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Abstract: Outcome prognostication after cardiac arrest (CA) is challenging. Current multimodal
prediction approaches would benefit from new biomarkers. MicroRNAs constitute a novel class of
disease markers and circulating levels of brain-enriched ones have been associated with outcome after
CA. To determine whether these levels reflect the extent of brain damage in CA patients, we assessed
their correlation with neuron-specific enolase (NSE), a marker of brain damage. Blood samples taken
48 h after return of spontaneous circulation from two groups of patients from the Targeted Temperature
Management trial were used. Patients were grouped depending on their neurological outcome at
six months. Circulating levels of microRNAs were assessed by sequencing. NSE was measured at
the same time-point. Among the 673 microRNAs detected, brain-enriched miR9-3p, miR124-3p and
miR129-5p positively correlated with NSE levels (all p < 0.001). Interestingly, these correlations were
absent when only the good outcome group was analyzed (p > 0.5). Moreover, these correlations were
unaffected by demographic and clinical characteristics. All three microRNAs predicted neurological
outcome at 6 months. Circulating levels of brain-enriched microRNAs are correlated with NSE levels
and hence can reflect the extent of brain injury in patients after CA. This observation strengthens the
potential of brain-enriched microRNAs to aid in outcome prognostication after CA.
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1. Introduction

Cardiac arrest (CA) is the third leading cause of death in industrialised countries. Prediction of
neurological outcome of comatose patients after CA is fundamental for optimal treatment for each
patient. Currently, multimodal approaches are recommended to prognosticate outcome in these
patients [1]. These strategies and their associated predictive models include several tests such as brain
computed tomography, electroencephalogram, somatosensory-evoked potentials, pupil light reflex
and the measurement of serum neuron-specific enolase (NSE) [2].

NSE has been widely studied as a prognostic biomarker after CA [3], as it is easily detectable
and independent from the effect of sedatives [4]. However, the use of this protein biomarker has a
number of limitations. First, it is accepted as marker of other non-brain diseases such as small cell lung
cancer, renal cell carcinoma and several other syndromes [5], thus, increasing the risk of false positives
results. Second, the lack of standardised protocol for assaying NSE levels [6,7] prevents the use of a
single threshold for outcome prediction. Third, since this protein is released from the brain into the
bloodstream after injury, the permeability of the brain blood barrier—variable across a spectrum of
brain injury—affects the circulating levels of NSE reflecting the extent of brain damage [8], resulting in
a lower sensitivity of NSE. Therefore, there is a need to discover new biomarkers to be combined with
existing prognostication strategies [9].

MicroRNAs (miRNAs—short single stranded non coding RNAs) are increasingly recognised as
potential disease markers. They can be found in different body fluids circulating either freely, bound to
proteins, or packaged into microvesicles where they are protected against RNase degradation [10,11].
It is noteworthy, miRNAs can be released at an earlier stage than proteins during a pathological
process and their expression levels are easily detectable using different techniques such as quantitative
PCR, microarrays and high-throughput sequencing, with high specificity and sensitivity [12]. We and
others have reported the potential of miRNAs, such as brain-enriched miR-124-3p, to aid in outcome
prognostication after out of hospital cardiac arrest [13,14]. Combined approaches using several miRNAs
appeared to provide an incremental predictive value [15]. Although it has been reported that the brain
blood barrier is disrupted within the first 24 h after return of spontaneous circulation after cardiac
arrest [16], allowing the release of miRNAs from the brain into the blood, it is still unclear whether
circulating levels of miRNAs reflect the extent of brain damage. This is a prerequisite to the value of
miRNAs as prognostic biomarkers after cardiac arrest.

To address this, we tested a potential correlation circulating levels of miRNAs and NSE measured
48 h after return of spontaneous circulation (ROSC).

2. Results

Two groups of 25 cardiac arrest patients with either a good (CPC 1) or a poor (CPC 5) neurological
outcome at 6 months were enrolled in this study. Each group had an equal percentage of males and
females (84% and 16%, respectively). Patients with a poor neurological outcome were older, had more
frequent arrhythmias, a longer time from cardiac arrest to ROSC, higher levels of brain natriuretic
peptide, creatinine, procalcitonin, S100 and NSE (Table 1).
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Small RNA sequencing was performed in plasma samples drawn 48 h after ROSC. An average
of 18.5 million reads per sample was obtained. Data are available at the Gene Expression Omnibus
under the reference GSE74198. After filtering out miRNAs expressed with less than five counts in less
than 12 samples of at least one of the two groups of patients, a total of 673 miRNAs remained and
were considered for subsequent analysis. We investigated the correlations between these miRNAs
and demographic and clinical variables including age and sex, comorbidities, arrest conditions and
laboratory measurements (i.e., all variables contained in Table 1), first in the entire group of 50 patients,
and then separately in the good and poor outcome groups. A threshold of 0.6 was used to select
significant correlations between miRNAs and continuous clinical variables, and an adjusted p-value
below 0.05 was used for categorical variables.

Table 1. Demographic and clinical characteristics of the study population.

Characteristic ALL (n = 50) Good (n = 25) Poor (n = 25) p-Value

Age 63 (59–74) 62 (59–69) 70 (60–80) 0.039
Sex 41 (82%) 21 (84%) 21 (84%) 1

COMORBIDITIES

Arterial hypertension 21 (42%) 10 (40%) 11 (44%) 1
Chronic heart failure 3 (6%) 1 (4%) 2 (8%) 1

Diabetes 3 (6%) 1 (4%) 2 (8%) 1
Ischemic heart disease 11 (22%) 3 (12%) 8 (32%) 0.17

Transient ischemic attack or stroke 4 (8%) 2 (8%) 2 (8%) 1
Asthma or chronic obstructive pulmonary disease 5 (10%) 1 (4%) 4 (16%) 0.35

Previous arrhythmia 11 (22%) 2 (8%) 9 (36%) 0.04
Previous myocardial infarction 8 (16%) 2 (8%) 6 (24%) 0.25

ARREST CONDITIONS

Bystander witnessed arrest 41 (82%) 22 (88%) 19 (76%) 0.46
Bystander cardiopulmonary resuscitation 37 (74%) 19 (76%) 18 (72%) 1

Time from CA to ROSC (minutes) 22 (19–30) 20 (17–22) 30 (22–37) 0.001
Shock on admission 8 (16%) 3 (12%) 5 (20%) 0.7

ST segment elevation myocardial infarction 29 (58%) 16 (64%) 13 (52%) 0.57
Shockable rhythm 46 (92%) 25 (100%) 21 (84%) 0.11

First monitored rhythm 44 (88%) 24 (96%) 20 (80%) 0.19

LABORATORY MEASUREMENTS

pH 7.25 (7.15–7.32) 7.29 (7.18–7.33) 7.21 (7.13–7.29) 0.221
Lactate (mmol/L) 4.9 (2.9–8.7) 4.8 (3.1–7.2) 5 (2.9–9.5) 0.992

Brain natriuretic peptide (NT-proBNP, pg/mL) 1856 (946–2932) 1327 (407–1872) 2324 (1494–4009) 0.005
Copeptin (pmol/L) 48.74 (25.4–112.87) 53.43 (27.43–119.73) 31.63 (23.63–82.95) 0.491
Creatinine (mg/dL) 0.99 (0.82–1.47) 0.9 (0.71–1.08) 1.33 (0.89–1.55) 0.007

C-reactive protein (µg/mL) 143 (102–201) 142 (115–192) 144 (100–205) 0.961
Interleukin 6 (pg/mL) 166 (74–337) 120 (73–295) 196 (77–545) 0.332

Neuron specific enolase (ng/mL) 27 (17–57) 20 (15–29) 60 (20–110) 0.003
Procalcitonin (µg/L) 1.11 (0.4–3.61) 0.64 (0.34–1.38) 3 (0.57–5.27) 0.015

S100 (S100A1B and S100BB, µg/L) 0.12 (0.07–0.21) 0.09 (0.07–0.14) 0.16 (0.1–0.26) 0.035

Median (range) or number (percentage) are shown for continuous and categorical variables, respectively. Laboratory
measurements were performed at 48 h after return of spontaneous circulation (ROSC) except for pH and lactate,
which were measured at admission. Comparisons between good and poor outcome have been performed using the
Wilcoxon signed-rank test for continuous variables or the Fisher exact test for categorical variables. p-values < 0.05
are considered significant and are in bold. CA: cardiac arrest; ROSC; return of spontaneous circulation.

In all patients, a positive correlation was found between the expression levels of three miRNAs
(miR9-3p, miR124-3p and miR129-5p) and NSE measurements at 48 h after ROSC with correlation
coefficients of 0.64, 0.69 and 0.61, respectively (Figure 1a). Among the 673 detected miRNAs, these three
miRNAs were the only ones correlated with NSE with a correlation coefficient above 0.6. When the
neurological outcome at 6 months was taken into account, the correlation coefficients between the
three miRNAs and NSE were far below 0.60 in the good outcome group (Figure 1b). Notably, in the
poor outcome group, the correlations between the three miRNAs and NSE were even stronger than
in all patients, reaching correlation coefficients of 0.86 for miR9-3p, 0.74 for miR124-3p and 0.71 for
miR129-5p (all with p < 0.001; Figure 1c).
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In addition, miR124-3p and miR129-5p were correlated with the time from cardiac arrest to ROSC
in the poor outcome group (rho = 0.66, p = 3 × 10−4; rho = 0.67, p = 3 × 10−4; respectively). In the good
outcome group, miR124-3p was detectable only in four patients with a number of reads ranging from
one to seven compared to the CPC 5 group where the number of reads raised until 140 per patient in
a total of 19 patients. Also in the good outcome, miR129-5p was not correlated with the time from
cardiac arrest to ROSC (rho = −0.04, p = 0.863). MiR9-3p was not correlated with the time from cardiac
arrest to ROSC, either in the poor outcome group (rho = 0.53, p = 0.006) or in the good outcome group
(rho = −0.19, p = 0.355). Remarkably, no significant correlation was found between the three miRNAs
and the comorbidities shown in Table 1, either in the fifty patients or in the separate outcome groups
(all adjusted p-values above 0.05).
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5p, (a) measured 48 h after ROSC in 50 patients, (b) 25 patients with good neurological outcome (CPC 
1) and (c) 25 patients with poor neurological outcome or died (CPC 5) at 6 months after cardiac arrest. 
Spearman correlation coefficients (rho) and p-values are indicated. NA = Not applicable as only few 
patients have miRNA values above the level of detection. 
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miRNAs were univariate predictors of neurological outcome (Figure 2a). This prediction was 
maintained (all p < 0.05) after adjustment with demographic and clinical variables (Figure 2b). 

Figure 1. Correlations between miRNAs and neuron-specific enolase (NSE). Scatter plot and linear
regression lines show the correlation between NSE and levels of miR9-3p, miR124-3p, and miR129-5p,
(a) measured 48 h after ROSC in 50 patients, (b) 25 patients with good neurological outcome (CPC 1)
and (c) 25 patients with poor neurological outcome or died (CPC 5) at 6 months after cardiac arrest.
Spearman correlation coefficients (rho) and p-values are indicated. NA = Not applicable as only few
patients have miRNA values above the level of detection.

Logistic regression was subsequently used to address a possible association between the three
miRNAs and neurological outcome of the 50 patients, as determined by 6-month CPC. All three
miRNAs were univariate predictors of neurological outcome (Figure 2a). This prediction was
maintained (all p < 0.05) after adjustment with demographic and clinical variables (Figure 2b).
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p = 0.01 being used as a middle point for the colour gradient. All values represented had a p-value 
below 0.05, and p-values below 0.001 were displayed as the maximum intensity of red. 

Figure 2. Association between miRNAs and neurological outcome. The association between levels of
miR9-3p, miR124-3p and miR129-5p measured 48 h after ROSC in 50 patients and neurological outcome
as attested by CPC score (1 vs. 5) at 6 months after cardiac arrest was addressed using univariate and
multivariate logistic regression. (a) Forest plot with univariate odds ratios (OR) ± 95% confidence
intervals (CI) for the prediction of neurological outcome. (b) Heat-map representing the statistical
significance of multivariate logistic regression models containing one miRNA and one demographic
or clinical variable. The coloured scale is as follows: p = 0.001 (red) and p = 0.05 (green), p = 0.01
being used as a middle point for the colour gradient. All values represented had a p-value below 0.05,
and p-values below 0.001 were displayed as the maximum intensity of red.
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3. Discussion

This study was designed to address the correlation between circulating miRNAs and brain-injury
in patients after cardiac arrest. We report strong correlations between the circulating levels of three
brain-enriched miRNAs—miR9-3p, miR124-3p and miR129-5p—and NSE, suggesting that these
miRNAs might reflect the extent of brain damage. In addition, these miRNAs were associated with
neurological outcome and survival at 6 months. These observations support the value of brain-enriched
miRNAs to aid in outcome prediction after cardiac arrest.

The correlation between miRNAs and NSE was only observed in patients with poor neurological
outcome, i.e., in patients with severe brain injury. This observation strengthens the assumption
that circulating levels of brain-enriched miRNAs reflect the extent of brain damage. The absence of
significant correlation between miRNAs and comorbidities suggests that levels of miRNAs are not
affected by the studied comorbidities, supporting a clinically relevant prognostic value, as shown in
logistic regression analyses.

When adjusting with NSE in multivariate analyses, the statistical significance of each predictive
model including miRNAs was reduced, especially for miR9-3p which was very close to the threshold
for significance (p = 0.040), consistently with the strong correlation with NSE observed in Figure 1.
Similarly, the prediction capacity of the miRNAs was reduced after adjustment with the time from
cardiac arrest to ROSC, strengthening the correlation between circulating levels of miRNAs and brain
damage. However, the adjustment did not cancel the predictive capacity of miRNAs, which supports
an added predictive value of miRNAs to existing predictive variables and biomarkers in multimodal
approaches, as previously reported [13,15].

MiR9-3p, miR124-3p and miR129-5p are involved in different physiological and/or pathological
processes such as brain development, differentiation, plasticity and cancer [17–21]. Hence, their presence—
or increased levels—in the blood after cardiac arrest most probably mirrors the disruption of the blood
brain barrier and cellular dysfunction or death in the brain after cardiac arrest.

This short study has some limitations. The number of patients enrolled was limited to a subset of
50 patients selected from the Targeted Temperature Management (TTM) cohort who were enrolled in a
short RNA sequencing experiment. This low patients’ number prevented adjusting for all demographic
and clinical variables simultaneously in multivariate analysis, hence dampening the statistical power
of the study. To avoid model overfitting, we conducted sequential adjustments with only one variable
at a time. MiRNAs were measured in plasma samples while NSE was measured in the serum.
However, miRNA levels are comparable in serum and plasma in these patients. The correlation
between miRNAs and brain damage was assessed at a single time-point, 48 h after ROSC, which was
chosen for consistency with previous studies [13,15,22] and because NSE reaches maximal levels at
this time-point and achieves the highest prognostic value [3]. Some patients with co-morbidities
may have died from other causes than brain injury which might impact the correlation between
miRNAs and NSE. Angiography was performed in 66% of the studied patients at the discretion of the
physician. An association between severe coronary stenosis and mortality cannot be ruled out. Lastly,
the 50 patients enrolled in this study were treated at 33 ◦C and it would be interesting to address the
correlation with NSE in patients treated at 36 ◦C, although NSE has not been shown to be significantly
affected by target temperature [3].

4. Materials and Methods

4.1. Patients

A subgroup of patients from the Targeted Temperature Management trial (TTM-trial) was used in
the present study. Detailed information about the TTM-trial’s design, recruitment, protocol and results
has been published elsewhere [23,24]. The trial is registered at www.clinicaltrials.gov (NCT01020916)
and was approved by ethical committees of the different participating countries. Informed consent
was waived or obtained from each participant or relatives, according to the legislation in each country

www.clinicaltrials.gov
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and in line with the declaration of Helsinki. The primary end-point of the TTM-trial was survival
until end of trial and the main secondary outcome was neurological outcome at 6 months after cardiac
arrest, as defined by the cerebral performance category (CPC) score. Patients with 6-month CPC scores
of 1 or 2 were considered as having a good neurological outcome and patients with 6-month CPC
scores of 3 to 5 were considered as having a poor neurological outcome [25].

For the present study, we considered a subset of fifty patients that exhibited either a good (CPC 1)
or a poor neurological outcome or died (CPC 5) within the 6 months after cardiac arrest (25 patients per
group). These two groups of patients have been used in a previous study and had similar demographic
and clinical features than the entire TTM cohort [13]. The fifty patients received targeted therapeutic
treatment at 33 ◦C.

4.2. Small RNA Sequencing

Small RNA sequencing was performed in the groups of 25 patients at Exiqon Services following
in-house protocols. Detailed methods have been previously published [13]. Briefly, total RNA was
extracted from 400 µL of plasma obtained 48 h after ROSC, digested with proteinase K, checked for
quality, and used to prepare sequencing libraries. Libraries were subjected to single-end sequencing of
50 nucleotides fragments on the NextSeq 500 Illumina platform. Sequencing reads were mapped to
miRBase version 20 containing 1871 human precursor sequences and 2772 human mature miRNAs [26].
Sequencing data were filtered, considering only miRNAs expressed with more than 5 counts in at least
12 samples of at least one of the outcome groups. MiRNA levels are expressed as number of transcripts
per million reads.

4.3. Neuron-Specific Enolase

Measurements of NSE levels in serum samples obtained 48 h after ROSC have been conducted six
months after completion of the trial in a core laboratory of the Centre Hospitalier de Luxembourg. Haemolysis
was assessed and all samples had a haemolysis index below 500 ng/mL of haemoglobin. NSE levels were
determined using a COBAS e601 apparatus with an Electro-Chemi-Luminescent-Immuno-Assay kit from
Roche Diagnostics (Rotkreuz, Switzerland). The measuring range was 0.05–370 ng/mL and samples above
the upper limit were diluted and reassessed. Assay sensitivity was 0.25 ng/mL and normal values were
<17.0 ng/mL.

4.4. Statistical Analysis

Correlation analyses were performed using Spearman correlation for continuous variables and
logistic regression for categorical variables. For continuous variables, a correlation coefficient below
or above 0.6 was used as threshold for significance. For categorical variables, an adjusted p-value
(Benjamini-Hochberg step-up false discovery rate) below 0.05 was used for statistical significance.
For univariate and multivariate analyses, missing values were imputed using the R package MICE
with 10 imputations. All skewed continuous variables were log2 transformed and scaled. Logistic
regression was used to estimate the predictive value of the independent variables for neurological
outcome. Univariate models were generated with each miRNA candidate. Multivariate models were
generated with one miRNA and one clinical parameter at a time. The models were generated using the
lrm function of the rms R package.

5. Conclusions

In conclusion, circulating levels of brain-enriched miRNAs are associated with NSE levels and
hence reflect the extent of brain injury in patients after cardiac arrest. This observation strengthens the
potential of brain-enriched miRNAs to aid in outcome prognostication after cardiac arrest.



Int. J. Mol. Sci. 2020, 21, 4353 8 of 9

Author Contributions: Conceptualization, F.M.S., N.N., L.Z., J.D., P.S., P.G., D.E., C.H., M.P.W., M.K., H.F., Y.D.,
and A.S.-S.; software and analysis, F.M.S., L.Z., and A.S.-S.; resources, N.N., D.E., and Y.D.; data curation, L.Z.,
Y.D., and A.S.-S.; writing—original draft preparation, F.M.S., Y.D., and A.S.-S.; writing—review and editing,
all authors; visualization, F.M.S. and A.S.-S.; supervision, N.N., Y.D., and A.S.-S.; project administration, P.S., P.G.,
D.E., and Y.D.; funding acquisition, N.N., D.E., Y.D.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by COST (European Cooperation in Science and Technology) Action
EU-CardioRNA CA17129. F.M.S., Y.D. and A.S.S. are funded by the National Research Fund (grants #
C14/BM/8225223 and C17/BM/11613033), the Ministry of Higher Education and Research, and the Heart
Foundation—Daniel Wagner of Luxembourg.

Acknowledgments: We thank all the patients, their relatives and all staff from the recruitment sites involved in
the biomarker studies.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CA Cardiac arrest
CI Confidence intervals
CPC Cerebral Performance Category
miRNAs MicroRNAs
NSE Neuron-specific enolase
OR Odds ratio
ROSC Return of spontaneous circulation
TTM Targeted Temperature Management trial

References

1. Kim, J.H.; Kim, M.J.; You, J.S.; Lee, H.S.; Park, Y.S.; Park, I.; Chung, S.P. Multimodal approach for neurologic
prognostication of out-of-hospital cardiac arrest patients undergoing targeted temperature management.
Resuscitation 2019, 134, 33–40. [CrossRef] [PubMed]

2. Sandroni, C.; Cariou, A.; Cavallaro, F.; Cronberg, T.; Friberg, H.; Hoedemaekers, C.; Horn, J.; Nolan, J.P.;
Rossetti, A.O.; Soar, J. Prognostication in comatose survivors of cardiac arrest: An advisory statement from
the European Resuscitation Council and the European Society of Intensive Care Medicine. Intensive Care Med.
2014, 40, 1816–1831. [CrossRef] [PubMed]

3. Stammet, P.; Collignon, O.; Hassager, C.; Wise, M.P.; Hovdenes, J.; Åneman, A.; Horn, J.; Devaux, Y.;
Erlinge, D.; Kjaergaard, J.; et al. Neuron-specific enolase as a predictor of death or poor neurological
outcome after out-of-hospital cardiac arrest and targeted temperature management at 33 ◦C and 36 ◦C. J. Am.
Coll. Cardiol. 2015, 65, 2104–2114. [CrossRef] [PubMed]

4. Samaniego, E.A.; Mlynash, M.; Caulfield, A.F.; Eyngorn, I.; Wijman, C.A. Sedation confounds outcome
prediction in cardiac arrest survivors treated with hypothermia. Neurocrit. Care 2011, 15, 113–119. [CrossRef]

5. Isgro, M.A.; Bottoni, P.; Scatena, R. Neuron-specific enolase as a biomarker: Biochemical and clinical aspects.
Adv. Exp. Med. Biol. 2015, 867, 125–143.

6. Mlynash, M.; Buckwalter, M.S.; Okada, A.; Caulfield, A.F.; Venkatasubramanian, C.; Eyngorn, I.;
Verbeek, M.M.; Wijman, C.A. Serum neuron-specific enolase levels from the same patients differ between
laboratories: Assessment of a prospective post-cardiac arrest cohort. Neurocrit. Care 2013, 19, 161–166.
[CrossRef]

7. Rundgren, M.; Cronberg, T.; Friberg, H.; Isaksson, A. Serum neuron specific enolase-impact of storage and
measuring method. BMC Res. Notes 2014, 7, 726. [CrossRef]

8. Marchi, N.; Rasmussen, P.; Kapural, M.; Fazio, V.; Kight, K.; Mayberg, M.R.; Kanner, A.; Ayumar, B.;
Albensi, B.; Cavaglia, M.; et al. Peripheral markers of brain damage and blood-brain barrier dysfunction.
Restor. Neurol. Neurosci. 2003, 21, 109–121.

9. Devaux, Y.; Stammet, P.; Cardiolinc, N. What’s new in prognostication after cardiac arrest: microRNAs?
Intensive Care Med. 2018, 44, 897–899. [CrossRef]

http://dx.doi.org/10.1016/j.resuscitation.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30562594
http://dx.doi.org/10.1007/s00134-014-3470-x
http://www.ncbi.nlm.nih.gov/pubmed/25398304
http://dx.doi.org/10.1016/j.jacc.2015.03.538
http://www.ncbi.nlm.nih.gov/pubmed/25975474
http://dx.doi.org/10.1007/s12028-010-9412-8
http://dx.doi.org/10.1007/s12028-013-9867-5
http://dx.doi.org/10.1186/1756-0500-7-726
http://dx.doi.org/10.1007/s00134-017-4995-6


Int. J. Mol. Sci. 2020, 21, 4353 9 of 9

10. Izzotti, A.; Longobardi, M.; La Maestra, S.; Micale, R.T.; Pulliero, A.; Camoirano, A.; Geretto, M.; D’Agostini, F.;
Balansky, R.; Miller, M.S.; et al. Release of microRNAs into body fluids from ten organs of mice exposed to
cigarette smoke. Theranostics 2018, 8, 2147–2160. [CrossRef]

11. de Gonzalo-Calvo, D.; Iglesias-Gutierrez, E.; Llorente-Cortes, V. Epigenetic biomarkers and cardiovascular
disease: Circulating microRNAs. Rev. Esp. Cardiol. (Engl. Ed.) 2017, 70, 763–769. [CrossRef] [PubMed]

12. Kim, Y.K. Extracellular microRNAs as biomarkers in human disease. Chonnam Med. J. 2015, 51, 51–57.
[CrossRef] [PubMed]

13. Devaux, Y.; Dankiewicz, J.; Salgado-Somoza, A.; Stammet, P.; Collignon, O.; Gilje, P.; Gidlof, O.; Zhang, L.;
Vausort, M.; Hassager, C.; et al. Association of circulating microrna-124-3p levels with outcomes after
out-of-hospital cardiac arrest: A substudy of a randomized clinical trial. JAMA Cardiol. 2016, 1, 305–313.
[CrossRef] [PubMed]

14. Gilje, P.; Gidlof, O.; Rundgren, M.; Cronberg, T.; Al-Mashat, M.; Olde, B.; Friberg, H.; Erlinge, D. The brain-
enriched microRNA miR-124 in plasma predicts neurological outcome after cardiac arrest. Crit. Care 2014,
18, R40. [CrossRef]

15. Devaux, Y.; Salgado-Somoza, A.; Dankiewicz, J.; Boileau, A.; Stammet, P.; Schritz, A.; Zhang, L.; Vausort, M.;
Gilje, P.; Erlinge, D.; et al. Incremental value of circulating mir-122-5p to predict outcome after out of hospital
cardiac arrest. Theranostics 2017, 7, 2555–2564. [CrossRef]

16. Park, J.S.; You, Y.; Min, J.H.; Yoo, I.; Jeong, W.; Cho, Y.; Ryu, S.; Lee, J.; Kim, S.W.; Cho, S.U.; et al. Study on
the timing of severe blood-brain barrier disruption using cerebrospinal fluid-serum albumin quotient in
post cardiac arrest patients treated with targeted temperature management. Resuscitation 2019, 135, 118–123.
[CrossRef]

17. Ma, Q.; Zhang, L.; Pearce, W.J. MicroRNAs in brain development and cerebrovascular pathophysiology.
Am. J. Physiol. Cell Physiol. 2019, 317, C3–C19. [CrossRef]

18. Sim, S.E.; Lim, C.S.; Kim, J.I.; Seo, D.; Chun, H.; Yu, N.K.; Lee, J.; Kang, S.J.; Ko, H.G.; Choi, J.H.; et al.
The brain- enriched microrna mir-9-3p regulates synaptic plasticity and memory. J. Neurosci. 2016, 36,
8641–8652. [CrossRef]

19. Zeng, A.; Yin, J.; Li, Y.; Li, R.; Wang, Z.; Zhou, X.; Jin, X.; Shen, F.; Yan, W.; You, Y. MiR-129-5p targets Wnt5a
to block PKC/ERK/NF-kappaB and JNK pathways in glioblastoma. Cell Death Dis. 2018, 9, 394. [CrossRef]

20. Wu, C.; Zhang, X.; Chen, P.; Ruan, X.; Liu, W.; Li, Y.; Sun, C.; Hou, L.; Yin, B.; Qiang, B.; et al. MicroRNA-129
modulates neuronal migration by targeting Fmr1 in the developing mouse cortex. Cell Death Dis. 2019,
10, 287. [CrossRef]

21. Rajman, M.; Metge, F.; Fiore, R.; Khudayberdiev, S.; Aksoy-Aksel, A.; Bicker, S.; Ruedell Reschke, C.; Raoof, R.;
Brennan, G.P.; Delanty, N.; et al. A microRNA-129-5p/Rbfox crosstalk coordinates homeostatic downscaling
of excitatory synapses. EMBO J. 2017, 36, 1770–1787. [CrossRef] [PubMed]

22. Stammet, P.; Goretti, E.; Vausort, M.; Zhang, L.; Wagner, D.R.; Devaux, Y. Circulating microRNAs after
cardiac arrest. Crit. Care Med. 2012, 40, 3209–3214. [CrossRef] [PubMed]

23. Nielsen, N.; Wetterslev, J.; Al-Subaie, N.; Andersson, B.; Bro-Jeppesen, J.; Bishop, G.; Brunetti, I.; Cranshaw, J.;
Cronberg, T.; Edqvist, K.; et al. Target temperature management after out-of-hospital cardiac arrest—A
randomized, parallel-group, assessor-blinded clinical trial–rationale and design. Am. Heart J. 2012, 163,
541–548. [CrossRef]

24. Nielsen, N.; Wetterslev, J.; Cronberg, T.; Erlinge, D.; Gasche, Y.; Hassager, C.; Horn, J.; Hovdenes, J.;
Kjaergaard, J.; Kuiper, M.; et al. Targeted temperature management at 33 degrees C versus 36 degrees C after
cardiac arrest. N. Engl. J. Med. 2013, 369, 2197–2206. [CrossRef] [PubMed]

25. Jennett, B.; Bond, M. Assessment of outcome after severe brain damage: A practical scale. Lancet 1975, 305,
480–484. [CrossRef]

26. Kozomara, A.; Griffiths-Jones, S. MiRBase: Integrating microRNA annotation and deep-sequencing data.
Nucleic Acids Res. 2011, 39, D152–D157. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7150/thno.22726
http://dx.doi.org/10.1016/j.recesp.2017.02.027
http://www.ncbi.nlm.nih.gov/pubmed/28623159
http://dx.doi.org/10.4068/cmj.2015.51.2.51
http://www.ncbi.nlm.nih.gov/pubmed/26306299
http://dx.doi.org/10.1001/jamacardio.2016.0480
http://www.ncbi.nlm.nih.gov/pubmed/27438111
http://dx.doi.org/10.1186/cc13753
http://dx.doi.org/10.7150/thno.19851
http://dx.doi.org/10.1016/j.resuscitation.2018.10.026
http://dx.doi.org/10.1152/ajpcell.00022.2019
http://dx.doi.org/10.1523/JNEUROSCI.0630-16.2016
http://dx.doi.org/10.1038/s41419-018-0343-1
http://dx.doi.org/10.1038/s41419-019-1517-1
http://dx.doi.org/10.15252/embj.201695748
http://www.ncbi.nlm.nih.gov/pubmed/28487411
http://dx.doi.org/10.1097/CCM.0b013e31825fdd5e
http://www.ncbi.nlm.nih.gov/pubmed/22890253
http://dx.doi.org/10.1016/j.ahj.2012.01.013
http://dx.doi.org/10.1056/NEJMoa1310519
http://www.ncbi.nlm.nih.gov/pubmed/24237006
http://dx.doi.org/10.1016/S0140-6736(75)92830-5
http://dx.doi.org/10.1093/nar/gkq1027
http://www.ncbi.nlm.nih.gov/pubmed/21037258
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Patients 
	Small RNA Sequencing 
	Neuron-Specific Enolase 
	Statistical Analysis 

	Conclusions 
	References

