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A B S T R A C T

Growing evidence suggests that oxidative stress plays a critical role in neuronal destruction characteristic of
Parkinson's disease (PD). However, the molecular mechanisms of oxidative stress-mediated dopaminergic cell
death are far from clear. In the current investigation, we tested the hypothesis that acrolein, an oxidative stress
and lipid peroxidation (LPO) product, is a key factor in the pathogenesis of PD. Using a combination of in vitro, in
vivo, and cell free models, coupled with anatomical, functional, and behavioral examination, we found that
acrolein was elevated in 6-OHDA-injected rats, and behavioral deficits associated with 6-OHDA could be miti-
gated by the application of the acrolein scavenger hydralazine, and mimicked by injection of acrolein in healthy
rats. Furthermore, hydralazine alleviated neuronal cell death elicited by 6-OHDA and another PD-related toxin,
rotenone, in vitro. We also show that acrolein can promote the aggregation of alpha-synuclein, suggesting that
alpha-synuclein self-assembly, a key pathological phenomenon in human PD, could play a role in neurotoxic
effects of acrolein in PD models. These studies suggest that acrolein is involved in the pathogenesis of PD, and
the administration of anti-acrolein scavengers such as hydralazine could represent a novel strategy to alleviate
tissue damage and motor deficits associated with this disease.

1. Introduction

Parkinson's disease (PD) is a common neurodegenerative disease
associated with a severe movement disorder (Hirsch and Hunot, 2009;
Przedborski, 2005; Rochet et al., 2012). PD results from dopamine (DA)
deficiency due to degeneration of nigral DA neurons. Although the
exact cause is unknown, oxidative stress has been implicated as one of
the most important contributors to nigral cell death in PD (Henchcliffe
and Beal, 2008; Jenner, 2003). However, despite decades of efforts,
treatments that target free radicals have been largely ineffective in re-
ducing dopaminergic cell death and delaying or alleviating motor def-
icits in PD (Henchcliffe and Beal, 2008; Hirsch and Hunot, 2009).
Therefore, further understanding of the mechanisms of oxidative stress
and identification of a novel and more effective target is highly war-
ranted and desirable.

We have demonstrated that acrolein, an aldehyde produced by lipid
peroxidation, is capable of directly damaging nerve cells and generating

free radicals (Hamann et al., 2008a; Luo and Shi, 2004, 2005; Shi et al.,
2002). In addition, acrolein has a much longer half-life than better-
known reactive oxygen species such as the superoxide anion (O2

−) and
hydroxyl radical (%OH) (Esterbauer et al., 1991; Ghilarducci and
Tjeerdema, 1995). Furthermore, evidence from our lab and others has
indicated that acrolein plays a significant role in secondary oxidative
stress related to spinal cord trauma (Hamann et al., 2008a; Hamann
et al., 2008b; Hamann and Shi, 2009; Park et al., 2014; Shi and Luo,
2006) and multiple sclerosis (Leung et al., 2011; Tully and Shi, 2013).
These findings have led us to postulate that acrolein plays a particularly
damaging role through the perpetuation of oxidative stress, enhancing
cellular degeneration and functional loss. Oxidative stress is a well-es-
tablished pathology in PD, and therefore we hypothesize that acrolein
plays a vital role in facilitating DA neuronal cell death. Furthermore,
acrolein may present a novel and effective target for therapeutic in-
terventions aimed at suppressing oxidative stress, reducing DA cell
death, and alleviating motor deficits.
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One of the well-known toxicities of acrolein is its ability to damage
proteins through adduct formation. Acrolein-bound proteins are likely
to undergo profound structural changes causing both functional al-
teration and toxicity (Kehrer and Biswal, 2000; Shi R. et al., 2011a;
Stevens and Maier, 2008). Alpha-synuclein (aSyn) is an abundant
neuronal protein that is thought to play an important role in PD pa-
thogenesis (Kalia et al., 2013). aSyn is a major component of char-
acteristic ‘Lewy body’ inclusions in the brains of PD patients, and mu-
tations in the aSyn gene are involved in some forms of familial PD
(Rochet et al., 2012). From this neuropathological and genetic evi-
dence, it is hypothesized that aSyn aggregation plays an important role
in DA cell death (Recasens et al., 2014; Rochet et al., 2012; Trojanowski
and Lee, 1998). Since aSyn possesses structural components that are
known to be vulnerable to acrolein adduction (e.g. numerous lysine
residues; an unfolded protein conformation) (Shamoto-Nagai et al.,
2007; Weinreb et al., 1996), we speculate that acrolein-mediated
structural alterations of aSyn may lead to the formation of aggregates
that could contribute to neurodegeneration in PD.

The primary objective of this study was to investigate the role of
acrolein in DA cell death using a combination of cellular and in vivo
models of PD. In addition, interactions of acrolein with aSyn were in-
vestigated in cell-free, cellular, and animal models to further elucidate
the role of acrolein in DA cell death. Our data suggest that acrolein
contributes to the pathological changes associated with PD through a
mechanism involving the formation of toxic aSyn aggregates.

2. Materials and methods

2.1. PC12 cells

PC12 cells were grown in Dulbecco's modified Eagle's medium
(DMEM; Invitrogen, La Jolla, CA) supplemented with 12.5% horse
serum, 2.5% fetal bovine serum, 50 U/mL penicillin, and 5mg/mL
streptomycin. The incubator was set at 5% CO2 at 37 °C. Culture media
were changed every other day, and cells were split every week. Cells
were switched from DMEM-supplemented culture medium to Hank's
balanced salt solution (HBSS) before they were treated with 6-OHDA
(Sigma, St. Louis, MO). 6-OHDA was prepared fresh in phosphate-buf-
fered saline (PBS) as stock solutions and diluted to the specific con-
centrations upon use. Hydralazine was dissolved at 30mM, 45mM, and
100mM in double-distilled water as stock solutions. Hydralazine ap-
plication was typically delayed for about 15min after the application of
6-OHDA.

2.2. MES23.5 cells

The MES23.5 dopaminergic cell line is a mouse–rat hybrid. The cells
were routinely propagated in Sato's N1 medium (87.5% (v/v) DMEM,
glutamine (4mM), newborn calf serum (2%, v/v), fetal bovine serum
(5%, v/v), penicillin/streptomycin (1%, v/v), 15mM HEPES (pH 7.4),
and 1× SATO (50× SATO: insulin, 0.25mg/mL; human transferrin,
0.25mg/mL; pyruvic acid, 2.43mg/mL; putrescine, 0.2 mg/mL; sodium
selenite, 0.25 μg/mL; progesterone, 0.315 μg/mL) as described
(Crawford et al., 1992).

In one set of experiments, MES23.5 cells were used to test the effects
of hydralazine on 6-OHDA-mediated cytotoxicity. One group of cells
were incubated with 400 μM 6-OHDA for 2 h (6-OHDA group). In the
other group, cells were treated with 500 μM hydralazine after a 15-min
delay following 6-OHDA exposure (6-OHDA/HZA). Cell viability was
determined using either the MTT test and expressed as percent of
control, or the trypan Blue assay and expressed as a percentage of cells
that excluded the trypan blue dye.

In a second set of experiments, MES23.5 cells were plated in 12-well
plates at a density of 50,000 to 100,000 cells per well on coverslips
pretreated with poly-L-lysine (5 μg/mL) (Crawford et al., 1992; Liu
et al., 2008a). After 24 h, the cells were treated with fresh media in the

absence or presence of acrolein (10 μM) for 24 h. The cultures were
fixed, permeabilized, and blocked as described (Liu et al., 2008b). After
washing with phosphate buffered saline (PBS) (136mM NaCl,
0.268mM KCl, 10mM Na2HPO4, 1.76mM KH2PO4, pH 7.4), the cells
were treated overnight at 4 °C with a primary mouse antibody specific
for vimentin (1:500) to monitor aggresome formation. The cells were
then washed with PBS and treated with a secondary anti-mouse anti-
body conjugated to Alexa Fluor 488 (1:1000) for 1 h at 22 °C. The cells
were mounted to slides with ProLong Gold Anti-Fade mounting media
containing the nuclear stain DAPI and sealed with clear nail polish. The
cells were examined using a Nikon TE2000-U inverted fluorescence
microscope. Previous control experiments revealed that fluorescent
staining was not observed when the cells were treated with secondary
antibody in the absence of primary antibody (Liu et al., 2008a; Liu
et al., 2008b).

2.3. Measurement of cell viability of PC12 cells and dopaminergic cell line

2.3.1. Trypan blue cell viability assay
Trypan blue is a vital dye that is imbibed by cells after their

membranes are damaged. Normally, undamaged cells exclude trypan
blue, because the chromophore is negatively charged and cannot enter
the cell in the absence of breaches to the membrane. All the cells ex-
cluding the dye were considered viable, whereas labeled cells were
considered otherwise dying or dead. A cell suspension (0.5 mL,
1× 106 cells/mL in HBSS) was mixed thoroughly with 0.5mL of 0.4%
trypan blue for 2min at room temperature. With a micropipette, 10 μL
of the mixture was withdrawn to fill a hemocytometer on each side. The
total number of cells and viable cells were counted under the light
microscope. Percentage viability was calculated as:

= ×viability viable cells
total cells

% 100%

The percentage viability was calculated from an average of dupli-
cate readings from both sides of the hemocytometer. Each experiment
was repeated four times.

2.3.2. MTT assay
Cells were seeded in 12-well plates at 1×106 cells/mL in HBSS. 3-

[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
was reconstituted in PBS and added to each well 1 h before the termi-
nation of the experiment. After incubation, an equal volume of MTT
solubilization solution was added to each well to dissolve the remaining
formazan crystals. The resulting absorbance was measured spectro-
photometrically (SLT, Spectra) at 550 nm, and the background absor-
bance at 660 nm was subtracted from these values. For each experi-
ment, the final MTT measurement for each sample was expressed as a
percentage of the control sample (no treatment).

2.4. Preparation of primary mesencephalic cultures

Primary midbrain cultures were prepared via dissection of E17
embryos obtained from pregnant Sprague–Dawley rats (Harlan,
Indianapolis, IN) as described previously (Liu et al., 2008a; Liu et al.,
2008b; Strathearn et al., 2014). All of the procedures involving animal
handling were approved by the Purdue Animal Care and Use Committee
(PACUC). The mesencephalic region containing the substantia nigra and
ventral tegmental area was isolated stereoscopically, and the cells were
dissociated with trypsin (final concentration, 26 μg/mL in 0.9% [w/v]
NaCl). The cells were plated in the wells of a 48-well plate (pretreated
with poly-L-lysine, 5 μg/mL) at a density of 163,500 cells per well in
media consisting of DMEM, 10% (v/v) fetal bovine serum, 10% (v/v)
horse serum, penicillin (100 U/mL), and streptomycin (100 μg/mL).
Five days after plating, the cells were treated with cytosine arabino-
furanoside (20 μM, 48 h) to inhibit the growth of glial cells.
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2.5. Treatment of primary midbrain cultures

In one set of experiments, primary midbrain cultures (10 days in
vitro) were incubated in the absence or presence of acrolein (10 μM) or
hydralazine (500 μM) in Hank's Balanced Salt Solution (HBSS) supple-
mented with CaCl2 (1.9 mM) and glucose (12mM) for 4 h. In a second
set of experiments, primary midbrain cultures were incubated in the
absence or presence of hydralazine (25–100 μM) for 72 h. The cultures
were then incubated in fresh media with rotenone (100 nM), in the
absence or presence of hydralazine (25–100 μM), for an additional 24 h.
The cultures were fixed, permeabilized, and blocked as described (Liu
et al., 2008a; Liu et al., 2008b; Strathearn et al., 2014). After washing
with PBS, the cells were treated overnight at 4 °C with primary anti-
bodies specific for microtubule associated protein 2 (MAP2) (1:1000)
and tyrosine hydroxylase (TH) (1:500). The cells were then washed
with PBS and treated with a goat anti-chicken antibody conjugated to
Alexa Fluor 594 and a goat anti-rabbit antibody conjugated to Alexa
Fluor 488 (each at 1:1000) for 1 h at 22 °C. ProLong Gold Anti-Fade
with DAPI was then applied to each culture well before adding a cov-
erslip.

2.6. Measurement of primary neuron viability

Relative dopaminergic cell viability was determined by counting
MAP2- and TH-immunoreactive neurons in a blinded manner using a
Nikon TE2000-U inverted fluorescence microscope (Nikon Instruments,
Melville, NY) with a 20× objective. The cultures were scored for the
percentage of MAP2+ neurons that were also TH+ (Liu et al., 2008a;
Liu et al., 2008b; Strathearn et al., 2014). Replicate experiments were
carried out using embryonic cultures prepared from different pregnant
rats. Approximately 200–600 MAP2+ neurons were counted per ex-
periment for each condition.

2.7. Animal surgery, stereotaxic injection, and treatments

Adult male Sprague-Dawley rats weighing 250–300 g at the start of
the experiment were obtained from Hilltop (Indianapolis, IN). Animals
were housed under conditions of controlled temperature (25 °C) and
illumination (12 h light; 12 h darkness) and free access to standard diet
and water. Experiments were performed in compliance with PACUC
concerning the experimental use of animals.

Five groups of rats were used: controls (no surgery), sham injury
(surgery and saline), 6-OHDA (surgery and 6-OHDA), 6-OHDA/treated
(surgery, 6 OHDA and hydralazine), and acrolein (surgery and acro-
lein). Animals that underwent surgery were anaesthetized with a
combination of ketamine (100mg/kg) and xylazine (10mg/kg) and
placed in a Kopf stereotaxic frame. With the head held firmly in place
by the frame, careful measurements were made of the midline sagittal
suture bregma (the convergence of the coronal and sagittal sutures). A
2 cm mid-sagittal skin incision was made on the scalp to expose the
skull. A dermal drill was used to drill a hole in the skull to expose the
dura mater.

For animals treated with 6-OHDA, a solution of the toxin (8 μg/2 μL)
was administered via a unilateral injection to the right side of the brain
into the region of the medial forebrain bundle (MFB) and substantia
nigra at coordinates AP: −4.0, ML: 1.5 lateral and 8.5 DV from bregma
using a 10 μL Hamilton syringe at a rate of 1 μL/min for a 2min
duration. Acrolein was injected in a similar manner to the MFB and
substantia nigra with a concentration of 500 μM/2 μL. Acrolein was
prepared as 500 μM using saline and 0.01% ascorbic acid to prevent
oxidation. Sham-operated animals received the vehicle (saline with
ascorbic acid 0.01%) and were used as injured controls. Following the
infusion of 6-OHDA, acrolein, or vehicle, the infusion needle was al-
lowed to sit in place for 5min and then slowly withdrawn, and the skin
incision closed with stainless steel wound clips.

Hydralazine was injected to the lesioned animal through

intraperitoneal (IP) injections every day for 15 days and every other day
for the rest of the experiment, up to 30 days.

2.8. Open field activity detector

Twelve hours after injury or sham surgery, animals were placed in a
Plexiglas activity box (100 cm×100 cm×20 cm) in a darkened room
(Fig. 5). Food was placed over the center of the box, and the box was
thoroughly cleaned with water between experiments to discourage the
rat from engaging in thigmotaxic behavior. Eight infrared beams were
arranged in an X–Y matrix, 20 cm apart and 4.5 cm off the ground, and
beam interruptions (breakages) resulting from movements of the rat in
the matrix were counted using a Veeder-Root Series 7999 Mite Totalizer
(ID# 79998D-110, Gurnee, IL). The lag time between counts was 14ms.
At 30min, the total number of beam breaks was tabulated.

Custom-designed in-house software recorded the state of the in-
frared beams at 200ms intervals (Koob et al., 2006). With this data, the
experimenter could determine the rat's position in space and time over
the course of the experiment and detect the animal's movement in real
time.

2.9. Rotarod test

The rotarod test, in which animals must balance on a rotating drum,
is widely used to assess motor coordination and deficits in neurode-
generative disease models in rodents (Ayton et al., 2013). Performance
is measured by the duration that an animal stays on the rod as a
function of drum speed. The test is sensitive to damage in the basal
ganglia and cerebellum and to drugs that affect motor function.

The rotarod test was conducted as described by Jones and Roberts
(1968). The rotarod was controlled by gradually increasing the speed of
rotation. Animals were allowed first to remain stationary for 10 s. The
speed was then gradually increased by 3 rpm per 10 s until a rotational
speed of 30 rpm (at which naïve, uninjured rat will not fall off during
2min test interval) was reached. The animal must remain on the ap-
paratus for the remainder of the 2min test interval at this 30 rpm speed.
The trial ends if the rat completely falls off the rungs, or grips the device
and spins around twice without actually walking on the rungs.

2.10. Analysis of brain samples via Western blotting

After the last rotarod and behavioral tests, animals were deeply
anaesthetized with ketamine and xylazine and perfused transcardially
with Krebs solution (115mM NaCl, 5.9 mM KCl, 1.2 mMMgCl2, 1.2 mM
NaH2PO4, 1.2mM Na2SO4, 2.5mM CaCl2, 25mM NaHCO3, 10mM
glucose, pH 7.4), and brains were collected. Brain samples were
homogenized using a glass homogenizer (Duall 21, Kontes Glass Co)
with a bathing solution consisting of 3% Triton and protease inhibitors:
2 mmol/L pefabloc, 15 μmol/L pepstatin A, 20 μg/mL aprotinin, and
25 μg/mL leupeptin. The solution was centrifuged to pellet any large
pieces of tissue for 30min at 14,000 g after incubating on ice for at least
1 h. Supernatants were collected and stored at −80 °C for up to
2 weeks. After thawing, an additional centrifugation was carried out,
and the supernatant was mixed with sample loading dye and heated at
96 °C for 3min. The dye-sample mixture was applied to a resolving gel
(7.5% acrylamide), and proteins were separated at 200 V for 50min.
Proteins were transferred from the resolving gel to a nitrocellulose
membrane at 100 V for 3 h (Western Blot system, Bio-Rad). The mem-
brane was blocked for 1 h in blocking buffer (0.2% casein and 0.1%
Tween 20 in PBS) and incubated in a solution containing either poly-
clonal rabbit anti-acrolein (Abcam, #37110) or mouse anti- αSYN (BD
Transduction, #610786) (1:1000 in blocking buffer with 2% goat
serum and 0.025% sodium azide) (Novus Biologicals) for 18 h at 4 °C.
The membrane was washed in blocking buffer and then transferred to a
solution containing alkaline phosphatase-conjugated goat anti-rabbit
IgG (1: 10,000). After washing in blocking buffer followed by 0.1%
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Tween 20 in Tris-buffered saline, the membrane was exposed to the Bio-
Rad Immuno-Star Substrate (Bio-Rad) and visualized by chemilumi-
nescence. Band densities were evaluated using Image J (NIH, Bethesda,
MD, USA).

2.11. 3-Hydroxypropyl mercapturic acid quantification in urine

Briefly, 3-hydroxypropyl mercapturic acid (3-HPMA) was quantified
in urine according to Eckert et al. (2010) and from our previous pub-
lications (Zheng et al., 2013). Solid phase extraction with Isolute ENV+
cartridges (Biotage, Charlotte, NC) was used to prepare each sample
before LC/MS/MS analysis. An Agilent 1200 Rapid Resolution liquid
chromatography (LC) system coupled to an Agilent 6460 series QQQ
mass spectrometer (MS) was used to analyze 3-HPMA in each sample. A
Waters Atlantis T3 2.1mm×150mm, 3 μm column was used for LC
separation. Multiple reaction monitoring was used for MS analysis. The
3-HPMA data were acquired in negative electrospray ionization (ESI)
mode. Creatinine levels were determined based on published proce-
dures. The final level of 3-HPMA was then normalized with the con-
centrations of creatinine.

2.12. Immunohistochemistry

After the last rotarod and behavioral tests, animals were deeply
anaesthetized with ketamine and xylazine and perfused transcardially
with Krebs solution followed by a fixative solution containing 4%
paraformaldehyde. Brains were removed and postfixed for 3 days,
cryoprotected with 15–30% sucrose, frozen with optimal cutting tem-
perature OCT compound, and stored until sectioned. The brains were
cut in 15 μm sections on a cryostat and mounted on gelatin-coated
slides. Serial coronal sections were made from the rostral-to-caudal
direction. Sections for the striatum were processed for TH im-
munohistochemistry of dopamine-producing cells. These sections were
washed in 1M phosphate buffer and then incubated overnight at room
temperature with anti-TH monoclonal antiserum (1: 10,000, Sigma).
The sections were then processed by the ABC method (Vector,
Vectastain, Burlingame, CA, USA) with anti-mouse antiserum IgG and
horse serum and reacted with 3,3-diaminobenzidine tetrahydrochloride
(0.6%), hydrogen peroxide (0.3%) and nickel solution. Some sections
were processed to control for either monoclonal antiserum or antibody
stain. Tyrosine hydroxylase immunostaining in the striatum was
quantified using densitometric analysis. The density of TH im-
munostaining in the striatum of the injured rats was quantified and
expressed as a percentage of the control. The number of section per
animal included was 20–25 sections. The density of TH immunostaining
of control, 6-OHDA-lesioned, and 6-OHDA-lesioned and hydralazine-
treated groups where compared with ANOVA, followed by Tukey test.

2.13. Acrolein-mediated self-assembly of recombinant aSyn

The pT7-7 construct encoding A53T aSyn was previously described
(Rochet et al., 2000). A cDNA encoding E46K aSyn was prepared from
the plasmid pET28-E46K (provided by Dr. Julia George, University of
Illinois Urbana-Champaign) and subcloned as an NdeI-HindIII fragment
into the pT7-7 expression vector. Recombinant aSyn was purified from
BL21 (DE3) cells transformed with pT7-7 constructs encoding WT or
mutant aSyn as described (Zhang et al., 2013). Prior to each experi-
ment, protein solutions prepared by resuspending purified, lyophilized
aSyn variants were filtered by successive centrifugation steps through a
0.22 μm spin filter and a 100 kDa centrifugal filter to remove aggregates
and oligomers.

aSyn variants were incubated in the presence of acrolein at acro-
lein/lysine ratios of 0.5–8 (mol/mol) for 1–8 h, with or without hy-
dralazine (hydralazine/acrolein ratio= 0.5, mol/mol). Unincubated
control samples were prepared in the absence of acrolein, with or
without hydralazine. After the incubation, a subset of samples was
analyzed via SDS-PAGE with Coomassie blue staining. Other samples
were incubated in the absence or presence of 2,4-dinitrophenylhy-
drazine (DNPH) and analyzed via Western blotting with primary anti-
bodies specific for DNP (rabbit, 1/150) (Chemicon OxyBlot Kit, EMD
Millipore, Bellerica, MA) and aSyn (Syn-1; mouse, 1/2000) (610787 BD
Biosciences, San Jose, CA). After washing, the blot was probed with
anti-rabbit IgG and anti-mouse IgG conjugated to Alexa Fluor 488 and
Alexa Fluor 594, respectively (both from ThermoFisher Scientific,
Rockford, IL). To visualize the bands, images were acquired using a
Typhoon imaging system (GE Life Sciences, Pittsburgh, PA).

2.14. Statistical analysis

Statistical analysis of multiple comparison was carried out by one-
way ANOVA followed by either Tukey or (where specified) the
Newman-Keuls post hoc test (Prism 6, GraphPad, La Jolla, CA, or IBM-
SPSS, SPSS Inc., an IBM company, Chicago, IL, USA). In analyzing
percentage primary cell viability data by ANOVA, square root trans-
formations were carried out to conform to ANOVA assumptions. The
Student's t-test was used when comparing only two groups. p < 0.05
was considered statistically significant, and the results were expressed
as the mean ± SEM.

3. Results

3.1. 6-OHDA-mediated PC12 cell death and its alleviation by hydralazine

Using the MTT test, we have found that 6-OHDA-mediated PC12 cell
death can be partially prevented by hydralazine (Fig. 1A). Specifically,
in the presence of 6-OHDA cell viability was 38 ± 3% of the control
value. However, cell viability increased to 66 ± 7% when hydralazine

Fig. 1. Mitigation of 6-OHDA-mediated PC12 cell
death by hydralazine. Cells were incubated with
400 μM 6-OHDA for 2 h (6-OHDA group), and
some cells were treated with 500 μM hydralazine
after a 15-min delay (6-OHDA/HZA). Cell viabi-
lity was determined by absorbance of the MTT
reduction product at 550 nm and expressed as
percent of control (A). For the Trypan Blue assay
the data are expressed as the percentage of cells
that excluded the Trypan blue dye (B). 6-OHDA
induced significant PC12 cell death based on
MTT reduction and Trypan blue dye exclusion
assays (p < 0.001, ANOVA). However, cell via-
bility was significantly improved by hydralazine
treatment compared to the group treated with 6-
OHDA only (p < 0.001, ANOVA). All data are
expressed as the mean ± SEM, N=6.
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was applied, a significant increase in cell viability compared to 6-OHDA
only (p < 0.001, n= 6 in all conditions). Similar results were obtained
when cell viability was assessed using a trypan blue exclusion test
(Fig. 1B). In the control, about 80% of the cells excluded trypan blue. In
the presence of 6-OHDA, there were only 48 ± 2% of the PC12 cells
that were impermeable to trypan blue, a significant decrease compared
to the control group (p < 0.001). However, the addition of hydralazine
led to an increase in the percentage of cells impermeable to trypan blue
to 68 ± 2%, a significant increase (p < 0.001, n=6 for each condi-
tion).

3.2. 6-OHDA-mediated dopaminergic cell death and its alleviation by
hydralazine

Using the MES23.5 dopaminergic cell line, we have found that 6-
OHDA reduced cell survival (48 ± 6%) which was significant com-
pared to control (100%, p < 0.001) (Fig. 2A). The addition of hy-
dralazine (applied 15min after the incubation of 6-OHDA) can enhance
cell viability to 71 ± 1% (p < 0.01, n= 9 in all conditions). In an-
other experiment, we applied hydralazine first for 30min and then
washed it off before the application of 6-OHDA. Therefore, there was
little hydralazine in the extracellular space. This manipulation was
meant to eliminate the possibility that extracellular hydralazine would
interfere with 6-OHDA entering the cells. In such a manipulation, the
cell viability was 75 ± 5% (p < 0.001 compared to control).

Similar results were also obtained using the trypan blue exclusion
test (Fig. 2B). 6-OHDA reduced cell viability from a control level of
83 ± 3% to 52 ± 2%. This reduction can be partially and significantly
reversed with the addition of hydralazine (71 ± 1%, p < 0.001,
n=14 in all conditions).

3.3. Acrolein-induced dopaminergic cell death in primary midbrain cultures
and its alleviation by hydralazine

We have found that primary rat midbrain cultures exposed to ac-
rolein at 10 μM contained fewer TH-positive neurons (relative to MAP2-
positive neurons) than those of the control group and those exposed to
500 μM hydralazine only (Fig. 3A). Cultures exposed to acrolein with
hydralazine contained more TH-positive cells than those only treated
with acrolein, suggesting an alleviating effect of hydralazine on dopa-
minergic cell loss (p < 0.05, n=4). Hydralazine also appeared to al-
leviate the cell loss of cultures treated with rotenone (100 nM, Fig. 3B).
The number of TH-positive cells in cultures exposed to 25, 50, or
100 μM hydralazine was significantly higher than that of cultures ex-
posed to rotenone (p < 0.05 for 25 or 50 μM hydralazine; p < 0.0001
for 100 μM hydralazine; n= 3).

3.4. Acrolein levels in the brain are increased in 6-OHDA-injected rats and/
or acrolein-injected rats

We have found that injection of either 6-OHDA or acrolein into the

MFB significantly increased the level of protein-bound acrolein de-
tected 14 days after injection. Specifically, in 6-OHDA injected animals,
proteins containing cross-linked acrolein could be detected at increased
levels, particularly in a band corresponding to a protein MW of
~75 kDa, compared to sham-operated animals (Fig. 4A, B). This in-
crease could be mimicked to a greater extent when acrolein was in-
jected in the same manner as 6-OHDA. Densitometric analysis revealed
a significant difference between the 6-OHDA group and the sham group
(p < 0.05) and between the acrolein group and the 6-OHDA group
(p < 0.05) or the sham group (p < 0.001). In addition to brain tissue
acrolein levels, we found that the urine acrolein metabolite 3-HPMA
was also significantly increased in the 6-OHDA group compared to the
sham group when examined two weeks after surgery (p < 0.05, N=4)
(Fig. 4C).

3.5. Motor deficits of 6-OHDA-lesioned animals examined using an activity
box were alleviated by hydralazine

6-OHDA-lesioned rats showed a typical reduction of activity as-
sessed by a well-established activity box method (Fig. 5). There was a
reduction of> 50% in the distance traveled by 6-OHDA-treated rats
compared to uninjured control (no surgery) or sham-operated animals
during 1 h of recording (Fig. 6A). Specifically, uninjured control rats
traveled an average of 223 ± 67m within an hour. Rats in the sham
group (surgery but no 6-OHDA) traveled a similar distance,
246 ± 71m (p > 0.05 when compared to control). In 6-OHDA-in-
jected rats, the travelling distance was reduced to 97 ± 32m, a sig-
nificant decrease compared to the control or sham group (p < 0.01).
Interestingly, acrolein injected stereotaxically in the same manner as 6-
OHDA also produced a reduction in the distance traveled similar to 6-
OHDA (118 ± 24, p < 0.05 compared to control or sham, p > 0.05
when compared to 6-OHDA). However, the 6-OHDA-induced reduction
in the distance traveled was significantly alleviated by a daily injection
of hydralazine. The hydralazine application partially restored the dis-
tance traveled to 193.2 ± 19.5, a significant increase compared to the
6-OHDA group (p < 0.01) (Fig. 6A).

When assessed by the area the rat covered within one hour, similar
results as those assessed by the distance traveled were obtained
(Fig. 6B). Specifically, 6-OHDA produced a significant decrease in the
area covered compared to the control or sham group (43.3 ± 18.5 vs.
94.0 ± 10.1 or 97.8 ± 2.1, p < 0.01). Again, similar to the effect of
6-OHDA administration, acrolein injection elicited a reduction in the
area covered by the rat (64.5 ± 6.9, p < 0.05 when compared to the
control or sham group). However, the 6-OHDA-mediated reduction in
the area covered was significantly reversed when hydralazine was ap-
plied daily for two weeks (p < 0.01 comparison between 6-OHDA and
6-OHDA plus hydralazine, 43.3 ± 18.5 vs 80.0 ± 5.6).

Fig. 2. Mitigation of 6-OHDA-mediated MES23.5 dopami-
nergic cell death by hydralazine. Cells were incubated with
400 μM 6-OHDA for 2 h (6-OHDA group), and some cells
were treated with 500 μM hydralazine after a 15-min delay
(6-OHDA/HZA). Cell viability was determined by absor-
bance of the MTT reduction product at 550 nm and ex-
pressed as percent of control (A). For the Trypan Blue assay
the data are expressed as the percentage of cells that ex-
cluded the Trypan blue dye (B). 6-OHDA induced sig-
nificant MES23.5 dopaminergic cell death based on MTT
reduction and Trypan blue dye exclusion assays
(p < 0.001, ANOVA). However, cell viability was sig-
nificantly improved by hydralazine treatment compared to
the group treated with 6-OHDA only (p < 0.01 for MTT
and p < 0.001 for Trypan blue, ANOVA). All data are ex-
pressed as the mean ± SEM, N=9–14.
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3.6. 6-OHDA-induced motor deficits and their alleviation by hydralazine
based on rotarod activity

We found that 6-OHDA produced a reduction in the maximal speed
that a rat could sustain on the rotarod (Fig. 7). Specifically, the maximal
speed for control and sham-treated animals was 29.7 and 28.9 rpm
respectively. 6-OHDA or acrolein significantly reduced this value to
13.6 ± 3.0 and 17.2 ± 1.4 respectively (p < 0.001 and p < 0.01
when compared to control, respectively). Hydralazine injection in 6-
OHDA-treated rats resulted in a maximal speed of 20.1 ± 2.1, which is
significantly higher than the effect of 6-OHDA alone (13.6 ± 3.0,

p < 0.01) (Fig. 7A).
When the maximal time that a rat could hang on to a moving ro-

tarod at a speed of 30 rpm was used as the indicator, similar results
were obtained. Specifically, the maximal time for control and sham-
treated animals was 174.9 ± 8.3 and 165 ± 13.4 s respectively. 6-
OHDA or acrolein administration reduced this value to 70.9 ± 10.7
and 85.4 ± 12.5 s respectively (p < 0.001 and p < 0.01 when com-
pared to control, respectively). Hydralazine injection in 6-OHDA-
treated rats resulted in a maximal time of 93.1 ± 17.9 s, which is
significantly higher than the effect of 6-OHDA alone (p < 0.05)
(Fig. 7B).

3.7. Hydralazine alleviates the loss of striatal dopaminergic nerve terminals
in 6-OHDA-lesioned rats

We found that 6-OHDA injection resulted in a 93.75% reduction of
TH immunoreactivity in the striatum in a brain coronal section (Fig. 8B,
D) compared to control rats (Fig. 8A, D). However, systemic treatment
with 5mg/kg hydralazine increased TH immunoreactivity by 4-fold in
6-OHDA-treated rats (Fig. 8C, D).

3.8. Acrolein increases alpha-synuclein aggregation in rats

We have found that injection of acrolein can significantly enhance
aSyn aggregation detected 12 days after injection (Fig. 9). Specifically,
in acrolein-injected animals, there was a significant increase of high
molecular weight aSyn species revealed by Western blot analysis using
an antibody that was confirmed to specifically target aSyn. This in-
crease was most obvious upon examining a band corresponding to a
MW of ~37 kDa (potentially corresponding to an aSyn dimer). The
mean density of this band was analyzed for the different samples, and
band intensities were plotted in Fig. 9B. The intensity of the band
corresponding to a brain sample from acrolein-treated rats
(3.51 ± 0.99 arbitrary units) was significantly greater than that of the
band corresponding to a brain sample from sham-treated animals
(1.00 ± 0.43 unit, p < 0.01) or a brain sample from acrolein-treated
rats analyzed using aSyn antibody that had been blocked with the
purified protein (0.34 ± 0.25 unit, p < 0.001).

3.9. Acrolein promotes alpha-synuclein aggregation in culture and in a cell-
free system

We and others have shown that perinuclear, Lewy-like inclusions
termed ‘aggresomes’ are formed in neuronal cells exposed to oxidative
stress (Liu et al., 2008a; McNaught et al., 2002; Muqit et al., 2004).
Aggresomes consist of aggregated proteins, molecular chaperones, and
proteasome subunits surrounded by a vimentin ‘cage’ and are thought
to be formed by an active cellular process in response to stresses that
trigger a buildup of misfolded protein (Johnston et al., 1998; Takalo

Fig. 3. Evidence of a role for acrolein in dopaminergic cell
death in primary midbrain cultures. (A) Acrolein is pre-
ferentially toxic to dopaminergic neurons in mixed mid-
brain cultures, and this effect is alleviated by hydralazine.
Primary rat midbrain cultures were exposed to acrolein
(‘A’) (10 μM), with or without hydralazine (‘H’) (500 μM).
(B) Hydralazine alleviates the loss of dopaminergic neurons
induced by the PD-related toxin, rotenone. Primary rat
midbrain cultures were exposed to rotenone (100 nM) in
the absence or presence of hydralazine (25–100 μM). In
both A and B, the cells were stained for microtubule-asso-
ciated protein 2 (MAP2) and tyrosine hydroxylase (TH),
and relative dopaminergic cell viability was assessed by
determining the percentage of MAP2-positive cells that
stained positive for TH. Data are plotted as the
mean ± SEM, N=4 (A) or N=3 (B), *p < 0.05,
****p < 0.0001, square root transformation, one-way
ANOVA with Newman-Keuls post-test.

Fig. 4. Elevation of acrolein-protein adducts or the metabolite 3-HPMA in rats following
6-OHDA or acrolein injection. A) Tissue samples from rat striatum were collected 14 days
post-injection and analyzed by Western blotting with a primary antibody that recognizes
acrolein-modified proteins. Rats were injected in the MFB with saline solution (sham) or a
solution containing 6-OHDA or acrolein. Note that the immunoreactivity of protein-
bound acrolein was enhanced over a range of molecular weights, but this effect was
particularly obvious in the gel region corresponding to a molecular weight of ~75 kDa.
All 3 samples were run on the same gel with the same exposure time used. B) Quantitative
analysis of the ~75 kDa band intensity. Statistical analysis (ANOVA) showed a significant
difference between the sham and 6-OHDA band intensities (p < 0.05), between the sham
and acrolein band intensities (p < 0.001), as well as between the 6-OHDA and acrolein
band intensities (p < 0.05). N= 5. C) Bar graph showing that the urine acrolein meta-
bolite 3-HPMA was significantly increased in the 6-OHDA group compared to the sham
group two weeks after the surgery (ANOVA, p < 0.05, N=4). All data are expressed as
the mean ± SEM.
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et al., 2013; Wigley et al., 1999). We hypothesized that aggresomes
should form in acrolein-treated neuronal cells, based on the pro-oxidant
effects of the toxin. To address this hypothesis, MES23.5 cells were
cultured in the absence or presence of acrolein and stained with an
antibody specific for vimentin. Fluorescence microscopy analysis re-
vealed the presence of perinuclear, compact, vimentin-positive

inclusions in cells exposed to acrolein, whereas the vimentin stain was
markedly more diffuse in untreated cells (Fig. 10). These findings
suggested that acrolein induces aggresome formation in MES23.5 cells.

Because recombinant aSyn forms prefibrillar oligomers under con-
ditions of oxidative stress (Conway et al., 2001; Norris et al., 2003;
Rochet et al., 2012), we predicted that acrolein should promote aSyn

Fig. 5. Two- and three-dimensional representa-
tion of rat exploratory behavior using an open-
field activity detector. The animal groups con-
sisted of control, 6-OHDA-injected, and 6-OHDA-
injected coupled with hydralazine treatment. The
activity levels and patterns of behavior in the
exploratory box for rats in the three groups are
shown (upper, middle, and lower panels). Each
graph shows the representative behavior of one
animal from each group. The X- and Y-axes re-
present the rat's position in the box, and the Z-
axis represents time (in seconds). The upper
panel shows that the control animal displayed
thigmotaxic (wall-following) behavior as evi-
denced by the square pattern of the activity. In
comparison to the injured animals (represented
by the middle and bottom panels), the control
animal was more active and explored a greater
area of the box repeatedly. The 6-OHDA-injured
animal was less active and explored a smaller
area at a much lower frequency (middle panel).
This animal also exhibited a circling behavior
shown by the arrow. The 6-OHDA animal treated
with hydralazine (bottom panel) showed a si-
milar pattern of exploration and wall following
compared to the control animal (upper panel)
and exhibited less circling behavior than the rat
treated with 6-OHDA alone. Top: Artist drawing
of an open-field test.
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oligomerization in a cell-free system. To test this prediction, samples of
recombinant aSyn (familial mutants A53T (Fig. 11A, B) and E46K
(Fig. 11C)) were incubated with acrolein at a molar ratio of 0.5–8 re-
lative to the protein's lysine residues. Analysis of the incubated samples
by SDS-PAGE (Fig. 11A, C) or by Western blotting with an antibody
specific for protein carbonyls (Fig. 11B) revealed the presence of SDS-
resistant bands corresponding to crosslinked aSyn dimer and trimer (the
Western blot in Fig. 11B also revealed weaker signals corresponding to
oligomers with a higher molecular weight than that of the trimer). The
band intensities increased progressively with increasing acrolein-lysine
ratio (Fig. 11A, B) and incubation time (Fig. 11A, C). No crosslinked
species were observed in samples of aSyn incubated with acrolein and
hydralazine (Fig. 11C). Collectively, these results suggested that (i)
acrolein triggered aSyn oligomerization, apparently via a mechanism
involving the formation of acrolein-aSyn adducts with a carbonyl
moiety; and (ii) acrolein-induced aSyn oligomerization was abolished
by hydralazine.

4. Discussion

Using in vivo testing, coupled with anatomical, functional and be-
havioral examination, we have gathered evidence indicating that ac-
rolein likely plays a critical role in the pathogenic phenotype of the 6-
OHDA rat, a typical animal model of PD. We have found that the level
of acrolein-lysine adducts is significantly elevated in the rat midbrain
two weeks following the injection of 6-OHDA. Secondly, injection of
acrolein into the midbrain can produce PD-like motor deficits that are
similar to those observed with rats injected with 6-OHDA. Thirdly,
application of hydralazine, an effective acrolein scavenger, significantly

alleviates PD-like motor deficits in 6-OHDA rats. Additionally, we have
found that hydralazine therapy has the capability to mitigate the death
of dopaminergic cells, labeled as TH-positive neurons, in the 6-OHDA
rat. Finally, in cell culture experiments using three types of cells, PC12
cells, MES23.5 dopaminergic cells, and dopaminergic neurons in mixed
primary midbrain cultures, we noted that cell death elicited by PD-re-
lated insults (6-OHDA or rotenone) could be effectively reduced with
hydralazine treatment, indicating that acrolein is a critical mediator of
the toxicity of PD stresses. These data, combined with our previous
findings indicating that acrolein can cause significant neuronal cell
death in various preparations (Liu-Snyder et al., 2006b; Luo et al.,
2005a; Luo and Shi, 2005; Shi et al., 2002), suggest that acrolein likely
plays a critical role in mediating neuropathology in both animal and in
vitro models of PD.

In the current study, we also noticed that when acrolein was directly
injected into the midbrain, the rats not only exhibited typical PD-like
motor deficits similar to those in 6-OHDA rats, but they also showed a
significant augmentation of aSyn aggregation (Fig. 9). This in vivo ob-
servation of acrolein-mediated protein self-assembly was further sub-
stantiated in a tissue culture model in which acrolein induced the for-
mation of aggresomes (Fig. 10). The notion that acrolein can directly
cause aSyn aggregation was more rigorously demonstrated in a cell free
system in which acrolein produced a dose- and time-dependent induc-
tion of aSyn aggregation that could be abolished by hydralazine
(Fig. 11). Since aSyn self-assembly is thought to play a key role in PD
(Kalia et al., 2013), we postulate that acrolein induces PD pathology by
stimulating aSyn aggregation.

It is well established that aSyn aggregation is involved in the for-
mation of Lewy bodies, a signature pathology in human PD (Eller and

Fig. 6. Quantitative behavioral analysis based on the open-
field test. The data for the mean distance traveled (A) and
the mean area covered (B) in the exploration open-field box
were quantified for control, sham, 6-OHDA-injected, 6-
OHDA-injected/hydralazine-treated, and acrolein-injected
groups. As shown, control animals were significantly more
active, traversed a greater distance, and covered more area
compared to the 6-OHDA- or acrolein-injected animals. The
sham animals did not differ from the uninjured control rats
with respect to mean distance traveled or mean area cov-
ered, whereas the 6-OHDA-injured groups showed a clear
reduction in both parameters (p < 0.01). This reduction
was partially restored by hydralazine treatment
(p < 0.01). Also note the significant reduction in the mean
distance traveled (A) and mean area covered (B) in acro-
lein-injected animals (p < 0.05). ANOVA was used in all
statistical comparisons. All data are expressed as the
mean ± SEM, N=4–6.

Fig. 7. Quantitative behavioral analysis based on the ro-
tarod test. The top speed (A) and maximum time (B) on the
rotarod were examined for control, sham, 6-OHDA-in-
jected, 6-OHDA-injected/hydralazine-treated (HZA), and
acrolein-injected groups. The sham animals did not differ
from the uninjured control rats with respect to top speed
and maximum time. 6-OHDA injection caused a significant
decrease in performance on the rotarod test, both in terms
of top speed (A, p < 0.001) and maximum time (B,
p < 0.001). However, this impairment was partially re-
stored by hydralazine treatment (p < 0.01 and p < 0.05
in A and B, respectively). Also note the significant reduction
in the maximum speed (A) and maximum time (B) in ac-
rolein-injected animals (p < 0.01). ANOVA was used in all
statistical comparisons. All data are expressed as the
mean ± SEM, N=4–6.
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Williams, 2011; Rochet et al., 2012; Schapira, 2009). However, 6-
OHDA rats usually do not develop Lewy bodies (Decressac et al., 2012;
Schober, 2004). Consistent with the literature, we did not detect a
significant increase of aSyn aggregation in 6-OHDA rats (data not
shown). This could be due to the acrolein level in the 6-OHDA animal
model, which though increased did not reach critical levels capable of
effectively causing significant aSyn aggregation. It is possible that in
acrolein-injected rats, the acrolein levels better mimic the situation in
the brain of PD patients, thereby causing more significant aSyn ag-
gregation (Fig. 9). Direct observation of Lewy body inclusions in ac-
rolein-injected rats would provide support for this idea. Nevertheless,
the increase of aSyn aggregation measured biochemically does signify
an increased likelihood of Lewy body formation. In this sense, an ac-
rolein-induced rat model could potentially be more representative of
human PD pathology than the 6-OHDA rat model based on the pa-
thology of aSyn aggregation.

The molecular mechanisms of acrolein-induced aSyn aggregation
were not investigated in the current study. However, based on the
available literature, a direct interaction between aSyn and acrolein is
possible. For example, it is known that the toxicity of acrolein is due in
part to covalent protein modifications targeting the nucleophilic side
chains of cysteine, histidine, and lysine residues (Cai et al., 2009;
Esterbauer et al., 1991; Hamann and Shi, 2009; Kehrer and Biswal,
2000; Shi R. et al., 2011a; Stevens and Maier, 2008). In particular, aSyn
has one histidine residue (H50) and fifteen lysine residues (though no
cysteine residues). A familial substitution of H50 with a glutamine re-
sidue (H50Q) has been shown to promote aSyn aggregation (Chi et al.,
2014; Khalaf et al., 2014; Rutherford et al., 2014). Moreover, sub-
stitution of lysine residues with glutamate resulted in a shift in the
population of aSyn aggregates from soluble oligomers to larger in-
tracellular inclusions (Zarbiv et al., 2014). Not only do these data fur-
ther support the possibility of acrolein-induced aSyn aggregation, but
they also suggest a direct interaction between acrolein and aSyn
through covalent bond formation with several key residues that mod-
ulate aSyn aggregation.

The increase in acrolein-lysine adducts in 6-OHDA- and acrolein-
injected rats observed in this study was most consistently associated
with a species with a molecular weight of ~75 kDa. In a post-spinal
cord injury model, we have found a widespread and consistent increase
in levels of acrolein-lysine adducts associated with proteins with many

molecular weights (Luo et al., 2005b). The reason for this difference
between the spinal cord injury model and 6-OHDA- or acrolein-injected
rats may lie in the nature of the injury. In trauma, the increase of ac-
rolein is likely a sudden, severe, and diffusive phenomenon that ac-
companies pronounced motor deficits or paralysis, potentially by af-
fecting a wide variety of proteins (Luo et al., 2005b; Park et al., 2014).
However, in a model of chronic degenerative disease such as 6-OHDA-
treated rats and likely in human PD as well, the motor functional def-
icits are less severe and require a longer time course to develop. This
may explain the relatively lower level of acrolein-protein adducts and
their association with a focused yet critical group of proteins such as
aSyn. Nevertheless, the modification of this subset of proteins could still
enable acrolein to play a critical role in PD pathology. Despite the re-
latively low level of proteins affected by acrolein in the brains of 6-
OHDA rats, it is clear that the overall acrolein level is elevated, based
not only on measurements of acrolein-protein adducts in brain tissue,
but also on measurements of the acrolein metabolite, 3-HPMA, in the
urine 2 weeks after administration of the toxin.

It is important to point out that the toxic concentration (or
threshold) of acrolein in vivo is probably significantly lower than the
concentration used in in vitro studies (1–100 μM) due to longer ex-
posures, i.e. hours in vitro vs. days in acute injury cases and months or
years in chronic neurodegenerative diseases (Calingasan et al., 1999;
Liu-Snyder et al., 2006a; Liu-Snyder et al., 2006b; Lovell et al., 2001;
Luo et al., 2005a; Luo and Shi, 2004, 2005). For example, we have
found that acrolein increased for at least 14 days following injury (Luo
et al., 2005b) and 14 days after injection of 6-OHDA in rat PD models
(Fig. 4C). Thus, acrolein concentrations significantly< 1 μM are likely
to be toxic following prolonged exposure in vivo in the case of chronic
neurodegenerative diseases.

This notion has two significant implications. First, it indicates that
the expected lower toxic threshold of acrolein in chronic exposures
makes it easier for acrolein to inflict cellular damage in various chronic
pathological conditions. This is based on our previous study showing
that acrolein cytotoxicity is dependent on incubation time, in addition
to the concentration of acrolein (Luo and Shi, 2004). Indeed, chronic
illnesses such as cancer, smoking-related illnesses, kidney diseases,
multiple sclerosis, and diabetes have all been linked to acrolein ex-
posure, despite the lower magnitude of acrolein elevation compared to
in vitro or in vivo models (Brock et al., 1979; Daimon et al., 2003; Feng

Fig. 8. Histological analysis of tyrosine hydroxylase (TH)
staining in the rat striatum following injection of 6-OHDA
in the MFB. Photomicrograph of 15 μm coronal brain sec-
tion showing TH immunolabeling in the striatum of control
(A), 6-OHDA-lesioned (B), and 6-OHDA-lesioned and hy-
dralazine-treated groups (C). Note the marked reduction of
TH immunoreactivity in the 6-OHDA-injected group com-
pared to the sham group. However, this 6-OHDA-mediated
reduction in TH immunoreactivity was significantly alle-
viated with IP injection of hydralazine. In quantitative
analysis of TH staining intensity (D), 6-OHDA injection
caused a> 90% reduction inTH immunolabeling
(p < 0.001, ANOVA). However, systemic injection of hy-
dralazine (HZA) resulted in a significant increase in TH
immunolabeling compared to the 6-OHDA group
(p < 0.01, ANOVA). All data are expressed as the
mean ± SEM, N=4. Scale bar: 2 mm for A–C.
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et al., 2006; Leung et al., 2011; Tamamizu-Kato et al., 2007). Fur-
thermore, the fact that hydralazine can reduce cellular damage and
motor effects associated with PD in the current study, and some other

chronic diseases such as MS (Leung et al., 2011), further supports the
critical role of acrolein in 6-OHDA rats. Importantly, evidence of a
correlation between tissue acrolein levels and PD risk in humans could
offer powerful clues about the progression of PD pathology and suggest
new strategies for diagnosis and monitoring disease progression using
peripheral acrolein as a biomarker.

The second significance of a lower threshold for acrolein toxicity in
chronic diseases is that the therapeutic concentration of scavengers
needed to attenuate the toxicity of endogenously produced acrolein
could be substantially lower than the concentrations used in in vitro
studies, or in an accelerated animal model such as the 6-OHDA rat PD
model (100–500 μM) (Hamann et al., 2008b; Hamann and Shi, 2009;
Liu-Snyder et al., 2006a). Therefore, this would imply a significantly
increased likelihood that hydralazine and other acrolein scavengers
could be used as effective treatments for neurodegenerative diseases in
humans.

In the current study, hydralazine was used in 6-OHDA rats IP at a
dosage of 5mg/kg body weight. This relatively low dosage has been
shown to have no significant effect on rat blood pressure (Zheng et al.,
2013). However, this dosage has been shown to be effective in reducing
acrolein levels in the CNS and in significantly enhancing neuronal re-
covery in spinal cord injury (Due et al., 2014; Park et al., 2014). Con-
sistent with its function as a neuroprotectant, hydralazine has been
reported to cross the blood-brain barrier (Carley et al., 1997). Further
supporting its therapeutic effect, we have noted that hydralazine can
achieve an effective therapeutic concentration in brain and spinal cord
within two hours after a bolus IP injection at the dosage used here
(5mg/kg body weight) (Park et al., 2014). Therefore, based on the
above results, we suggest that the dosage of hydralazine used in the
current study is at a therapeutic level that is capable of neutralizing
acrolein. The protective effects of hydralazine shown here suggest that
acrolein antagonism is a novel treatment strategy in the 6-OHDA an-
imal model of PD.

It is well established that acrolein is the most reactive α, β saturated
aldehyde. It is estimated that acrolein is 100 times more reactive than
4-hydroxynonenal (HNE), another α, β saturated aldehyde, and pro-
duced in up to 40-fold higher quantities (Esterbauer et al., 1991).
Therefore we have elected to focus on acrolein as a representative
compound in this group of toxic aldehydes in the current investigation.
It is also known that HNE and other similar aldehydes, such as mal-
ondialdehyde (MDA), can be generated through similar mechanisms,
and, therefore, they are likely to also be elevated in situations where
acrolein is augmented, although in lower concentration compared to
acrolein (Esterbauer et al., 1991; Shi R. et al., 2011a; Stevens and
Maier, 2008). Importantly, similar to acrolein, HNE and MDA can also
be scavenged by hydralazine (Hamann et al., 2008b; Zheng and
Bizzozero, 2010), facilitating its usage in investigating the toxicity of
aldehydes in general and in potential clinical applications that could
benefit from its broad spectrum of scavenging capability.

Despite the strong neuroprotection provided by hydralazine in 6-
OHDA rats and substantial evidence that such benefits are likely
through its anti-acrolein capability, we caution that other effects known
to be associated with hydralazine cannot be ruled out. For example,
hydralazine has been shown to be a weak inhibitor of monoamine
oxidase (Lyles et al., 1983), an enzyme that generates reactive oxygen
species. In addition, hydralazine has been reported to have antioxidant
properties (Daiber et al., 2005; Zheng and Bizzozero, 2010). Since the
toxicity of acrolein has been shown to be partially mediated by oxygen
free radicals (Luo and Shi, 2004), it is therefore possible that hy-
dralazine-mediated neuroprotection is partially through diminishing
the production of free radicals, in addition to its capability to scavenge
acrolein.

We chose hydralazine as an acrolein scavenger in this study for the
following reasons. First, based on the work from Burcham and collea-
gues (Burcham, 2017; Burcham et al., 2000; Burcham and Pyke, 2006),
as well as Zheng and Bizzozero (2010) and our own studies (Hamann

Fig. 9. Acrolein injection induces aSyn oligomerization in rat striatum. A) Tissue samples
from the rat striatum were collected 12 days post-injection and analyzed by Western
blotting using a primary antibody that recognizes aSyn. Sham: MFB injected with saline
solution. Acrolein: MFB injected with acrolein solution. Control: The aSyn antibody was
blocked with purified aSyn before performing the Western blot to assess the specificity of
immunoreactivity. The band near 37 kDa (potentially an aSyn dimer) showed a sig-
nificant increase in acrolein-injected rats compared to animals in the sham group. B) The
quantification of band intensity revealed a three-fold increase in the predicted aSyn dimer
in acrolein-injected rats compared to animals in the sham group (p < 0.01, ANOVA). The
upper panel of the 3 samples used the same exposure time. The lower panel of the 3
samples (monomer) also used the same exposure time. All data are expressed as the
mean ± SEM, N=4.
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and Shi, 2009; Shi R. et al., 2011a), hydralazine appears to be one of the
most effective scavengers of acrolein while retaining excellent activity
against MDA and HNE. Second, hydralazine has been shown to cross the
blood-brain barrier (Carley et al., 1997) and reach the brain and spinal
cord within 2 h following systemic application (Park et al., 2014). As
such, based on the literature, hydralazine is one of the most studied and
one of the most effective acrolein scavengers. Furthermore, the main
reason for using hydralazine in this investigation is to demonstrate in
principle that carbonyl scavengers are effective in lowering acrolein,
thereby achieving a significant level of neuroprotection, in the 6-OHDA
animal model of Parkinson's. The primary purpose of these experiments
is not to show that hydralazine is the best scavenger in preclinical an-
imal studies or as a first-line therapeutic for PD, but rather to demon-
strate the utility of acrolein scavengers as a new treatment modality.
Once the role of acrolein and the potential therapeutic value of anti-
acrolein are established, then future efforts could be geared towards
determining the most suitable acrolein scavenger in clinical applica-
tions.

In conclusion, we have presented in vitro and in vivo evidence that
acrolein may be a critical mediator of PD-related insults (6-OHDA, ro-
tenone) in cellular and animal models. In addition, anti-acrolein

therapy is likely an effective novel strategy to alleviate dopaminergic
cell death in PD. Since aSyn pathology and to a larger extent the pa-
thological role of acrolein have been linked to many other neuro-
pathological conditions such as traumatic brain injury (Bramlett and
Dietrich, 2003; Goldman et al., 2012; Newell et al., 1999), MS (Leung
et al., 2011; Shi Y. et al., 2011b; Tully and Shi, 2013), Alzheimer's
diseases (Lovell et al., 2001; Montine et al., 2002), spinal cord injury
(Hamann et al., 2008a; Hamann and Shi, 2009; Shi R. et al., 2011a),
and cancer (Feng et al., 2006), acrolein-trapping strategies may have
wide applications and a broad impact on human health.
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Fig. 10. Acrolein induces aggresome formation. MES23.5
cells incubated in the absence (A) or presence (B) of acro-
lein (10 μM) were stained for vimentin (green) and imaged
by fluorescence microscopy (blue color represents DAPI-
stained nuclei). Cells with perinuclear aggresomes were
more abundant in the acrolein-treated culture than in the
control culture. Scale bar, 20 μm. (For interpretation of the
references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 11. Acrolein induces aSyn modification and
oligomerization. (A) A53T aSyn was incubated in
the absence or presence of acrolein at acrolein/
lysine ratios of 0.5–8 (mol/mol) for 2 h or 4 h. An
unincubated control sample was prepared in the
absence of acrolein. The samples were analyzed
via SDS-PAGE with Coomassie blue staining. (B)
A53T aSyn was incubated in the absence or pre-
sence of acrolein at acrolein/lysine ratios of
0.5–8 (mol/mol) for 4 h. An unincubated control
sample was prepared in the absence of acrolein.
The samples were then incubated in the absence
(CT) or presence of DNPH, an agent that reacts
with protein carbonyls, and analyzed via Western
blotting with primary antibodies specific for DNP
(green) or aSyn (red). (C) E46K aSyn was in-
cubated in the presence of acrolein at an acro-
lein/lysine ratio of 7.5 (mol/mol) for 1–8 h, with
or without hydralazine (final concentration,
4.15mM; hydralazine/acrolein ratio=0.5, mol/
mol). An unincubated control sample was pre-
pared in the absence of acrolein, with or without
hydralazine. The samples were analyzed via SDS-
PAGE with Coomassie blue staining. In (A)–(C),
arrows show bands corresponding to aSyn dimer
(‘D’) and trimer (‘T’). (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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