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Tumor Necrosis Factor-AlphaInduced VCAM-| Expression is
Inhibited by High Density Lipoprotein in Human Astroglioma Cells
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Abstract : Astrocytes, the major glia cells in the central nervous system (CNS), can express vascular cell adhesion
molecule-1(VCAM-1) in response to cytokines, such as TNF-o.. In CNS, an increased VCAM-1 expression may contri-
bute to inflammatory processes. We, in the present study, have examined the effect of human plasma High Density Lipo-
proteins (HDL) and other lipoproteins on VCAM-1 expression in astroglioma cells since astrocytes secrete HDL-like
lipoprotein particles which contain apo E and cholesterol, phospholipid. The exposure of astroglioma cells to the major
plasma lipoprotein fractions(VLDL, LDL and HDL) had no effect on the VCAM-1 expression. However, TNF-a-induced
VCAM-| wasinhibited by HDL in a dose-dependent manner, but not by VLDL or LDL. The inhibitory effect of HDL on
TNF-a-induced VCAM-| was reversed by the inclusion of Apo A-I antibody, the major apolipoprotein of HDL, demon-
strating the specificity of this response. Reconstituted HDL (discoidal complex of apo HDL and DMPC), but not apo HDL
or DMPC, was effective in suppressing the VCAM-1 expression. RNase protection assay (RPA) revealed that TNF-o-
induced VCAM-I mRNA expression was markedly inhibited by HDL (500 ng cholesterol/mL). These results indicate
that HDL-like particles in the CNS may function as an immunosuppressive molecule in pathologic conditions of CNS.
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Introduction

Cell adhesion plays akey role in anumber of diverse
biological processes such as acute and chronic inflam-
mation, autoimmune diseases, and atherosclerosis(Be-
vilacqua et al. 1994). Specific cellular interactions in
these disease processes are mediated by adhesion mol-
ecules, a family of proteins that bind specifically to
complementary adhesion molecules on other cells.

Astrocytes are the resident glial cells in the CNS
that support brain capillary endothelium, and are in
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intimate contact with brain endothelial cells via peri-
vascular end-feet, and can modulate the endothelial
function in response to external stimuli (Hurwitz et al.
1993). Exposure of astrocytes to inflammatory cyto-
kines, such as TNF-a, IL-If, and IFN-y, induce the
expression of adhesion molecules such as VCAM-1,
ICAM-1 (Shrikant et al. 1994, Rosenman et a. 1995).
These adhesion molecules are increased in the CNS
particularly during times of inflammation and are thou-
ght to contribute to extravasation of leukocytes across
the blood-brain barrier (BBB) and into CNS parenchy-
ma(Cannellaand Raine 1995). In disease states, ICAM
-1 and VCAM-1 expression have been detected on the
endothelia cells comprising the BBB, as well as astro-
cytes and microglia, which contribute to the structural
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integrity of the BBB (Cannella and Raine 1995).

It was demonstrated that astrocytes generate and
secrete HDL -like lipoprotein particles, which contain
apo E, cholesterol, and phospholipids(Fagan and Holtz-
man 2000). As well, it has been shown that apo E is
abundantly present in the CNS (Koch et al. 2001).
Despite the existence of the BBB, lipoprotein particles
have been shown to be also present in the CSF. Several
studies demonstrated that these particles originate from
CNS, athough a portion of their protein components
may filter through the BBB by a receptor-mediated
mechanism called transcytosis (Koch et a. 2001). The
lipoprotein particles isolated from human CSF showed
size, structure, and composition similar to plasma HDL
(Borghini et al. 1995). On the contrary, other reports
indicated that CSF lipoproteins are very different in
virtually al respects from particles found in the plas-
ma (Puglielli et al. 2003), but it seems most probable
that brain lipoproteins participate in lipid transport and
homeostasis in CNS as in the vascular compartment
(Borghini et a. 1995). In the present study, we have
examined the effect of cholesterol-rich native plasma
HDL, cholesteral free reconstituted HDL and lipid-free
apolipoproteins of HDL on the VCAM-1 expression
in astroglioma cells. We demonstrate that TNF-o-in-
duced VCAM-I was inhibited by plasma HDL, but not
by VLDL or LDL.

Materials and Methods

1. Materials

U373-MG human astroglioma cells were obtained
from the American Type Culture Collection (Rockville,
MD). Human recombinant TNF-o. (specific activity:
5.6 x 10" U/mg) was obtained from Genentech Inc.
(South San Francisco, CA). Anti-human VCAM-I Abs
(clone 1G11B1, IgG1 isotype) were obtained from
Serotec Inc. (Washington, DC). FITC-conjugated goat
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anti-mouse 1gG was obtained from the Southern Bio-
technology Association (Birmingham, AL). pBluescript
SK (+/-) containing afragment of the human VCAM-
| cDNA (bp 1307-2811) was obtained from the Ameri-
can Type Culture Collection (Manassas, VA). pAMP-1
vector containing a fragment of human GAPDH cDNA
was obtained from Life Technology Inc. (Grand Island,
NY). The RNase protection assay (RPA) kit was pur-
chased from Ambion Inc. (Austin, TX). Fresh nor-
molipidemic human plasma was obtained from the Ala-
bama Regiona Blood Bank (Birmingham, AL). Very
low density lipoproteins(VLDL), LDL and HDL frac-
tions were isolated from plasma by the sequential flo-
tation method (Havel et al. 1955) and purified further
by another density gradient ultra-centrifugation step
(Chung et al. 1980). Apolipoproteins (apo) of HDL
were prepared by delipidating purified HDL with a
chloroform:methanol (2: 1) mixture. Discoidal recons-
tituted HDL containing apo HDL and phosphatidyl-
choline (PC) with an apo HDL to PC ratio of 1: 2 was
prepared by mixing apo HDL and Dimyristoylphos-
phatidylcholine (DMPC) liposomes and subsequently
sonicating the mixture. Unilamellar vesicles of DMPC
were also prepared by suspending dried DMPC in
phosphate buffered saline (PBS) with subsequent soni-
cation of suspended DMPC. DMPC was purchased
from Avanti Polar Lipid Inc. (Alabaster, AL). Anti-
human apo A-I polyclonal antibody was purchased
from Boheringer Mannheim Biochemical Co. (India-
napolis, IN).

2. Cdll culture

U373-MG human astroglioma cells were maintained
in minimal essential medium (MEM) supplemented
with 1mM Earles BSS mediawith 2mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, and
heat-inactivated fetal bovine serum (FBS). For passage,
monolayers were rinsed with PBS and then dislodged
by 0.25% trypsin. To study the effect of lipoproteins
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or TNF-a. on the VCAM-| expression, cells in 2~3
replicated wells (2 x 10%well, 6 well plates, Nunc) were
incubated with serum-free medium alone, TNF-o (50
ng/mL), VLDL (300 ug cholesterol/mL), LDL (800 ug
cholesterol/mL), HDL (500 ug cholesterol/mL), or TNF
-o.plusVLDL, LDL or HDL for 48h.

3. Analysisof VCAM-1

Production and/or expression of VCAM-1 in cultured
astrocytes were measured by the immunofluorescence
flow cytometry and by RPA as described previously
(Oh et al. 1998).

4. Flow cytometry

U373-MG cells were harvested by mild trypsiniza-
tion following aspiration of the culture medium and
by subsequent washing of cells with PBS. The trypsi-
nized cells were washed once, suspended in PBS con-
taining 0.5% FBS and 0.02% sodium azide, and then
incubated with human VCAM-1 Ab (1: 500 dilution)
for 30 min. at 4°C. The cells were then washed twice
and subsequently stained with FITC-labeled goat anti-
mouse 1gG (1: 100 dilution) for 30 min. at 4°C. After
washing, cells were fixed in 1% paraformaldehyde,
and VCAM-1 expression was measured by fluore-
scence-activated cell sorting (FACS) (FACStar, Becton
Dickinson, Mountain View, CA). Negative controls
were incubated with an isotype-matched control anti-
mouse |gG. Ten thousand cells were analyzed for each
sample. VCAM-1 was expressed as a percentage of
positive cells.

5. RNase protection assay (RPA)

Total cellular RNA was isolated from cell monolay-
ersthat have been incubated with VLDL, LDL or HDL
in the absence or presence of TNF-qa, as previously
described (Oh et a. 2001). Briefly, total RNA was ex-
tracted using TRIZOL reagent (Life Technologies, Inc.,
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Rockville, MD). A plasmid containing a fragment of
the human VCAM-I cDNA (bp 1307-2811) in pBlue-
script SK (+/—) was linearized with Spel, which di-
gests within the VCAM-I cDNA insert. The in vitro
transcription of this linearized vector with T7 RNA
polymerase results in a 449-bp antisense RNA probe
and a protected fragment consisting of 427 nucleotides.
A plasmid containing a fragment of human GAPDH
cDNA (bp 43-531) in pAMP-1 was linearized with
Ncol which digests within the GAPDH cDNA insert.
In vitro transcription of this linearized vector with T7
RNA polymerase results in a 290-bp antisense RNA
probe and protected fragment consisting of 230 nucleo-
tides. GAPDH mRNA was utilized as a “house-keep-
ing gene” since its levels are not affected by TNF-a
treatment. RPA was conducted with an RPA kit accord-
ing to the manufacturer’s instructions. Briefly, 15 pg/
mL of total RNA was hybridized with VCAM-1 (2.5
x 10* cpm) and GAPDH (2.0 x 10* cpm) riboprobes at
42°C overnight in 20 uL of 40 mM PIPES (pH 6.4),
80% deionized formamide, 400 MM NaOAc, and 1
mM EDTA. The hybridized mixture was then treated
with RNase A/T1(1: 200 dilution in 200 uL of RNase
digestion buffer) at room temperature (RT) for 1 h, and
RNA was precipitated and analyzed by 5% denaturing
(8 M urea) polyacrylamide gel electrophoresis. The
gels were exposed to X-ray film, and quantification of
protected RNA fragments was performed by scanning
with a Phosphorlmager (Molecular Dynamics, Sanny-
vale, CA). Valuesfor VCAM-I mRNA were normaliz-
ed to GAPDH mRNA levels for each experimental
condition.

6. Statistical analysis

Values are presented as mean+ standard deviation.
The paired Student’s t-test was applied to determine
whether differences between values were significant.
A statistical probability of p<0.05 was considered
significant.
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Results

1. Response of human astroglioma cellsto
plasma lipoproteins

To define functional effect of plasma lipoproteins on
astroglioma cells, we examined the effect of several
lipoproteins on the expression of an adhesion molecule,
VCAM-1. This gene was chosen since it was previous-
ly shown that astroglioma cells have the capacity to
express VCAM-1 in response to cytokine TNF-o (Oh
et al. 1998). U373-MG human astroglioma cells were
treated with TNF-a (50 ng/mL), VLDL (300 pg/mL),
LDL (800 png/mL), HDL (500 pug/mL) or together for
48 h, and then, VCAM-1 expression was assessed by
FACS analyses. As a representative histogram of the
FACS results (Fig. 1A) shows, a physiologic level of
VLDL, LDL or HDL aone did not influence on VCAM
-| expression (lanes 3~ 5), compared with control (lane
1), and VLDL or LDL showed minimal effects of TNF
-a-induced VCAM-| expression (lanes 6 and 7). How-
ever, HDL significantly inhibited the TNF-o-induced
VCAM-I expression (lane 8, 43% inhibition). Flow
cytometric profile of control cells and TNF-o treated
cells without or with HDL show that the TNF-c: treat-
ment enhances the percentage of VCAM-1 positive
cells (Fig. 1B, profile 3), and inclusion of HDL inhi-
bits the number of TNF-o-induced VCAM-1 positive
cells (Fig. 1B, profile 2). These results suggest that
HDL affects adhesion molecule VCAM-1 expression
in astroglioma cells.

2. Inhibition of TNF-a-induced VCAM-1
expression by HDL

Additional study by FACS analysis with different
amounts of HDL (0~ 1,000 ug/mL) was performed.
Asshown in Fig. 2A, HDL reduced the TNF-o-induc-
ed VCAM-| expression in a dose dependent manner;
VCAM-1 expression was reduced by 56% at a normal
physiologic level of HDL (lane 6, 500 ug HDL choles-
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Fig. 1. Effect of plasma lipoproteins and/or TNF-o. on VCAM-I
expression on astroglioma cell lines. Panel A, U373-MG
cells were incubated with either medium alone, TNF-a
(50 ng/mL), VLDL (300 ug cholesterol), LDL (800 nug
cholesterol) or HDL (500 pg cholesterol) or TNF-o. with
lipoproteins (VLDL, LDL or HDL) for 48 h. Cells were
harvested and analyzed for VCAM-1 expression by FACS.
Values expressed as the means+ SD. **p<0.01 versus
TNF-o-treated control group. Panel B, U373-MG cells
were incubated with either medium alone or TNF-o. (50
ng/mL) with or without HDL (500 ug/mL) for 48 h. The
cells were then trypsinized, and VCAM-1 expression was
assessed by FACS analysis. Flow cytometric profile 1
shows control cells, and profiles 2 and 3 show cells incu-
bated with TNF-o. with or without HDL, respectively. A
representative of three experiments.
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Fig. 2. Theinhibitory effect of HDL on TNF-o-induced VCAM-1
expression. Panel A, U373-MG cells were incubated with
either medium alone, TNF-o. (50 ng/mL), or increasing
concentrations of HDL (50~ 1,000 ug HDL cholesterol/
mL) with or without TNF-o. (50 ng/mL) for 48 h. Cells
were harvested and analyzed by FACS for VCAM-I expres-
sion. Values expressed as the means=+ SD of three separate
experiments. *p< 0.05 or **p< 0.01 versus TNF-o.-treat-
ed control goup. Panel B, U373-MG cells were incubated
with either medium aone or TNF-a (50 ng/mL), TNF-o
plus HDL (500 ug cholesterol/mL) or TNF-a. plus HDL
plus anti apo A-1 Ab (50 uL of 1: 100 dilution) for 48 h.
Cells were harvested and analyzed for VCAM-1 expres-
sion. Values expressed as the means+SD of three sepa-
rate experiments. *p< 0.05 or **p< 0.01 versus TNF-o.-
treated group.
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terol/mL) compared with TNF-o. alone (lane 2, 50 ng/
mL). HDL (50~ 1,000 ug/mL) aone had no effects on
VCAM-| expression, similar with control (lane 1). To
test the specificity of these inhibitory effects, antibody
against apo A-I, the major apolipoprotein species of
HDL, was used. For this test, anti-apo A-l antibody
was pre-incubated with HDL for 30 min at RT and
these complexes were added to the cells, and then
TNF-o was treated for additional 48 h. As shown in
Fig. 2B, TNF-o-induced VCAM-1 expression was
inhibited by HDL (~58%). This inhibitory effect by
HDL was significantly abolished (~31%) by the addi-
tion of anti-apo A-1 Ab, suggesting that inhibition by
HDL is specific. Preincubation of HDL with a control
19G had no effect in this response (data not shown).

3. Inhibition of TNF-o-induced VCAM-1
expression by Reconstituted HDL

Recent studies have shown that reconstituted HDL
particles prepared from a major apolipoprotein species
of HDL (apo A-l) and phosphatidylcholine (PC), but
not apo A-1 or PC alone, are effectivein inhibiting TNF
-o-induced VCAM-| expression in endothelial cells
(Cockerill et al. 1995, Calabres et a. 1997). Therefore,
we tested the effect of HDL and cholesterol-free re-
constituted HDL prepared from delipidated HDL (apo
HDL) and DMPC on VCAM-| expression in U373-MG
cells. As shown in Fig. 3, reconstituted HDL had an
inhibitory effect on TNF-o-induced VCAM-| expres-
sion (lane 4, 38%), but the effect was lower than that
of native HDL (lane 3, 45%). Apo HDL or DMPC
liposomes alone had a minimal effect on TNF-a-induc-
ed VCAM-I| expression (lanes 5 and 6).

4. HDL inhibits TNF-a induced VCAM-1
MRNA expression
We further examined whether HDL could modul ate
VCAM-1 mRNA expression. As illustrated in Fig.
4A/B, U373-MG cells are constitutively negative for
VCAM-I mRNA (lane 1), while TNF-o. induces VCAM
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Fig. 3. Effect of various HDL forms on the TNF-a-induced
VCAM-I expression. U373-MG cells were incubated with
either medium aone, TNF-o (50 ng/mL), TNF-c.. plus na-
tive HDL (500 ng protein/mL), TNF-o plus reconstituted
HDL (500 g apo HDL and 1,000 ug DMPC/mL), TNF-o
plus apo HDL (500 ug protein/ mL) or TNF-c.. plus unila-
mellar DMPC liposomes (1,000 ug/ mL) for 48 h. Cells
were harvested and analyzed for VCAM-1 expression.
Values expressed as the means+ SD of three separate ex-
periments. **p< 0.01 versus TNF-o-treated control group.

-l mRNA expression (3h~12h; lanes 2, 4, 6, 8), and
inclusion of HDL inhibits TNF-a-induced VCAM-1
mMRNA expression by more than 80% with the lapse of
time(3h~12h; lanes 3, 5, 7, 9). GAPDH was utilized
as a house-keeping gene. These findings at the mMRNA
level are comparable to what was observed at the
VCAM-| protein level (Figs. 1 and 2).

Discussion

In the present study, we investigated whether plasma
HDL regulates VCAM-1 expression in human astro-
glioma cells. Our findings show that HDL & one does
not induce VCAM-1 expression; rather it can inhibit
TNF-o-induced VCAM-1 expression. Moreover, our
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Fig. 4. HDL inhibition of TNF-a-induced VCAM-1 mRNA ex-
pression. Panel A, U373-MG cells were incubated with
medium alone for 3hr (lane 1) or with medium containing
TNF-o.£HDL for 3h(lanes 3 and 2), 6 h (lanes 5 and 4),
9h(lanes 7 and 6) or 12 h(lanes 9 and 8). After incuba-
tion, RNA was extracted and analyzed for VCAM-1 and
GAPDH mRNA by RPA. Panel B, Vdues for VCAM-1
mRNA expression were normalized to GAPDH mRNA
levels for each experimental condition. Quantification of
the experiment shown in A is depicted. Constitutive ex-
pression of VCAM-1 mRNA was set at 1, and each treat-
ment was compared with control levels to arrived at the
fold induction value. A Representative of two separate
experiments.

Fold induction

results demonstrate a selective inhibitory effect of

HDL on TNF-o-induced VCAM-1 expression with

specific inhibition observed by anti-HDL antibodies.
HDL exerts their anti-inflammatory properties me-
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diated multiple mechanisms, including G-proteins,
MAPKs (Nofer and Assmann 2005). Furthermore,
HDL prevents endothelial cell dysfunction and activa-
tion, and reduces the deleterious effect of ox-LDL by
regulating membrane cholesterol level (Nofer and As-
smann 2005, Negre-Salvayre et al. 2006). Sato et al.
also reported that HDL-like lipoproteins derived from
CSF had ability to alter the migration of neural cells
(Sato et al. 2007), that is similar function to that of
plasma HDL shown in endothelial cells (Negre-Sal-
vayre et al. 2006), suggesting their functional similari-
ty. Therefore, native plasma HDL inhibition of VCAM
-1 expression (in this study) raises a possibility that
HDL-like particles in the CSF may play arole of mo-
dulating VCAM-| expression in glia cells. The apo E
and/or apo A-1 containing HDL-like particles in the
CNS have been suggested be formed via a recombi-
nant process involving the uptake of cellular phospho-
lipids by apo E synthesized by astrocytes and other
glial cells, and by apo A-1 transported from periphery
into the brain parenchyma or synthesized by brain en-
dothelial cellsvia ABCAL1 transporter (Ito et a. 2002).
We aso observed in this study that plasma HDL was
effective in suppressing VCAM-1 expression in cul-
tured astrocytes, suggesting that apo A-1 containing
HDL-like particles, formed by recombinant processin
the CNS, may play arole of regulating VCAM-1 ex-
pression.

HDL induces FGF-2 expression in astrocytes, which
is associated with ERK activation and PLC activation
and Ca?* mobilization (Malchinkhuu et al. 2003) and
inhibits TNF-o-induced VCAM-1 expression in endo-
thelia cells (Park et a. 2003). We demonstrated the
ability of natural HDL, their lipids, apolipoprotein com-
ponents, and reconstituted HDL to inhibit TNF-o-in-
duced VCAM-1 expression in astrocytes. VCAM-1
expression on these cells depends on the activation of
transcription factors, in particular NF-xB (Park et al.
2003); HDL inhibits the activation of NF-xB induced
by TNF-o., resulting in inhibition of VCAM-1 expres-
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sion in endothelial cells(Xia et a. 1999, Park et al.
2003). Xia et al. reported that HDL inhibited TNF-o
stimulated sphingosine kinase activity in endothelial
cells, resulting in a decrease in both sphingosine 1-
phosphate production and TNF-o induced VCAM-1
expression, suggesting the importance of sphingosine
kinase pathway (Xia et al. 1999). Aswell, it is known
recently that HDL induces TGF- expression in endo-
thelial cells(Norata et al. 2005) and TGF- inhibits
TNF-o induced VCAM-1 expression in astrocytes
(Winkler and Beveniste 1998), raising a possibility
that HDL inhibition of TNF-o. induced VCAM-1 ex-
pression shown in this study may be occurred by TGF
-B induced by HDL. This possibility is being currently
investigated.

Although the mechanism whereby HDL inhibits
TNF-a induced VCAM-1 expression in the CNS is
not fully understood, in any circumstances, if the in-
tegrity of BBB is destroyed by traumatic injury, hem-
orrhage or neuroinflammatory diseases, plasma HDL
and proinflammatory cytokines including TNF-o. could
infiltrate into the CNS, and HDL may function as an
immunosuppressive role in inhibiting cytokine-induc-
ed adhesion molecules expression, together with HDL
-like particles derived from CNS.
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