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ABSTRACT
AIm: Spinal Cord Injury (SCI) is a devastating health problem both for the patient and the clinician. Numerous treatment modalities
have been studied to reverse the effects of spinal cord injury. Herein is reported the effects and the comparison of Alpha Lipoic Acid
and N-Acetyl Cysteine on rats with SCI.
MaterIal and Methods: 38 adult male Sprague-Dawley rats were randomly divided into 5 groups: only laminectomy, laminectomy
and trauma, laminectomy trauma and Alpha Lipoic Acid 100 mg/kg IP administration, laminectomy trauma and N-Acetyl Cysteine
300 mg/kg IP administration, and vehicle group (PEG). The trauma model was the Modified Allen Weight drop method. After the
procedure, the rats’ motor function was evaluated using the modified Tarlov Scale and consequently they were sacrificed and the
spinal cord tissue was analyzed biochemically for inflammation markers.
Results: Both Alpha Lipoic Acid and N-Acetyl Cysteine administration after the injury significantly improved the results. There was
no statistically significant difference in between the agents.
ConclusIon: Although these agents both proven to be effective in ameliorating the effects of SCI, there was not enough evidence
in this research to conclude the benefit of one agent over the other.
Keywords: Alpha lipoic acid, N-Acetyl Cysteine, Spinal cord injury, Secondary phase, MDA, TNF-α, IL-6

█

INTRODUCTION

Neuro-trauma is one of the most devastating health care
and social problems in both developed and underdeveloped
countries. Spinal cord injury (SCI) constitutes a major portion
of neuro-traumas. Global prevalence of SCI varies from 236
to 1.280 per million inhabitants (6). An enormous amount
of resources and manpower has been made available to
reverse the effects of SCI. The processes, which have been
investigated for ameliorating the results of the injury, have
been the target of novel treatments.

SCI develops in two phases: primary and secondary injury.
The mechanical impact of the trauma destroys neurons and
disrupts the architecture of the tissue, composing the primary
phase, but it also induces the overproduction of deleterious
substances, which provokes the secondary injury cascade
(13).
For the secondary injury cascade, numerous distinct mechanisms have been hypothesized and analyzed. The activation
of microglia and oxidative stress are the pivotal secondary
injury mechanisms after traumatic injury that construct the
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onset of neuro-inflammation. Both free oxygen radicals and
pro-inflammatory cytokines are disproportionately secreted
after SCI. Hydrogen peroxide, superoxide anions and IL-1β,
IL-6, IL-12, and Tumor Necrosis Factor alpha (TNF-α) are
some of the numerous examples (10). Lipid peroxidation of
cellular membranes, oxidation of proteins and DNA fragmentation are some additional secondary injury cascades that
may contribute to cellular damage (5, 12).
Mitochondrial dysfunction has a key role in the deleterious
effects of reactive oxygen species (ROS.) Preserving the
mitochondrial functions is the novel target for minimizing the
harmful effect of free oxygen radical damage. Living organisms
have developed various antioxidant systems against ROS
throughout evolution.
Glutathione (GSH) is believed to be one of the paramount
antioxidants in living organisms. It is a complex molecule
that is mostly made of cysteine, glycine and glutamate. Both
Alpha Lipoic Acid (α-LA) and N-Acetyl Cysteine (NAC) are
thiol derivatives and take part in regenerating GSH (18, 20).
α-LA and NAC may compose an imperative element of the
antioxidant systems (15, 20).
α-LA was identified as a coenzyme in the tricarboxylic acid
cycle (Krebs cycle) in 1951 (17). α-LA has a small molecular
weight. Metals such as iron and mercury are known as free
radical damage mediators. α-LA not only chelates these
metals but also plays a role in extinguishing ROS and restoring
GSH, which is a potential antioxidant enzyme (1).
NAC is a thiol derivative, which takes part in maintaining the
optimal redox levels in mitochondria. NAC is an acetylated
precursor for cysteine and takes part in maintaining
of bioenergetics of mitochondria and exhibiting antiinflammatory actions (10, 18). It has been postulated that NAC
possesses anti-inflammatory activity by reducing the levels of
pro-inflammatory cytokines (8). The neuroprotective effects
of NAC appear to be mediated by both antioxidant and antiinflammatory effects.
Though neural tissue has limited antioxidative capacity (7), it
could be postulated that administration of antioxidants such
as α-LA and NAC have the potential to protect the neural
tissue from deleterious ROS effects.
The goal of the present study was to compare of the neuroprotective effects of α-LA and NAC, as antioxidant agents,
following administration in the secondary injury phase after
traumatic spinal cord injury in rats. Levels of pro-inflammatory
cytokines such as TNF-alpha, IL-6 and malondialdehyde
(MDA), which is one of the end products of lipid peroxidation,
are evaluated regarding the neuro-protective potential of α-LA
and NAC, just after traumatic spinal cord injury is created by
the weight drop model. The results reported here support the
benefit of both α-LA and NAC administration for ameliorating
spinal cord injury.
█

MATERIAL and METHODS

The study was approved by Ethic Committee of Kobay
(Approval date 03/09/2012 No: 51&53). Adult male Sprague-
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Dawley rats (weighing between 250-300g, n=40) were recruited
in the study; 2 cases were deceased after laminectomy and
thus 38 rats were used. They were kept in a temperaturecontrolled room (23ºC) with a 12-hour light/dark cycle (lights
on at 7:00 AM) and with free access to water and food.
Experiments were performed between 8:00 and 12:00 AM.
Surgical Procedure
All surgical techniques were performed under aseptic
conditions. Animals were anesthetized with an intraperitoneal
(IP) injection mixture of Ketamin (Ketalar, Pfizer Istanbul,
Turkey) 90 mg/kg and Xylazine (Rompun, Bayer, Istanbul,
Turkey) 10 mg/kg. Arterial saturation, cardiac rate, and rectal
temperature were monitored. The body temperature of the
animals was fixed at a range of 37⁰C± 5⁰C by using a heating
pad.
After shaving and cleansing of the skin, animals were kept in
a stereotaxic apparatus and a posterior midline incision was
performed in the mid-thoracic region. The underlying muscles
were retracted and total laminectomy was performed with the
help of a microscope.
After the surgical procedure, the paraspinal fascia, muscle
and skin were closed with 4-0 nylon suture (Ethicon,
ETHILON™ nylon sutures Reverse Cutting Size 4-0, 18”
Black Monofilament Needle FS-2, 3/8 circle). The animals
were placed in a heating chamber and body temperature was
maintained at approximately 37ºC until they were fully awake,
at which time they were returned to their cages, 2 or 3 rats per
cage. Postoperative care included regular bladder excretion.
Traumatic Injury Model
Modified Allen’s weight-drop technique was used in this study
(2). The force applied during the trauma was 40 g-cm. The
extent of the trauma was measured by multiplying weight
and height, expressed as g–cm. Briefly, a 5-mm-diameter
cylindrical glass tube was positioned at a 90º angle on the
surface of the exposed dura mater, and a 4g cylindrical
constant weight was dropped from a 10-cm height through
the tube onto the spinal cord.
Experimental Groups
The animals were randomly divided into 5 groups (n=5). The
main characteristics of the groups are summarized in Table I.
Group 1 (L): Sham-operated animals (negative control group)
(7).
In this group, a mid-thoracic skin incision was made, the
para-vertebral muscles were dissected, and the laminae were
exposed. Laminectomies were carried out at T6-8 as noted
above without any experimental procedure. The muscles and
the skin were closed with 4-0 nylon sutures.
Group 2 (LT): Trauma-only animals (positive control) (8).
In this group, laminectomies were performed and SCI was
induced as described above. The site of injury was marked
with a prolene suture at the neighboring tissue.
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Table I: Group Details

Group

Procedure

Group 1-L (negative control)

Only laminectomy

Group 2-LT (positive control)

Laminectomy and trauma

Group 3-LA (experimental)

Laminectomy and trauma, 100 mgr/kg IP, α-LA administered immediately after trauma

Group 4-NAC (experimental)

Laminectomy and trauma, 300 mgr/kg IP, NAC administered immediately after trauma

Group 5-PEG (vehicle)

Laminectomy and trauma, 0.5 ml, IP, PEG administered immediately after trauma

IP: intraperitoneally PEG: Poly Ethylene Glycol.

Group 3 (LA): Experimental group animals (8).
In this group, after performing laminectomies and spinal trauma,
rats received α-LA injection (100 mg/kg) intraperitoneally
immediately after trauma.
Group 4 (NAC): Experimental group animals (8).
In this group, after performing laminectomies and spinal trauma,
rats received NAC injection (300 mg/kg) intraperitoneally
immediately after trauma.
Group 5 (PEG): Vehicle group animals (7).
In this group, after performing laminectomies and spinal
trauma, rats received 0.5 ml PEG (Poly Ethylene Glycol –
carrier for NAC and α-LA) administered immediately after
trauma.
Tissue preparation
All groups were sacrificed 24 hours later after perfusion. The
thorax was dissected and the left ventricle was cannulated
to perform intracardiac perfusion with 100-300 ml phosphate
buffered saline (pH 7.4) and 100 ml paraformaldehyde (4%
in 0.1 mol phosphate buffered saline) (19). All hemorrhagic
components of the spinal cord tissue were removed with NaCl
0.9% solution. Spinal cord samples were excised from nearly
cranial and caudal points of the injury level (approximately 1
cm of spinal cord) with the help of a microscope and micro
tools and kept in liquid nitrogen until analysis.
Biochemical Analysis
Lipid Peroxidation / MDA-TBARS assay
The OxiSelect™ TBARS Assay Kit used in the measurement
of lipid peroxidation (MDA) is dependent on the principle that
MDA forms a conjugate bond with thiobarbituric acid with a
ratio of 1:2. The homogenates were diluted with 5 % butylated
hydroxytoluene. Then, 100 μL of sodium laurylsulfate (SDS)
was added to 100 μL of this mixture and the resultant mixture
was incubated at room temperature for 5 min. Following this
incubation period, 250 μL of thiobarbituric acid (TBA) was
added to the mixture and incubated for 45 min at 95°C. The
tubes were cooled over ice for 5 min and then centrifuged at
10,000 x g for 15 min. In a new tube, 200 μL of supernatant
and 300 μL of butyl alcohol was mixed on a vortex mixer for 3
min at 3000 rpm and then centrifuged for 5 min at 10,000 x g.
The supernatant absorbance at 532 nm was measured using

the Molecular Devices Spectramax M2 Microplate Reader and
the results were calculated using a standard graphic.
Determination of TNF- α
The Invitrogen Rat TNF-α ELISA kit was used in this
measurement. Monoclonal TNF-α antibody recognizes and
binds TNF-α found in the solution. Biotinylated polyclonal
antibody recognizes the TNF-α bound protein composite.
Streptavidin peroxidase recognizes the biotinylated complex
even at the lowest concentrations of TNF-α in the presence of
chromogene substrate. 50 μL of the sample mixture was used
in the experiment. Shortly, 50 μL of the sample mixture or
control mixture was incubated in the wells for 2 hours at room
temperature before being washed for five times. After the fluid
was completely washed away from the micro plates 50 μL of
biotinylated TNF-α was added to the wells and incubated at
room temperature for 2 hours. The wells were again washed 5
times to completely remove the remnant fluid. Then 50 μL of
streptavidin-peroxidase (HRP) was added and incubated for
30 minutes. Then the wells were washed again five times to
remove all unbound enzyme. Afterwards, 50 μL of chromogene
substrate was added to each well and incubated for 8 minutes.
Finally 50 µL of 0.5 N HCl Acid was added to stop the color
formation reaction and the results were immediately evaluated
using Molecular Devices Spectramax M2 Microplate reader at
a wave length of 450 nm. The results were calculated from a
standard graphic derived from regression analysis consisting
of 4 parameters.
Determination of Interleukin-6
Invitrogen Rat IL-6 ELISA kit was used in this measurement.
Monoclonal IL-6 antibody recognizes and binds IL-6 found in the
solution. Biotinylated polyclonal antibody recognizes the IL-6
bound protein composite. Streptavidin peroxidase recognizes
the biotinylated complex even at the lowest concentrations of
IL-6 in the presence of chromogene substrate. 50 μL of the
sample mixture was used in the experiment. Shortly, 50 μL of
the sample mixture or control mixture was incubated in the
wells for 2 hours at room temperature before being washed
for five times. After the fluid was completely washed away
from the micro plates, 50 μL of biotinylated IL-6 was added
to the wells and incubated at room temperature for 2 hours.
The wells were again washed 5 times to completely remove
the remnant fluid. Then 50 μL of streptavidin-peroxidase
(HRP) was added and incubated for 30 minutes. Then the wells
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were washed again five times to remove all unbound enzyme.
Afterwards, 50 μL of chromogene substrate was added to
each well and incubated for 8 minutes. Finally 50 µL of 0.5
N HCl Acid was added to stop the color formation reaction
and the results were immediately evaluated using Molecular
Devices Spectramax M2 Microplate reader at a wave length of
450 nm. The results were calculated from a standard graphic
derived from regression analysis consisting of 4 parameters.
Functional Recovery Assessment
For motor function, animals were classified using a Modified
Tarlov 5-point scale: grade 1 = no voluntary hind limb
movement; grade 2 = minimal voluntary hind limb movements
but unable to stand; grade 3 = able to stand but unable to walk;
grade 4 = able to walk with mild spasticity or in coordination of
the hind limbs and grade 5 = able to walk normally (21).
█

RESULTS

Lipid Peroxidation
Lipid peroxidation levels are expressed in terms of nanomole
per gram tissue over the MDA amount. After the analysis of the
difference between 5 experimental groups with 1-way ANOVA
test, significant difference has been established (P=0.001). The
α-LA administration at the dose of 100 mgr/kg significantly
reduced the lipid peroxidation level of the LA group (0.87) with
respect to the LT group, in which only trauma was introduced
after laminectomy (1.85) (P=0.001). The NAC administration
at the dose of 300 mgr/kg has significantly reduced the lipid
peroxidation level of the NAC group (1.14) with respect to the
LT group (1.85) (P=0.001). For the investigation of the vehicle
effect, the lipid peroxidation ratios of the LT and PEG groups
(IP 0.5 mL PEG) were compared individually by post hoc
analysis Dunnett T3 test, and no significant difference was
found within these 2 groups (P=0.637). The overall results are
summarized in Table II and Figure 1.
TNF-α
TNF-α levels are expressed in terms of pictograms per
milliliter tissue. After the analysis of the difference between

5 experimental groups with the ANOVA variance test, a
significant difference was established (P=0.001). Post hoc
analysis (TUKEY-LSD) was used to evaluate significant
differences between the groups. The α-LA administration at
a dose of 100 mgr/kg significantly reduced the TNF-α levels
of LA group (32.15) with respect to the LT group where only
trauma was introduced after laminectomy (53.23) (P=0.001).
The NAC administration at a dose of 300 mgr/kg significantly
reduced the TNF-α levels as well in the NAC group (33.9) with
respect to the LT group (53.23) (P=0.001). For the investigation
of the vehicle effect, the TNF-α levels of the LT and PEG
groups (IP 0.5 mL PEG) were compared individually by post
hoc analysis Dunnett T3 test, and no significant difference
was found within these 2 groups (P=0.411). The overall results
are summarized in Table II and Figure 2.
Interleukin-6
IL-6 levels are expressed in terms of pictograms per
mililiter tissue. After the analysis of the difference between
5 experimental groups with the ANOVA variance test, a
significant difference was established (P=0.001). Post hoc
analysis (TUKEY-LSD) was used to evaluate significant
differences in between groups. The α-LA administration at a
dose of 100 mgr/kg significantly reduced the IL-6 levels of LA
group (306.1) with respect to LT group where no treatment
modality was used (560.27) (P=0.001). The NAC administration
at a dose of 300 mgr/kg significantly reduced the IL-6 levels
as well in the NAC group (372.51) with respect to the LT group
(560.27) (P=0.001). For the investigation of vehicle effect, the
IL-6 levels of the LT and PEG groups (IP 0.5 mL PEG) were
compared individually by post hoc analysis Dunnett T3 test,
and no significant difference was found within these 2 groups
(P=0.312). The overall results are summarized in Table II and
Figure 3.
Motor Function Findings
At the day after trauma, the respective mean motor scores
and their standard deviation in groups 1, 2, 3, 4 and 5 were
4.5714±0.53, 1.125±0.31, 3.375±0.44, 3.125±0.83 and
1.285±0.48 (Table III). The Chi-Square test was used to

Figure 1: Mean MDA levels for each group
along with standard deviation.
L= laminectomy
LT= laminectomy trauma
LA= laminectomy trauma α-LA
NAC= laminectomy trauma
NAC PEG= vehicle group
MDA (µM/mg).
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Figure 2: Mean TNF-α levels for each group
along with standard deviation.
L= laminectomy
LT= laminectomy trauma
LA= laminectomy trauma α-LA
NAC= laminectomy trauma
NAC PEG= vehicle group
TNF-α (pg/ml).
Table II: Mean Values of MDA, TNF-α and IL-6 for Each Group and Their P Values in Comparison

n

mean

SD*

MDA

L

7

0.5

0.37

(µM/mg)

LT

8

1.85

0.29

LA

8

0.87

0.44

NAC

8

1.14

0.48

PEG

7

1.76

0.32

TNF-α

L

7

14.02

3.23

(pg/ml)

LT

8

53.23

4.81

LA

8

32.15

4.9

NAC

8

33.9

6.83

PEG

7

51.2

1.47

IL-6

L

7

99.82

9.14

(pg/ml)

LT

8

560.27

LA

8

306.1

NAC

8

372.51

91.81

PEG

7

509.54

113.15

P

P L-LT

P LT-LA

P LT-NAC

P LT-PEG

P LA-NAC

0.001

0.001

0.001

0.001

0.637

0.139

0.017

0.001

0.001

0.001

0.411

0.467

0.012

0.001

0.001

0.001

0.312

0.194

133.1
81.79

*Standard Deviation. P value <0.005 was accepted as significant.
Table III: Modified Tarlov Test Results of the Groups

Tarlov

Groups

n

Mean

SD*

P L-LT

P LT-LA

P LT-NAC

P LT-PEG

P LA-NAC

L

7

4.5714

0.53

0.001

0.001

0.001

0.621

0.427

LT

8

1.125

0.31

LA

8

3.375

0.44

NAC

8

3.125

0.83

PEG

7

1.285

0.48

*Standard Deviation. P value <0.005 was accepted as significant.
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Figure 3: Mean IL-6 levels for
each group along with standard
deviation.
L= laminectomy
LT= laminectomy trauma
LA= laminectomy trauma α-LA
NAC= laminectomy trauma NAC
PEG= vehicle group
IL-6 (pg/ml).

Figure 4: Mean Modified Tarlov
Scores for each group with SD.
L= laminectomy
LT= laminectomy trauma
LA= laminectomy trauma α-LA
NAC= laminectomy trauma NAC
PEG= vehicle group
Modified Tarlov Scale (0-5).

evaluate the results. There was an evident and statistically
significant difference between groups L-LT, LT-LA and LT-NAC
as seen in Table III and Figure 4 (P=0.001).
Overall, the parameters tested in this study demonstrate
a positive effect in both the LA and NAC groups compared
with the LT group. However, the statistical analysis of both the
biochemical and motor function results revealed no statistically
significant difference between the LA and NAC groups.
█

DISCUSSION

Traumatic injury of neural tissue has been a topic of interest
amongst scientists for almost a century. Enormous funding
has been made available to reverse the secondary injury
effects of spinal cord injury. Many agents have been proven
to counteract the devastating results. For the primary injury
phase, no treatment modalities have been proven to have
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significant positive results against the injury so far. On the other
hand, the latter and continuous secondary injury mechanisms
of neurotrauma has been evaluated frequently and thoroughly
although there is a long path ahead of us. It is doubtless that
studying drug interactions to reduce free radical-induced
oxidative damage reactions and membrane lipid peroxidation
in preclinical traumatic injury models is an ongoing endeavor.
Mitochondria play a pivotal role in determining the spectrum
of secondary injury after neurotrauma. Thus preserving the
functions of mitochondria has been an excellent target for
cell viability after trauma. In the secondary injury phase,
excitotoxicity leads to reduction in membrane potentials
of mitochondria, enhancing the overproduction of ROS by
excessive calcium intake. The overproduction of ROS triggers
oxidative damage, neuro-inflammation, apoptosis and cell
death (18).
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Oxidative damage occurs when there is an imbalance between free radical production and the anti-oxidant capacity
of the cell. Halliwell et al. stated that there is a tendency to
neuronal architecture disruption due to secondary oxidative
injury possibly because of the mostly polyunsaturated fatty
acids in cellular membranes that would be the target of lipid
peroxidation damage and the incapability of neurons to regenerate, with neural tissues having insufficient antioxidant
enzymes for mopping the overflow of ROS only worsening
the cascade (9). Also ROS are supposed to cause secondary
damage after central nervous system (CNS) injury by contributing to the oxidative damage of proteins such as DNA and
membrane phospholipids. It has been demonstrated that the
levels of superoxide anion, hydrogen peroxide, hydroxyl radical, catalytic iron, nitric oxide and peroxynitrite, as well as the
products of oxidation and nitration of proteins and membrane
lipid peroxidation, all significantly increase following SCI (13).
In the mitochondria, oxidative alteration of critical proteins’
thiol groups can impair the cell functions. Redox status of
critical thiol groups in signaling molecules such as kinases and
phosphatases often determine the initiation and progression
of signaling cascades, which decide cell death versus survival
pathways (11).
Neuro-inflammation is another secondary injury mechanism.
In the trauma area the B lymphocytes and microglia cause
damage by generating proinflammatory cytokines such as
TNF-α, IL-1 β and IL-6 (4).
α-LA is a naturally occurring co-factor for pyruvate dehydrogenase and α-ketoglutarate dehydrogenase that plays a
role in the antioxidant system and is synthesized in diminutive amounts by some plants and animals. α-LA can be found
readily in dietary sources such as liver, spinach, broccoli and
tomatoes (16). In human beings, α-LA is synthesized in the
mitochondria from octanoic acid. α-LA is soluble not only in
water, but also in fats and thus it can cross the blood-brain
barrier without trouble and stabilize the blood-brain barrier (3,
20).
NAC is a derivative of cysteine and has been clinically used
as a mucolytic agent and for the treatment of acetaminophen
intoxication. It acts as a glutathione (GSH) precursor and
ameliorates pro-inflammatory cytokines (10).
Lipid peroxidation and inflammatory processes have been
shown to take parts in cellular damage after trauma. In
trauma, free radicals and iron compounds catalyze not only
the generation of hydroxyl radical and cause lipid peroxidation
but also increases pro-inflammatory cytokines such as TNF-α,
IL-1 β and IL-6 (22). The results in this study clearly confirm
that trauma increases the levels of MDA, TNF-α and IL-6 in
the spinal cord of rats at 24 hours after injury. Inhibition of
neuro- inflammation and increasing the antioxidant capacity
by administration of α-LA or NAC immediately after trauma
both decrease lipid peroxidation levels and proinflammatory
cytokines.
It could be hypothesized that the one of the effective approaches
to interrupt secondary oxidative and pro-inflammatory
damage after traumatic injury involves the antioxidants. In this

study, it has been shown that the systemic administration of
α-LA and NAC, just after spinal cord injury decreases levels of
tissue lipid peroxidation and pro-inflammatory cytokines. The
experimental results of this study correlate with the previous
articles about the neuroprotective effects of α-LA and NAC.
Before the research, it was hypothesized that α-LA would
provide better outcomes both clinically and biochemically
due to its lipophilic properties allowing it to cross the cell
membrane more efficiently than NAC. However, although the
statistical analysis reveals significant improvement with the
use of both agents, no significant difference was established
between the agents. α-LA can easily pass through the bloodbrain barrier and also cellular membranes. On the other hand,
NAC has restricted bioavailability because of low lipophilic
properties and the negatively-charged carboxyl group. Since
concentrations of α-LA are higher in the mitochondria, it was
postulated that redox reactions could be induced more readily
when compared with NAC. The literature review also turned
up results where researchers recently emphasized the neuroprotective efficiency of NAC by using the amide derivative of
NAC, which has a neutralized carboxylic group. The amide
derivative of NAC becomes more lipophilic and willingly
crosses blood brain barrier and cellular membranes as well
(15, 18).
In conclusion, it is the suggestion of the authors of this paper
that administration of antioxidant agents –α-LA and NAC –
could ameliorate some of the secondary injury cascades even
when administered just after spinal cord trauma. The defensive
efficiency of α-LA against secondary injury cascades after
traumatic spinal cord injury, indicated by this study, might
be useful to encourage the clinical use of this antioxidant
agent as a supportive treatment after spinal cord injury. More
subjects with varying dosages and timing may reveal further
compelling results regarding the efficiency of these and other
agents. As time progresses, new agents against SCI could be
exposed or more effective agents could be synthesized from
previously well-tried agents.
█
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