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ABSTRACT
Cardiac arrest (CA) is one of the leading lethal factors. Despite cardiopulmonary 

resuscitation (CPR) procedure has been consecutively improved and lots of new 
strategies have been developed, neurological outcome of the patients experienced 
CPR is still disappointing. Ribonuclease (RNase) has been demonstrated to have 
neuroprotective effects in acute stroke and postoperative cognitive impairment, 
possibly through acting against endogenous RNA that released from damaged tissue. 
However, the role of RNase in post-cardiac arrest cerebral injury is unknown. In 
the present study, we investigated the role of RNase in neurological outcome of 
mice undergoing 5 minutes of CA and followed by CPR. RNase or the same dosage 
of normal saline was administrated. We found that RNase administration could: 1) 
improve neurologic score on day 1 and day 3 after CA/CPR performance; 2) improve 
memory and learning ability on day 3 after training in contextual fear-conditioning 
test; 3) reduce extracellular RNA (exRNA) level in plasma and hippocampus tissue, 
and hippocampal cytokines mRNA production on day 3 after CA/CPR procedure; 4) 
attenuate autophagy levels in hippocampus tissue on day 3 after CA/CPR procedure. 
In conclusion, RNase could improve neurological function by reducing inflammation 
response and autophagy in mice undergoing CA/CPR.

INTRODUCTION

Even though the cardiopulmonary resuscitation 
(CPR) performance is increasingly perfect, survival rate 
and neurological function of patients underwent cardiac 
arrest (CA) and CPR remain poor. Each year, around 
half-million people experienced sudden CA in the United 
States, and only 10.6% of out-of hospital CA patients 
survived to hospital discharge [1]. Most of the patients 
admitted into intensive care unit (ICU) developed severe 

neurological defect and other multi-organ dysfunction 
after return of spontaneous circulation (ROSC), which is 
defined as post-CA syndrome [2]. Of note, post-cardiac 
arrest cerebral injury is a crucial factor that results in high 
mortality and morbidity. Evidence has shown that cerebral 
injury led to a death rate of 68% among out-of-hospital 
CA patients, and 23% among in-hospital CA patients [3]. 
The underlying mechanism of post resuscitation organ 
dysfunction may relate to early systemic inflammatory 
response [4]. Previous study showed that circulating 

                               Research Paper



Oncotarget53085www.impactjournals.com/oncotarget

cytokines were significantly increased in non-survivors 
versus survivors after successful CPR [5]. Previously, 
there were lots of attempts to decrease whole body 
ischemia/reperfusion (I/R) injury after CA and CPR [6, 7]. 
And targeted temperature management and organ specific 
support are acknowledged as the effective approaches to 
improve neurologic outcome and survival rate of patients 
underwent CA and CPR [8, 9]. Abella et al. also proved 
that intra-arrest hypothermia could improve survival rate 
and neurological outcome in a mouse model of CA [10]. 
However, effective drug that could attenuate neurological 
dysfunction and improve cognition of those patients is still 
lacking.

Both clinical trials and basic experiments showed 
that systemic inflammatory response and excessive 
autophagy played an important role in pathophysiological 
processes after CA and CPR. Peberdy et al. demonstrated 
that early inflammatory markers, including interleukin-6 
(IL-6) and interleukin-8 (IL-8) were significantly higher 
in out-of-hospital CA patients with poor neurologic 
outcome [11]. In addition, increased evidence showed that 
neuroinflammation played a central role in brain injury 
after cerebral I/R [12, 13]. Emerging evidence also showed 
a great importance of autophagy on determining cellular 
fate. Autophagy participates many physiological processes, 
including metabolism, aging and development [14]. 
However, excessive autophagy triggered by cellular stress 
and damage is an important pathological process leading 
to cell death. Previous studies have shown that excessive 
autophagy could result in cell death after CA and CPR 
[15, 16]. Preissner et al. demonstrated that extracellular 
RNA (exRNA), released from damaged cells, played 
a role in blood coagulation and vascular homeostasis 
[17, 18]. The authors also found that exRNA acted as a 
pro-inflammatory mediator and was involved in various 
diseases states, including inflammation and immunity 
process, cardiovascular diseases, neurological diseases and 
tumor progression [19–22]. Recent studies also found that 
exRNA promoted inflammatory response and apoptosis in 
myocardial I/R injury and lung I/R injury [23, 24]. Of note, 
there are scholars raised the idea that exRNA also played 
an important role in postoperative cognitive dysfunction 
(POCD) [25]. Furthermore, plasma miRNA124-3p has 
been reported to be associated with outcomes of patients 
after CA, and a reliable predictor for neurological outcome 
[26, 27]. Previously, ribonuclease (RNase), the counterpart 
of RNA, has been demonstrated to have protective effects 
on cardiac injury following myocardial I/R [23, 28], and 
pulmonary damage during lung I/R injury [24]. It is worth 
noting that RNase also exhibited potent neuroprotective 
effects on acute stroke and unilateral nephrectomy induced 
POCD through reducing inflammation and apoptosis 
[21, 29]. However, it is unknown that whether RNase 
treatment could attenuate neurological dysfunction and 
improve survival after resuscitation. 

Therefore, this study was designed to investigate the 
effect of RNase treatment on the neurological outcome 
in CA/CPR mice model. We evaluated neurological 
condition through neurologic score and neurological 
behavioral test, and calculated survival rate. Furthermore, 
we explored the possible mechanisms of RNase treatment 
on neuroprotection in mice experienced CA and CPR.

RESULTS

Global characteristics of mice underwent CA/
CPR procedure

CA was induced by intravenous injection of 
potassium chloride. CPR was conducted after 5 minutes 
of whole body ischemia. RNase or same dosage of 
normal saline was given to mice. Schematic outline of 
CA/CPR performance and electrocardiograms (ECGs) in 
different stages during CA/CPR procedure were showed 
in Figure 1. All mice exhibited ROSC after 5 minutes 
of potassium chloride-induced CA followed by external 
chest compression, epinephrine injection and mechanical 
ventilation support. There were no differences for baseline 
characteristics between the CA/CPR plus RNase (RNCA/
CPR) group and the CA/CPR plus normal saline (NSCA/
CPR) group, such as body weight, body temperature 
and heart rate. Moreover, the time of external chest 
compression and dosage of epinephrine injection were 
similar between two groups (Table 1). 

RNase improved neurological function as well as 
memory and learning ability in mice underwent 
CA/CPR

We evaluated neurological function of mice through 
6 aspects: consciousness, corneal reflex, respiratory 
model, righting reflex, coordination and movement/
activity. Neurologic score was significantly decreased on 
day 1 and day 3 after CA/CPR performance compared 
to sham procedure (Figure 2A, 2B, ****P < 0.0001), 
suggesting a significant neurological impairment due to 
whole-body I/R injury. RNase treatment could improve 
neurological outcome of mice on day 1 after CA/CPR 
performance (Figure 2A, 9.92 ± 0.31 vs. 8.71 ± 0.40 in the 
RNCA/CPR group and the NSCA/CPR group, *P < 0.05).  
Similarly, mice in the RNCA/CPR group had higher 
neurologic score compared with the NSCA/CPR group on 
day 3 after CA/CPR performance (Figure 2B, 9.82 ± 0.40  
vs. 8.47 ± 0.58, *P < 0.05). Moreover, the neurologic 
score of mice in the RNCA/CPR group remained 
significant lower compared to that of sham surgery plus 
RNase (RNSham) group. In fear-conditioning test, there 
was a significant reduced percentage of freezing time 
in the CA/CPR groups compared with the sham groups. 
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However, the RNCA/CPR group exhibited an increased 
freezing behavior compared with the NSCA/CPR group 
(Figure 3, percentage of freezing time was 32.21% ± 
5.75 vs. 16.16% ± 2.51, *P < 0.05), showing a better 
memory and learning ability. There were no significant 
differences in both neurologic score and percentage 
of freezing time between the NSSham group and the 
RNSham group. 

RNase reduced cytokines expression in 
hippocampus tissue on day 3 after CA/CPR

CA/CPR performance significantly increased 
the expressions of chemokine (C-X-C motif) ligand 1 
(CXCL-1) and monocyte chemotactic protein 1 (MCP-1)  
at mRNA level in hippocampus tissue on day 3 after 
CPR compared to the sham groups (Figure 4, **P < 0.01, 

Figure 1: Schematic outline of cardiac arrest and cardiopulmonary resuscitation and ECGs in different stages during 
cardiac arrest and cardiopulmonary resuscitation procedure. (A) Schematic outline of CA and CPR and RNase administration. 
(B) ECGs in four stages during CA and CPR: before CA (a), potassium chloride induced CA (b), ROSC (c) and two hours after CA (d). CA, 
cardiac arrest; CPR, cardiopulmonary resuscitation; ROSC, return of spontaneous circulation.
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Table 1: Global characteristics of cardiac arrest and cardiopulmonary resuscitation procedure 
RNCA/CPR NSCA/CPR

n = 29 n = 29

Baseline parameters

Body weight (g) 24.23 ± 0.20 24.07 ± 0.24

Body temperature (°C) 36.93 ± 0.08 36.84 ± 0.08

Heart rate before CA (bpm) 214.90 ± 13.27 226.00 ± 7.12

Parameters of CA/CPR

Time to achieve ROSC (s) 89.49 ± 7.98 97.12 ± 8.08
ROSC% 100 100
Dosage of epinephrine injection (μg) 8.90 ± 0.07 8.84 ± 0.10
Parameters after CA/CPR
Heart rate at 5 min after CPR (bpm) 570 ± 16 577 ± 13

Body temperature at 5 min after CPR (°C) 36.80 ± 0.06 36.92 ± 0.05

Heart rate at 1 h after CPR (bpm) 250 ± 19 267 ± 21

Body temperature at 1 h after CPR (°C) 37.01 ± 0.06 37.11 ± 0.07

Heart rate at 2 h after CPR (bpm) 412 ± 33 424 ± 27

Body temperature at 2 h after CPR (°C) 37.12 ± 0.12 37.00 ± 0.09

Ventilation time after CPR 127.30 ± 3.72 129.10 ± 2.02

Baseline parameters, parameters of CA/CPR and parameters after CA/CPR procedure were similar between RNCA/CPR 
group and NSCA/CPR group. CA/CPR, cardiac arrest and cardiopulmonary resuscitation; ROSC, return of spontaneous 
circulation; RNCA/CPR, CA/CPR plus RNase; NSCA/CPR, CA/CPR plus normal saline.

Figure 2: Neurologic score on day 1 (A) and day 3 (B) after successful resuscitation. Neurological function was evaluated from 6 
aspects: consciousness, corneal reflex, righting reflex, respiratory model, coordination and movement. Each item valued 2 points and the 
maximum score was 12 points. (A) Mean neurologic scores on day 1 after successful resuscitation in four groups. (B) Mean neurologic 
scores on day 3 after successful resuscitation in four groups. *P < 0.05, ****P < 0.0001. Data are presented as mean ± SEM (n = 29 per 
CA/CPR group, n = 14 per sham group). CA/CPR, cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; 
RNSham, sham plus RNase; NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus RNase.
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Figure 4: Cytokine expression in hippocampus tissue on day 3 after cardiac arrest and cardiopulmonary resuscitation. 
Brain tissue was obtained on day 3 after modeling. Expression of cytokine mRNA in hippocampus was measured by qRT-PCR. Data are 
presented as mean ± SEM (n = 3 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CXCL-1, chemokine (C-X-C motif) 
ligand 1; CXCL-2, chemokine (C-X-C motif) ligand 2; MCP-1, monocyte chemotactic protein 1; TNFα, tumor necrosis factor α; IL-6,  
interleukin-6; IL-1β, interleukin-1β; CA/CPR, cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; 
RNSham, sham plus RNase; NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus RNase.

Figure 3: Percentage of freezing time in fear-conditioning test on day 3 after training. Train conducted the day before CA/
CPR performance and test conducted on day 3 after training. Total time of test process was 274 seconds. Percentage of freezing time 
was defined as the radio of freezing time to total time of test process. Higher value indicated better memory and learning ability. Data 
are presented as mean ± SEM (n = 8 per group). *P < 0.05, ****P < 0.0001. CA/CPR, cardiac arrest and cardiopulmonary resuscitation; 
NSSham, sham plus normal saline; RNSham, sham plus RNase; NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus 
RNase.
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****P < 0.0001). In addition, this increase could be 
significantly reduced by RNase administration (Figure 4, 
***P < 0.001, ****P < 0.0001). The expressions of 
cytokine chemokine (C-X-C motif) ligand 2 (CXCL-2)  
were similar among the four groups. Inflammatory 
cytokines, including tumor necrosis factor α (TNFα), IL-6 
and interleukin-1β (IL-1β), were also significantly increased 
in the NSCA/CPR group compared to that of the NSSham 
group. And the inflammatory cytokines were decreased 
significantly by RNase treatment in mice underwent CA/
CPR (Figure 4, *P < 0.05, ***P < 0.001, ****P < 0.0001). 
There were no differences between the RNSham group and the 
NSSham group. This result suggested RNase administration 
could reduce inflammatory response on day 3 after CA/CPR.

RNase attenuated excessive autophagy in 
hippocampus tissue on day 3 after CA/CPR

Protein level of autophagy markers, including protein 
light chain-3 B (LC3B) and Beclin-1, were dramatically 
increased on day 3 after CA/CPR in hippocampus 
tissue of mice compared with the NSSham group. This 
kind of increasing level of autophagy markers could be 
significantly reduced by RNase administration (Figure 5, 
***P < 0.001), suggesting RNase administration could 

alleviate CA/CPR-induced increased level of cellular 
autophagy. Interestingly, autophagy markers were increased 
in the RNSham group compared to that of the NSSham 
group, indicating that RNase itself could also increase cell 
autophagy baseline level as an exogenous stimulation.

Immunofluorescence assays showed a higher 
intensity of LC3B staining in CA1 region of hippocampus 
tissue of mice underwent CA/CPR compared with the 
mice underwent sham surgery procedure, indicating 
excessive autophagy occurred in the NSCA/CPR group. 
And intensity of LC3B staining could be reduced by 
RNase treatment (Figure 6, *P < 0.05). Of interest, we 
also found that LC3B staining intensity was higher in the 
RNSham group compared to that of the NSSham group, 
which was similar to our western blot result (Figure 5).

RNase decreased total plasma RNA 
concentration on day 3 after CA/CPR

Mice whole blood were collected on day 3 after 
modeling. Plasma total RNA was extracted and quantified 
under a stringent RNase-free condition. The total 
plasma RNA concentration was significantly increased 
in the NSCA/CPR group compared with the NSSham 
group (Figure 7, ****P < 0.0001). RNase treatment 

Figure 5: RNase treatment decreased excessive autophagy level in hippocampus tissue of mice after cardiac arrest and 
cardiopulmonary resuscitation. (A) Protein levels of autophagy markers, including LC3B and Beclin-1. (B) Quantification of protein 
levels of autophagy markers. Data are presented as mean ± SEM (n = 6 per group). *P < 0.05, **P < 0.01, ***P < 0.001. LC3B, protein light 
chain-3 B; CA/CPR, cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; RNSham, sham plus RNase; 
NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus RNase.
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Figure 6: RNase treatment decreased LC3B immunofluorescent intensity in hippocampus tissue of mice underwent 
cardiac arrest and cardiopulmonary resuscitation. (A) Immunofluorescent photomicrographs of hippocampus tissue in different 
groups. Brain was obtained on day 3 after modeling. LC3B (green) was used to indicate autophagy level in hippocampus tissue. DAPI (blue) 
was used to stain cellular nuclei. NeuN (red) was used to locate neurons. Pictures were obtained by fluorescence microscope. (B) Relative 
band intensity of immunofluorescence in four groups. Data are presented as mean ± SEM (n = 3 per group). *P < 0.05, ****P < 0.0001. 
LC3B, protein light chain-3 B; CA/CPR, cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; RNSham, 
sham plus RNase; NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus RNase.
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significantly decreased total plasma RNA concentration 
in the RNCA/CPR group compared with the NSCA/CPR 
group (Figure 7, ****P < 0.0001). Total plasma RNA 
concentration was similar between the RNCA/CPR group 
and the NSSham group. These results suggested RNase 
administration might play a protective role in neurological 
function of mice undergoing CA/CPR through reduction 
of total plasma RNA level.

RNase reduced exRNA level in hippocampus 
tissue on day 3 after CA/CPR

To clearly demonstrate whether the beneficial effect 
of RNase is due to its extracellular enzymatic function 
to degrade extracellular RNA, we stained RNA by using 
RNASelect™ Stain and showed the RNA distribution 
in the hippocampus CA1 area of mice in four groups 
(Figure 8A). We calculated the RNA-positive area 
and found that mice in the NSSham group showed low 
exRNA level in hippocampus tissue. The exRNA levels 
were similar among sham groups, including the NSSham 
group, the RNSham group and sham surgery plus DNase 
(DNSham) group (data not show). Of note, we found 
that exRNA level was significantly increased after CA/
CPR (with normal saline treatment) compared with the 
NSSham group (Figure 8B, **P < 0.01). In addition, 
RNase had significantly reduced the exRNA level in 
hippocampus tissue of mice on day 3 after CA/CPR 
procedure (Figure 8B, *P < 0.05). The results showed that 
RNase functioned as a cerebral protector after CA/CPR by 
degrading exRNA in hippocampus tissue. Considering that 
the total plasma RNA level also decreased significantly in 
mice underwent CA/CPR with RNase treatment, RNase 
in our protocol indeed reduced exRNA in both peripheral 
circulation and central nervous system.

Effects of RNase administration on survival rate 
after CA/CPR 

The total numbers of mice in the NSSham group 
and the RNSham group were both 14. All of them were 
survived till day 3 after sham surgery. The total numbers 
of mice in the NSCA/CPR group and the RNCA/CPR 
group were both 29. In the RNCA/CPR group, The 
numbers of mice survived from CA/CPR procedure on 
day 1, day 2 and day 3 were 24, 21 and 17, respectively. 
In NSCA/CPR group, there were 21 mice survived on 
day 1 after CA/CPR procedure, 17 mice on day 2 after 
CA/CPR and 15 left on day 3 after CA/CPR. Survival 
rates on day 1 after CA/CPR were 82% and 74% in 
the RNCA/CPR group and the NACA/CPR group 
respectively. On day 2 after CA/CPR, survival rates went 
down to 72% and 58% in these two groups respectively. 
And on day 3 after CA/CPR, respective survival rates 
decreased to 58% and 51% in the RNCA/CPR group and 
the NSCA/CPR group (Figure 9). Unexpectedly, we only 
found a higher survival trend in the RNCA/CPR group, 
but failed to reach statistical significance compared with 
the NSCA/CPR group.

DISCUSSION

In the present study, we investigated the role of 
RNase in neurological function after 5 minutes of CA 
and followed by CPR performance in a mice model. We 
found that CA and CPR performance could result in severe 
neurological impairment, which could be significantly 
reduced by RNase treatment. Moreover, RNase 
administration could decrease the level of plasma RNA 
concentration, exRNA level and inflammatory cytokine 
expression in hippocampus tissue, and inhibit excessive 

Figure 7: RNase treatment reduced total plasma RNA concentration on day 3 after cardiac arrest and cardiopulmonary 
resuscitation. The concentrations of total plasma RNA were measured on day 3 after modeling in four groups. Concentrations of total 
plasma RNA were compared among all the four groups. Data are presented as mean ± SEM (n = 6 per group). ****P < 0.0001. CA/CPR, 
cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; RNSham, sham plus RNase; NSCA/CPR, CA/CPR 
plus normal saline; RNCA/CPR, CA/CPR plus RNase.
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autophagy in hippocampus tissue induced by CA/CPR. 
Also, our study revealed an increasing trend of survival 
rate in the RNCA/CPR group compared with the NSCA/

CPR group, however, not statistically different. The 3-day 
survival rate was 51% in the NSCA/CPR group and 58% 
in the RNCA/CPR group. 

Figure 8: Staining and quantitative analysis of exRNA-associated fluorescence in mouse hippocampus CA1 area on 
day 3 after cardiac arrest and cardiopulmonary resuscitation. (A) Distribution of exRNA in hippocampus CA1 area of mice in 
different groups. Brain tissue was obtained on day 3 after CA/CPR. The exRNA was stained by SYTO® RNASelect™ Green Flourescent 
Cell Stain (green), and cell nuclei were stained by DAPI (blue). Images were taken by confocal microscope. (B) Quantitative analysis of 
fluorescence intensity of exRNA in hippocampus CA1 area. Data are presented as mean ± SEM (n = 3 per group). *P < 0.05, **P < 0.01. 
CA/CPR, cardiac arrest and cardiopulmonary resuscitation; NSSham, sham plus normal saline; RNSham, sham plus RNase; NSCA/CPR, 
CA/CPR plus normal saline; RNCA/CPR, CA/CPR plus RNase; DNCA/CPR, CA/CPR plus DNase.
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There are some methodological considerations 
of our experiment. First, in our settings, 5 minutes of 
CA exhibited a marked abnormality both in neurologic 
score and in contextual fear-conditioning test, and 
increased inflammatory response as well as excessive 
autophagy level in the hippocampal tissue, although 
this CA time period seemed short. We demonstrated 
that the survival rate in the NSCA/CPR group was 51%, 
which was quantitatively similar to that of the previous 
studies [30, 31]. In our pilot study, we used potassium 
chloride-induced 5 and 8 minutes CA model. We found 
that mice underwent 5 minutes of CA has a moderate 
mortality with about 50% mice survived on day 3 after 
CA/CPR. To investigate long-term neurological outcome 
of mice survived from CA/CPR performance, we chose 
5 minutes of CA period that could provide a potential 
window of opportunity. Second, considering clinical 
settings that hypothermic treatment was not included in 
out-of hospital CPR procedure, we did not cool down 
the mice during CA and CPR period. This may lead to a 
higher mortality compared to other studies.

After successfully achieving ROSC, cerebral and 
myocardial dysfunction, systemic I/R injury and persist 
pathology lead to high mortality and morbidity induced by 
whole-body I/R injury, which is called post-cardiac arrest 
syndrome [2, 4]. Post-cardiac arrest syndrome is a kind of 
sepsis-like syndrome through activation of inflammatory 
response after whole-body I/R. Bro-Jeppesen et al. 
revealed that IL-6 was independently associated with 
increased mortality of patient underwent out-of hospital 
CA [32]. Moreover, in a CA/CPR swine model, increased 
pro-inflammatory cytokines expression, such as IL-1β 
and TNFα, were shown after resuscitation and played 
an important role in post-cardiac arrest syndrome [33]. 
Importantly, hydrogen-rich saline treatment could reduce 
the production of inflammatory cytokines, such as TNFα 
and IL-1β, after CA/CPR procedure so that it could 
improve survival condition and neurological outcome of 
rats [34]. Therefore, these studies indicated that reducing 
inflammation level might be a potential therapy to improve 
clinical outcome.

Endogenous damage-associated molecular pattern 
molecules (DAMPs), released from stressed, necrotic 
and damaged cells, could initiate innate immune reaction 
and promote inflammatory response. DAMPs, such as 
heat-shock proteins (HSPs), uric acid, high-mobility 
group box protein 1 (HMGB1), S100 proteins, DNA, 
RNA and ATP [35], has been revealed involving lots of 
pathological process, like I/R injury [36], atherosclerotic 
plaque formation [20], persistent pain [37] and tumor 
growth [38]. Of note, exRNA, one of the DAMPs, has 
been demonstrated to play a detrimental role in myocardial 
and lung I/R injury through mediation of inflammation and 
apoptosis [23, 24]. Also, previous study has shown that 
circulating miRNA, miRNA-122 and miRNA-21, were 
overexpressed in CA/CPR patients with poor neurological 
outcome [39]. In the present study, we have found that 
RNase administration could also improve outcome after 
CA and CPR through reduction of the exRNA level in 
both plasma and hippocampus tissue. The underlying 
mechanism may also be related to the inhibition of 
pro-inflammatory cytokines production, as cytokines, 
such as CXCL-1, MCP-1, IL-1β, IL-6, and TNFα were 
significantly reduced after RNase treatment on day 3 after 
CA and CPR.

Autophagy is an important intracellular 
physiological process of degrading mis-folded proteins 
and damaged organelles to maintain cellular homeostasis 
and survival [40]. It is a kind of cytoprotection against 
stress and damage. A research proved that autophagy in 
cerebral I/R process played a neuronal protective role 
by mitophagy-related mitochondria clearance [41]. In 
addition, dysfunction of autophagy is related to many 
neurodegenerative diseases [42]. On the other hand, 
emerging evidence has shown that excessive autophagy 
played a crucial role in cell death during cerebral 
ischemia [43–45], as well as CA and CPR process [15, 
16, 46]. Thus, autophagy is a double-edged sword 
and has been regarded as a main modifier of neuronal 
survival or death [47]. In our present study, we found 
that excessive autophagy level was significantly inhibited 
by RNase administration, as demonstrated by decreased 

Figure 9: Survival rates within 3 days in different groups. Observation period was 3 days after CA/CPR procedure (n = 29 per 
CA/CPR group, n = 14 per sham group). **P < 0.01, NSCA/CPR group vs. NSSham group. CA/CPR, cardiac arrest and cardiopulmonary 
resuscitation; NSSham, sham plus normal saline; RNSham, sham plus RNase; NSCA/CPR, CA/CPR plus normal saline; RNCA/CPR, CA/
CPR plus RNase.
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expression of protein levels of LC3B and Beclin-1 in 
western blot analysis, as well as LC3B staining intensity 
in immunofluorescence analysis in the RNCA/CPR group 
compared to that of the NSCA/CPR group. To our surprise, 
we also discovered that these autophagy markers were 
dramatically increased in the RNSham group, compared 
with the NSSham group. This could be explained based 
on the following study. Microinjection of RNase A into 
human fibroblasts could increase rate of uptake of protein 
in lysosomal pathway [48]. The study indicated that the 
administration of RNase A could also increase baseline 
level of autophagy in cells. Thus, we infer that RNase 
A administration could induce autophagy process in 
hippocampal tissue of mice undergoing sham procedure 
in a physiological way. Furthermore, we didn’t find RNase 
treatment had any impact on the neurologic score and 
neurological behavioral test in the sham group. Therefore, 
RNase may exhibit neuroprotective role through inhibition 
of the deleterious autophagy process activated in brain 
after CA/CPR.

Admittedly, our study also has some limitations. 
First, RNase A has a low molecular weight and a short 
half-life time in plasma, so that RNase could be cleared 
via kidney rapidly [49]. Continuously administer RNase 
could be a more effective way to digest exRNA. This 
may be the reason why the administration protocol of 
RNase in our study failed to increase survival rate but 
just improve neurological function after CA/CPR. In 
addition, some kinds of exRNA could be protected from 
digestion by microvesicles or RNA-binding proteins. In 
our present study, what kind of degree had exRNA been 
digested and what specific kind of exRNA played the 
most important role in CA/CPR process are still unclear. 
Second, the way of RNase administration in this study 
was based on previously published studies. However, 
as the unpredictable onset of sudden CA, the rescue 
window is relatively narrow. Post-conditioning is much 
more valuable under this circumstance. Further study 
is required to investigate the most suitable dosage and 
timing of RNase administration. Third, extended period 
of observation time is needed in future study to figure out 
the long-term prognosis of mice. Expectedly, survival 
rate may reach statistical difference in the RNCA/CPR 
group compared to the NSCA/CPR group as time goes 
on. Fourth, we collected blood and brain tissue only on 
day 3 after modeling. Analysis of total plasma RNA and 
exRNA in hippocampus tissue, inflammatory response 
and autophagy level at more time points may help to 
understand the detailed pathological progress better. In 
conclusion, RNase plays an important role in attenuating 
neurological dysfunction after CA/CPR. RNase could 
reduce exRNA level and systemic inflammation response, 
as well as excessive autophagy in mice model of CA/CPR. 
RNase may be a candidate agent against post-CA cerebral 
injury. However, the detailed signaling mechanisms should 
be explored in further studies.

MATERIALS AND METHODS

Experimental animals and grouping

Male C57BL/6J mice with body weight of 23–25 g  
and age of 8–12 w were purchased from Dashuo 
experimental animal company (Chengdu, China). Animals 
were raised in 12 hours’ light/dark cycle condition and 
free to laboratory water and food. Our protocol has been 
approved by Animal Care and Use Committee of Sichuan 
University (No.2015025A). This study was conducted 
with supervision of this committee and all efforts 
were made to minimize suffering of mice. Mice were 
randomized into four groups: NSSham, RNSham, NSCA/
CPR group and RNCA/CPR group. We also involved three 
mice in the DNSham group and three mice in the DNCA/
CPR group for exRNA expression analysis.

Cardiac arrest and cardiopulmonary 
resuscitation procedures

Protocol of CA/CPR procedure was based on 
previous studies [30, 50, 51] and modified according to 
the result of our pilot study. Mice were anesthetized by 
intraperitoneal (i.p.) injection of 100 μg/g ketamine and 
10 μg/g xylazine and then placed on a heating plate. 
Intubation with a 22-gauge intubation cannula and 
mechanical ventilation (Harvard Bioscience, USA) with 
respiratory frequency of 130 beat per minute (bpm), tidal 
volume of 10 μl/g and fraction of inspired oxygen (FiO2) 
of 0.4, as previous published protocol. Body temperature 
was monitored with a rectal temperature probe (Indus 
instruments, USA) during the whole procedure and 
maintained the body temperature at 37 ± 0.5°C. Needle 
probe ECG (Indus instruments, USA) was monitored 
throughout the whole procedure. A heparinized micro-PE 
catheter (PE10) was inserted into right external jugular 
vein under microscope for drug administration. 

CA was induced by bolus of 80 μg/g potassium 
chloride through micro-PE catheter. In the meantime, 
mechanical ventilation was interrupted. CA was confirmed 
through non-electrical activity appearance in ECG. 
Resuscitation was initiated after 5 minutes of CA at a 
frequency of 350–400 bpm using index finger. At the same 
time, ventilation was resumed with respiratory frequency of 
150 bpm, FiO2 of 1.0 and 0.4 μg/g epinephrine was given 
through micro-PE catheter. ROSC was confirmed through 
ECG with regular spontaneous electrical activity and visual 
heart beat at chest. Respiratory frequency was reduced to 
130 bpm and FiO2 was reduced to 0.4 at 20 minutes after 
initiation of CPR. Micro-PE catheter was removed at 1 hour 
after ROSC and incision was sutured. Mice weaned from 
mechanical ventilation at 2 hours after ROSC (Figure 1). 
Needle probe ECG and rectal temperature probe were 
removed just before extubation. Ropivacaine (0.2%, 50 μl) 
was given to prevent post-operative pain. 
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RNCA/CPR group received three doses of 
filtrated RNase A (ThermoFisher, USA): 500 μg/100 μl, 
subcutaneous (s.c.), 30 minutes before CA; 200 μg/200 μl, 
i.p., right before CA; 500 μg/100 μl, s.c., 2 hours after CA as 
previously described [23, 24, 29]. RNSham group received 
RNase A in the same way. NSCA/CPR and NSSham group 
received equal volume of normal saline at the same time 
points. Drug was injected in a blinded fashion. Mice in 
RNSham and NSSham group only undergoing anesthesia, 
intubation, mechanical ventilation, skin incision, insertion 
of micro-PE catheter and post-operative analgesia.

Neurological function test

Neurologic score

Neurological function was evaluated from the 
following 6 aspects as previously published method 
[10, 52]: consciousness (response to tail pinch), corneal 
reflex, and respiration model, righting reflex, coordination 
and movement/ activity. Within each item, mice could get 
0, 1 or 2 according to different conditions and total score 
was 12 maximally. Neurologic score was assessed by an 
observer blinded to the treatment.

Fear-conditioning test

Fear-conditioning test was used to evaluate memory 
and learning ability in rodents. Mice were trained the 
day before CA/CPR procedure as previous described 
protocol [53]. Mice were transported into behavioral test 
room and left undisturbed for 20 minutes. Each mouse was 
put into a conditioning chamber (Ugo Basile, Varese, Italy) 
exploring in context for 100s followed by conditional 
stimulus (20s-cue tone, 75dB, 5 kHz) and unconditional 
stimulus (2s-foot shock, 0.75mA). This procedure was 
repeated once time and mouse was removed 30 s later. 
Total training time was 274 s. Fear-conditioning test was 
conducted on day 3 after training as previous published 
protocol [53]. Mice were transported into training room 
and left undisturbed for 20 minutes. Mouse was placed 
into the same conditioning chamber for 274 s with context 
exploration and without cue tone and foot shock. Freezing 
behavior showed a better memory ability of aversive 
memory of foot shock. We calculated percentage of 
freeing time to evaluate the memory and learning ability 
of mice in the four groups.

Quantification of total plasma RNA 
concentration

Mouse whole blood was collected on day 3 
after CA/CPR procedure in RNase-free Eppendorf 
tubes. Whole blood was centrifuged in 4°C Cryogenic 
centrifuge at 4000 rpm for 10 minutes. Supernatant 
plasma was collected in RNase-free Eppendorf tubes. 
We used 200 μl plasma to extract (Eastep Universal RNA 

Extraction Kit) and quantify (Thermo Scientific NanoDrop 
2000 spectrophotometer) total plasma RNA. All the 
procedures were performed under a stringent RNase-free 
environment.

Quantification of exRNA level in hippocampus 
tissue

On day 3 after CA/CPR or sham surgery procedure, 
mouse brain tissue was collected after anesthesia, put into 
liquid nitrogen as soon as possible, and kept at −80°C. 
Frozen brain tissue was cut into 30 μm-thick frozen 
sections. Frozen sections were fixed with methanol for 
1 hour at 4°C and then washed by PBS. Brain frozen 
sections were stained by SYTO® RNASelect™ Green 
Flourescent Cell Stain (S32703, Molecular Probes, 
USA) for 20 minutes at 37°C and washed by PBS. DAPI 
was used to stain cellular nuclei. Confocal microscope 
(A1RMP+, Nikon, Japan) was used to detect fluorescent 
intensity of exRNA in hippocampus tissue with three 
filters under high magnification (600×). Quantification the 
exRNA staining was performed in three microscopic fields 
(600×) each section in a blinded way.

Quantification of cytokines mRNA

Mouse hippocampus tissue was collected on day 
3 after CA/CPR procedure. qRT-PCR was performed 
to quantification of cytokines mRNA expression in 
hippocampus as previously described [29]. RNA from 
hippocampus tissue was extracted with TRIzol reagent. 
Primer sequence used for qRT-PCR as previously 
described [23, 29]. qRT-PCR was performed on Eppendorf 
PCR system. 18s RNA level was used to normalize data 
in every sample. 

Western blot analysis

Protein was extracted as previously described [54]. 
Equal volume (100 μg) of protein was resolved on a 15% 
SDS-PAGE and transferred to polyvinylidene difluoride 
membrane. The membranes were intubated overnight 
at 4°C with primary antibodies, including anti-LC3B 
(192890, Abcam, England), anti-Beclin-1 (207612, 
Abcam, England) and anti-β-actin (TA-09, ZSGB, 
China) antibody. Membranes were intubated with second 
antibodies, including goat anti-rabbit IgG antibody (2B-
2301, ZSGB, China) and goat anti-mice IgG antibody 
(2B-2305, ZSGB, China). Immunoreactivity was detected 
using ECL fluorescent detection reagent. Density of 
immunoreactive bands was analyzed by NIH Image J 
software. β-actin acted as a loading control.

Immunofluorescent analysis

For detection of autophagy in hippocampal tissue, 
immunofluorescent analysis was conducted. Under deep 
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anesthesia, mice were perfused with cold PBS, followed 
with 2% paraformaldehyde and 2.5% glutaraldehyde. 
Paraffin-embedded brain tissue was cut into 10-μm-
thick coronal brain sections. Brain sections were treated 
with primary antibodies against LC3B (ab192890, 
Abcam, England) and NeuN (MAB377, Millipore, USA) 
overnight. Primary antibodies were cleared with PBS, and 
brain sections were intubated with secondary antibodies: 
Alexa Fluor® 488 donkey anti-mouse IgG (H+L) (A21202, 
ThermoFisher, USA) and Alexa Fluor® 647 donkey anti-
rabbit IgG (H+L) (A31573, ThermoFisher, USA). DAPI 
was used to stain cellular nuclei. The immunoreactivity 
was detected with a fluorescence microscope (Axio imager 
Z2, Carl Zeiss, Germany) with three filters under high 
magnification (400×). Quantification the immunoreactivity 
of LC3B staining was performed in three microscopic 
fields (400×) each section in a blinded way.

Statistical analysis

Statistical analysis was conducted on GraphPad 
Prism 7 software in a blinded fashion. All data were 
expressed as means ± SEM. Log-rank test was used to 
test data for Kaplan-Meier Survival Analysis. Student t 
test was used to analyze mean differences between two 
groups. One-way analysis of variance (ANOVA) was used 
to analyze differences among four groups. P < 0.05 was 
considered to be statistically different.
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spontaneous circulation; s.c., subcutaneous; TNFα, tumor 
necrosis factor α.

Authorsʼ contributions

Chan Chen, Bin Liu and Hai Yu conceived and 
designed the experiment. Ye Ma, Chan Chen, Shu 

Zhang, Qiao Wang, Zheng Zhang, Yan Li performed the 
experiment. Ye Ma, Chan Chen, Hai Chen, Yuanlin Dong, 
Tao Zhu and Zhendong Niu analyzed experimental data 
and wrote the paper. Chan Chen, Shu Zhang, Bin Liu, Hai 
Yu revised the paper. 

ACKNOWLEDGMENTS

The authors would like to thank Liuli Ye in 
the Department of Anesthesiology and Translational 
Neuroscience Center, West China Hospital for her 
technical support in immunofluorescence experiment.

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interests.

FUNDING

This work was supported by the National Natural 
Science Foundation of China (No. 81500937, to Dr. Chan 
Chen), and the National Natural Science Foundation of 
China (No. 81101403, to Dr. Hai Yu). 

REFERENCES

 1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, 
Blaha MJ, Cushman M, Das SR, de Ferranti S, Despres JP, 
Fullerton HJ, Howard VJ, Huffman MD, Isasi CR, 
et al. Executive Summary: Heart Disease and Stroke 
Statistics—2016 Update: A Report From the American 
Heart Association. Circulation. 2016; 133: 447–54. doi: 
10.1161/CIR.0000000000000366.

 2. Neumar RW, Nolan JP, Adrie C, Aibiki M, Berg RA, 
Bottiger BW, Callaway C, Clark RS, Geocadin RG, 
Jauch EC, Kern KB, Laurent I, Longstreth WT Jr, et al. Post-
cardiac arrest syndrome: epidemiology, pathophysiology, 
treatment, and prognostication. A consensus statement 
from the International Liaison Committee on Resuscitation 
(American Heart Association, Australian and New Zealand 
Council on Resuscitation, European Resuscitation Council, 
Heart and Stroke Foundation of Canada, InterAmerican 
Heart Foundation, Resuscitation Council of Asia, and the 
Resuscitation Council of Southern Africa); the American 
Heart Association Emergency Cardiovascular Care 
Committee; the Council on Cardiovascular Surgery and 
Anesthesia; the Council on Cardiopulmonary, Perioperative, 
and Critical Care; the Council on Clinical Cardiology; and 
the Stroke Council. Circulation. 2008; 118: 2452–83. doi: 
10.1161/CIRCULATIONAHA.108.190652.

 3. Laver S, Farrow C, Turner D, Nolan J. Mode of death 
after admission to an intensive care unit following cardiac 
arrest. Intensive Care Med. 2004; 30: 2126–8. doi: 10.1007/
s00134-004-2425-z.



Oncotarget53097www.impactjournals.com/oncotarget

 4. Geppert A, Zorn G, Karth GD, Haumer M, Gwechenberger M, 
Koller-Strametz J, Heinz G, Huber K, Siostrzonek P. Soluble 
selectins and the systemic inflammatory response syndrome 
after successful cardiopulmonary resuscitation. Crit Care 
Med. 2000; 28:2360–5.

 5. Adrie C, Adib-Conquy M, Laurent I, Monchi M, 
Vinsonneau C, Fitting C, Fraisse F, Dinh-Xuan AT, Carli P, 
Spaulding C, Dhainaut JF, Cavaillon JM. Successful 
cardiopulmonary resuscitation after cardiac arrest as a 
“sepsis-like” syndrome. Circulation. 2002; 106:562–8.

 6. Wu MJ, Zhang YJ, Yu H, Liu B. Emulsified isoflurane 
combined with therapeutic hypothermia improves survival 
and neurological outcomes in a rat model of cardiac arrest. 
Exp Ther Med. 2017; 13:891–8.

 7. Ye Z, Zhou ZY, Wang N, Guo QL. Sevoflurane 
postconditioning increases the activities of antioxidant 
enzymes and improves spatial learning and memory after 
cardiac arrest in rats. J Anesth Perioper Med. 2016; 3:149–59.

 8. Peberdy MA, Callaway CW, Neumar RW, Geocadin RG, 
Zimmerman JL, Donnino M, Gabrielli A, Silvers SM, 
Zaritsky AL, Merchant R, Vanden Hoek TL, Kronick SL, 
American Heart Association. Part 9: post-cardiac arrest 
care: 2010 American Heart Association Guidelines 
for Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care. Circulation. 2010; 122:S768–86. doi: 
10.1161/CIRCULATIONAHA.110.971002.

 9. Hypothermia after Cardiac Arrest Study Group. Mild 
therapeutic hypothermia to improve the neurologic outcome 
after cardiac arrest. N Engl J Med. 2002; 346:549–56. doi: 
10.1056/NEJMoa012689.

10. Abella BS, Zhao D, Alvarado J, Hamann K, Vanden 
Hoek TL, Becker LB. Intra-arrest cooling improves 
outcomes in a murine cardiac arrest model. Circulation. 2004; 
109:2786–91. doi: 10.1161/01.CIR.0000131940.19833.85.

11. Peberdy MA, Andersen LW, Abbate A, Thacker LR, 
Gaieski D, Abella BS, Grossestreuer AV, Rittenberger JC, 
Clore J, Ornato J, Cocchi MN, Callaway C, Donnino M, 
et al. Inflammatory markers following resuscitation from 
out-of-hospital cardiac arrest-A prospective multicenter 
observational study. Resuscitation. 2016; 103:117–24. doi: 
10.1016/j.resuscitation.2016.01.006.

12. Kuang X, Wang LF, Yu L, Li YJ, Wang YN, He Q, Chen C, 
Du JR. Ligustilide ameliorates neuroinflammation and 
brain injury in focal cerebral ischemia/reperfusion rats: 
involvement of inhibition of TLR4/peroxiredoxin 6 
signaling. Free Radic Biol Med. 2014; 71:165–75. doi: 
10.1016/j.freeradbiomed.2014.03.028.

13. Zhuang P, Wan Y, Geng S, He Y, Feng B, Ye Z, Zhou D, 
Li D, Wei H, Li H, Zhang Y, Ju A. Salvianolic Acids for 
Injection (SAFI) Suppresses Inflammatory Responses in 
Activated Microglia to Attenuate Brain Damage in Focal 
Cerebral Ischemia. J Ethnopharmacol. 2017; 198:194–204. 
doi: 10.1016/j.jep.2016.11.052.

14. Wei K, Wang P, Miao CY. A double-edged sword with 
therapeutic potential: an updated role of autophagy in 

ischemic cerebral injury. CNS Neurosci Ther. 2012; 
18:879–86. doi: 10.1111/cns.12005.

15. Lu J, Shen Y, Liu LJ, Qian HY, Zhu CL. Combining 
Epinephrine and Esmolol Attenuates Excessive Autophagy 
and Mitophagy in Rat Cardiomyocytes After Cardiac Arrest. 
J Cardiovasc Pharmacol. 2015; 66:449–56. doi: 10.1097/
FJC.0000000000000295.

16. Lu J, Qian HY, Liu LJ, Zhou BC, Xiao Y, Mao JN, An GY, 
Rui MZ, Wang T, Zhu CL. Mild hypothermia alleviates 
excessive autophagy and mitophagy in a rat model of 
asphyxial cardiac arrest. Neurol Sci. 2014; 35:1691–9. doi: 
10.1007/s10072-014-1813-6.

17. Preissner KT. Extracellular RNA. A new player in blood 
coagulation and vascular permeability. Hamostaseologie. 
2007; 27: 373–7.

18. Kannemeier C, Shibamiya A, Nakazawa F, Trusheim H, 
Ruppert C, Markart P, Song Y, Tzima E, Kennerknecht E, 
Niepmann M, von Bruehl ML, Sedding D, Massberg S, 
et al. Extracellular RNA constitutes a natural procoagulant 
cofactor in blood coagulation. Proc Natl Acad Sci USA. 
2007; 104:6388–93. doi: 10.1073/pnas.0608647104.

19. Deindl E, Fischer S, Preissner KT. New directions in 
inflammation and immunity: the multi-functional role of 
the extracellular RNA/RNase system. Indian J Biochem 
Biophys. 2009; 46:461–6.

20. Simsekyilmaz S, Cabrera-Fuentes HA, Meiler S, Kostin S, 
Baumer Y, Liehn EA, Weber C, Boisvert WA, Preissner KT, 
Zernecke A. Role of extracellular RNA in atherosclerotic 
plaque formation in mice. Circulation. 2014; 129:598–606. 
doi: 10.1161/CIRCULATIONAHA.113.002562.

21. Walberer M, Tschernatsch M, Fischer S, Ritschel N, 
Volk K, Friedrich C, Bachmann G, Mueller C, Kaps M, 
Nedelmann M, Blaes F, Preissner KT, Gerriets T. RNase 
therapy assessed by magnetic resonance imaging reduces 
cerebral edema and infarction size in acute stroke. Curr 
Neurovasc Res. 2009; 6:12–9.

22. Fischer S, Gesierich S, Griemert B, Schanzer A, Acker T, 
Augustin HG, Olsson AK, Preissner KT. Extracellular RNA 
liberates tumor necrosis factor-alpha to promote tumor cell 
trafficking and progression. Cancer Res. 2013; 73:5080–9. 
doi: 10.1158/0008-5472.CAN-12-4657.

23. Chen C, Feng Y, Zou L, Wang L, Chen HH, Cai JY, Xu JM, 
Sosnovik DE, Chao W. Role of extracellular RNA and 
TLR3-Trif signaling in myocardial ischemia-reperfusion 
injury. J Am Heart Assoc. 2014; 3:e000683. doi: 10.1161/
JAHA.113.000683.

24. Zhang XY, Chen C, Bai YP, Ma G, Zhang YB, Liu B. RNase 
attenuates acute lung injury induced by ischemia-reperfusion 
in mice. Int Immunopharmacol. 2016; 40:288–93.  
doi: 10.1016/j.intimp.2016.09.007.

25. Chen C, Cheng X, Li J, Chen H, Zhang S, Dong Y, Gan L, 
Liu J, Zhu T. Extracellular RNAs as a chemical initiator 
for postoperative cognitive dysfunction. Med Hypotheses. 
2016; 94:47–50. doi: 10.1016/j.mehy.2016.06.014.



Oncotarget53098www.impactjournals.com/oncotarget

26. Devaux Y, Dankiewicz J, Salgado-Somoza A, Stammet P, 
Collignon O, Gilje P, Gidlof O, Zhang L, Vausort M, 
Hassager C, Wise MP, Kuiper M, Friberg H, 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; 1:305–13. doi: 10.1001/jamacardio.2016.0480.

27. 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. doi: 10.1186/cc13753.

28. Cabrera-Fuentes HA, Ruiz-Meana M, Simsekyilmaz S, 
Kostin S, Inserte J, Saffarzadeh M, Galuska SP, Vijayan V, 
Barba I, Barreto G, Fischer S, Lochnit G, Ilinskaya ON, 
et al. RNase1 prevents the damaging interplay between 
extracellular RNA and tumour necrosis factor-alpha in 
cardiac ischaemia/reperfusion injury. Thromb Haemost. 
2014; 112:1110–9. doi: 10.1160/TH14-08-0703.

29. Chen C, Cai J, Zhang S, Gan L, Dong Y, Zhu T, Ma G, Li 
T, Zhang X, Li Q, Cheng X, Wu C, Yang J, et al. Protective 
Effect of RNase on Unilateral Nephrectomy-Induced 
Postoperative Cognitive Dysfunction in Aged Mice. PLoS 
One. 2015; 10:e0134307. doi: 10.1371/journal.pone.0134307.

30. Menzebach A, Bergt S, von Waldthausen P, Dinu C, 
Noldge-Schomburg G, Vollmar B. A comprehensive study 
of survival, tissue damage, and neurological dysfunction 
in a murine model of cardiopulmonary resuscitation after 
potassium-induced cardiac arrest. Shock. 2010; 33:189–96. 
doi: 10.1097/SHK.0b013e3181ad59a3.

31. Xu L, Zhang Q, Zhang QS, Li Q, Han JY, Sun P. Improved 
Survival and Neurological Outcomes after Cardiopulmonary 
Resuscitation in Toll-like Receptor 4-mutant Mice. Chin Med 
J (Engl). 2015; 128:2646–51. doi: 10.4103/0366-6999.166024.

32. Bro-Jeppesen J, Kjaergaard J, Wanscher M, Nielsen N, 
Friberg H, Bjerre M, Hassager C. Systemic Inflammatory 
Response and Potential Prognostic Implications After 
Out-of-Hospital Cardiac Arrest: A Substudy of the Target 
Temperature Management Trial. Crit Care Med. 2015; 
43:1223–32. doi: 10.1097/CCM.0000000000000937.

33. Niemann JT, Rosborough JP, Youngquist S, Shah AP, 
Lewis RJ, Phan QT, Filler SG. Cardiac function and the 
proinflammatory cytokine response after recovery from 
cardiac arrest in swine. J Interferon Cytokine Res. 2009; 
29:749–58. doi: 10.1089/jir.2009.0035.

34. Huo TT, Zeng Y, Liu XN, Sun L, Han HZ, Chen HG, 
Lu ZH, Huang Y, Nie H, Dong HL, Xie KL, Xiong LZ. 
Hydrogen-rich saline improves survival and neurological 
outcome after cardiac arrest and cardiopulmonary 
resuscitation in rats. Anesth Analg. 2014; 119:368–80. doi: 
10.1213/ANE.0000000000000303.

35. Kono H, Rock KL. How dying cells alert the immune 
system to danger. Nat Rev Immunol. 2008; 8:279–89. doi: 
10.1038/nri2215.

36. Pardo M, Budick-Harmelin N, Tirosh B, Tirosh O. 
Antioxidant defense in hepatic ischemia-reperfusion injury 

is regulated by damage-associated molecular pattern signal 
molecules. Free Radic Biol Med. 2008; 45:1073–83. doi: 
10.1016/j.freeradbiomed.2008.06.029.

37. Kato J, Svensson CI. Role of extracellular damage-
associated molecular pattern molecules (DAMPs) as 
mediators of persistent pain. Prog Mol Biol Transl Sci. 
2015; 131:251–79. doi: 10.1016/bs.pmbts.2014.11.014.

38. Srikrishna G, Freeze HH. Endogenous damage-associated 
molecular pattern molecules at the crossroads of 
inflammation and cancer. Neoplasia. 2009; 11:615–28.

39. Stammet P, Goretti E, Vausort M, Zhang L, Wagner DR, 
Devaux Y. Circulating microRNAs after cardiac arrest. 
Crit Care Med. 2012; 40:3209–14. doi: 10.1097/
CCM.0b013e31825fdd5e.

40. Gabryel B, Kost A, Kasprowska D. Neuronal autophagy in 
cerebral ischemia—a potential target for neuroprotective 
strategies? Pharmacol Rep. 2012; 64:1–15.

41. Zhang X, Yan H, Yuan Y, Gao J, Shen Z, Cheng Y, Shen Y, 
Wang RR, Wang X, Hu WW, Wang G, Chen Z. Cerebral 
ischemia-reperfusion-induced autophagy protects against 
neuronal injury by mitochondrial clearance. Autophagy. 
2013; 9:1321–33. doi: 10.4161/auto.25132.

42. Cortes CJ, La Spada AR. The many faces of autophagy 
dysfunction in Huntington’s disease: from mechanism 
to therapy. Drug Discov Today. 2014; 19:963–71. doi: 
10.1016/j.drudis.2014.02.014.

43. Dong F, Yao R, Yu H, Liu Y. Neuroprotection of Ro25-
6981 Against Ischemia/Reperfusion-Induced Brain Injury 
via Inhibition of Autophagy. Cell Mol Neurobiol. 2016; 
37:743–752. doi: 10.1007/s10571-016-0409-5.

44. Shi R, Weng J, Zhao L, Li XM, Gao TM, Kong J. Excessive 
autophagy contributes to neuron death in cerebral ischemia. 
CNS Neurosci Ther. 2012; 18:250–60. doi: 10.1111/j.1755-
5949.2012.00295.x.

45. Xu Y, Tian Y, Tian Y, Li X, Zhao P. Autophagy activation 
involved in hypoxic-ischemic brain injury induces cognitive 
and memory impairment in neonatal rats. J Neurochem. 
2016; 139:795–805. doi: 10.1111/jnc.13851.

46. Lu J, Shen Y, Qian HY, Liu LJ, Zhou BC, Xiao Y, Mao JN, An 
GY, Rui MZ, Wang T, Zhu CL. Effects of mild hypothermia 
on the ROS and expression of caspase-3 mRNA and LC3 
of hippocampus nerve cells in rats after cardiopulmonary 
resuscitation. World J Emerg Med. 2014; 5:298–305. doi: 
10.5847/wjem.j.issn.1920-8642.2014.04.010.

47. Adhami F, Schloemer A, Kuan CY. The roles of autophagy 
in cerebral ischemia. Autophagy. 2007; 3:42–4.

48. Dice JF, Backer JM, Miao P, Bourret L, McElligott MA. 
Regulation of catabolism of ribonuclease A microinjected into 
human fibroblasts. Prog Clin Biol Res. 1985; 180:385–94.

49. Baynes JW, Wold F. Effect of glycosylation on the in vivo 
circulating half-life of ribonuclease. J Biol Chem. 1976; 
251:6016–24.

50. Bergt S, Gruenewald M, Beltschany C, Grub A, Neumann T, 
Albrecht M, Vollmar B, Zacharowski K, Roesner JP, 



Oncotarget53099www.impactjournals.com/oncotarget

Meybohm P. The Fibrin-Derived Peptide Bbeta15–42 
(FX06) Ameliorates Vascular Leakage and Improves 
Survival and Neurocognitive Recovery: Implications From 
Two Animal Models of Cardiopulmonary Resuscitation. 
Crit Care Med. 2016; 44:e988–95. doi: 10.1097/
CCM.0000000000001860.

51. Bergt S, Guter A, Grub A, Wagner NM, Beltschany C, 
Langner S, Wree A, Hildebrandt S, Noldge-Schomburg G, 
Vollmar B, Roesner JP. Impact of Toll-like receptor 2 
deficiency on survival and neurological function after cardiac 
arrest: a murine model of cardiopulmonary resuscitation. 
PLoS One. 2013; 8:e74944. doi: 10.1371/journal.
pone.0074944.

52. Neigh GN, Glasper ER, Kofler J, Traystman RJ, 
Mervis RF, Bachstetter A, DeVries AC. Cardiac arrest 

with cardiopulmonary resuscitation reduces dendritic 
spine density in CA1 pyramidal cells and selectively 
alters acquisition of spatial memory. Eur J Neurosci. 2004; 
20:1865–72. doi: 10.1111/j.1460-9568.2004.03649.x.

53. Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, 
Maze M. Tumor necrosis factor-alpha triggers a cytokine 
cascade yielding postoperative cognitive decline. Proc 
Natl Acad Sci USA. 2010; 107:20518–22. doi: 10.1073/
pnas.1014557107.

54. Kong F, Chen S, Cheng Y, Ma L, Lu H, Zhang H, Hu W. 
Minocycline attenuates cognitive impairment induced 
by isoflurane anesthesia in aged rats. PLoS One. 2013; 
8:e61385. doi: 10.1371/journal.pone.0061385.


