1' frontiers
in Neurology

SYSTEMATIC REVIEW
published: 03 September 2021
doi: 10.3389/fneur.2021.685731

OPEN ACCESS

Edited by:

Emmanuel Pinteaux,

The University of Manchester,
United Kingdom

Reviewed by:

Nicolas K. Khattar,

University of Louisville, United States
Ozge Altintas Kadirhan,

Kirklareli University, Turkey

*Correspondence:
Zhiping Hu
zhipinghu@csu.edu.cn
Chunli Chen
168202083@csu.edu.cn

*These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Stroke,

a section of the journal
Frontiers in Neurology

Received: 25 March 2021
Accepted: 12 July 2021
Published: 03 September 2021

Citation:

Hu X, Zhu'Y, Zhou F, Peng C, Hu Z and
Chen C (2021) Efficacy of Melatonin in
Animal Models of Subarachnoid
Hemorrhage: A Systematic Review
and Stratified Meta-Analysis.

Front. Neurol. 12:685731.

doi: 10.3389/fneur.2021.685731

Check for
updates

Efficacy of Melatonin in Animal
Models of Subarachnoid
Hemorrhage: A Systematic Review
and Stratified Meta-Analysis

Xiangyu Hu?, Yuwei Zhu', Fangfang Zhou, Cuiying Peng, Zhiping Hu* and Chunli Chen*
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Background and Purpose: Subarachnoid hemorrhage (SAH) is a severe disease
characterized by sudden headache, loss of consciousness, or focal neurological deficits.
Melatonin has been reported as a potential neuroprotective agent of SAH. It provides
protective effects through the anti-inflammatory effects or the autophagy pathway.
Our systematic review aims to evaluate the efficacy of melatonin administration on
experimental SAH animals and offer support for the future clinical trial design of the
melatonin treatment following SAH.

Methods: The following online databases were searched for experimentally controlled
studies of the effect of melatonin on SAH models: PubMed, Web of Knowledge, Embase,
and China National Knowledge Infrastructure (all until March 2021). The melatonin effect
on the brain water content (BWC) and neurological score (NS) were compared between
the treatment and control groups using the standardized mean difference (SMD).

Results: Our literature identified 160 possible articles, and most of them were excluded
due to duplication (n = 69) and failure to meet the inclusion criteria (0 = 56). After
screening the remaining 35 articles in detail, we excluded half of them because of no
relevant outcome measures (1 = 16), no relevant interventions (n = 3), review articles
(n = 1), duplicated publications (n = 1), and studies on humans or cells (n = 2). Finally,
this systematic review contained 12 studies between 2008 and 2018. All studies were
written in English except for one study in Chinese, and all of them showed the effect of
melatonin on BWC and NS in SAH models.

Conclusion: Our research shows that melatonin can significantly improve the behavior
and pathological results of SAH animal models. However, due to the small number of
studies included in this meta-analysis, the experimental design and experimental method
limitations should be considered when interpreting the results. Significant clinical and
animal studies are still required to evaluate whether melatonin can be used in the adjuvant
treatment of clinical SAH patients.

Keywords: subarachnoid hemorrhage, melatonin, systematic review, meta-analysis, animal models

Frontiers in Neurology | www.frontiersin.org

1 September 2021 | Volume 12 | Article 685731


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.685731
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.685731&domain=pdf&date_stamp=2021-09-03
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zhipinghu@csu.edu.cn
mailto:168202083@csu.edu.cn
https://doi.org/10.3389/fneur.2021.685731
https://www.frontiersin.org/articles/10.3389/fneur.2021.685731/full

Hu et al.

Systematic Review of Melatonin Efficacy

INTRODUCTION

Although it only leads to 4.4% of all types of strokes,
subarachnoid hemorrhage (SAH) is a severe disease with high
mortality and morbidity (1). SAH is characterized by clinical
features such as sudden headache, single or combined with
vomiting, loss of consciousness, or focal neurological deficits
(2). At present, the management and prevention of SAH are
still challenging due to its intricate pathophysiological conditions
(3). Rupture of intracranial aneurysms is a typical cause of
SAH (4). Zero to 24h after hemorrhage, early brain injury
(EBI) is observed in focal (5), together with blood-brain barrier
damage and vascular spasms (6). Further cellular changes include
inflammation and autophagy. The released products mediate and
persist inflammatory responses by danger-associated molecular
patterns (DAMPs) (7). Activation of the MAPK (mitogen-
activated protein kinase) and Keapl-Nrf2-ARE [(Kelch-like
ECH-Associating protein 1) nuclear factor erythroid 2 related
factor 2-antioxidant response element] pathways may take over
part of the inflammatory damage mechanism (8, 9). The EBI
following SAH can also be induced by the autophagy mechanism
(10), with the activation of mitochondria and the downstream
pathway (11).

Recently,  melatonin  (N-acetyl-5-methoxytryptamine)
has been reported as a potential neuroprotective agent of
SAH. Melatonin, which derives from tryptophan (12), was
demonstrated to counterwork oxidative stress and assist in
scavenging free radicals (13). In 2010, researchers raised
concerns about the anti-inflammatory effects of melatonin,
specifically those comprising the reduction of the pathological
changes in the tissues, attenuation of the development of
0O;,-induced hyperalgesia and blockage of cyclooxygenase-2
(COX-2), and inducible nitric oxide synthase (iNOS) induction
(14). Additionally, melatonin provides protective effects through
the autophagy pathway in the Senescence Accelerated Mouse-
Prone 8 (SAMP8) mice (15). It seems that melatonin plays an
effective neuroprotective role in SAH management (16, 17).
However, this argument is inconsistent (18). The current
study aims to evaluate and validate the efficacy of melatonin
administration on experimental SAH animals. The related
factors of research design that could shape the results will also
be analyzed. Further, this preclinical study may offer support
for the future clinical trial design of the melatonin treatment
following SAH.

METHODS

Data Sources, Search Strategy, and

Selection Criteria

The following online databases were searched for experimentally
controlled studies of the effect of melatonin on SAH models:
PubMed, Web of Knowledge, Embase, and China National
Knowledge Infrastructure (all until March 2021). The following
search terms were used: (subarachnoid h(a)emorrhage OR
SAH OR aneurysm) AND (melatonin OR N-acetyl-5-
methoxytryptamine OR melatonergic agent) NOT human
NOT patient. The reference lists of the included studies were also

searched. Studies that met the following selection criteria were
included: (a) experimental SAH was induced; (b) melatonin was
administered before or after the induction of SAH; (c) control
animals were used; (d) no co-treatments were performed; (e)
therapeutic effects of melatonin were assessed by brain water
content or neurobehavioral outcome.

Data Extraction

Two authors (XiangYu Hu and YuWei Zhu) independently
extracted data from studies according to the selection criteria
based on animal species, gender, number, intervention (dose
and time of melatonin treatment), anesthetic technique, SAH
induction method, measured outcomes, assessment time, and
methodological quality score. Disagreements were addressed by
a discussion with a third author (ChunLi Chen). When the
included studies used multiple groups to assess dose-response
relationships, we extracted data from each group individually.
Graphically presented data were measured by the GetData Graph
Digitizer software (version 2.26). The animal quantity, mean
score, or content and standard deviation (SD), or standard error
of the mean (SEM) in the melatonin and control groups were
collected. When neurological tests were managed at different
time points, only the final point was included. When it was
unclear whether SD or SEM was the measure of variance, data
was extracted as the SD due to it being a more accurate estimate,
according to the present meta-analysis.

Quality Assessment

The methodological quality was evaluated using the collaborative
approach to meta-analysis and review of Animal Data from
Experimental Studies (CAMARADES) 10-item checklist with
minor modifications (19). One point was given for each of
the following criteria: peer-reviewed publication, control of
temperature, random allocation to treatment or control, blinded
induction of hemorrhage, blinded assessment of outcome, use
of anesthetic without marked intrinsic neuroprotective activity,
appropriate animal model (aged, diabetic or hypertensive),
sample size calculation, compliance with animal welfare
regulations, and statement of potential conflict of interests.

Data Analysis

A statistical software package (Stata, version 12.0; StataCorp LP,
College Station, TX, USA) was used to perform data analyses.
The melatonin effect on the brain water content (BWC) and
neurological score (NS) were compared between the treatment
and control groups using the standardized mean difference (the
difference in the effect of melatonin between the treatment
and control groups was divided by the total SD). This allowed
for comparisons to be made when various measure methods
or animal species were being used. The DerSimonian-Laird
random-effects model was adopted to comprehensively estimate
the effect size (20). We conducted a stratified meta-analysis
to clarify the impact of drug dose, time of administration,
overall study quality score, method of SAH induction, animal
species, and type of anesthetic used. Funnel plotting was used to
detect publication bias, the asymmetry of which was evaluated
using Egger’s test and the trim-and-fill method (21). Statistical

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 685731


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hu et al.

Systematic Review of Melatonin Efficacy

160 records identified
through database searching

0 additional records identified
through other sources

y

91 records after duplicates removed

y

91 records screened

56 records excluded

A

35 full text articles
assessed for eligibility

23 full text articles excluded: no
relevant outcome measures (16);
no relevant interventions (3);

review articles (1); duplicated
ublications S?; studies on
2)

12 studies included

uman or cel

in qualitative synthesis

y

12 studies included in qualitative
synthesis (meta analysis)

(n=9 publications on brain water

content and n=10 publications on

neurobehavioral scores)

FIGURE 1 | Progression from literature search to meta-analysis. The number of exclusions from the initial literature search is shown.

significance was set at P < 0.05 and the 95% confidence intervals
(CIs) were calculated.

RESULTS

Study Characteristics

Our literature identified 160 possible articles, although most
of them were excluded due to duplication (n = 69) and
failure to meet the inclusion criteria (n = 56). After screening
the remaining 35 articles in detail, we excluded half of them
because of no relevant outcome measures (n = 16), no relevant
interventions (n = 3), review articles (n = 1), duplicated
publications (n = 1), and studies on humans or cells (n = 2).
Finally, this systematic review contained 12 studies between 2008
and 2018. All studies were written in English except for one study
in Chinese, and all of them showed the effect of melatonin on
BWC and/or NS in SAH models (Figure 1).

We extracted data from 12 studies that describe BWC in 10
studies (26 comparisons) and NS in 12 studies (13 comparisons);
the overall study characteristics are shown in Table 1. Among
them, nine studies used SD rats, two studies used C57 mice, and
one study used Wistar rats. Most of the studies involved male
and adult models; only one study did not report the gender of
animals. Regarding anesthesia, seven studies used pentobarbital,
four studies used an anesthetic containing ketamine, and one
study was done with isoflurane. All drugs were administered by
intraperitoneal injection. Further, nine studies used endovascular
perforation to induce the SAH model; the remaining three studies
induced the model with autogenous blood injection. In most

studies, the common initial drug dosage was 150 mg/kg, but one
study treated the rats with an initial drug dosage of 5 mg/kg. Most
studies performed the treatment of melatonin in 2h after the
induction of SAH while some included repeated injections. The
melatonin treatment course was up to 72h. Assessments were
performed 24-56 h after the induction of SAH.

Study Quality

Our systematic review included 12 studies in which the quality
scores varied from three to seven. Among them, one study was
assessed as a poor methodological quality study. Further, all the
scores of others were higher than or equal to 4; their mean
value (interquartile range) was 5.92 (1.5). All studies were peer-
reviewed publications. Nine (75%) studies were completed with
the control of temperature, the same number of studies allocated
animals to treatment or control randomly, and 10 (83%) studies
used a blind assessment to evaluate outcomes.

For the assessment of BWC, the median number (interquartile
range) of animals in the treatment and control groups was 6 (0).
For the assessment of NS, the median numbers (interquartile
range) of animals in the treatment and control groups were 24
(15.5) and 21 (14), respectively. The details of the quality index
are presented in Table 2.

Global Estimates of Efficacy

The treatment of melatonin showed a significant reduction
in the BWC by an SMD of —1.59 (95% CI: —2.02, —1.16;
p < 0.0001, 10 studies, 26 comparisons, Figure2A), with a
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TABLE 1 | Design characteristics of included studies.

References Animal, Age Anesthetic Route Method of Initial dose Total dose Time to Tre (n)/Con (n) Assessment time Outcome measure
sex SAH treatment (direction)
Avyer et al. (22) SD rats, Adult Ketamine and i.p. Endovascular 150 mg/kg 150 mg/kg 2h post SAH 6,7 24h BWC (lower is
Male Xylazine perforation better);
Ersahin et al. (23) Wistar rats, Adult ketamine and i.p. Autogenous 10 mg/kg 30 mg/kg Immediately 6,6 6,6 48h BWC (lower
Male chlorpromazine blood post SAH (every is better); NS (lower
24 h for 2 days) is better)
Wang et al. (24) SD rats, Adult ketamine and i.p. Autogenous 150 mg/kg 300 mg/kg 2 and 24 h post 6,6 48h BWC (lower is
Male xylazine blood SAH better);
Cai et al. (25) SD rats, Adult Ketamine and i.p. Autogenous 15 mg/kg 60 mg/kg 5min, 24, 48, 8,8 72h NS (higher is better)
NR xylazine blood and 72 h post
SAH
Chen et al. (26) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 150 mg/kg 2h post SAH 5,6 25,24 24h BWC (lower
Male perforation is better); NS (higher
is better)
Chen et al. (17) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 150 mg/kg 2h post SAH 6,6 24,24 24h BWC (lower
Male perforation is better); NS (higher
is better)
Chen et al. (27) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 150 mgr/kg 2h post SAH 20,17 24h NS (higher is better)
Male perforation
Dong et al. (28) C57 mice, Adult isoflurane i.p. Endovascular 150 mg/kg 150 mg/kg 2h post SAH 6,6 39,37 24h BWC (lower
Male perforation is better) NS (higher
is better)
Zhao et al. (29) C57 mice, Adult pentobarbital i.p. Endovascular 150 mg/kg 300 mg/kg 2 and 12h post 6.6 24h BWC (lower
Male perforation SAH is better); NS (higher
is better)
Yu (30) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 450 mg/kg 2,24,and 48h 26,30 72h NS (higher is better)
Male perforation post SAH
Yu (30) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 150 mg/kg 2h post SAH 6,6 24,24 24h BWC (lower
Male perforation is better); NS (higher
is better)
Cao et al. (31) SD rats, Adult pentobarbital i.p. Endovascular 150 mg/kg 150 mgr/kg 2h post SAH 6,6 24,24 24h BWC (lower
Male perforation is better); NS (higher
is better)
Shi et al. (32) SD rats, Adult pentobarbital i.p. Endovascular 5 mg/kg;10 mg/kg 5 mg/kg; 10 mg/kg 2 h post SAH 6,6 18,18 24h BWC (lower
Male perforation is better); NS (higher
is better)
Shi et al. (32) SD rats, Adult pentobarbital i.p. Endovascular 10 mg/kg 10 mg/kg 2h post SAH 12,12 24h NS (higher is better)
Male perforation

SAH, subarachnoid hemorrhage; Tre, treated; Con, control; i.p., intraperitoneal; BWC, brain water content; NS, Neurobehavioral score; NR, not reported.

‘e 18 nH

AoeOlJg UIUOIBIBIA JO MBIASY OlBUIBISAS


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hu et al.

Systematic Review of Melatonin Efficacy

Study
1D

Ayer (2008)
Ayer (2008)
Ayer (2008)
Ayer (2008)
Mehmet (2009)
Wang (2012)
Chent (2014)
Chent (2014)
Chen1 (2014)
Chent (2014)
Chen2 (2014)
Dong (2016)
Zhao (2017)
Zhso (2017)
Zhao (2017)
Zhso (2017)
Yu (2017)
Cao (2017)
Shi (2018)
Shi (2018)
Shi (2018)
Shi (2018)
Shi (2018)
Shi (2018)
Shi (2018)
Shi (2018)
Overall (lsquared = 55.4%, p=0.000) <>

NOTE: Weights are from random effects anplysi}
T

H

—_—

++"}';H+

++—I-¢-+-+§-+-++-+-+-

%
Weight

0.33(-1.43,0.77) 4.96
0.54 (-1.68,0.57) 4.91
0.28 (-1.37,0.82) 4.97
0.58 (-1.70, 0.55) 4.90
-1.23(-251,0.05) 4.45
589 (-8.99, -2.80) 1.53
-1.62(-3.15, 0.08) 3.79
-1.37 (-2.83,0.09) 3.88
-1.49 (-2.99, 0.00) 3.89
0.43(-1.70,0.83) 4.50
-4.99 (-7.68, -2.31) 1.90
-2.03 (-3.53, -0.52) 3.87
41,68 (-3.08, -0.28) 4.14
-4.98 (-7.67, -2.30) 1.91
41.39(-2.71, 0.07) 4.34
0.85(-2.08, 0.35) 4.66
-2.92(-4.74, -1.10) 3.18
117 (-2.43,0.10) 4.49
-2.34(-3.95, 0.73) 3.62
4,39 (8.82, -1.97) 2.20
-1.83(-3.28, -0.39) 4.02
-2.53 (-4.20, -0.85) 3.48
0.65(-1.83,0.52) 4.74
-3.21(-5.15, -1.28) 2.96
0.84(-205,0.36) 460
-1.93 (:3.40, -0.45) 395
-1.59 (-2.02, -1.16) 100.00

SMD (95% CI)

899 0 899

Study *
0 SMD (95% C1) Weight
Menmet (2009) —_— 250083416 560
Coi (2013) —— 158 (0.41,274) 7.18
Chent (2014) —_— 203(1.33,273) 809
Chen2 (2014) — 133070,190) 890
Chan (2015) 5 - 328220.430) 700
Dong (2018) ——— 4.95(4.03,588) 798
Zneo (2017) ———— 347(1.43,550) 400
Yu2017) —_— 301223,379) 845
Yu (2017) —t— 276(195,35) 838
Ce0(2017) —_—— 204(185,343) 842
Shi (2018) —— 285(1.89,3.80) 788
Shi (2018) — 205(1.73,357) 800
Shi (2018) —— ! 079(005.162) 827
Overall (14quared = 81.8%, p = 0.000) <> 256(1.97.3.16) 100.00
NOTE: Weights are from random effects analysis i

58 0 sss

FIGURE 2 | Effect sizes of included comparisons. A forest plot shows mean effect size and 95% Cl for (A) brain water content and (B) neurobehavioral outcomes.
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TABLE 2 | Methodological quality of 12 studies included in the meta-analysis.
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(1) peer reviewed publication; (2) control of temperature; (3) random allocation to treatment or control; (4) blinded induction of hemorrhage; (5) blinded assessment of outcome; (6)
use of anesthetic without marked intrinsic neuroprotective activity; (7) animal model (aged, diabetic, or hypertensive); (8) sample size calculation; (9) compliance with animal welfare

regulations; and (10) statement of potential confiict of interests.

statistically significant heterogeneity (Q = 56.02, I* = 55.4%, df
=25, p < 0.001).

On the other hand, the global estimate of the efficacy of
melatonin in improving the NS outcomes was 2.56 (95% CI:
1.97, 3.16; p < 0.0001, 10 studies, 13 comparisons, Figure 2B).
The heterogeneity of NS outcomes among comparisons was also
statistically significant (Q = 66.08, I* = 81.8%, df = 12, p <
0.001). Therefore, further subgroup analysis was performed.

Sensitivity Analysis

To evaluate the stability of the results, we performed a
sensitivity analysis through the sequential omission of each
study. For the pooled SMD, neither brain water content nor
neurobehavioral outcomes were significantly affected by any
study (Figures 3A,B).

Publication Bias

Visual inspection of the funnel plot suggested conspicuous
publication bias for the brain water content (Figure 4A), and
the results of the Egger test suggested the same comment (p
< 0.001). The trim-and-fill analysis was used to estimate the
missing studies (SMD: —1.59, 95% CI: —2.02, —1.16; p < 0.001),
indicating no “missing” studies.

For the neurobehavioral outcomes, the funnel plot was
approximately symmetrical (Figure4B) and the Egger test
indicated no significant publication bias (p = 0.305). However,
two theoretically missing comparisons of neurobehavioral
outcomes were predicted (Figure 4C).

Subgroup analysis
We performed a subgroup analysis of brain water content and
neurobehavioral score; the details of the data are shown in
Tables 3, 4.

For brain water content, we stratified the data by study
quality; the high-quality studies showed a higher effect
size (SMD: —1.86; 95% CI. —2.33, —140; p < 0.001,

Supplementary Figure 1) and the results of the low-quality
studies were not statistically significant.

Different SAH induction methods were used in studies, and
our subgroup analysis showed that the results of the autogenous
blood model (SMD: —3.34; 95% CI: —7.89, 1.21; p = 0.15,
Supplementary Figure 2) were more effective than those of the
endovascular perforation model with no statistical significance.

Concerning the anesthesia drug, the studies that used
isoflurane exhibited a higher effect size than others (SMD: —2.03;
95% CI: —3.53, —0.52; p < 0.001, Supplementary Figure 3).
However, the small sample size makes the assessments
less reliable.

The dosage of melatonin ranged from 5 to 150 mg/kg,
and the greatest effect was exerted at the dosage of 10
mg/kg (SMD: —2.38; 95% CL: —3.35, —1.41; p < 0.001,
Supplementary Figure 4). Further, we found the repeated
melatonin dosage showed a greater effect size than a single
dosage (SMD: —2.11; 95% CI: —3.27, —0.95; p < 0.001,
Supplementary Figure 5).

For the neurobehavioral score, our subgroup analysis showed
that the endovascular perforation model exhibited a higher effect
size than the autogenous blood model (SMD: 2.65; 95% CI: 1.99,
3.31; p < 0.001, Supplementary Figure 6).

The studies that used isoflurane showed a higher effect size
than other anesthetics (SMD: 4.95; 95% CI: 4.03, 5.88; p < 0.001,
Supplementary Figure 7), which was consistent with the results
of the brain water content.

The dosage of melatonin ranged from 5 to 150 mg/kg, and in a
result different from that of brain water content, the studies using
a dosage of 150 mg/kg exhibited the highest effect size (SMD:
2.39;95% CI: 1.86, 2.92; p < 0.001, Supplementary Figure 8).

Besides, we stratified the data by dose administration,
and there was no significant effect size difference in
neuroprotective effects for both the doses administered
(Supplementary Figure 9).
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outcomes.

FIGURE 3 | Sensitivity analysis for the included comparisons. Figures shows mean effect size and 95% Cl for (A) brain water content and (B) neurobehavioral

DISCUSSION

Summary of Evidence

Although there have been related systematic reviews on
melatonin in experimental cerebral ischemia (33) and traumatic
brain injury (34), as far as we know, this is the first systematic
review and meta-analysis of melatonin in an animal model
with SAH. The outcomes of our systematic review indicate that

melatonin shows significant neuroprotective effects in reducing
brain water content [SMD: —1.59 (95% CI: —2.02, —1.16)] and
improving neurobehavioral outcomes [SMD: 2.56 (95% CI: 1.97,
3.16)]. These findings signify that melatonin can be used as a
potential treatment for clinical SAH. However, due to the limited
number of studies and poor literature quality, more studies
are needed to prove the neuroprotective effect of melatonin in
experimental SAH.
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TABLE 3 | Stratified meta-analysis of heterogeneity on brain water content.

Subgroup analysis No. of studies

SMD (95%Cl)

Heterogeneity test

Q 2 P
1.1 Study quality
High 22 —1.86 (—2.33, —1.40) 41.65 50% 0.005
Low 4 —0.43 (-0.98, 0.13) 0.21 0% 0.98
1.2 Method to induce SAH
Endovascular perforation 24 —1.52 (—1.94, —1.09) 47.63 52% 0.002
Autogenous blood 2 —3.34 (—7.89, 1.21) 7.46 87% 0.006
1.3 Anesthetic drugs
Pentobarbital 19 —1.79 (-2.28, —1.31) 33.74 47% 0.01
Ketamine 6 —0.89 (—1.72, —0.05) 12.63 60% 0.03
Isoflurane 1 —2.08 (—3.58, —0.52)
1.4 Dosage of melatonin
5 mg/kg 4 —1.28 (—2.04, —0.53) 3.83 22% 0.28
10 mg/kg 5 —2.38 (—3.35, —1.41) 6.68 40% 0.15
150 mg/kg 17 —1.46 (—2.01, —0.91) 39.11 59% 0.001
1.5 Dose administration
Single dose 20 —1.48 (—=1.94, —1.01) 39.55 52% 0.004
Repeat dose 6 —2.11(-3.27, —0.95) 15.41 68% 0.009

TABLE 4 | Stratified meta-analysis of heterogeneity on neurobehavioral score.

Subgroup analysis No. of studies SMD (95%Cl) Heterogeneity test

Q ? p
1.1 Method to induce SAH
endovascular perforation 11 2.65 (1.99, 3.31) 63.94 84% <0.001
autogenous blood 2 1.88 (0.93, 2.84) 0.78 0% 0.38
1.2 Anesthetic drugs
pentobarbital 10 2.39(1.86, 2.92) 33.95 73% <0.001
ketamine 1.88(0.983, 2.84) 0.78 0% 0.38
isoflurane 1 4.95 (4.08, 5.88)
1.3 Dosage of melatonin
5 mg/kg 1 2.85(1.89, 3.80)
10 mg/kg 3 1.91 (0.55, 3.28) 9.56 79% 0.008
15 mg/kg 1 1.58 (0.41, 2.74)
150 mg/kg 8 2.87 (2.09, 3.65) 46.63 85% <0.001
1.4 Dose administration
Single dose 9 2.56 (1.80, 3.32) 60.84 87% <0.001
Repeat dose 2.57 (1.77,38.37) 4.69 36% 0.20

Interpretation of Subgroup Analysis

As a basic type of stroke, SAH has received more and more
attention because of its high morbidity and mortality. The early-
stage-damage of SAH is related mainly to the impaired brain
autoregulation. The subsequent cerebral vasospasm/delayed
cerebral ischemia significantly affects patients’ prognosis (35,
36). As a non-toxic antioxidant, melatonin has attracted much
attention because of good tolerance and high penetration level
through the blood-brain barrier. It is generally believed that

melatonin can exert its neuroprotective effects on SAH in
many aspects. On the one hand, melatonin can enhance early-
stage brain autoregulation through inhibiting sympathetic nerve
activity, mediating myogenic response, alleviating hypoxemia,
and regulating metabolism. On the other hand, melatonin plays
an antioxidant role to protect endothelial cell function, increase
nitric oxide availability, and relieve vasospasm/delayed cerebral
ischemia (37). In this study, melatonin presented significant
effects on improving neurological score and ameliorating
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cerebral edema. Nevertheless, due to obvious heterogeneity of
the result, the next step of subgroup analysis was performed.
The results show that methodological differences including
modeling methods, anesthetic drugs, the dosage of melatonin,
and dose administration have contributed to the heterogeneity
of the results.

For brain water content, the results of the subgroup analysis
showed that melatonin has a higher efficacy in the high study
quality group. Previous studies have found that research quality
has a significant impact on the outcome; it is easier to exaggerate
the effect size in low-quality studies (38, 39). However, some
studies believe that the research quality has no significant
influence on the effect size (40). In our meta-analysis, although
the high-quality studies show better results compared with the
low-quality studies, more research is needed to get a positive
result, considering the limited number of low-quality studies.

There is no clear relationship between the modeling methods
and effect size. For brain water content, the autologous
blood injection model achieved a better result with no
statistical significance, but the opposite results were achieved
in the neurobehavioral score group, wherein the endovascular
perforation model was more effective. At present, no animal
model can simulate the physiological conditions of human
subarachnoid hemorrhage. For the autologous blood injection
model, the volume of blood and the injection site varied in
different studies. For the endovascular perforation model, the
sutures used for puncture were different. Besides, the types of rats
and animal weights included in our research were also not the
same. It can be considered that the lack of a unified SAH animal
model is the main reason for the differentiated results (41, 42).

Our results showed that isoflurane achieved the best effect
in both the brain water content and neurobehavioral score
groups, but the results are less reliable considering the small
sample size. In fact, the neuroprotective effects of phenobarbital,
isoflurane, and ketamine anesthetics have been widely reported
(43-45), and the specific mechanism may be related to
the anesthetic’s inhibition of GABA-a inhibitory and NMDA
excitatory receptors (46, 47). Although the effect of anesthetics
on the pathophysiological process of subarachnoid hemorrhage
is still unclear, the potential neuroprotective effect cannot be
ignored when the results are interpreted.

The dosage of melatonin ranged from 5 to 150 mg/kg. In the
brain water content group, 10 mg/kg achieved the greatest effect
size, while in the neurobehavioral score group, 150 mg/kg had
the best effect size. It is difficult to conclude at what dosage the
drug achieves the best effect due to the wide range of drugs.
Furthermore, the results showed that the repeated doses had
greater efficacy than the single doses, which indicated a short
duration of action after single-dose treatment. This may be
further related to the fact that the metabolic half-life of melatonin
in rats by oral or intravenous injection was <20 min (48).

Advantages and Limitation

Our study made a lot of effort to obtain relatively objective results.
First, this meta-analysis collected the most comprehensive
reports in this field possible, representing the most complete
analysis of the use of melatonin in SAH animal models.

Second, two experienced researchers independently evaluated
and extracted all the data studies included to reduce potential
publication bias. Finally, our results showed that both the
behavior and pathological results of SAH animal models treated
with melatonin showed significant improvement, indicating
melatonin can probably be used as a new treatment strategy in
the treatment of clinical SAH patients.

Although this study achieved positive results, the possible
shortcomings should not be ignored. First, our research only
includes the available data; some negative results are less likely
to have been published. The cut-and-fill method shows two
theoretically missing studies on the neurobehavioral score group.
Therefore, this meta-analysis may have exaggerated the effect
size. Second, the studies we included were highly heterogeneous
with an I? of 55.4 and 81.8%, which may be related to animal
species, study quality, modeling methods, anesthetics, drug
dosage, and dose administration; therefore, a further subgroup
analysis was carried out. However, due to the limited sample size
of each subgroup and insufficient statistical power, the differences
between some subgroups were not obvious. Third, our study
still lacks the findings of the effect of melatonin in SAH rat
models with specific types of diseases (such as diabetes and
hypertension). The clinical patients are more likely to present
with different types of underlying diseases, so there is still a lot
of work to be done in clinical translation.

CONCLUSION

Our research shows that melatonin can significantly improve
the behavior and pathological results of SAH animal models.
However, due to the small number of studies included in
this meta-analysis, the experimental design and experimental
method limitations should be considered when interpreting the
results. Significant clinical and animal studies are still required
to evaluate whether melatonin can be used in the adjuvant
treatment of clinical SAH patients.
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