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ABSTRACT

the early 1980s (46). The drug was firstly used as a carnitine 
biosynthesis inhibitor to inhibit fatty acid oxidation thus 
reducing the production of cytotoxic products and blocking 
the high oxygen use in ischemic conditions (38).

In addition to carnitine biosynthesis inhibition, mildronate 
inhibits carnitine acyltransferase and attenuates carnitine 
incorporation into the mitochondria (32). Collectively, 
mildronate prevents the accumulation of ischemic precursors 
and toxic acylcarnitine products, by inhibiting carnitine 

█    INTRODUCTION

Cerebral ischemia is the most important cause of mortality 
and morbidity following subarachnoid hemorrhage 
(SAH)-related vasospasm (2,13). Despite numerous 

studies investigating treatments for SAH-induced vasospasm, 
effective prevention and therapy are still lacking.

Mildronate (2,2,2 triethylhydrazinium, Quaterine, Meldonium, 
MET-88) is an anti-ischemic drug first produced in Lithuania in 

AIM: To investigate the effects of an anti-ischemic agent, mildronate, on subarachnoid hemorrhage-induced vasospasm.
MATERIAL and METHODS: Rabbits were randomly divided into four groups: control, subarachnoid hemorrhage (SAH), vehicle, 
and mildronate (n = 8 animals per group). In the treatment group, 200 mg/kg of mildronate were intraperitoneally administered 5 min 
after the procedure and continued for 3 days as daily administrations of the same dose. At the end of the third day, the cerebrum, 
cerebellum, and brain stem were perfused, fixated, and removed for histopathological examination. Tissues were examined for 
arterial wall thickness, luminal area, and hippocampal neuronal degeneration.
RESULTS: Mildronate group showed significantly increased luminal area and reduced wall thickness of the basilar artery compared 
with the subarachnoid hemorrhage group. In addition, the hippocampal cell degeneration score was significantly lower in the 
mildronate group than in the SAH and vehicle groups.
CONCLUSION: These results show that mildronate exerts protective effects against SAH-induced vasospasm and secondary 
neural injury.
KEYWORDS: Anti-ischemic, Mildronate, Neuroprotective, Rabbit, Subarachnoid hemorrhage

Muhammed Taha ESER   : 0000-0002-1391-4341
Pinar KURU BEKTASOGLU   : 0000-0001-9889-9955
Bora GURER   : 0000-0003-1500-6184

Huseyin BOZKURT   : 0000-0001-6432-5371
Mehmet SORAR   : 0000-0002-6933-7627
Ozden Caglar OZTURK   : 0000-0003-3964-1895

Ata Turker ARIKOK  : 0000-0003-4256-3779
Hayri KERTMEN  : 0000-0002-7113-9830



2 | Turk Neurosurg, 2019

Eser MT. et al: Neuroprotective Effects of Mildronate

biosynthesis, transport, and reabsorption, thereby directing 
cell metabolism to glucose consumption, which protects it 
from the ischemic state (6,30,35).

Mildronate reportedly inhibits vasoconstriction induced by 
nitric oxide synthase (NOS) inhibitors (8,38). Thus, it is thought 
to exhibit a vasodilator effect through nitric oxide (NO)-
dependent mechanisms. An increase in NO levels is observed 
both in the cerebral cortex and the cerebellum 30 min after 
mildronate injection (9,36). Moreover, mildronate administration 
reduces the hydroxylation of gamma-butyrobetaine (GBB), 
thereby increasing GBB content. Cholinomimetic GBB esters 
induce a higher release of GBB at the cell level, activating 
endothelial NOS (eNOS) through the acetylcholine receptors 
of endothelial cells. Increased eNOS activity increases the NO 
level, thereby leading to vasodilatation (8,38).

Although mildronate is a well-known anti-ischemic vasodilator, 
its effects on SAH-dependent vasospasm have not been 
studied. To the best of our knowledge, the present study is 
the first to investigate the effects of mildronate on post-SAH-
induced vasospasm and neuronal degeneration.

█    MATERIAL and METHODS
Experimental Groups

Animal care and all experiments were conducted according 
to the European Parliament and Council directive 2010/63/
EU of September 22, 2010 with regard to the protection of 
animals for experimental use. All experimental procedures 
were reviewed and approved by the Turkish Republic, Ministry 
of Health Ankara Education and Research Hospital Animal 
Experiments Local Ethics Committee, with resolution number 
474 at the session on 05/26/2017.

Subjects were 32 adult male New Zealand white rabbits 
weighting 2800–3100 g. During the experiment, all subjects 
were kept in a room with controlled temperature (18°C–21°C) 
and light-dark cycle (12/12h). Animals were fed ad libitum with 
standard diet. For the experiment, subjects were divided into 
four groups:

Group 1 (Control Group; n= 8): Group without SAH. In this 
group, cisterna magna puncture was performed as described 
below. Briefly, 1 ml/kg of physiological saline (0.9% NaCl) was 
administered into the cisterna magna, following evacuation of 
the same volume of cerebrospinal fluid (CSF).

Group 2 (SAH Group; n= 8): SAH was induced as previously 
described (15,17,18). No treatment was administered.

Group 3 (Vehicle Group; n= 8): SAH was induced as previously 
described. Briefly, 1 ml/kg of physiological saline was intra-
peritoneally administered 5 min after the onset of SAH. The 
treatment was continued for 3 days, with one daily administra-
tion of the same dose.

Group 4 (Mildronate Group; n= 8): SAH was induced as 
previously described, after which mildronate (NBM Pharma 
S.R.O., Slovenia) was intraperitoneally administered at a dose 
of 200 mg/kg 5 min after the onset of SAH. The treatment 
was continued for 3 days, with one daily administration of 

the same dose. The doses of mildronate used were based on 
previous studies (22,28,40,42,44).

Anesthesia and Surgical Procedure

The animals were anesthetized via intramuscular administration 
of 70 mg/kg ketamine (Ketalar, Parke Davis Eczacibasi, Turkey) 
and 5 mg/kg xylazine (Rompun, Bayer, Turkey). Throughout 
the procedures all animals breathed spontaneously. During 
the procedures, PO2 and PCO2 were monitored by collecting 
arterial blood samples from each animal’s catheterized ear 
arteries. Animals with PO2 higher than 70 mmHg and PCO2 
lower than 40 mmHg were included in the study. Heart rate 
and arterial blood pressure were measured using an ear arterial 
catheter. Core body temperature was rectally monitored and 
maintained at 37°C ± 0.5°C using a heater.

Cerebral Vasospasm Model

The cerebral vasospasm model was prepared as previously 
described (14). Briefly, the atlanto-occipital membrane was 
exposed, and 1 ml/kg of CSF was withdrawn from the cisterna 
magna. An equal volume of fresh, non-heparinized autologous 
arterial blood was injected into the cisterna magna within 2 
min. Subsequently, the animals were placed in a head-down 
position and, after recovery, were left inside their cages for the 
establishment of cerebral vasospasm.

Perfusion-Fixation Procedure

All animals were sacrificed by perfusion-fixation 72 h after 
procedures as previously described (14). Thoracotomy was 
performed under anesthesia. The left ventricle was cannulated, 
the right atrium was widely opened and the descending 
thoracic aorta was clamped. After perfusion with 300 ml of 
physiological saline, a fixative solution was perfused (10% 
formaldehyde, 200 ml), after which the brains were removed 
and stored in formaldehyde solution at 4°C, overnight.

Histological Morphometric Analysis of the Basilar Artery

Each brainstem specimen was embedded in paraffin as 
previously described (14). The entire basilar artery was 
sectioned into five segments, each measuring 2 mm in length, 
and stained with hematoxylin-eosin (H&E). The morphometric 
measurements on all basilar artery segments were performed 
using the BAB- Bs200ProP Image Processing and Analysis 
System (Ankara, Turkey).

The area within the internal elastic lamina was considered 
as the luminal area (LA). The arterial LA corresponded to the 
average of the five sections. For each vessel, mean ± standard 
deviation (SD) value obtained from each artery was used as 
the final value. The distance between the lumen and the outer 
part of the muscle layer was accepted as the measure of 
arterial wall thickness (AWT). In impaired areas, an additional 
measure was taken from the distance between the internal 
elastic membrane and the external border of the muscle 
layer. The AWT for each basilar artery segment was obtained 
through the average of four-point measurements. Mean ± SD 
value obtained from each artery was used as the final value for 
a particular vessel. All measurements were repeated twice for 
each artery, in a blind fashion by two pathologists, and the final 
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values corresponded to the average of these measurements 
(10,14,17,18). The levels of inter- and intra-observer reliability 
are presented in Table I.

Evaluation of Hippocampal Degeneration

The paraffin embedded hippocampal samples were cut 
into 4 to 6 μm thick slices and stained with H&E stain. The 
following morphological findings of neuronal degeneration 
were evaluated under light microscopy: neuronal shrinkage, 
hyperchromasia, and nuclear pyknosis.

The presence and extent of neuronal degeneration were 
demonstrated by semi-quantitative scoring of the CA1, CA3, 
and dentate gyrus (5, 19) as follows: 1 = normal appearance, 
2 = few degenerated neurons among normal neurons, 3 = 
large number of degenerated neurons with scattered normal 
neurons, and 4 = complete degeneration without residual 
normal neurons. All three regions of the hippocampus were 
assessed and the overall “degeneration score” was obtained 
by summing the scores of the three regions. Mean values were 
used for statistical analysis.

Statistical Analysis

Data analysis was performed using the IBM SPSS Statistics 
version 17.0 (IBM Corporation, Armonk, NY, USA). The 
distribution of continuous variables was investigated using 
the Shapiro-Wilk test. The Levene test was used to evaluate 
variance homogeneity. Results are presented as mean ± SD 
or median (25th–75th) percentiles, as applicable. For normally 
distributed continuous data, mean differences among groups 
were compared using One-Way ANOVA. For non-normally 
distributed continuous data and ordinal data, the Kruskal 
Wallis test was used. Statistically significant resuts from One-
Way ANOVA or Kruskal Wallis tests were further analyzed using 
post-hoc Tukey HSD or Conover’s multiple comparison tests. 
Intra-class correlation coefficients for basilar artery cross-
sectional area and AWT were calculated to determine the level 
of inter- and intra-observer reliability. A level of p<0.05 was 
considered statistically significant.

█    RESULTS
Basilar Artery Morphometric Analysis

The mean baseline arterial LA measurements of the control 
group were 268,568.8 ± 81,492.1 μm2. The average baseline 
arterial LA value in the SAH and vehicle groups was 113,930.1 
± 17,376.6 μm2 and 119,669.8 ± 43,196.9 μm2, respectively, 
both significantly lower than the control group (p<0.001 for 
both). No significant difference was found between the SAH 
and the vehicle groups (p=0.928). The LA diameter was 
reduced after SAH, which is consistent with the occurrence 
of vasospasm. In the mildronate group, mean baseline arterial 
LA was 229,447.4 ± 48,750 μm2, which was significanlty 
higher than in the SAH group (p<0.001). This result suggests 
that mildronate mitigates the decrease in vessel areas caused 
by vasospasm (Figure 1).

Mean AWT was 17.1 ± 2.02 μm in the control group, 43.5 ± 4.4 
μm in the SAH group and 42.8 ± 9.3 μm in the vehicle group. 
Both the SAH and vehicle groups had significantly higher AWT 
measurements as compared to the control group (p<0.001 
for both comparisons). No significant difference was found 
between the SAH and vehicle groups in terms of mean AWT 
(p=0.686). This result suggests that vasospasm increases 
mean AWT.

Mean basilar artery AWT for the mildronate group was 26.8 ± 
4.3 μm, which is significantly lower than that of the SAH group 
(p<0.001) (Figure 2). This indicates that vasospasm arising 
after SAH, increases the basilar artery AWT, which is inhibited 
by mildronate treatment. Basilar artery median LA and AWT 
data are summarized in the Table II.

Pathological Examination of the Hippocampus

Light microscope examination of the control group revealed 
morphologically normal hippocampal CA1, CA3, and dentate 
gyrus samples (Figure 3A-C). Degeneration was observed 
in most hippocampal areas of both the SAH and vehicle 
groups (Figure 4A-C). The CA1, CA3, and dentate gyrus of 
the mildronate group showed a higher number of preserved 
neurons and a lower number of degenerated neurons (Figure 
5A-C).

Table I: Intra- and Inter-Class Correlation Coefficients Regarding Luminal Area and Wall Thickness Measurement 

LA AWT

ICC 95% CI ICC 95% CI

Intra-observer 

1st observer 0.994 0.988-0.997 0.997 0.994-0.999

2nd observer 0.974 0.949-0.987 0.998 0.996-0.999

Inter-observer 

1st measurement 0.987 0.974-0.994 0.997 0.995-0.999

2nd measurement 0.997 0.994-0.999 0.999 0.998-1.000

AWT: Arterial wall thickness, CI: Confidence interval, ICC: Intra-class correlation coefficient, LA: Luminal area.
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Table II: Mean Basilar Artery Luminal Areas and Wall Thickness Levels 

LA (μm2) AWT (μm)

Control 291942.7 (201508.2-334350.6)a,b 16.8 (15.8-18.9)a,b,e

SAH 115455.3 (99852.7-127609.9)a,c 44.7 (40.6-45.8)a,c

Vehicle 105051.4 (87200.4-141805.8)b,d 39.5 (37.2-52.9)b,d

Mildronate 230962.9 (181218.7-256334.8)c,d 27.8 (22.0-29.8)c,d,e

Statistics χ2=20.190, p<0.001† χ2=25.969, p<0.001†

Data were shown as median (25th-75th) percentiles, AWT: Arterial wall thickness, LA: Luminal area, SAH: Subarachnoid hemorrhage. † Kruskal 
Wallis test, a: Control vs SAH (p<0.001), b: Control vs Vehicle (p<0.001), c: SAH vs Mildronate (p<0.001), d: Vehicle vs Mildronate (p<0.001),              
e: Control vs Mildronate (p=0.006).

Figure 1: The horizontal lines in the middle of each box indicates 
the median basilar artery luminal area levels, while the top and 
bottom borders of the box mark the 25th and 75th percentiles, 
respectively. The whiskers above and below the box mark 
indicate the maximum and minimum levels. LA: Luminal area, 
SAH: subarachnoid hemorrhage.

Figure 2: The horizontal lines in the middle of each box indicate 
the median arterial wall thickness levels, while the top and bottom 
borders of the box mark the 25th and 75th percentiles, respectively. 
The whiskers above and below the box mark indicate the 
maximum and minimum levels. AWT: arterial wall thickness, SAH: 
subarachnoid hemorrhage.

Figure 3: Photomicrographs showing the normal appearing slices from the CA1 (A), CA3 (B) and the dentate gyrus (C) of the hippocampus 
of the control group (H&E, 20X obj.).

A B C
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The young population is relatively affected, and the prognosis 
is generally poor (3). Overall mortality rates are 32%–67%, 
with permanent brain damage observed in 10%–20% patients 
(29), and one third of the surviving patients live with severe 
disability (15). A previous study examining the quality of life 
in patients with SAH reported that only 19% returned to the 
pre-disease status (16). As a result, SAH is a catastrophic 
condition, and only a few patients are discharged with good 
outcomes. Despite numerous developments in the diagnostic 
methods, neurosurgical procedures, anesthetic techniques, 
and available pre- and postoperative patient care, the results 
of aneurysmal SAH remain far below satisfactory levels (11).

Cerebral ischemia and delayed ischemic injury after SAH occur 
in almost 30% of the patients owing to vasospasm occurring 
4–10 days after bleeding (4,7). An indolent clinical course 

Mean degeneration scores were 3.5 ± 0.5 for the control group, 
11.1 ± 1.1 for the SAH group, and 10.8 ± 0.8 for the vehicle 
group. This difference was significant between the control 
and SAH groups and between the control and vehicle groups 
(both p<0.001), indicating that post-SAH hippocampal CA1, 
CA3, and dentate gyrus neurons show further destruction and 
degeneration. In the mildronate group, mean degeneration 
score was 7.3 ± 0.5, which differed significanlty from the SAH 
group (p=0.006), indicating that mildronate prevents post-SAH 
neuronal degeneration. Taken together, these results show 
that mildronate is a neuroprotective agent. Mean degeneration 
scores are summarized in the Table III.

█    DISCUSSION
Aneurysmal SAH represents approximately 5% of all strokes. 

Figure 4: Photomicrographs from the SAH group showing completely degenerated neurons in the CA1 (A), CA3 (B) and the dentate 
gyrus (C) of the hippocampus (H&E, 20X obj.).

Figure 5: Photomicrography slides from the mildronate group showing only mild to moderate degeneration of the neurons CA1 (A), CA3 
(B) and the dentate gyrus (C) of the hippocampus (H&E, 20X obj.).

Table III: Pathological Examinations of the Hippocampus Relevant to the Study Groups 

Control SAH Vehicle Mildronate Statistics

CA 1 1 (1-1)a,b,c 4 (4-4)a,d 4 (4-4)b,e 2 (2-3)c,d,e χ2=27.810, p<0.001†

CA 3 1 (1-1)a,b,c 3.5 (3-4)a,d 3.5 (3-4)b,e 3 (2-3)c,d,e χ2=22.149, p<0.001†

Dentate gyrus 1 (1-1.75)a,b,c 4 (3.25-4)a,d 4 (3-4)b,e 2.5 (2-3)c,d,e χ2=24.074, p<0.001†

Mean deg. score 3.5 (3-4)a,b,c 11.5 (10.25-12)a,d 11 (10-11.75)b,e 7 (7-8)c,d,e χ2=26.838, p<0.001†

Data were shown as median (25th-75th) percentiles, † Kruskal Wallis test, a: Control vs SAH (p<0.001), b: Control vs Vehicle (p<0.001), c: Control 
vs Mildronate (p<0.05), d: SAH vs Mildronate (p<0.01), e: Vehicle vs Mildronate (p<0.05). SAH: Subarachnoid hemorrhage.

A B C

A B C
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blood flow (47). For acute ischemic conditions, mildronate 
appears to be an excellent candidate to prevent the use of 
fatty acids by the brain and promote the use of glucose (38).

In addition to energy metabolism regulation, mildronate 
reduces the proteins susceptible to cellular apoptosis and 
the levels of inducible NOS (iNOS) and normalizes the levels 
of caspase-3. These apoptotic and inflammatory pathways, 
which are often associated with ischemic conditions, are 
abolished by the anti-apoptotic and anti-inflammatory effects 
of mildronate (28).

Mildronate exerts neuroprotective activity by restoring 
energy levels, inhibiting apoptosis, and preventing neuronal 
oxidative damage (46). Its neuroprotective efficacy has 
been demonstrated in several models of cerebral ischemic 
stroke (40). In addition, it is effective in the regulation of 
neurotransmitters such as glutamate (25).

Moreover, several studies have demonstrated that mildronate 
is a fast acting vasorelaxant (33,35). Mildronate activates 
secondary messenger systems via binding to membrane 
receptors, there by triggering DNA replication, methylation, 
and repair (33). Moreover, mildronate abrogates the efficacy 
of NOS inhibitors, leading to an increase in NO concentrations 
(8). Mildronate exerts vasodilator effects by raising NO-
dependent pathways (38). The NO-dependent effects of 
mildronate on the endothelium cause vasodilatation (39).

The present study investigated the effects of mildronate 
on post-SAH-induced vasospasm owing to its well-
known neuroprotective and vasodilator effects. Mildronate 
administration exerted a positive effect on post-SAH 
vasospasm and increased vascular LA. At the same time, a 
strong neuroprotective effect prevented hippocampal cell 
damage after SAH.

This study has some limitations. The results should be 
expanded by administering the drug at variable doses and 
different time intervals. The effects of mildronate should also 
be compared with those of nimodipine. In clinical settings, 
patients are often admitted to the hospital several hours 
after SAH. Therefore, the effects of mildronate on already 
established vasospasm should also be investigated. Further 
studies are required to conclude the effect of mildronate for 
both protection and reversion of SAH-induced vasospasm.

█   CONCLUSION
To the best of our knowledge, this is the first study reporting the 
protective effects of mildronate on vasospasm and its inhibitory 
effects on secondary neuronal damage after SAH. In addition, 
possible neuroprotective and vasodilator mechanisms have 
been discussed. Results show that mildronate administration 
prevents neuronal damage caused by post-SAH vasospasm. 
Therefore, mildronate may be used in treatment of SAH with 
evidence from advanced clinical studies. 
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leads to focal neurological deficits and loss of consciousness. 
Although cerebral ischemia can be reversible, its progressive 
course may result in cerebral infarction, leading to serious 
disability and death (29). The main limitation is the lack of 
effective treatment. Although pharmacological agents have 
been experimentally tested with relative success, in clinical 
studies their success is limited (12).

The development of specific pharmacological treatments aims 
to prevent ischemia secondary to SAH. The current clinical 
practice is limited to increasing systolic blood pressure to 
induce hypertension, fluid replacement with isotonic crystalloid 
solutions, and preserving euvolemia (4). The 3-H treatment 
previously used has now been replaced by the regimen of 
euvolemic hypertension (1,4). In addition, nimodipine, a 
calcium channel blocker, is administered to all patients. The 
role of oral nimodipine in preventing DCI has been extensively 
investigated and is the subject of many reviews (41). Although 
several studies suggest that nimodipine decreases the 
incidence of severe neurological deficit, it has no effect on the 
incidence and severity of angiographic vasospasm (26,27).

Several treatment methods aiming to prevent and/or eliminate 
cerebral vasospasm after SAH have been investigated, 
including the use of calcium channel blockers, statins (23), 
endothelial receptor antagonists (24), magnesium (45), 
erythropoietin (43), tirilizade (20), and glyburide (34). Despite 
these efforts, almost no substances were found to be clinically 
useful. Therefore, studies on the treatment of post-SAH 
vasospasm remainan important area of interest and field of 
research.

Mildronate is an anti-ischemic drug and a carnitine biosynthesis 
inhibitor designed to inhibit cytotoxic degradation products 
that result from fatty acid β-oxidation and lead to ischemic 
tissue (46). It is widely used to treat ischemic heart disease 
in many countries, and its effects are due to the inhibition of 
GBB hydroxylase and the reduction of fatty acid β-oxidation 
(6). Its efficacy as a new generation cardioprotective agent 
has been previously demonstrated (31). Mildronate reduces 
the level of carnitine. Carnitine enables the transport of long 
chain fatty acids, which are required for mitochondria, into the 
mitochondrial matrix for β-oxidation. In addition, it regulates 
the glycolytic processes of the activity of carbohydrates 
and pyruvate dehydrogenase by controlling the ratio of 
intramitochondrial acetyl-coenzyme/coenzyme (21).

Mildronate inhibits the biosynthesis of L-carnitine by increasing 
the amount of GBB, competing with carnitine in the kidney 
and reducing reabsorption. As a result, fatty acid oxidation is 
prevented and glucose availability as an energy substructure 
is ensured, thereby positively affecting the energy metabolism 
(21,37). In healthy subjects, mildronate administration reduces 
the levels of plasma carnitine without serious side effects (21). 
These findings indicate that mildronate works like a train on 
the mitochondria, adapting to the cell’s fatty acid flow and 
activating glucose oxidation. Thus, in ischemic conditions, the 
cells adapt to glucose oxidation to produce energy (47).

Similarly, in the ischemic brain, there is a deterioration of 
the oxygen supply–demand balance. Mildronate treatment 
reduces brain energy requirements and increases cerebral 
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