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Abstract

Acrolein-modified proteins are markers of disorders such as Alzheimer’s disease (AD). Acrolein (H,C=HC—CH=O0), which can
be produced by the oxidative properties of amyloid-p (AB) peptide, localizes to areas immediately surrounding early AP aggregates.
The focal production of acrolein would consequently yield localized high concentrations that may be susceptible to polymerization
via basic latex polymer chemistry. Using albumin as our model we examined whether simple in vitro conditions may bring about
higher order aggregates composed of polyacrolein. We observed that thin plastic-like fragments were formed following incubation
of albumin in acrolein solutions from 5 to 500 mM in sodium phosphate buffers (pH 7.4). The layered plastic film stained for
carbonyls and for amyloid (cross-f structures) suggesting a polyacrolein—albumin colloidal mixture. Large structures (up to
2700 pm?) readily form under simple conditions. These observations suggest that polyacrolein latexes may potentially exist in

biological tissues contributing to the pathogenesis of diseases such as AD.
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Alzheimer’s disease (AD) brain has high levels of
acrolein [1], which is a toxic o, B-unsaturated aldehyde
product of lipid peroxidation that damages proteins.
Protein-bearing carbonyls correlate with the pathogen-
esis of AD [2]. Acrolein is a marker of oxidative stress
and localizes to neurofibrillary tangles and dystrophic
neurites surrounding amyloid-f3 (AB) aggregates [3]. 4-
Hydroxy-trans-2-nonenal, another o, B-unsaturated al-
dehyde product of lipid peroxidation, also localizes to
the major lesions in AD [4,5] as well as to serum amyloid
fibrils [6] derived from immune reactive proteins. A
peptide (1-42), an AD plaque component, promotes li-
pid peroxidation and o, B-unsaturated aldehyde pro-
duction [7]. These previous studies suggest a relationship
between amyloidogenesis and lipid peroxidation. In this
study we propose that acrolein may incorporate in pla-
ques by a currently unrecognized mechanism.

Among the o, B-unsaturated aldehydes, acrolein is the
most electrophilic reacting with sulfhydryls, imidazoles,
and primary amines [8]. Acrolein inhibits diverse
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enzymes [9-11]. However, the role of acrolein in pro-
moting protein aggregation, which is the hallmark of
AD, is largely unknown. Many neurodegenerative dis-
orders are due to protein aggregation [12]. These mis-
folding diseases include a large group of diverse proteins
and exhibit protein deposits that are fibrillar or amor-
phous and that contain cross-f structures typically
found in amyloid fibrils.

Protein glycation (or sugar-mediated protein modifi-
cation), which is implicated in AD [13], promotes ag-
gregation and cross-f structures in albumin [14]. We
similarly chose albumin in the current study to look at
acrolein-dependent amyloidogenesis. Our novel findings
are that acrolein-based latexes can form without sur-
factant or radiation, which are the typically used cata-
lysts for polymerization. We discuss the biological
significance of protein-bound polyacrolein.

Materials and methods

Materials. Human serum albumin (HSA), acrolein, Congo red, and
2,4-dinitrophenylhydrazine (DNPH) were purchased from Sigma
Chemical (St. Louis, MO). Bovine serum albumin (BSA), Cohn
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fraction-grade C, was obtained from Calbiochem (EMD Biosciences,
La Jolla, CA). All other chemicals were of reagent grade.

Incubation conditions. HSA samples were prepared in a 50mM
sodium phosphate buffer (pH 7.4) containing various concentrations of
acrolein (0.005-1.0M) and placed directly onto 96-well Costar
microplates (Corning, Corning, NY) for microscopic and turbido-
metric analysis. Samples were kept at room temperature and incuba-
tion time was varied.

Light microscopy. Samples, which included appropriate controls,
were kept in microplates and directly observed using a Nikon Eclipse
TE2000-U inverted microscope with phase contrast at various mag-
nifications (60-300x). Images were obtained and examined using
AnalySIS Computer Program (Soft Imaging System, Lakewood, CO).

Turbidity measurements. Protein aggregation of HSA samples was
assessed turbidometrically by measuring light scattering, which was
performed using a BioRad microplate reader-model 550 (Hercules,
CA) with a 595nm filter. Light transmittance was determined at var-
ious acrolein concentrations and compared versus control.

Preparation and analysis of BSA-acrolein aggregates. BSA samples
(20 mg/mL) were incubated in a 50 mM sodium phosphate buffer (pH
7.4) containing acrolein (1.0 M), placed in cell culture flasks (Corning,
Corning, NY), and kept at room temperature for 1h prior to anal-
ysis. Samples were centrifuged (1315g) in an analytical centrifuge for
Smin. The sediment was washed twice with a 50mM sodium phos-
phate buffer (pH 7.4) and the final resuspension was in 50mM so-
dium phosphate (pH 7.4). Protein concentration was measured
spectrophotometrically by determining the 260/280 nm absorbances of
an aliquot dissolved in I N NaOH using an Ultrospec 4000 UV/Vis
spectrophotometer (Amersham Biosciences, Piscataway, NJ). Car-
bonyl content was determined by DNPH labeling followed by mi-
croscopic analysis. Presence of amyloid-like conformation was
assessed by Congo red staining. An aliquot of the resuspension
(50 pL) was added to 200 pL Congo red solution, which was prepared
by prior mixing of 300 pM Congo red in 90% PBS/10% ethanol and
passing through a 0.2 um filter. PBS was a 10mM sodium phosphate
buffer (pH 7.4) containing 2.7mM KCl and 137mM NaCl. Samples
were incubated for 15min at room temperature and then centrifuged
(3000g) for 10 min, washed once with PBS, and resuspended in a
ImM sodium phosphate buffer (pH 7.0) containing 40% ethanol.
The resuspension was examined spectrophotometrically and micro-
scopically.

Results and discussion

Acrolein modifies intracellular enzymes [10,15] as well
as serum proteins such as albumin [16,17], forming ad-
ducts and crosslinked products. We examined the effects
of acrolein-induced albumin modification on aggrega-
tion, since amyloid results from glycation (1 M glucose
6-phosphate, 23 weeks, 37°C) of albumin [14] and al-
bumin gelation occurs upon heating [18]. These studies
[14,18] present albumin-derived fibrillar aggregates that
measure up to 300 nm only seen using electron micros-
copy. We report that acrolein promotes the formation of
amorphous planar polyacrolein—albumin aggregates
with dimensions exceeding 100 um that is visible under
light microscopy.

We observed that acrolein (5-100 mM) increased the
light scattering of albumin mixtures in a concentration-
dependent manner (Fig. 1). These data suggest that
under these conditions maximum aggregate formation
occurred at approximately 50mM acrolein. We then
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Fig. 1. Effects of acrolein on light scattering. HSA samples were in-
cubated at room temperature in various concentrations of acrolein and
absorbances (595nm) were obtained at 1 day (closed circles), 3 days
(open circles), and 7 days (triangles). Data represent multiple readings
from a representative experiment.

examined the mixtures under light microscopy and ob-
served structures that resembled plastic-like fragments
(Fig. 2). Even at 5SmM acrolein (24 °C, 10 mg albumin/
mL) the plastic-like fragments were visible after 3 days
(data not shown). Additionally, when albumin solutions
(10 mg/mL) were pipetted into a 500 mM acrolein solu-
tion at 24 °C, similar structures rapidly formed (Fig. 3).
The size and structure of these thin flat transparent
pieces of plastic-like material appeared concentration
dependent. As the concentration of acrolein increased
from 5 to 100 mM, the size of the fragments increased
and the degree of folding and compaction of the layers
increased.

Upon harvesting the aggregates by centrifugation, we
observed that the sedimented material contained protein
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Fig. 2. Formation of plastic-like fragments. HSA (10 mg albumin/mL)
was incubated in a 100mM sodium phosphate buffer (pH 7.4) con-
taining 25mM acrolein (24h at 24 °C) prior to phase contrast light
microscopy (60x; fragment approx. 2700 um?).
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Fig. 3. Albumin catalyzes the formation of plastic-like fragments. HSA
solutions (10 mg/mL) were pipetted into a 500 mM acrolein solution in
96-well microplates at room temperature and immediately examined
under phase contrast light microscopy (150x; fragment approx.
1800 pm?).

(starting mixture, 50 mg protein/mL in 12mL; final re-
suspension, 12.8 mg protein/mL in 150 uL), suggesting
that the fragments of plastic film were protein-containing

colloids. These fragments were also stained with DNPH
(Fig. 4), a carbonyl reagent, demonstrating the presence
of acrolein. Accessible carbonyls persist following the
polymerization of acrolein monomers across the alkene
bonds in creating polyacrolein (Fig. 5). Some carbonyls
would be available for Schiff base reaction with albumin,
leaving others reactive to DNPH. Alternately, there may
be incorporation of acrolein into albumin via Michael
additions leaving accessible carbonyls as protein
adducts. We also observed that the plastic-like fragments
were stained with Congo red (Fig. 6), suggesting
that these aggregates contain albumin that may exist in
cross-f structures similar to amyloid.

Interestingly, the drug targeting literature describes
the use of microencapsulation techniques and the man-
ufacture of microparticles, which may be of relevance to
our findings. In the presence of an initiating catalyst
acrolein forms polyacrolein first as a thin film that upon
processing (i.c., repeated centrifugations) develops into
bead-like structures [19]. These latex structures form by
emulsion polymerization through acrolein’s alkene
group and via carbonyl addition forming complicated
crosslinked two-dimensional structures. The resulting
polyacrolein microspheres maintain their free aldehyde
groups, which may bind drugs or proteins [20].

Fig. 4. Fragments stained with DNPH. Following removal of unpolymerized and unbound acrolein, pelleted fragments were stained with the
carbonyl reagent DNPH (0.1% in 1 N HCl) and examined under phase contrast light microscopy (300x; fragment approx. 200 pm?).
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Fig. 5. Proposed polyacrolein structure. Latex structures form by polymerization through acrolein’s alkene group and via carbonyl addition forming
complicated crosslinked two-dimensional structures.
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Fig. 6. Fragments stained with Congo red. Following removal of unpolymerized and unbound acrolein, pelleted fragments were stained with the
Congo red as described in Materials and methods and examined under phase contrast light microscopy (300x; fragment approx. 190 um?).

This study presents compelling data that suggest that polyacrolein-HSA may evoke antigenicity and other

polyacrolein may form in the absence of emulsion po- cytotoxic processes.
lymerization techniques that require surfactant and free In considering the relevance to AD, in which there is
radicals. We hypothesize that polyacrolein-HSA may a localized production of AP peptide and acrolein, we

form under biological conditions. The presence of propose that acrolein may incorporate in plaques via
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Schiff base attachment of AB onto polyacrolein films.
Since AP promotes lipid peroxidation and acrolein for-
mation [7], it is reasonable to suggest that the conditions
in the diseased nervous system may be suitable for
polyacrolein production and incorporation. The ap-
pearance of polyacrolein may contribute to the forma-
tion and accumulation of the mature plaque.

The composition of the plastic-like material needs
further characterization and its presence in vivo requires
validation. Nevertheless, we present novel findings sug-
gesting that protein—latex aggregates may form and
persist in biological tissues.
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