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EFFICACY OF USING MELATONIN PER RECTUM FOR EXPERIMENTAL ACUTE CEREBRAL ISCHEMIA
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With limited efficacy and safety of the methods to treat ischemic stroke (IS), melatonin (MT) can be considered a promising neuroprotective agent having a pleiotropic
mechanism of action. The study aimed to assess the effect of MT contained in original rectal suppositories on the neurological status and microcirculation in the
injury focus in experimental acute cerebral ischemia (EACI) in vivo. A total of 30 sexually mature rats were divided into three groups, 10 animals per group: sham-
operated (SO) animals; animals with EACI; animals with EACI receiving original rectal suppositories weighing 100 mg with 2.5 mg of melatonin (MT) throughout
7 days. On days 3 and 7, neurological status was assessed using the Garcia JH score, Placing test, Bederson test; microcirculation rate (MR) was assessed in the brain
injury focus by laser flowmetry. A significant decrease in the Garcia JH scores by 58.3% (o = 0.001), Placing Test scores by 57.9% (p = 0.002), along with the significant
increase in the Bederson Test scores in animals with EACI compared to SO animals was reported on day 3; the significant decrease in the Garcia JH scores by 75%
(o <0.001), Placing Test scores by 78.9% (p < 0.001) and the significant increase in the Bederson Test scores were reported on day 7. MR decreased by 30% on day 3
(0 =0.02), by 38% on day 7 (p = 0.005). The use of the MT-based rectal suppositories resulted in the neurological deficit restoration in the form of the significant increase
in the Garcia JH scores by 53.3% (p = 0.008), Placing Test scores by 50% (p = 0.016) and the significant decrease in the Bederson Test scores by 50% (p = 0.029)
onday 3; on day 7, the significant increase in the Garcia JH scores by 233% (p < 0.0001), Placing Test scores by 325% (p < 0.0001) and the significant decrease in
the Bederson Test scores by 100% (p < 0.0001) were reported. MR increased by 12.5% on day 3 (p = 0.016), by 43.9% on day 7 (o = 0.005). The correlation analysis
revealed the association between the neurological status and MR values: the neurological deficit improvement in animals with EACI in the context of receiving the
MT-based rectal suppositories was associated with the MR increase in the ischemic focus in the brain. Thus, partial neurological status restoration in the context of
using the MT-based rectal suppositories for EACI resulted from the MT vasoactive properties, which was reflected in the MR increase in the ischemic focus in the brain.
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OPPEKTUBHOCTb NPUMEHEHUA MEJIATOHUHA PER RECTUM INMPUN 3KCMNEPUMEHTAJIbHOUN

OCTPOU ULLUEMNW T'OJTOBHOI'O MO3rA

M. B. Ocukos'?, A. B. LLienomerues*= M. C. Bornko', HO. C. LLnwkosa', A. A. ®epocos’

" FOXHO-YpanbCckuin rocyAapCTBEHHbIN MeALIMHCKUIA yHMBEpCUTET, HYensabuHek, Poccus

2 YenabuHckasn obnactHas KinHudeckast bonbHuLga, HYensouHek, Poccust

3 YenabuHCKNIA 061aCcTHOM KIIMHNHECKIMIA TepaneBTUYECKMIA rocnnTasb A1 BeTepaHoB BOWH, YensabuHck, Poccust

4 Poccuiicknin yHuBepcuTeT apy»0bl Hapoaos nvenw MNatpuca Jlymym6bl, Mocksa, Poccus

Mpn neveHnn nwemmndeckoro nHeynsta (LIA) menatoHnH (MT) MOXET GbiTb MEPCMEKTUBHbLIM HEPOMPOTEKTOPOM C MEOTPOMHBIM MeEXaHU3MOM AencTeus. Liens
1ccnenoBaHns — in vivo ndydunTbe BavsaHe MT B COCTaBe opurmHasibHbIx pekTanbHbix cynnosutopmes (PC) Ha HeBponormydeckuii cratyc (HC) 1 MUKPOLIMPKYNSLIO
B o4are MoBPEeXAEHVS MPU 9KCMEepUMEHTaIbHON OCTPON mwemun ronoBHoro mosra (SOWIMM). 30 kpbic pasdgenvnu Ha Tpu rpynnel no 10 ocoben:
1) noxxHoonepupoBaHHble (J10); 2) ocobu ¢ SOUTIMM; 3) ocobu ¢ SOUIMM, nonyyatoLime opurimHanbHble PC ¢ MT Ha NpoTsikeHnn 7 cyTok. XKUBOTHbIM rpymn 2 m
3 mozenvpoan S0VIM no mogudmumposaHHo MeToanke Chen S. T., et al. Ha 3 n 7 cytku ouenmBanm HC no wkanam Garcia J. H., Placing test, Bederson test
1 nokazatenb MUKpoLMpKynaumn (MVl) B ovare NOBPeXKAEHNSt FONOBHOMO MO3ra METOAOM Na3epHon diyoMeTpun. Y »xumnBoTHbIx ¢ SOMM no cpasHeHnto ¢ J10
Ha 3 CyTKM 3ahMKCMPOBAHO 3HAYMMOeE CHIDKeHWe Hannos no Lwkane Garcia Ha 58,3% (p = 0,001), no Placing test — Ha 57,9% (p = 0,002), yBenun4eHne 6annos
no Bederson test; Ha 7 cyTkn 3adhnKCrpoBaHO 3Ha4MOe CHbKeHme 6annos no wkane Garcia J. H. Ha 75% (p < 0,001), no Placing test — Ha 78,9% (p < 0,001),
yBenuyeHne 6annos no Bederson test. MM Ha 3 cyTtkn cHuamnnca Ha 30% (o = 0,02), Ha 7 cyTkn — Ha 38% (p = 0,005). MpumeHenne PC ¢ MT npusoguno K
BOCCTaHOBSIEHWIO HEBPOOMMHYECKOro fedhmLiMTa B BUAE 3HAYMMOrO yBenmyeHus 6annos Ha 3 cyTku no Wwkane Garcia Ha 53,3% (p = 0,008 ), no Placing test — Ha
50% (p = 0,016) 1 cHKeHns 6annos no Bederson test Ha 50% (p = 0,029); Ha 7 CyTKM (DUKCMpPOBann 3Ha4YMMOoe  yBenundeHve H6annos no wkane Garcia J. H. Ha
233% (p < 0,0001 ), no Placing test — Ha 325% (p < 0,0001) n cHwkenne 6annos no Bederson test Ha 100% (p < 0,0001 ). MM Ha 3 cyTkun nobicuncs Ha 12,5%
(o =0,016), Ha 7 cyTkn Ha 43,9% (p = 0,005). YCTaHOBNEHO, YTO YMEHbLLIEHNE HEBPONOrMHeCKOro AeduLpTa y )MBOTHbIX ¢ DOUIM B ycnosusix npumeHerns PC
¢ MT accoummpoBaHo ¢ nosbiLLeHneM MM B o4are NLLIEMNHECKOrO MOBPEXAEHNS FONOBHOMO MO3ra. TakvM 06pa3om, YacTn4Hoe BoccTaHoBeHve HC B ycnosumsx
npumererns PC ¢ MT npy SOUIMM o6ycnoBneHo ero Ba3oakT1BHbIMU CBONCTBAMU.
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Today, ischemic stroke (IS) ranks second among the causes of
death and third among the causes of disability all over the world
[1]. More than 450,000 cases of stroke are reported annually in the
RF, and case fatality rate varies between 17.6 and 20.7% [2]. The
IS pathogenesis is multifaceted; it involves such mechanisms,
as neuroinflammation, glutamate-induced excitotoxicity, and
oxidative stress resulting in the death of neurons in the ischemic
focus [3]. The existing pathogenetic approaches to treatment of
IS show limited efficacy and safety due to narrow therapeutic
window, high risk of hemorrhagic transformation, low permeability
of the blood-brain barrier (BBB) for neuroprotective agents, as
well as poor knowledge about their pharmacokinetics and rather
frequent adverse effects, which emphasizes the need to develop
new therapeutic strategies aimed at neuroprotection [4]. In this
regard, melatonin (MT) possessing pleiotropic effects, including
antioxidant, anti-inflammatory, vasoactive, anti-apoptotic ones,
is of interest [5-7]. A number of papers demonstrate the MT
neuroprotective effect in IS realized through its direct binding to
free radicals, increase in activity of key antioxidant enzymes
(glutathione peroxidase, catalase), inhibition of caspase-3 and
NF-kB pathway, as well as the decrease in expression of AQP4
and enhanced SIRT-1 synthesis in the ischemic brain lesion and,
therefore, cerebral infarction volume decrease with subsequent
neurological deficit improvement [8-10]. However, the use of
MT as a potential neuroprotective agent in oral dosage forms
can be considerably limited by post-stroke dysphagia reported
in 81% of cases in patients post IS [11]. The use of injectable
dosage forms as an alternative allows one to work around the
issue of post-stroke dysphagia, but it is associated with constant
re-traumatization of the patient when performing injections, high
risk of microbial contamination, etc. [12]. The MT-based rectal
suppositories represent a promising dosage form ensuring the
atraumatic administration and low risk of microbial contamination.
In the RF, there are no approved MT-based rectal dosage forms
for neuroprotective therapy of IS that could effectively deliver the
drug and have a systemic effect on the ischemic injury focus
in the brain, thereby minimizing the risk of injury and infectious
complications. The development and assessment of the use of
MT-based rectal suppositories in IS are relevant due to potential
benefits of atraumatic administration routes. The study aimed
to perform in vivo experimental assessment of the effect of
melatonin contained in original rectal suppositories on the
neurological status and microcirculation in the ischemic brain
injury focus in experimental acute cerebral ischemia.

METHODS

The experiment involved 30 sexually mature male Wistar rats
weighting 220-240 g obtained from the experimental biology
clinic of the South Ural State Medical University of the Ministry
of Health of the Russian Federation in spring and summer. The
animals were kept with natural light, at a temperature of 20-22 °C
and relative humidity of 60-70%. Simple randomization was
used to divide the rats into three groups, 10 animals per group:
group 1 — sham-operated (SO) animals, group 2 — animals
with experimental acute cerebral ischemia (EACI), group 3 —
animals with EACI receiving original rectal suppositories
weighing 100 mg with 2.5 mg of MT every 24 h throughout
7 days [13].

EACI was simulated using the modified method by Chen
ST under the combination zoletil-xylazine anesthesia [14, 15].
In animals of groups 2 and 3, skin incision with the length of up
to 2 cm was performed between the left auricle and left eye.
In the incision site, soft tissues were dissected up to the skull
bones, and a burr hole 5 mm in diameter was created using a

high-speed bur (20,000 rpm) with constant irrigation-induced
cooling. Selective diathermocoagulation of the cerebral pial
vessels (15 'V, 3 s) in the cortical zone of the middle cerebral
artery was performed using the operating microscope with
the 10x magnification. All methodological aspects of the
study were compliant with modern standards of experimental
cerebral ischemia modeling [16, 17]. Animals of group 1 underwent
all consecutive surgical interventions, including selective
diathermocoagulation of the cerebral pial vessels.

Three animals were excluded from further assessment (two
in group 2 and one in group 3), since these died within 6 h after
surgery. Thus, three groups of animals were created: group 1
(n=10), group 2 (n = 8), group 3 (n = 9).

On days 3 and 7, neurological status was assessed in all
groups using the Garcia JH score, Placing test, Bederson test
[18-20]. The results of each particular test were expressed
in points.

Microcirculation rate (MR) was assessed in ischemic brain
injury focus by laser Doppler flowmetry for 5 min using the
LAAK-01 system (Lazma, Russia). The values were processed
using the software package by Lazma (Russia), and MR was
calculated using the following formula: MR = Ne + Vav, where
Ne was the concentration of erythrocytes in the probed tissue
volume, Vav was the average erythrocyte sedimentation rate.
MR was expressed in perfusion units (PU).

Statistical data processing was performed using the IBM
SPSS Statistics 19 software package. The quantitative data
distribution was tested for normality using the Shapiro-Wilk
test. Since the distribution of most studied parameters was
non-normal, nonparametric methods were used for analysis.
Intergroup comparison was performed using the Kruskal-Wallis
test (when comparing three or more groups), Mann-Whitney
U-test (when performing pairwise comparison of groups). The
paired Wilcoxon signed-rank test for related samples was used
to estimate the intragroup dynamics (to compare the values
on days 3 and 7); Spearman’s rank correlation coefficient (1)
was used for correlation analysis. The data were presented
as the median (Me), lower and upper quartiles (Q,; Q). The
differences were considered significant at p < 0.05.

RESULTS

Animals with EACI showed focal neurological deficit in the form
of right hemiparesis, stato-locomotor disorder on days 3 and 7.
Animals with EACI demonstrated a significant decrease in
Garcia JH scores by 58.3% (p = 0.001), Placing test scores
by 57.9% (p = 0.002), along with the significant increase in
Bederson test scores compared to SO animals; on day 7, the
significant decrease in Garcia JH scores by 75% (p < 0.001),
Placing test scores by 78.9% (p < 0.001), along with the
increase in Bederson test scores were reported. Animals with
EACI showed the significant decrease in Garcia JH scores by
40% (p = 0.008), Placing test scores by 50.0% (p = 0.003),
along with the increase in Bederson test scores by 100%
(o = 0.001) on day 7 compared to day 3 (Table 1).

Microcirculation assessment showed the decrease in MR
on day 3 by 30% (p = 0.02), by 38% on day 7 (p = 0.005) in
animals with EACI compared to SO ones. Animals with EACI
showed the significant MR decrease by 11% (p = 0.03) on day 7
compared to day 3 (Table 2).

Thus, focal neurological deficit and the decrease in cerebral
blood flow in the ischemic brain lesion were reported in animals
with EACI on days 3 and 7, which was confirmed by the
significant decrease in Garcia JH, Placing test scores, as well
as by the increase in Bederson test scores and MR decrease.
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Table 1. Effect of MT on neurological status in EACI (Me [Q,; Q)
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Group 1 Group 2 Group 3
Indicator Day 3 Day 7 Day 3 Day 7 Day 3 Day 7
(n=10) (n=10) (n=28) (n=28) (n=9) (n=9)
Garcia JH score 18.00 18.00 7.50 4.50 11.50 15.00
arcia JH sco [18.00; 18.00] [18.00; 18.00] [7.00; 8.00]* [3.00; 6.00] *& [10.00; 13.00] *# | [14.00; 16.00] *#&
Placing test score 9.50 9.50 2.00 4.00 1.00 0.00
acing [9.00; 10.00] [9.00; 10.00] [2.00; 3.00]" [4.00; 4.00] *& [1.00; 2.00] *# [0.00; 1.00] *#&
Bederson test score 0.00 0.00 4.00 2.00 6.00 8.50
e [0.00; 0.00] [0.00; 0.00] [3.00; 4.00]" [1.00; 2.00] *& [6.00; 7.00] *# [8.00; 9.00] *#&

Note: significant differences based on the Mann-Whitney U-test are designated as follows: * — compared to group 1 (o < 0.05); # — compared to group 2 (p < 0.05);
& — significant differences based on the Wilcoxon test between days 3 and 7 within the same group (o < 0.05).

The use of MT-based rectal suppositories on days 3 and
7 led to the right hemiparesis and stato-locomotor disorder
severity decrease. The animals receiving MT showed the significant
increase in the Garcia JH scores by 53.3% (p = 0.008), Placing
test scores by 50% (p = 0.016), along with the significant decrease
in Bederson test scores by 50% (p = 0.029) compared to animals
with EACI on day 3; on day 7, the significant increase in Garcia
JH scores by 233% (p < 0.0001), Placing test scores by 325%
(0 < 0.0001) and the significant decrease in Bederson test scores
by 100% (p < 0.0001) were reported. The significant increase in
Garcia JH scores by 30.4% (p = 0.004), Placing test scores by
41.7% (p = 0.002) and the significant decrease in Bederson test
scores by 100% (p = 0.003) upon MT administration on day 7
compared to day 3 were reported (Table 1).

Microcirculation assessment showed the increase in MR by
12.5% on day 3 (p = 0.016), by 43.9% on day 7 (p = 0.005)
in the animals receiving MT compared to the ones with EACI.
The animals showed the significant MR increase by 13.8%
(o = 0.028) upon MT administration on day 7 compared to day
3 (Table 2).

The animals receiving MT showed the significant decrease
in Garcia JH scores by 36.1% (p < 0.001), Placing test scores
by 36.8% (p < 0.001) and the significant increase in Bederson
test scores by 100% (p = 0.002) compared to SO animals on
day 3; on day 7, these demonstrated the decrease in Garcia
JH scores by 16.7% (p < 0.008), Placing test scores by 10.5%
(p < 0.038) and the significant increase in Bederson test scores
by 0% (p = 0.157) (Table 1).

The correlation analysis of Garcia JH scores, Placing test scores,
and MR values on days 3 and 7 revealed a positive correlation, along
with the negative correlation between Bederson test scores and
MR: the neurological deficit improvement in animals with EACI in the
context of using MT-based rectal suppositories was associated
with the MR increase in the ischemic brain lesion (Table 3).

DISCUSSION

It can be assumed that neurological deficit we have detected
results from local critical decrease in cerebral blood flow in the
brain matter and activation of the cascade of pathochemical
reactions, including mitochondrial dysfunction with subsequent
neuronal energy deficiency, oxidative stress activation,

Table 2. Effect of MT on microcirculation values in EACI (Me [Q,; Q,])

glutamate-induced excitotoxicity, neuroinflammation resulting
in neuronal damage in the ischemic injury focus [21]. The
use of MT-based rectal suppositories resulted in partial
restoration of neurological status and cerebral blood flow
in the ischemic injury focus, which could be due to the MT
pharmacological features and pleiotropic effects, including
neuroprotective and vasoactive effects. The MT relatively low
molecular weight (232 g/mol), moderate lipid solubility (Log p = 3),
and moderate bioavailability when administered rectally
(54-72%) can ensure penetration of the blood-brain barrier
and have a systemic effect on the ischemic injury focus and
potential penetration [22, 23]. We believe that MT contained
in the rectal suppositories entered the systemic blood flow
and reached the ischemic lesion in the brain, showing the
neuroprotective effect. The MT pleiotropic effects determining
its possible neuroprotective effect can be associated with the
activity mediated by specific membrane and nuclear receptors
(MT1, MT2, ROR), as well as with the direct effect [24]. The
MT binding to the MT receptors of microglial cells through the
STAT3 pathway inhibition contributed to the reduced synthesis
of pro-inflammatory cytokines in the ischemic injury focus and
reduced neuroinflammation [25]. Furthermore, MT could cause
inhibition of NADPH reductase activity and enhanced synthesis
of glutathione peroxidase, thereby decreasing the activity of
oxidative stress processes in the ischemic brain injury focus
[26]. MT enhanced the 90RSK activity resulting in the Bad pro-
apoptotic protein inactivation through ERK1 phosphorylation,
thereby contributing to the increased survival of neurons in the
ischemic injury zone [27]. The MR increase in the ischemic
brain injury focus can be associated with the vasoactive
effect of MT, which enhanced NO synthesis in endothelial
cells and increased cerebral blood flow through the increased
activity of endothelial NO synthase [28]. The findings clearly
demonstrate clinical prospects for the use of MT-based rectal
suppositories as adjunctive therapy for IS, especially in the
elderly and seriously ill patients, in whom standard treatment
methods show limited efficacy. The data obtained provide a
strong basis for further research aimed at in-depth study of
the mechanisms underlying the MT neuroprotective effect via
monitoring of the dynamic changes in the levels of biochemical
markers (MDA, S100B) and their correlation with clinical
outcomes. The promising areas for scientific research can be

Group 1 (n=10) Group 2 Group 3
Indicator Day 3 Day 7 Day 3 Day 7 Day 3 Day 7
(n=10) (n=10) (n=10) (n=10) (n=10) (n=10)
Microcirculation 22.11 22.11 15.51 13.79 17.45 19.85
value, PU [20.65; 22.69] [20.65; 22.69] [15.48; 15.88]" [13.49; 14.09]*& [17.33; 18.83]# [19.44; 19.90]"#&

Note: significant differences based on the Mann-Whitney U-test are designated as follows: * — compared to group 1 (p < 0.05); # — compared to group 2 (p < 0.05);
& — significant differences based on the Wilcoxon test between days 3 and 7 within the same group (p < 0.05).
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Table 3. Correlation between neurological status indicators and MR in EACI in the context of using MT-based rectal suppositories

Microcirculation rate, PU
Indicators
Day 3 Day 7
Garcia JH score r=0.63 r=0.67
Placing Test score r=0.77 r=0.64
Bederson Test score r=-0.61 r=-0.60

Note: r — Spearman’s rank correlation coefficient (r < 0.05).

as follows: development of differentiated MT dosing algorithms
considering the patients’ individual characteristics; assessment
of delayed therapy effects between 6 and 12 months of follow-
up; study of the possibilities of using combination therapy
with other neuroprotective agents. Successful introduction
of this method into wide clinical practice requires large-scale
multicenter randomized trials involving the use of standardized
assessment protocols. The development of personalized
approaches to therapy considering the age-related specifics,
comorbidities, and individual characteristics of the patients’
cerebral hemodynamics is of special importance.

CONCLUSIONS

Selective diathermocoagulation of the cerebral pial vessels
performed on days 3 and 7 resulted in the critical cerebral blood
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