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Background: We aimed to determine the usability of ranolazine (Rn) as a neuroprotective during cardiac surgeries

and carotid artery interventions where cerebral blood flow is interrupted.

Methods: Female Wistar albino rats were used. The rats were divided into 4 groups of 8 rats each. The first group

(Group 1) was the control group. Group 2 underwent ischemia induction but was not treated with Rn. Group 3

received 25 mg/kg/day and Group 4 50 mg/kg/day Rn intraperitoneally, starting 3 days before ischemia induction.

Bilateral carotid arteries were explored and clamped simultaneously. Ischemia was induced for 15 minutes. After

72 hours, the experimental animals were sacrificed.

Results: Superoxide dismutase, alkaline phosphatase, and interleukin 6 levels were similar among the 4 groups.

Acetylcholine esterase (Group 3: p = 0.007, Group 4: p = 0.002), tumor necrosis factor-alpha (Group 4: p = 0.01), and

annexin V (Group 3: p = 0.001) levels were statistically significantly lower in the Rn-treated groups. Malondialdehyde

(Group 3: p = 0.003, Group 4: p = 0.009), reduced glutathione (Group 4: p = 0.04), acid phosphatase (Group 3: p =

0.04), noradrenaline (Group 3: p = 0.01), and Bcl-2 (Group 4: p = 0.004) levels were significantly higher in the

Rn-treated groups.

Conclusion: The results of this study demonstrated the antiapoptotic effect of Rn in a brain ischemia-reperfusion

model of rats receiving Rn before the procedure.
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INTRODUCTION

Ranolazine (Rn) was approved by the U.S. Food and

Drug Administration in 2006 as a ‘cardiac metabolic

modulator’ drug.1 The term cardiac metabolic modula-

tor refers to the change induced by Rn in the pathways

used by the myocardium during adenosine triphosphate

(ATP) production.2 In conditions of an abundance of oxy-

gen (aerobic), that is, the absence of ischemia, the pri-

mary energy production pathway of the myocardium is

the ‘fatty acid oxidation’ pathway. In hypoxic conditions

such as coronary artery disease, ATP is provided primar-

ily by ‘glucose oxidation’.2 Although its mechanism of ac-

tion is not fully known, Rn enables the myocardium to

use the fatty acid oxidation pathway, which allows higher

ATP production, instead of the glucose oxidation path-

way in hypoxic conditions.2 This feature paved the way

for Rn to be used as an antianginal agent in stable coro-

nary artery patients.3,4

Rn, which was referred to as a ‘metabolic modula-

tor’ as a result of the first studies, was later defined as a

‘selective inhibitor of late sodium current’ after its me-

chanism of action had been determined.1 Pain and epi-
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leptic diseases have also been an area of study.5

Aldosoro et al. reported the anti-apoptotic effect of

Rn on the central nervous system in vitro.6 Therefore, the

present study aimed to determine whether Rn is effec-

tive in protecting the central nervous system from ische-

mia-reperfusion injury and reducing oxidative stress in

vivo during and after cardiovascular surgical procedures

that cause hemodynamic and cerebral autoregulation

variations.

METHODS

Approval for the study was obtained from the ethics

committee (13/06/2019, 12650661-604.01.02). A cere-

bral ischemia-reperfusion injury model was created us-

ing female Wistar albino rats weighing 250-300 g. In ac-

cordance with the Guide for the Care and Use of Labora-

tory Animals (NIH Publication, 8th edition, 2011), the

rats were maintained on a 12-h light/dark cycle at 22 � 4

�C room temperature and were allowed free access to

food and water (20 � 1 �C). A total of 32 rats were used

and divided into 4 groups of 8 animals each. The first

group (Group 1) was the control group. Group 2 under-

went ischemia induction but was not treated with Rn.

Group 3 received 25 mg/kg/day Rn intraperitoneally,

starting 3 days before ischemia induction. Group 4 con-

sisted of rats that were given 50 mg/kg/day Rn intra-

peritoneally, starting 3 days before ischemia induction.

It is known that the concentration of drugs in the blood

can vary during cardiopulmonary bypass surgeries, in-

cluding situations such as the use of a heart-lung ma-

chine and blood/fluid transfusion during the operation.

Therefore, in order to effectively protect the brain against

ischemia in potential emergency cases such as acute

aortic dissection, we planned to work with high doses of

Rn.

Before the surgical procedure, the rats were anes-

thetized by intraperitoneal administration of 90 mg/kg

of ketamine-hydrochloride and 10 mg/kg of xylazine.

The experimental animals were placed in the supine po-

sition, and a cervical midline incision was made after

cleaning the surgical area. The right and left common

carotid arteries were accessed by performing superficial

microdissection. Two YASARGIL aneurysm clips were

placed on the common carotid artery 1 cm and 3 cm

proximal to the carotid bifurcation, and ischemia was

achieved by keeping the clips closed for 15 minutes. Af-

terward, the clips were removed and the procedure was

terminated. The experimental animals were sacrificed by

administering high-dose anesthesia 72 hours after ische-

mia induction to collect blood-brain tissues for the mea-

surement of biochemical parameters.

Cerebral tissues collected from the experimental ani-

mals after sacrifice were stored at -80 �C. After keeping

the blood samples at room temperature for 2 hours, they

were centrifuged for 20 minutes at 1,000 � g for serum

isolation, and then stored at -80 �C until analysis.

Superoxide dismutase (SOD), acetylcholine esterase

(AChE), malondialdehyde (MDA), reduced glutathione

(GSH), alkaline phosphatase (ALP), acid phosphatase

(ACP), interleukin 6 (IL-6), tumor necrosis factor-alpha

(TNF-�), and noradrenaline were measured in brain tis-

sue samples, while annexin V and B-cell lymphoma 2

(Bcl-2) levels were measured in serum samples. These

measurements were used to determine the degree of

ischemia-reperfusion injury in the brain tissue.

Preparation of 10% tissue homogenate

Brain tissue samples were separately washed with

physiological saline solution to clean off the blood, and

then dried with a filter paper and weighed. Tissue was

lysed in a homogenizer with glass beads and saline. Tis-

sue homogenates were individually placed in Eppendorf
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AChE Acetylcholine esterase

ACP Acid phosphatase

ALP Alkaline phosphatase

ANOVA Analysis of variance

ATP Adenosine triphosphate

Bcl-2 B-cell lymphoma 2

CA Cerebral autoregulation

CABG Coronary artery bypass grafting

ELISA Enzyme-linked immunosorbent assay

GSH Reduced glutathione

IL-6 Interleukin 6

I/R Ischemia/reperfusion

MDA Malondialdehyde

NA Noradrenaline

Rn Ranolazine

SE Standard error

SOD Superoxide dismutase

TNF-� Tumor necrosis factor-alpha



tubes, labeled, and stored at +4 �C until analysis.

SOD assay

Brain tissue levels of SOD after Rn administration

were determined using an Uscn enzyme-linked immuno-

sorbent assay (ELISA) kit (Uscn Life Science Inc., Wuhan).

AChE assay

Brain tissue levels of AChE after Rn administration

were determined using an Uscn ELISA kit (Uscn Life Sci-

ence Inc. Wuhan).

MDA assay

Levels of MDA were determined using the method

of Ledwozyw (1986).7 First, 1,250 �L of trichloroacetic

acid solution (1.22 M in 0.6 M HCl) was added to 250 �L

of brain tissue homogenate. After incubation at room

temperature for 15 minutes, the sample was incubated

with 750 �L of thiobarbituric acid solution (0.047 M) for

30 minutes in a boiling water bath. Then, 2,000 �L of

commercial n-Butanol was added, and the resultant so-

lution was centrifuged at 1,560 � g for 10 minutes. After

collecting the butanol phase, absorbance was recorded

at 532 nm, and MDA was calculated as nmol MDA/g pro-

tein.

GSH assay

GSH assay was carried out according to the method

of Beutler (1975).8 First, 0.3 mL of deproteinization solu-

tion containing metaphosphoric acid, NaCl, and EDTA-

Na was added to 0.2 mL of brain tissue homogenate.

Then, 0.2 mL of supernatant was collected from the ho-

mogenate centrifuged at 2,028 � g for 10 minutes and

mixed with 0.8 mL of Na2HPO4 solution (0.3 M), and 0.1

mL of 40 mg% DTNB (5-5-dithiobis 1-2 nitrobenzoic acid)

were added. The colored solution formed as a result of

the reaction was analyzed spectrophotometrically at

412 nm and evaluated in nmol GSH/g protein.

ALP enzyme activity assay

ALP enzyme activity was determined according to

the method of Walter.9 The therapeutic effects of Rn on

brain tissue were determined by hydrolyzing p-nitro-

phenyl phosphate, which is used as a substrate for the

ALP enzyme, to p-nitrophenol depending on the pH of

the medium. The absorbance of the resultant product

was determined spectrophotometrically at 405 nm, and

the ALP activity was estimated in U/g protein using the

following formula: Abs � 434 (U/L).

ACP enzyme activity assay

ACP enzyme activity was determined according to

the method of Walter.9 Depending on the pH of the me-

dium, the ACP enzyme hydrolyzes the p-nitrophenyl pho-

sphate, which is used as a substrate, to p-nitrophenol.

The absorbance of the resultant product was evaluated

spectrophotometrically at 405 nm and estimated in U/g

protein using the following formula: Abs � 28.8 (U/L),

taking into account the supernatant dilutions.

Estimation of total protein

Protein assay was performed using the method of

Bradford (1976).10 A standard curve plot was created with

stock albumin solution. Absorbances against the blank

were recorded at 595 nm 15 minutes after mixing 25 �L

of tissue homogenate with 775 �L of distilled water and

200 �L of commercial Bradford reagent, and the protein

amounts were determined in �g/�L.

Cytokine analysis

In order to evaluate the inflammatory response af-

ter Rn administration, brain tissue samples collected

from the rats were homogenized, and IL-6 and TNF-�

levels were measured using an Uscn ELISA kit (Uscn Life

Science Inc., Wuhan).

Plasma norepinephrine analysis

Plasma norepinephrine levels were determined us-

ing an Uscn ELISA kit (Uscn Life Science Inc., Wuhan) to

determine the level of stimulation of the brain tissue af-

ter Rn administration in the acute ischemic rat model.

Determination of apoptosis levels

Annexin V and Bcl-2 levels in the serum samples were

determined using an Uscn ELISA kit (Uscn Life Science

Inc., Wuhan) as a result of Rn administration in carotid

occlusion.

Statistical analysis

The results were analyzed using the SPSS software

package. The study results were expressed as mean �

standard error (SE). The Student’s t-test was used for two
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group comparisons. To analyze the result of the data ob-

tained after Rn administrationwith the control and is-

chemia control groups, a one-way analysis of variance

(ANOVA) was performed between more than two groups.

Results of the data obtained after Rn administration

with the control and ischemia control groups. A p value <

0.05 was considered statistically significant.

RESULTS

Antioxidant component findings in a cerebral ische-

mia reperfusion model are shown at Table 1 and Figure

1. Elisa component findings in a cerebral ischemia re-

perfusion model are shown at Table 2 and Figure 2.

Post-ischemia brain tissue levels of SOD after Rn

administration

Comparisons of the ischemia-induced groups with

the control group revealed no statistically significant dif-

ferences in brain tissue levels of SOD (Table 1). Compari-

sons of the Rn-treated groups with the ischemia control

group showed statistically lower brain tissue levels of

SOD after 50 mg/kg Rn administration (p = 0.03).

Post-ischemia brain tissue levels of AChE after Rn

administration

Comparisons of the ischemia-induced groups with

the control group showed significantly lower brain tissue

levels of AChE in the Rn-treated groups (p = 0.007, p =

0.05, and p = 0.002, respectively) (Table 1). Comparisons
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Table 1. Antioxidant component findings in a cerebral ischemia reperfusion model after carotid artery occlusion

Group Group 1 (n = 8) Group 2 (n = 8) Group 3 (n = 7) Group 4 (n = 6)

SOD (pg/ml) 3.89 � 0.25 4.18 � 0.24 4.15 � 0.25 3.46 � 0.18*

AChE (pg/ml) 6.48 � 0.47 4.49 � 0.52
#

4.06 � 0.75* 3.21 � 0.37
#

MDA 0.018 � 0.004 0.071 � 0.017* 0.174 � 0.018
†

0.156 � 0.183
#

GSH 0.006 � 0.003 0.024 � 0.004 0.028 � 0.007* 0.038 � 0.004
#

ALP 0.00010 � 7.81E-06 0.00016 � 2.69E-05
†
0.00017 � 1.03E-05

†
0.00018 � 2.83E-05

#

ACP 0.094 � 0.002 *0.076 � 0.009* 0.092 � 0.002 0.082 � 0.005*

AChE, acetylcholine esterase; ACP, acid phosphatase; ALP, alkaline phosphatase; GSH, reduced glutathione; MDA, malondialdehyde;

SOD, superoxide dismutase. * p < 0.05,
#

p < 0.01,
†

p < 0.001.

Figure 1. Antioxidant component findings in a cerebral ischemia reperfusion model. AChE, acetylcholine esterase; ACP, acid phosphatase; ALP, alka-

line phosphatase; GSH, reduced glutathione; MDA, malondialdehyde; SOD, superoxide dismutase.



of the Rn-treated groups revealed lower AChE levels

both in the 25 mg/kg (4.06 � 0.75) and 50 mg/kg groups

compared to the ischemia control group. This decrease

at a dose of 50 mg/kg was also statistically significant (p

= 0.04).

Post-ischemia brain tissue levels of MDA after Rn

administration

Comparisons of the ischemia-induced groups with

the control group revealed significantly higher brain tis-

sue levels of MDA in all ischemia groups (p = 0.04, p =

0.0005, and p = 0.002 for Group 2, Group 3 and Group 4,

respectively) (Table 1). The Rn-treated groups had signi-

ficantly higher brain levels of MDA compared to the is-

chemia control group (Group 3: p = 0.003, Group 4: p =

0.009).

Post-ischemia brain tissue levels of GSH after Rn

administration

Comparisons of the ischemia-induced groups with

the control group showed statistically higher brain tis-

sue levels of GSH in all ischemia groups (p = 0.05 for

Group 2, p = 0.03 for Group 3, and p = 0.001 for Group

4) (Table 1). The Rn-treated groups had higher brain tis-

sue levels of GSH compared to the ischemia control group.

The group treated with 50 mg/kg Rn had a significantly

higher GSH level compared to the ischemia control group

(p = 0.04).

Post-ischemia brain tissue levels of ALP after Rn

administration

Comparisons of the ischemia-induced groups with

the control group revealed higher brain tissue levels of
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Table 2. Elisa component findings in a cerebral ischemia reperfusion model after carotid artery occlusion

Group Group 1 (n = 8) Group 2 (n = 8) Group 3 (n = 7) Group 4 (n = 6)

IL-6 (pg/ml) 76.9 � 4.42 00124.01 � 13.51* #144.96 � 13.09
#

133.40 � 4.3*

TNF-� (pg/ml) 1376.16 � 127.800 1283.32 � 55.9* 1284.16 � 146.80 1082.11 � 87.8*

Nöradrenalin (pg/ml) 689.35 � 113.29 00959.56 � 135.62 1121.41 � 218.47 001795.16 � 176.84*

Anneksin V (pg/ml) 10.76 � 1.580 011.34 � 1.34 0*7.04 � 0.07*
#
004.85 � 0.46

#

Bcl2 (pg/ml) 126.89 � 2.1400 *148.39 � 6.04* 169.166 � 11.52* 00251.97 � 23.85*

Bcl-2, B-cell lymphoma 2; IL-6, interleukin 6; TNF-�, tumor necrosis factor-alpha. * p < 0.05,
#

p < 0.001.

Figure 2. Elisa component findings in a cerebral ischemia reperfusion model. Bcl-2, B-cell lymphoma 2; IL-6, interleukin 6; TNF, tumor necrosis factor-

alpha.



ALP in all ischemia groups (p = 0.06 for Group 2, p =

0.0001 for Group 3, and p = 0.01 for Group 4) (Table 1).

The Rn-treated groups had higher brain tissue levels of

ALP compared to the ischemia control group, with no

statistically significant differences.

Post-ischemia brain tissue levels of ACP after Rn

administration

Comparisons of the ischemia-induced groups with

the control group showed lower brain tissue levels of

ACP in all ischemia groups (p = 0.04 for Group 2, p =

0.34 for Group 3, and p = 0.04 for Group 4) (Table 1).

Comparisons of the Rn-treated groups with the ischemia

control group revealed higher brain tissue levels of ACP

in Group 3 and Group 4. The group treated with 25 mg/

kg Rn had a significantly higher brain tissue level of ACP

compared to the ischemia control group (p = 0.04).

Post-ischemia brain tissue levels of IL-6 after Rn

administration

Comparisons of the ischemia-induced groups with

the control group showed significantly higher IL-6 levels

in the ischemia groups (p = 0.01 for Group 1, p = 0.0006

for Group 2, and p = 0.02 for Group 3) (Table 2). The

Rn-treated groups had higher brain tissue levels of IL-6

compared to the ischemia control group, with no statis-

tically significant differences.

Post-ischemia brain tissue levels of TNF-� after Rn

administration

Comparisons of the ischemia-induced groups with

the control group revealed lower brain tissue levels of

TNF-� in the ischemia groups (Table 2). However, this

decrease was not statistically significant. The Rn-treated

groups had lower brain tissue levels of TNF-� compared

to the ischemia control group. The group treated with 50

mg/kg Rn had a significantly lower TNF-� level com-

pared to the ischemia control group (p = 0.01).

Post-ischemia brain tissue levels of noradrenaline

(NA) after Rn administration

Comparisons of the ischemia-induced groups with the

control group showed a significantly higher brain tissue

level of NA in the 50 mg/kg Rn group (p = 0.0007) (Table

2). The Rn-treated groups had higher brain tissue levels of

NA compared to the ischemia control group, with a statis-

tically significant difference for Group 3 (p = 0.01).

Post-ischemia annexin V levels in the serum samples

and control serum samples after Rn administration

Comparisons of Group 2 (ischemia-induced but non-

Rn-treated group), Group 3 (treated with 25 mg/kg Rn),

and Group 4 (treated with 50 mg/kg Rn) with the con-

trol group revealed significantly lower serum levels of an-

nexin V in the Rn-treated groups (25 mg/kg Rn group: p

= 0.03, 50 mg/kg Rn group: p = 0.008) (Table 2). The

groups treated with 25 mg/kg Rn and 50 mg/kg Rn had

significantly lower serum levels of annexin V compared

to the ischemia control group (p = 0.01, p = 0.003).

Post-ischemia Bcl-2 levels of serum samples and

control serum samples after Rn administration

Comparisons of Group 2 (post-acute carotid occlu-

sion ischemia-induced but non-Rn-treated group), Group

3 (treated with 25 mg/kg Rn), and Group 4 (treated with

50 mg/kg Rn) with the control group showed significantly

higher serum levels of Bcl-2 in all ischemia groups (is-

chemia-induced control group: p = 0.006, 25 mg/kg Rn

group: p = 0.004, 50 mg/kg Rn group: p = 0.001) (Table

2). The Rn-treated groups had higher serum levels of

Bcl-2 compared to the ischemia control group. The group

treated with 50 mg/kg Rn group had a significantly higher

serum level of Bcl-2 compared to the ischemia control

group (p = 0.004).

DISCUSSION

Cardiopulmonary bypass surgeries affect blood cir-

culation, so it is essential to take precautions against end

organ damage. Sufficient flow and reasonable operative

duration should be ensured to preserve the kidneys, li-

ver, and other internal organs. However, the situation is

somewhat more complex when it comes to the brain. In

brain tissue, which has very low resistance to ischemia,

irreversible damage can occur in possible hypoxic condi-

tions. Therefore, protection of the brain against ische-

mia is high on the “to-do list” in such surgeries. Regard-

less of how effective the surgical procedure may be, if a

patient develops neurological deficits, the operation can

be considered to have failed. Therefore, it would be be-

neficial for surgeons to continuously monitor the level
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of brain oxygenation during surgery, if possible, using

cerebral oximetry.

The brain has the ability to maintain constant blood

flow despite changes in cerebral blood pressure and per-

fusion values.11 This is referred to as cerebral autoregu-

lation (CA).11 CA protects against cerebral oligemia/hy-

peremia with mean arterial pressure variations.11 A sys-

tematic review of neurological events after coronary ar-

tery bypass grafting (CABG) reported disrupted CA after

CABG surgery, thus opening the door to neurological

complications.11 These complications can be seen in a

wide spectrum from simple cognitive disorders to delir-

ium and severe neurological deficits.12 In the literature,

neurocognitive impairment has been reported in 15-66%

of patients after CABG surgery until discharge, with a rate

of 40% within 5 years.12 Among these complications, the

incidence of symptomatic stroke, which causes sequelae,

has been reported to be approximately 6%.13 There have

been studies showing pulsatile or nonpulsatile flow,14

low or high perfusion pressure of the cardiopulmonary

bypass circuit,14 and alterations in body temperature14

as causes of disruption of CA and neurological events,

with the most severe complications developing due to

cerebral ischemia.15 On the other hand, there are also

studies demonstrating no decrease in neurological events

after off-pump operations performed without the use of

a cardiopulmonary bypass machine.16,17 In addition, other

studies have argued that neurological events which de-

velop regardless of whether the operation is performed

on-pump or off-pump are caused by micro/macro em-

bolism.18 Taken together, the likelihood of experiencing

neurological events after CABG is quite high, and the ex-

act cause is not yet known. What is known is that CA is

disrupted by CABG operations, and that this is closely

associated with prolonged length of hospital stay, read-

mission, delirium, stroke, and mortality.11 The reason for

conducting this study was to discover an agent that would

help protect the cerebral tissue from CA disruption after

CABG surgery, as well as from secondary neurological

events. Rn was chosen because it has been demon-

strated to protect neurological tissues against apoptosis

in vitro.6

End organ damage, which may occur in cases of dis-

rupted blood supply due to problems in the circulatory

system, can sometimes result in irreversible complica-

tions. Especially in the event of a stroke, it is necessary

to urgently restore blood supply to the brain tissue as

early as possible.19 However, studies have shown that

cellular damage also develops as a consequence of re-

perfusion following ischemia, and brain edema and in-

farction occur after cerebral ischemia/reperfusion.20

SOD catalyzes the dismutation (or partitioning) of

some superoxide radicals into the O2 molecule and the

degradation of some to hydrogen peroxide (H2O2), a less

reactive molecule. These properties establish a powerful

antioxidant defense system against superoxide radicals.21,22

SOD enzyme deficiency results in mitochondrial DNA

damage, which forms a firm basis for the onset of athe-

rosclerosis,22 and studies have shown an association be-

tween the deficiency of the SOD 3 form and atheroscle-

rosis.23 Our study showed no significant differences in

SOD levels between the groups with and without ische-

mia. This result suggests that Rn does not affect the phy-

siology of SOD and does not contribute to SOD-mediated

antioxidation. However, comparisons of the ischemia

groups revealed statistically low levels of SOD in Group

4. Therefore, it is necessary to investigate whether Rn has

a suppressive effect on SOD in a larger study.

Higher levels of free oxygen radicals in the environ-

ment as a result of reperfusion can damage lipid structures

of the cell membrane. Eventually, cell membrane lipids are

oxidized, forming a toxic lipid breakdown product, MDA.24

Therefore, the measured MDA level is directly proportional

to the number of damaged cells. MDA levels measured in

our study were found to be higher in all ischemia groups

compared to the control group. Comparisons of the is-

chemia groups showed statistically higher levels of MDA in

the subjects treated with Rn. Based on these results, it

can be concluded that Rn has no effect on protecting the

cell wall against free oxygen radicals.

GSH is a non-protein sulfhydryl compound found in

mammalian cells that protects cells from oxidative stress.

It removes free oxygen radicals from the environment

and prevents cell lipid peroxidation.25 A decrease in GSH

has been associated with an increased incidence of dis-

eases and adverse conditions such as neurodegenera-

tive diseases, cardiovascular diseases, cellular aging, and

cystic fibrosis.26 Our study showed significantly higher

levels of GSH in the ischemia-induced groups. Moreover,

comparisons of the ischemia groups revealed statisti-

cally higher levels of GSH in the Rn-treated groups, with

the highest level in Group 4. These results suggest that
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Rn has a protective effect against reperfusion-related

cellular damage by increasing GSH release.

Acetylcholine is one of the most well-known neuro-

transmitters. It is produced from ‘choline’, which plays a

role in lipid metabolism, and ‘acetyl coenzyme A’, which

is formed as a result of cellular respiration. It is hydro-

lyzed by AChE as a result of the transmission of nerve

impulses in the intersynaptic space and eliminated.27

AChE is also involved in processes such as nerve cell ad-

hesion, migration, differentiation, apoptosis and synap-

togenesis.27 High levels of AChE have been shown to

drive cells to apoptosis by activating ‘glycogen synthesis

kinase 3’ in the nervous system.28 In addition, increased

levels of AChE have been observed in neural inflamma-

tory conditions and after events such as stroke.29 There-

fore, high levels of AChE indicate increased neural dam-

age.12 The results of our study showed statistically lower

levels of AChE in the Rn-treated groups. The suppression

of AChE by Rn, which is expected to increase in ischemic

conditions according to the literature, may therefore

prevent cellular apoptosis.

Apoptosis can be of intrinsic and extrinsic origin.

The Bcl-2 family is involved in the intrinsic pathway of

apoptosis.30 Depending on being a heterodimer or a ho-

modimer, the Bcl-2 family proteins show proapoptotic

or antiapoptotic activity.31 Molecules such as BclXs, Bax

and Bad are proapoptotic, while Bcl-2, Mcl-1 and Bcl-xL

are antiapoptotic.31 Studies have shown that the Bax/

Bcl-2 ratio increases after ischemia/reperfusion (I/R), re-

sulting in increased mitochondrial permeability, DNA

fragmentation, and eventually cell apoptosis.32,33 We did

not measure Bax in this study, but the Bcl-2 ratio was

statistically higher in the Rn-treated groups. An increase

in Bcl-2 value would result in a lower Bax/Bcl-2 ratio,

and consequently that antiapoptotic properties would

become dominant.

TNF-� is an inflammatory cytokine secreted from tis-

sues and macrophages,34 and it is involved in the extrinsic

pathway of the apoptotic system.35 Previous studies have

shown its substantial role in neurodegenerative diseases.36

Cerebral I/R studies have found statistically higher levels

of TNF-� in ischemia-induced groups.37,38 Our study showed

statistically lower levels of TNF-� in the Rn-treated groups.

A low level of TNF-� means limited regional inflammation

and apoptotic processes. This further indicates the anti-

apoptotic properties of Rn.

ALP is a cell surface protein widely distributed th-

roughout the body. It is also found in soluble form in

body fluids and blood. Neuronal ALP plays a vital in cor-

tical development and aminobutyric acid metabolism.39

Cerebrospinal fluid and plasma levels of ALP have been

shown to increase in patients with brain damage and

neurodegenerative events.40 Our study revealed increased

brain tissue levels of ALP after the induction of ischemic

injury; however, this increase was not statistically signifi-

cant in the Rn-treated groups compared to the ischemia

control group. In other words, Rn did not show any pa-

thophysiological activity to change the serum level of ALP.

ACP is responsible for the hydrolysis of phosphate

monoesters, and therefore it is involved in cellular de-

struction.41 As with ALP, the level of ACP increases dur-

ing periods of cellular destruction, and high ACP levels

have been reported to be a predictor of poor prognosis.42

Our study showed statistically lower levels of ACP in the

Rn-treated subjects compared to the control group.

IL-6, a multifunctional cytokine, can be secreted from

glial cells, microglia, or neurons in brain tissue.43 It is re-

sponsible for initiating immune reactions, stimulation of

acute-phase reactants, and providing hematopoiesis in

conditions such as tissue injuries and infections.44 Al-

though early control of its secretion can provide hema-

topoiesis, its long-term secretion causes chronic inflam-

mation.44 Increased brain tissue levels of IL-6 have been

reported during ischemic events,45,46 and microglia, pha-

gocytic cells, and other glial cells have been shown to

physiologically release IL-6.43 Our study demonstrated

higher levels of IL-6 in all ischemic groups compared to

the control group, showing that Rn did not suppress IL-6

physiology in brain tissue.

NA and dopamine are neuromodulators that control

many vital functions such as vigilance, memory, and

learning.47 The main source of NA in the brain is the ‘lo-

cus coeruleus’, which is the center of dissociative func-

tions.47 Increased levels of NA after brain injury and im-

proved cognitive function in subjects medically treated

with exogenous NA after injury have been reported.48,49

NA release has been shown to increase the activation of

the locus coeruleus via the nervous vagus, resulting in

enhanced brain plasticity after injury.50 Our study showed

higher levels of NA in all I/R groups, and comparisons of

the I/R groups revealed statistically significantly higher

levels of NA in Group 4. This indicates that brain func-
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tion is more likely to return to normal in subjects receiv-

ing Rn.

Annexins are a group of cellular proteins responsi-

ble for the formation of the cytoskeleton and cell shape.

They also have effects on functions such as endo/exo-

cytosis and Ca channel formation.50 Extracellular an-

nexins have been shown to be involved in inflammation,

fibrinolysis, coagulation, and apoptosis.50 Phosphatidyl-

serine, which is normally found on the cytoplasmic sur-

face of the cell membrane, translocates to the outer sur-

face of the cell membrane if the cell is to undergo apo-

ptosis for any reason. Annexin V in the extracellular space

binds to phosphatidylserine translocated to the outer

surface of the cell membrane, initiating apoptosis. Our

study demonstrated statistically lower levels of annexin

V in the Rn-treated groups, further indicating that Rn

prevents cell apoptosis.

CONCLUSION

In conclusion, this study demonstrated that Rn was

partially beneficial for cell integrity by increasing the

GSH level in response to free oxygen radicals. It also had

an antiapoptotic effect by increasing Bcl-2 and decreas-

ing AChE, TNF-� and ACP levels, and also helped cere-

bral recovery by increasing NA levels. In light of these

results, we suggest that the use of Rn in cases requiring

cerebral protection may have positive results.
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