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Protection from spinal cord ischemia-reperfusion damage with 
alpha-lipoic acid preconditioning in an animal model

Hayvan modelinde alfa-lipoik asit önkoşullaması ile spinal kord iskemi-reperfüzyon 
hasarından korunma

Ulaş Kumbasar1, Harun Demirci2, Gökçen Emmez3, Zuhal Yıldırım4, 
İpek Işık Gönül5, Hakan Emmez6, Memduh Kaymaz6

ÖZ
Amaç: Bu çalışmada deneysel bir iskemi-reperfüzyon yaralanması 
modelinde alfa-lipoik asit ile önkoşullamanın nöronal hasar üzerinde 
koruyucu etkisi olup olmadığı araştırıldı.

Çalışma planı: On sekiz erişkin erkek Yeni Zelanda tavşanı 
(2.4-3.5 kg) eşit olarak sham, kontrol ve tedavi gruplarına ayrıldı. 
Kontrol ve tedavi gruplarında abdominal aort renal artere proksimal 
olarak 1 cm aşağıdan ve bifürkasyona distal olarak 1 cm yukarıdan 
anevrizma klipsleri kullanılarak 30 dakika tıkandı. Tedavi grubuna 
aortik kros-klemplemeden 20 dakika önce intraperitoneal 100 mg/kg 
lipoik asit uygulandı. Hayvanlar ameliyattan 48 saat sonra sakrifiye 
edildi ve L2 ve L5 arasındaki spinal kord segmentleri biyokimyasal 
ve histopatolojik analiz için çıkartıldı. Spinal kordda glutatyon, 
malondialdehit, total nitrat/nitrit, ileri oksidasyon protein ürünleri, 
katalaz, süperoksit dismutaz ve glutatyon peroksidaz seviyeleri incelendi.

Bul gu lar: Alfa-lipoik asit ile önkoşullama oksidatif stresin ölçülen tüm 
parametrelerinde anlamlı olarak olumlu etkiler gösterdi. Dokuların 
histopatolojik değerlendirmesinde kontrol grubuna kıyasla tedavi 
grubunda anlamlı olarak azalmış nöronal dejenerasyon, aksonal hasar, 
mikroglial ve astrositik infiltrasyon görüldü.

Sonuç:Bu çalışmanın sonuçları aortik kros-klemplemeden önce alfa-
lipoik asit uygulamasının tavşanlarda spinal kord yaralanmasında 
anlamlı nöro-koruyucu etkisi olduğuna işaret etmektedir.
Anahtarsözcükler:Alfa-lipoik asit; spinal kord yaralanması; torako-abdominal 
anevrizma.

ABSTRACT
Background:This study aims to investigate whether preconditioning 
with alpha-lipoic acid has any protective effect in neuronal damage in an 
experimental spinal cord ischemia-reperfusion injury model.

Methods: Eighteen adult male New Zealand rabbits (2.4-3.5 kg) were 
equally divided into sham, control and treatment groups. The abdominal 
aorta was occluded for 30 min proximally 1 cm below the renal 
artery and distally 1 cm above the bifurcation using aneurysm clips in 
control and treatment groups. Treatment group received intraperitoneal 
100 mg/kg lipoic acid 20 min before aortic cross-clamping. The animals 
were sacrificed 48 hours after the operation and spinal cord segments 
between L2 and L5 were removed for biochemical and histopathological 
analysis. Levels of glutathione, malondialdehyde, total nitrate/nitrite, 
advanced oxidation protein products, catalase, superoxide dismutase, 
and glutathione peroxidase were examined in spinal cord.

Results:Preconditioning with alpha-lipoic acid demonstrated significantly 
favorable effects in all measured parameters of oxidative stress. 
Histopathological evaluation of the tissues also demonstrated significantly 
decreased neuronal degeneration, axonal damage, and microglial and 
astrocytic infiltration in the treatment group compared to the control group.

Conclusion: The results of this study indicate that alpha-lipoic 
acid administration before aortic cross-clamping has significant 
neuroprotective effect on spinal cord injury in rabbits.
Keywords: Alpha-lipoic acid; spinal cord injury; thoraco-abdominal 
aneurysm.
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Spinal cord injury (SCI) due to ischemia is one of 
the most detrimental complications after thoracic 
and thoraco-abdominal aortic repairs with a reported 
incidence of up to 40%.[1] Contemporary methods for 
perioperative spinal cord protection include systemic 
hypothermia, partial cardiopulmonary bypass, 
drainage of cerebrospinal fluid, reattachment of critical 
segmental arteries during surgery and pharmacologic 
approaches.[2,3] Despite various strategies to reduce the 
risk of SCI, its occurrence is still high.[1,4,5]

Studies regarding the pathophysiologic mechanism 
of ischemic SCI are going on as it has not been fully 
explained yet. Mechanism of injury can be divided into 
two: (i) incidents during ischemia (primary injury) and 
(ii) incidents occurring during reperfusion (secondary 
damage), which are aggravated by activation of various 
endogenous substances, formation of inflammation 
and free radicals. The latter is often the target of 
pharmacologic agents.[6-8] Various pharmacologic 
agents (e.g. methylprednisolone, naloxone, melatonin, 
magnesium, mexiletine, N-acetylcysteine, gabapentin 
and rosuvastatin) have been used in experimental 
studies to mitigate secondary injury, with only 
methylprednisolone providing clinical benefits.[9-14]

Alpha-lipoic acid (ALA) is an antioxidant with 
neuroprotective effects which has also been described 
as a therapeutic agent in animal models of multiple 
sclerosis, autoimmune encephalomyelitis, ischemic 
heart diseases, diabetic neuropathy and some liver 
diseases.[15-17] Alpha-lipoic acid affects some cellular 
processes through regeneration of endogenous 
antioxidants, modulation of transcription factors and 
accelerates glutathione synthesis; also regulates the 
expression of several antioxidant and anti-inflammatory 
genes.[18,19]

Therefore, in this study, we aimed to investigate 
whether preconditioning with ALA has any protective 
effect in neuronal damage in an experimental spinal 
cord ischemia-reperfusion injury model.

MATERIAL AND METHODS
This study was conducted at Gazi University 
Faculty of Medicine between March 2016 and April 
2016. Eighteen adult male New Zealand rabbits 
(2.4-3.5 kg) were divided into sham (n=6), control 
(n=6), and treatment groups (n=6). A standard diet 
was applied to the rabbits at optimal room temperature 
(18°C-21°C). Ketamine (70 mg/kg, Ketalar, Parke-
Davis, Eczacibasi, Istanbul, Turkey) and xylazine 
(5 mg/kg, Rompun, Bayer, Istanbul, Turkey) were 
given to anesthetize the animals. All animals were 
continuously monitored and body temperatures were 

maintained at 37°C throughout the procedure. The 
study was approved by the Ethics Review Committee 
of Gazi University Faculty of Medicine. The study 
was conducted in accordance with the principles 
of the Declaration of Helsinki. Animals received 
humane care and treatment in accordance 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.

Following sterile preparation, a 10 cm abdominal 
midline incision was performed and the abdominal 
aorta was exposed through a transperitoneal approach. 
Intravenous heparin (150 IU/kg) was used for 
anticoagulation 5 min before aortic cross-clamping. 
The aorta was occluded for 30 min with two clips 
below the renal artery and above the bifurcation. 
The efficiency of the occlusion was established by 
an immediate and persistent loss of detectable pulse 
distally. Following 30 min of ischemia, reperfusion 
was initiated by removal of the clips. The incision was 
closed in layers. Aortic occlusion was not performed 
to the sham-operated animals. Twenty minutes 
before aortic cross-clamping, control and treatment 
group animals received 25 mL of normal saline and 
intraperitoneal 100 mg/kg lipoic acid (Thioctacid, Gen 
İlaç, Ankara, Turkey), respectively.

In the postoperative period, animals recovered 
in their cages where they were allowed to feed 
after 2 h. Animals were sacrificed with pentobarbital 
(200 mg/kg) at postoperative 48th hour. Following 
laminectomies between T12 to S1 segments, spinal 
cord segments between L2 and L5 were removed 
for analysis. Glutathione (GSH), malondialdehyde 
(MDA), total nitrate/nitrite (NOx), advanced oxidation 
protein products (AOPP), catalase (CAT), superoxide 
dismutase (SOD), and glutathione peroxidase (GPx) 
levels were studied in spinal cord.

Spinal cord tissue (100 mg) was homogenized by 
10% trichloroacetic acid (1 mL), then the homogenate 
was centrifuged and the supernatant MDA levels 
assayed by the thiobarbituric acid reactive substances 
formation. Modified Ellman method was used to 
measure GSH levels. The lipid peroxidation level was 
expressed in terms of the MDA equivalent by using an 
extinction coefficient of 1.56x105 M-1 cm-1. The GSH 
levels were calculated using an extinction coefficient 
of 13.600 M-1 cm-1.

Spinal cord tissue (100-200 mg) was diluted, 
homogenized (Virtis-Virtishear), centrifuged and 
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analyzed in the supernatant fraction. Spectrophotometry 
method was used to measure AOPP levels and the 
results were expressed as nmol/mg of protein in liver 
tissue.

Bradford method (bovine serum albumin as the 
standard) was used to measure Tissue protein levels. 
Tissue was diluted, homogenized (1/5 [w/v]) and 
centrifuged. Cayman SOD assay kits were used to 
measure SOD activities and the results were presented 
as U/mg protein. The sample was diluted, homogenized 
(1/5 [w/v]) and centrifuged. Cayman CAT assay 
kits were used to measure CAT activities and the 
results were presented as nmol/min/mg protein. The 
sample was diluted, homogenized (1/5 [w/v]) and 
centrifuged. Cayman GPx assay kits were used to 
measure GPx activities and the results were presented 
as nmol/min/mg protein. The sample was diluted, 
homogenized (1/5 [w/v]) and centrifuged. Cayman 
nitrate/nitrite assay kits were used to measure NOx 
levels and the results were presented as micromol.

Following fixation in 10% buffered formalin for 
10 days, five-micrometer-thick sections were cut 
for hematoxylin & eosin staining. Specimens were 
assessed with a light microscope (DMI 4000 B Leica) 
by the same histologist, who was blinded to the groups. 

Histopathological changes including neuronal 
degeneration, axonal damage, astrocyte and microglia 
infiltration were analyzed. Axonal injury was scaled 
as: G-0 (normal), G-1 (mild swelling and vacuolization 
in axons), and G-2 (severe swelling and vacuolization 
in axons). Each field was observed for the amount 

of degenerated neurons, microglia and astrocyte 
infiltration and graded as +1, +2, +3, and +4 due to 
their intensity.

Statistical analysis

The analyses were performed using the IBM 
SPSS Statistics for Windows, version 22.0 (IBM 
Corp., Armonk, NY, USA). The continuous data are 
presented as the mean±standard deviation, median 
(minimum-maximum) values and box-plot graphics; 
the categorical data are presented with numbers (n) 
and percentages. The comparisons between groups 
were performed with chi-square test for categorical 
variables. Kruskal-Wallis test was used to compare 
the groups for the continuous variables. To determine 
the groups creating the difference; Bonferroni adjusted 
Mann-Whitney U test was performed. P values under 
0.05 were considered statistically significant (p<0.016; 
for Bonferroni adjusted tests).

RESULTS
Tissue GSH level was 0.75±0.3 in the sham group, and 
ischemia-reperfusion injury through aortic clamping 
declined this level to 0.29±0.1 in the control group 
(p=0.05). In the treatment group, preconditioning with 
ALA significantly raised the tissue GSH level to 0.6±0.2 
(p=0.016). Tissue MDA level was 3.4±0.6 in the sham 
group. In the control group, this level significantly 
increased to 7.6±0.7 (p=0.004). Preconditioning 
with ALA significantly dropped this level to 4.2±1.5 
(p=0.004). Tissue GPx level was 3.5±1.0 in the sham 
group. In the control group, this level significantly 

Figure 1. Comparison of treatment and control groups.
GSH: Glutathione; MDA: Malondialdehyde: GPx: Glutathione peroxidase.
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Figure 2. Comparison of treatment and control groups.
MDA: Malondialdehyde: AOPP: Advanced oxidation protein products; 
CAT: Catalase; SOD: Superoxide dismutase.
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decreased to 1.7±0.1 (p=0.006). In the treatment group, 
tissue level of GPx was 2.3±0.6 (p=0.065).

Tissue NOx level was 32.5±1.6 in the sham group, 
and ischemia-reperfusion injury significantly increased 
this level to 68.9±10.6 (p=0.004) in the control group. 
In the treatment group, preconditioning with ALA 
significantly decreased the tissue NOx level to 36.4±6.4 
(p=0.004). Tissue AOPP level was 10.8±1.1 in the sham 
group. In the control group, this level significantly 
increased to 23.1±5.4 (p=0.004). Preconditioning with 
ALA significantly dropped this level to 13.7±1.4 
(p=0.004). Tissue CAT level was 29.7±3.5 in the 
sham group, and ischemia-reperfusion significantly 
decreased this level to 17.0±2.9 in the control group 
(p=0.004). In the treatment group, preconditioning 
with ALA significantly raised this level to 24.7±5.1 
(p=0.016). Tissue SOD level was 30.7±4.0 in the 
sham group, and ischemia-reperfusion significantly 
decreased this level to 14.0±2.1 in the control group 
(p=0.004). In the treatment group, preconditioning 
with ALA significantly raised this level to 25.4±1.9 
(p=0.004). Results of all parameters were summarized 
in Figures 1 and 2.

The histopathological evaluation of the specimens 
from the sham group showed normal structural 
changes. Ischemia-reperfusion injury, however, 
initiated significant tissue destruction (Figure 3). 
Neuronal degeneration, axonal damage, and microglial 
and astrocytic infiltration were significantly lesser in 
the treatment group compared to the control group 
(p=0.001, p=0.017, and p=0.001, respectively). The 
results of histopathologic evaluation are shown in 
Table 1.

DISCUSSION
Spinal cord injury is a catastrophic event with profound 
impacts on early mortality, longevity and healthcare 
cost, and finally a significant socioeconomic problem.[20] 
Currently, influences that lead to hypoxic ischemic 
damage in the spinal medulla and the methods to 
eliminate SCI have not been reached up to date. 
Based on experimental evidence, drugs that reduce 
oxygen demand (barbiturates), decrease inflammation 
(corticosteroids), and scavenge free radicals (mannitol) 
reduce reperfusion injury in animal models of spinal 
cord ischemia and are used during thoraco-abdominal 
aortic aneurysm surgery.[21]

Figure 3. Histopathological evaluation of specimens: (a) Spinal cord of sham group, H-E¥200. 
(b) Spinal cord of control group. Mild gliosis and neuronal degeneration in parenchyma (arrows), 
H-E¥200. (c) Spinal cord of treatment group. Clusters of degenerated axons (arrows), H-E¥200. 
(d) Spinal cord of treatment group. Gliosis and central chromatolysis characterized by cytoplasmic 
hyalinization and swelling in neural bodies (arrows), H-E¥200.

(a)

(c)

(b)

(d)
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The most critical step triggering irreversible 
cellular damage during SCI is believed to be the 
degeneration in calcium ion homeostasis. During 
ischemia, intracellular calcium raises and initiates 
several actions such as mitochondrial dysfunction, 
activation of nitric oxide (NO) synthase, and stimulation 
of phospholipase A2. Triggered phospholipase A2 
then initiates arachidonic acid metabolism which is 
responsible from the axonal damage in SCI.[22,23]

Moreover, during early days of injury, oxidative 
stress damages highly vulnerable cell membranes by 
triggering lipid peroxidation pathways. During the 
reperfusion phase, the lipid peroxidation augments the 
intracellular calcium and further damages neuronal 
cells, which then leads to apoptosis or necrosis and 
neurological dysfunction.[24-26]

Lipid peroxidation is a key step in oxidative 
stress and has damaging effects on free radicals 
following SCI.[27] Alpha-lipoic acid is a potent 
biological antioxidant and can scavenge hydroxyl 
radicals and singlet oxygen.[28] Alpha-lipoic acid 
also raises intracellular GSH and keeps GSH levels 
constant throughout oxidative stress.[29] Thus, in the 
present study, we aimed to carry out an animal model 
of ischemia-reperfusion to examine the protective 
effects of ALA on spinal cord. For this purpose, both 
levels of biochemical markers such as GSH, MDA, 
GPx, NOx, AOPP, CAT and SOD, and histological 
changes were investigated. Our study demonstrated 

that preconditioning with ALA protects the spinal cord 
from the consequences of ischemia-reperfusion.

Glutathione, GPx, CAT, and SOD protect cells 
from free radicals and reactive oxygen metabolites.[30] 
Superoxide dismutase converts superoxide radicals to 
hydrogen peroxide. Either GPx or CAT enzymes convert 
hydrogen peroxide to water molecules. As activity and 
level of CAT enzymes are low in the brain tissue, 
GPx is the prior enzyme that detoxificates hydrogen 
peroxide in the neural tissue.[31,32] Senoglu et al.[33] 
showed in their study that the decline in the tissue SOD 
activity after sciatic nerve damage was reversed with 
ALA treatment. Similar experimental studies based on 
oxidative stress models also demonstrated decreased 
SOD level with ALA treatment.[34,35] Turamanlar et 
al.[31] also constituted ischemia-reperfusion damage on 
rat sciatic nerve and showed increased levels of GPx 
with addition of ALA in treatment group. Consistent 
with the literature, our study validated that levels of all 
above mentioned antioxidant enzymes decreased with 
ischemia-reperfusion and significantly increased with 
preconditioning with ALA in the treatment group, with 
the exception of GPx levels, in which the increase was 
not statistically significant.

The central nervous system is also prone to the 
effects of free radical induced lipid peroxidation. 
Malondialdehyde, which is formed from the 
interruption of polyunsaturated fatty acids, gives 
reliable information about the degree of the 

Table 1. Results of histopathologic evaluation

 Subject Neuronal degeneration Axonal damage Microglial and
  Grade Grade astrocytic infiltration

Sham 1 0/10 G-0 +
 2 1/10 G-0 +
 3 0/10 G-0 +
 4 0/10 G-0 +
 5 0/10 G-0 +
 6 0/10 G-0 +
Control 1 7/10 G-2 ++++
 2 7/10 G-1 +++
 3 8/10 G-2 ++++
 4 9/10 G-2 ++++
 5 7/10 G-2 +++
 6 7/10 G-1 +++
Treatment 1 2/10 G-2 ++
 2 3/10 G-2 +
 3 2/10 G-1 +
 4 2/10 G-0 ++
 5 1/10 G-0 +
 6 2/10 G-0 +
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peroxidation reaction and thus, can be used as a 
marker to determine oxidative damage.[36] Cosar et 
al.[37] demonstrated in their study that both plasma and 
tissue MDA levels in ischemia group were decreased 
with ALA administration. Similarly, in our study, 
administration of ALA significantly decreased MDA 
levels in the neural tissue.

Nitric oxide is a free radical which is synthesized 
from L-arginine with NO synthase. It has been 
demonstrated that low NO concentrations are essential 
in physiological processes. However, high amounts 
boost oxidative stress in various ways such as linking 
to the transition metals, producing peroxynitrite, and 
creating N-nitroso compounds.[38] Such high levels 
of NO are cytotoxic, induce neuronal apoptosis, 
and cause neural degeneration.[39,40] Yavuz et al.[41] 
investigated the levels of NOx during mesenteric 
ischemia durations in their experimental study and 
demonstrated that NOx levels can be a decisive 
biomarker for prediction of the critical ischemia 
period. Abdel-Zaher et al.[42] composed potassium 
cyanide-induced stroke in rats and showed that 
high NO levels decreased with administration of 
ALA. Likewise, in our study, administration of ALA 
significantly reduced the levels of NOx which were 
increased following ischemia-reperfusion.

Advanced oxidation protein products are markers 
of protein oxidation and not associated with markers 
that express lipid peroxidation. Accordingly, they are 
both markers of oxidative stress and inflammatory 
mediators.[43,44] Kurt et al.[45] and Guven et al.[46] 
demonstrated that the spinal cord AOPP levels of 
ischemia-reperfusion group were significantly 
increased compared to the sham group. In our study, 
tissue levels of AOPP increased following reperfusion 
and were significantly reduced to near normal with 
ALA administration.

Histopathological examination included neuronal 
degeneration, axonal damage and microglial and 
astrocytic infiltration. Significant tissue destruction 
induced by ischemia-reperfusion improved with 
administration of ALA in the treatment group. We 
obtained significantly better results for all of the 
histopathologic examination parameters. These 
results suggest that preconditioning with ALA also 
has favorable effects on keeping the spinal cord 
morphologic structure by diminishing the oxidative 
insult.

Recently, Emmez et al.[29] investigated the 
protective effects of ALA on spinal cord ischemia-
reperfusion injury with an experimental model. They 

examined both the histopathologic changes and the 
biochemical changes in plasma and neural tissue 
with ALA administration following ischemia and 
demonstrated favorable outcomes. In the present 
study, we administered ALA before aortic ischemia. 
We aimed to increase the efficacy of the treatment by 
distributing the ALA to the tissues before reperfusion 
occurs and demonstrated similar results with their 
study.

Our study has some limitations. The lack of functional 
outcome assessment and immunohistochemistry 
evaluation of the spinal cord are the major pitfalls 
of this study. Functional outcome assessment may 
be analyzed with different dose regimens of ALA 
in further studies. In addition, number of animals in 
each group was limited to six as the ethical committee 
allowed using six animals per group.

In conclusion, the results of this study demonstrated 
that alpha-lipoic acid administration before aortic 
cross-clamping has a considerable neuroprotective 
effect on spinal cord injury in rabbits. These data 
may contribute to the potential use of alpha-lipoic 
acid for neuroprotection in open or endovascular 
surgical treatment of thoracic or thoraco-abdominal 
aortic pathologies. Thus, preconditioning with alpha-
lipoic acid may be used as a pharmacologic approach 
to reduce the risk of spinal cord injury in aortic 
surgical practice. However, further experimental and/
or human studies should be performed before any 
recommendations can be made.
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