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Abstract
Acrolein, an a,b-unsaturated aldehyde and a reactive product
of lipid peroxidation, has been suggested as a key factor in
neural post-traumatic secondary injury in spinal cord injury
(SCI), mainly based on in vitro and ex vivo evidence. Here, we
demonstrate an increase of acrolein up to 300%; the elevation
lasted at least 2 weeks in a rat SCI model. More importantly,
hydralazine, a known acrolein scavenger can provide neuro-
protection when applied systemically. Besides effectively
reducing acrolein, hydralazine treatment also resulted in
significant amelioration of tissue damage, motor deficits, and
neuropathic pain. This effect was further supported by dem-
onstrating the ability of hydralazine to reach spinal cord tissue
at a therapeutic level following intraperitoneal application. This

suggests that hydralazine is an effective neuroprotective agent
not only in vitro, but in a live animal model of SCI as well.
Finally, the role of acrolein in SCI was further validated by the
fact that acrolein injection into the spinal cord caused
significant SCI-like tissue damage and motor deficits. Taken
together, available evidence strongly suggests a critical causal
role of acrolein in the pathogenesis of spinal cord trauma.
Since acrolein has been linked to a variety of illness and
conditions, we believe that acrolein-scavenging measures
have the potential to be expanded significantly ensuring a
broad impact on human health.
Keywords: acrolein scavenger, aldehyde, lipid peroxidation,
oxidative stress.
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A significant portion of damage sustained in spinal cord
injuries stems from a delayed secondary biochemical
reaction that amplifies the effects of physical insults and
spreads additional damage throughout the cord. Oxidative
stress, a hallmark of secondary injury, plays a critical role in
mediating functional loss in spinal cord injury (SCI) (Hall
1989). However, free radical scavengers have been largely
unsuccessful at mitigating secondary injury in the spinal
cord. We have recently demonstrated that acrolein, an a,b-
unsaturated aldehyde and a reactive product of lipid
peroxidation, is likely a key factor in neural post-traumatic
secondary injury (Shi and Luo 2006; Hamann et al. 2008a,
b; Shi et al. 2011a). This is based on its high toxicity to
nervous tissue (Picklo and Montine 2001; Shi et al. 2002,
2011b; Luo and Shi 2004; Luo et al. 2005a; Liu-Snyder
et al. 2006b), elevated concentrations in SCI (Luo et al.
2005b), and extended presence within biological systems

(Esterbauer et al. 1991; Ghilarducci and Tjeerdema 1995;
Luo et al. 2005b). Acrolein is capable of directly damaging
proteins, DNA, and lipids, and stimulating the production of
free radicals (Kehrer and Biswal 2000; Stevens and Maier
2008; Shi et al. 2011a). Furthermore, the neurotoxicity of
acrolein has been shown to be mediated through poisoning
mitochondria, compromising the integrity of neuronal
membranes, and degrading myelin (Picklo and Montine
2001; Luo and Shi 2005; Luo et al. 2005a; Hamann et al.

Received April 5, 2013; revised manuscript received November 25,
2013; accepted November 26, 2013.
Address correspondence and reprint requests to Riyi Shi, Department

of Basic Medical Sciences, Weldon School of Biomedical Engineering,
Purdue University, West Lafayette, IN 47907, USA. E-mail: riyi@
purdue.edu
Abbreviations used: IP, intraperitoneal; MS, multiple sclerosis; SCI,

spinal cord injury; SRM, single reaction monitoring.

© 2013 International Society for Neurochemistry, J. Neurochem. (2014) 129, 339--349 339

JOURNAL OF NEUROCHEMISTRY | 2014 | 129 | 339–349 doi: 10.1111/jnc.12628



2008a; Shi et al. 2011a,b). Therefore, as both a product of
and catalyst for lipid peroxidation (Esterbauer et al. 1991),
acrolein appears to induce a vicious cycle of oxidative stress
that dramatically amplifies its effects and is likely
responsible for continuously propagating degeneration in
SCI.
On the basis of existing evidence, we also hypothesize that

suppressing acrolein will reduce neuronal damage and
enhance functional recovery in SCI. To test such hypothesis,
and to further support the active role of acrolein in SCI, we
first demonstrated that hydralazine, an effective acrolein
scavenger, can mitigate acrolein-mediated cell death in PC12
cells (Liu-Snyder et al. 2006a) as well as in isolated spinal
cord segment (Hamann et al. 2008a). In addition, hydral-
azine also prevented acrolein-induced toxicity in cultured
hepatocytes (Burcham et al. 2000, 2004), and hepatoxicity
and MS in mice (Kaminskas et al. 2004; Leung et al. 2011).
Despite ample evidence of neuroprotection in vitro and the
likelihood of a similar effect in vivo, the effect of acrolein
scavenging therapy in live animal SCI has not been
evaluated. Without this necessary information, the potential
value of acrolein as a therapeutic target in the treatment of
SCI remains uncertain.
The primary goal of this investigation was therefore to

ascertain the neuroprotective role of acrolein scavengers in an
animal model of SCI, a critical step to further ascertain the
role of acrolein in the pathology of SCI in vivo. Such studies
were also designed to test the effectiveness of the acrolein
scavenger, hydralazine, an FDA-approved hypertensive med-
ication in suppressing acrolein in a live animal model of SCI
to reduce secondary injury and promote functional recovery.

Material and methods

Animal

Male Sprague–Dawley rats weighing 200–250 g at the time of
surgery were used. Rats were obtained from Harlan Laboratory
(Indianapolis, IN, USA) housed and handled in compliance with the
Purdue University Animal Care and Use Committee guidelines and
ARRIVE guidelines. The institutional protocol number for this
study is 1111000276. The animals were kept at least 1 week before
surgery for acclimation.

Rat spinal cord contusion injury model

Rats were anesthetized with a ketamine (80 mg/kg) and xylazine
(10 mg/kg) mixture by an intraperitoneal (IP) injection. The spinous
process and vertebrae lamina were removed to expose a dorsal
surface of spinal cord at the T-10 spinal level. Two different
severities of contusion SCI models were induced by New York
University (NYU) impactor where a 10-g rod was dropped from
either 25 mm or 37.5 mm onto the intact dura mater to generate
moderate and severely contused SCI models, respectively. A sham
operation was performed using only a laminectomy of the T-10
vertebra without a spinal cord contusion. After surgery, the animals

were allowed to recover on a heating pad. Post-surgical care of SCI
rats was performed including manual bladder expression daily until
the return of reflexive bladder control was observed and 3.0 cc of
saline administrated via subcutaneous injections to prevent dehy-
dration. It is worth mentioning that ketamine, as a non-competitive
NMDA receptor antagonist, can be neuroprotective (Newcomer
et al. 1999; Shibuta et al. 2006). However, in this study both
control and the treatment groups received the same regimen for
general anesthesia. This avoids immediate concerns on ketamine
administration.

Hydralazine treatment

The hydralazine hydrochloride (Sigma, St. Louis, MO, USA)
solution was dissolved in phosphate buffered saline. Hydralazine
solution (5 mg/kg) was administered through a daily IP injection
for 2 weeks, starting immediately within 5 min after SCI. To
measure the acrolein-lysine adducts level by immunoblotting,
hydralazine hydrochloride solution was administrated by IP
injection immediately following and 24 h after SCI. Rats were
killed 2 h after injection of the hydralazine hydrochloride solution.
A dosage of 5 mg/kg was chosen to reduce acrolein levels in rats
because its effectiveness and minimal influence on blood pressure
has been proven through IP injection (Zheng et al. 2013). The
injection volume was 2 mL/kg. Therefore, a rat of 250 g
would receive a daily dosage of 1.25 mg dissolved in 0.5 mL of
solution.

Quantification of hydralazine in central nervous system

Paper spray mass spectrometry was set up following standard
procedures before the analysis (Wang et al. 2011). To quantify the
concentration of hydralazine in the tissues, brain and spinal cord
from untreated rats were spiked artificially with different concen-
trations of hydralazine (from 15.625 ng/mL to 2000 ng/mL) and a
fixed concentration of nicotine as an internal standard (250 ng/
mL). A calibration curve was constructed with measurements from
these samples. Quantitative analysis was performed using the
intensity ratio of characteristic fragment at m/z 89 for hydralazine
and m/z 132 for nicotine in single reaction monitoring (SRM)
mode.

In the experimental group, rats were given an IP of either saline
(control) or saline with 5 mg/kg (b.w.) hydralazine and killed 2 h
after injection. The tissues of the rat were punched and transferred
onto the paper for paper spray mass spectrometry analysis and
quantification of hydralazine. The concentrations of hydralazine in
the tissues were estimated by calibration curve fits.

Behavioral test for locomotor function

The recovery of locomotor function was assessed using the Basso,
Beattie and Bresnahan (BBB) Locomotor Rating Scale (Basso et al.
1996). The score is based on the locomotor ability of SCI rodent
models. Briefly, the BBB scale is a 22-point scale which ranges
from 0, no observable movement of hindlimb, to 21, normal
movement of hindlimb. Rats were observed in an open field for
5 min after they had gently adapted to the field. Left and right
hindlimb were assessed separately at day one and then weekly after
SCI for 4 weeks. The score was obtained by taking an average value
of both hindlimb results.
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Pain assessment

The foot withdrawal threshold to mechanical stimuli was used as an
indicator of mechanical hypersensitivity below injury level. The SCI
rats were placed in a transparent plastic box on top of a metal mesh
floor and left alone for at least 10 min to acclimate. For mechanical
stimulation, a series of calibrated von Frey filaments (range: 0.4, 0.6,
1.0, 2.0, 4.0, 6.0, 8.0, and 15.0 g, stoelting, Wood Dale, IL, USA)
were applied perpendicular to the plantar surface of the hindlimb
with sufficient bending force for 3–5 s and then removed. Stimuli
were presented at 1 min intervals. A brisk hindlimb withdrawal with
or without licking and biting was considered as a positive response.
In the event of paw withdrawal, a lower stimulus was presented; in
the absence of a response, the filament of the next greater stimulus
was applied. The mechanical thresholds were calculated by using
the up-down method (Chaplan et al. 1994).

Isolation of spinal cord

The animals were anesthetized with an IP injection of a mixture of
ketamine (80 mg/kg) and xylazine (10 mg/kg). When deeply
anesthetized, they were perfused with oxygenated Kreb’s solution
(all in mM): 124 NaCl, 2 KCl, 1.24 KH2PO4, 26 NaHCO3, 10
ascorbic acid, 1.3 MgSO4, 1.2 CaCl2, and 10 glucose. To remove
the spinal cord, the whole vertebral column was rapidly removed
and a dorsal laminectomy was performed along the vertebral
column. The spinal cord was removed and cut into 1 cm sections for
both histological analysis and acrolein concentration determination.

Artificial acrolein standard preparation

Solutions of 0.5 mL of 2 mg/mL rat albumin (Calbiochem, San
Diego, CA, USA) and 0.5 mL of 100 mM acrolein (Sigma) solution
were carefully prepared and mixed together. The mixed solution was
then incubated for 4 h at 37°C. If not used the same day, the mixed
solution was then spread into 10 different vials that could be stored
at �80°C for up to 1 month. On the day of the experiment, serial
dilutions with 0.1% bovine serum albumin were then performed for
up to 10 000 folds for calibration standard curve construction.

Immunoblottings

The extracted spinal cord segments were incubated with 1% Triton
solution and the corresponding amount of Protease Inhibitor
Cocktails (Product #: P8340; Sigma-Aldrich, St. Louis, MO,
USA) and then homogenized with a glass homogenizer (Kontes
Glass Co.). The solution was then incubated on ice for at least 1 h
before centrifuged at 13 500 g for at least 30 min at 4°C. If the
experiment was not performed on the same day, the sample was then
stored at �80°C and could be kept for up to 2 weeks. One
additional round of centrifugation at 13 500 g was performed after
removal from �80°C.

Prior to analysis, a bicinchoninic acid protein assay was performed
to ensure equal loading for all samples. 200 lg of samples and
artificially prepared acrolein standards were transfer at the same time
to a nitrocellulose membrane using a Bio-Dot SF Microfiltration
Apparatus (Bio-Rad, Hercules, CA, USA), The membrane was then
blocked for 1 h in blocking buffer (0.2% casein and 0.1% Tween 20
in phosphate-buffered saline) before being transferred to 1 : 1000
primary mouse anti-acrolein antibody (ABCAM, Cambridge, MA,
USA), in blocking buffer with 2% goat serum and 0.025% sodium
azide, for 18 h at 4°C. After the primary antibody incubation, the

membrane was washed three times, 10 min each, in blocking buffer
before transferred to 1 : 10 000 secondary alkaline phosphatase
conjugated goat anti-mouse IgG antibody (VECTASTAIN
ABC-AmP, Burlingame, CA, USA) for 1 h at 20�C. After the
secondary antibody incubation, the membrane was again washed for
three times, 10 min each, in blocking buffer followed by 0.1%
Tween 20 in Tris-buffered saline before exposed to Bio-Rad
Immuno-Star Substrate and visualized by chemiluminescence.
Density of bands was evaluated using Image J (NIH, Bethesda,
MD, USA). A calibration curve was constructed with the artificial
acrolein standard to correlate the band densities to tissue acrolein
concentration in the samples.

Histology of rat spinal cord injury

Animals were deeply anesthetized and then perfused endocardially,
initially with lactated ringers to flush out the blood and then with 10%
formalin. The spinal cordwas removed and post-fixed for 24 h in 10%
formalin, and embedded in paraffin. Horizontal sections at a thickness
of 10 lmwere cut and stained with Luxol fast blue and Cresyl violet.
Images of sections midway through the lesion were captured at 49.
Images were analyzed in Image J such that the intact tissue and the
cyst was circumscribed for each sample and the area measured by
someone blind to the treatment. The percent of cyst to spinal cord area
in the imagewas compared between treated and untreated groups with
a Student’s t-test using SAS statistical software.Measurements of two
adjacent sections were averaged for each sample.

Acrolein microinjection into spinal cord and histological analysis

Following proper anesthesia, the rat spinal cord at the tenth thoracic
(T10) vertebra was exposed by dorsal laminectomy. To facilitate
micropipette insertion, the dural sheath was lanced with a needle
point. The pipettes were pulled, beveled and loaded with either saline
(vehicle) or acrolein in saline using a three-way valve and a syringe
under negative pressure. Injections were performed using the PMI-
100 pressure micro-injector (Dagan Corp., Minneapolis, MN, USA).
A volume of 1.6 lL of either sterile saline (left side-internal control)
or acrolein (right side, 1.6 lmol) were injected to the spinal cord
0.6 mm lateral to the midline and 1.2 mm ventral to the cord surface
at T10. Following injection, the surgical site was flushed with sterile
saline. The muscle and dermal layers were sutured sequentially with
interrupted sutures. The entire operation of microinjection was
conducted under dim light to minimize light exposure to acrolein.

Histological analysis of the rat spinal cord following acrolein
injection was performed 2 months following injury. Tissue was
fixed, post-fixed and paraffin embedded. Hematoxylin and eosin
stains were used to identify pathological changes resulting from
in vivo acrolein injection into spinal cord based on conventional
procedures. Briefly, the longitudinal paraffin sections were cut at a
thickness of 15 microns using an AO820 microtome (American
Optical, Buffalo, NY, USA). Sections were deparaffinized and
rehydrated, stained with hematoxylin and eosin, dehydrated, and
coverslipped. Imaging was performed on an Olympus microscope at
49 and image-tile-stitching was performed in Image-J.

Statistical analysis

Student’s t-test was used to compare data between two groups in
various experiential conditions. ANOVA and Tukey tests were used in
analysis when comparisons were made among more than two
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variables. The statistical significance level was set at p < 0.05.
The averages were expressed in mean � SEM.

To achieve reasonable statistical power analyses for experiments
performed in this study, type II errors were controlled at 0.2 level
(Power ≥ 0.8) for all the statistical tests. Treatment effects and
variances for the studies were estimated from pilot studies and our
previous publications (Hamann et al. 2008a; Zheng et al. 2013).
Equal variance (ANOVA Model) was assumed and validated for each
study. Given the above parameters, appropriate sample size for each
study was estimated from SAS (Power Procedure).

Results

The elevation of acrolein following SCI

Using dot immunoblotting, we have found that the level of
acrolein present in spinal cord tissue increased significantly at
both days 1 and 14 post-SCI (Fig. 1). Specifically, at 1 day
post-SCI, the acrolein level of sham, moderately, and severely
injured rats are: 9.1 � 5.3, 31.1 � 4.0, and 42.7 � 3.1,
respectively. A significant difference was detected between
severe and sham (p < 0.005) as well moderate and sham
(p < 0.05). At 14 days post-SCI, the acrolein level of sham,
moderately injured, and severely injured rats were: 8.5 � 3.6,
15.3 � 4.0, and 34.7 � 3.6 respectively with a significance
detected between severe and sham (p < 0.01).

The level of hydralazine in CNS following IP injection

Prior to evaluating the effectiveness of hydralazine in
lowering acrolein levels and offering neuroprotection in
SCI, we first examined the level of hydralazine in spinal cord
and brain tissue in the hours following IP injection.
Hydralazine is known to have a short half-life of a few
hours (Reece 1981); hence the animal was killed approxi-
mately 2 h after initial injection and brain and spinal cord
were harvested for acrolein determination using the recently
developed method of paper spray mass spectrometry (Wang
et al. 2011). It appeared that a significant amount of
hydralazine was present in the CNS within just 2 h following
IP injection. Specifically, at 2 h post-IP injection, the
concentrations of hydralazine in spinal cord and brain tissue
were 2.9 � 0.9 and 4.4 � 1.1 lg/g, while none was detected
in control (no hydralazine) animals (n = 4 in all three
groups). Since CNS tissue possesses a specific gravity value
of approximately 1 (Hamann et al. 2008a), the hydralazine
concentration in the CNS is calculated to be approximately
20 lM in spinal cord and 30 lM in brain (Fig. 2).

Hydralazine effectively decreases acrolein level in rat spinal

cord following injury

After confirming the availability of hydralazine in the CNS
following IP injection, we tested the hypothesis that hydral-
azine actually reduces acrolein in the CNS in vivo. Acrolein
was measured 24 h following SCI; hydralazine was applied
twice during this period, immediately after injury and again
2 h before the animal was killed. As indicated in Fig. 3,

hydralazine treatment significantly reduced acrolein concen-
tration from 31.1 � 4.0 au to 8.7 � 6.4 au in moderate
injury and from 42.7 � 3.1 au to 21.3 � 2.6 au in severe
injury (p < 0.05 in both cases, Fig. 3).

Hydralazine significantly reduces tissue damage after SCI

The extent of damage in rat spinal cord following SCI in
groups treated with and without hydralazine were examined

Fig. 1 Elevation of acrolein in spinal cord tissue following various
degrees of injury severity and time post-contusion in rat. Bar graph
indicates that the overall acrolein-lysine conjugate level correlated well

with the level of spinal cord injury (SCI) severity, that is, sham,
moderately injured, and severely injured, at 1 day and 2-week post-
injury. It also reveals significant elevation of acrolein 1 day following rat

SCI in both moderate and severe injury groups based on dot
immunoblotting quantification of acrolein-lysine adduct. In addition,
elevation of acrolein persisted for at least 2 weeks in the severely
injured group in comparison to the sham group. Photographic images

(top) show representative blots for each experimental condition. Bar
graph (bottom) displays that the acrolein-lysine levels in moderately
injured rats 1 day post-SCI were significantly higher than the sham

control (31.1 � 4.0 au vs. 9.1 � 5.3 au, p < 0.05, ANOVA) while no
significance was found with a similar comparison in 14-day post-injury
between sham and moderately injured (15.3 � 4.04 au vs. 8.5 � 3.6

au, p > 0.05, ANOVA). However, in the severely injured group, acrolein
levels were elevated significantly both at 1 day as well as 2-week post-
SCI compared to the sham (42.7 � 3.1 au vs. 9.1 � 5.3 au and

34.7 � 3.6 au vs. 8.5 � 3.6, respectively. p < 0.005 for 1 day and
p < 0.01 for 14 day comparison). The samples in each condition were
divided into two identical replicates. The first replicate was used to
determine acrolein levels based on dot immunoblotting while the

second one was used for actin quantification as an internal loading
control. The actin level was quantified using anti-actin antibody
measured from the western blot. The intensity of the bands was

quantified using Image J (NIH). n = 4 for each group. *p < 0.05,
**p < 0.01, ***p < 0.005.
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and quantified by measuring the percent area of the cyst
relative to the rest of the tissue in the section. Specifically, the
average of two adjacent longitudinal sections at the center of
the cord was used. While no cysts were detected in uninjured
cords, significant cysts were identified in rats that suffered
SCI. Specifically, the cyst covered 38.0% of the cord for the
SCI group. Hydralazine treatment significantly reduced this
value to 11.4% (Fig. 4. p < 0.01. n = 4 in both groups).

Hydralazine improves motor behavioral recovery in rat SCI
Behavioral motor function of SCI rats was evaluated using the
BBB locomotor rating scale immediately before, 1 day after
and then weekly for 4-week post-SCI (Fig. 5a). Before SCI,
the BBB scores of all groups, control, sham, SCI, and SCI
treated with hydralazine (SCI + Hz), were 21. After SCI, all
animals scored 0 1 day after injury and then gradually
recovered. The locomotor score of the hydralazine treatment
group (n = 13) displayed a significantly enhanced motor
recovery compared to the SCI group (n = 13) starting 1 week
after SCI. Significant differences were also seen at 2, 3, and
4 weeks after SCI. At the conclusion of the experiment (4-
week post-SCI), the BBB score of the hydralazine treated
group reached 16.1 � 1.0 which is significantly higher than
that of the SCI group, 12.4 � 1.1 (p < 0.05). The BBB score
of the sham group (n = 6) was 18.5 � 1.1 one day after SCI,
but normal gait was observed starting 1-week post-surgery.
No motor abnormalities were detected in the control group
during the entire 4-week experiment (n = 10) (Fig. 5a).

Hydralazine alleviated acute neuropathic pain following SCI

in rat

Besides motor behavior, we were also interested in any
benefits of acrolein scavenging on sensory abnormalities.

In particular, we were interested to know if hydralazine-
mediated acrolein reduction couldmitigate neuropathic pain, a
known symptom post-SCI in both animal and human patients.
The behavioral test for mechanical allodynia, a type of
neuropathic pain, was performed immediately before and 2, 3,
4 weeks following SCI. As indicated in Fig. 5b, mechanical
allodynia was well established at 2-week post-SCI when the
hindlimbs of the SCI rats could support their weight (Fig. 5a).
Specifically, before SCI, the paw withdrawal thresholds, a
measure of mechanical allodynia, in control, sham, SCI, and
SCI treated with hydralazine groups were 14.0 � 0.8 g,
14.7 � 0.3 g, 14.3 � 0.7 g, and 13.9 � 1.0 g, respectively.
As expected, no change of paw withdrawal thresholds was
observed in control and sham groups. However, there was a
marked decrease in paw withdrawal threshold in SCI rats,
indicative of mechanical allodynia, examined 2-, 3-, and
4-week post-SCI. Furthermore, mechanical allodynia was
significantly mitigated in the SCI + Hz group at 2-, 3-, and
4-week post-SCI. Specifically, at 2-week post-SCI, the
withdrawal threshold in SCI group was 3.7 � 0.3 g which
was significantly lower than sham or control (p < 0.01).
Hydralazine treatment increased this value to 8.1 � 1.2 g,
making it significantly less sensitive than that in SCI rats
(p < 0.05). Similar significant reductions of mechanical
allodynia by hydralazine were also seen in 3- and 4-week
post-SCI (p < 0.05 at 3 weeks p < 0.01 at 4 weeks. Fig. 5b).
This indicates that hydralazine-mediated acrolein reduction
was associated with decreased mechanical allodynia post-SCI.

Acrolein in vivo injection into spinal cord resulted in motor

deficits and tissue damage

In order to examine the ability of acrolein alone to elicit
neurological deficits in the absence of mechanical trauma, we

(a) (b)

Fig. 2 Determination of hydralazine levels in CNS tissue following

intraperitoneal (IP) injection. (a) Artist drawing of the acrolein injection
method and the organs used for hydralazine quantification. The
dosage of hydralazine was 5 mg/kg through intraperitoneal (IP)

injection and the control group received the same amount of saline.
(b) Bar graph indicates the level of acrolein 2 h following both
hydralazine (brain and spinal cord) and saline (spinal cord) injection.

Specifically, brain and spinal cord issues were harvested and punched
approximately 2 h after hydralazine treatment (IP injection). The tissue

was then transferred onto the paper for analysis using paper spray

mass spectrometry to determine the level of hydralazine. The level of
hydralazine was expressed both at lg/g as well as lM. Specifically, the
levels of hydralazine in spinal cord and brain were 2.9 � 0.9 and

4.4 � 1.1 lg/g, respectively. Using a previously determined gravity of
spinal cord tissue at 1 g/mL (Hamann et al. 2008a), we estimated that
hydralazine reached a level of close to 20 lM in spinal cord and 30 lM

in brain tissue. No hydralazine was detected in the spinal cord in the
control group where only saline was injected. n = 4 in all three groups.
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injected a small amount of acrolein directly into the spinal
cord of uninjured, healthy rats (Fig. 6a). As shown in
Fig. 6b, following injection of acrolein to the right side and
equal volume of saline to the left side, we found that such
treatment produced significant motor deficits on the side of
acrolein injection, while administration of saline to the
contralateral side resulted in the absence of persistent motor
deficits. The acrolein injection also caused noticeable
damage compared to the adjacent saline injection site
(Fig. 6c). The eosinophilic lesion area is surrounded by an
apparent glial scar region in which there are increased
numbers of small-nucleus cells. Inside the scarred outline of
the lesion, there does not appear to be a substantial cellular
presence except some large clusters of red blood cells in the
medial aspect of the lesion. The lesion appears primarily
composed of cellular debris with occasional intact cellular
presence (Fig. 6c inset). This acrolein-dependent lesion is
primarily unilateral, with little noticeable damage appearing

contralateral to the acrolein injection site where the same
amount of saline was injected.

Discussion

In this study, we have found that acrolein is significantly
elevated in rat spinal cord contusion injury and can be
effectively reduced through systemic application of hydral-
azine, a proven acrolein scavenger. Besides neutralizing
acrolein, hydralazine treatment also resulted in significant
reduction of tissue damage, motor deficits, and neuropathic
pain. In addition, acrolein injection into spinal cord caused
significant SCI-like tissue damage and motor deficits. This
data are consistent with repeated reports that hydralazine
alleviates acrolein-mediated neuronal damage in in vitro
experimentations (Liu-Snyder et al. 2006a; Hamann et al.
2008a,b; Hamann and Shi 2009). Taken together, available
evidence strongly suggests a critical causal role of acrolein in
the pathogenesis of spinal cord trauma.
Although acrolein was reported to be increased in spinal

cord compression injury in guinea pig (Luo et al. 2005b),
this is the first time elevated acrolein has been found in rat
contusive SCI. We have also shown that acrolein was
continuously elevated for at least 2 weeks in rats post-SCI
(Fig. 1), a significant extension from the 1 week elevation
reported in guinea pig. In addition, based on dot immuno-
blotting, the maximal increase of acrolein in rat SCI is 300%,
while the highest increase of acrolein in guinea pig was 60%
measured by ELISA (Luo et al. 2005b). This discrepancy
could be because of the difference in the animal species, the
injury model, and the technique of acrolein estimation.
However, in both cases, the maximal level of increase was
found at 24 h post-injury. This suggests that acrolein
elevation may peak at 1-day post-physical trauma.
Although there are multiple reports that hydralazine

mitigates neuronal damage in tissue culture and isolated
nerve tissues (Liu-Snyder et al. 2006a; Hamann et al. 2008a,
b; Hamann and Shi 2009), this is the first demonstration that
hydralazine has the ability to exert an acrolein-scavenging
effect and offer neuroprotection in vivo. Unlike in vitro and
ex vivo conditions where the concentration of hydralazine
could be well controlled (Liu-Snyder et al. 2006a; Hamann
et al. 2008a,b), the tissue concentration of applied drug
cannot be assumed in vivo because of the complexity of
whole animal. Using a newly developed technique of
quantifying hydralazine levels with paper spray mass spec-
trometry (Wang et al. 2011), we have shown that, following
just one bolus systemic injection of 5 mg/kg, the concentra-
tion of hydralazine can reach an average of 20 lM in the
spinal cord and 30 lM in the brain, 2 h post-injection. Since
the minimal level of hydralazine that can significantly
mitigate acrolein-mediated cellular damage is estimated to
be no more than 25 lM (Liu-Snyder et al. 2006a), the level
achieved in vivo in this study is at the range capable of

Fig. 3 Hydralazine effectively reduced acrolein level in rat spinal cord
injury (SCI). Hydralazine at a dosage of 5 mg/kg, was administered

immediately after contusion injury and again 1 day post-injury in both
moderately and severely injured rats. Approximately, 2 h following the
second hydralazine application, spinal cord tissue was harvested for

acrolein determination using dot immunoblotting. As indicated, such
treatment of hydralazine significantly reduced the acrolein levels in
both moderate and severe injury groups. The data used to generate
the bar graph of sham, moderately injured and severely injured groups

were the same as those used in Fig. 1, included here for comparison
purposes. Specifically, in the moderately injured and hydralazine
treated group, the acrolein-lysine adducts level is 8.7 � 6.4 au which

was significantly reduced from injured only group 31.1 � 4.0 au
(p < 0.05, ANOVA). Similarly, hydralazine treatment also significantly
reduced the level of acrolein-lysine adducts from 42.7 � 3.1 au to

21.3 � 2.6 au in the severely injured group (p < 0.05, ANOVA). Data and
image analysis were similar to those performed for Fig. 1. n = 4 in
each condition. *p < 0.05.
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scavenging acrolein. This is consistent with the findings that
hydralazine application leads to the reduction of acrolein in
the spinal cord by 50–70% (Fig. 3). This finding also
validates and further supports the notion that hydralazine is
an effective neuroprotective treatment not only in vitro, but
in a live animal model of SCI as well. Our data also echoes
earlier findings that hydralazine can effectively reduce
acrolein-mediated hepatic tissue damage in mice (Kaminskas
et al. 2004). Since the half-life of hydralazine is approxi-
mately 1 h (Reece 1981) and we only applied hydralazine
once a day, it is possible that more frequent administration of
hydralazine daily may boost its strength in suppressing
acrolein in vivo.
In this study, we have found that hydralazine treatment can

significantly reduce cyst formation in the spinal cord, a
severe form of tissue damage and dissolution seen, also
known as syringomyelia in spinal cord trauma (Nurick et al.
1970; Mudge et al. 1984; Schurch et al. 1996; Rooney et al.
2009). It is likely that a cyst, observed from samples
processed 4 weeks post-injury (Fig. 4), will eventually be
filled with scar tissue, such as those seen in acrolein injected
samples displayed in Fig. 6 that were processed 8-week post-
injury, as it has been shown previously in a rat spinal cord
transection injury (Rooney et al. 2009). Therefore, it is
reasonable to speculate that hydralazine-induced cyst reduc-
tion will lead to the reduction of scar formation, a major
obstacle of axonal regeneration (Reier et al. 1983; Fitch
et al. 1999).
It is clear in this study that acrolein reduction through

hydralazine was not only associated with improved motor
behavior (Fig. 5a) but also accompanied by significant
reduction of neuropathic pain (Fig. 5b), a recognized

symptom associated with SCI (Hulsebosch et al. 2009). As
a known pro-inflammation compound, acrolein has been
shown to stimulate the production of multiple key inflam-
matory mediators (Facchinetti et al. 2007; Moretto et al.
2009). It is also well-established that inflammation is one of
the major characteristics of SCI that contributes to the
establishment and maintenance of neuropathic pain (Schnell
et al. 1999; Jones et al. 2005; White et al. 2005, 2007;
Trivedi et al. 2006; Donnelly and Popovich 2008; Hul-
sebosch 2008). Therefore, acrolein-meditated inflammation
likely contributes to neuropathic pain, while the hydralazine-
induced analgesic effect is possibly because of reduction of
inflammation through acrolein scavenging. Taken together,
acrolein scavenging strategy may be an important measure,
among other effects, to reduce pain and improve the quality
of life for SCI victims.
It has long been shown that phospholipid damage and

breakdown occurs following traumatic spinal cord injury. For
example, Horrockks and his colleagues reported an enhanced
lipid breakdown associated with spinal cord injury in cats
(Demediuk et al. 1985). While some did not find this
phenomenon in rats (Murphy et al. 1994), others noted the
comparable increase of lipid breakdown in rat spinal cord
injury (Demediuk et al. 1989). Increases in oxidative stress,
a known secondary injury mechanism in SCI, can lead to
breakdown of lipids (e.g., through lipid peroxidation) which
in turn produces acrolein (Shi et al. 2011a). Therefore,
acrolein could, at least conceptually, serve as an indicator of
overall enhanced breakdown of lipid in SCI. As a related
point of discussion, it has been observed that the levels of the
lipids cholesterol and ethanolamine plasmalogen are signif-
icantly decreased following spinal cord injury because of

(a)

(d)

(b) (c)

Fig. 4 Hydralazine treatment significantly reduced
the cyst covered area after spinal cord injury (SCI).
(a–c) Conventional Luxol fast blue staining of

horizontal sections of rat spinal cord reveals the
size of the cyst at the injury site in uninjured (a),
injury only (saline treatment) (SCI) (b), and injury
treated with hydralazine (SCI+HZ) (C) groups

4 weeks following injury. Notice the lack of any
noticeable cysts in the uninjured cord, the
development of large cysts in the SCI group, and

its significant reduction in hydralazine treated
group. (D) Quantitative comparison reveals that
the size of the cyst in SCI-HZ group (11.4 � 5.4%)

was significantly less that in SCI group
(38.0 � 4.3%, p < 0.01, Student’s t-test). n = 4 in
both groups. **p < 0.01.
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enhanced breakdown of lipid (Demediuk et al. 1985, 1989).
Since lowering acrolein using scavengers has been associated
with reduced level of reactive oxygen species (ROS) and

ROS can result in lipid breakdown through lipid peroxidation
(Esterbauer et al. 1991; Hamann et al. 2008a; Hamann and
Shi 2009; Shi et al. 2011a), it is likely that hydralazine could
deter lipid breakdown and preserve cholesterol and
ethanolamine plasmalogen. This hypothesis remained to be
tested.
The current animal studies using hydralazine has provided

a valuable proof-of-principle demonstration that acrolein-
scavenging is an effective means of curtailing oxidative
stress in SCI. However, despite the effectiveness of neuro-
protection offered by hydralazine in the current animal study,
the primary purpose of this investigation is not to suggest
hydralazine as a first line therapeutic for SCI victims, but
rather to demonstrate the utility of acrolein scavengers as a
new treatment modality. In fact, it is important to point out
some limitations for use of hydralazine as an acrolein
scavenger. Specifically, hydralazine is a vasodilator (Khan
1953), which could lead to hypotension that is undesirable
following SCI. In this regard, some other known acrolein
scavengers, such as antidepressant phenelzine which does
not significantly influence blood pressure, may also be
appreciated as valuable options with the careful consideration
of advantages and disadvantages (Cole and Weiner 1960;
Wood et al. 2006).
By ascertaining the effectiveness of acrolein scavenging

strategy, we have not only further implicated the pathological
role of acrolein in SCI, but also demonstrated the potential of
acrolein scavengers as a new treatment modality for SCI.
Since the traditional treatment for SCI using free radical
scavengers, such as methylprednisolone, has provided mostly
marginal neuroprotection through its basic and clinical usage,
acrolein scavenging may represent a novel, or at least an
alternative strategy, to more effectively curtail oxidative
stress and enhance neuronal recovery (Saunders et al. 1987;
Anderson et al. 1994; Behrmann et al. 1994; Bartholdi and
Schwab 1995; George et al. 1995; Chen et al. 1996; Pereira
et al. 2009). It is expected that, once established, acrolein
targeting therapeutics would not only benefit patients with
SCI, but could also be used to treat other disorders where
acrolein and oxidative stress are allegedly involved, such as
multiple sclerosis (Smith et al. 1999; Leung et al. 2011; Shi
et al. 2011b), Alzheimer’s disease (Lovell et al. 2001;
Montine et al. 2002), and even cancer (Feng et al. 2006).
Furthermore, acrolein has also been linked to the effects of
aging (Montine et al. 2002), smoking (Feng et al. 2006), and
exposure to pollution (Hesterberg et al. 2008). Beyond
amplifying oxidative stress, acrolein synergistically exacer-
bates other parallel pathologies such as ischemia (Peasley
and Shi 2003), inflammation (Facchinetti et al. 2007; Park
and Taniguchi 2008; Moretto et al. 2009), and excitotoxicity
(Lovell et al. 2000; Barger et al. 2007). Therefore, we
believe that acrolein scavenging measures have the potential
to be dramatically expanded and broadly impact human
health.

(a)

(b)

Fig. 5 Systemic application of hydralazine improved locomotor function
recovery and alleviated acute neuropathic pain after spinal cord injury.

(a) Locomotor function based on Basso, Beattie and Bresnahan (BBB)
score was assessed in control (uninjured), sham (sham injury), spinal
cord injury (SCI) (injured, saline treated), and SCI + Hz (injured treated

with hydralazine). Notice that there are little or negligible locomotor
deficits in control and sham groups. However, significant reduction of
BBB score was observed in SCI group. Following spinal cord contusion
in the SCI + Hz group, hydralazine (5 mg/kg) was applied daily through

intraperitoneal (IP) injection for 2 weeks immediately following injury.
Such treatment significantly restored the BBB score at 1-, 2-, 3-, and 4-
week post-SCI when compared to the SCI group. Specifically, the final

BBB score of SCI + Hz group at 4-week post-injury was 16.1 � 1.0,
which is significantly higher than that in SCI group, 12.4 � 1.2. Similar
differences were also observed in 1, 2, and 3 weeks following injury as

indicated. (b) The time courses of mechanical allodynia (the paw
withdrawal threshold to von Frey filaments) in control, sham, SCI, and
SCI +Hz are displayed here. Notice the lack of any appreciable allodynia

in both control and sham groups, and severe mechanical allodynia
development in the SCI group. It appears that hydralazine treatment
significantly alleviated the mechanical allodynia by altering the paw
withdrawal thresholds to von Frey filaments. Values are mean � SEM.

#p < 0.05, ##p < 0.01 for comparison between sham and SCI.
*p < 0.05, **p < 0.01 for comparison between SCI + Hz and SCI. ANOVA

and Tukey test. n = 6-13 in each group.
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