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The purpose of the experiments reported here was to determine chemically the character
and quantity of lipid in re-endothelialized and de-endothelialized areas of rabbit aortas.
The aortas of 22 rabbits, Groups I and II, were de-endothelialized with a balloon cath-
eter, and the rabbits were maintained on a lipid-poor diet for 4 weeks. Thirteen rabbits,
Group II, were then fed an egg-supplemented diet for 6 weeks. Nine rabbits, Group I,
were continued on the lipid-poor diet for an additional 6 weeks. Control rabbits with unin-
jured aortas were fed a lipid-poor diet for 10 weeks (Group III) or an egg-supplemented
diet for 6 weeks (Group IV). Nonesterified cholesterol and fatty acids, cholesteryl esters,
triacylglycerols, and squalene were quantitated in re-endothelialized and de-endo-
thelialized aorta by thin-layer chromatography and fluorometric analysis. The results in-
dicate 1) that there was approximately three times as much nonesterified cholesterol and
cholesteryl ester in re-endothelialized aorta of Groups I and II as compared with adjacent
de-endothelialized aorta and 2) that in re-endothelialized aorta of Group II the amount of
total cholesterol correlated with serum cholesterol concentration in contrast to adjacent
de-endothelialized aorta, with no correlation over a range of nearly 900 mg/100 ml. These
studies indicate that the presence of endothelium favors accumulation of aortic choles-
teryl esters. The results suggest that arterial lipid accumulation is not simply a result of
passive filtration but may result from metabolic differences in the re-endothelialized neo-
intima. (Am J Pathol 1980, 99:81-104)

ATHEROSCLEROSIS is characterized by lipid accumulation in
thickened fibromuscular intima. It has been suggested that arterial dam-
age, particularly endothelial injury, is the primary event in both intimal
thickening and lipid accumulation.1-20 Central to this endothelial injury
hypothesis are the widely accepted roles of endothelium as a thrombore-
sistant surface and as a regulatory barrier for the transfer of macromole-
cules into the vessel wall.2` It is posited that the absence of endothelium
exposes the vessel wall to mitogenic factors, including those derived from
platelets and low-density lipoproteins, resulting in replication of medial
smooth muscle cells and formation of a neointima.2932 It is further postu-
lated that the persistent absence of endothelium leads to continued in-
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crease in the influx of lipoprotein, causing lipid accumulation and athero-
sclerosis in this neointima.

In previous experiments we tested the hypothesis"6,7,2033 that the ab-
sence of endothelium would lead to intimal thickening and lipid accumu-
lation. The unexpected results of those experiments provided morpho-
metric evidence that lipid accumulation and intimal thickness were
significantly enhanced in aortas covered by regenerated endothelium as
compared with adjacent areas lacking endothelium. Thus, results of those
experiments were not consistent with the above hypothesis, since they in-
dicated that reendothelialized intima, and not de-endothelialized intima,
was especially prone to lipid accumulation and atherosclerosis. In experi-
ments reported here we 1) characterized the aortic lipid chemically and
compared the character and quantity of lipid in de-endothelialized, re-
endothelialized, and uninjured aorta; 2) tested the relationship between
lipid accumulation in de-endothelialized and re-endothelialized areas and
serum cholesterol concentration; and 3) compared the quantity of lipid as-
sessed morphometrically with that determined by chemical analysis.

Materials and Methods

Removal of Endothelium

Endothelium was removed by a balloon catheter from the aortas of 22 young New Zea-
land white female rabbits weighing from 2300 to 3300 g by the method of Baumgartner et
al.3 Briefly, a 4F thin-walled Fogarty embolectomy catheter (Edwards Laboratory, Santa
Anna, Calif) was inserted into the right femoral artery of anesthetized rabbits and pushed
into the proximal aorta. The balloon was inflated to a pressure of 450-500 mm Hg, and the
inflated catheter was pulled through the aorta three times.

Experimental Groups
Forty rabbits were initially fed commercial rabbit ration relatively poor in lipid (Purina

Rabbit Chow: total lipid approximately 2.0%o by weight). Four weeks after de-endo-
thelialization, 22 rabbits were randomly separated into Groups I and II (Text-figure 1).
Nine rabbits (Group I) were continued on the lipid-poor diet for an additional 6 weeks un-
til they were killed. Thirteen rabbits (Group II) were fed 100 g of an egg-supplemented
diet containing 1 egg in 60 g of the commercial rabbit ration 5 days each week for 6 weeks
and then killed. On weekends, Group II rabbits were fed the lipid-poor diet ad libitum.
Two groups of unballooned rabbits served as controls. One group of 9 unballooned rabbits
(Group III) was fed a lipid-poor diet for 10 weeks and then killed. An additional group of
unballooned rabits (Group IV) was fed the lipid-poor diet for 4 weeks and then fed an egg-
supplemented diet for an additional 6 weeks prior to killing.

Serum Cholesterol Concentrations
Rabbits of all experimental groups were bled prior to initiation of the experiment. The

rabbits receiving the egg-supplemented diet were bled 3 weeks after the diet was initiated
and on the day they were killed. The rabbits on the lipid-poor diet were bled at com-
parable intervals. In all instances, the rabbits were bled after a 12-18-hour fast. Serums



Vol. 99, No. 1 CHOLESTEROL ACCUMULATION 83
April 1980

were stored at -20 C until assayed for total cholesterol by an autoanalyzer modification of
the method of Levine and Zak.35

Autopsy Procedures

The rabbits were killed by an intravenous overdose of pentobarbital. In order to distin-
guish re-endothelialized and de-endothelialized areas of the aorta, 1 hour prior to killing
3 cc/kg of a 0.5% solution of the protein-binding azo dye Evans blue (w/v) in physiologic
saline was injected into the rabbits. Areas of the aortic wall devoid of endothelium stained
blue, while areas of aorta covered by endothelium restricted or excluded passage of the
dye and remained unstained and appeared as nonblue islands or bands surrounded by de-
endothelialized blue-staining areas (see Results).2"

After the animals were killed, the aortas were dissected from adjacent tissues and main-
tained in cold saline at 4 C until frozen. Periadventitial debris and adherent blood was re-
moved, and the adventitia was stripped. The artery was opened by a midventral incision
extending from the arch to the iliac bifurcation. Representative tissue samples of the tho-
racic and abdominal segments were dissected and fixed in 10% neutral-buffered formalin.
Tissue samples were divided into 2 portions each comprising blue areas and white and
gray zones of nonblue areas. One portion of the tissue sample was embedded in paraffin
and routinely processed for hematoxylin and eosin staining. The adjacent portion of each
tissue sample was embedded in 7.5% gelatin, frozen in liquid nitrogen, and 3-5 ,u frozen
sections were prepared.36 Frozen sections were stained with oil red 0 for lipid and coun-
terstained with hematoxylin.

After the removal of tissue samples for microscopy, remaining portions of thoracic and
abdominal segments were dissected into white and gray zones of nonblue areas and blue
areas with the aid of a large field magnifier (Arthur H. Thomas Co, Philadelphia, Pa). Tis-
sue from each zone and area of the thoracic and abdominal segments of a given rabbit was
pooled, blotted to remove excess fluid, weighed, and placed in glass vials with Teflon- or
foil-lined caps. Before storage at -70 C, the vials were flushed with nitrogen to prevent
auto-oxidation of lipid.37

Aortic Lipid Analysis

All glassware was cleaned with chromic acid cleaning solution and thoroughly rinsed
with distilled water. Only highly purified organic solvents were used (Mallinckrodt, St.
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Louis, Mo, Nanograde quality). Frozen samples of aortic tissue, weighing between 25 and
50 mg, were thawed at room temperature and minced at 4 C. Minced tissue was homoge-
nized in a glass homogenizer/grinder in 2 ml of normal saline at 4 C. One milliliter of the
homogenate was rehomogenized in 10 ml of cholorform-methanol (2: 1, v/v) and the lipid
was extracted according to Folch et al.38 The lipid extract was then completely hydro-
genated with the use of platinum oxide as a catalyst.39 The extent of hydrogenation was
confirmed by gas-liquid chromotography. Hydrogenation was necessary to avoid inter-
ference in fluorometric quantitation of lipids by unsaturated bonds.39.
The hydrogenated extract and a standard containing a mixture of nonesterified choles-

terol, cholesteryl esters, triacylglycerols, fatty acids, and squalene, at a concentration of 1
mg/ml, were then fractionated into the 5 lipid classes by thin-layer chromatography
(TLC) with the use of a 2-solvent system as described by Hojnacki and Smith.' Briefly, the
extract was concentrated under nitrogen and spotted on Whatman K6 silica gel analytical
TLC plates (20 X 20 cm; 250 ,u) activated as previously described.39'40 Standards and sam-
ples were spotted 2 cm from the bottom of the TLC plate. The plate was removed from
the TLC chamber and allowed to dry after Solvent 1 (diethyl ether/petroleum ether/gla-
cial acetic acid [100/97/3, v/v/v]) had migrated to 9 cm above the bottom of the plate.
The TLC plate was next placed in Solvent 2 (petroleum ether/diethyl ether [97/3, v/v]) in
a second chamber, and the solvent was allowed to migrate 18 cm above the bottom of the
plate.
We made the separated lipid classes visible by spraying the plate with 0.001% rhoda-

mine 6G in 0.25 M potassium diphosphate and lipid spots quantitated by scanning fluoro-
metry and compared with standards of known concentration. Peak areas from the fluoro-
metric analyses for various concentration of samples and standards were determined by
triangulation and expressed in units of square millimeters. The quantities of various lipid
classes were expressed in micrograms lipid per milligram wet tissue weight. Quantity of
lipid was not expressed in relation to the content of DNA since the result would have been
misleading. We have shown in these experiments and previous experiments that the cel-
lularity of aortic intima in de-endothelialized and re-endothelialized areas is significantly
different (see Results and Table 1).

In order to test the precision of quantitation by scanning fluorometry, 10 microliters of
the standard lipid mixture (1 mg/ml for each class) was applied at 2-cm intervals along the
origin of a single TLC plate. The plate was processed as usual. Peak areas for 5 separate
lipid classes were determined. The standard error was in all cases less than 4% of the
mean.

Morphometric Analysis

Aortic cellularity was analyzed morphometrically in white zones of nonblue areas and
adjacent blue areas of Group II animals. Cellularity was expressed as the number of cells
per 1000 sq ,A of intima. The number of nuclei were counted within a randomized intimal
area of approximately 14,000 sq ,A.

In order to test for a relationship between fatty change in the aortic wall and chem-
ically defined lipid, aortic fatty change was assessed morphometrically in white zones of

Table 1-Intimal Cell Density of Blue and Nonblue Areas*

Nonblue Blue Significance

Thoracic segment 2.76 + .36 4.46 ± .56 .005 < P <.01
Abdominal segment 2.39 ± .28t 3.51 ± .28 .002 < P <.005

* White zones of nonblue areas.
t Cell density expressed as nuclei/1000 sq ,u ± SEM.



Vol. 99, No. 1 CHOLESTEROL ACCUMULATION 85
April 1980

nonblue areas of Group II rabbits. This was accomplished by employing, simultaneously,
an ocular reticule with a net pattern and a linear micrometer. Micrometers were posi-
tioned so that lines were congruous. Boundaries of the area to be scanned were delineated
with the use of a linear micrometer, and the degree of lipid change within the area was
analyzed with the ocular reticule. All intersects were counted with the use of a 40X objec-
tive and 12.5x oculars (each square of the net micrometer was 144 sq ,u). Each intersect
falling on globular or granular lipid was counted as fatty change. Approximately 100 inter-
sects were counted in the intima and underlying media of each white zone analyzed. One
white zone was so analyzed in the abdominal and thoracic segment of each of 13 rabbits in
Group II. Fatty change was then expressed as the percentage of intersects falling on lipid.

Statistical Analysis

Mean baseline serum cholesterol concentrations for Groups I and III and Groups II and
IV were compared with the use of the Mann-Whitney nonparametric test, since variance
ratio testing revealed significant differences between group variances.
During the experimental period, overall mean serum cholesterol concentrations for

Groups I and III were compared using a t test. This t test could not be employed to test
between the mean serum cholesterol concentration of Groups II and IV, since variance ra-
tio testing demonstrated inequality of variances. Therefore, the Mann-Whitney non-
parametric test was utilized.

In the thoracic and abdominal segments of each aorta, the quantity of each lipid class in
the white and gray zones of nonblue areas and the blue areas of Groups I and II rabbits
was compared with the use of a 2 x 2 x 3 (group x segment X zone) factorial analysis
with repeated measures or observations on segments and zones. Since multifactorial analy-
sis of variance requires equal replication, four animals were randomly excluded from
Group II with the use of a random number table. After a significant overall analysis of var-
iance, individual comparisons were effected by independent or paired t tests as indicated.
Since this results in a series of t tests, our Type I error rate within the overall experiment is
greater than 5%, but in each individual comparison the Type I error rate is 5%."413 Since
it was our prior intention to compare lipid quantities in the white and blue areas, the use
of the t test is indicated.42"
The quantity of each particular lipid class in the re-endothelialized white zones of non-

blue areas of Group I and Group II was compared with the unballooned Groups III and IV
with the use of a 4 x 2 (group X segment) factorial analysis with repeated measures on
segments. In some cases the requirements of parametric analysis of variance were violated,
therefore nonparametric Kruskal-Wallis analysis of variance was used. Since the Kruskal-
Wallis analysis of variance is a single factor test, we were required to test for differences
among Groups I-IV in thoracic and abdominal segments independently. In all cases, re-
sults of the parametric and nonparametric tests agreed where applicable. Only squalene
demonstrated disparity. Nonparametric testing revealed differences between groups,
while parametric testing did not. When the difference between variance of samples for
squalene was reduced by log transformation of the data (x' = log [x + 1]), the results of the
parametric and nonparametric testing agreed. When a significant overall analysis of vari-
ance warranted further analysis, individual posteriori comparisons (comparisons made
without prior intent) were effected by Duncan's multiple range test. Mean percentages of
total cholesterol represented by nonesterified cholesterol and cholesteryl ester and the
mean ratio of nonesterified and esterified cholesterol in the white zones of nonblue areas of
injured aortas, Groups I and II, and uninjured aortas of Groups III and IV were also com-
pared with the use of a 4 x 2 (group x segment) factorial analysis with repeated measures
on segments. Following a significant analysis of variance, pair-wise comparisons were ef-
fected by Duncan's multiple range test.
We sought to define a relationship, if any, between total aortic cholesterol of blue and
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nonblue areas of Group II rabbits and mean serum cholesterol concentration. Scatter dia-
grams suggested a linear relationship between the two variables. For each area and seg-
ment, simple linear regression equations were generated for 1) total aortic cholesterol,
compared with mean serum cholesterol; 2) aortic cholesteryl ester, compared with mean
serum cholesterol; and 3) aortic nonesterified cholesterol, compared with mean serum cho-
lesterol concentrations. The significance of regression was tested by analysis of variance
for each case. Testing between slopes and elevations (Y intercepts) was performed with
the use of t tests.

Results

Serum Cholesterol Concentrations

Baseline serum cholesterol concentrations of Groups I-IV were as fol-
lows: Group I, 99.67 ± 17.61 mg/100 ml (mean ± SE); Group II, 86.50 +
8.99 mg/100 ml; Group III, 49.00 ± 4.14 mg/100 ml; and Group IV,
44.56 ± 4.06 mg/100 ml. The mean baseline serum cholesterol of Groups
I and III and Groups II and IV were significantly different (P< .001). Dur-
ing the experimental period, mean serum cholesterol concentrations of
rabbits with de-endothelialized aortas that were fed the lipid-poor diet
(Group I) ranged between 51 and 129 mg/100 ml, with an overall mean of
78.0 ± 3.2 mg/100 ml (mean ± SE). The mean serum cholesterol concen-
tration of rabbits with uninjured aortas fed a lipid-poor diet (Group III)
ranged between 28 and 66 mg/100 ml, with an overall mean of 56.0 ± 4.0
mg/100 ml. The overall mean serum cholesterol concentrations of Group
I as compared with Group III was significantly different (P < .05). Diet-
induced hypercholesterolemia was observed both in rabbits with de-endo-
thelialized aortas, Group II, and in rabbits with uninjured aortas, Group
IV, that were fed the egg-supplemented diet. Mean serum cholesterol
concentrations of rabbits in Group II ranged between 127 and 1010 mg/
100 ml, with an overall mean of 437.0 ± 66.5 mg/100 ml. Mean serum
cholesterol concentrations of rabbits in Group IV ranged between 137 and
314 mg/100 ml, with an overall mean of 227.8 ± 22.3 mg/100 ml. Overall
mean serum cholesterol concentrations for Groups II and IV were signifi-
cantly different (P < .05). Thus, in both normocholesterolemic and hyper-
cholesterolemic rabbits, balloon de-endothelialization of the aorta and
subsequent reparative phenomena are associated with a significant in-
crease in mean serum cholesterol concentration, as compared with nor-
mocholesterolemic and hypercholesterolemic unballooned control ani-
mals. These differences, although significant, may not be meaningful,
since baseline serum cholesterol concentrations were also different.

Macroscopic Observations

The pattern of re-endothelialization in the aorta after endothelial denu-
dation has been previously described in detail by Minick et al.20 The re-
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sults of these experiments were similar. Briefly, following de-endo-
thelialization there is fibromuscular intimal thickening, and endothelial
cells regenerate simultaneously from the ostiums of branch vessels. When
the animals of Groups I and II were given injections of Evans blue, the
protein-binding dye stains the aortic wall lacking an endothelium blue.
Areas of aortic wall covered by regenerated endothelium exclude the pas-
sage of the dye-protein complex, remain unstained, and appear nonblue.
In these experiments, the aortic surface is characterized by blue, de-endo-
thelialized areas that surround nonblue endothelial islands or bands. Each
nonblue island or band surrounds the ostium of an aortic branch and has a
complex structure composed of both a central gray zone without a thick-
ened intima and an elevated peripheral white zone with thickened intima,
both of which are covered by regenerated endothelium. White zones and
central gray zones of nonblue areas will henceforth be referred to as white
zones and gray zones.
When untreated animals, Group III, or animals fed an egg-supple-

mented diet, Group IV, were given injections of Evans blue, there was
usually only little staining of the aorta in an inconsistent pattern. There
were no grossly visible fatty lesions in the aortas of the rabbits of Groups
III and IV.

Microscopic Observations

Microscopic features of the aortic wall following endothelial denuda-
tion and repair have been described previously (Text-figure 2).2o The re-
sults of these experiments were similar. Briefly, in rabbits of Groups I and
II, blue areas and white zones were characterized by fibromuscular in-
timal thickening and a normal underlying media. The intima in the white
zone was thicker and covered by endothelium, compared with the adja-
cent intima of blue area, which lacked an endothelial cover. Gray zones
were also covered by endothelium but lacked appreciable intimal thick-
ening.

TEXT-FIGuRE 2-Schematic representation of a
cross-section of a nonblue re-endothelialized is-
land and surrounding de-endothelialized blue
area in thoracic segment of aorta. Each re-endo- NON-BLUE
thelialized nonblue island consists of a central GRAY WHITE " BLUE
gray zone exhibiting little intimal thickening
and a more peripheral intensely white zone
with thickened intima. The nonblue island is i total artery
surrounded by a blue area characterized by __ y.m__
thickened intima without an endothelial lining. M E D I A
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In the rabbits of Group II, fed egg-supplemented diets, pools of extra-
cellular lipid and vacuolated, lipid-containing foam cells were prominent
in the white zones of many animals. Similar fatty change was seen in adja-
cent blue areas, but it was less extensive. Oil-red-0-staining material was
found in the intima and superficial media of blue areas and white zones in
Group II rabbits. Although no attempt was made to quantitate and com-
pare the degree of staining in blue and nonblue areas, the staining ap-
peared to be most intense in the nonblue areas. In animals of Group I no
evidence of fatty change was seen in sections stained with hematoxylin
and eosin. No oil-red-0-staining material was seen in the aortic intima and
media in these animals.

Morphometric Analysis

When the intimal cell density of Group II rabbits was assessed as nuclei
per unit area, the blue areas were significantly more cellular than adjacent
white zones in both thoracic and abdominal aortas (Table 1).
We could not demonstrate a significant relationship between fatty

change assessed morphometrically in white zones of Group II rabbit
aortas and the quantity of the major neutral lipid classes (see below). Nei-
ther aortic cholesteryl ester, triacylglycerol, nor the sum of these two lipid
classes significantly correlated with fatty change estimated morpho-
metrically. This was the case even when fatty change was assessed either
in the intima and underlying media together or in the intima alone.

Tissue Lipid Analysis

By using multifactorial analysis of variance, the quantity of lipid in each
class that accumulated in the white or re-endothelialized areas of thoracic
and abdominal segments of injured aortas of Groups I and II was com-
pared with that in the thoracic and abdominal segments of uninjured
aortas of control Groups III and IV (see Tables 2 and 3). In this manner,
we were able to assess the relative contribution of either diet or endo-
thelial denudation and arterial repair, including endothelial regeneration
on accumulation of these lipid classes. When the entire aorta was consid-
ered, all lipid classes measured including nonesterified cholesterol, choles-
teryl esters, triacylglycerols, nonesterified fatty acids, and squalene dif-
fered significantly between groups.

Endothelial denudation and arterial repair (Group I) led to increased
cholesteryl ester, nonesterified fatty acids, and squalene as compared with
untreated controls (Group III) and increased cholesteryl ester and nones-
terified fatty acids as compared with control Group IV. Diet-induced hy-
percholesterolemia (Group IV) led to increased nonesterified cholesterol,
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triacylglycerol, and squalene in comparison with Group III and increased
nonesterified cholesterol and triacylglycerol as compared with Group I.

Arterial injury and repair, together with diet-induced hyper-
cholesterolemia, Group II, led to an increase in all lipid classes as com-
pared with Group III.

Aortas of rabbits of Group II had increased nonesterified cholesterol,
triacylglycerols, cholesteryl esters, and nonesterified fatty acids as com-
pared with either Group I or Group IV. In summary, it appears that feed-
ing egg-supplemented diets particularly enhances aortic accumulation of
triacylglycerols and nonesterified cholesterol. Endothelial denudation and
arterial repair is associated with enhanced accumulation of nonesterified
fatty acids and cholesteryl esters.

This interpretation is supported by the relative amount of cholesterol
and cholesteryl ester in aortas of different experimental groups. As shown
in Table 4, the relative proportion of total cholesterol represented by non-
esterified cholesterol and cholesteryl ester was also different in animals
with balloon-catheter-induced arterial injury as compared with uninjured
normocholesterolemic and hypercholesterolemic rabbits. The percentages
of total cholesterol represented by nonesterified cholesterol and choles-
teryl ester were 75% and 25%, respectively, in the thoracic segment of
uninjured aorta in normocholesterolemic Group III rabbits and 74% and
26% in hypercholesterolemic rabbits of Group IV. In the abdominal seg-
ment, relative percentages of cholesterol and cholesteryl ester in both
Groups III and IV were similar to those in the thoracic segment. Follow-
ing endothelial denudation and arterial repair, total aortic cholesterol in-
creased and the relative proportion of nonesterified cholesterol and cho-
lesteryl ester changed markedly. In the thoracic segment, the percentages
of total cholesterol represented by free cholesterol and cholesteryl ester

Table 4-Ratio of Nonesterified and Esterified Cholesterol*

Experimental groups

Aortic segment Group I Group II Group IlIl Group IV

Thoracic 1.64 ± .45t .99 ± .35 7.91 + 3.44 3.91 ± .78
(51 %/49%): (42%/58%) (75%/25%) (74%/26%)

Abdominal .60 ± .12 1.35 ± .93 14.63 ± 3.76 4.85 ± 1.23
(36%/64%) (36%/64%) (85%/15%) (73%/27%)

* Overall mean ratio in white zones calculated from individual ratios of rabbits in Groups I-
IV.

t Mean + SE.
t Cholesterol/cholesteryl ester.
Comparison of ratios in thoracic and abdominal segments:

[Group IlIl > Group IV] > Group I = Group II (P < 0.05).
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was 51% and 49%, respectively, in injured aortas of normocholesterolemic
Group I rabbits and 42% and 58% in hypercholesterolemic Group II rab-
bits. In the abdominal segment of aortas of Groups I and II the relative
proportions of cholesterol and cholesteryl ester were similar to those in
the thoracic segment. Thus, following diet-induced hypercholesterolemia,
there was a marked increased of aortic cholesterol that primarily con-
sisted of an increase of nonesterified cholesterol. However, the relative
percentages of nonesterified cholesterol and cholesteryl ester did not
change from the untreated controls. In contrast, following aortic injury of
both normocholesterolemic and hypercholesterolemic rabbits, the in-
crease was in large part cholesteryl ester, even though the total amount of
cholesterol was greatly increased in hypercholesterolemic Group II ani-
mals.
The quantity of nonesterified cholesterol and fatty acids, cholesteryl es-

ter, triacylglycerols, and squalene within zones and areas of thoracic and
abdominal segments of aortas in Group I rabbits was compared with the
quantity of these lipid classes in Group II rabbits (Table 5). When thoracic
and abdominal segments were considered together, the amount of aortic
cholesterol, cholesteryl ester, and triacylglycerol differed significantly be-
tween Group I and II rabbits. Further analysis of thoracic and abdominal
segments demonstrated that nonesterified cholesterol in the thoracic
white, abdominal white, gray, and blue areas of Group II rabbits was sig-
nificantly greater than the nonesterified cholesterol in corresponding areas
of Group I rabbits. In addition, quantities of cholesteryl ester, tri-
acylglycerols, and nonesterified fatty acids of Group II were significantly
greater in all zones and areas as compared with analogous zones and areas
of Group I.

Within Groups I and II, significant zonal and area differences were de-
tected for aortic cholesterol and cholesteryl ester (Tables 2 and 3). There
were no significant differences between areas and zones for nonesterified
fatty acids, triacylglycerols, and squalene. In thoracic segments of Group I
rabbits, there was consistently more cholesteryl ester in the re-endo-
thelialized white zones of thoracic segments as compared with adjacent
deendothelialized blue areas. In the abdominal segment, the cholesteryl
ester content of the white zones was greater than either adjacent gray
zones or blue areas. There were no significant differences in nonesterified
cholesterol in the corresponding zones and areas of Group I animals. In
Group II animals, nonesterified cholesterol content of white zones in tho-
racic and abdominal segments was significantly greater than in the adja-
cent blue areas. Cholesteryl ester content in the white zone of both tho-
racic and abdominal segments was greater than in gray zones or blue areas
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in Group II. In rabbits of both Groups I and II the quantity of cholesteryl
ester in the white zones and in blue areas of abdominal segments was ap-
preciably greater than in the corresponding zones and areas of the tho-
racic segments. However, these differences were not significant. In sum-
mary, de-endothelialization of the aorta and subsequent reparative
phenomena in normocholesterolemic rabbits results in the preferential ac-
cumulation of cholesteryl ester but not nonesterified cholesterol within
white zones of aortic wall covered by regenerated endothelium as com-
pared with adjacent de-endothelialized aorta. De-endothelialization of the
aorta in rabbits subsequently made hypercholesterolemic results in prefer-
ential accumulation of both nonesterified cholesterol and cholesteryl ester
in re-endothelialized aorta as compared with adjacent de-endothelialized
aortic wall.
As indicated in Table 6, mean serum cholesterol concentration corre-

lated significantly with total aortic cholesterol in white zones in both ab-
dominal and thoracic segments of hypercholesterolemic Group II rabbits.
Thus, the correlation between total cholesterol in the thoracic aorta was r
= 0.62, 0.01 < P < 0.025, and in the abdominal aorta, r = 0.71 P < 0.005.
The coefficient of determination (r2) for the thoracic and abdominal seg-
ments was 0.38 and 0.50, indicating that serum cholesterol concentration
accounted for 38% and 50%, respectively, of the variation in total aortic
cholesterol. The regression lines for the relationship between serum cho-
lesterol concentration and total aortic cholesterol in thoracic and abdomi-
nal aortic segments are presented in Text-figure 3. The slopes of both lines
are equal, and although the regression line for cholesterol in the abdomi-
nal aorta is above that for the thoracic aorta, indicating an increased pro-
pensity of the abdominal aorta to accumulate lipid at a given serum cho-
lesterol concentration, we could not demonstrate a significant difference
between elevations.
When total cholesterol was considered as nonesterified and esterified

Table 6-Correlation of Aortic Cholesterol With Serum Cholesterol Concentration in Group II
Rabbits

Aortic segment*

Thoracic Abdominal

Total cholesterol .62 .71
.01 < P < .025 P <.005

Nonesterified .68 .22
.005 < P< .01 NS

Cholesteryl ester .52 .75
NS P <.005

* White zones of nonblue areas.
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TEXT-FIGuRE 3-In nonblue areas
of both the thoracic and abdominal
segments there was a significant
positive correlation (r = .71, P <
.005; r = .62, .01 < P < .025) be-
tween mean serum cholesterol con-
centration and total aortic choles-
terol content of Group II rabbits.
Although the simple linear regres- -|
sion line (y = a + bx + standard er-
ror of regression) for the abdominal
segment lies above that for the tho-
racic segment, elevations did not
prove to be significantly different.

Serum cholesterol (mg%J

fractions, there was a significant correlation between serum cholesterol
concentration and cholesteryl ester in the abdominal segment (r = 0.75, P
< .005), but it was not possible to demonstrate a significant correlation be-
tween aortic cholesteryl ester and serum cholesterol concentration in the
thoracic segment (r = 0.52, P = NS). In the case of nonesterified choles-
terol, there was a significant correlation with serum cholesterol concen-
tration in the thoracic aorta (r = 0.68, 0.005 < P < 0.01) but not in the
abdominal segment.

In contrast to the findings in white zones, it was not possible to demon-
strate a significant correlation between serum cholesterol concentration
and total aortic cholesterol in blue areas of either thoracic or abdominal
segments of the aorta. Thus, blue, or de-endothelialized, areas of the aor-
tic wall accumulated approximately the same amount of cholesterol and
cholesteryl ester over a wide range of serum cholesterol concentrations.

Discussion

Experiments reported here were designed to test the effect of arterial
injury on arterial lipid accumulation and atherosclerosis. Specifically,
these experiments sought to test the hypothesis that endothelial injury and
desquamation will lead to increased accumulation of lipid and athero-
sclerosis. The results of these experiments do not support this hypothesis.
Rather, our findings indicate the following: 1) In normocholesterolemic
rabbits, there is significantly increased accumulation of cholesteryl ester
in re-endothelialized areas of the injured aorta as compared with adjacent
de-endothelialized areas. 2) In hypercholesterolemic rabbits, there is sig-
nificantly increased accumulation of both cholesterol and cholesteryl ester
in re-endothelialized areas of the injured aortic wall as compared with ad-
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jacent de-endothelialized areas. 3) Accumulation of aortic total choles-
terol correlates with serum cholesterol concentration in re-endothelialized
areas but not in adjacent de-endothelialized areas. 4) Under the conditions
of these experiments arterial injury and endothelial regeneration favor ac-
cumulation of cholesteryl ester and nonesterified fatty acids, while diet-in-
duced hypercholesterolemia favors accumulation of nonesterified choles-
terol and triacylglycerols. 5) The amount of intimal and medial lipid
assessed morphometrically in re-endothelialized areas of previously in-
jured aorta does not correlate with the quantity of neutral lipid assessed
chemically.
The primary objective of these experiments was to compare the charac-

ter and quantity of lipid in the wall of re-endothelialized white zones with
those of adjacent de-endothelialized blue areas. In rabbits of Groups I and
II there was approximately a threefold increase of cholesteryl ester in the
white zones of the re-endothelialized areas of both the abdominal and tho-
racic segments of the injured aortas as compared with the adjacent de-
endothelialized areas. In addition, the white zones of Group II rabbits
contained approximately two times as much nonesterified cholesterol as
adjacent blue areas.
The mechanism of this increased accumulation of nonesterified choles-

terol and cholesteryl ester in re-endothelialized areas is unclear. Conceiv-
ably, this increased accumulation could result from increased endothelial
transport. According to this hypothesis, endothelium enhances the trans-
port of lipid or lipoprotein into the arterial wall. Thus, accumulation of
lipid in the arterial wall would result from an active process and not pas-
sive filtration. In this regard, results of experiments of Vlodavsky et al and
Fielding et al may be important.45 46 The findings of Vlodavsky et a145 in-
dicate that in vitro nonconfluent endothelium binds, internalizes, and de-
grades more low-density lipoprotein than confluent endothelium. The ex-
periments of Fielding et al showed that vessels of perfused rats dem-
onstrated nonsaturable uptake of chylomicron cholesteryl ester.46 Assum-
ing that internalization and degradation of lipids by cultured endothelial
cells may be related to lipid transport, these results indicate that non-con-
tact-inhibited endothelium near the edge of nonblue islands may trans-
port more lipid than normal endothelium. Perhaps in hyper-
cholesterolemic rabbits of Group II there is increased uptake of
cholesteryl ester by endothelium, leading to damage of endothelium and
loss of contact inhibiton. Such endothelial damage may then lead to in-
creased internalization of low-density lipoprotein. In any event, it is diffi-
cult to believe that any of these mechanisms would lead to increased
transport of lipoprotein as compared with adjacent de-endothelialized
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areas. Since endothelium has been shown to act as a barrier to the influx of
lipoprotein,47 it is conceivable that endothelium may also act as a barrier
for removal of lipid or lipoprotein. In the absence of endothelium there
may be increased efflux of lipid or lipoprotein from the de-endothelialized
areas. We know of no experiments where such luminal efflux of lipid has
been shown to occur, but we cannot rule out a contribution by this mech-
anism.

Alternatively, intima covered by endothelium may have significant
metabolic differences as compared with adjacent intima lacking an
endothelial cover. Preliminary results of other experiments from our labo-
ratory furnish morphometric and chemical evidence to indicate that there
are differences in the quantity and type of glycosaminoglycans in re-endo-
thelialized as compared with adjacent de-endothelialized areas.'7' 48 The
results of these experiments may be important to our understanding of the
role of endothelium in intimal lipid accumulation. Differences in the type
and quantity of glycosaminoglycans indicate that there are important dif-
ferences in the metabolism of connective tissue matrix proteins in re-
endothelialized as compared with adjacent de-endothelialized intima.
Synthesis of corneal glycosaminoglycans by corneal fibroblasts has been
found to be dependent on the presence of corneal endothelium or epithe-
lium in several species.4" There may also be differences in the metabo-
lism of other materials, eg, cholesterol and cholesteryl esters, that contrib-
ute to lipid accumulation in re-endothelialized areas. Sulfated
glycosaminoglycans have been shown to inhibit a variety of lysosomal en-
zymes isolated from leukocytes,5 54I spleen,55 and liver.' Since glycosami-
noglycans are internalized by cultured mammalian cells,57 in the in vivo
condition the lysosomal breakdown of endocytosed lipoprotein and cho-
lesteryl ester could be inhibited in areas containing increased quantities of
glycosaminoglycan, which is incorporated as a lipoprotein-glycosami-
noglycan complex or as free glycosaminoglycan.

Finally, there may be structural differences in re-endothelialized intima
as compared with de-endothelialized intima that are important in the in-
creased lipid accumulation in re-endothelialized areas. As noted above,
preliminary results of our experiments indicate that there are differences
in the quantity and type of glycosaminoglycans in re-endothelialized as
compared with adjacent de-endothelialized areas. Glycosaminoglycans
have been found to bind to low-density lipoproteins,58 and glycosamin-
oglycan-lipoprotein complexes have been isolated from atherosclerotic
arteries of humans and experimental animals.59'0 Hence, even though the
transport of lipoprotein into the de-endothelialized areas is as great or
greater than re-endothelialized areas, increased lipid may accumulate in
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the re-endothelialized areas as a result of increased quantities of glyco-
saminoglycans.

In re-endothelialized white zones of Group II rabbits, total aortic cho-
lesterol was strongly associated with serum cholesterol concentration. In
contrast, in adjacent de-endothelialized blue areas there was no correla-
tion over a range of serum cholesterol concentration of approximately 900
mg/100 ml. These findings suggest that the accumulation of intimal lipid
is not a simple matter of increased filtration of lipoprotein into the arterial
wall and therefore not a direct function of serum cholesterol concentra-
tion. Rather, they suggest that there are important characteristics of the
arterial intima that may determine whether or not accumulation of cho-
lesterol and cholesteryl ester occur. When accumulation of nonesterified
cholesterol and cholesteryl ester are considered separately, the results are
more complex. Accumulation of nonesterified cholesterol in re-endo-
thelialized white areas is significantly correlated with serum cholesterol
concentration in the thoracic segment only. In contrast, serum cholesterol
concentration correlated with accumulation of cholesteryl ester in the ab-
dominal segment but not the thoracic segment. These differences appear
to be highly significant and suggest that there may be important differ-
ences in the metabolism of cholesterol and cholesteryl ester in the abdom-
inal and thoracic segments of the aorta following injury. Similar differ-
ences, if present in human aortas, may be important to our understanding
of human atherosclerosis. Metabolic differences in the intima of thoracic
and abdominal segments of human aortas may explain the well-known ac-
centuation of atherosclerosis in the abdominal segment of human aortas.
Preliminary experiments in our laboratory have indicated that there is less
acid cholesteryl hydrolase activity in the abdominal aorta of rabbits as
compared with corresponding thoracic segments. This may explain the in-
creased deposition of esterified cholesterol in the abdominal aorta.6'
There were significant differences in the character and quantity of lipid

in re-endothelialized aortas of Groups I and II as compared with their re-
spective controls, Groups III and IV. Re-endothelialized areas of injured
aortas of normocholesterolemic rabbits of Group I contained significantly
increased quantities of cholesteryl ester, nonesterified fatty acid, and
squalene as compared with the uninjured aortas of untreated normocho-
lesterolemic rabbits of Group III. Re-endothelialized areas of injured
aortas of hypercholesterolemic rabbits of Group II contained significantly
increased quantities of all five lipid classes analyzed as compared with the
uninjured aortas of hypercholesterolemic rabbits of Group IV. Diet-in-
duced hypercholesterolemia was associated with accumulation of nones-
terified cholesterol, triacylglycerols, and squalene in the uninjured aortas
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of Group IV rabbits. Conceivably, the increased quantities of lipid in the
re-endothelialized areas of injured aGrtas of Group I and Group II rabbits
could result from one or more of the following: 1) increased transport
and/or binding of lipid or lipoprotein in the wall of the injured aorta as a
consequence of the injury and subsequent reparative changes; 2) increased
transport into the wall as a consequence of elevated serum cholesterol
concentration, since the serum cholesterol levels in both groups of rabbits
with injured aortas were significantly higher than their respective controls;
and 3) altered metabolism of lipoprotein and lipid, in particular choles-
terol and cholesteryl ester, by the wall of the injured aorta. Although we
do not have sufficient information to determine which of these possi-
bilities is of primary importance, some seem more likely than others.

In the instance of the rabbits with injured aortas that were fed lipid-
poor diets, there was a selective increase of cholesteryl ester, non-esteri-
fied fatty acids, and squalene in the re-endothelialized areas of the aorta.
It seems unlikely that this selective increase of these lipid classes could re-
sult from increased binding or transport of lipoproteins within the arterial
wall. With regard to increased transport, preliminary experiments of Ste-
merman et al indicate that there are minute foci of increased permeability
to horseradish peroxidase in re-endothelialized areas.62 However, these
findings would not appear to be pertinent, since there is no increase of any
lipid class in the de-endothelialized blue areas of normocholesterolemic
rabbits, even though these areas can be shown to be uniformly permeable
to horseradish peroxidase. The increase in serum cholesterol concentra-
tions of rabbits with injured aortas does not appear to explain the lipid ac-
cumulation in Group I rabbits, since the increases in serum cholesterol of
Group I as compared with Group III during the experimental period were
very modest. Moreover, diet-induced hypercholesterolemia alone (Group
IV) appears to be associated with increases in cholesterol, triacylglycerols,
and squalene, and not increased cholesteryl ester and nonesterified fatty
acids, as seen in Group I. These findings suggest the possibility that there
may be alterations of cholesterol and cholesteryl ester metabolism in the
intima of the re-endothelialized areas of Group I animals. Alternatively,
there may be a selective uptake of cholesteryl ester in the re-endo-
thelialized areas of the injured aorta. The results of the experiments of
Fielding et al suggest that there is nonsaturable uptake of chylomicron
cholesteryl ester by blood vessels of the rat heart.46 In this situation the in-
crease in nonesterified fatty acids could be secondary to the increase in
cholesteryl ester.

Previously injured aortas of hypercholesterolemic rabbits of Group II
showed an increase of all lipid classes, ie, nonesterified cholesterol, choles-
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teryl esters, triacylglycerols, nonesterified fatty acids, and squalene, as
compared with untreated controls. This increase contrasts with that seen
in Group I rabbits, which showed a selective increase of cholesteryl ester,
nonesterified fatty acids, and squalene as compared with untreated con-
trol animals, Group III, and animals fed egg-supplemented diet, Group
IV, which demonstrated an increase of nonesterified cholesterol, squalene,
and triacylglycerols as compared with untreated controls. As might be ex-
pected, aortas of these Group II rabbits showed an increase of both the
lipid classes that were associated with aortic injury and those associated
with diet-induced hypercholesterolemia. However, the degree of change
indicated a synergistic effect, since it is clearly greater than the additive
effect of either treatment alone. Such a synergistic effect could result from
accentuation of the mechanism(s) responsible for lipid accumulation fol-
lowing either treatment or could result from a new mechanism evoked by
their combined effect.
There is surprisingly little information on the correlation between arte-

rial lipid accumulation assessed by morphometric techniques and lipid
accumulation analyzed chemically. Such information is particularly im-
portant when morphometric techniques are necessary to quantitate vari-
ous materials present in segments of arterial tissue that are too small to
analyze chemically and samples that are highly nonhomogeneous, eg, non-
blue areas containing both white and gray zones as well as intima and me-
dia. In these experiments, we investigated the relationship between oil-
red-O-stained neutral lipid in the aortic wall and the amount of neutral
lipid assessed chemically ie, cholesteryl ester and triacylglycerols in the
white zones of nonblue areas of thoracic and abdominal segments of the
same rabbit. We were not able to demonstrate a significant relationship
between aortic lipid accumulation assessed chemically and that assessed
morphometrically, whether the intima alone or the intima and the media
were analyzed morphometrically. Scatter diagrams indicate that morpho-
metric assessment of lipid accumulation appeared to be insensitive to dif-
ferences in the higher concentrations of aortic lipid as compared with
chemical analysis. Thus, at relatively high concentrations morphometric
analysis of oil red 0 stains may not be useful. In this regard, it is inter-
esting that the basis for experiments reported here were studies in which
lipid accumulation was quantitated morphometrically. Although the pres-
ent experiments have provided new data that we could not obtain by
morphometric analysis, results of the chemical analysis in these experi-
ments have substantiated our previous findings in every respect.

In conclusion, the results of the experiments reported here indicate that
arterial injury and repair enhance accumulation of lipid in the arterial
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wall. The results provide quantitative chemical data to support our pre-
vious morphometric findings that neointima covered by regenerated en-
dothelium is more prone to accumulate lipid, demonstrated in these ex-
periments to be cholesterol and cholesteryl ester, than adjacent neointima
lacking endothelium. Finally, our findings suggest that the presence of en-
dothelium may evoke metabolic differences in the neointima that are im-
portant in intimal lipid accumulation.
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