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Abstract. We compared the effects of Alzheimer’s peptide
(AB,_s), a;-antichymotrypsin (ACT) and an ACT/AB,_,,
mixture on human glioma DK-MG cells. The solution of
AP (5 pM) formed by 2-h incubation at room temperature
induced tumour necrosis factor-a (TNF-a) and inter-
leukin (IL)-6 levels by 55 and 45 %, respectively, and in-
creased gelatinase B activity by 67 %, while exposure of
cells to the ACT/Af,_y, mixture (1:10 molar ratio ACT:
Ap,_p,) under the same experimental conditions showed
no effect on IL-6 levels or gelatinase B activity, but
strongly induced TNF-a (by 190 %), compared to the con-

Key words. Alzheimer’s disease; a;-antichymotrypsin;
lipid metabolism.

Amyloid-beta peptide (Ap), in particular A, ,,, has long
been implicated in the pathogenesis of Alzheimer’s dis-
ease (AD) [1, 2]. However, as yet no definitive in vitro
mechanism for Ap-induced neuronal damage can be
extrapolated to the in vivo state. Some studies attribute
A neurotoxicity to a direct interaction with neuronal
cells [3], while others suggest that AB-induced inflam-
matory responses are the proximal cause of neuronal
damage [4].

A peptide is normally produced and secreted as a prote-
olytic product of amyloid precursor protein (APP) and at
physiological levels it can promote neurite outgrowth [5].
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trols. Stimulation of the cells with A, ,, alone, but not
with ACT, increased by about 20% low-density lipopro-
tein (LDL) uptake and mRNA levels for LDL receptor and
HMG-CoA reductase, while the ACT/Ap, ,, mixture sig-
nificantly increased LDL uptake (by 50%), up-regulated
mRNA levels for LDL receptor and HMG-CoA reductase
by 48 and 63 %, respectively, and increased lipid accumu-
lation by about 20-fold. These data suggest a possible new
role for Af in Alzheimer’s disease through its interaction
with the inflammatory reactant, ACT.

Alzheimer’s peptide Af,_,; inflammation; cytokine;

A can undergo an « helix to 8 sheet secondary structure
change to a form that spontaneously polymerises to fib-
rillar AB. The occurrence of fibrillar AB in amyloid
plaques, and its similarity to other polymerised proteins
associated with pathological amyloidoses have focused
attention on fibrillar AB as the most likely neurotoxic
form of AS [6]. However, other observations, particularly
in vivo, do not support a causal, neurotoxic role for fib-
rillar AB [7, 8] and recent evidence indicates that non-fib-
rillar, soluble forms of Af peptides possess neurotoxic
properties and play an important role in AD pathogenesis
[9-11]. In vitro, AB can form small soluble oligomers
under conditions that block fibril formation, such as in-
teraction of Af with other molecules, including proteins
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found in neuritic plaques [12]. These oligomers were
found to be highly neurotoxic [9], although the basis for
their potent toxicity is not known. Oligomeric Af pro-
motes lipid release from neuronal membrane, which may
lead to the disruption of neuronal lipid homeostasis and
the loss of neuronal function [13]. AD patients have sig-
nificantly higher low-density lipoprotein (LDL) and
lower high-density lipoprotein (HDL) levels than controls
[14, 15] and there is a positive correlation between total
serum cholesterol levels and the amount of Af in AD
brains that is independent of apoE genotype [16]. Af has
been reported to modulate membrane functions [17, 18],
and cholesterol metabolism in plasma membrane and cel-
lular cholesterol status have been linked to the biosynthe-
sis of AB from APP [19, 20]. We have also shown in our
previous in vitro work that neurotoxicity of fibrillar
AP, 4 1s accompanied by perturbed intracellular lipid
metabolism [21], so that lipids and lipoproteins may have
multiple links to A metabolism.

Neuronal damage has also been hypothesised to occur
as a consequence of inflammation, to which A may
contribute. AB has been shown to induce inflammatory
factors such as interleukin (IL)-1, IL-6, tumour necro-
sis factor-a (TNF-a) and matrix metalloproteinases
(MMPs), many of which occur in senile plaques [22, 23],
and the production of Af and synthesis of cytokines are
processes that might stimulate each other [24].

Ap also exists in vivo complexed with other proteins, in-
cluding apoE and apol, a;-antichymotrypsin (ACT),
amyloid P component, cytokines, complement and extra-
cellular matrix proteins, most of which bind to other amy-
loid-forming proteins [25—28]. These molecules may
chaperone Af self-association and lead to the formation
of toxic Af oligomers that are diffusible and potentially
more pernicious than fibrillar AB [9]. The finding that
apolipoprotein (apoJ) inhibits formation of fibrillar Ap,
but does not inhibit A neurotoxicity, supports this hy-
pothesis [29]. Among the molecular species associated
with senile plaques, the serpin ACT, an acute-phase in-
flammatory protein, is consistently identified in both
amorphous and classic plaques of AD [30]. Through use
of monoclonal antibodies to the different forms of ACT,
it has been shown that ACT in the plaques is either com-
plexed with a target protease or proteolytically cleaved
and therefore inactive [31].

We and others have shown that ACT forms complexes
with AB,_4, and that ACT can inhibit or accelerate fibril-
lisation of A, 4, dependent on their relative concentra-
tions [32, 33]. The existence of both inter- and intramol-
ecular complexes of A, 4, with ACT may explain in part
the non-linear, concentration-dependent effects of ACT
on AP, 4, fibril formation, whose kinetics we have inves-
tigated over a broad range of AB, 4,:ACT ratios [34]. In
agreement with other in vitro studies, we found that at a
lower molar ratio (1:10 ACT:Ap, 4,) at neutral pH, ACT
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does not stimulate A fibril formation in vitro [33-35],
but affects the ratio of soluble species of Af, some of
which may represent a complex between ACT and AfS
[36]. We also showed that AB, 4, alone and in a mixture
with ACT, dependent on their pre-incubation time, have
different biological activities when added to neuroblas-
toma cells, in vitro [37].

Activated glial cells are a consistent pathological hall-
mark of the AD brain and have been hypothesised to con-
tribute to neuronal damage [38]. In this study, we used a
glioma cell line as an in vitro model to further explore
A-driven inflammatory processes in AD. We stimulated
cells with (i) AB,_y, peptide incubated for 2 h at room
temperature and consisting of different-size soluble AS
polymers (referred to as A, 4, alone), (ii) ACT incubated
for 2 h at room temperature (referred to as ACT alone)
and (iii) a mixture of AB, 4, and ACT in a molar ratio of
10:1 incubated for 2 h at room temperature (referred to
as ACT/Ap,_, mixture). Data to provide a firm basis for
choosing a physiologically relevant concentration of Af
(5 pM) for our in vitro model are insufficient; however,
this concentration is lower than those used in neurotoxic-
ity studies in vitro [39, 40], and it does not affect cell vi-
ability [37]. Some studies have shown that concentrations
of cerebrospinal fluid A are significantly reduced in pa-
tients with AD compared with age-matched normal sub-
jects or patients with neurological diseases, possibly re-
flecting deposition of A3 [41]. In the local microenviron-
ment, the concentrations of Af are unlikely to be much
higher than those measured in biological fluids (about
0.1-1 nM) [42]. Since we aimed to investigate confor-
mation-dependent, but not concentration-dependent AfS
cellular effects, we used constant concentrations of AS,_,,
(5 pM) and ACT (0.5 pM) in our experiments.

We found that Af,_,, and the ACT/A ,_,, mixture at a mo-
lar ratio 1:10 have distinct effects on the expression of in-
flammatory cytokines and on intracellular lipid metabo-
lism compared to the A, _,, alone in glioma cells, in vitro.

Material and methods

Material source and sample preparation

APy, peptide was synthesised by Saveen (Denmark),
>95% pure, MW =4512.9. AB,_,, solution was prepared
immediately before use. Af,_,, peptide (2 mg) was first
dissolved in 25 pl 0.1 N NaOH, then Tris-buffered saline
(0.015 M Tris, 0.15 M NaCl, pH 7.4) was added to a final
volume of 0.5 ml to obtain the desired pH 7.5—8.0. Human
ACT was a gift from Prof. H. Rubin, University of Penn-
sylvania, and gave a single protein band of about 60 kDa
on SDS/PAGE [43]. ACT was dissolved in Tris-buffered
saline and its concentration determined from absorbance at
280 nm using an extinction coefficient of 6.2. The stock so-
lutions of Af,_, peptide (125uM), ACT (12.5pM) and



1736 Y. X. Sun, H. T. Wright and S. Janciauskiene

ACT/AB,_4, mixture at a 1:10 molar ratio were incubated
for 2 h at room temperature. After incubation, identical
molar amounts of AS, 4, (5pM), ACT (0.5 pM) and their
mixture were added to the glioma cells for 24 h.

Electrophoresis and Western blot analysis

Samples taken from preparations of ACT and Af, ,, alone
or the ACT/Ap,_,, mixture after 2 h incubation time were
analysed by electrophoresis through 1% agarose at pH
8.6 as previously described [44]. Gels were stained with
Coomassie blue for 8 h and kept in destaining buffer
overnight at room temperature. Alternatively, elec-
trophoretically separated proteins were transferred to a
polyvinylidene difluoride membrane (Immobilon-P; Mil-
lipore) in 48 mM Tris, 39 mM glycine and 20%
methanol, pH 9.2, using a semi-dry blot electrophoretic
transfer system (Trans-Blot SD; Bio-Rad). After protein
transfer, the membranes were developed using monospe-
cific antisera against human ACT (DAKO A/S) or AS,_4,
(Chemicon) (1:500) and peroxidase-conjugated anti-rab-
bit IgG (1:800) as second antibodies (DAKO). 3,3-Di-
aminobenzidine tetrahydrochloride, DAB; Sigma) was
used as a peroxidase substrate.

LDL isolation and labelling

LDL was isolated by sequential preparative ultracentrifu-
gation using an Optima XL-80K ultracentrifuge (Beck-
man). A narrow density range (1.034—1.054 kg/l) was
used to prepare LDL for the experiments. LDL was ster-
ile filtered and checked on a 1% agarose gel at pH 8.6
and its concentration determined by Lowry assay with
human serum albumin as a standard [45]. Native LDL
was labelled with %I by the iodine monochloride method
[46]. Unbound '>’I was removed by chromatography on
Sephadex G-25 columns PD-10 (Pharmacia) followed by
extensive dialysis against 0.15 M NaCl, 1 mM EDTA and
0.03 M KI, and finally against 0.15 M NaCl containing |
mM EDTA. The specific activity of '>I-LDL ranged be-
tween 1.7 — 3.1 x 10~* pCi/ng LDL protein.

Cell culture

The human glioma DK-MG cell line established from the
glioblastoma multiform was obtained from the German
Collection of Microorganisms and Cell Cultures. The cells
grow adherent as a monolayer in RPMI-1640 medium
(Gibco BRL) supplemented with 10% fetal calf serum
(FCS; Biological Ind) at 37°C in an atmosphere of hu-
midified air with 5% CO,. Cells were used after reaching
confluence at 4—5 days after culture. Prior to experiments,
cells were cultured in serum-free medium for 24 h.

Assay for '*I-LDL uptake and degradation

Cells seeded into 12-well plates (Nunclon), 2 x 10° cells/
well (cell counted in a Burker chamber) were incubated in
RPMI-1640 medium without FCS, without or with A, _,,

Effects of AS, 4, on glioma cells

ACT or the ACT/AB,_, mixture, and with '’I-LDL (3.4 pg
of LDL protein/mg of cell protein) for 12 hat 37°Cin 5%
CO,. The medium was aspirated, cells were washed with
PBS and scraped into 0.5 N NaOH for '*I-LDL uptake
measurement (the sum of bound and internalised '>*I-LDL)
and for cell protein determined by Lowry assay [45]. The
aspirated medium was used for LDL degradation assess-
ment measured as the quantity of free trichloroacetic acid-
soluble non-iodine '*°I radioactivity [47]. The radioactivity
was determined in an LKB 1271 automatic gamma counter
(Wallac). The results are expressed as ng LDL protein
taken up or degraded/mg cell protein.

Cytokine and gelatinase B (MMP-9) assays

Cell culture supernatants from glioma cells treated with
Af,_4, ACT alone or in combination were analysed to de-
termine IL-6, TNF-a and gelatinase B (MMP-9) levels. A
quantitative sandwich enzyme immunoassay (R&D Sys-
tems Europe Ltd) technique sensitive to pg/ml assay lev-
els was used according to the manufacturer’s instructions.
Optical density was determined using a microplate reader
at 450 nm. The readings at 570 nm were subtracted from
those at 450 nm for wavelength correction. Duplicates
were used for each standard and sample. The readings
were averaged and the average zero standard optical den-
sity was subtracted.

RNA isolation and RT-PCR

Total RNA from glioma cells was isolated as outlined by
Chomczynski and Sacchi [48]. The quantity of RNA was
estimated from absorbance at 260 and 280 nm and the
quality was analysed by agarose gels. LDL receptor
(LDLr) and HMG-CoA mRNA were quantified by
RT-PCR as described previously [49]. The 5° primer
(5-CAATGTCTCACCAAGCTCTG-3") and 3" primer
(5-TCTGTCTCGAGGGGTAGCTG-3’) oligonucleotides
for LDLr, and the 5 primer (5 ~“TACCATGTCAGGGGTA-
CGTC-3’) and 3’ primer (5-CAAGCCTAGAGACATAAT-
CATC-3") for HMG-CoA reductase were purchased from
Pharmacia Biotech. The internal control template pAW
109 cRNA was obtained from Perkin Elmer Cetus (N808-
0037). We used 700,000 copies of the control template per
reaction mixture for LDLr and 1,000,000 copies for
HMG-CoA reductase. Amplification was performed with
a Perkin Elmer Cetus thermocycler using the following cy-
cle profile for LDLr: denaturation at 95°C for 1 min,
primer annealing and extension at 60°C for 1 min. The
initial denaturation step was prolonged to 3 min, and after
30 cycles, the reaction mixture was incubated at 72 °C for
1 min and then cooled to 4 °C. The cycle profile for HMG-
CoA reductase was: denaturation at 95°C for 1 min,
primer annealing and extension at 53 °C for 1 min. The ini-
tial denaturation step was prolonged to 3 min, and after
29 cycles, the reaction mixture was incubated at 64 °C for
7 min and then cooled to 4°C.
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Quantitative analysis of mRNA

Each PCR product (20pl) was electrophoresed along
with a DNA molecular weight marker (Pharmacia
Biotech) in a 4% agarose-sieving gel (2:3 (w/w) NuSieve
Agarose and 1:3 (w/w) SeaKem LE Agarose; In Vitro) in
TAE (40 mM Tris, 20 mM sodium acetate, | mM EDTA,
pH 7.4) running buffer at 98 V for 2—2.5 h at room tem-
perature. The gel was scanned in a FluorImager SI (Mol-
ecular Dynamics) using an excitation wavelength of
488 nm (argon laser). Images were analysed using Im-
ageQuant software (Molecular Dynamics) and the signal
intensity was calculated by the °‘integrated volume’
method. The amounts of LDLr and HMG-CoA reductase
PCR fragment were normalised to that of the internal
standard. The values are expressed as a percentage of lev-
els of LDL receptor mRNA in control glioma cells.

Cholesterol synthesis assay

Cellular synthesis of cholesterol was estimated by mea-
suring “C-acetate incorporation into sterols from cell ex-
tracts, as described elsewhere [50] and counted in a f-
counter (Liquid Scintillation System TRI-CARB 300C).

Red Oil staining

Glioma cells were grown on cover slips in the presence
of test reactants for 12 h. At the end of the incubation pe-
riod, cells were washed with PBS and fixed with 4%
PBS-buffered formaldehyde for 15 min. Cells were then
rinsed with water, dipped for a few seconds in 60 % iso-
propanol, stained in the Oil Red O for 10—15 min and
rinsed again in 60 % isopropanol to remove excess stain.
Cell nuclei were stained for a few seconds in the haema-
toxylin solution, washed with water and mounted with
commercially available mounting medium (DAKO).
Samples were analysed microscopically (Olympus
Bx60) using the PC program Olympus Microlmage. Im-
ages were taken by digital camera (Sony DKC-5000) at
x 100 magnification.

[*H]-thymidine incorporation assay

Cells were incubated in 12-well plates with and without
added AP, 4, or ACT components for 20 h. [*H]-thymi-
dine (Amersham) was then added to the cells (0.1
pCi/ml) for a further 4-h incubation at 37°C. The [*H]-
thymidine incorporation assay was performed as de-
scribed earlier [37].

Statistical Analysis

The differences in the means of experimental results were
analysed for their statistical significance with the Student
two-sample two-sided t test and/or one-way ANOVA
combined with a multiple-comparisons procedure
(Scheffé multiple-range test), with an overall significance
level of a=0.05. Statistical Package (SPSS for Windows,
release 11.0) was used for the statistical calculations.
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Results

Interaction between A, ,, and ACT

AP, 4 peptide alone and a mixture of AB, ,, and ACT at
a molar ratio of 10:1 co-incubated for 2 h at room tem-
perature were examined by native 1% agarose gel elec-
trophoresis. Figure 1 shows the electrophoretic pattern of
AP, 4 peptide alone and incubated with ACT. The pep-
tide alone loaded on the gel at a molar concentration of
125 or 62.5 pM showed three or two bands with higher
electrophoretic mobility towards the anode (negatively
charged) (lanes 1 and 4). The same concentrations of
AP, 4 peptide in the ACT/AB, 4, mixture lacks the high-
est mobility band(s) observed for the peptide alone, and
produced a few blurred, slower-migrating protein bands
and closely spaced bands with a migration distance from
the application point (lanes 2 and 5) similar to that pro-
duced by ACT alone, which migrates as a single band
(lanes 3 and 6).

To further characterise the components of the ACT/
AP, 4, mixture, samples were subjected to 1% agarose
gel followed by Western blot analysis using antibodies
against AB, ,, or ACT. AB, 4, alone formed two im-
munoreactive bands (fig. 2A), one with increased mobil-
ity towards the anode. Co-incubation of AS, ,, with ACT
resulted in a loss of the fastest-mobility band of AB, ,,
and the appearance of slower-mobility bands. Western
blot analysis using anti-ACT antibodies (fig. 2B) also
showed formation of a new, faster-migrating immuno-

1 2 3

Figure 1. 1% agarose electrophoresis, at pH 8.6 of AB, ,,, ACT
and ACT/AB,_,, mixture at a molar ratio of 1:10 after 2 h incubation
at room temperature. Lanes 1 and 4, A, 4, alone (125 and 62.5 pM,
respectively); lanes 2 and 5, ACT/AB,_, mixture (12.5 pM ACT
plus 125pM AB, 4, and 6.25 uM ACT plus 62.5 pM AB, ., respec-
tively); lanes 3 and 6, ACT alone (12.5 and 6.25 pM, respectively).
The anode is at the top. Sample application is indicated by the ar-
row. The constant volume of each sample applied per well was 9 pl.



1738 Y. X. Sun, H. T. Wright and S. Janciauskiene
A B
L
s i
Abrp ABypg ACT ABjgz AByy, ACT
+
ACT ACT

Figure 2. Interaction between Ap,_,, and ACT studied by Western
blot analysis. Samples were applied to a 1 % agarose gel, pH 8.6 and
immunoblotted with specific antibodies against AB, 4, (4) and ACT
(B). The anode is at the top. Sample application is indicated by the
arrow and the constant volume of each sample applied per well was
9 pl. Sample concentrations were as follows: Af, 4,, 125 pM; ACT/
APy, mixture, 12.5 ptM ACT plus 125 pM AS,_,; ACT, 12.5 pM.

precipitation band for ACT incubated with A, ,, rela-
tive to that for ACT alone. Comparison of the im-
munoblots produced using antibodies against ACT and
AP, 4, showed that the incubation of Af, ,, with ACT
clearly created new molecular species with altered mi-
gration properties in an agarose gel.

Effects of AB,_,,, the ACT, and the ACT/Ap,_,, mix-
ture on cytokine and MMP production by glioma cells
We examined the levels of pro-inflammatory cytokines
IL-6, TNF-a and the metalloprotease, gelatinase B
(MMP-9) in medium from glioma cells cultured for 24 h
with AB, 4, or ACT alone or the ACT/Ap, ,, mixture. As
shown in figure 3, Af added at a constant concentration
to cells increased TNF-a secretion by 55% 2 (p<0.01)
and IL-6 secretion by 45% +4 (p<0.01) while incuba-
tion of cells with ACT had no significant effect on TNF-
a or IL-6 levels compared to controls. Similarly, secreted
MMP-9 was found to be increased in cells treated with
AP, 4 (67% £3,p<0.01) compared to controls (fig. 3C).
Cells treated with the ACT/Af,_,, mixture for 24 h (fig. 3)
showed no changes in IL-6 or MMP-9 activity, but
sharply increased TNF-a (190% £ 8.4, p<0.01) com-
pared to control cells. Treatment of cells with ACT alone
resulted in a slight but significant reduction in MMP-9
levels in the medium of about 30% £ 5 (p<0.05).

In these experiments, the IL-1 concentration in the su-
pernatants was also measured, but its levels were repro-

Effects of AS, 4, on glioma cells

THF: concentration
{ng'ml of cell culture media)

IL-6 concentration
(/i of cell cullure media)

MMP-9 concentration
(ng/mi of cell cullure media)

Control ACTIAR, .

Al ACT

Figure 3. Effects of AB,, (5 pM), ACT (0.5 pM) and the
ACT/AP, 4, mixture (0.5/5 pM) on pro-inflammatory cytokines
TNF-a (4) and IL-6 (B), and gelatinase B (MMP-9) (C) generation
in glioma cells. Each bar represents the mean + SD of four to five
separate experiments performed in duplicate for each sample. As-
terisks indicate the probability level of a random difference between
controls and stimulated cells (**p<0.01, *p<0.05).

ducibly found to be below the detection limits of the as-
say (<1 pg/ml).

Cell viability was not compromised by any of the AB
forms studied here. In fact, both AS, 4, and the ACT/
Ap,_,, mixture slightly stimulated cell proliferation mea-
sured by 3H-thymidine incorporation (data not shown).
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Effect of AB,_4,, ACT and the ACT/AP,_,, mixture

on glioma cell lipid homeostasis

An association of pro-inflammatory activation of cells
with increased lipid uptake has been suggested [51]. To
evaluate the effects of ACT, AB,_, and the ACT/AB,_,,
mixture on uptake and degradation of '>’I-LDL, cells
were incubated with each of these plus '>’I-LDL.
Various time course studies indicated that the intracellu-
lar lipid level peak can be reached at 12 h [52, 53]. Using
an incubation time of 12 h, the ACT/Ap,_,, mixture sig-
nificantly stimulated LDL uptake by 50% (p<0.01), but
had no significant effect on LDL degradation, compared
to controls (fig. 4). Under the same experimental condi-
tions, AB,4, alone slightly, but not significantly, in-
creased LDL uptake (by 22 %), but had no effect on LDL
degradation. We further examined the effects of AB,_y,,
ACT and the ACT/Ap,_,, mixture on intracellular lipid
accumulation. Cells were treated with each in the pres-

=
*

ng "PI-L0L taken upimg call protein

ng "FI-LDL degraded | mg cell protain

ACT

Control AP, ACTIAB,

Figure 4. Combined effects of AB, 4, (5 pM), ACT (0.5 pM) and
ACT/AP,_, mixture (0.5/5 pM) on '»I-LDL uptake (4) and degra-
dation (B) by glioma cells after incubation at 37°C for 12 h. Each
bar represents the mean + SE of three to five separate experiments
tested by one-way ANOVA and the Scheffé multiple-comparison
test (a=0.05). ACT/Ap, 4, significantly induced LDL uptake while
having no significant effect on LDL degradation. Asterisks indicate
the probability level of a random difference between controls and
stimulated cells (** p<0.01).
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ence of LDL (10 pg/ml) for 12 h and the intracellular
lipid content was determined by Oil Red staining. As de-
termined by the number of stained cytoplasmic choles-
terol droplets (fig 5), the ACT/Ap,_4, mixture promoted
intracellular lipid accumulation by 20-fold (p <0.05). To-
gether, these data indicate that the ACT/Ap,_,, mixture
strongly induces LDL uptake and lipid accumulation in
glioma cell cultures in vitro.

To determine the relative contributions to this intracellu-
lar lipid accumulation of LDL-mediated uptake and en-
dogenous cholesterol biosynthesis, we measured mRNA
levels for LDLr and HMG-CoA reductase, the rate-deter-
mining enzyme in cholesterol biosynthesis [54]. As
shown in table 1, the ACT/Ap,_, mixture induced LDLr

A

40 4

1 L

Aby g ACT

Mumber of intracellular lipid droplets

Cantrol ACTIAR, 4

Figure 5. Accumulation of lipids in glioma cells visualised by stain-
ing with Oil Red O x100 (4) and statistical calculation of intracel-
lular lipid droplets (B). Glioma cells were incubated with AB, 4,
(5 pM), ACT (0.5 pM) separately or together for 12 h. The cells
were fixed and stained with Oil Red. The arrow indicates Oil-Red-O-
stained vacuoles. The probability level of a random difference be-
tween controls and cells stimulated with ACT/Af, 4, is p<0.01.



1740 Y. X. Sun, H. T. Wright and S. Janciauskiene

Table 1. Effects of Ab and the ACT/Ap, 4, mixture on HMG-CoA
reductase and LDLr mRNA levels in glioma cells.

HMG-CoA
reductase mRNA

Cell stimulation LDL receptor

mRNA

mean SD mean SD

Control 100 2 100 1.5
Pravastatin (0.1 mM) 164** 21 151** 195
AP, 4, (5 pM) 127 5.6 124 6.4
ACT (0.5 pM) 108 8.4 111 3
ACT/Ap, 4, mixture 148** 6 163%%* 4
(0.5/5 pM)

Mean and SD (% of control) of six independent experiments.
**p<0.01.

mRNA levels by 48 % versus 27 % for A, ,, while ACT
alone had no effects. Pravastatin (0.1 mM), used as a pos-
itive control under the same experimental conditions, in-
duced mRNA for LDLr by 64 %. Similarly, cells treated
with the ACT/Ap, 4, mixture or pravastatin increased
HMG-CoA reductase mRNA levels by 63 % and 51 %, re-
spectively, while Af, 4, alone induced mRNA by 24%
and ACT had no significant effect.

We also examined intracellular cholesterol synthesis and
found that neither Af, 4, alone nor the ACT/Ap,_,, mix-
ture had any significant effect on cholesterol synthesis in
glioma cells, while in the same experimental model,
pravastatin suppressed cholesterol synthesis by about
90% £ 5 (data not shown). This means that the entire in-
crease in cellular cholesterol was the result of LDL up-
take, and the increase in HMG-CoA reductase mRNA
made no specific contribution to cellular cholesterol lev-
els. Our experiments show that LDLr and HMG-CoA re-
ductase mRNA expression in human glioma cell culture
were co-ordinately up-regulated on exposure to the
ACT/AP, 4, mixture at levels comparable to those ob-
served with pravastatin, a hydrophilic HMG-CoA reduc-
tase inhibitor [55]. Despite these similarities, A, 4, alone
as well as the ACT/Ap, 4, mixture showed no effect on
intracellular cholesterol synthesis, while pravastatin
strongly inhibited cholesterol synthesis. Further studies
will be necessary to adequately address these anomalies.

Discussion

Amyloid plaque and neuroinflammation, manifested as
activated glial cells, are the most characteristic recurring
markers of the AD brain. As amyloid-forming peptide,
A has been exhaustively studied in vitro, but its function
is still not known nor is the in vivo mechanism by which
it exerts its putative neurotoxicity. The resemblance of A
to other cytokines in some of its cellular effects [24] sug-
gests that it may be an intrinsic component of the brain in-
flammatory response.

Effects of AS, 4, on glioma cells

A may play a role in AD pathology, not necessarily
through direct neurotoxicity, but through interaction with
other molecules to create complexes or new molecular
forms that gain biological activities or lose essential reg-
ulatory activities, and thereby foster chronic inflamma-
tion. Microglia and astrocytes in brain regions with abun-
dant amyloid plaques over-express many pro- and anti-in-
flammatory cytokines and other reactants, as well as A
[56], and some forms of Af can activate microgial cells
to synthesise and release pro-inflammatory cytokines
chemokines and reactive oxygen species, which can
cause neuronal damage [57]. ACT is an anti-inflamma-
tory reactant and a component of amyloid plaques that is
known to interact with Af. We showed earlier that ACT
forms electrophoretically distinct, soluble complexes
with A in vitro, changes the kinetics of Af polymerisa-
tion, and loses protease inhibitor activity as a conse-
quence of complex formation with Af [34].

Little work has been done on the biological activities of
A complexes with inflammatory reactant molecules like
ACT. In the work described here, we incubated AB,_,,
with ACT under conditions that straddle the time- and
concentration-dependent transition of some of the soluble
forms of AB,_, to complexed form(s) of Af,_4, with ACT.
Product(s) of this incubation have an induction profile for
the inflammatory reactants IL-6, TNF-a and MMP-9 dis-
tinct from that of AB,_,, alone. Af,_,, alone increases lev-
els of all three, while treatment of the cells with the
ACT/Ap,_4, mixture under the same conditions showed
no effects on IL-6 or MMP-9 levels, but elevated TNF-a
much more strongly than did Ap,_,, alone. Thus, the
ACT/A,_4, mixture may be more pro-inflammatory than
Ap,_4, through both its large enhancement of TNF-a ex-
pression as well as through ablation of ACT protease in-
hibitor activity by complex formation. These effects of
ACT/Ap,_4, mixture on cytokine expression are reminis-
cent of the effects of ACT complexed with target pro-
teases on cytokine expression [58]. Since TNF-a, 1L-6
and IL-1 regulate ACT expression in brain cells [59, 60],
these reciprocal effects could create a self-sustaining cy-
cle of inflammation.

An important consequence of the binding of A to ACT
is the loss of protease inhibitor activity of ACT [33]. In
vivo, this effect would remove the protease-regulating,
anti-inflammatory effect of ACT and may lead to in-
creased protease activity and proteolytic release of A
which may further abolish inhibitor activity of ACT and
increase the population of ACT/AfB molecules. ACT has
also been shown to be a free radical scavenger [61], act-
ing through the NADPH oxidase (respiratory burst) path-
way that is also activated by Ap [62, 63]. Therefore, the
interaction of A with ACT not only eliminates ACT as
an anti-inflammatory reactant, but also, if ACT is indeed
a chaperone promoting formation of multiply polymeric
forms of A, further transforms ACT into a pro-inflam-
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matory reactant, thereby making a double contribution to
the inflammatory state.

Cholesterol metabolism is known to be perturbed during
the inflammation [51] and APP processing and A8 gener-
ation are sensitive to cellular cholesterol levels [64]. In-
creasing cellular cholesterol levels in vitro decrease se-
cretion of soluble APP [65], while decreasing cellular
cholesterol diminishes Af secretion [66]. Mice main-
tained on high-fat diets show reduced levels of secreted
APP as well as reduced A levels [20], and Af has been
found to influence neuronal cholesterol esterification,
synthesis and trafficking [17, 18, 67]. Thus, there may
be a link between inflammation and A # mediated changes
in cholesterol metabolism. In our earlier studies, we
showed that specific molecular forms of AB, ,, may have
distinct effects on cellular lipid metabolism. For example,
fibrillar but not a soluble form of the AB, 4, peptide, at
micromolar concentrations was found to strongly in-
crease LDL uptake and binding by pheochromocytoma,
PC12 cells [21]. These effects were found to be partially
inhibited by anti-LDL receptor antibody from which we
suggested that the interaction of Af, 4, fibrils with LDL
receptors might contribute to fibril neurotoxicity. In addi-
tion, the ACT/Ap,_4, mixture formed by 2 h incubation at
a 1:10 molar ratio of ACT: Af increased uptake and de-
pressed degradation of native and oxidised LDL in neu-
roblastoma Kelly cells. In contrast, Af, 4, alone and an
ACT/Ap, 4, mixture prepared from a longer incubation
(24 h) showed no significant effect on LDL metabolism
[37]. These observations clearly show that only certain
molecular forms of Af may interfere with intracellular
lipid metabolism.

In the present study we observed that the ACT/ApB, 4,
mixture prepared by 2-h incubation stimulates uptake of
native LDL, but has no significant effect on LDL degra-
dation in glioma cells, and this effect correlates with in-
creased cellular cholesterol storage as determined by
cholesterol cytoplasmic droplet staining. In addition, the
ACT/Ap, 4, mixture significantly induced mRNA levels
for both HMG-CoA reductase and LDL receptors, but
had no effect on intracellular cholesterol synthesis. Since
LDLr activity is under tight metabolic control through a
cholesterol-sensitive feedback system that controls both
the rate of cholesterol uptake from LDL and the rate of
cholesterol synthesis [68], our observations indicate that
new molecular species in the ACT/Af, 4, mixture perturb
intracellular lipid homeostasis. Similarly, previous stud-
ies found that fibrillar, but not soluble, A peptides alters
cellular cholesterol homeostasis by increasing the free
cholesterol content in neuronal cells and inhibiting cellu-
lar cholesterol esterification [69]. We also found that the
ACT/AP, 4, complex mixture prepared by 2-h incubation,
but not Af alone, when added to neuroblastoma Kelly
cells induces LDL uptake and expression of the tran-
scription factors peroxisome proliferator-activated recep-
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tor-gamma and nuclear factor-«B which are known to be
involved in regulation of genes linked to lipid metabolism
and inflammation in AD [37].

Our present data showing that an ACT/Ap,_,, mixture
strongly induces TNF-a, up-regulates mRNA levels for
LDLr and HMG-CoA reductase and increases lipid accu-
mulation in glioma cells suggest that the effects of
ACT/A,_,, mixture on cellular lipid homeostasis may be
mediated via induction of the expression of inflamma-
tory cytokines such as TNF-a. At least two pro-inflam-
matory cytokines, TNF-a and IL-1p, have recently been
shown to disrupt cholesterol-mediated LDLr regulation,
resulting in formation of lipid-loaded cells [70].

These findings together indicate that the ACT/Ap, .,
complex mixture is pro-inflammatory and perturbs intra-
cellular lipid status. Several studies showing that intra-
cellular cholesterol levels influence the generation of Af
in brain cells [20, 63, 64] indirectly support the relevance
of these observations to the in vivo case and point to a
possible self-perpetuating cycle of A biosynthesis.
While the mechanisms by which an ACT/Ap,_,, mixture
induces changes in lipid metabolism remain to be eluci-
dated, the molecular forms arising from this interaction
clearly have pro-inflammatory properties and can alter
cellular cholesterol homeostasis.

AP, and ACT are inflammatory reactants and con-
stituents of amyloid plaques, and almost certainly interact
in vivo. In vitro co-incubation of ACT and Ap,_,, results
in a molecular species with activities that can be directly
linked to inflammation, A metabolism and thereby to
AD. The complex of AB,_,, with ACT may be one of many
such complexes with biological activities that contribute
to the neurodegeneration characteristic of AD. While in-
creasing the complexity of this disease, they may also of-
fer new points for pharmacological intervention.
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