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Abstract

Currently there are no effective therapies available for the excruciating neuropathic pain that
develops after spinal cord injuries (SCI). As such, a great deal of effort is being put into the
investigation of novel therapeutic targets that can alleviate this pain. One such target is acrolein, a
highly reactive aldehyde produced as a byproduct of oxidative stress and inflammation that is
capable of activating the transient receptor potential ankyrin 1 (TRPAL) cation channel, known to
be involved in the transmission and propagation of chronic neuropathic pain. One anti-acrolein
agent, hydralazine, has already been shown to reduce neuropathic pain behaviors and offer
neuroprotection after SCI. This study investigates another acrolein scavenger, phenelzine, for its
possible role of alleviating sensory hypersensitivity through acrolein suppression. The results show
that phenelzine is indeed capable of attenuating neuropathic pain behaviors in acute, delayed, and
chronic administration schedules after injury in a rat model of SCI. Additionally, upon the
comparison of hydralazine to phenelzine, both acrolein scavengers displayed a dose-dependent
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response in the reduction of acrolein in vivo. Finally, phenelzine proved capable of providing
locomotor function recovery and neuroprotection of spinal cord tissue when administered
immediately after injury for two weeks. These results indicate that phenelzine may be an effective
treatment for neuropathic pain after SCI and likely a viable alternative to hydralazine.
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Introduction

Persistent neuropathic pain significantly impairs the quality of life of SCI patients beyond
paralysis and is the leading cause for suicide attempts among SCI victims (Hulsebosch et a/.
2009). It is well established that inflammation and oxidative stress contribute to the initiation
and maintenance of neuropathic pain after SCI (Hulsebosch et al. 2009, Bashaum et al.
2009). However, the exact pathogenic mechanism of this condition remains unclear.
Consequently, there are no established analgesic therapies that can effectively alleviate pain
among SCI victims. Hence, identifying and establishing an effective pain treatment is of
great importance and is highly warranted.

It has recently been reported that acrolein, an a,-unsaturated aldehyde and a byproduct of
oxidative stress and lipid peroxidation, plays a critical role in neuropathic pain-related
behavior after SCI (Park et al. 2014b, Due et al. 2014, Park et al. 2014a). Acrolein can be
produced from a variety of endogenous sources such as polyamines, lipids, amino acids, and
carbohydrates (O’Brien et al. 2005, Stevens & Maier 2008, Esterbauer et a/. 1991, Hamann
& Shi 2009, Shi er al. 2011a). As a known neurotoxin, acrolein has the ability to trigger
neuropathic hyperreflexia by directly activating the electrophile-sensitive transient receptor
potential ankyrin 1 (TRPAL) cation channel (Bautista ef a/. 2006, Barabas et al. 2012,
Koivisto et al. 2014). Additionally, as a pro-inflammatory agent, acrolein can stimulate the
release of chemokines which likely further intensify pain through known mechanisms (Jung
et al. 2008, Beck et al. 2010, Due et al. 2014, Esterbauer et al. 1991, Facchinetti ef a/. 2007,
Facchinetti ef al. 1998, Kirkham ef a/. 2003). It has been shown that acrolein is elevated
significantly following SCI which coincides with the emergence of sensory hypersensitivity
(Due et al. 2014, Park et al. 2014b, Luo et a/. 2005). The microinjection of pathologically
relevant concentrations of acrolein directly to the spinal cord of otherwise normal rats
produced pain-like behavior and elevated level of TRPA1 mRNA that were similar to that
observed after SCI (Due et al. 2014, Park et al. 2014b, Park et al. 2015). Furthermore,
lowering endogenous acrolein levels post-SCI with acrolein scavengers has been associated
with reducing pain-related behavior and suppressing the post-SCI augmented TRPAL1 mRNA
levels (Due et al. 2014, Park et al. 2014b, Park et al. 2015). Taken together, it appears that
acrolein likely plays a critical role in sensory hypersensitivity following SCI. Likewise,
acrolein scavenging may be a novel effective strategy to combat persistent neuropathic pain
post-SCI.
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It has been shown that a number of hydrazine derivatives, such as hydralazine and
phenelzine, have stronger capabilities to scavenge acrolein than other tested compounds,
likely utilizing the hydrazine group to trap acrolein (Galvani et al. 2008, Burcham et al.
2000, Kaminskas et al. 2004, Wood et al. 2006). We have shown that hydralazine, an FDA-
approved anti-hypertensive medication, can effectively alleviate sensory hypersensitivity,
reduce elevated levels of TRPA1 mRNA expression, and offer general neuroprotection while
significantly lowering the acrolein levels when administered after SCI in rats (Due et al.
2014, Park et al. 2014b, Liu-Snyder et al. 2006, Park et al. 2015). However, other potential
acrolein scavengers, such as phenelzine, also a hydrazine derivative, have not been tested in
a similar manner. We reason that if both hydralazine and phenelzine are capable of lowering
acrolein, alleviating hyperreflexia, and offering neuroprotection after SCI, then acrolein
scavenging may be responsible for the neuronal protection associated with both drugs.
Furthermore, due to the potential clinical limitations of hydralazine administration due to its
activity as a vasodilator (Pandit 1984, Khan 1953), it is desirable to have an alternative
acrolein scavenger particularly in acute neurotrauma situations.

The primary goal of this study was to test the hypothesis that phenelzine could sequester the
acrolein and offer the analgesic and neuroprotective effects in rodent SCI. This study was
conducted in a well-established rat SCI contusion model where hydralazine was examined to
test its neuroprotective effect (Due et al. 2014, Park et al. 2014b). We have found in this
study that, similar to hydralazine, phenelzine can reduce acrolein levels and offer significant
analgesic and overall neuroprotective effects. This study strengthens the critical pathogenic
role of acrolein in post-SCI sensory hypersensitivity and neurodegeneration, and offers
further evidence that anti-acrolein treatments could be an effective treatment for SCI victims
to relieve pain and enhance overall recovery.

Methods and Materials

Animals

Male Sprague-Dawley rats, weighing 200~250g, were obtained from Harlan Laboratory
(Indianapolis, IN, USA) and housed and handled according to the Purdue University Animal
Care and Use Committee Guidelines under the Institutional Protocol 111100095. Prior to the
surgery, animals were given at least one week for acclimation.

Moderate spinal cord contusion injury model

Intraperitoneal (IP) injection of ketamine (80 mg/kg) and xylazine (10 mg/kg) mixtures were
used to anesthetize the rats prior to surgery. Moderate spinal cord contusion injury models
were conducted following our previous study (Park et al. 2014b). Briefly, the spinous
process and vertebral laminae were removed to expose the dorsal surface of the spinal cord
at the T-10 spinal level. Subsequently, the spinal cord was contused using a New York
University (NYU) Impactor, with a 10-g rod dropped from 25mm. Sham surgeries were
conducted at the same time by removing the vertebral laminae without contusing the spinal
cord. After surgery, all rats were placed on a heating pad for recovery, 3 mL of saline was
administered subcutaneously to prevent dehydration, and regular manual bladder expression
was performed twice daily until the rats regained reflexive control of bladder function.
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Application of phenelzine and hydralazine

Phenelzine sulfate salt (Sigma, St. Louis, MO, USA) was dissolved in phosphate buffered
saline and sterilized with a 0.45 um filter. Generally, dosages up to 60 mg/kg with IP
administration are safe for rodents so 5, 15, and 60 mg/kg of phenelzine were chosen as
dosages for this study based on a literature review of the drug’s effectiveness (Musgrave et
al. 2011, Paslawski et al. 1996, Baker et al. 1992). In order to evaluate the effectiveness of
phenelzine at different SCI stages, phenelzine was administered immediately after injury for
14 days (acute), beginning on the 215t day after surgery for 14 days (delayed), and beginning
2 months after injury for 14 days (chronic). To investigate phenelzine’s effect of suppressing
acrolein in both tissue and urine (3-HPMA), phenelzine injections were administered twice:
once within 3 min following SCI, and then again 24-h post-SCI. The effect of phenelzine-
mediated increase of spinal cord tissue preservation was evaluated 4 weeks post-SCI.
Phenelzine was applied IP daily (15 mg/kg) starting immediately following trauma for 2
weeks.

Hydralazine hydrochloride (Sigma, St. Louis, Mo, USA) was dissolved in phosphate
buffered saline then sterilized via a filter. Final doses of 5 and 25 mg/kg of hydralazine
solution were administrated through IP injection. To investigate hydralazine’s effect of
suppressing acrolein, hydralazine injections were administered twice: once within 3 min
following SCI, and then again 24-h post-SCI. The level of acrolein in both tissue and urine
(3-HPMA) of SCI, or SCI treated with hydralazine or phenelzine were assessed 24 hours
post trauma.

Pharmacokinetic study of hydralazine and phenelzine

Male Sprague-Dawley rats were anesthetized using isoflurane; pre-operative analgesia was
given subcutaneously. Surgical sites were shaved and scrubbed with betadine and alcohol.
Gastric catheters (BASi Culex rat gastric, Bioanalytical System Inc. West Lafayette, IN)
were implanted in the peritoneal cavity and the carotid artery (BASi Culex rat carotid,
Bioanalytical System Inc. West Lafayette, IN) of each of the rats. Catheters were
externalized and secured in the scapular region. The animals were then tethered in a
movement-responsive cage and the carotid catheter was connected to a Culex automated
pharmacology system. This system periodically flushed the catheters with heparinized saline
to maintain patency. Animals were given 24 hr to acclimate to the cage, and recover from
surgery prior to dosing.

For hydralazine, the animals were dosed with at 5 mg/kg intraperitoneally via catheter to
avoid the stress of handling, and the blood samples (200 pl/sample) were collected at 15, 30,
45 min, 1, 2, 4, 6, 8, 24 hrs post injection. For phenelzine, the animals were dosed at 15
mg/Kkg intraperitoneally, and the blood samples (200 ul/sample) were collected at 15, 45 min,
2,4,6,8,9, 16, 24 hrs post injection. Blood samples were deposited into pre-treated
heparinized vials and kept at 4°C until processed.

Hydralazine analysis—The sampling vial pretreated with heparin was pre-loaded with
5 pL of 3-cyclohexene-1-carboxaldehyde (derivatization reagent) and 1 pL phenelzine (20
ppm). Phenelzine is capable of reacting with 3-cyclohexene-1-carboxaldehyde so the
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product serves as the internal standard for analysis. Blood (100 L) was collected by the
Culex sampler and injected into the sampling vial. A volume of 10 uL of blood was then
injected into a disposable glass capillary of 0.8 mm i.d. for slug flow microextraction with
10 uL of ethyl acetate. Finally, nanoESI was applied for direct mass spectrometry analysis
by a TSQ spectrometer (Thermo Fisher Scientific, Massachusetts, USA). The spray voltage
was set at 1500 V, and energy for collision induced dissociation was set at 30 eV. For
quantification, ions of m/z253 — 129 and m/z229 — 105 were collected for hydralazine
and the internal standard.

Phenelzine analysis—The sampling vial pretreated with heparin was pre-loaded with
phenelzine-d5 as the internal standard (20 ppm, 1 uL). A volume of 100 uL of blood was
collected by the Culex sampler and injected into the sampling vial. A blood sample of 10 pL
was injected into a disposable glass capillary of 0.8 mm i.d. for slug flow microextraction
with 10 uL ethyl acetate. Finally, nanoESI was applied for direct mass spectrometry analysis
by a TSQ spectrometer (Thermo Fisher Scientific, Massachusetts, USA). The spray voltage
was set at 1500 V, and energy for collision induced dissociation was set at 30 eV. For
quantitation, ions of m/z137 — 105 and m/z 142 — 110 were collected for phenelzine and
the internal standard, respectively.

Behavioral quantification and assessment

Mechanical allodynia—Paw withdrawal thresholds in response to mechanical stimuli
were determined using von Frey filaments to quantify mechanical hypersensitivity after SCI
and evaluate the effectiveness of phenelzine treatment by someone blind to the treatment.
Similar to previous studies, animals were placed inside a transparent plastic box on the top
of a metal mesh floor in a quiet area and left alone for at least 10 minutes for acclimation
before testing (Due et al. 2014). After that, 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 gram, Stoelting, Wood Dale, IL, USA) were applied
perpendicular to the plantar surface of the hind-limb with sufficient bending force for three
to five seconds. A positive reaction was defined as a brisk movement with or without licking
or biting. The level of mechanical withdrawal threshold was calculated according to the up-
down method reported by Chaplan (Chaplan et a/. 1994). The average of two hind-limb
scores was recorded. Finally, to avoid the confounding effect of stress induced by IP
injection during behavioral testing, all sensory behavioral tests were conducted 24 hours
after the preceding injection.

Behavioral assessment of locomotor function—Locomotor function recovery of
rats after SCI was assessed using the Basso, Beattie, and Bresnahan (BBB) Locomotor
Rating Scale, a widely used method for assessing SCI rodent models via observing the hind-
limbs movement, trunk position and postures of the paws (Basso et al. 1995). Briefly, the
scale has 21-points ranging from 0 to 21, of which 0 indicates no movement of the hind
limbs and 21 means the rats have completely normal movement. The evaluation was
completed in an open field by observation for at least five minutes by an investigator without
knowledge of group identity. The left and right hind paws were recorded separately at one
day and weekly after SCI until four weeks post-injury. The average of the two hind-paws’
scores was recorded as the final score.
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Isolation of the spinal cord

After deep anesthesia, the animals were perfused with oxygenated Kreb’s solution (124 mM
NaCl, 2 mM KClI, 1.24 mM KH,PO,, 26 mM NaHCOs3, 10 mM ascorbic acid, 1.3 mM
MgSOy, 1.2 mM CaCly, and 10 mM glucose) via the trans-cardiac routine. Subsequently, the
whole vertebral column was harvested rapidly and the spinal cord was isolated by removing
all the surrounding bone. For the investigation of mMRNA expression of TRPA1L, the lumbar
dorsal root ganglions (DRGSs) were also isolated carefully and the skin of hind-paw was
acquired at the same time.

Immunoblotting

Immunoblotting was used to detect acrolein-protein adducts at the tissue-specific level. For
this purpose, a 1 cm segment of spinal cord, including the damaged site, was incubated with
a 1% Triton solution with a Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO,
USA), and then was homogenized with a sonicator. The total protein concentration from
each sample was measured using a BCA protein assay kit to ensure equal sample loading.
Using a Bio-Dot SF Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA), each sample
(200 pg) was transferred to the nitrocellulose membrane. Then, the transfer membrane was
blocked in 0.2% casein and 0.1% Tween-20 in a PBS blocking buffer and incubated with a
monoclonal mouse anti-acrolein antibody (1:1000, ABCAM, Cambridge, MA, USA). After
washing the membrane with the blocking buffer, the membrane was transferred to 1:10000
alkaline phosphatase conjugated goat anti-mouse 1gG solution (VECTASTAIN ABC-AmP
Kit, Burlingame, CA, USA). After final washing with blocking buffer and 0.1% Tween 20 in
Tris-buffered saline, the membrane was exposed to the substrate of the ABC-AMP kit and
visualized by chemiluminescence. For the band density quantification, Image J (NIH)
software was used and an arbitrary unit was used for the expression.

TRPA1 gene expression analysis using real time PCR

To quantify TRPA1 gene expression, DRG cells (L1-L6), dorsal horn of spinal cord (1 cm at
T-10 level), and paw skin were collected from sham control, SCI only, and SCI with
phenelzine injection groups (Park et al. 2015). All samples were homogenized with a Trizol
reagent (Sigma-Aldrich, St. Louis, MO, USA). RNA isolation, followed by chloroform
extraction and isopropanol precipitation were carried out. Isolated RNA was measured using
NanoDrop 2000c (Thermo Scientific, DE, USA). For cDNA synthesis, the iScript™ cDNA
Synthesis kit manual guide (BIO-RAD, 170-8890, USA) was utilized. Primers for TRPAL
channel and 18s were designed based on previous studies (Due et al. 2014). To recognize the
TRPA1 channel, 5-TCCTATACTGGAAGCAGCGA-3, and 5'-
CTCCTGATTGCCATCGACT-3; 18S primers were used as an internal control against 5’-
CGGCTACCACATCCAAGGAA-3 and 5-GCTGGAATTACCGCGGCT-3. The PCR
products were detected by the level of iQ™SYBR Green Supermix (BIO-RAD, 170-8880,
USA) fluorescence. The target gene expression level was normalized by the expression level
of internal control 18s and relative quantification was calculated following previous study
(Livak & Schmittgen 2001, Park et al. 2015).
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Tissue fixation and histology examination

In brief, the spinal cord tissue was fixed using 4% formaldehyde subsequent to a Kreb’s
perfusion and then the fixed tissues were transferred from the formaldehyde solution into
15% and 30% sucrose solution in order for dehydration. The spinal cord tissues were then
embedded in Tissue-Tek O.C.T Compound and rapidly frozen. The frozen tissues were
transversely sectioned with a cryostat microtome at a thickness of 20 um focusing on the
epicenter lesion. Hematoxylin and eosin staining was performed to observe the spared neural
tissue. The area of spared neural tissue was measured and calculated according to a previous
report by someone blind to the treatment (Santiago ef a/. 2009). In brief, all the digital
images of the tissues were captured under the same conditions (the same magnification and
resolution) using the same microscope. Then, ImageJ was used to measure the total number
of pixels of the spared neural tissue (including white and grey matter) and the unit was
expressed as “total pixel numbers x 104”.

Urine collection

Standard metabolic cages were used for urine collection. To occasionally induce urination,
0.3 cc of saline was administrated via IP injection. Water and food sources were carefully
separated to prevent urine dilution and contamination.

Acrolein metabolite 3-hydroxypropyl mercapturic acid (3-HPMA) test in urine

To prepare the urine samples for solid phase extraction before LC/MS/MS analysis, ENV+
cartridges (Biotage, Charlotte, NC) were used. Each cartridge was conditioned with 1 mL of
methanol, followed by 1 mL of water, and then 1 mL of 0.1% formic acid in water. A
volume of 500 pL of urine was mixed with 500 pL of 50 mM ammonium formate and 10 pL
of undiluted formic acid and 500 pL of urine was spiked with 200 ng of deuterated 3-HPMA
(d3-3-HPMA) (Toronto Research Chemicals Inc., New York, Ontario). Then, each cartridge
was washed twice using 1 mL of 0.1% formic acid and 1 mL of 10% methanol/90% of 0.1%
formic acid in water. All cartridges were completely dried under flowing nitrogen and eluted
with 600 pL methanol and 2% formic acid three times. After drying eluates with an
evaporation centrifuge, each sample was reconstituted in 100 pL of 0.1% formic acid. For
the 3-HPMA analysis, an Agilent 1200 Rapid Resolution liquid chromatography (LC)
system coupled to an Agilent 6460 series QQQ mass spectrometer (MS) was used.

Creatinine assay

Creatinine levels were measured using a urine creatinine assay kit (Cayman Chemical
Company, MI, USA). Creatinine standards and diluted urine samples (12X and 24X) were
incubated with the alkaline picrate solution for 20 min in 96 well plates. To construct a
creatinine standard curve, the manufacturer’s manual was followed. The absorbance at 490-
500 nm was measured as an initial reading with a standard spectrophotometer. Then, 5 pl of
acid solution was added to each solution and incubated for 20 minutes. Again, absorbance at
490-500 nm with a standard spectrophotometry was used to perform the final reading and
the difference between the initial and final value was used for quantitative analysis and
internal standardization of the 3-HPMA quantification.
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Statistical methods

Results

All the averages were expressed as mean = SEM. Student’s #test was used to make the
comparison when only two groups available. For comparisons involving three or more
groups, ANOVA and Tukey’s tests were used to compare the data. p<0.05 was used as
statistical significance.

Phenelzine alleviates mechanical hyperreflexia following SCI

Phenelzine (15 mg/kg) was administered immediately after trauma daily for two weeks post-
SCI. Figure 1 depicts that SCI resulted in significant tactile hyperreflexia evidenced by the
post-SCI day 14 mechanical paw withdraw threshold reduction. The phenelzine treated
group, however, exhibited a significant decrease in tactile hyperreflexia when compared with
the injury only group at days 15-29 post-injury (P< 0.05) (Fig. 1).

In a separate experiment, phenelzine was applied with a delay after SCI (Fig. 2).
Specifically, the systemic daily treatment of phenelzine began at day 21 post-SCI and
concluded at day 35 post SCI: a total of 14 days of phenelzine application. Animal receiving
this treatment regimen displayed a significant decrease in paw withdrawal threshold
reduction from day 22 to day 36 post-SCI when compared to SCI only group (P < 0.05 or P
< 0.01). However, such decrease in tactile hyperreflexia was not significant three days
following the termination of phenelzine treatment (day 38 post-SCI) (p > 0.05 between
injury and injury treated with phenelzine).

Finally, to examine whether phenelzine application was still effective in mitigating
mechanical hyperreflexia when applied at chronic stages, phenelzine was administered daily
for two weeks beginning at two months post-SCI. Again, as indicated in Figure 3, animals
that received this intervention showed reduced tactile hyperreflexia between days 72 to 82
post-SCI when compared to SCI only group (P < 0.05). Similar to the delayed application of
phenelzine, the effect seen in treated animals was nonsignificant 3 days following the
cessation of systemic phenelzine application (p > 0.05).

Phenelzine suppresses TRPA1 gene expression levels in various tissues after SCI

Next, we further tested the possibility that phenelzine treatments could lead to a reduction of
TRPA1 gene expression levels after SCI. Specifically, the mRNA gene expression levels of
TRPAL were examined in the spinal dorsal horn, DRG cells, and paw skin one week after
SCI with and without phenelzine treatment (Fig. 4). The data indicates that daily phenelzine
application for a week immediately following SCI resulted in significant attenuation of
TRPA1 mRNA levels elevation in tissues from all three examined sites. Specifically, the
change of the value of TRPA1 mRNA in SCI to SCl-treated with phenelzine was: from 2.98
+0.15t0 2.02 + 0.22 (dorsal horn), from 2.86 + 0.22 to 1.14 + 0.11 (DRG cells), and from
41.43 +2.98 to 20.24 + 3.65 (paw skin), respectively (P < 0.05 for dorsal horn and DRG,
and P < 0.005 for Paw skin).
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Phenelzine suppressed acrolein-lysine adduct after SCI

Phenelzine was also examined for its ability to suppress acrolein, which is known to be
elevated post-SCI, and compared this effect with hydralazine. Acrolein-lysine adducts were
measured in spinal cord tissue one day post-SCI in three groups: SCI only, SCI + phenelzine
(15 mg/kg), and SCI + hydralazine (5 mg/kg). As Figure 5 indicates, the acrolein-lysine
adduct level in both phenelzine and hydralazine treated groups was significantly lower than
that in SCI only group (p<0.001). In addition, the acrolein-lysine level in the phenelzine
treated group was statistically lower than that in the hydralazine injection group (p<0.05).

Dose-dependent suppression of acrolein metabolite by phenelzine and hydralazine after

SCI

In order to examine if phenelzine application could result in systemic acrolein reduction and
its comparison with hydralazine, we measured 3-HPMA, a stable acrolein-glutathione
metabolite in urine in SCI rats treated with three safe dosages of phenelzine and two dosages
of hydralazine. As indicated in Figure 6, three dosages of phenelzine (5, 15, and 60 mg/kg)
produced significant and dose-dependent suppression of 3-HPMA in urine (P < 0.05). In
fact, phenelzine at 15 mg/kg could suppress 3-HPMA to a level that was similar to control
(uninjured) (P > 0.05), while phenelzine at 60 mg/kg was able to further decrease the 3-
HPMA to a level that was lower than control (P < 0.05). Similarly, hydralazine at 5 and 25
mg/kg, also produced significant and dose-dependent suppression of 3-HPMA (P < 0.05,
when compared to SCI only). The effectiveness of acrolein-suppression by hydralazine (5
and 25 mg/kg) was comparable to phenelzine at 5 and 15 mg/kg (P > 0.05).

Pharmacokinetics of phenelzine and hydralazine in plasma following IP injection

The pharmacokinetics of phenelzine (15 mg/kg) and hydralazine (5 mg/kg) in plasma
following IP injection was conducted in uninjured rats. For hydralazine, blood samples were
collected at 15, 30, 45 min, 1, 2, 4, 6, 8, 24 hours post injection. In the case of phenelzine,
blood samples were collected at 15, 45 min, 2, 4, 6, 8, 9, 16, 24 hours post injection. The
samples were analyzed using mass spectroscopy to determine the level of either hydralazine
or phenelzine in plasma. As shown in Figure 7, the plasma concentration of both hydralazine
and phenelzine were near zero 4 hours post injection. Therefor only the data up to 6 hours
post application is displayed. Plasma concentrations of both hydralazine and phenelzine
followed an exponential decay consistent with first order kinetics. Using the decay constants
displayed in Figure 7, the plasma half-life is estimated to be 59 min. for hydralazine and 29
min. for phenelzine.

Phenelzine improves the motor function recovery in rat SCI

Motor function of SCI rats was evaluated using BBB locomotor score before, 1 day after,
and then weekly after SCI for a total of 4 weeks, as depicted in Figure 8. All groups of rats,
sham-injury, injury only, and injury and phenelzine, had normal BBB scores (21) before the
injury. SCI resulted in the typical reduction of BBB scores which stabilized at around a
value of 10. Daily administration of phenelzine for two weeks commenced immediately
after SCI resulted in significant improvement of BBB scores at 7, 21, and 28 days post-SCI
(P <0.05 for day 7 and P < 0.001 for day 21 and 28, respectively).
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Phenelzine significantly improved tissue preservation after SCI

The extent of spinal cord tissue damage and its reduction with the acute application of
phenelzine was evaluated 4 weeks post-SCI. Phenelzine was applied IP daily (15 mg/kg) for
2 weeks starting immediately following trauma. As shown in Fig. 9, it can be seen that SCI
rats have significant tissue loss. Quantification of spared tissue area in transverse spinal cord
sections showed significant tissue preservation in the phenelzine treated group (15 mg/kg)
when compared to SCI only (80.96+8.10 vs 54.18+6.42, P < 0.05).

Discussion

In the current study, we have shown that phenelzine, a hydrazine derivative, has the ability to
mitigate post-SCI hyperreflexia (Fig. 1-3), which is also associated with significant
improvement of motor behavior, preservation of spinal cord tissue, and suppression of
TRPAL1 mRNA (Fig. 4, 8, 9). Furthermore, the functional and structural benefits were
accompanied by significant suppression of acrolein, known to be elevated post-SCI, both
locally at the spinal cord tissue (measured as acrolein-adducts) as well as systemically in
urine (measured as 3-HPMA\) (Fig. 5, 6). Considering the demonstrated role of acrolein in
post-SCI sensory and motor functional deficits and of phenelzine as a known acrolein
scavenger (Park et al. 20144, Park et al. 2014b, Hamann et a/. 2008a, Hamann et a/. 2008b,
Hamann & Shi 2009, Shi et al. 2011a, Due et al. 2014, Singh et al. 2013, Wood et al. 2006,
Galvani et al. 2008), we conclude that phenelzine is capable of effectively lowering acrolein
in vivo, offering mitigation of sensory and motor deficits and overall improvement of
functional recovery follow SCI. As a future study of current investigation, demonstration of
the existence of scavenger-acrolein conjugates could confirm the trapping of acrolein by
phenelzine.

Phenelzine possesses a hydrazine functional group which is capable of binding and trapping
aldehydes such as acrolein (Galvani et al. 2008, Wood et al. 2006). Similar to phenelzine,
hydralazine also can offer similar analgesic and neuroprotective effects after SCI (Park et al.
2014b, Hamann & Shi 2009, Park et al. 2015). Although structurally distinct, hydralazine
and phenelzine share a common acrolein-scavenging group, hydrazine (Galvani et al. 2008).
Since both hydralazine and phenelzine offer acrolein suppressing and related neuronal
benefits in SCI, we suggest that acrolein scavenging is more likely to be the common feature
that responsible for the observed neuroprotective effects than other effects unique to each
drug, such as vasodilation with hydralazine and MAO inhibition with phenelzine a (Khan
1953, Pandit 1984, Cole & Weiner 1960). This is also in agreement with data from other
studies with similar conclusions regarding neuroprotective effect of phenelzine. For
example, deprenyl, a MAQ inhibitor that lacks known aldehyde sequestration capability, was
shown to be unable to offer neuro-protection to neuronal cells against aldehyde exposure /n
vitro (Wood et al. 2006). On the other hand, regarding an analgesic effect, there are recent
reports that indicate that MAO inhibitors could provide relieve of pain-related behavior,
independent of acrolein scavenging. For example, MAQ inhibitors such as moclobemide
(Villarinho et a/. 2013) and selegiline (Villarinho et al. 2012), both of which lack a hydrazine
component, but they are effective in reducing postoperative and sensory hypersensitivity in
rodent models. Therefore, while the acrolein-scavenging effect of phenelzine likely plays an
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important role in reducing pain-related behavior during acute stage (within weeks) post-SCI
when acrolein is known to increase significantly, the MAQ inhibition effect of phenelzine
may be important in reducing hyperalgesia chronically considering that acrolein elevation in
chronic SCI is less established (Due et al. 2014). Taken together, these data further
strengthen the notion that acrolein is an effective therapeutic target, particularly in acute
stage, to mitigate neurological deficit following SCI. In addition, this study also validated
the hypothesis that an acrolein-binding group, such as hydrazine, is likely a novel
pharmacophore, which could guide the development of future anti-acrolein drugs for treating
SCI with higher efficacy and greater safety.

The current /n vivo study indicates that phenelzine has comparable efficacy to hydralazine in
scavenging acrolein post-SCI (Fig. 5, 6). Despite their acrolein scavenging capability, some
possible systemic effects of these two compounds needs to be taken into consideration with
in vivo application. Hydralazine is a vasodilator, which could lead to hypotension that could
be a concern following SCI (Khan 1953, Pandit 1984). Although no significant blood
pressure changes were observed in rats at the dosages of 5 and 25 mg/kg, higher dosages
will likely increase the possibility of hypotension (Zheng et al. 2013, Khan 1953). On the
other hand, phenelzine is also known for causing severe hypertensive crises in some special
circumstances (Yu 1994). Therefore, close monitoring of the blood pressure for SCI animals
that receive these two scavengers is warranted due to possible variations in responding to
hydralazine or phenelzine treatment.

Another factor to consider for /n vivo phenelzine and hydralazine application is the half-life
following systemic application. It is reported that the half-life of phenelzine is 11.6 hours
(Nardil 2009) which is significantly different than hydralazine’s half-life of 30 minutes to 1
hour in human studies (Reece 1981, Ludden et a/. 1980, Shepherd et a/. 1980). In the current
study (Fig. 7), the plasma half-life of hydralazine is shown to be about 60 minutes and that
of phenelzine is around 30 minutes. This indicates that while our hydralazine data in rat is
similar to that reported in human, the half-life of phenelzine in rat appears to be shorter than
that in humans. However, some variation of phenelzine in human were noted as it has been
reported that phenelzine had a half-life of 52-191 min in one study, and 90 to 240 min in
another following systemic administration (Robinson et a/. 1985, Caddy et al. 1978). The
mechanism of these differences remain to be explored. It is known that oxidative stress and
acrolein production do not occur transiently, but rather contribute to secondary injury
processes in the hours, days, and weeks following the initial trauma (Hall 1989, Luo et al.
2005, Smith er al. 1999, Park et al. 2014b, Due et al. 2014). Therefore, at least in rat studies,
or also in humans to a lesser degree, both hydralazine and phenelzine may need to be
administered multiple times per day, or in a slow-release fashion, at least in acute stage, in
order to achieve optimal effect of acrolein-scavenging and neuroprotective effects in SCI.

One interesting feature of phenelzine-induced analgesic effects post SCI is that it is effective
when administered acutely, delayed for three weeks, or two months. It is known that
hydralzine can offer similar analgesic effect when applied immediately and delayed for 2
weeks (Due et al. 2014). Therefore, this is the first report that acrolein scavengers are
effective in reducing post-SCI sensory hyperreflexia in the chronic stage. Although it is
possible that phenelzine has analgesic effect due to MAO inhibition (Villarinho et al. 2013,
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Villarinho et al. 2012), it also remains a strong possibility that acrolein continues to play a
pro-algesic role considerably beyond the period that acrolein has been shown to be
significantly elevated (2 weeks post-SCI) (Park et al. 2014b). It is likely that acrolein may
still be elevated modestly at this chronic post-SCI stage and continue to activate TRPA1
channels. Another possibility is that elevated expression and sensitivity of TRPAL following
SCI (Due et al. 2014, Park et al. 2015) allows acrolein to contribute to sensory
hypersensitivity even at normal concentrations (Fig. 4). The differential role of these
possible mechanisms to the underlying post-SCI heightened sensitivity of the sensory
system to acrolein remain to be determined.

It is interesting to note that the analgesic effect of phenelzine is long lasting following the
termination of treatment in acute administration regimen (lasted at least two weeks), but not
when applied with a delay or in chronic post-SCI stage (lasted only days) (Fig. 1, 2, 3). As
mentioned above, it is possible that acrolein is an important factor not only for the initiation
of the sensory hypersensitivity in the acute stage, likely through directly binding to and
activating TRPA1 (Bautista et al. 2006), but also in transitioning the acute hyperreflexia to
chronic hypersensitivity stages by acting on mechanisms associated with chronic pain-like
behavior. For example, it is known that TRPA1 expression is elevated in SCI examined at 1
2 weeks post trauma and that acrolein has been shown to contribute to such TRPAL
upregulation (Due et al. 2014, Park et al. 2015). It has also been shown in mice that TRPA1
may be a key contributor to the transition from acute to chronic inflammatory pain (Garrison
& Stucky 2014), and TRPA1 antagonists have been shown to prevent the transition of acute
to chronic inflammation sensory hypersensitivity in mice (Schwartz et al. 2013).
Furthermore, acrolein-suppression by hydralazine or phenelzine has also been shown to
mitigate the upregulation of TRPA1 mRNA post-SCI (Fig. 4) (Park et al. 2015). It is
therefore likely that acrolein acts to up-regulate TRPAL, heighten the sensitivity of the
sensory system, and contribute to the transition of acute to chronic post-SCI neuropathic
pain (Park et al. 2015). As such, early intervention of acrolein scavenging may not only
reduce acute post-SCI hypersensitivity, but more importantly, also mitigate the acrolein-
mediated TRPAL over expression which could delay and even prevent the transition to
chronic hyperreflexia.

Conclusion

As an effective acrolein scavenger in both /n vitroand in vivo preparations shown in this and
other studies (Singh et al. 2013, Wood et al. 2006), phenelzine appears to be a strong option
for anti-acrolein treatment in spinal cord injury and possible other neuronal trauma and
diseases where acrolein-mediated toxicity is implicated (Leung et a/. 2011, Calingasan et al.
1999, Lovell et al. 2001, Pocernich et al. 2001). Furthermore, phenelzine is likely a viable
alternative for hydralazine, a proven effective acrolein scavenger (Burcham & Pyke 2006,
Burcham et al. 2000, Liu-Snyder et al. 2006, Khan 1953). The availability of multiple
acrolein scavengers with demonstrated neuroprotection has greatly strengthened the notion
that acrolein scavenging is not only effective, but a feasible strategy for SCI victims. It is
predicted that such a study may not only further validate the pathological role of acrolein in
neurodegeneration, but also inspire a new class of scavengers to offer more effective
neuroprotection with greater safety and efficacy.
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Figure 1.

Post-SCI mechanical hyperreflexia and its alleviation by phenelzine applied immediately
following trauma for 2 weeks. No difference in mechanical hyperreflexia was found before
SCI (at day 0) in sham-injury, SCI only, and SCI treated with phenelzine. On days 15-29,
SCI only rats displayed a significantly increased level of mechanical hyperreflexia (# P <
0.05 when compared to sham-injury). This increased display of presumptive pain behavior
was significantly attenuated with the application of phenelzine (* P < 0.05 when compared
to SCI only). One-way ANOVA and Tukey test were used for statistical analysis. N=5 in
each condition. All data were expressed in mean £ SEM.
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Figure 2.
Effective attenuation of post-SCI mechanical hyperreflexia with delayed administration of

phenelzine. At day 0 (before SCI) and post-SCI day 14, there was no difference in
mechanical hyperreflexia in SCI and SCI + phenelzine groups. However, phenelzine
significantly attenuated the mechanical hyperreflexia in SCI starting day 22 until day 36 (* P
< 0.05; # P < 0.01 when compared to SCI only group, N = 5 for all groups). Phenelzine was
applied at a dosage of 15 mg/kg starting at post-SCI day 21 for a period of two weeks. All
data were expressed as mean + SEM.
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Figure 3.
Chronic post-SCI mechanical hyperreflexia and its alleviation by phenelzine. At day 0,

before SCI, and post-SCI day 60 and 66, there were no difference in mechanical
hyperreflexia in the SCI only and the SCI treated with phenelzine groups. However,
phenelzine significantly attenuated the mechanical hyperreflexia in the SCI starting post-SCI
day 72 until day 82 (* P < 0.05 when compared to SCI only group, N = 5 for all groups,
unpaired student £test). Phenelzine was applied at a dosage of 15 mg/kg starting at post-SCI
day 67 for period of two weeks. All data were expressed as mean + SEM.
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Figure 4.
Elevation of TRPAL1 mRNA level 1 week after spinal cord injury and its suppression by

phenelzine. Spinal dorsal horn (1 cm long including T1g), dorsal root ganglia (DRG, L1-
L6), and paw skin were assessed 7 days after SCI. Specifically, the TRPA1 mRNA levels
were significantly increased in dorsal horn, DRG, and paw skin following SCI (P < 0.05 in
dorsal horn and DRG, and P < 0.001 in paw skin group when compared to sham). However,
this elevated TRPA1 mRNA was significantly attenuated in all three tissue types with the
continuous daily IP injection of phenelzine (15 mg/kg) for a week commencing immediately
following trauma. (* P<0.05, # P<0.005 when compared to SCI only, One-way ANOVA and
Tukey test). N=5-6 in each group. All values were expressed as mean +SEM.
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Figure5.
Phenelzine and hydralazine effectively suppressed acrolein-lysine adducts in rat spinal cord

injury (SCI). Phenelzine (15 mg/kg) or hydralazine (5 mg/kg) were administered
immediately after SCI and again 1 day post-injury. Approximately 2 hrs following the
second application, spinal cord tissue was harvested for acrolein determination using dot
immunoblotting. Both phenelzine and hydralazine significantly reduced the acrolein-lysine
adduct level. Specifically, acrolein-lysine level in SCI only was 31.1 + 4.2 (au). However,
the acrolein-lysine level in SCI treated with phenelzine was 3.4 £ 2.0 (au), and SCI treated
with hydralazine was 8.7 + 1.47 (au). The level of acrolein-lysine in both treated groups are
significantly lower than SCI only group. A single blot typical of 6 replicates is depicted. (# P
< 0.001 when compared to SCI only. * P < 0.05 when compared to hydralazine treated
group. One-way ANOVA and Tukey test). N=6 in each group. All values were expressed as
mean £SEM.
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Post-SCI elevation of urine 3-HPMA and its suppression by phenelzine and hydralazine. 3-
HPMA, an acrolein metabolite, was significantly elevated in urine one day after SCI in rats
(3.6 = 0.31 pug/mg), when compared to sham injured group (2.0 + 0.25 pg/mg). Both
hydralazine and phenelzine treatments resulted in dose dependent reduction in 3-HPMA
levels after SCI. Rat urine samples were collected one day after SCI to determine 3-HPMA
level. On average, the volume of urine could be collected in a period of 3—4 hours is 1-2
mL. N=5~6 in each group. One-way ANOVA and Tukey test were used for statistical
analysis. Significance are indicated in the graph. All values were expressed as mean £ SEM.
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Monitoring of plasma concentration of hydralazine (A) and phenelzine (B) using mass
spectrometry following intra-peritoneal injection for 360 min. N = 6 in each data point. All
values were expressed as mean * SD.
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Figure8.

Acute systemic application of phenelzine improved locomotor function recovery after spinal
cord injury. Locomotor function was assessed based on Basso, Beattie and Bresnahan (BBB)
score in sham-injury, SCI only, and SCI treated with phenelzine. A significant reduction in
BBB score was observed in the SCI only group compared to sham injury. Following spinal
cord contusion in the SCI + phenelzine group, phenelzine (15 mg/kg) was applied daily
through intraperitoneal (IP) injection for 2 weeks immediately following injury. Such
treatment significantly improved the BBB score at one, three, and four weeks post-SCI,
when compared to the SCI group. One-way ANOVA and Tukey test were used. (# P < 0.001
when compared to sham-injured; * P < 0.05 and *** P < 0.001 when compared to injury
only. N =5 in all conditions. All values were expressed as mean + SEM.
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Figure.
Phenelzine treatment significantly increased the area of spared tissue after spinal cord injury.

(A, B) Conventional hematoxylin and eosin stain of horizontal sections of rat spinal cord
reveals the size of the spared tissue at the injury site in SCI only (A), and SCI + Phenelzine
(B) groups 4 weeks following injury. Notice the larger area of spared tissue in SCI-
phenelzine group compared to SCI only group. (C) Quantitative comparison reveals that the
size of the spared area in the SCI + Phenelzine group (80.96+8.10) was significantly higher
than that in the SCI only group (54.18+6.42, * p < 0.05, Student’s t-test, n=4~5 in each

group).

J Neurochem. Author manuscript; available in PMC 2017 July 01.



	Abstract
	Introduction
	Methods and Materials
	Animals
	Moderate spinal cord contusion injury model
	Application of phenelzine and hydralazine
	Pharmacokinetic study of hydralazine and phenelzine
	Hydralazine analysis
	Phenelzine analysis

	Behavioral quantification and assessment
	Mechanical allodynia
	Behavioral assessment of locomotor function

	Isolation of the spinal cord
	Immunoblotting
	TRPA1 gene expression analysis using real time PCR
	Tissue fixation and histology examination
	Urine collection
	Acrolein metabolite 3-hydroxypropyl mercapturic acid (3-HPMA) test in urine
	Creatinine assay
	Statistical methods

	Results
	Phenelzine alleviates mechanical hyperreflexia following SCI
	Phenelzine suppresses TRPA1 gene expression levels in various tissues after SCI
	Phenelzine suppressed acrolein-lysine adduct after SCI
	Dose-dependent suppression of acrolein metabolite by phenelzine and hydralazine after SCI
	Pharmacokinetics of phenelzine and hydralazine in plasma following IP injection
	Phenelzine improves the motor function recovery in rat SCI
	Phenelzine significantly improved tissue preservation after SCI

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

