J Korean Med Sci 2000; 15: 413-9
ISSN 1011-8934

Copyright @ The Korean Academy
of Medical Sciences

Chronological Effects of Atherogenic Diets on the Aorta, Liver and

Spleen of Rabbits

To investigate the temporal progression of atherogenesis on the aorta and
involvement of the monocyte-macrophage system in the liver and spleen, we
fed 74 rabbits with high fat (14 or 7 gm%) and cholesterol (2 and 1%) diets
for 4 to over 24 weeks. Using both light and electron microscopies, we found
that the fibro-fatty areas on the luminal surface of aortas was spread over along
the feeding time dependently. The fat deposits also in the liver and spleen
worsened depending on the time of feeding the atherogenic diets. Not only
monocyte-derived foam cells, but also parenchymatous cells in the liver and
spleen involved become fat-laden cells. According to these results, we propose
that there are three stages: 1) the primary seeding, 2) the intermediate maturing
and 3) the advanced periods. These periods may play very important roles in
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INTRODUCTION

In the literature, there are a large number of biochem-
ical studies that link dietary fats with regulation of plas-
ma cholesterol levels as a risk factor of atherosclerosis
development in animal models (1-3). Furthermore, it has
been known experimentally that only one shot of ather-
ogenic diets can not produce ahetosclerotic plaques, and
it takes some time of feeding for least 4 to 12 weeks
depending on the species and diet formulas to produce
the plaques (4, 5). We investigated dietary effects of high
fat contents in the chow fed to white rabbits to induce
atherosclerosis (6). From a seties of studies using high fat
and 2% or 1% cholesterol diets, we observed not only
development of aortic lesions, but also involvement of the
monocyte-mactophage system with fatty infilcrations in
the liver and spleen (7). However, there is yet no infor-
mation which describes hepato-splenic involvement in
atherogenesis, and it is monocyte-macrophages which are
considered to be one of the major culprits in altering the
intimal surface of the aorta vulnerable to induce athero-
sclerotic plaques (8-10). As our previous studies wete
limited to only 4 weeks of feeding with 2% cholestetol
and 14 g% fat diets (6), we were intetested in if hepato-
splenic lesions vary along with the advancement of ath-
erosclerotic plaques ot stay the same with progtress of
atherogenesis on the aortic endothelium for over 6
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months of feeding with the same diets.

In this study, our objectives were to observe: 1) how
fatty streaks of aortic walls develop temporally, 2) how
hepatic structures ate involved, 3) how spleen can con-
tribute in terms of monocytes infiltration duting feeding
the animals with both high fat and cholesterol-diets.

We report the existence of three temporal stages for
experimental rabbits to develop atherosclerosis on the
lumenal sutface of aorta. They ate also in correlation with
different stages of hepato-splenic involvements simulta-
neously.

MATERIALS AND METHODS

We randomly chose 94 white rabbits with body
weights around 1.0 kg. As soon as possible from groups
of the same litters to form 20 controls and 74 subject
animals. The total number of rabbits are listed in Table
1, which also shows feeding methods and the time
schedules to sactifice the animals. The high fat diet
contained 14% fat, 9% protein and 66% catbohydrate
with 1.7% Na*, and 0.036% Ca’" (the rest of chow was
vegetable fibers).

After feeding at a certain petiod in the schedule, the
animals wete lightly anesthetized using intraperitoneal
injection of ketamine and the abdominal cavity was open
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Table 1. Number of experimental animals in each group during different feeding periods

Diets Periods 0 4 weeks 6 weeks 12 weeks 24 weeks and over
14 g% fat 12 12

7 g% fat 6 12 6

Control 10

2% cholesterol 6

1% cholesterol 4 6 4

Control 10

Total 20 18 10 18 28

to reveal the liver and spleen, and then the aorta was
cut open to search for intimal elevations both of fatty
and fibrotic plaques. Unclear or invisible lesions wete
stained with either Sudan III or Oil-red-O to confirm
that the elevated lesions were fibro-fatty plaques. Pieces
of the liver, spleen and aorta were fixed in 2.5% glu-
taraldehyde or 10% buffered formaldehyde solutions for
histological sections. The mictotome-cut thin sections
were stained with hematoxylin and eosin (H&E). Mason’s
and/ot Gomoti trichrome, aldehyde fucshin and Van
Gieson’s connective tissue stains to obsetve the condition
of elastin and collagen fibers in the aortic wall and small
vessels in the parenchyma of both spleen and liver. The
histological sections were observed with Olympus light
mictoscope at magnifications ranging from X40 to
X 200.

For transmission electron microscopy (TEM), we fixed
the specimens in 2.5% glutaraldehyde buffered with 0.1
M phosphate solution (pH 7.2), and rinsed 3 times with
the same phosphate buffered solution. Then they were
treated with 1% OsQs, washed with distilled water 3
times. The specimens were progtessively dehydrated
through stronger concentrations of ethyl alcohol from
50% to 98% and 100% propylene oxide. After embed-
ding in Epon 812, and stained with uranyl acetate and
lead citrate, the specimens were observed with Hitachi
TEM apparatus (model No. H7100), with magnifications
up o X4,000.

RESULTS

Of the total 94 experimental rabbits presented in
Table 1, 72 aortas (97%) showed marked fibro-fatty
streaks except for 20 controls. Only 2 rabbits (9%),
which were fed for only 4 weeks from the 14 g% fat
group, showed weak reactions for fat streak on the en-
dothelial surface of the aotta. After 6 weeks and there-
after, 100% of the rabbits fed with both fat ot cholesterol
diets had rematkable atherosclerotic plaques on the
luminal sutface of aortas. The edge between elevated
plaques and the healthy-looking endothelium was cut to

show any initial stages of atherogenesis in the aortic wall.
Fig. 1 is the result of histological observations obtained
from one of them. The observations tepresent elastolytic
like pictutes of the intimal elastin layers after 6 weeks
on 2% cholesterol or 12 weeks on 7 g% fat diet. In this
picture, the number of medial laminar unit (MLU) of
central part is teduced from 28 to 24 or 20 and frag-
mentation of the elastic layers can be observed. A few
places in the subendothelial space appeated to be empty,
possibly occupied by fat deposits ot foam cells. Also,
thete is a large gap due to accumulation of collagen fibets
between IEL and the subendothelial space.

Tracing of the fatty streaks are obvious which are
redrawn in Fig. 2 from the aortas that represent different
petiods of feeding from A, B, to C. Period ‘A’ is
obtained from the 4-week group (2% cholesterol or 14
g% fat) and G-week group (1% cholesterol or 7 g%
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Fig. 1. A cross section of an aortic wall taken from a rabbit
after 6 weeks on a 2% cholesterol or 14 g% fat diet. The section
was stained with aldehyde fucshin (X200). The edge between
elevated plagues and the healthy-looking endothelium was cut
to show any initial stages of atherogenesis in the aortic wall.
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Aorta

Fig. 2. A schematic diagram of atherosclerctic development on the lumenal surface of rabbit aorta, from A, B, to C. A is at the
primary seeding period, B is at the intermediate and C at the advanced period. See text (X2.0).
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Fig. 3. A: A section of a liver taken from a rabbit after 4 weeks
on a 14 g% fat diet. The portal areas begin to show fatty in-
filtration but not as much as in B and C (H&E, X100). B: A
section of a liver from another rabbit fed 2% cholesterol for over
24 weeks (H&E, x100). C: A section of a liver after 24 weeks
on a 14 g% fat diet (H&E, X200). Remarkable fatty changes

are clear through parenchymatous cells.

fat), while ‘B’ is from the 6-to-12-week group and ‘C’ from the downstream edge of the arterial orifices, some-
times accompanied with fine streaks of fatty lesions. The

is from the over-24-week group. Fatty infiltration began
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Fig. 4. Histological sections of spleens from rabbits fed with different schedules. A: Splenic red pulp is invaded by many foam
cells at the 4th week of high fat or 2% cholesterol diets (H&E, X 40). B: A section of spleen taken from a rabbit fed with 14
g% fat meal for over 24 weeks shows almost the same degree of fatty changes as shown in the liver (Fig. 3C) (H&E, x200).

first 4 weeks may be needed as a ptimary seeding stage
for the atherosclerotic plaque formation. Then the fat
deposits spread over the orifices and surround the whole
areas (B). Eventually, the lesion fuse together, surround-
ing two orifices at the same time (C) at over 6 months
of feeding.

Regarding the hepato-splenic lesions, progtessively
worsening pictutes were observed from 4 weeks of feed-
ing to 6-month experiments. Within 4 weeks of feeding,
the liver and spleen started to show spotty yellowish
speckles, and later patchy, fatty patts appeared on the
sutface and capsules of the organs. Under low-power
light mictoscopy, only fat-laden monocytic macrophages
appeated around pottal areas at the 4th week, but later
with feeding of 6 months, the lesions both in the liver
and spleen also developed rematkably larger areas of fat
deposits in the hepatic cords and parenchymatous cells.

Fig. 3 depicts the livers of rabbits fed from 4 weeks
to 6 months. Hydropic changes together with many
foam cells differentiated from the monocyte-macrophage
systems can easily be noticed in these sections. At the
last stages of feeding, the liver takes on a cobble stone
appearance (Fig. 3B).

Histological sections of the spleens (Fig. 4) also showed
many foam cells that seemed to be developed from his-
tiocytes, monocytes and other white blood cells, starting
from the red pulp and near the peripheral zone of white
pulp. From obsetvations of the present studies, it is not
possible for us to discern the types of white blood cells
which they otiginated from.

Fig. 5 show not only the distinct pictutes of invasion
of foam cells in the hepatic cord in both light mictoscopy
and transmission electron microscopy, but also ptesence
of fat vacuoles in the hepatic cord cells. Fig. SA, magni-
fied to X2,000 using TEM (see methods), shows red
blood cells on the right side of the picture; most of cells
including hepatic cells contained fat vacuoles. Fig. 5B,
which was taken at X 4,000 magnification shows round
fat vacuoles of vatious sizes, which may give the impres-
sion of successive, and temporal fat ingestion pinocytosed
by hepatic cells. In Fig. 5B, it is clear that the vacuoles
numbeted over 50, and the sizes atre varied between 0.5
to 5 uM in diameters.

These histopathological sections cleatly showed some
degtees of progression from light lesions to worse lesions
according to petiods of feeding, which indicates thete
must be a dose-response relationship between the devel-
opment of atherosclerosis and the quantity of fat or
cholesterol fed to the rabbits. This can be interpteted as
relation functions between the severity of atherosclerotic
lesions and petiod of feeding, or in other words, the
amount of fat or cholesterol ingested.

DISCUSSION

It may be impossible to trace the temporal develop-
ment of atherosclerotic plaques in vivo, because we do
not have the right tool to quantify the sequential areas
of fibro-fatty lesions on the endothelial sutfaces of aortas
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Fig. 5. A: A section of the liver from a rabbit which had been fed for over 6 months with 2% cholesterol diet was observed with
TEM (see text), showing prominent fatty droplets in the cytoplasm of the hepatic cells (X 2,000). B: The same section was magnified
to X4,000 to show clearly the state of fat vacuoles inside the cytoplasm of the liver cell.

at this time. Kratky et al. (11) fed 50 rabbits for over
6 to 10 months and tried to establish quantitatively the
relationship between time and amount of lesions. Davies
et al. (12) also studied the temporal sequence of G-
protein expression in intimal hyperplasia. Yet theit stud-
ies were also limited in explaining the continuity of ath-
erogenetic changes. To elucidate pathophysiologically the
petiodic stages of atherogenesis, it is requited to obsetve
temporally the progress and regress of atherosclerotic
procedutes in vivo.

Though most investigators have been successful in
inducing atherosclerotic plaques in animal studies (11,
13, 14), yet, sometimes, depending on the specific spe-
cies, even on the same dietary tegimes, they may not
always show the classical atherosclerotic plaques. Thete
can be many reasons why in individual animals the quan-
tity ot quality of stress they receive during the expet-
iment may not be exact, thus different result for ather-
ogenesis. Another teason may be that metabolic re-
sponses of individual animals fed with high fat diets or
cholesterol-2 or 1% in the diets ate not always the same
as expected from feeding with atherogenic diets. Thete
is not a standard method yet known to induce ath-
erogenesis in animal expetriments except the wotk of
Kolodgie et al. (4).

In the present study, we attempted to establish peri-
odical observations of atherogenesis, especially in expet-
iments, using tabbits. When the rabbits were fed for 4
to 6 weeks, the body weights were under 1.0 kg, we
assurmed they did not yet reach puberty, which is equiv-

alent to 15 years old ot younger in human terms. If we
extend the feeding petiod to over 6 months, the rabbits
wete all full-grown adults in human terms. Fig. 2 shows
stage A, or feed for 4 weeks. We designate “A” as the
ptimaty seeding petriod when fatty streaks start to build
up on the luminal surface of aortas. The next stage “B”
between 4 weeks and 24 weeks, we propose as the intet-
mediate and maturing petiod for atherogenesis, and the
last stage “C” after 6 months of feeding is the advanced
petiod. These stages ate outr own arbitraty designations,
but except for in vitro, as in clinical situations, these
designations can help investigators to obsetve patients ot
subject animals without open surgery. Another reason for
the designation is to standardize the experimental meth-
ods, and depending on the designs and objectives of
investigations, the researchers may choose the time peri-
ods of feeding. If anyone seeks to study the reversible
progtess of atherosclerosis, the primaty seeding or intet-
mediate stages are recommended over the advance stage.
Pleomorphic lesions, traditional fibro-fatty invasion of
the intimal surfaces, appearing as atherosclerotic plaques
are not necessarily the only pathological condition (15-
19). Our obsetvations revealed sometimes either facty
streaks only, or fibrous elevation of the intimal surface,
especially at the downstream edge of the ostia of small
arterial branches like intercostal and lumbar arteties.
At present, the mechanism of fatty accumulation can
be explained by two different views: 1) formation of foam
cells derived from the monocyte-mactophage system
(8-10) and 2) fatty infileration directly into extracellular
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matrix of vascular walls by diffusion due to changes of
shear stress (20-25) under hypercholesterolemia. The
monocyte-detived foam cells had been studied well, and
due to atherogenic diets monocytopenia develops in the
petipheral blood (7), while the membranes of monocytes
in adipose tissue and spleen which strongly reveal PPAR-
gamma (peroxisome proliferator-activated receptot-gam-
ma) which stores fat droplets in the cytoplasm of cells
(26). The finding of fat lesions in the liver and spleen
is not sutptising (27-28), if we consider the liver as the
exclusive organ for lipid metabolism by which chylo-
mictons and VLDL (very low density lipoproteins) ot
LDL (loe density lipoproteins) can be converted to HDL
(high density lipoproteins). It is arguable that plaques are
formed after foam cells invade, elastases excreted, fol-
lowed by elastin being destroyed, and the proliferation
of vascular smooth muscle cells. However, according to
our present tesults, we can not clatify the sequences
developing in the process of dietary-induced atheto-
genesis in rabbits in terms of the above steps like the
chicken and egg analogy.

During aging and senescence for over 6 months of
feeding, the aorta becomes stiffer and its elasticity is
reduced (29-31). This stiffness cause hypertension at the
same time with improper function of the liver, and the
unbalanced monocyte-macrophage system with hypert-
active cytokines also lead to the inducement of ather-
osclerosis in the later stage of experiments, as reported
in the rat model (32,33). It is also possible that the
aging process along with hypercholesterolemia may en-
hance atherogenesis under stress conditions.

As of yet it is very difficule to match the degree of
atherosclerotic involvement in the aorta with the fatty
lesions of hepato-splenic progress. But it is plausible that
wax-wane progression and regress can occur at the same
time both in the aorta, liver and spleen within the three
different stages.
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