major apolipoprotein
of LDL. Oxidized lipids were detected by the presence of
8-iso-prostaglandin F2� (8-iso-PGF2�) that can be syn-
thesized in situ on phospholipids via a cyclooxygenase-
independent, free radical catalyzing pathway (Lynch et
al, 1994; Morrow et al, 1992). Furthermore, we investi-
gated the structural and cellular alterations associated
with the lipid accumulation, especially focusing on the
possible role of inflammatory responses, apoptosis, and
extracellular matrix alterations. Finally, we investigated
the pathologic aspects of DIT involved with lipid accu-
mulation by correlating it with the extent of endothelium-
dependent relaxation in isolated human coronary
arteries.

Results

DIT was found in 30 of 40 coronary arteries (139/275
segments) examined. Among 30 arteries containing
DIT, 16 arteries were also involved with fibrofatty or
more advanced lesions in other sites of the same
arterial course examined. The incidence of DIT among
all coronary segments was irrespective of age (32–79
years old), and all DIT segments were pooled together
to analyze the data.

Focal to extensive immunostaining for apo B 100 or
8-iso-PGF2� was found in nearly half the DIT seg-
ments examined (71/139 segments). This lipid accu-
mulation was prevalent even in patients with no cor-
onary risk factors (47/97 segments). In most cases,
apo B 100 or 8-iso-PGF2� was localized either in the
subendothelial space or in the deep intimal layers
adjacent to the internal elastic lamina (Fig. 1). In the
remaining cases, the stainings were distributed widely
throughout the intima. In no types of lipid accumula-
tions were there morphologic evidence of necrotic
core formations. Both apo B 100 and 8-iso-PGF2�

stainings were significantly more prevalent in the deep
intimal layers than in the subendothelial space (Fig.
2A). However, the subendothelial–deep intimal prev-
alence of apo B 100 was significantly higher than that
of 8-iso-PGF2� (n � 18/41 versus 7/48; p � 0.05).
Pretreatment of the sections with 20 �M CuCl2 for 6
hours resulted in the loss of apo B 100 staining and
strong, extensive 8-iso-PGF2� staining in most lipid-
rich areas (Fig. 2B). This finding supports that immu-
noreactive apo B 100 and 8-iso-PGF2� would be
reciprocally distributed depending on the local oxi-
dized state.

In any DIT segments with apparent staining for apo B
100 or 8-iso-PGF2�, only a few or no macrophages
positive to CD68 were present throughout the intima
(Fig. 3, A, C, and E). Smooth muscle cellularity was
preserved in the lipid-rich areas, sometimes forming a
honeycomb-like structure (Fig. 3G). In fibrofatty lesions,
dense staining for apo B 100 or 8-iso-PGF2� was found

in the hypocellular, lipid-rich core rather than in the
region with macrophage accumulation (Fig. 3, B, D, F,
and H). Immunoreactive 8-iso-PGF2� compared with
apo B 100 was in general distributed deeper in the
lipid-rich core (Fig. 3, B versus D). Oil red O staining
showed fine lipid droplets scattered in the DIT with a
distribution similar to that of immunoreactive apo B 100
or 8-iso-PGF2� (Fig. 3I). In fibrofatty lesions, macro-
phages were filled with large lipid droplets (Fig. 3J) while
fine lipid droplets were present in the extracellular space
as seen in the DIT. The terminal deoxynucleotidyl-
transferase-mediated dUTP-fluorescein nick-end label-
ing (TUNEL) method showed no apoptotic cells in the
deep intimal layers involved with lipid accumulation in
any of the 25 DIT sections examined (Fig. 3K). Apoptotic
cells (up to 10 cells per section) were found in the
fibrofatty or advanced lesions (Fig. 3L,13/23 sections
examined).

Next, we investigated the possible role of major
LDL-retentive molecules in the lipid localization in DIT.
Focal weak or no staining for type I and type III
collagen and diffuse network of elastic fibers were
generally found in DIT. Alcian blue staining was con-

Figure 1.
Two typical immunohistochemic localizations of apolipoprotein B 100 (apo B
100) and 8-iso-prostaglandin F2� (8-iso-PGF2�) in diffuse intimal thickening
(DIT) of human coronary arteries. A and B show hematoxylin and eosin
staining. C and D show immunohistochemistry for apo B 100. E and F,
immunohistochemistry for 8-iso-PGF2�. Bar � 100 �m; I � intima; M �
media.
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sistently seen in the inner layers of DIT. However,
apparent staining for decorin was seen in the media
and adventitia but not in normal DIT. None of these
stainings were associated with the subendothelial lipid
deposition in DIT (Fig. 4A). On the other hand, lipid
accumulation located deep in DIT clearly coincided
with increased type I and type III collagen and elastic
fibers but with reduced or no Alcian blue staining and
no decorin staining in most cases examined (Fig. 4B).
In advanced lesions, lipid accumulation around mac-
rophages was associated with dense type I and type
III collagen and decorin stainings but with variable
density of elastic fibers (Fig. 4C). Interestingly, ad-
vanced lesions often involved a distinct lipid-rich layer
located deeply in the plaques, which showed charac-
teristics analogous to those seen in DIT (Fig. 4, B
versus C). Figure 4D summarizes the results of immu-
nostaining for collagen type III, �-elastin, and decorin
associated with the location of lipid accumulation.
These extracellular matrix molecules were differen-
tially expressed between DIT and advanced lesions
and even between the subendothelial and deep layers
of DIT.

Because the deep intimal lipid accumulation was
predominantly found around the thickest sites of DIT,
we investigated the extent of intimal thickening critical
for the occurrence of lipid accumulation. Figure 5
shows the distribution of intimal thickness at the
thickest and thinnest sites in each DIT section in terms
of the presence or absence of lipid accumulation. At
both sites, intimal thickness was significantly greater
in cases with, than in those without, lipid accumulation
(p � 0.01 by unpaired Student’s t test). Although there
was a wide scatter and marked overlap in the distri-
bution, it was noteworthy that the apparent lipid
accumulation was found only in sites with DIT greater
than 200 �m. In cases with marked DIT, lipid accu-
mulation in the deep intimal layers focally extended to
the inner media, which was often characterized by
reciprocal staining from apo B 100-dominant to 8-iso-
PGF2�-dominant toward the intima (Fig. 6, A, B, and
D). In addition, neovessel formation was occasionally
found around the lipid accumulation (Fig. 6C).

Figure 7A shows typical responses to the potent
endothelium-dependent vasodilator, substance P, in hu-
man coronary rings with and without lipid accumulation
in the DIT. A plot of the relation between the extent of DIT
and the maximum relaxation to substance P (10 nM) was
significantly different between cases with and those
without lipid accumulation (p � 0.05 by analysis of
covariance; Fig. 7A). Immunostaining for endothelial ni-
tric oxide synthase (eNOS) was preserved in the endo-
thelium of most DIT sections (Fig. 7B). Only when DIT
was greater than 400 �m and further involved with lipid
accumulation was eNOS expression slightly, but signif-
icantly, reduced (p � 0.01 vs comparable DIT sections
by Mann-Whitney U test). The endothelial expression of
eNOS was progressively reduced in more advanced
lesions (mean grade 1.84 in fibrofatty lesion, 1.81 in
fibrous plaque, and 1.0 in advanced plaque; p � 0.01 by
Kruskal-Wallis rank test).

Discussion

The present study demonstrated substantial lipid ac-
cumulation in the deep layers of human coronary DIT,
which was accompanied by neither macrophage ac-
cumulation nor apoptosis in the constituent cells. This
lipid accumulation was characterized by the preferen-
tial 8-iso-PGF2� relative to apo B 100 staining and by
fine lipid droplets scattered in the preserved intimal
tissue. The location of lipid accumulation clearly coin-
cided with increased type I and type III collagen and
elastic fibers but rarely with sulfated proteoglycans
including decorin. The deep intimal lipid accumulation
was found only in sites with DIT greater than 200 �m,
occasionally involving the inner media and neovessel
formation around it. The endothelium-dependent re-
laxation to substance P was significantly reduced in
the coronary arteries involved with deep intimal lipid
accumulation. These observations characterize further
the perifibrous lipid (Guyton et al, 1985; Smith et al,
1967), which had not been well recognized in the
process of human atherosclerotic lesion development
(Gown et al, 1986; Stary, 1989).

Figure 2.
Localization and prevalence of immunoreactive apo B 100 and 8-iso-PGF2� in
DIT. A, Summary of the prevalence of immunoreactive apo B 100 and
8-iso-PGF2� in terms of their localizations in DIT (**p � 0.01 versus
subendothelial site by chi-square analysis). B, Immunostaining for apo B 100
and 8-iso-PGF2� in serial sections before (control) and after treatment with 20
�M CuCl2 for 6 hours (after CuCl2). Bar � 50 �m; I � intima; M � media.
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Figure 3.
Different histologic features between the lipid accumulation located deep in DIT (left panels) and the lipid-rich core in fibrofatty lesions (right panels). A and B show
immunohistochemistry for apo B 100, C and D for 8-iso-PGF2�, E and F for CD68, and G and H for muscle actin. Bar � 100 �m; I � intima; M � media. I and J
show oil red O staining, and K and L show the terminal deoxynucleotidyltransferase-mediated dUTP-fluorescein nick-end labeling (TUNEL) method in the lipid-rich
areas of DIT and fibrofatty lesions, respectively. Arrows indicate the TUNEL-positive cells. Bar � 20 �m.
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Lipid Accumulation in DIT

Lipid deposition in the subendothelium is an early
event of fatty streak formation in human and animal

arteries (Napoli et al, 1997; Yamauchi and Hoff, 1984).
In the present study, this type of lipid deposition was
seen only in limited human coronary sections with DIT.
In most cases, lipid accumulation was localized in the

Figure 4.
Differential expression of extracellular matrix molecules associated with lipid accumulation in DIT and advanced lesions. A and B show serial sections of DIT in which
lipid accumulation was localized in the subendothelial and deep layers, respectively. Bar � 50 �m. C shows serial sections of advanced plaque in which macrophages
accumulated (*). Bar � 200 �m. Immunohistochemistry was performed against each epitope shown at the top of panels except for Alcian blue. Only the sections
stained with Alcian blue were counterstained with nuclear fast red. I � intima; M � media. D summarizes the positive staining for type III collagen, �-elastin, and
decorin associated with the location of lipid accumulation. **p � 0.01 versus advanced lesions by chi-square analysis.
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deep layers of DIT in which only a few or no macro-
phages (CD68-positive) were present (Fig. 3E). This
deep intimal lipid accumulation was characterized by
scattered fine lipid droplets compared with dense
large ones within macrophages (Fig. 3, I versus J). In
addition, advanced lesions often involved a similar
lipid accumulation located deeply in the plaques,
which was apparently distinct from the subendothelial
lesions (Fig. 4C). These observations suggest that lipid
accumulation localized deep in the thickened intima
may occur independently of fatty streak formation.
Our observations were obtained from middle- to
advanced-aged people and may not be applicable to
younger people in whom DIT is still immature (Ikari et
al, 1999; Neufeld et al, 1962; Velican and Velican,
1979). Only small lipid deposits and macrophages in
the subendothelium have been shown to be early
intimal lesions in younger people (Napoli et al, 1997;
Stary, 1989; Stary et al, 1992). It is also noted that lipid
accumulation localized deep in DIT was found even in
patients who had no coronary risk factors. This is
consistent with a recent PDAY study (Ishikawa et al,
2001) in which the extent of apolipoprotein deposition
in the human aortic intima has been shown to be
increased with age but not correlated with the serum
cholesterol levels. Although a regression of athero-
sclerosis resulting in lipid accumulation alone may
have occurred under end-stage exhaustive condi-
tions, the serum cholesterol levels in our cases were
within the normal range until 1 month before death.
The disappearance of macrophages in experimentally
induced atherosclerosis has been shown to occur 6 to
12 months after the withdrawal of cholesterol (Kockx
et al, 1998) or after treatment with pravastatin (Shiomi
et al, 1995). It is possible that normal serum choles-
terol levels in human (130–220 mg/dl) may be high
enough to cause LDL deposition in the DIT because it
is reported that the accumulation of LDL in the swine

coronary artery DIT occurs in hyper- (500 mg/dl) but
not normocholesterolemia (100 mg/dl) (Yamauchi and
Hoff, 1984).

8-iso-PGF2� Formation in the Intimal LDL

Several recent studies have shown that the amount of
8-iso-PGF2� is increased in human atherosclerotic
lesions including those of human coronary arteries
(Gniwotta et al, 1997; Mehrabi et al, 1999; Praticò et al,
1997). The present study provides further evidence
that immunoreactive 8-iso-PGF2� is extensively
present even in human coronary DIT involving no
apparent fatty streak formation. The 8-iso-PGF2�

staining was colocalized with apo B 100 staining in
most lipid-rich areas, except that immunoreactive
8-iso-PGF2� relative to apo B 100 was preferentially
located in the deep layers of DIT (Fig. 2A). By oxidative
pretreatment of sections with 20 �M CuCl2, we con-
firmed that the staining intensity for apo B 100 and
8-iso-PGF2� reciprocally reflected the local oxidized
state, consistent with the results of in vitro studies
using isolated LDL exposed to oxidative stress (Fong
et al, 1987; Lynch et al, 1994; Morrow et al, 1992).
These results suggest that oxidative modification of
plasma-derived LDLs may occur slowly in the deep
layers of DIT without cellular uptake or processing by
macrophages. Also, in fibrofatty lesions, we observed
strong staining for apo B 100 or 8-iso-PGF2� in the
lipid-rich core. On the other hand, little staining was
seen in areas with macrophage accumulation in spite
of dense lipid droplets within those cells (Fig. 3J). Most
LDL particles up-taken by macrophages would be
oxidized and degraded, resulting in the loss of apo B
100 antigenicity (Brown and Goldstein, 1986; Stein-
berg and Lewis, 1997), and 8-iso-PGF2� produced
within cells could be rapidly liberated by the action of
cellular phospholipase A2 (Morrow et al, 1992). Our
results are consistent with previous studies (Bocan
and Guyton, 1985; Guyton and Klemp, 1994; Small et
al, 1984; Smith et al, 1967) showing that lipid compo-
sitions differ between fatty streaks (intracellular) and
the underlying lipid-rich core (extracellular) in some
physicochemic properties.

Possible Determinants for the Lipid Localization in DIT

Major extracellular matrix components including col-
lagen, elastin, and small proteoglycans biglycan and
decorin have been established as LDL-retentive mol-
ecules (Kovanen and Pentikäinen, 1999; O’Brien et al,
1998; Podet et al, 1991; Williams and Tabas, 1995)
and have been demonstrated in human coronary
atherosclerotic plaques (O’Brien et al, 1998; Riessen
et al, 1994). In the present study, we observed that
type I and type III collagen, �-elastin, and decorin were
differentially expressed with the progression of lipid
accumulation in the early stage of human coronary
atherosclerosis (Fig. 4). This finding argues against the
possibility that an extracellular matrix alteration in DIT
may occur primarily before the lipid accumulation.
Although hypoxic conditions may be present in the

Figure 5.
Distribution of intimal thickness at the thickest and thinnest sites in each DIT
section in terms of the presence or absence of lipid accumulation in the deep
intimal layers. Coronary segments with lipid accumulation only in the suben-
dothelium were excluded. Large symbols and vertical bars indicate means �
SD. **p � 0.01 by unpaired Student’s t test.
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deep layers of DIT, it has been reported that hypoxia
increases proteoglycan synthesis but decreases col-
lagen synthesis in cultured smooth muscle cells (Pi-
etilä and Jaakkola, 1984). This in vitro study does not
support the possible effect of hypoxia itself on the
extracellular matrix alteration seen in the deep intimal
layers (Fig. 4B). Alternatively, oxidized LDL at lower
concentrations has been shown to induce collagen
synthesis in arterial smooth muscle cells involving
neither proliferation nor apoptosis (Bachem et al,
1999; Jimi et al, 1995). This may be true in so far as
oxidative modification of LDL progresses slowly in the
deep layers of DIT. The observation that no apoptotic
cells were found in the deep intimal layers containing
oxidized lipid (Fig. 3K) also supports this possibility.
Furthermore, it has been reported that LDL can stim-
ulate glycosaminoglycan secretion by cultured fibro-
blasts and arterial smooth muscle cells depending on
the proliferative state (Wosu et al, 1983). Thus, our
observations are more compatible with the idea that
increased synthesis of extracellular matrix molecules
may result from LDL deposition and its oxidation in the
intima. Nonetheless, once the extracellular matrix al-
terations have occurred in the intima, lipid accumula-
tion would be accelerated.

Although an intimate relationship between lipid ac-
cumulation and nonatherosclerotic intimal thickening
has been previously reported (Adams and Bayliss,
1969; Guyton et al, 1985; Ishikawa et al, 2001; Smith
et al, 1967; Spring and Hoff, 1989; Yamauchi and Hoff,

1984), we report that lipid accumulation occurs pref-
erentially in the deep layers rather than in the suben-
dothelial layers of coronary intima in patients with
normal serum cholesterol levels. In addition, intimal
thickening greater than 200 �m was required for the
initiation of apparent lipid accumulation (Fig. 5). The
physiologically thickened intima is nourished by diffu-
sion from the luminal side and by the vasa vasorum
from the adventitial side (Neufeld et al, 1962; Sims,
1989; Velican and Velican, 1979). As the intimal thick-
ening progresses with age, some physical or meta-
bolic abnormalities have been shown to occur in the
nutritional border zone (Adams and Bayliss, 1969). In
the present study, several lines of evidence support
the idea that lipid accumulation occurs in the nutri-
tional border zone of the thickened intima. First, lipid
accumulation was inevitably localized in the deep
intimal layers focally involving the inner media. Recip-
rocal staining from apo B 100-dominant to 8-iso-
PGF2�-dominant toward the intima (Fig. 6D) suggests
the perfusion from the adventitial side. Second,
neovessel formation was occasionally found around
the lipid accumulation. This would reflect that the
areas involved with lipid accumulation are too remote
to be nourished by direct diffusion from the luminal
side. Given these observations, we speculate that an
imbalance between the influx and efflux of the plasma-
derived lipid may occur in the nutritional border zone
(Nielsen, 1999). Although DIT greater than 200 �m was
not necessarily associated with lipid accumulation

Figure 6.
Reciprocal immunohistochemic localization of apo B 100 and 8-iso-PGF2� in the peripheral region of markedly thickened intima. A to C show serial sections stained
for apo B 100 (A), 8-iso-PGF2� (B), and CD31 (C). D shows a schema representing the relative location of apo B 100 (green), 8-iso-PGF2� (red), and neovessels (blue).
Arrowheads indicate internal elastic lamina. Bar � 100 �m; I � intima; M � media; NV � neovessel.
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(Fig. 5), the cellular and extracellular environments in
the deep intimal layer would be more critical than the
extent of DIT itself.

Role of the Deep Intimal Lipid Accumulation

The presence of deep intimal lipid accumulation may
in part explain the impaired endothelium-dependent
relaxation that has been shown to be correlated with
the extent of DIT in human coronary arteries (Keitoku
et al, 1990). The critical intimal thickness at which the
lipid accumulation appeared (200 �m) was compara-
ble with that at which attenuation of the endothelium-
dependent relaxation to substance P occurred (Fig.
7A). At least in the DIT range from 200 to 400 �m, the
expression of eNOS in the endothelium was preserved
in most sections with and without lipid accumulation
(Fig. 7B), consistent with the previous study (Fukuchi
and Giaid, 1999). Oxidized LDL, mainly via lysophos-
phatidylcholine, has been shown to directly inhibit
nitric oxide-stimulated cyclic guanosine monophos-

phate accumulation in a bioassay system (Chin et al,
1992). Thus, it is possible that oxidized LDL present
deep in DIT may act as an inactivating barrier to
endothelium-derived relaxing factor before it reaches
the media. However, when DIT was greater than 400
�m, most coronary rings irrespective of the presence
or absence of lipid accumulation showed only slight
relaxation responses to substance P (Fig. 7A). The
deep intimal lipid accumulation was also found in
fibrofatty or more advanced lesions with markedly
thickened intima. This lipid accumulation combined
with the subendothelial fatty lesions often showed
dual lipid-rich layers across the intima (Fig. 4C). These
observations suggest that different lipid accumulation
processes that begin in the subendothelial or deep
intimal regions may contribute to the complicated
atheroma core formations in human coronary arteries.

Conclusions

In the epicardial human coronary arteries, we demon-
strated for the first time substantial accumulation of
normal and oxidized LDLs localized deep in the estab-
lished DIT involving neither macrophage accumulation
nor apoptosis in the constituent cells. This lipid accu-
mulation in the DIT clearly coincided with increased
type I and type III collagen and elastic fibers but rarely
with sulfated proteoglycans including decorin. These
results suggest that the accumulation of plasma-
derived lipid and its oxidation in the DIT may occur in
association with local extracellular matrix alterations
but independently of inflammatory or apoptotic pro-
cesses. We hypothesize that, although DIT occurs as
a physiologic response early in life, its extraordinary
development with age may induce some LDL-
retentive property in the nutritional border zone. Fur-
thermore, we demonstrated that the presence of deep
intimal lipid accumulation was associated with the
reduced endothelium-dependent relaxation in human
coronary arteries. The deep intimal lipid accumulation
may contribute to the functional and morphologic
abnormalities seen in human coronary atherogenesis
that progresses slowly with age.

Materials and Methods

Human Subjects and Preparation of Arteries

This study was performed with the permission of the
Ethics Committee of Tohoku University for clinical and
experimental investigations. Epicardial human coro-
nary arteries were obtained at autopsy from 17 pa-
tients (11 men and 6 women, 32–79 years old). The
causes of death were cancer in nine patients, idio-
pathic cardiomyopathy in three patients, systemic
lupus erythematosus in two patients, and amyotrophic
lateral sclerosis, pulmonary fibrosis, and lung abscess
in one patient each. No patients died of or had
suffered from coronary artery disease, but 9 of 17
patients had one or more coronary risk factors includ-
ing hypertension, diabetes mellitus, hyperlipidemia,
and smoking. Coronary arteries were isolated 2 to 3
hours after death and were separated for histologic

Figure 7.
Attenuated endothelium-dependent relaxation in human coronary arteries
involved with deep intimal lipid accumulation. A shows typical responses to
substance P (SP) in coronary rings with and without lipid accumulation and a
plot of the relation between the extent of DIT and the maximum relaxation to
substance P (10 nM). Plots were significantly different between coronary rings
with and without lipid accumulation (p � 0.01 by analysis of covariance). B
shows the association of the extent of DIT and the presence of lipid
accumulation with the endothelial nitric oxide synthase (eNOS) expression in
the overlying endothelium. Each bar indicates mean score of cases belonging
to each category. **p � 0.01 versus comparable DIT cases by the Mann-
Whitney U test.
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study and isometric tension recording. For histologic
study, coronary segments were immediately fixed with
4% paraformaldehyde containing 0.1 mM butylated
hydroxytoluene and 1 mM EDTA to minimize oxidative
modifications of the arterial tissue. Serial cryostat
sections (4 �m thick) were cut every 3 mm along the
arterial course. For isometric tension recording, coro-
nary segments were placed in iced Krebs-Ringer
solution containing the compositions as previously
reported (Keitoku et al, 1990).

Immunohistochemistry

Immunohistochemistry was performed in cryostat
sections by the ABC method as described previously
(Fukuchi and Giaid, 1999). Briefly, sections were incu-
bated serially with the following solutions: (a) 2%
hydrogen peroxide for 30 minutes to block endoge-
nous peroxidase activity, (b) 0.3% Triton-X 100 for 15
minutes, (c) 10% normal goat serum for 60 minutes,
(d) primary antisera for 16 hours at 4° C, (e) biotinyl-
ated goat anti-mouse or goat anti-rabbit IgG at a
dilution of 1:200 for 45 minutes, and (f) avidin-
biotinylated horseradish peroxidase complex (Vec-
tastain; Vector Laboratories, Burlingame, California) at
a dilution of 1:100 for 45 minutes. Immunoreactive
sites were visualized by incubation with 0.025% 3,3-
diaminobenzidine and 0.01% hydrogen peroxide for 3
minutes. PBS (pH 7.4) was used to dilute each solution
and to wash the sections three times between each
step. Finally, tissue sections were counterstained with
hematoxylin.

To identify plasma-derived normal and oxidized
lipids, we used mouse anti-apo B 100 IgG (ICN
Pharmaceuticals, Inc., Aurora, Ohio) and rabbit anti-
8-iso-PGF2� polyclonal antibody (Cayman Chemical,
Ann Arbor, Michigan), respectively. The specificity of
8-iso-PGF2� staining was assessed by preincubation
of the antiserum with excess amounts of antigens and
by pretreatment of the sections with 20 �M CuCl2 for 6
hours to expose the tissue-resident LDL to oxidative
stress (Lynch et al, 1994). Lipid accumulation was also
assessed by oil red O staining in serial sections. To
identify the cell types, serial sections were immuno-
stained for the endothelial cell marker CD31 (Dako,
Glostrup, Denmark), smooth muscle actin (Enzo Diag-
nostics Inc., Farmingdale, New York), and macro-
phage CD68 (Dako). Extracellular matrix components
were identified by using rabbit anti-type I collagen
polyclonal antibody (Quartett, Berlin, Germany),
mouse anti-type III collagen IgG (BioGenex, San
Ramon, California), rabbit anti-�-elastin polyclonal an-
tibody (Biogenesis, Kingston, New Hampshire), and
mouse anti-decorin IgG (R&D Systems, Minneapolis,
Minnesota). Sulfated proteoglycans were stained with
Alcian blue (pH 1.0) in serial sections. Endothelial
expression of eNOS was assessed by staining with
mouse anti-eNOS IgG (Transduction Laboratories,
Lexington, Kentucky). The specificity of immunostain-
ing was confirmed by incubation with the nonimmune
mouse or rabbit serum instead of the primary
antiserum.

Terminal Deoxynucleotidyltransferase-Mediated
dUTP-Fluorescein Nick-End Labeling

Apoptotic cells in situ were identified by using TUNEL as
previously described (Gavrieli et al, 1992). Nuclei of
tissue sections were stripped from proteins by incuba-
tion with 10 �g/ml proteinase K (Dako) for 30 minutes at
room temperature. After washing in PBS, the slides were
incubated with a reaction buffer containing terminal
deoxynucleotidyltransferase and fluorescein-labeled
dUTP (Boehringer Mannheim, Mannheim, Germany) at
37° C for 60 minutes. Negative control sections were
incubated in the absence of the terminal deoxynucleoti-
dyl transferase enzyme. After terminating the reaction in
PBS, the sections were covered with 2% aqueous BSA
for 30 minutes and then incubated with a solution of
alkaline phosphatase-labeled anti-fluorescein Fab frag-
ment (Boehringer Mannheim) at 37° C for 30 minutes.
After washing in PBS for 15 minutes, the sections were
visualized with Fuchsin substrate-chromogen system
(Dako) and were counterstained with hematoxylin. Pos-
itive staining was confirmed in control slides pretreated
with DNase I (32 U/ml acetate buffer; Sigma, St. Louis,
Missouri) for 10 minutes before starting the TUNEL
method.

Isometric Tension Recording

Isometric tension recording was performed as previ-
ously described (Keitoku et al, 1990). Briefly, a coro-
nary ring segment of 2.5 mm in width was suspended
in a tissue bath containing 10 ml Krebs-Ringer solution
and connected to a tension transducer (Shinkoh
U-Gauge, type UL-20; Shinkoh, Tokyo, Japan). The
bath solution was saturated with 95% O2/5% CO2 at
37° C and the pH was 7.40. Isometric tension was
recorded on an oscillograph (Rectigraph-8S; San-ei,
Tokyo, Japan). During the 3 hours allowed for equili-
bration, the resting tension was adjusted to 1.5 g, the
optimal tension for inducing the maximal contraction
with 50 mM KCl. Maximum endothelium-dependent
relaxation was assessed by adding 10 nM substance P
to each ring precontracted with 30 mM KCl that
produced a tension approximating 30% of the maxi-
mum KCl-induced contractions. The relaxation re-
sponse was expressed as a percentage of 100 �M

papaverine-induced relaxation. After the pharmaco-
logic experiments, the ring segments were prepared
for histologic examination to evaluate the lipid accu-
mulation and the extent of DIT.

Histologic Analysis

Each coronary segment was classified into four ath-
erosclerotic types: DIT, fibrofatty lesion, fibrous
plaque, and advanced plaque, as defined by Gown et
al (1986). In the present study, DIT was characterized
by the preserved tissue structure and smooth muscle
cellularity and by only a few scattered or no macro-
phages positive to CD68 throughout the intima. In DIT
sections stained with hematoxylin and eosin, the inti-
mal thickness (�m) was measured as the distance
from the luminal surface to the internal elastic lamina
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at the thickest and thinnest sites around the circum-
ference. Mean intimal thickness was calculated as the
mean of the thickest and thinnest sites of DIT in each
coronary segment. Immunostaining intensity for eNOS
in the endothelium was semiquantitatively graded
from 0 to 3 in each atherosclerotic lesion (0 for
absence of staining, 1 for only focal or weak, 2 for
diffusely moderate, and 3 for diffusely strong). In the
DIT section, eNOS staining was graded individually
around the thickest and thinnest sites. The grading
was performed independently by two observers and
was finally determined by joint observation. The
TUNEL-positive cells per section were counted inde-
pendently of classifying the atherosclerotic types and
localizing the lipid accumulation in the intima.

Statistical Analysis

The incidence of DIT among all coronary segments, the
prevalence of lipid accumulation in DIT, and alterations in
extracellular matrix molecules associated with lipid ac-
cumulation were compared among different groups by
chi-square analysis. The intimal thickness between cor-
onary segments with and without lipid accumulation in
the DIT was compared by unpaired Student’s t test. A
plot of the relation between the intimal thickness and the
maximum relaxation response to substance P was com-
pared between two groups by analysis of covariance.
Immunohistochemic grades for eNOS were compared
among different groups by the Kruskal-Wallis rank test or
between two groups by the Mann-Whitney U test. Val-
ues of p � 0.05 were considered significant.
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