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Abstract
Purpose Radical oxygen species produced after injury
counteracts antioxidant activity and frequently causes
severe oxidative stress for the tissues. Alpha-lipoic acid is
a powerful metabolic antioxidant with immunomodulatory
effects which provides neuroprotection. The aim of this
study is to investigate the neuroprotective and anti-
apoptotic effects of alpha-lipoic acid on spinal cord
ischemia–reperfusion.
Methods Twenty-four adult, male, New Zealand rabbits
were divided into sham (n=8), control (n=8), and treatment
groups (n=8). The abdominal aorta was clamped for
30 min by an aneurysm clip, approximately 1 cm below
the renal artery and 1 cm above the iliac bifurcation in
control and treatment groups. Only laparotomy was
performed in the sham group. Twenty-five cubic centi-
meters of saline in control group and 100 mg/kg lipoic acid
were administered intraperitoneally in the treatment group
after closure of the incision. The animals were killed 48 h

later. Spinal cord segments between L2 and S1 were
harvested for analysis. Levels of nitric oxide, glutathione,
malondialdehyde, advanced oxidation protein products, and
superoxide dismutase were analyzed as markers of oxida-
tive stress and inflammation. Caspase-3 activity was
analyzed to detect the effect of lipoic acid on apoptosis.
Results In all measured parameters of oxidative stress,
administration of lipoic acid significantly demonstrated
favorable effects. Both plasma and tissue levels of nitric
oxide, glutathione, malondialdehyde, and advanced oxida-
tion protein products significantly changed in favor of
antioxidant activity. There was no significant difference
between the plasma superoxide dismutase levels of the
groups. Histopathological evaluation of the tissues also
demonstrated significant decrease in cellular degeneration
and infiltration parameters after lipoic acid administration.
However, lipoic acid has no effect on caspase-3 activity.
Conclusions Although further studies considering different
dose regimens and time intervals are required, the results of
the present study prove that alpha-lipoic acid has favorable
effects on experimental spinal cord ischemia–reperfusion
injury.
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Introduction

Spinal cord injury (SCI) has traumatic and nontraumatic
origin and often leads to catastrophic dysfunction and
disability. The pathophysiologic mechanisms that underlie
hypoxic/ischemic injury to the spinal cord have not been
totally explained yet. The neurological damage at the time
of insult is called “primary injury”. Activation of endoge-
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nous substances enhances the secondary damage in spinal
cord injury. Inflammation and free radical formation play
an important role in pathological mechanisms involved in
secondary damage [4, 17, 19, 20, 31, 46]. Ischemic injury
in neural tissue is aggravated by reperfusion, resulting in
lipid peroxidation and fiber degeneration, progressive loss
of motor neurons accompanied with a steady decline of
motor function [14, 40]. Glutamate-mediated excitotoxicity,
formation of reactive oxygen species (ROS), and lipid
peroxidation are prominent events thought to contribute to
neuronal dysfunction and cell loss following traumatic and
ischemic injury to the central nervous system (CNS). Both
types of injury have been shown to result in increased
glutamate release, the sustained activation of glutamate
receptors, and the increased accumulation of calcium
(Ca+2). There is direct evidence that activation of glutamate
receptors and the Ca+2 influx induces the formation of
ROS, superoxide anion, and hydrogen peroxide [3, 22].

alpha-Lipoic acid (LA) is a neuroprotective metabolic
antioxidant with proven immunomodulatory effects [5]. LA
is both hydrophilic and lipophilic which is a unique feature
among antioxidants. For this reason, it is referred as
“antioxidant of antioxidants” [61]. LA potently suppresses
clinical and pathological diseases in the animal model of
multiple sclerosis, autoimmune encephalomyelitis, ische-
mia–reperfusion (I/R) injury of heart [57, 58], experimental
diabetic neuropathy [9, 45], and peripheral nerves and brain
[10, 12, 43, 48, 68]. LA has also immunomodulatory effect
in CNS by inhibiting T cell migration and increasing cyclic
adenosine monophosphate [12, 55]. However, effectiveness
of LA in ischemia–reperfusion injury in spinal cord has not
been investigated yet. The aim of this study is to investigate
the neuroprotective and anti-apoptotic effects of alpha-
lipoic acid on an experimental spinal cord ischemia–
reperfusion injury model.

Materials and method

This study was performed in Gazi University School of
Medicine, Experimental Research Center. The experimental
protocol was evaluated and approved by the Ethics Review
Committee of Gazi University School ofMedicine. All animals
received humane care, in compliance with the “Principles of
Laboratory Animal Care” formulated by the National Society
for Medical Research and the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Laboratory
Animal Resources and published by the National Institute of
Health (NIH publication no. 85-23, revised 1986).

Totally, 24 adult male New Zealand rabbits weighing
between 2.5 and 3 kg were divided into sham (n=8),
control (n=8), and treatment groups (n=8). The animals
were kept at optimal (18–21°C) room temperature and fed

with standard diet. A 12-h light–dark cycle was implemented.
Free access to food and water was allowed.

The animals were anesthetized by intramuscular injec-
tion of 70 mg/kg ketamine (Ketalar, Parke-Davis, Eczacı-
başı, Istanbul, Turkey) and 5 mg/kg xylazine (Rompun,
Bayer, Istanbul, Turkey) and allowed breath spontaneously.
Body temperatures were measured by rectal thermometry
and maintained at 37°C with a heating pad. The arterial
pressure and heart rate were monitored continually. The
spinal cord ischemia–reperfusion model described by Erten
et al. [19] was used. Animals were placed in supine
position. After sterile preparation, a 10-cm midline incision
was made and the abdominal aorta was exposed through a
transperitoneal approach. One hundred fifty units per
kilogram heparin was administered through intravenous
route 5 min before clamping for anticoagulation. The aorta
was cross clamped at two sites by using two aneurysm clips
of 70 g closing force (Yasargil FE 721, Aesculap,
Germany). The occlusion sites were approximately 1 cm
below the renal artery and 1 cm above the bifurcation and
performed under surgical microscope. Cross clamp time
was 30 min. At the end of the occlusion period, the clips
were removed and restoration of blood flow was visually
verified. The incision was closed in layers. Only laparoto-
my was performed in the sham group, and cross clamping
of aorta for 30 min was performed in the treatment groups.
Additionally, control group animals received 25 cc of
normal saline, and the treatment group animals received
100 mg/kg lipoic acid (Thioctacid, Gen İlaç, Ankara,
Turkey) intraperitoneally after closure of the incisions.

Free access to food and water was allowed 2 h after
operation. Credé’s maneuver was performed to animals
with neurogenic bladder at least two times a day. The
animals were killed 48 h after operation by injection of
pentobarbital (200 mg/kg). Ten-cubic centimeter blood
sample was taken from the heart for biochemical analysis
in plasma. Spinal cord segment between L2 and S1 were
quickly harvested after total laminectomies from T12 to S1
and cutting the nerve roots. Spinal cord segments between
L2 and L5 were removed for biochemical and histopatho-
logical analysis.

Levels of nitric oxide (NO), glutathione (GSH), malon-
dialdehyde (MDA), advanced oxidation protein products
(AOPP), and superoxide dismutase (SOD) were analyzed in
spinal cord and plasma.

Histopathology and immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections of 5 µ
were incubated for one night at 37°C and for 1 h at 60°C.
Xylol applications (15 min) were performed twice. The
slides were then laid in 96% absolute alcohol and 80%
ethanol for 10 min, followed by distilled water, twice for
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5 min. They were boiled in high temperature microwave
oven in 10% citrate buffer for caspase 3 immunoperox-
idase. After 20 min at room temperature, the tissue was
encircled with a pap-pen (hydrophobic pen). After washing
with distilled water and phosphate-buffered saline (PBS),
hydrogen peroxide was added dropwise. After washing
with PBS, ultra V block (Cat. # TA-125-UB Thermo Fisher
Scientific, Fremont, CA, 94539, USA) was applied. After
application of primary antibody (dilution ratio 1/200, Cat #
RB-1197, Labvision/NeoMarkers Corporation, Fremont CA,
USA) for 1 h, the samples were washed with PBS and a
post-PBS level was applied (biotinylated goat antipolyvalent
and streptavidin peroxidase, respectively). After rewashing
with PBS, the specimens were placed in 10 min 3-amino, 9-
ethylcarbazole (Cat. # TA-125-HAThermo Fisher Scientific,
Fremont, CA, 94539, USA) chromogen. Finally, the coun-
terstain with Mayer’s hematoxylin was performed for 5 min.
All slides were evaluated with Leica DMI 4000 B light
microscope (Leica, Wetzlar, Germany).

To prevent interindividual bias, all tissues were evaluat-
ed by the same histologist (N.L.), who was blinded to the
origin of the samples.

Axonal damage, neuronal degeneration, and astrocyte
and microglia infiltration were analyzed for histopatholog-
ical changes. Axonal damage was graded as G0 (normal),
G1 (mild swelling and vacuolization in axons), and G2
(severe swelling and vacuolization in axons). The intensity
of degenerated neurons was calculated in each field.
Microglia and astrocyte infiltration was graded as +1, +2,
+3, and +4 according to their intensity in each field.

The relative intensity of immunoreactivity staining was
assessed quantitatively as previously described by McCarty
et al. [41], taking into account both the intensity and the
distribution of a specific staining. A value of histological
score (HSCORE) was derived from the sum of the
percentages of positively stained epithelial cells multiplied
by the weighted intensity of staining. HSCORE=Σ Pi (I+
1), where “I” represents staining intensity (0 = no
expression, 1 = mild, 2 = moderate, and 3 = intense) and
Pi is the percentage of stained cells for each intensity [8].

Biochemical analyzes

AOPP levels were measured by a spectrophotometric
method (Shimadzu UV 1601 spectrophotometer, Shimadzu,
Tokyo, Japan) in the presence of potassium iodide at
340 nm [67] and calibrated with chloramine-T solutions.
AOPP levels were expressed in micromoles chloramine-T
equivalents per liter.

Lipid peroxidation was estimated using the thiobarbituric
acid reactive substances (TBARS) test as described previ-
ously [11, 70, 71]. Briefly, TBARS formation was

quantitated using 1, 1, 3, 3-tetraethoxypropane as standard,
and the absorbances of the TBARS were read at 532 nm
using Shimadzu UV 1601 spectrophotometer, Shimadzu,
Tokyo, Japan.

The NO levels were estimated by the method of Miranda
et al. and Taskiran et al. [42, 64]. Samples were deprotei-
nized with 0.3 M NaOH and 5% (w/v) ZnSO4, centrifuged,
and supernatants were used for the assays. After loading the
plate with samples (100 μl) at room temperature, addition
of vanadium III chloride (VCl3; 100 μl) to each well was
rapidly followed by addition of Griess reagents, sulfanil-
amide (50 μl), and N-(1-naphtyl)ethylenediamine dihydro-
chloride (50 μl). After incubation (usually 30–45 min),
samples were measured at 540 nm using an ELISA reader.

The SOD activity measurements were carried out by
inhibiting the SOD activity by nitro blue tetrazolium
reduction. Xanthine–xanthine oxidase was used as a
superoxide generator, and 1 IU was defined as the quantity
of SOD required to produce 50% inhibition [63].

Protein levels were determined by a spectrophotometric
method (Shimadzu UV 1601 spectrophotometer, Shimadzu,
Tokyo, Japan) using bovine serum albumin as the standard
[39].

The tissue GSH levels were determined by a modified
Ellman method [2]. Briefly, after centrifugation at
3,000 rpm for 10 min, 0.5 ml of supernatant was added to
the 2 ml of 0.3 M Na2HPO4.2H2O solution. Next, 0.2 ml
solution of dithiobisnitrobenzoic acid solution (0.4 mg/ml
in 1% sodium citrate) was added, and the absorbance at
412 nm was measured immediately after mixing. The GSH
levels were calculated using an extinction coefficient of
13,000 mol−1cm−1.

The plasma GSH levels were determined as R-SH [37];
0.5 ml of each sample was mixed with 1 ml of a solution
containing 100 mM Tris-HCl, pH 8.2, 1% sodium dodecyl
sulfate, and 2 mM EDTA. The mixture was incubated for
5 min at 25°C and centrifuged to remove any precipitate.
5,5-Dithiobis (2-nitrobenzoic acid) 0.3 mM was then added
to each reaction volume and incubated for 15 min at 37°C.
The absorbance of each sample was determined at 412 nm.
The R-SH levels were calculated assuming a molar
extinction coefficient of 13,000 mol−1cm−1 at 412 nm.

Statistical analysis

Data collected during the experiment were analyzed using
SPSS 15 for Windows. Kruskal–Wallis variance test was
used for nonparametric data to compare differences among
groups. When analysis of variance showed significance,
Mann–Whitney U test was applied to determine the
difference. Histopathological data was compared using
Levene’s test. The data were expressed as mean ± standard

Acta Neurochir (2010) 152:1591–1601 1593



deviation, and probability value less than 0.05 was accepted
as statistically significant.

Results

Biochemical analysis

Tissue changes

Tissue NO level was 31.20±1.7 in the sham group, and
induction of the ischemia–reperfusion injury significantly
increased this level to 57.01±14.06 in the control group (p=
0.004). Administration of LA resulted in significant
decrease in the tissue NO level of the treatment group to
a value of 30.21±3.56 (p=0.004).

Tissue MDA level was 3.20±0.80 in the sham group and
induction of the ischemia–reperfusion injury significantly
increased this level to 6.61±1.65 in the control group (p=
0.010). Administration of LA resulted in significant
decrease in the tissue MDA level of the treatment group
to a value of 3.41±0.64 (p=0.008).

Tissue GSH level was 1.17±0.33 in the sham group and
induction of the ischemia–reperfusion injury significantly
decreased this level to 0.45±0.21 in the control group (p=
0.006). Administration of LA resulted in significant
increase in the tissue GSH level of the treatment group to
a value of 1.21±0.27 (p=0.004).

Tissue AOPP level was 4.75±1.59 in the sham group,
and induction of the ischemia–reperfusion injury signifi-
cantly increased this level to 11.05±1.34 in the control
group (p=0.004). Administration of LA resulted in signif-
icant decrease in the tissue AOPP level of the treatment
group to a value of 4.19±0.90 (p=0.004).

Tissue SOD level was 20.62±2.94 in the sham group,
and induction of the ischemia–reperfusion injury signifi-
cantly decreased this level to 16.77±1.80 in the control
group (p=0.016). Administration of LA resulted in signif-
icant increase in the tissue SOD level of the treatment group
to a value of 21.30±1.39 (p=0.004).

Plasma changes

Plasma NO level was 46.85±5.24 in the sham group, and
induction of the ischemia–reperfusion injury significantly
increased this level to 63.49±5.63 in the control group (p=
0.004). Administration of LA resulted in significant
decrease in the plasma NO level of the treatment group to
a value of 45.26±7.69 (p=0.004).

Plasma MDA level was 4.14±0.64 in the sham group,
and induction of the ischemia–reperfusion injury signifi-
cantly increased this level to 5.51±0.70 in the control group
(p=0.008). Administration of LA resulted in significant

decrease in the plasma MDA level of the treatment group to
a value of 4.16±1.15 (p=0.025).

Plasma GSH level was 454.97±35.70 in the sham group,
and induction of the ischemia–reperfusion injury signifi-
cantly decreased this level to 373.94±29.99 in the control
group (p=0.008). Administration of LA resulted in signif-
icant increase in the plasma GSH level of the treatment
group to a value of 454.79±9.97 (p=0.004).

Plasma AOPP level was 128.76±43.10 in the sham
group, and induction of the ischemia–reperfusion injury
significantly increased this level to 343.76±36.15 in the
control group (p=0.004). Administration of LA resulted in
significant decrease in the plasma AOPP level of the
treatment group to a value of 145.43±27.21 (p=0.004).

Plasma SOD level was measured as 1.07±0.13, 0.87±
0.20, and 1.09±0.20 in the sham, control, and treatments
groups, respectively. There was no statistically significant
difference between groups (p=0.278). Bar graphs in
Figs. 1 and 2 demonstrate the summary of the presented
results.

Histopathological evaluation

The histological structure of the specimens from the sham-
operated group was normal and the I/R injury in the control
group significantly destroyed this structure. However,
axonal damage, neuronal degeneration, and glial cell
infiltration parameters were significantly lower in the LA
received group compared to the control group (p<0.001).

Fig. 1 Bar graph showing the spinal cord tissue levels of NO, MDA,
GSH, AOPP, and SOD for sham, control, and treatment groups. Bars
represent mean levels and the error bars represent ±2 standard
deviation (*p<0.05 treatment vs control group)
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On the other hand, while the I/R injury significantly
increased caspase 3 immunoreactivity (p<0.001; sham vs
control) administration of LA did not significantly decrease
caspase activity (p=0.149). Figure 3 demonstrates both
hematoxylin and eosin stained tissue samples and caspase 3
immunoreactivity in tissue samples. Table 1 demonstrates
scores derived after histopathological evaluation.

Discussion

Oxidative stress is known to contribute to the pathogenesis
of neurodegeneration in various CNS disorders. The
findings that antioxidants improve neurological function
after traumatic CNS injury in animals provide further
evidence that oxidative stress has a deleterious effect on
neuronal cells [21, 69].

In spinal cord injury models, oxidative stress counteracts
antioxidant activity and is attributed to neurodegeneration
in neurons, whereas constitutive antioxidants protect the
neural tissue from oxidative stress. Reperfusion occurs in
the first few days following SCI, which exacerbates the
oxidative stress and the damage [20]. Oxidative stress
initiates lipid peroxidation cascades that lead to the damage
of highly vulnerable cell membranes during the first few
days after injury [13, 30].

Fig. 2 Bar graph showing the plasma levels of NO, MDA, GSH,
AOPP, and SOD for sham, control, and treatment groups. Bars
represent mean levels and the error bars represent ±2 standard
deviation (*p<0.05 treatment vs control group; Ψp>0.05; there were
no significant difference between groups regarding plasma SOD
levels)

Fig. 3 Histopathology of spinal cord. Hematoxylin and eosin staining
of spinal cord tissue from the three groups: sham group (a), control
group (c), and the treatment (lipoic acid) group (e). Figure
demonstrate normal structure of spinal cord (a), neuronal degenera-
tion, axonal separation (asterisk), and infiltration of astrocyte–micro-

glia (c, e). Caspase 3 immunoperoxidase staining of spinal cords from
three groups: sham group (b), control group (d), and the treatment
(lipoic acid) group (f). No immunoreactivity in control-1 group
whereas strong (d) and moderate (e) immunoreactivity in neurons
and neuroglial cell in control-2 and lipoic acid group
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Although several endogenous antioxidant enzymes such
as superoxide dismutase, glutathione peroxidase, and
catalase can detoxify ROS, the overproduction of the latter
during the reperfusion of the ischemic segment of spinal
cord can cause oxidative stress [62]. The first event at the
cellular level during ischemia is the depolarization and the
consequent opening of voltage-depended ion channels,
glutamate release, and Ca++ influx [24]. Ca++ influx
initiates several damaging actions including mitochondrial
dysfunction, activation of mitochondrial and cytoplasmic
nitric oxide synthetase, and production of NO. Activation
of phospholipase A2 initiates arachidonic acid metabolism
which is then converted by cyclooxygenase to a number of
deleterious prostanoids and by lipoxygenases which is
mediating axonal damage in SCI [14, 23, 28, 36].

The central nervous system possesses high levels of
polyunsaturated lipids and metabolic rate with low antiox-
idant enzyme activity when compared to other tissues. This
exacerbates the damage from free radical formation [32].

Therapeutic approaches which limit oxidative stress may
be potentially beneficial in several neurological diseases
[31]. In experimental SCI models, corticosteroids, laza-
roids, gangliosides, calcium channel blockers, free radical
scavengers, magnesium, sodium channel blockers, cyclo-

sporin A, opioid receptor antagonists, NMDA receptor
antagonists, and thyrotropin-releasing hormone have shown
promise [1, 6, 18, 34, 52]. NMDA and non-NMDA
receptor antagonists have demonstrated neuroprotective
properties both in vitro and in vivo, but their major adverse
effects limit their clinical use [6, 34, 52].

Lang-Lazdunski et al. have shown that MgSO4 and
riluzole provided significant neuroprotection without any
adverse effects in rabbit model of spinal cord ischemia [38].

Pharmacological measures to prevent spinal cord injury
have been pursued, and these include hypothermia, anes-
thetic agents, ion channel blockers, anti-inflammatory
drugs, immune modulators, and free radical scavengers [4,
18].

Only methylprednisolone has been shown to provide
benefit in large clinical trials. Although this statement is not
generally accepted by many centers who prefer not to use
this agent in clinical grounds, methylprednisolone is almost
the only agent which is used in neuroprotection studies as a
comparative agent. For this reason, we preferred to use it in
order to compare the results gathered after LA administra-
tion. Its neuroprotective effect has been attributed to an
inhibitory effect on lipid peroxidation [7, 13, 23–25, 54],
and although methylprednisolone reduces MDA levels

Group Subject Neuronal
degeneration

Axonal
damage

Glial cell
infiltration

Caspase-3
immunoreactivity

HSCORE

Sham 1 0/10 G-0 + 0 0.7

2 1/10 G-0 + 0 0.7

3 0/10 G-0 + 0 0.7

4 0/10 G-0 + 0 0.8

5 1/10 G-0 + 0 0.7

6 0/10 G-0 + 1 0.7

7 0/10 G-0 + 1 0.7

8 0/10 G-0 + 0 0.7

Control 1 7/10 G-2 ++++ 3 2.8

2 7/10 G-2 +++ 3 3.2

3 6/10 G-1 +++ 3 2.8

4 8/10 G-2 +++ 2 2.1

5 8/10 G-1 +++ 2 2.1

6 9/10 G-2 +++ 3 3.2

7 8/10 G-2 ++++ 3 2.1

8 7/10 G-2 +++ 3 3.2

Treatment 1 2/10 G-1 ++ 2 2.1

2 3/10 G-1 ++ 2 2.1

3 1/10 G-0 + 2 2.1

4 2/10 G-1 ++ 2 2.1

5 2/10 G-0 ++ 3 2.8

6 3/10 G-0 + 3 2.8

7 2/10 G-1 + 3 2.8

8 2/10 G-0 ++ 2 2.1

Table 1 Histopathological
evaluation results

Comparison of neuronal degen-
eration, axonal damage, and
glial cell infiltration between
control and treatment groups
revealed significant difference in
favor of treatment group (p<
0.001). Caspase 3 activity did
not significantly differ between
control and treatment groups
(p=0.149)
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within the first 12 h, it has no effect on the second lipid
peroxidation [13].

An effective treatment strategy to reduce or reverse the
permanent effects of SCI remains elusive. Lipid peroxida-
tion is one of the most important and damaging effects of
free radicals following SCI and a key mechanism in
oxidative stress [1, 3, 23–25]. For this reason, in this study,
we examined the effectiveness of LA on oxidative stress of
spinal cord ischemia–reperfusion in rabbits. LA and its
reduced form, dihydrolipoic acid (DHA), are potent
biological antioxidants [43]. These compounds are capable
of scavenging hydroxyl radicals and singlet oxygen.
Hydroxyl radicals, singlet oxygen, peroxynitrite, and
hypochlorous acid are scavenged by LA, and hydroxyl
radicals, superoxide, peroxyl radical, peroxynitrite, nitric
oxide, and hypochlorous acid are scavenged by DHA.
Apart from its direct antioxidant effect, there is no question
that LA treatment boosts cellular GSH levels both in vivo
and in vitro and maintains GSH during times of oxidative
insult [61]. They also act as a chelator of transition metals
such as Cu+, Mn+, and Zn+ [5, 43]. LA is soluble in water
as well as in fats which is a unique feature among
antioxidants. For this reason, it is called an “antioxidant
of antioxidants” [61]. In mammals, LA is synthesized do
novo in mitochondria by lipoic acid synthase, but it can be
absorbed from diet. LA is a necessary cofactor for
mitochondrial α-ketoacid dehydrogenases and thus serves
a critical role in energy metabolism. It is still unknown
whether de novo synthesis is enough to supply all require-
ments for LA or dietary intake is also at least conditionally
necessary [59]. There is no established upper limit for LA
consumption in humans; however, safe levels for acute oral
LA intake have been defined in animals. At a higher
chronic dose (180 mg/kg), body weight gain and food
consumption were decreased in rats and dogs [47]. LA is
taken up and reduced in cells and tissues to dihydrolipoate,
which is also exported to the extracellular medium; hence,
protection is afforded to both intracellular and extracellular
environments. LA also crosses blood–brain barrier and
enters the brain and cerebrospinal fluid [61]. Thus, it seems
an ideal substance in the treatment of oxidative brain and
neural disorders involving free radical processes.

CNS damage due to stroke, cardiac arrest, hemorrhage,
or head injury is a result of sudden reoxygenation of tissues
(reperfusion) after a period of hypoxia. Administration of
LA in animal models of ischemia–reperfusion alleviated
effects of reperfusion. Level of ROS in brain cells
decreases, extent of damage was reduced, and survival
time of animals was longer in comparison with the control
group [61].

Examination of current research about LA reveals
protective effects of these compounds in cerebral ische-
mia–reperfusion, excitotoxic amino acid brain injury,

mitochondrial dysfunction, diabetes and diabetic neuropa-
thy, and other causes of acute or chronic damage to brain
and neural tissue [47].

Prehn et al. demonstrated that, in focal ischemia model in
mice, dihydrolipoate reduced the size of the infarct [50]. Cao
and Phillis also observed a protective effect of LA against
ischemia–reperfusion injury in the Mongolian gerbil model
which offers the advantage of more complete ischemia [10].

LA pretreatment also almost completely abolished ische-
mia–reperfusion-induced losses of glutathione in the brain and
dramatically decreases lipid peroxidation in the brain [50].

Elevated levels of extracellular glutamate are responsible
for neuronal damage and degeneration in brain disorders
[53]. LA was shown to protect C6 glial cells from
glutamate-induced cytotoxicity. Low concentration of LA
has been shown to bypass the adverse effects of elevated
extracellular glutamate [26].

LA potently suppresses clinical and pathological disease
in the animal model of multiple sclerosis and autoimmune
encephalomyelitis, by inhibiting the migration of pathogen-
ic T cells to the spinal cord. The mechanism is unknown
[55].

The present study evaluated the biochemical markers of
oxidative stress. NO, AOPP, MDA, GSH, and SOD are
agents that work for or against oxidative stress which are
used to measure the severity of the stress. Mammalian cells
have developed antioxidant defense systems to prevent
oxidative damage and to allow survival in an aerobic
environment. These systems consist of nonenzymatic
antioxidants with low molecular weights (vitamins A and
E, beta-carotene, uric acid) and of enzymes such as SOD,
catalase, glutathione peroxidase, and glutathione reductase
[3, 5, 17, 18, 23, 28, 35, 51, 56, 60, 62, 63, 67].

Nitric oxide is a gas that induces macrophage cytotox-
icity and vessel dilation and is involved in neural signaling.
It is a unique molecule involved in many physiological
processes in the CNS. Studies have demonstrated its both
protective and detrimental effects in several diseases
affecting the CNS. It has been demonstrated that lower
NO concentrations play important roles in physiological
processes, whereas larger amounts increase oxidative stress.
After the SCI, inducible NO synthase is immediately
expressed in the spinal cord. Excessive NO production
has cytotoxic effects and induces neuronal apoptosis,
secondary neural degeneration, and neuronal dysfunction
[15, 27, 33, 65]. Our results demonstrated that while the I/R
injury significantly increased the NO level both in the tissue
and the plasma, administration of LA significantly de-
creased these levels.

As a marker of protein oxidation [67], levels of AOPP
significantly increased after the I/R injury both in plasma
and the spinal cord tissue. This increase in oxidative protein
products is the proof of the increase in levels of the free
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radicals generated [60]. Researches have demonstrated that
levels of AOPP are correlated with the levels of MDA,
suggesting that AOPP acts as an oxidative stress mediator
[49]. On the other hand, AOPP is not only a marker of
oxidative stress but also acts as inflammatory mediator
[67]. The significant decrease in the AOPP levels after
administration of the LA in this study proves the antioxi-
dant effects of this molecule.

SOD is the primary defense system against the reactive
oxygen metabolites [66]. Results of our study demonstrated
significant increase in levels of tissue SOD after adminis-
tration of LA. However, this significant increase could not
be observed in levels of SOD in the plasma.

GSH is an antioxidant which protects cells from free
radicals [66]. The decrease in the level of GSH increases
susceptibility to oxidative damage. As in other markers,
compared to the control group, LA significantly increased
GSH levels of the animals in the treatment group.

The central nervous system consists of largely of lipids
and is damaged easily by free radical induced lipid
peroxidation [56]. Lipid peroxidation is recognized as one
of the main pathophysiological mechanisms involved in
secondary damage [16] and MDA, which is formed from
the breakdown of polyunsaturated fatty acids, serves as an
important and reliable index for determining the extent of
the peroxidation reaction [29, 44, 51]. In fact, most efforts
aiming neuroprotection after spinal cord injury are intended
to counteract early lipid peroxidation [16]. The results of
our study demonstrate significant effects of LA in lowering
MDA levels both in plasma and the neural tissue.

Histopathological evaluation includes neuronal and
axonal damage and microglia infiltration. Sham-operated
group had normal spinal cords. Treatment group showed
significantly better morphological results than the control
group. These results suggest that LA has also beneficial
effects on preserving the normal spinal cord morphology by
reducing the oxidative stress.

Severe oxidative DNA damage may trigger activation of
the cysteine protease caspase-3 and consequently death by
apoptosis. The onset of apoptosis in oligodendroglia,
distant to the site of injury, appears to be unique in acute
spinal cord ischemia and contributes to axonal demyelin-
ation and dysfunction with long-term neurological deficits
[14]. However, caspase-3 immunohistochemical examina-
tion did not show any significant difference between the
treatment and control group in the present study. LA has no
significant anti-apoptotic effect on spinal cord ischemia–
reperfusion injury model according to our study.

The compensatory activation of endogenous antioxidant
molecules important for neutralizing ROS occurs at later
time points. Impaired mitochondrial function and lipid
peroxidation occurs within the first hour following spinal
cord injury, with an increase in ROS occurring at fourth and

24th hours following injury. Oxidative stress persists for
5 days following SCI in rats [13]. These findings suggest
that antioxidant mechanisms increase several hours after the
generation of ROS. Antioxidant treatments should be
initiated at early stages following injury [3]. That is why
we administrated LA just after the injury. Although we
administered only a single dose of LA in this study, the
effectiveness can be increased by injecting secondary doses
3–5 days after the injury. On the other hand, the
effectiveness of the agent should also be tested in traumatic
spinal cord injury models such as weight drop or clip
compression experiments. Different mechanisms of injury
could reveal different results.

In the presented study, only biochemical, histopatholog-
ical, and immunohistochemical parameters were analyzed.
The lack of functional outcome assessment is the major
pitfall of our study. Functional outcome assessment should
be analyzed with different dose regimens and longer
administration of LA in the further studies to achieve better
outcome.

Conclusion

The results of the present study clearly demonstrated the
favorable effects of LA in experimental spinal cord I/R
injury. Although there may be other mechanisms involved,
it seems that LA is successful in alleviating the effects of
oxidative stress. Further experiments including a traumatic
spinal cord injury model should be performed before any
recommendations can be made for LA to be tested in
humans.
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Comment

Currently, there is a tremendous research focus in animals and humans
to improve the devastating effects of spinal cord injury. Some of the
main strategies include avoidance of prehospital hypoxia and
hypotension, early surgical decompression and spinal fracture stabi-
lization, therapeutic hypothermia, neuroprotectants such as alpha-
lipoic acid in this study, neurotrophic agents, cell transplantation,
blocking myelin-based protein inhibitors, using neural scaffolds, anti-
inflammatory agents, reducing glial scar formation, and new rehabil-
itation strategies.

H. Emmez and colleagues have reported a carefully conducted
study using the antioxidant alpha-lipoic acid in an experimental spinal
cord ischemia and reperfusion injury model in 24 rabbits. The animals
were sacrificed 48 h after the injury was induced, and it was found
that tissue and spinal cord tissue levels of various markers of oxidative
stress were significantly improved and there was less cellular
degeneration and inflammatory change in the affected spinal cord
after intraperitoneal alpha-lipoic acid was administered shortly after
30 min of ischemia.
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This experiment is a long way from the use of this agent in human
spinal cord injury but is an important step along the way. There is a
component of ischemia–reperfusion injury in human spinal cord
injury, but there is also the mechanical injury. The ischemia–
reperfusion injury model the authors have used is not therefore a
complete model of human spinal cord injury. This antioxidant should
be further investigated experimentally with different dose scales,
administered at different time intervals after the trauma, for longer
observation periods, and with different models such as weight drop or

clamping that more closely replicate mechanical injury to the spinal
cord or parts of it before sacrifice of the animals. Clearly there are
ethical challenges to keeping animals alive longer after partial or
complete spinal cord injury. We encourage the authors to continue
their excellent research on this promising therapeutic agent.

Jeffrey V Rosenfeld
Departments of Neurosurgery and Surgery, The Alfred Hospital and
Monash University, Melbourne, Australia.
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