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Abstract

Acrolein is one of the most toxic byproducts of lipid peroxidation, and it has been shown to be
associated with multiple pathological processes in trauma and diseases, including spinal cord
injury, multiple sclerosis, and Alzheimer’s disease. Therefore, suppressing acrolein using acrolein
scavengers has been suggested as a novel strategy of neuroprotection. In an effort to identify
effective acrolein scavengers, we have confirmed that dimercaprol, which possesses thiol
functional groups, could bind and trap acrolein. We demonstrated the reaction between acrolein
and dimercaprol in an abiotic condition by Nuclear Magnetic Resonance (NMR) spectroscopy.
Specifically, dimercaprol is able to bind to both the carbon double bond and aldehyde group of
acrolein. Its acrolein scavenging capability was further demonstrated by /n vitro results that
showed that dimercaprol could significantly protect PC-12 cells from acrolein-mediated cell death
in a dose dependent manner. Furthermore, dimercaprol, when applied systemically though
intraperitoneal injection, could significantly reduce acrolein contents in spinal cord tissue
following a spinal cord contusion injury in rats, a condition known to have elevated acrolein
concentration. Taken together, dimercaprol may be an effective acrolein scavenger and a viable
candidate for acrolein detoxification.

Brief description

Acrolein is one of the most toxic byproducts of lipid peroxidation, and it has been shown to be
associated with multiple pathological processes in trauma and diseases. Therefore, suppressing
acrolein using acrolein scavengers has been suggested as a novel strategy of neuroprotection. We
have shown that Dimercaprol is capable of forming acrolein-dimercaprol adduct based on nuclear
magnetic resonance spectroscopy. Dimercaprol mitigates acrolein-mediated PC-12 cells toxicity
and reduces acrolein accumulation in rat following spinal cord injury. Dimercaprol may be an
effective acrolein scavenger and a viable candidate for acrolein detoxification.
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1. Introduction

Increasing evidence suggests that acrolein (2-propenal), a known product of free radical-
induced lipid peroxidation (LPQ), is a critical factor in perpetuating oxidative stress (Shi &
Luo 2006, Shi et al. 2011a, Stevens & Maier 2008, Park et al. 2014a, Hamann & Shi 2009).
Compared to other LPO-produced aldehydes such as 4-hydroxynonenal (HNE), acrolein
reacts 110-150 times faster with glutathione than HNE (Esterbauer ef a/. 1991, Uchida
1999), and it can persist /n vivo for days (Ghilarducci & Tjeerdema 1995), which is many
orders of magnitude longer than the half-life of transient ROS. Furthermore, acrolein is also
an instigator of LPO, capable of perpetuating oxidative stress through self-reinforcing
positive feedback by direct and indirect mechanisms (Adams & Klaidman 1993, Luo et al.
2005a, Luo & Shi 2004, Luo & Shi 2005, Hamann ef al. 2008a).

An extensive body of evidence exists suggesting the toxic nature of acrolein and its
pathological role in a variety of disease processes, prompting the use of acrolein scavengers
as a new therapeutic approach for alleviating symptoms and curtailing tissue damage in
neuropathic disorders (Leung et a/. 2011, Hamann & Shi 2009, Liu-Snyder et al. 2006, Park
et al. 2014b, Burcham et al. 2000, Burcham & Pyke 2006, Due et al. 2014, Park et al. 2014a,
Chen et al. 2016).

Previous studies have shown that acrolein levels increase significantly after spinal cord
injury (SCI) (Luo et al. 2005b, Park et al. 2014b, Park et al. 2015, Due et al. 2014). Acrolein
may be a key factor in secondary injury, which can expand the damage to adjacent tissues
(Hamann & Shi 2009, Shi et al. 20114, Park et al. 2014a). This results from acrolein’s
capacity for destroying biomacromolecules (Kehrer & Biswal 2000, Stevens & Maier 2008),
poisoning mitochondria (Luo & Shi 2005), compromising the integrity of neuronal
membranes, and degrading myelin (Shi ef al. 2002, Shi et al. 2011b, Luo & Shi 2004, Shi et
al. 2015). Treatments targeting acrolein may be a promising strategy for alleviating post-SCI
neurodegeneration (Hamann & Shi 2009, Park et al. 2014a).

To date, the most common acrolein scavengers have been the FDA-approved compounds
containing a hydrazine group, such as hydralazine and phenelzine (Hamann et a/. 2008b,
Burcham et al. 2000, Liu-Snyder et al. 2006, Park et al. 2014b, Kaminskas et a/. 2004b,
Chen et al. 2016). However these compounds have potential inherent undesirable side effects
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when used in high concentrations (Khan 1953, Reece 1981), prompting the investigation of
alternative pharmaceuticals, perhaps also FDA-approved medications, that can be
repurposed to scavenge acrolein with increased efficacy and reduced risk of side effects. In
this regard, the facile reactivity with unsaturated aldehydes makes thiols an attractive
candidate for a new generation of acrolein scavengers (Zhu et al, 2011).

Dimercaprol, also called 2,3-dimercaptopropanol or British anti-Lewisite (BAL), was
developed as an antidote for lewisite (a now-obsolete arsenic-based chemical warfare agent)
by British biochemists during World War Il (Peters et al. 1945). Currently, it is primarily
used to treat arsenic, mercury, gold, lead, antimony, and other toxic metal poisoning (Oehme
1972). In addition, it is also used for the treatment of Wilson’s disease, a genetic disorder in
which the body retains copper (Denny-Brown & Porter 1951). One important feature of this
compound is that it possesses two thiol groups, each capable of binding with acrolein to
create a less reactive adduct (Carleton ef a/. 1946). This suggests that dimercaprol could
potentially serve as an effective candidate for pharmacological detoxification of acrolein /n
vivo. However, the direct chemical reaction between dimercaprol and acrolein or the
capability of dimercaprol to reduce acrolein-mediated cell death has not been examined.

This study aimed to determine whether dimercaprol is able to react with acrolein and
mitigate its toxicity and therefore reduce acrolein-mediated cell death. In addition, it is of
great interest to determine whether dimercaprol could function as effectively as established
acrolein scavengers, such as hydralazine, which relies on its hydrazine group to bind to
acrolein (Burcham et al. 2000, Galvani et a/. 2008). We first verified the reaction between
acrolein and dimercaprol in an abiotic, or cell free condition using NMR Spectroscopy.
Subsequently, /n vitrotests using a well-established neuronal PC-12 cell tissue culture were
conducted where WST-1, LDH and Trypan Blue assays could be applied effectively to
evaluate the ability of dimercaprol to mitigate acrolein-mediated cell death.

Our data has clearly shown that dimercaprol is capable of binding to acrolein through both
of its thiol groups based on NMR evaluation. Furthermore, cell culture tests indicate that
dimercaprol could greatly reduce acrolein-mediated cell death in a dose-dependent manner,
likely by directly binding to and neutralizing acrolein. Finally, we also show that
dimercaprol could effectively reduce acrolein-adduct in spinal cord tissue following spinal
cord injury in rat. These initial results suggest that dimercaprol is an effective acrolein
scavenger, capable of offering neuroprotection in vitro, and likely in vivo as well.

2. Materials and Methods
2.1 Chemicals

Acrolein, Lactate Dehydrogenase (LDH) assay kit and Trypan Blue solution were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Dimercaprol and WST-1 assay kit were
purchased from Alfa Aesar (Ward Hill, MA, USA) and Roche (Indianapolis, IN, USA),
respectively. Cell culture media and reagents were received from American Type Culture
Collection (ATCC, Manassas, VA, USA) and Atlanta Biologicals (Flowery Branch, GA,
USA). Other routine laboratory reagents were bought from Sigma-Aldrich (St. Louis, MO,
USA).

J Neurochem. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian and Shi

Page 4

Bio-Dot SF Microfiltration Apparatus was from Bio-Rad (Hercules, CA, USA). Ripa buffer
was obtained from Thermo Fisher Scientific In. (Waltham, MA, USA). Rabbit anti-acrolein
primary antibody was purchased from ABCAM (Cambridge, MA, USA). Casein solution,
goat anti-rabbit secondary antibody and ABC-AmP reagent were from Vector Laboratories
(Burlingame, CA, USA).

2.2 NMR Spectrum for Testing Chemical Reaction

The nuclear magnetic resonance (*H-NMR) spectra were recorded using a Bruker ARX300
spectrometer (300 MHz) with a QNP probe. The acrolein solution was prepared by
dissolving acrolein (5 uL) in DMSO-g; (1 mL) and the NMR spectrum for acrolein was
recorded. Then, a solution of dimercaprol (50 mg) in DMSO-gg (1 mL) was added. The
mixture was thoroughly shaken and allowed to incubate for 1 hr in the dark and then the
NMR spectrum for the reaction products was recorded.

2.3 Cell Culture

PC-12 cells were obtained from American Type Culture Collection (ATCC). Cell medium
was made with 85% ATCC-formulated RPMI-1640 Medium (Catalog No. 30-2001), 10%
horse serum and 5% fetal bovine serum. PC-12 cells were placed in 100 mm cell culture
dishes in an incubator which was set at 37°C under a humidified atmospheric condition of
5% CO, and 95% air. PC-12 cells were suspended in Krebs-Ringer solution (125 mM NacCl,
5mM HEPES, 6 mM glucose, 5 mM NaHCOg3, 1.2 mM MgSQy, 1.2 mM KH5POy, and 2.4
mM CaCl,, PH7.4) before use, then centrifuged and made to desired concentration by cell
medium.

2.4 WST-1 Cell Viability Assay

Cell viability was tested by WST-1 ([2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium]) assay. This assay is based on the enzymatic cleavage of the
tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases present in
viable cells. The amount of formazan produced represents the quantity of viable cells. This
assay can be used not only for quantifying cell proliferation, but can also be employed for
cytotoxicity measurement.

Both dimercaprol and acrolein were dissolved in Hank’s Balanced Salt Solution (HBSS).
The final concentration of acrolein was 100 uM. The final concentrations of dimercaprol
were 10, 25, 50 and 100 pM. PC-12 cells were seeded in 12-well plates at the concentration
of 10° cells/well. After overnight incubation, acrolein was added into each well of acrolein
group and treatment groups. Equal volumes of HBSS were added into wells of the negative
control group. After incubation for 15 minutes, dimercaprol was added at the desired final
concentrations (10, 25, 50 and 100 pM) into wells of treatment groups and equal volume of
HBSS was added into other wells. The initial 15-minute incubation in acrolein was designed
to mimic pathological conditions by allowing acrolein to enter the cells. WST-1 assay
solution was added into every well after incubating 4 hrs, and then allowed to incubate for
an additional 2 hrs. The resulting absorbance value was obtained using a spectrophotometer
at 450 nm, which was further subtracted the background absorbance at 620 nm to derive the
final value.
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2.5 Lactate Dehydrogenase Assay for Cell Membrane Integrity

Lactate dehydrogenase (LDH) assay quantifies the amount of cytoplasmic LDH released
into culture medium to ascertain the degree of cell membrane damage. LDH is an
oxidoreductase enzyme that catalyzes the interconversion of pyruvate and lactate. Cells
release LDH after tissue damage or red blood cell hemolysis. Since LDH is a fairly stable
enzyme, it has been widely used to evaluate the presence of damage and toxicity of tissue
and cells. The amount of LDH in the cell and the medium was measured fluorometrically as
a function of the reduction of NAD by LDH to form a tetrazolium dye. The amount of
product can be measured spectrophotometrically at 492 nm (SLT, Spectra). The background
absorbance was measured at 660 nm and subtracted from the reading at 492 nm. A total
amount of 2.5x105/well cells were seeded in 1.5 mL microcentrifuge tubes. Acrolein was
added so that the final concentration was 100 uM in both acrolein and acrolein plus
dimercaprol groups. The maximal cellular LDH value (LDH,,) was obtained using a lysis
solution that resulted in the release of all the LDH within cells. The value of background
LDH (LDHy) released to the media in healthy cells was also obtained with normal uninjured
cells. After acrolein exposure for 15 minutes, different concentrations of dimercaprol were
added into dimercaprol-treated groups. In order to evaluate the cytotoxicity of dimercaprol,
cells which were not exposed to acrolein were incubated in 50 uM or 100 uM dimercaprol
for 4 or 24 hrs. The final absorbance was read and the percentages of cytotoxicity were
calculated as follows:

Cytotoxicity (%)= <7T°“ S”"‘"‘”“'“*’) x 100

TDHm LDy,

2.6 Trypan Blue Assay for Direct observation of Cell Membrane Damage

Trypan blue is a vital stain used to identify dead tissues and cells. Live tissues and cells with
intact cell membranes cannot be colored by trypan blue, because cells are very selective in
the compounds that pass through the membrane. Trypan blue is a ~960 Daltons molecule
that is cell membrane impermeable and therefore only enters cells with compromised
membranes. After entry into the cells, trypan blue binds to intracellular proteins thereby
rendering the cells a bluish color. All the cells blued by the dye were identified as dead cells,
while non-stained cells were considered viable. For evaluation of the anti-acrolein effect of
dimercaprol, cell suspensions (0.5 mL, 5x10° cells/mL in cell medium) were treated with
acrolein and dimercaprol as stated in LDH assay. In order to determine the cytotoxicity of
dimercaprol itself, the same procedures were performed but different concentrations of just
dimercaprol were added. Samples were then mixed thoroughly with an equal volume (or
other unit) of 0.4% tryptan blue solution and allowed to sit at room temperature for 2
minutes. A volume of 10 uL of each mixture was extracted to fill a hemocytometer on each
side. The numbers of stained cells and non-stained cells were counted under the light
microscope. The total number of cells of each group was the addition of stained and non-
stained cells in that group. The viability percentage of each group was calculated as below:

Viability (%)= Yizblecells x 100

Total cells
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The viability percentages were averaged by duplicate readings from both side of the
hemocytometer.

2.7 Cell Morphology

For cell morphology study, cells were seeded in collagen-coated 12-well plates at a
concentration of 2x108 cells/well and allowed to settle for 1 hr. The procedures for treating
acrolein and dimercaprol were the same as trypan blue assay except for a 24 hrs incubation
time after the applications of all drugs, in order to show a clear difference. Cell samples
were mixed thoroughly with an equal volume (or other unit) of 0.4% trypan blue solution
and allowed to sit at room temperature for 2 minutes before the liquid was removed by
suction from each well. The images of the culture were recorded with a digital camera on a
microscope with a 10X objective.

2.8 Rat Spinal Cord Contusion Injury Model

Male Sprague—Dawley rats with a body weight between 200 and 250 g (7-8 weeks old)
were used at the time of surgery. Rats were obtained from Harlan Laboratory (Indianapolis,
IN, USA). The animals were housed and handled in compliance with the Purdue University
Animal Care and Use Committee guidelines and ARRIVE guidelines. The institutional
approved protocol number for this study is 1111000095. The animals were acclimated for at
least 1 week before surgery.

Rats were anesthetized by intraperitoneally (IP) injecting a mixture with ketamine (80
mg/kg) and xylazine (10 mg/kg). Lack of withdrawal response to a foot pinch was
considered as complete anesthesia. Rat’s dorsal surface of spinal cord at the T-10 spinal
level was exposed by a dorsal laminectomy. A New York University (NYU) impactor was
used to induce contusion SCI model. A 10-gram rod was dropped from 25 mm onto the
intact dura mater to generate a moderate contused SCI model. Sham animals only suffered a
laminectomy at the T-10 vertebra without a spinal cord contusion. After surgery, Ketoprofen
(5 mg/kg) was subcutaneously injected to provide anti-inflammatory, analgesic and
antipyretic effects. A dosage of 3.0 mL of saline was administrated via subcutaneous
injections to prevent dehydration. The animals were placed on a heating pad in order to
maintain body temperature until consciousness was regained. For post-surgical care, bladder
checks were performed to SCI rats twice a day. Manual expression of the bladder was
performed, if needed, until the animal regained a reflexive bladder.

2.9 Dimercaprol Treatment

A dosage of 5 mg/kg dimercaprol was chosen to reduce acrolein levels in rats. Dimercaprol
was dissolved in saline and administered through a daily IP injection for 48 hrs in injured
rats, starting immediately (within 5 min) after SCI. Rats were euthanized 4 hrs after the last
treatment. In addition, dimercaprol was also applied daily in a similar manner to normal rats
for 6 consecutive days to assess its general toxicity.

2.10 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
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solution (all in mM): 124 NaCl, 2 KClI, 1.24 KH,POy4, 26 NaHCO3, 10 ascorbic acid, 1.3
MgSQy, 1.2 CaCl,, and 10 glucose. The whole vertebral column was rapidly removed and a
dorsal laminectomy was performed along the vertebral column. The spinal cord was
removed and 1 cm sections were cut out around injury site for acrolein concentration
determination.

2.11 Dot Immunoblotting

The extracted spinal cord segments were incubated with Ripa buffer with 0.1% protease
inhibitor and then homogenized. The solution was centrifuged at 13,500 g for 30 min at 4°C
after incubation on ice for at least 1 hr. The samples were then stored at —80°C before
performing experiments and could be kept for up to 2 weeks. An additional round of
centrifugation was performed after removing samples from storage at —80°C. A
bicinchoninic acid protein assay was performed to ensure equal loading for all samples. A
quantity of 200 pg of each sample was transferred to a nitrocellulose membrane using a Bio-
Dot SF Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA), The membrane was then
blocked for 1 hr in 1X casein solution, and then transferred to 1 : 1000 primary rabbit anti-
acrolein antibody in 1X casein solution and incubated overnight at 4°C. After the primary
antibody incubation, the membrane was washed with 1X casein buffer. The membrane was
then transferred to 1 : 1000 secondary alkaline phosphatase conjugated goat anti-rabbit 19G
antibody and incubated for 1 hr at room temperature. After secondary antibody incubation,
the membrane was again washed with 1X casein solution and then incubated in
VECTASTAIN ABC-AmP reagent for 30 min at room temperature. DuoLuX substrate was
then added onto the membrane surface for chemiluminescent signal acquisition. The images
were analyzed by AlphaView SA software (Cell Biosciences Inc.).

2.12 Statistical Analysis

3. Results

All of above assays were repeated more than four times. Data from WST-1, LDH, Trypan
Blue assays, and acrolein-lysine level in spinal cord are given as the mean £ SEM. The one-
way ANOVA was used to determine the significance between control groups and treated
groups. p<0.05 indicates significance.

3.1 Cytotoxicity of Dimercaprol

We first examined the potential cytotoxicity of dimercaprol by co-incubating it with PC-12
cells. Seven different concentrations, ranging from 10 to 1000 uM, were used to determine
the cytotoxicity of varying doses of the compound. The cell viability of control (no
dimercaprol) was considered as 100%. The viability of the cells that exposed to dimercaprol
at other concentrations were normalized to control and expressed as percentages of survival
over that in control. As shown in Figure 1, the survival rate of cell exposed to dimercaprol at
10, 25, 50, 100, 250, 500 and 1,000 uM were 98.6 + 0.9%, 97.0 + 0.8%, 95.8 + 0.8%, 94.4
+1.0%, 93.8 £ 1.2%, 92.8 + 1.4%, and 88.8 + 2.3% respectively. As it indicated, for the
highest concentration of 1 mM, close to 90% cells still remained viable and healthy.
Notably, at a concentration of 100 UM, the highest concentration used for acrolein
scavenging in our tests, around 95% cells were still alive, although the cell mortality reached
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a statistical significance when compared to control (p<0.05). The highest concentration that
caused no significant cell death is 50 uM. From these in vitro results, it seems that
dimercaprol is a safe drug when the dosage is no higher than 100 pM.

3.2 Dimercaprol Reacts with Acrolein in an Abiotic Condition

Next, we attempted to investigate the chemical reaction between dimercaprol and acrolein
using NMR spectroscopy. The structure and NMR spectrum of acrolein are shown in Figure
2. The doublet peak in the downfield (& 9.55) corresponds to the aldehyde proton, whereas
the three alkene protons are located in 6 6.63—6.30. The NMR spectrum of the acrolein-
dimercaprol reaction products are shown in Figure 3. In this assay, the dimercaprol was used
in excess (200 mM) compared to acrolein (3.74 mM) to produce adequate acrolein-
dimercaprol adducts to achieve measurable signals using NMR. According to the spectrum,
the characteristic peaks for the aldehyde proton of acrolein was shifted to the downfield (&
10.22), which indicates the formation of another new aldehyde. The peaks for the alkene
protons of acrolein were shifted to the upfield (& 6.23-5.94), which indicates the formation
of another new alkene.

Two possible reactions (1,2-addition and 1,4-addition) could account for the observed NMR
spectrum of acrolein-dimercaprol reaction products. In 1,4-addition, the thiol group of
dimercaprol attacks the conjugated C=C bond and C=0 group, forms an unstable olefinic
alcohol which converts to the corresponding stable aldehyde, which corresponds to the peak
at § 10.22. In 1,2-addition, the thiol group of dimercaprol directly attacks the carbonyl group
of acrolein to form the hemithioacetal, whose alkene protons correspond to the peaks at &
6.23-5.94. Therefore, based on the NMR spectrum, both 1,4-addition and 1,2-addition
products are formed and contributed to acrolein neutralization by dimercaprol. No trace
peaks of acrolein were observed based on NMR spectrum, indicating that the consumption
of acrolein by dimercaprol was complete.

3.3 Rescue of PC-12 Cells From Acrolein-mediated Cell Death by Dimercaprol-WST-1 assay

Following the confirmation of scavenging acrolein by dimercaprol in a cell free, abiotic
condition, we turned our attention to verifying the ability of dimercaprol to reduce acrolein-
mediated cytotoxicity in PC-12 cell cultures. We first employed a WST-1 assay to quantify
viable cells. For each experiment, the final WST-1 measurement for each group was
expressed as the percentage of control group (non-treated group). Specifically, as shown in
Figure 4, cell survival decreased to only 31.5 + 10.5% of the control value (or 68.5% of cells
death) after exposure to 100 uM acrolein for 4 hrs (p< 0.05, n=7). A delayed application of
increasing concentrations of dimercaprol, 10, 25 and 50 uM, respectively, increased the
percentages of viable cells to 38.3 + 12.7%, 55.4 + 15.5% and 92.4 + 15.5% (p< 0.05, n=7).
At the concentration of 100 uM of dimercaprol, the cell viability was comparable to the
control group. Based on the results of WST-1 assay, it seems that dimercaprol can mitigate
the loss of PC-12 cells due the exposure of acrolein.
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3.4 Dimercaprol Protects PC-12 Cells from Acrolein-mediated Cell Membrane Damage-LDH
and Trypan Blue Assays

Acrolein has the ability to react with various biomolecules including proteins, DNA and
phospholipids, and thus can disrupt the functions of these biomolecules (Luo et al. 20053,
Esterbauer et al. 1991, Kehrer & Biswal 2000, Shi et al. 2002, Shi et al. 2011a, Shi et al.
2015). Phospholipids are the main constituents of cell membrane. As such, LDH and Trypan
Blue assays, assessments of membrane integrity, were employed to verify the hypothesis that
acrolein-mediated membrane damages can be mitigated by dimercaprol.

As shown in Figure 5, the LDH in control cells (no acrolein or dimercaprol) is defined as
baseline. The release of LDH for various groups were expressed as the percentage of
changes in relation to control. As it indicates, LDH released in cell medium increased by
37.0 + 5.4% after exposure to acrolein at 100 uM for 4 hrs, indicating that acrolein can
damage cell membrane of PC-12 cells and facilitate LDH permeability. However, the LDH
level reduced to 31.7 + 5.8%, 24.7 + 9.0%, 11.9 + 9.5% and 16.2 £ 5.7% with the
application of dimercaprol at 10, 25, 50, and 100uM respectively. The reductions of LDH
permeability due to dimercaprol at 50 and 100 uM showed significant difference comparing
to that of acrolein only (p< 0.01 for 50 uM and p< 0.05 for 100 pM).

The cell viability based on the exclusion of trypan blue in the control group (non-treated
group) was set as 100%, and results of other groups were expressed as percentages of the
control group. As shown in Figure 6, exposing PC-12 cells to 100 uM acrolein resulted in
only 41.1 £+ 5.1% of cells excluding trypan blue (P < 0.001) Upon the administration of
increasing dosages of dimercaprol at 10, 25, 50, and 100 uM, there was a dosage-dependent
increase of cells excluding trypan blue, which are 60.4 + 8.3%, 71.3 + 7.8%, 85.1 + 3.0%
and 82.6 + 6.0% respectively (p<0.05 or p<0.01). Taken together, both the LDH and Trypan
Blue assays demonstrate that acrolein-mediated membrane damage can be mitigated by
dimercaprol in a dose dependent manner.

3.5 Extended Beneficial Effects and Cytotoxicity of Anti-acrolein Treatment with
Dimercaprol Based on LDH Assay

In addition to 4 hour incubations, we have also examined the beneficial effects of anti-
acrolein treatment with dimercaprol with 24 hours of exposure time, examined through LDH
assay (Figure 7). Specifically, PC-12 cells were exposed to 100 uM acrolein for an extended
time of 24 hrs which resulted in a significant elevation of LDH released in cell medium
(62.1 + 7.8%, p<0.001 compared to uninjured control). Two additional groups were treated
with either 50 pM or 100 uM dimercaprol, in addition to and after 15 min of acrolein
exposure. Our results indicate that while acrolein induced significant membrane damage
when incubated with cells for 24 hours, dimercaprol at both 50 and 100 uM significantly
reduced acrolein-mediated cell membrane damage (2.4 + 0.7%, 7.6 + 1.1% respectively,
p<0.001 compared to acrolein only for both concentrations).

Next, we also assessed the cytotoxicity of dimercaprol in both short term (4 hrs) and long
term (24 hrs) exposures, examined by LDH assay (Figure 8). Dimercaprol produced minimal
changes in membrane leakage at 50 pM (4 and 24 hrs) and 100 pM (4 hrs) (1.2 £ 0.4%, 3.1
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+ 0.5%; 2.7 + 0.3%; respectively, p>0.05 when compared to control). However, incubation
in 100 uM dimercaprol for 24 hours caused a significant elevation of LDH leakage (8.1
+ 1.2%, p<0.05).

3.6 Cell Morphology Study

Trypan blue was used to identify viable cells in this study. The cells in the control group
appeared to attach tightly to substrates. Most of them were non-stained and protuberant,
which indicates they were alive and healthy (Figure 9A). However, when treated by acrolein
at 100 pM for 24 hrs, a significant portion of the cells detached from substrates and were
removed along with liquid, indicating that they were dead or damaged. Some remaining cells
were expended but not embossed, and stained by trypan blue (Figure 9B), which suggests
they were not viable. In contrast, a significant number of cells excluded trypan blue
following application of dimercaprol at 100 uM. The surviving cells were plump and
morphologically indistinguishable from the control cells (Figure 9C). There were several
cells labeled by Trypan Blue in the dimercaprol-exposed (no acrolein) group (Figure 9D),
indicating there was little cytotoxicity of dimercaprol in this treatment.

3.7 Dimercaprol Effectively Decreases Acrolein Level in Spinal Cord of SCI Rat

After demonstrating the anti-acrolein activity of dimercaprol on the cellular level in vitro,
we tested the hypothesis that dimercaprol may reduce acrolein in the CNS /n vivo using dot
immunoblotting method. Acrolein-lysine concentration was measured 48 hrs post SCI.
Dimercaprol was administered three times during this period, immediately after injury and
then daily. The last injection of dimercaprol was given 4 hrs before euthanizing the rats. As
indicated in Figure 10, acrolein-lysine level increased significantly 48 hrs after SCI in the
non-treated injured group comparing to the sham, which is around 1.79 £ 0.07 folds of
sham. The treatment with Dimercaprol reduced acrolein concentration to 0.93 + 0.10 folds
of sham. This result demonstrates that dimercaprol could effectively reduce acrolein levels
following SCI injury. In addition, we have also shown that systemic application of
dimercaprol for 6 days had little influence on the weight of the rats when compared to
saline-treated rats (Fig. 11). Specifically, two groups of rats (n=5 in each group) received
daily IP injection of either 5mg/kg dimercaprol or saline (equal volume). There was no
statistically significant difference between the weight of saline-treated rats and dimercaprol-
treated rats, in any of days during the experiments (p > 0.05).

4. Discussion

Many studies have established that acrolein participates in the pathologies of various
diseases due to its highly toxic nature, high reactivity, and long half-life (Esterbauer et al.
1991, Shi et al. 2015, Shi et al. 2011a, Stevens & Maier 2008). The pathological role of
acrolein is particularly apparent in neurodegenerative diseases and secondary injury
following CNS trauma. This is likely because the lipid-rich nervous system provides a
virtually unlimited source of compounds for acrolein generation and reaction (Shi et al.
2011a, Tully & Shi 2013, Shi et al. 2015). Neurons are particularly vulnerable to acrolein-
mediated injury due to the lack of specific enzymes that are critical in eliminating acrolein
such as some subtypes of aldehyde dehydrogenase (ALDH) (Hamann & Shi 2009, O’Brien
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et al. 2005). Therefore, elucidating the pathological role of and establishing means to
neutralize acrolein is of great interest. We have found that dimercaprol was indeed capable
of binding acrolein based on a cell free TH-NMR spectrum study. Furthermore, dimercaprol
was able to significantly reduce acrolein-mediated cell death and membrane damage in
PC-12 cells, when examined at both 4 and 24 hours after acrolein exposure and dimercaprol
treatment. Finally, we have demonstrated that dimercaprol was able to reduce the post-injury
acrolein elevation in a rat contusion spinal cord injury model when examined at 48 hrs post
injury and dimercaprol treatment. These data indicate that dimercaprol is an effective
acrolein scavenger, capable of removing acrolein and providing neuroprotection.

It is well established that acrolein can damage neuronal tissues by attacking proteins, lipids
and DNA. Acrolein has been shown to cause the dysfunction of mitochondria, loss of the
integrity of neuronal membrane, and degradation of myelin (Shi et al. 2011b, Luo & Shi
2004, Luo & Shi 2005). While it is has been postulated that adenine nucleotide translocase
(ANT) is a specific target of acrolein-mediated mitochondria damage (Luo & Shi 2005), the
exact mechanisms of acrolein-mediated membrane damage are still not clear. Since acrolein
is known to directly attach to proteins by forming acrolein-protein adduct, it is likely that
damage to membrane bound proteins could play a critical role in acrolein-inflicted
disruption of lipid membrane (Luo & Shi 2004, Shi et al. 2011a, Hamann & Shi 2009,
Esterbauer et al. 1991). In addition, acrolein-mediated elevation of reactive oxygen species
(ROS) could also further damage neuronal membrane through the peroxidation of
polyunsaturated fatty acids in lipid membrane (Luo & Shi 2004). Taken together, acrolein
likely damages the lipid membrane through direct destruction of membrane bound proteins,
as well as through lipid peroxidation by ROS. It has been suggested that acrolein plays a
pathological role in not only neuronal trauma, such as SCI and traumatic brain injury (TBI)
(Hamann et al. 2008a, Luo et al. 2005b, Walls et a/. 2016), but also degenerative diseases,
such as multiple sclerosis (MS) and Alzheimer’s disease (Leung et al. 2011, Calingasan et
al. 1999), cancers (Cohen et al. 1992, Feng et al. 2006), and chemotherapy-induced
neuropathy (Conklin 2004, Barrera 2012). Therefore, removing acrolein by acrolein
scavengers such as dimercaprol will likely mitigate neuronal damage and encourage
repairing process through endogenous mechanisms in a variety of pathological conditions.

The highly electrophilic reactivity of acrolein is attributed to its two reactive moieties: a
C=C double bond and a C=0 carbonyl group in a conjugated C=C-C=0 system. Both
groups are capable of reacting with nucleophilic amino acid residues of proteins, i.e.
cysteine, histidine and lysine, and with deoxyguanosine (dG) of DNA (Esterbauer et al.
1991, Stevens & Maier 2008, Shi et al. 20114, Shi et al. 2015). The chemical mechanism of
acrolein scavenging by hydralazine, a well-known acrolein scavenger, is mainly through
reaction at C=0 group of acrolein and formation of adducts (Zhu et al. 2011, Burcham et al.
2002, Burcham et al. 2000, Kaminskas et al. 2004b). However, it is also known that although
acrolein-hydralazine adduct poses significantly less toxicity than free acrolein, the adduct
demonstrates toxic properties when present in concentrations exceeding 10 uM. (Kaminskas
et al. 2004a). 1t is also worth noting that remaining C=C group of acrolein may still pose
toxicity (Kaminskas et al. 2004a).
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Dimercaprol, on the other hand, as demonstrated by the NMR spectrum in Figure 3, is
capable of reacting and thus blocking both C=0 and C=C groups through the formation of
1,2-addition and 1,4-addition of acrolein. In addition, dimercaprol possesses two thiol
groups that are capable of reacting with both the C=0 and C=C groups of acrolein (Figure 3
and 12), while hydralazine possesses only one hydrazine group that can only react with one
reactive site of acrolein at a time. Taken together, this group of evidence suggests that each
molecule of dimercaprol can potentially trap up to two equivalents of acrolein while each
hydralazine can only trap one equivalent of acrolein.

The specific manner in which dimercaprol reacts with acrolein is currently unknown. Here
we speculate that there will be at least five possible forms of dimercaprol-acrolein adducts.
As indicated in Figure 12, among five hypothetical structures, one interesting possibility is
the formation of a cyclic structure (Figure 12B), where one molecule of dimercaprol can
react with both C=0 and C=C groups of acrolein through its two thiol groups, although this
possibility remains to be confirmed. Hence, although it is known that dimercaprol could
indeed react with acrolein, it is not clear what exactly the binding mechanisms are. Further
study is clearly necessary to confirm the existence of these hypothetical structures.

In addition to the evidence in an abiotic, cell free system, the ability of dimercaprol to
neutralize acrolein was further confirmed by /n vitro tests using a PC-12 cell culture system
and /n vivo animal study through contusion SCI rat model. Based on our knowledge, there is
no report of dimercaprol being a reparative agent capable of repairing damage inflicted by
acrolein. In addition, we have already shown that dimercaprol can bind and neutralize
acrolein. Therefore, the most plausible explanation of the neuroprotective effect of
dimercaprol in cell culture study is through scavenging acrolein.

Based on the above mentioned putative structural advantages of dimercaprol in acrolein-
scavenging compared to better known exogenous compounds such as hydralazine, it appears
that dimercaprol might have higher capacity in scavenging acrolein. This speculation seems
consistent with the findings in the PC-12 cell studies. Using PC-12 cells, hydralazine can
afford 50% reduction of cell death, but only with a dosage that is at least as twice as that of
acrolein (Liu-Snyder et al. 2006). However, in the current study using the same cell culture
preparation, dimercaprol, with only the half of the concentration of acrolein, can produce
more than 50% of reduction in acrolein-mediated cell death. This seems to be consistent
with the structure-based prediction that one molecule of dimercaprol can bind and scavenge
more than one acrolein molecule (structure E in Figure 12). Future studies that allow direct
comparison could reveal the comparative efficacy of dimercaprol and hydralazine in
scavenging acrolein.

Based on the available data, the safe dosage range of hydralazine which effectively reduces
acrolein /n vivo in rat is from 5 — 25 mg/kg IP. At this dosage range, no significant drop of
blood pressure was found following application of hydralazine, an FDA-approved
hypertensive medication (Pandit 1984, Khan 1953, Leung et al. 2011, Zheng et al. 2013,
Chen et al. 2016). In the case of dimercaprol, the reported dosage employed for /in vivo
application to alleviate heavy metal-induced tissue damage was 2.5-50 mg/kg (Jindal et al.
1974, Coveney & Robbins 1986, Wenzel & Beckloff 1958, Cherian 1980). There are two
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main reasons that we chose the level of 5 mg/kg for dimercaprol to be used in the current
investigation. First, 5 mg/kg is in the low end of the dosage range for /n vivo application,
which minimizes the possible side effects of dimercaprol /n vivo (Flora & Pachauri 2010).
Second, 5 mg/kg is also the level that hydralazine is known to be safe and effective in
scavenging acrolein /n vivo, therefore facilitating the comparison of these two scavengers in
acrolein reduction in vivo (Zheng et al. 2013, Park et al. 2014b). In addition, we have also
confirmed that systemic application of dimercaprol at such concentration for 6 days had no
significant influence on body weight when compared to saline-treated rats (Figure 11),
further indicating its general safety in longer period of usage /n vivo. Therefore, based on
our findings in the current study, IP application of 5 mg/kg of dimercaprol appears to be a
safe dosage with no detectable side effects, as well as an effective level capable of
scavenging acrolein.

At the dosage of 5 mg/kg through IP injection, dimercaprol is shown to efficiently reduce
acrolein-adducts to a level that is comparable to that of sham injured rats in spinal cord
tissue following SCI, an efficacy comparable to that of hydralazine (Park et al. 2014b). This
also indicates that dimercaprol could gain access to CNS, cross the BBB, and effectively
trap acrolein in the acute stage of SCI. Similar to hydralazine, dimercaprol has also been
shown to have excellent penetration through the BBB (McEvoy 1991, Snider ef a/. 1990).
Therefore, our data indicates that dimercaprol could be an effective and safe acrolein
scavenger /n vivo and potentially an effective neuroprotective agent for CNS trauma and
diseases. In light of this initial confirmation of dimercaprol’s acrolein scavenging capacity,
future studies could examine its dose dependent efficacy of trapping acrolein.

It was reported that the metabolic degradation and renal excretion of dimercaprol are
complete within 6 to 24 hours based animal studies (Catsch & Harmuth-Hoene 1976), which
supports the safe application of daily injection. However, although IP injection of
dimercaprol for 6 days did not result in noticeable side effects, such as body weight changes,
further studies are needed to examine the safety of extended period of usage beyond 6 days.

The effectiveness of dimercaprol in acrolein scavenging seen in our /in vitro examination,
likely caused by the presence of multiple nucleophilic groups, suggests that dimercaprol
dosage could potentially be reduced while achieving comparable therapeutic benefits to
hydralazine. One additional advantage is that dimercaprol is not known to elicit a reduction
of blood pressure. Therefore, in the event that hydralazine is not applicable in a subset of
patients due to risk of hypotension, dimercaprol could be a viable alternative treatment.
Taken together, based on these data, it is reasonable to speculate that dimercaprol is likely an
effective acrolein scavenger /n vivo and, an alternative choice of anti-acrolein in addition to
hydralazine, particularly when maintaining blood pressure is vital, such as in both spinal
cord injury and traumatic brain injury.
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Figure 1.

Cytotoxicity of dimercaprol was tested by Trypan Blue assay. PC-12 cells were exposed to
different concentrations of dimercaprol for 4 hrs. Cell viability was determined by trypan
blue dye exclusion assay. Viable cells were the cells that excluded the dye. The cell viability
of control (dimercaprol at 0 pM) was considered 100%. The viability of cell of other groups
was expressed as the percentages of the control. It appears that dimercaprol began to induce
significant cell death when its concentration was at and higher than 100 uM (* p<0.05,
ANOVA). All data were expressed as mean + SEM, n=5.
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Figure 2.
Structural analysis of acrolein using 1H-NMR spectroscopy. Acrolein (0.5 uL) was dissolved

in 1 mL DMSO-djand the IH-NMR spectrum for acrolein was recorded by a 300 MHz
Bruker NMR spectrometer. The chemical structure of acrolein and the NMR peak
assignments are illustrated. The doublet peak in the downfield (& 9.55) corresponds to the
aldehyde proton, whereas the three alkene protons are located in 6 6.63-6.30.
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Figure 3.
The TH-NMR spectrum of acrolein-dimercaprol reaction products. After recorded pure

acrolein TH-NMR spectrum in DMSO- g, a solution of dimercaprol (50 mg) in DMSO-d (1
mL) was added. The mixture was incubated for 1 hr in the dark. The spectrum was obtained
with a 300 MHz Bruker NMR spectrometer. The possible reaction mechanisms between
dimercaprol and acrolein, and the structures of possible products were shown. In this assay,
the dimercaprol was used in excess (final concentration was approximately 200 mM)
compared to acrolein (final concentration was approximately 3.74 mM). This was designed
to produce adequate acrolein-dimercaprol adducts to achieve measureable signals using
NMR. The characteristic peaks for the aldehyde proton of acrolein were shifted downfield (&
10.22), which indicates the formation of another new aldehyde. The peaks for the alkene
protons of acrolein were shifted upfield (6 6.23-5.94), which indicates the formation of
another new alkene.
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Figure 4.
Dimercaprol protected PC-12 cells from acrolein-mediated cell death based on WST-1 assay.

PC-12 cells were exposed to 100 uM acrolein for 4 hrs. Some of them were treated with
additional different concentrations of dimercaprol after 15 min of acrolein exposure. Cell
viability was tested by WST-1 assay. The cell viability of control (no acrolein or
dimercaprol) was considered 100%. The cell viability of other groups was expressed as the
percentages of the control. Dimercaprol was capable of significantly protecting PC-12 cells
from acrolein-mediated cell death in a dosage-dependent manner starting at a concentration
of 50 uM (p<0.05 for 50 uM and p<0.01 for 100 M when compared to acrolein only,
ANOVA). All data were expressed as mean + SEM, n=7.
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Figureb.
Dimercaprol protected PC-12 cells from acrolein-mediated plasma membrane damage and

cell death based on LDH assay. PC-12 cells were exposed to 100 pM acrolein for 4 hrs.
Some of them were treated with additional different concentrations of dimercaprol after 15
min of acrolein exposure. The protection effects of dimercaprol were examined by LDH
releasing assay. The percentage of LDH release was normalized to 0% for the control group
(no acrolein or dimercaprol). The LDH release for other groups was expressed as the
percentages of LDH level when all LDH was released from cells. Treatment with
dimercaprol significantly reduced acrolein-mediated cell membrane damage (p<0.05 or
p<0.01, ANOVA). All data were expressed as mean = SEM, n=5.
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Figure 6.
Dimercaprol protected PC-12 cells from acrolein-mediated membrane damage and cell

death based on the Trypan Blue assay. PC-12 cells were exposed to 100 uM acrolein for a
total of 4 hrs. Some of the cells were treated with additional different concentrations of
dimercaprol after 15 min of acrolein exposure. The viability was determined by the Trypan
Blue assay. The cell viability of the control (no acrolein or dimercaprol) was considered
100%. The viability of other groups was expressed as the percentages of the control. The
treatment with dimercaprol was similar to the previous LDH assay. Note that dimercaprol
reduced acrolein-mediated trypan blue membrane permeability in a dosage-dependent
manner. (p<0.05 or p<0.01, ANOVA). All data were expressed as mean + SEM, n=4.
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Figure7.

Extended effects of anti-acrolein treatment with dimercaprol based on LDH assay. PC-12
cells were exposed to 100 uM acrolein for 24 hrs. Some of them were treated with either 50
UM or 100 uM dimercaprol after 15 min of acrolein exposure. The anti-acrolein effects of
dimercaprol were examined by LDH releasing assay. The release of LDH in control group
(no acrolein or dimercaprol) was normalized to 0%. The LDH release for other groups was
expressed as the percentages of LDH level when all LDH was released from cells.
Dimercaprol significantly reduced acrolein-mediated cell membrane damage (p <0.001 for
both dimercaprol concentrations, ANOVA). All data were expressed as mean £ SEM, n=8.
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Figure 8.
Extended assessment of cytotoxicity of dimercaprol examined by LDH assay. PC-12 cells

were exposed to 50 uM and 100 uM dimercaprol for 4 or 24 hrs. Cell viability was
determined by LDH releasing assay. The LDH release in control group (without dimercaprol
treatment) was normalized to 0%. The LDH release in other groups was expressed as the
percentages of LDH level when all LDH was released from cells. Dimercaprol caused
significant cell death when its concentration was at 100 pM when exposure time was 24
hours (* p<0.05, ANOVA). All data were expressed as mean + SEM, n=5 in 4-hour study
and n=8 in 24-hour study.
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Figure9.
Photographic images of PC-12 cells and their plasma membrane damage and cell death

induced by acrolein (100 uM) and mitigation by dimercaprol (100 pM). A) Control
uninjured cells. Note almost all the PC-12 cells excluded the trypan blue dye, indicating
health intact membrane. B) Acrolein-treated cells. PC12 cells were exposed to 100 uM
acrolein for 24 hrs. Note most of the PC-12 cells were labeled by trypan blue, indicating
membrane damage and increase of permeability to trypan blue. C) PC-12 cells were exposed
to acrolein, followed by a delayed (15 min) treatment of dimercaprol (100 uM) for a total
incubation time of 24 hrs. Notice the significant number of PC-12 cells were protected by
dimercaprol and excluded trypan blue. D) PC12 cells were exposed to 100 uM dimercaprol
(no acrolein) for 24 hrs. Note few PC-12 cells were labeled by trypan blue, indicating
dimercaprol had little cytotoxicity to PC-12 cells. The scale bar represents 100 um (for A, B,
C, and D).
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Figure 10.
Elevation of acrolein-lysine level in spinal cord tissue post SCI. Rats were treated by 5mg/kg

dimercaprol right after surgery and once a day until 48 hrs after SCI. Photographic dot
immunoblotting images (top) show representative blots for each experimental condition. Bar
graph (bottom) presents the overall acrolein-lysine conjugate levels for different groups,
including sham, non-treated and dimercaprol treated groups. There was a 1.79 + 0.07 fold
elevation of acrolein in the non-treated SCI group comparing to sham group (p<0.005,
ANOVA). Dimercaprol treatment reduced acrolein level back to 0.93+ 0.10 folds of sham
(p<0.001, ANOVA). All data were expressed as mean £ SEM. n = 3-5 in all three groups.
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Figure 11.
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The effect of 6-day consecutive systemic application of dimercaprol on the weight of rats.
Specifically, two groups of rats (n=5 in each group) received daily IP injection of either
5mg/kg dimercaprol or saline (equal volume). Note there is little difference between the
average weights between these two groups over the course of 6 days.

J Neurochem. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tian and Shi

Dimercaprol

H,C-OH

Acrolein

o}

1

HC-SH + HC. .C
T C

H,C-SH

Figure 12.

H

“H

—

<

Page 28
OH
/\ (A) . (B)
Ho\)si/s np — > W
/ NN
s
SH
/\rs\)\,ou (€)
OH

SH SH
Ho _L_s s._~_oH (D)
\/\.(H

NS S
\_ © sgﬁ (E)

Scheme depicts the predicted chemical compounds which could result from acrolein-
dimercaprol reaction. Each structure represents one possible mode of a reaction. A) acrolein
and dimercaprol 1:1 reaction by 1,4-addition. B) Two thiol groups of dimercaprol react with
both C=C and C=0 groups of acrolein. C) acrolein and dimercaprol 1:1 reaction by 1,2-
addition. (D) acrolein and dimercaprol reaction by 1:2 ratio. (E) acrolein and dimercaprol

reaction by 2:1 ratio.
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