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Abstract Both cellular cholesterol metabolism imbalance and apoptosis are related to the development of atherosclerosis.
To investigate the relationship between the cellular cholesterol metabolism and apoptoesis, the porcine aortic smooth muscle
cells were cultured with medium 199 containing 15 mg/ L oxidized low density lipoprotein ( Ox-LDL) for 72 h, the ratio
of cellular cholesteryl ester to total cholesterol increased from 26. 2% to 64. 1%, and Ox-LDL induced accumulation of
cellular cholesteryl ester in a concentration dependent manner in the cells. It indicated that the vascular smooth muscle
cells had transformed to foam cells. In addition, cells incubated with oxidized low density lipoprotein had characteristic of
apoptosis, as determined by fluorescence microscope, laser scanning confocal microscope and flow cytometry. From this

findings, it was speculated that the induction of apoptosis may be related to the raise of the ratio of cellular cholesteryl

ester to total cholesterol besides oxidation of low density lipoprotein in vascular smooth muscle cells.

Key words oxidized low density lipoprotein, cholesteryl ester, apoptosis, vascular smooth muscle cells, atherosclerosis

The foam cells found in the atherosclerotic
plaques are derived from blood-born monocytes or
vascular smooth muscle cells ( VSMCs) that have
taken on many of the properties of macrophage. The
hallmark of these cells is their high cholesteryl ester
content ( 250% of total cellular cholesterol)!"?.
The role of oxidized low density lipoprotein ( Ox-
LDL) in atherosclerosis has been documented 34

Han et al." examined 35 human atherosclerotic
lesion samples and identified a substantial number of
cells undergoing apoptosis in 25 of the samples.
Immunostaining with celktypespecific markers on
the samples revealed that the majority of the apoptotic
cells were modulated smooth muscle cells as well as
macrophages. It was concluded that apoptosis may
have an important role in determining the course of
atherogenesis.

In the current experiments, we cultured the
porcine aortic smooth muscle cells with Ox-LDL to
explore the relationship between accumulation of
cellular cholesteryl ester and apoptosis of VSMCs by
analyzing the cellular cholesteryl ester ( CE) and
morphological changes.

1 Material and Methods

1.1 Materials

Colchicine, Ethidium RNase A,
Trypsin and Hoechst33342 were purchased from
Sigma ( St. Louis, MO). Fetal bovine serum ( FBS)

and Medium 199 were from Gibco ( Grand Island

Bromide,

Biological, Grand Island, NY). Folinr phenol reagent
China).

Cellular total cholesterol kit and free cholesterol kit

was from Beijing Honest Co. ( Beijing,

were from Beijing Chemicals Factory ( Beijing,
China) .
1.2 Cell culture

VSMCs were obtained by an explant method
from the porcine aorta. The media were carefully
removed and cut into 1 mm?® sections, then were
transferred into tissue culture bottles. The culture
of Medium 199,
(penicillin 100 U/ ml, streptomycin 100 mg/ L) and
10% ( v/v) heat-inactivated FCS. Cells migrating
from the tissue culture bottles incubated at 37 C in a
humidified incubator (95% air-5% CO; atmosphere)

were trypsinized and

medium consisted antibiotics

subcultured by repeated
passages. VSMCs of 5~ 10 passages were used for
experiments.
1.3 TIsolation of LDL

Blood from healthy volunteers was collected in
tubes and centrifuged at 5 000 r/ min for 30 min at
10 C to remove formed elements. LDL(d= 1.018~
1. 063) was isolated by sequential ultracentrifugation
of plasma according to the method of Havel et al'®.
The protein concentration of freshly dialyzed LDL
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was determined by the method of Lowry et all”
using bovine serum albumin as the standard. Unless
otherwise stated, each concentration of lipoprotein in
the paper refer to the concentration of its protein.
LDL were stored in the dark at 4 'C and used within 3
weeks.

1.4 Preparation of Ox LDL

Ox-LDL was produced by incubating LDL
[ m(protein)/ v= 168 mg/ L, m ( cholesterol)/ v =
30 mg/ L] in PBS containing 10 Hmol/ L. CuSOy4 for
12 h at 37°C and then stopping the oxidation with
40 bmol/ L. BHT and 20 Hmol/L EDTA. The
samples were then dialyzed against three changes of
PBS containing 0. 01% EDTA for 24 h.
1.5 MDA content of LDL and Ox- LDL

T he lipid peroxide content of LDL and Ox-LDL
was measured by a modification of the thiobarbituric
acidtreacting substances ( TBARS) assay of Yagil®l.
The average TBARS value of the n ( Ox-LDL)/
m ( cholesterol) and n ( LDL)/ m ( cholesterd) were
17.2 Bmol/ g and 1. 5 Emol/ g, respectively.
1. 6 Experimental groups

There were three groups in the experiment.
VSMCs in control group were cultured in normal
medium as previously described; Ox-LDL group was
cultured in normal medium plus with 15 mg/ L of Ox-
LDL for 72 h. VSMCs in Col group were first
incubted with 15 mg/L Ox-LDL for 72 h and then
treated by Ox-LDL plus 10 Pmol/L colchicine for
another 24 h.
1.7 Cellular total cholesterol, free cholesterol and
cholesteryl ester determination

The cells treated as above were dissociated with
centrifugation

trypsin, then were collected by

(1000 r/ min,

washed once with 2 ml of phosphate bufferd saline.

10 min, room temperature) and

After recentrifugation (1 000 r/min, 10 min, room
temperature), the supernatant fraction was removed.
100 Hl of 0. 1 mol/ L. NaOH and 100 HI of isopropanol
were added to the remained cellular component, and
the cells were sonicated for 5 min. After centrifugation
(1 000 1t/ min. 10 min. room temperature) . cellular total
cholesterol and free cholesterol was measured by 50 Bl of
the supernatant respectively using purchased Kkit.
Cholesteryl ester was determined by the difference of total
cholesterol and free cholesterol. The protein content of
cells was determined from the pellet by the procedure of
Lowry.

1.8 Detection of apopotosis by fluorescence
microscope and laser scanning confocal microscope
33342 in PBS

(2 mmol/ L) was prepared and stored avoid of light.

Stock solutions of Hoechst
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VSM Cs were seeded on 24-hole culture plates with a
slide in every hole. After treatment, the dye was
then added directly to the preparation to effect a
10 Emol/ L. dilution final concentration and the
preparation was incubated for 15 min at 37 'C. Then
the medium was changed with suspension medium
which is free of serum. The slides were removed from
the culture plate and washed with PBS for two times.
The slides, were put into acetone for 2 s, then fixed
at carrier slides with colourless nail enamel. The
U V-visible
fluorescence microscope ( Nicon Co. Japan) and laser

preparations were analyzed with
scanning confocal microscope ( LSCM) ( Opton Co.
Germany) .

1.9 Flow cytometric analysis

Exponentially growing VSM Cs were synchronized to
Go phase by removing serum and replenishing!?. Cells
were maintamed in Medium 199 with 1% serum for
2 days and were refected with complete medium.

For flow cytometric analysis of DNA content,
Cells (1 x 100~ 2 x 106] which had been treated as
described in section 1. 4 were fixed in 70% ethanol at
4°C for 24 h. The fixed cells were treated with 1 g/ L
RNase A in PBS for 30 min at 37 C and then placed
in an ice bath to stop the reaction. The cells were
stained with 5 g/L ethidium bromide at 0°C for
30 min in the dark. The samples were analyzed by
FACS402 ( Becton Dickinson Co.). For each sample,
10 000 cells in the gate region ( the distribution region
of cycling cells ) were collected for data analysis and
repeated three times.

1.10 Statistical analysis

Data are presented as x *s. Significance at the
P< 0.05 level was determined, where applicable, by
the student’'s t-test.

2 Results

2.1 Cholesteryl ester accumulation in VSMCs

Addition of different concentrations of Ox-LDL
to the culture medium of VSMCs for 72 h, The
content of cellular total cholesterol, free cholesterol
and cholesteryl ester were gradually increasing. As
shown in Figure 1, the ratio of cholesteryl ester to
total cholesterol ( CE/TC) was
increasing. At an approximate Ox- LDL concentration
of 12 mg/L, the ratio was 50%. When the
concentration of Ox-LDL was 15 mg/L, CE/TC had
been close to maxima (64. 1%).

also gradually

When adding 15 mg/ L. Ox-LDL to medium for
72 h. The ratio of CE/TC of Ox-LDL group
increased significantly ( P < 0.05) as compared to
control group (Table 1).
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Fig. 1 Effect of accumulation of cholesteryl ester in VSMCs
by Ox LDL
VSMCs were incubated with various concentration of Ox- LDL for 72 h.
Cellular total cholesterol and cholesteryl ester were determined as

described in methods. x X35, n= 10,

Table 1 Ratio of cholesteryl ester to total cholesterol in
VSMCs incubated with Ox LDL

Group TC FC CE CE/TC( %)

control 171.9£10. 1 126.6x3.6 45.1+£2.9 26.2%].2

Ox-LDL 292.3+8.5 105.0%17.1 187.3%£9.2 64. 1£1. 4"

Values are expressed as ¥ s, n= 10. * P< 0.05 vs. control group.

Finally, we attempted to analyze the time course
of CE/TC in VSMCs incubated with Ox-LDL. When
VSMCs incubated with 15 mg/L of Ox-LDL for
different incubation time, significant CE/TC in Ox-
LDL group was observed after 48 h of incubation and
the value was more than 50% ( Figure 2). The
number of death cells increased rapidly after 96 h and
the variance of the ratio of CE/TC was much greater.

80 F

CE/TC(%)

24 48 72 9%
¢ (incubation) /h
Fig. 2 Time course of CE/ TC in VSMCs incubated with
Ox LDL

VSM Cs were incubated with 15 mg/ L of Ox-LDL for different space.
The results are expressed as x s, n= 10, " P< 0.05 when compared

to incubation without Ox-LDL. < <1 control; e e: Ox-LDL.

2.2 Morphological changes of apoptotic cells
The nuclear events of apoptosis begin with collapse of
the chromatin against the nuclear periphery and into one
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or a few large clumps within the nucleus '’

. The nuclear
envelope remains morphologically intact. The chromatin
becomes progressively more condensed, eventually
adopting one of several characteristic morphologies. In
many cases the entire nucleus condenses into a single dense
ball, whereas in others the chromatin buds outward into

smaller balls resembling acluster of grapes, with each

“grape’ surrounded by nuclear envelope. In yet other

cases, the chromatin adopts a striking halfmoon
morphology as it condenses against only one side of the
nucleus. Whatever the specific pattern, the final level of
condensation is dramatic, apparently exceeding even that
seen at mitosis.

Hoechst 33342 has been widely used in the past
as an intravital fluorescent stain which will allow
separation of cells on the basis of their DNA content

and which is not deleterious to the cells

1]

themselves' "', This fluorescent stain is known not to

intercalate in the DNA helix and to preferentially bind
to AT-rich regions in the DNAI'?I

Cells were stained intravitally with the DNA
dyes Hoechst 33342 as described previously. Under
ultraviolet ( UV) 330 ~
380 nm; Au> 430 nm), cells emit blue fluorescence
due to Hoechst 33342. Apoptotic cells can be

distinguished by their nuclear morphology with

eprillumination ( A.,

nuclear condensation and fragmentation, as well as by
the higher intensity of blue fluorescence of the nuclei.
As seen in Figure 3, the chromatin of the nuclei in
control group cell was uniform. The margin of nuclei
was smooth. The chromatin in Ox-LDL group had
condensed and there were some dense gobbets in the
nucleus. Colchicine, as a positive drug, made the
cells apoptosis apparently!". The chromatin in Col
group intensively condensed and the margin of nuclei
was very rough.

Confocal microscopy produces “optical sections"
through semitransparent tissue without the need for
cutting thin slices. It eliminates the blur and flare of out-
of-focus planes in an object, has improved axial resolution
that enables accurate three dimensional reconstruction,
and has rapid speed of image acquisition. In addition,
LSCM images had a better resolution and allowed
individual nuclei to be more clearly defined. With LSCM,
we could see the chromatin in control group being
distributed equably ( Figure 4). To cutting the Ox- LDL
group cells, we attained 9 “optical sections". Figure 4b
was the photo of the third section. There were some
chromatin mass which was not near margin of the nuclear
envelope ( marked with “+ ") in nucleus. The nucleus in
the Col group had large chromatin mass and progressively
shrank.
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Fig. 3 Detection of apoptosis induced by Ox LDL in VSMCs

(a) Control group: (b) Ox-LDL group: (¢} Col group. After treatment as described in methods, cells were stained with Hoechst 33342 and

photographed under fluorescence microscopy using Kodak type 100 film (bar= 100 Em). Apoptotic cells show condensation of chromatin in nucleus.
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Fig. 4 Detection of apoptosis induced by Ox LDL in VSMCs

(a) Control group: (b) Ox-LDL group: (¢) Col group. After treatment as described in methods, cells were stained with Hoechst 33342 and

photographed under LSCM using Kodak type 100 film (bar= 25 Bm). Apoptotic cells show condensation of chromatin in nucleus.

2.3 Changes of DNA content
To further confirm that Ox-LDL
apoptosis of VSMCs, the cell DNA content was

induced

assessed by flow cytometry. Ox-LDL treatment was
associated with the appearance of a cell population
with a reduced DNA content ( hypodiploid), usually
referred to as sub Gy or Ap, characteristic of apoptosis
( Figure 5). Most dramatic reductions of DNA
content were evident in floating cells ( not shown),
reflecting the effects of chromatin fragmentation. In
Figure 5, horizontal axis represents relative DNA
content and vertical axis represents cell number. The
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Fig. 5 DNA histogram of VSMCs
{a) Control group; (h) OxLDL zroup; (¢} Col group. Horizontal axis
represents relative content of DNA. Vertical axis represents cell
number. Ap peak which is characteristic of apoptosis mirrors the effects

on chromatin fragmentation.

result from control group was shown in Figure Sa.
The first peak (broken line) shows G1 phase and the
second peak shows G2+ M phase. S phase can be
seen between the first and the second peak. The ratio
of apoptotic cells ( apoptotic cell number/total cell
number) was 1.2% . There was a low Ap peak in
Ox-LDL group ( Figure 5b) and the ratio of apoptotic
cells was 17. 6% . But the Ap peak in Col group was
very high and the ratio of apoptotic cells was 62. 3% .
There were a few cells in other cell cycles phases.
The ratio of apoptotic cells of Ox-LDL group and Col
group increased significantly ( P< 0.05) as compared
to control group.

3 Discussion

The cells of the arterial wall were shown to contain
lipoprotein lipase, cholesterol esterase, phospholipase As,
phospholipase C, phospholipase D and also lipoxygenase.
It had been demonstrated that LDL, the major cholesterol
carrier in human plasma, can be modified by enzymatic

[14]

as well as by nonenzymatic processes and the

atherogenicity of LDL could be attributed to these
modifications, especially oxidized modification. The
atherosclerosis  contain

early lesion in  human

monocyte derived macrophages which accumulate
cholesterol mostly from plasma LDL. The native
LDL has to undergo some modification in order to
contribute to macrophage cholesterol accumulation

[15]

in vitro Whereas macrophages predominate in



2002; 29 (2) M FESE B ER

the early lesion, in the advanced atherosclerotic
plaque, arterial smooth muscle cells play a major role
by their proliferation, migration and cholesterol
accumulation. In the advanced atherosclerotic lesion,
cholesterol accumulates not only in macrophages, but
also in arterial smooth muscle cell and thus
contributes to the formation of the complicated
fibrous plaque. In our experiments, when VSMCs
incubated with native LDL, the ratio of cellular CE/
TC increased from 26.2% to 30. 1%, but the total
cholesterol did not increase obviously which was
consistent with the previous reports, it may be the
reaction of porcine vascular smooth muscle cells to
LDL being different from the other cells. However,
when the cells incubated with Ox-LDL, the ratio of
CE/TC could increased from 26.2% to 64. 1% and
the total cholesterol increased obviously. Foam cells
mainly derived from

in atherosclerotic plaques

macrophages and arterial smooth muscle cells.
Compared with original cells, the hallmark in foam
cell was the accumulation of cholesteryl ester.
Apparently, the VSMCs incubating with Ox-LDL
had translated to foam cell.

I demonstrated that

Ox-LDL and

increased in

Escargueit Blanc et al.!'®
apoptosis could been induced by

accompanied with cellular calcium
lymphoblastoid cells. de Bono et al.!' also reported
that hydrogen peroxide caused bovine endothelial cells

I found that apoptotic

apopotosis. Geng et al.!'
vascular smooth muscle cells in advanced human
atheroma, mostly located in the fibrous cap of plaque.
All of these findings confirmed the importance of
apoptosis in atherogenesis and injury of blood vessels.

Apoptosis has been characterized biochemically
by activation of an endonuclease that cleaves the DNA
of the cell at the linker regions betw een nucleosomes,
yielding small doublestranded fragments of DNA
180 bp to 200 bp long. These fragments can be
visualized as a series of bands ( “DNA ladder") by
agarose gel electrophoresis; such a ladder pattern has
in fact been regarded as the most characteristic

hallmark for Several

however, have now established that the classic DNA

apoptosis. laboratories,

ladder may be delayed or absent in cell death that

[19~21] .

appears by other criteria to be apoptotic
our experiments, we did not find the “DNA ladder"
(data not shown).

Observing nuclear changes in apoptosis is a more
reliable method, but its sensitivity for detecting
apoptotic cells is very low. In current study paper,
apoptotic VSMCs were identified by fluorescence
microscope, LSCM and flow cytometry for improving

the sensitivity. The result showed typical nuclear
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changes in apoptosis of VSM Cs induced by Ox-LDL.
Especially, with LSCM, we could see the changes of
nucleus from the collapse of chromatin against the
nuclear periphery, a few large clumps within the
nucleus to the dense ball. Analysis by flow
cytometry, apoptotic cells number was related to the
height of Ap peak. As shown in Figure 5, Ox-LDL
apparently induced VSM Cs apoptosis.

Apoptosis can be triggered by various stress
ionizing and UV

shock, and

exposure to hydrogen peroxide. In recent years, the

agents, including cytokines,

radiation, anticancer drugs, heat
fashionable mechanism of apoptosis is about the
changes of gene, cellular calcium ion and proteinase,

y -
1221 studied the

but it was not clear. Bennett et al.
human vascular smooth muscle cells derived from
coronary plaques and normal coronary arteries. Their
data confirmed that in apoptotic cells derived from
coronary plaques were easier to be induced than that
from normal coronary arteries. In addition, the
expression of bek2 was not different. In 2000, Yin
et al .'®! discovered that cholesterol oxides, but not
cholesterol, were found to inhibit proliferation and
induce apoptosis of vascular smooth muscle cells in
tissue culture. In the current experiments, oxidation of
LDL may be one of the causes for apoptosis, but we
speculate the more important cause may be related to the
cholesteryl ester loading to cells, since in foam cell
formation was the elevation of cholesterol ester. Many
enzymes of hydrolysis and re esterification of cholerseryl
ester (e. g. acylCoA: cholesterol acyltranferase, and
neutral cholesteryl ester hydrolase) may involved in this
process. From the results, we speculate that the apoptosis
induced by Ox-LDL in VSMCs be triggered by some
enzymes in cholesterol metabolism, but this needs to be
confirmed and investigated in further studies.
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