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Abstract Different garlic products reduce the cerebral
ischemic damage due to their antioxidant properties. In this
work, we investigated the effect of aged garlic extract
(AGE) on cyclooxygenase-2 (COX-2) protein levels and
activity, and its role as a possible mechanism of neuro-
protection in a cerebral ischemia model. Animals were
subjected to 1 h of ischemia plus 24 h of reperfusion. AGE
(1.2 ml/kg weight, i.p.) was administered at onset of
reperfusion. To evaluate the damage induced by cerebral
ischemia, the neurological deficit, the infarct area, and the
histological alterations were measured. As an oxidative
stress marker to deoxyribonucleic acid, 8-hydroxy-2-deox-
yguanosine (8-OHdG) levels were determined. Finally, as
inflammatory markers, TNFα levels and COX-2 protein
levels and activity were measured. AGE treatment dimin-
ished the neurological alterations (61.6%), the infarct area
(54.8%) and the histological damage (37.7%) induced by

cerebral ischemia. AGE administration attenuated the
increase in 8-OHdG levels (77.8%), in TNFα levels
(76.6%), and in COX-2 protein levels (73.6%) and activity
(30.7%) induced after 1 h of ischemia plus 24 h of
reperfusion. These data suggest that the neuroprotective
effect of AGE is associated not only to its antioxidant
properties, but also with its capacity to diminish the
increase in TNFα levels and COX-2 protein expression
and activity. AGE may have the potential to attenuate the
cerebral ischemia-induced inflammation.
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Introduction

Cerebrovascular disease is the second cause of death and
the most frequent cause of non-traumatic disability in adults
worldwide, according to the World Health Organization [1].
Noteworthy, acute ischemic stroke accounts for about 85%
of all cases [2]. Today there is no effective treatment to
reverse the morphological and behavioral alterations in-
duced by stroke.

The most common cause of stroke is the sudden occlusion
of a blood vessel, resulting in the activation of a series of
biochemical events that eventually lead to neuronal death [3].
Although reperfusion of ischemic brain tissue is critical for
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restoring normal function, paradoxically it can result in a
secondary damage, where oxidative stress mediators play a
critical role [4]. Moreover, cerebral injury is a potent
triggering of inflammatory cytokines and protease secretion
by microglia, leukocytes and resident cells of the neuro-
vascular unit. Once the neurovascular barriers are breached,
multiple neuroinflammatory cascades become activated,
potentially leading to further secondary brain injury [5].
Cyclooxygenase (COX) is a key enzyme in this event [6]; it
catalyzes the first committed step of arachidonic acid (AA)
conversion into the unstable intermediate prostaglandin G2,
which in turns is rapidly converted to prostaglandin H2 by
COX, and finally, into a series of biologically active
prostaglandins and thromboxane A2 [7]. Two isoforms of
COX, termed COX-1 and COX-2, have been identified.
Unlike COX-1, COX-2 expression is dramatically induced
by ischemia and it has been proposed to exacerbate brain
injury [8].

Aged garlic extract (AGE) is an odorless garlic prepa-
ration widely studied, and its antioxidant properties have
been reported [9, 10]. The previous administration of AGE
[11, 12], garlic oil [13] or aqueous garlic extract [14]
reduces cerebral ischemia induced damage and oxidative
stress. On the other hand, aqueous garlic extract [15] and
some oil-soluble sulfides [16] have shown an inhibitory effect
on COX-2 protein and activity, suggesting an anti-
inflammatory activity of both the extract and the compounds.
However, the anti-inflammatory activity of AGE has not
been evaluated yet. Therefore, in this study we evaluated the
effect of AGE on TNFα levels and COX-2 protein
expression and activity in a focal cerebral ischemia model.

Materials and Methods

Aged Garlic Extract (AGE)

AGE Kyolic® was obtained from Wakunaga of America
Co., Ltd. (Mission Viejo, CA), and complies with the
specifications established in the US Pharmacopeia/National
Formulary [17].

Animals

Male Wistar rats (280–350 g) were provided with a
standard commercial rat chow diet (Laboratory rodent diet
5001, PMI Feeds Inc., Richmond, IN) and water ad libitum.
Rats were maintained under constant conditions of temper-
ature (25±3 °C), humidity (50±10%), and light (12 h light:
dark cycle). All experiments with animals were carried out
according to the National Institutes of Health Guide for the
Care and Use of Animals, and the Local Guidelines on the
Ethical Use of Animals from the Health Ministry of

Mexico. During the experiment, all efforts were made to
minimize animal suffering.

Experimental Design

Animals were divided randomly into five groups (n=4-10): 1)
CT, control; 2) Sham, animals subjected to the same surgical
procedures that IR animals, but without blood flow occlusion
and treated with saline solution; 3) AGE, animals treated
with aged garlic extract; 4) IR, animals subjected to 1 h of
ischemia and 24 h of reperfusion; and 5) IR+AGE.

Rats received saline solution or AGE (1.2 ml/kg weight,
i.p.) at the onset of reperfusion. Twenty four h after
reperfusion, animals were anesthetized with sodium
pentobarbital (200 mg/kg weight, i.p.) and transcardially
perfused with ice-cold isotonic sterile saline, followed by
10% buffered formaldehyde/saline (pH 7.4). The brains were
removed, postfixed in 10% formalin and embedded in
paraffin. Coronal sections were obtained and used for
histological and immunohistochemical analyses. For the
histological examination the quantification was carried out in
the left striatum, while the immunohistochemical quantifica-
tion was carried out in the left cortex. In other groups of
animals, brain and cortex were obtained 24 h after reperfusion
to measure the infarct area and the COX-2 activity, respectively.

Focal Cerebral Ischemia

Animals were anesthetized with a mixture of isoflurane
(2.5–3.0%), oxygen and nitrogen. The focal cerebral ischemia
was induced in rats by the introduction of a 3–0 nylon filament
into the middle cerebral artery [18]. Sham animals were
subjected to the same surgical procedures except that the
filament was not advanced into the cerebral artery. Rectal
temperature was maintained at 37.0±0.5 °C with a feedback-
regulated heating pad during the surgical procedure.

Neurological Deficit and Quantification of the Infarct Area

Evaluation of the neurological deficit was performed 30 min
before sacrifice by five tests as previously reported [12].
Infarct area was visualized using 2,3,5-triphenyltetrazolium
chloride staining [12].

Histological Examination

Sections (5 μm) were stained with hematoxylin and eosin.
The morphometric parameters were calculated following
the “random systematic sampler”. The general criteria to
score damaged neurons included pyknotic nuclei, cytoplas-
mic vacuolation, shrunken perykaria and neuronal atrophy.
The number of neuronal cells, preserved, damaged or total,
was obtained as an average of five randomly selected fields
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of three sections per rat. Data are expressed as the
percentage of neuronal damage per field.

Immunohistochemistry

Sections (5 μm) were deparaffined and then boiled in 3%
sodium citrate with 0.2% triton X-100 to unmask antigen
sites. Endogenous peroxidase activity was quenched with
1% H2O2. Nonspecific binding was avoided using a
blocking solution. The sections were incubated with anti-
COX-2 (1:200), anti-8-OHdG (1:200), or anti-TNFα
(1:2000) antibodies and then incubated with a universal
kit (secondary antibodies, peroxidase). Finally, all sections
were incubated with diaminobenzidine and counterstained
with hematoxylin. The average percent of positive cells per
field was determined with a computerized image analyzer
KS-300 3.0 (Hallbergmoos, Germany).

COX-2 Activity

Cortex samples were homogenized in lysis buffer pH 7.9
(containing 10mMTris–HCl, 15mMNaCl, 0.25mM sucrose
and proteases inhibitors), and centrifuged at 13,000 × g for
30 min. The supernatants were used to determine COX-2
activity using a COX Fluorescent Activity Assay Kit
(Cayman Chemical Co., Ann Arbor, MI, Cat No. 700200).

Statistical Analysis

Data are expressed as mean ± S.E.M. and were analyzed by
one-way analysis of variance (ANOVA) followed by a post-
hoc Tukey’s test. Data of infarct area were analyzed by
unpaired t test. All data were analyzed using the software
Graph Pad 5.01 (San Diego, CA). p<0.05 was considered
as statistically significant.

Results

Neurological Deficit

AGE decreased significantly the neurological impairment
induced by 1 h of ischemia and 24 h of reperfusion from
3.6±0.2 in the IR group to 1.4±0.5 in the IR+AGE group.
CT, sham, and AGE groups did not show any motor
behavioral alterations (Fig. 1).

Infarct Area

The lesion produced by 1 h of ischemia plus 24 h of
reperfusion (IR) showed an infarct area of 46.7±2.4. The
administration of AGE at the beginning of reperfusion
significantly reduced the infarct area to 21.1±2.7 in the

IR+AGE group. There was no evidence of infarct in the
CT, sham, and AGE groups (Table 1).

Histological Examination

In contrast to a well-preserved appearance of the striatal tissue
from CT and sham animals, cerebral ischemia resulted in a
considerable cellular damage revealed by extensive neuronal
cell loss along the dorsal striatum; abundant pycnotic nuclei,
shrunken cells, and destruction of neuropil were observed.
AGE administration attenuated some alterations evoked by
cerebral ischemia, whereas the treatment with AGE alone
produced a normal appearance of striatal tissue similar to CT
and sham groups (Fig. 2, upper panels). These findings
were strengthened by the quantitative assessment of nerve
tissue damage: animals from the IR+AGE group showed a
decrease of 37.7% in the number of damaged neurons
per field produced by cerebral ischemia in the striatum
(Fig. 2, lower panel).

8-OHdG Levels

AGE treatment prevented by 77.8% the increase in the
number of 8-OHdG immune-positive cells observed in the
IR group. CT, Sham and AGE groups showed similar levels
of 8-OHdG (Fig. 3).

TNFα Levels

TNFα levels augmented 12.3 fold after ischemia and
reperfusion when compared to CT group, and AGE treatment

Fig. 1 Effect of aged garlic extract (AGE) on the neurological deficit.
Neurological deficit was evaluated 30 min before sacrifice (24 h after the
onset of reperfusion). Values are expressed as mean ± S.E.M. n=7-10.
ap<0.001 vs. CT, Sham, and AGE; bp<0.01 vs. CT, Sham, AGE, and IR

Table 1 Effect of aged garlic extract (AGE) on ischemia and
reperfusion (IR)-induced infarct area

Group CT Sham AGE IR IR+AGE

% Infarct area 0±0 0±0 0±0 46.7±2.4a 21.1±2.7

Mean values ± S.E.M. of four experiments per group are presented.
a p<0.001 vs. CT, Sham, AGE, and IR+AGE
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Fig. 2 Effect of aged garlic
extract (AGE) on neuronal
damage. Histological alterations
were evaluated 24 h after
the onset of reperfusion. A
representative photomicrograph
of each group is shown
(upper panels). Affected neurons
(arrows), edema in the intersti-
tial neuropil (asterisks), and
karyorexis (arrowhead) are
shown. Magnification: 40x.
Graph represents the quantita-
tive cell damage. Values are
expressed as mean ± S.E.M.
n=5. ap<0.001 vs. CT, Sham,
and AGE; bp<0.001 vs. CT,
Sham, AGE, and IR

Fig. 3 Effect of aged garlic
extract (AGE) on 8-hydroxy-2-
deoxyguanosine (8-OHdG)
levels. 8-OHdG levels were
evaluated 24 h after the onset of
reperfusion. A representative
photomicrograph of 8-OHdG
immunodetection on each group
is shown (upper panels).
Arrows: Immunoreactive cell.
Magnification: 40x. Graph
represents the quantitative
analysis scored in the different
groups. Values are expressed as
mean ± S.E.M. n=5. ap<0.001
vs. CT, Sham, AGE, and
IR+AGE
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prevented this increase in the IR+AGE group. CT, Sham and
AGE groups showed similar levels of TNFα (Fig. 4).

Cyclooxygenase-2 (COX-2) Protein Levels and Activity
in Cortex

Animals submitted to 1 h of ischemia and 24 h of reperfusion
(IR group) showed an increase in both the number of COX-2
immunoreactive cells (Fig. 5, upper panels) and COX-2
activity (Fig. 4) when are compared with CT and sham
animals. The AGE treatment significantly diminished the
increase in COX-2 protein levels (73.6%) and activity
(30.7%) induced by cerebral ischemia. The protein content
(Fig. 5a) and the activity (Fig. 5b) of COX-2 diminished
with AGE alone.

Discussion

AGE Decreased the Neurological Deficit, the Infarct Area,
and the Histological Alterations Induced by Cerebral Ischemia

AGE treatment decreased the neurological impairment
induced by 1 h of ischemia and 24 h of reperfusion. Our
findings also show an important protective effect of AGE on
the infarct area and morphological alterations. Altogether,
these results suggest that the protective effect of AGE on

neurological impairment could be associated with the amelio-
ration of morphological damage induced by cerebral ischemia.

AGE Decreased the Oxidative Stress Induced by Cerebral
Ischemia

The physiopathological mechanisms underlying the neuronal
injury in the stroke are complex and multifactorial. Oxidative
stress actively participates during post-ischemic brain injury
[19, 20], and the treatment with antioxidants has a beneficial
effect in experimental cerebral ischemia models [21]. In this
work, the oxidative damage to deoxyribonucleic acid was
evidenced by the increase in the number of positive cells to
8-OHdG in the ipsilateral hemisphere of animal exposed to
cerebral ischemia, and this marker was decreased by the
administration of AGE. It has been suggested that the
antioxidant properties of AGE are involved in ischemic
neuroprotection [11, 12]. Similar to those reports, data
obtained in this work support the antioxidant effect of AGE
in this model.

AGE Showed Anti-Inflammatory Properties in Cerebral
Ischemia Model

After loss of blood flow in a region of the brain, the
ischemic cascade is rapidly initiated and two important
physiopathological mechanisms are triggered: oxidative

Fig. 4 Effect of AGE on TNFα
levels. TNFα levels were
evaluated 24 h after the onset of
reperfusion. A representative
photomicrograph of TNFα
inmunodetection on each group
is shown (upper panel). Arrow-
heads: Immunoreactive cell.
Magnification: 40x. Graph rep-
resents the quantitative analysis
scored in the different group.
Values are expressed as mean ±
S.E.M. n = 4. ap<0.001 vs CT,
Sham, AGE, and IR+AGE
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stress and inflammation. Ischemic stroke begins with severe
focal hypoperfusion that leads to excitotoxicity and
oxidative damage, which in turn cause microvascular injury,
blood brain barrier dysfunction and post-ischemic inflam-
mation [22]. Post-ischemic inflammation can contribute to
ischemic damage by different mechanisms. In rodent
models of cerebral ischemia, as well as in patients with
stroke, infiltrating neutrophils produce enhanced levels of
inducible nitric oxide synthase, an enzyme responsible of
producing toxic amounts of nitric oxide. In addition,
ischemic neurons express COX-2, an enzyme that mediates
ischemic injury by producing superoxide anion and toxic
prostanoids. Ischemic neurons also produce TNFα, a
cytokine involved in the exacerbation of ischemic injury
[Reviewed in 3].

In this work, AGE treatment attenuated significantly the
increase induced by cerebral ischemia in TNFα and COX-2
protein levels and activity of COX-2, suggesting that this
extract has anti-inflammatory properties. The effect of AGE
on COX-2 could be associated, at least in part, with its
ability to decrease TNFα levels. It has been reported that
COX-2 upregulation is attributed to activation of different
protein kinases and transcriptional factors that are greatly
regulated by TNFα [23].

In addition, to our knowledge there are no other reports
describing the effect of AGE alone on COX-2 protein levels

and activity. Aqueous garlic extract [15] and some oil-soluble
sulfides such as diallyl sulfide, diallyl disulfide, and diallyl
trisulfide [16] have shown an inhibitory effect on COX-2
protein and activity, suggesting an anti-inflammatory effect
of both extract and isolated compounds. In AGE, oil-soluble
sulfides are completely lost after three months due to their
evaporation [24]; therefore, these compounds can not be
responsible of the effect of AGE found in this work. On the
other hand, Sendl et al. [25] suggested that COX-2 inhibition
by aqueous garlic extract is due to the presence of gamma-
glutamylcys te ine sul foxide and other gamma-
glutamylcysteines. Similar to the oil-soluble sulfides,
gamma-glutamylcysteines in AGE are completely hydrolyzed
[24] and these compounds neither can be the responsible of
the AGE effect found in this work. An interesting alternative
explanation has emerged in two recently compounds isolated
from raw garlic (both with flavonoid structure): N-
feruloyltyramine [26] and thiacremonone [27] that showed
a potent inhibitory effect on COX-1 and COX-2.

Each garlic preparation has a characteristic chemical compo-
sition. In AGE, S-allylcysteine and S-allylmercaptocysteine
have been reported as the major components; however,
tetrahydro-beta-carbolines (1-methyl-1,2,3,4-tetrahydro-
beta-carboline-3-carboxylic acid and 1-methyl-1,2,3,4-
tetrahydro-beta-carboline-1,3-dicarboxylic acid) have also
been isolated from AGE [28]. Tetrahydro-beta-carbolines are

Fig. 5 Effect of aged garlic
extract (AGE) on cyclooxygenase-
2 (COX-2) levels and activity
in cortex. A representative
photomicrograph of COX-2
immunodetection on each
group is shown (upper panels).
Arrows: Immunoreactive cell.
Magnification: 40x. a Graph
represents the quantitative
analysis of COX-2 protein
levels. b Graph represents the
COX-2 activity. Values are
expressed as mean ± S.E.M.
n=5. ap<0.05 vs. CT; bp<0.01
vs CT, Sham, AGE, and
IR+AGE
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biologically active alkaloids and are structurally similar to
flavonoids, suggesting that the tetrahydro-beta-carbolines in
AGE could be responsible for the AGE alone effect observed
on COX-2 protein and activity. However, this hypothesis
remains to be proved.

Altogether, these results suggest that AGE treatment
decreases the morphological alterations and the infarct area,
which was associated to the diminution of oxidative stress
(8-OHdG levels) and inflammation (TNFα and COX-2)
induced by cerebral ischemia.

In conclusion, the protective effect of AGE on neuronal
deficit, infarct area, and neuronal damage induced by cerebral
ischemia was associated with the diminution of oxidative
stress and with the attenuation of the increase in TNFα levels,
and protein expression and activity of COX-2. To our
knowledge, this is the first report of the potentially anti-
inflammatory activity of AGE.
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