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Abstract. Previous studies have demonstrated that chole-
cystokinin octapeptide (CCK8) induces hypothermia and 
inhibits the systemic inf lammatory response in septic 
shock in rat and murine models. The present study aimed 
to ascertain whether CCK8 induced hypothermia and 
improved the neurological outcomes in a porcine model of 
cardiopulmonary resuscitation (CPR). Ventricular fibrilla-
tion was induced and left untreated for 10 min in 12 male 
Bama miniature pigs. Defibrillation was attempted after 
5 min of CPR. At 5 min following resuscitation, the pigs 
were randomized and equally assigned into the CCK8 or 
the control group. CCK8 was continuously infused for 1 h 
at a dose of 44.4 µg/kg/h and a rate of 20 ml/h in the CCK8 
group. Body temperature, hemodynamic measurements and 
post-resuscitation myocardial function were monitored in 
the first 4 h following CPR. Neuron specific enzyme (NSE), 
S100B protein, tumor necrosis factor (TNF)‑α and inter-
leukin (IL)-6 were measured at baseline and 4, 12 and 24 h 
following resuscitation. The neurological deficient score 
(NDS) was recorded and cerebral samples were collected 
for terminal deoxynucleotidyl-transferase-mediated dUTP 
nick end labelling assay and integrated optical density 
(IOD) analysis at 24 h following CPR. The results revealed 
that hypothermia was not induced by CCK8; however, 
post‑resuscitation NSE, S100B, IL‑6 and TNF‑α were 
significantly decreased, and NDS and IOD were signifi-
cantly improved in the CCK8 group compared with the 
control group (P<0.05). The present study revealed that in a 

porcine model of CPR, CCK8 does not induce hypothermia, 
but inhibits the inflammatory response and significantly 
improves neurological outcomes.

Introduction

Cardiac arrest is the world's leading cause of fatality in 
heart disease (1). Out-of-hospital cardiac arrests lead to 
295,000 mortalities in the USA, accompanied with 350,000 
in Europe and 544,000 in China every year (1-3). Despite 
efforts to improve the treatment of cardiac arrest in recent 
years, survival to hospital discharge is only 10.6% (1). 
Two-thirds of patients with out-of-hospital cardiac arrest 
suffer mortality due to neurological injury, which is 
sustained during the anoxic, no-flow period of cardiac 
arrest or as a result of reperfusion injury, even following a 
successful resuscitation (4).

During the last decade, laboratory and clinical studies have 
demonstrated that targeted temperature management (32‑36˚C) 
following cardiopulmonary resuscitation (CPR) significantly 
improves neurological outcome (5,6). There are a variety of 
cooling methods available for post-resuscitation management, 
including pharmacologically-induced hypothermia, which 
reduces the body temperature by regulating the temperature 
center in the hypothalamus (7-9).

Cholecystokinin octapeptide (CCK8) is a type of central 
and peripheral neurotransmitter, which induces dose-depen-
dent hypothermia when injected peripherally into rats and 
mice (10,11). It was also reported to induce mild hypothermia 
and improve myocardial and cerebral function in a rat model 
of CPR (9). In addition, CCK8 is effective in counteracting 
progressive neuronal dysfunction and damage, and inhib-
iting the systemic inflammatory response following sepsis 
(12-14).

In the present study, previous experiments performed 
in rodents were adapted for a large animal, porcine model 
of CPR, which is considered more clinically relevant. The 
effect of CCK8 on thermoregulation, myocardial func-
tion and neurological function was examined in a porcine 
model of CPR. It was hypothesized that CCK8 would induce 
hypothermia and improve neurological outcomes after 
resuscitation.
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Materials and methods

Ethics statement. The present study was approved by the 
Animal Care and Use Committee of the First Affiliated 
Hospital of Nanjing Medical University (Nanjing, China). 
All animals received humane care according to the National 
Research Council's 1996 Guide for the Care and Use of 
Laboratory Animals (15).

Animal preparation. Bama miniature pigs were selected 
for use in the present study and they were purchased from 
Shanghai Jiagan Biological Technology Inc., (Shanghai, 
China). A total of 12 male Bama miniature pigs at the age 
of 6 months, weighing 20-25 kg, underwent overnight fasting 
except for free access to water. The animal room was main-
tained at 19‑24˚C, with relative humidity between 40 and 60% 
and a 12-h light/dark cycle. All animals were anesthetized 
by an intramuscular injection of ketamine (20 mg/kg; cat. 
no. K2753) and an ear vein injection of sodium pentobarbital 
(30 mg/kg; cat. no. 1507002) (both Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany). Additional doses of sodium 
pentobarbital (8 mg/kg) were administered hourly to maintain 
anesthesia. The trachea was orally intubated and the animals 
were mechanically ventilated [tidal volume, 15 ml/kg; peak 
flow, 40 l/ min; fraction of inspired oxygen (FiO2), 0.21) with a 
volume‑controlled SynoVent E3 ventilator (Shenzhen Mindray 
Bio‑Medical Electronics Co., Ltd., Shenzhen, China). End‑tidal 
PCO2 (ETCO2) was monitored with a handheld ETCO2/SPO2 
monitor (PMSH‑300; SunLife Science, Inc., Shanghai, China). 
Respiratory frequency was adjusted to keep ETCO2 between 
35 and 40 mmHg. A conventional lead II electrocardiogram 
(ECG) was monitored continuously.

A fluid‑filled 5F transducer‑tipped catheter (SPC‑450S; 
Millar, Inc., Houston, TX, USA) was advanced through the 
right femoral artery and into the thoracic aorta to monitor the 
aortic pressure and collect blood samples. Another 7F penta-
lumen thermodilution-tipped catheter (Abbott Pharmaceutical 
Co., Ltd., Lake Bluff, IL, USA) was advanced through the right 
femoral vein and into the right atrium to measure the right 
atrial pressure and core temperature. For the measurement 
of myocardial function, including stroke volume (SV) and 
global ejection fraction (GEF), a PiCCOplus monitor (Pulsion 
Medical Systems SE, Feldkirchen, Germany) based on trans-
pulmonary thermodilution was used. A 7F central venous 
catheter was inserted into the right internal jugular vein for the 
injection of iced saline. Another 4F thermistor‑tipped arterial 
catheter was inserted into the left femoral artery. The arterial 
and central venous catheters were connected to the PiCCO 
system for discontinuous monitoring of SV and GEF. A 5F 
pacing catheter (EP Technologies, Inc., Sunnyvale, CA, USA) 
was then advanced through the right external jugular vein and 
into the right ventricle to induce ventricular fibrillation (VF), as 
confirmed by characteristic pressure morphology and fluoros-
copy. The body temperature was maintained at 37.5±0.5˚C with 
a cooling/warming blanket (Shanghai Full‑Ying Biomedical 
Technology Co., Shanghai, China) prior to cardiac arrest.

Experimental procedures. The established porcine model 
of CPR was utilized as previously described (16,17). A total 
of 15 min prior to inducing VF, baseline data were recorded. 

VF was electrically induced with a 1‑mA alternating current 
through a 5F pacing catheter delivered to the right ventricle. 
Mechanical ventilation was stopped following the onset of VF. 
After 10 min of untreated VF, precordial compression was initi-
ated with a mechanical chest compressor (Weil MCC; SunLife 
Science, Inc.) and mechanical ventilation was performed again 
(tidal volume, 15 ml/kg; peak flow, 40 l/ min; FiO2, 21%). 
Mechanical compression was programmed to maintain at a 
rate of 100 compressions/min and synchronized to keep a 
compression/ventilation ratio of 30:2. The force of compression 
was adjusted to reduce the anterior-posterior diameter of the 
chest by 25%. Following 2.5 min of CPR, 20 µg/kg epinephrine 
(Guangzhou Baiyunshan Mingxing Pharmaceutical Co., Ltd., 
Guangzhou, China) was injected via the femoral vein. After 
5 min from the start of CPR, defibrillation (150 J biphasic 
shock) was attempted with a Zoll defibrillator (E‑Series; ZOLL 
Medical Corporation, Chelmsford, MA, USA). If restoration of 
spontaneous circulation (ROSC) was not achieved, CPR was 
continued for a further 2 min followed by a subsequent defibril-
lation attempt. Additional doses of epinephrine (20 µg/kg) were 
injected at an interval of 3 min after the initial administration. 
CPR was continued for a total of 15 min or until ROSC. If an 
organized cardiac rhythm with mean aortic pressure (MAP) of 
>50 mmHg persisted for ≥5 min, the animal was regarded as 
ROSC (16,17).

At 5 min following resuscitation, the animals were 
randomized and equally assigned into two groups (n=6/group); 
the CCK8 group (44.4 µg/kg CCK in 20 ml saline) or the 
control group (20 ml saline). Animals in the CCK8 group were 
continuously infused with CCK8 (Cellmano Biotech Limited, 
Hefei, China) for 1 h at a dose of 44.4 µg/kg/h at a rate of 
20 ml/h. Saline was continuously infused at the same rate and 
time interval in the control group.

All animals were monitored for 4 h. The animals were then 
brought out of anesthesia and the catheters, including the endo-
tracheal tube, were removed and any wounds were sutured. 
The animals were returned to their cages and observed for an 
additional 20 h. Following this, all animals were euthanized 
by intravenous injection of sodium pentobarbital (150 mg/kg). 
A necropsy was performed for documentation of cerebral 
apoptosis.

Measurements. Hemodynamic data, ECG and blood tempera-
tures were continuously recorded using ECG monitoring 
equipment (BeneView T6; Shenzhen Mindray Bio‑Medical 
Electronics Co., Ltd.). ETCO2 was monitored with the 
ETCO2/SPO2 monitor. SV and GEF, as the indexes of myocar-
dial function, were discontinuously measured for 4 h following 
ROSC with the PiCCO system.

Venous blood was collected in EDTA-coated Vacutainers 
(BD Biosciences, Franklin Lakes, NJ, USA) at baseline, 4, 12 
and 24 h following ROSC. Using these blood samples, brain 
injury markers, including neuron specific enzyme (NSE) (cat. 
no. AE90705Po) and S100B protein (cat. no. AE90735Po; 
both Shanghai Lianshuo Biological Technology Co., Ltd., 
Shanghai, China), and inflammatory factors, including tumor 
necrosis factor (TNF)‑α (cat. no. MEXN-P0010) and inter-
leukin (IL)‑6 (cat. no. MEXN‑P0019; both Shanghai Meixuan 
Biological Science and Technology Ltd., Shanghai, China), 
were measured using porcine ELISA kits.
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At 24 h after ROSC, the neurologic function of the pigs 
was evaluated using neurologic deficit scores (NDS) as previ-
ously described (18). NDS included the levels of respiratory 
pattern, motor and sensory function, consciousness and behav-
iour. The scores from each item were summed to yield a total 
score, ranging from 0 (no observed neurological deficit) to 400 
(brain death) (18). The NDS was examined by two investiga-
tors blinded to the pig's treatment group.

Apoptosis in the cerebrum was detected using a terminal 
deoxynucleotidyl-transferase-mediated dUTP nick end 
labelling (TUNEL) assay. Tissue samples taken from the 
frontal cortex of pigs 24 h after resuscitation were fixed in 
4% paraformaldehyde overnight at room temperature, and 
embedded in paraffin and then cut into 6‑µm‑thick slices. 
TUNEL staining was conducted using a commercially avail-
able kit (cat. no. 293-71501, Wako Pure Chemical Industries, 
Ltd., Osaka, Japan) following the manufacturer's protocol. 
Following deparaffinization and rehydration, the tissue 
samples on the glass slices were digested with proteinase 
solution at 37˚C for 5 min. Following this, samples were 
washed with PBS and treated with 100 µl TdT reaction solu-
tion for 10 min in a moist chamber at 37˚C. Samples were 
washed with PBS and intrinsic peroxidase activity was 
eliminated following treatment with 3% H2O2 for 5 min at 
room temperature. The slides were washed with PBS, and 
covered with 100 µl POD-conjugated antibody solution for 
10 min in a moist chamber at 37˚C. Samples were rinsing 
with PBS again, and the slides were covered with 100 µl 
3,3'-diaminobenzidine solution (3%; cat. no. 45-053-150038, 
GenWay Biotech, Inc., San Diego, CA, USA) for 5 min at 
room temperature, and washed in distilled deionized water. 
Finally, the slides were counterstained for 20 sec with 
hematoxylin, dehydrated, and mounted with Softmount 
(cat. no. 192-16301, Wako Pure Chemical Industries, Ltd., 
Osaka, Japan). The integrated optical density (IOD) of posi-
tive TUNEL staining from four random high‑power fields 
(magnification, x100) was analyzed with a light microscope 
(BX53, Olympus Corporation, Tokyo, Japan) and Image-Pro 
Plus 5.0.1 software (Media Cybernetics, Inc., Rockville, MD, 
USA) by a pathologist blinded to the study.

Statistical analysis. All quantitative variables were reported 
as the mean ± standard deviation. Variation between two 
groups was compared using a Student's two‑tailed t‑test. 
A Mann-Whitney U test was performed when the normal 
distribution and homogeneity of variance were not met. All 
statistical analyses were performed with SPSS 20.0 (IBM 
Corp., Armonk, NY, USA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

Baseline and resuscitation data. A total of 15 pigs were used 
in the present study, of which 12 successfully completed the 
study and were included. There were 3 pigs that failed to be 
resuscitated, meaning that 80% of the animals survived. The 
baseline blood temperature, hemodynamics, blood analytical 
measurements, number of shocks required to achieve ROSC, 
as well as duration of CPR did not differ significantly between 
the CCK8 group and the control group (Table I).

Blood temperature, hemodynamics and myocardial function. 
Following resuscitation, the blood temperature in the CCK8 
group was notably lower than that observed in the control group 
in the first 2 h (Fig. 1). However, there was no significant differ-
ence in the blood temperature between the CCK8 group and the 
control group at any time throughout the experiment (Fig. 1).

The heart rate in the CCK8 group was significantly 
reduced in the first 30 min following ROSC compared with 
that of the control group (P<0.05; Fig. 2). However, there 
was no significant difference in the MAP between the two 
groups at any time point (Fig. 3). The SV and GEF were 
significantly increased in the CCK8 group compared with 
that observed in the control group at 2 h after resuscitation 
(P<0.05; Figs. 4 and 5).

Table I. Baseline characteristics of the pigs in the control and 
CCK8 groups.

 Group
 ------------------------------------------------------
Characteristic Control (n=6) CCK8 (n=6)

Body weight, kg 24.2±1.6 23.8±1.1
PaO2, mmHg 94.2±16.1 95.3±17.1
PaCO2, mmHg 40.4±5.8 39.2±4.9
pH 7.5±0.1 7.5±0.1
Temperature, ˚C 37.4±0.3 37.4±0.5
Heart rate, bpm 102.0±8.9 113.4±31.0
Mean aortic pressure,  112.3±17.3 130.8±12.3
mmHg
Right atrial blood 2.8±0.7 3.1±0.6
pressure, mmHg
End-tidal CO2, mmHg 38.1±1.8 37.6±2.0
Defibrillations (n) 2.0±1.0 2.2±1.1
Duration of cardiopulmonary 5.0±0.0 5.0±0.0
resuscitation, min

CCK8, cholecystokinin octapeptide; Pa, partial pressure.

Figure 1. Blood temperature of pigs in the CCK8 and control groups 
throughout the experiment. CCK8, cholecystokinin octapeptide; BL, 
baseline; VF, ventricular defibrillation; PC, precordial compression; DF, 
defibrillation.
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Brain injury and neurologic function. The brain injury 
markers (NSE and S100B) were significantly reduced in the 
CCK8 group compared with the control group at 12 and 24 h 
after resuscitation (P<0.05; Table II).

At 24 h after resuscitation, a significantly improved NDS 
was observed in animals treated with CCK8 compared with 
that observed in the control group (68±21 and 160±13, respec-
tively; P<0.05; data not shown).

Broken nuclei in TUNEL-positive cells in the control 
group were stained brown or yellow, which varied in size and 
shape (Fig. 6A). TUNEL‑negative cells in the CCK8 group 
were stained blue with hematoxylin (Fig. 6B). There was a 
significantly lower IOD in the CCK8 group than in the control 
group (3.1±1.3 and 5.4±3.3, respectively; P<0.05; data not 
shown).

Inflammatory response following resuscitation. Compared with 
the control group, TNF‑α and IL‑6 were significantly decreased 
in the CCK8 group at 4 and 8 h following ROSC (P<0.05; 

Table III). IL‑6 levels were also significantly lower in the CCK8 
group than those in the control group at 24 h (P<0.05).

Discussion

The results of the present study revealed that CCK8 did not 
successfully induce hypothermia; however, it did significantly 
inhibit the inflammatory response and apoptosis, as well as 
significantly improve the neurological outcomes in a porcine 
model of CPR. The cardioprotective effect of CCK8 following 
CPR was not observed in the present study. To the best of our 
knowledge, the present study is the first to evaluate the effect 
of CCK8 in a large mammalian model of CPR.

As a neurotransmitter or neuromodulator in the central 
nervous system, CCK8 has been reported to induce 
dose-dependent hypothermia when injected peripherally into a 
rat or murine model of CPR (10,11). This is potentially because 
CCK8 was involved in the activation of CCK-B receptors in 
the hypothalamus, which led to a long latency period for the 

Figure 3. MAP of pigs in the CCK8 and control groups throughout the 
experiment. MAP, mean arterial pressure; CCK8, cholecystokinin octapep-
tide; BL, baseline; VF, ventricular defibrillation; PC, precordial compression; 
DF, defibrillation.

Figure 2. Heart rate of pigs in the CCK8 and control groups throughout the 
experiment. *P<0.05 vs. the control group at the same time point. CCK8, 
cholecystokinin octapeptide; BL, baseline; VF, ventricular defibrillation; PC, 
precordial compression; DF, defibrillation.

Figure 5. GEF of pigs in the CCK8 and control groups throughout the 
experiment. *P<0.05 vs. the control group at the same time point. GEF, global 
ejection fraction; CCK8, cholecystokinin octapeptide; BL, baseline; VF, 
ventricular defibrillation; PC, precordial compression; DF, defibrillation.

Figure 4. SV of pigs in the CCK8 and control groups throughout the 
experiment. *P<0.05 vs. the control group at the same time point. SV, stroke 
volume; CCK8, cholecystokinin octapeptide; BL, baseline; VF, ventricular 
defibrillation; PC, precordial compression; DF, defibrillation.
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thermoregulatory response (9,19). However, the findings of the 
present study appear to be inconsistent with previous studies in 
rats and mice. One possible explanation is that the lower surface 
area-to-mass ratio in pigs compared with that in rats and mice 
resulted in a decrease in heat loss at the same ambient tempera-
ture, thus counteracting the effect of CCK8 on thermoregulation. 
Previous studies have revealed that for the body temperature 
to reach 33˚C following CPR by rapid surface cooling, it 
would take ~190 min in pigs but only 10 min in rats, which 
also demonstrates the difference in heat loss between the two 
models (20,21). Another possible reason is the difference in the 
dose-effect association of CCK8 between pigs and rats. Due to 
the discrepancies in the dose-effect association between various 
species, serotonin and norepinephrine, which are considered 
neurotransmitters associated with thermoregulation, may lead 
to different or even opposite effects on body temperature (22).

Although CCK8 was unsuccessful at inducing hypo-
thermia in the present porcine model of CPR, CCK8 directly 
inhibited the inflammatory response and reduced apoptosis 
independently of hypothermia, which resulted in an improved 
neurological outcome following resuscitation. These results 
demonstrate that CCK8 may be an anti‑inflammatory factor 
with therapeutic potential for the treatment of post-resuscitation 
disease. Post-resuscitation disease is associated with an early 

systemic inflammatory response, leading to an exacerbation of 
the inflammatory balance, as observed in severe sepsis (23,24). 
CCK8 has been indicated to have an anti‑inflammatory effect 
in several previous studies (25-27). Although the underlying 
mechanisms require further investigation, initial studies have 
demonstrated that CCK8 downregulated cluster of differentia-
tion (CD)80 and CD86 expression in dendritic cells, suppressed 
co‑stimulatory activity and immunoglobin G1 in lipopolysac-
charide (LPS)‑activated B cells, decreased the secretion of 
proinflammatory cytokines, including TNF‑α, IL-1β and 
IL-6, and increased the production of anti-inflammatory 
cytokines, such as IL‑4, in LPS‑activated macrophages and B 
cells (13,28-30).

The selection of the CCK8 dose in the present study was 
based on the results of former experiments in rat models. A 
previous study demonstrated that CCK8 injected peripherally 
led to dose-dependent hypothermia at a dosage of 5-200 µg/kg 
in rats at an ambient temperature of 21˚C (19). Weng et al (9) 
revealed that CCK8 (200 µg/kg) injected intravenously within 
1 min after CPR induced and maintained hypothermia for 5 h 
and improved post-resuscitation outcomes in a rat model of 
CPR. Therefore in the present study, the rat doses of CCK8 
(200 µg/kg) were converted to equivalent doses in miniature 
pigs (44.4 µg/kg) according to the body surface area (31).

Figure 6. TUNEL assay to examine apoptosis at 24 h after cardiopulmonary 
resuscitation. TUNEL analysis of apoptosis in the frontal cortex of pigs in 
the (A) control and (B) cholecystokinin octapeptide groups. Broken nuclei 
in TUNEL-positive cells in the control were stained brown or yellow, which 
indicated apoptosis. Magnification, x400. TUNEL, terminal deoxynucleo-
tidyl-transferase-mediated dUTP nick end labelling.

Table III. Levels of cytokines in the control and CCK8 groups.

 Time point, h
 -----------------------------------------------------------------------
Cytokine Baseline 4 12 24

Interleukin-6, pg/ml
  Control (n=6)  277±16 404±50 404±40 411±30
  CCK8 (n=6) 261±5 303±14a 321±20a 317±48a

Tumor necrosis
factor‑α, pg/ml
  Control (n=6) 663±90 836±26 738±26 659±50
  CCK8 (n=6)  638±84 762±21a 667±26a 610±23

aP<0.05 vs. the control group at the same time point. CCK8, chole-
cystokinin octapeptide.

Table II. Levels of brain injury markers in the control and CCK8 groups.

 Time point, h
 ----------------------------------------------------------------------------------------------------------------------------------------------------
Brain injury marker Baseline 4 12 24

Neuron specific enzyme, ng/ml    
  Control (n=6) 12.1±1.6 18.5±1.7 24.4±1.0 24.1±0.6
  CCK8 (n=6) 13.2±2.0 16.8±0.6 20.3±0.7a 20.9±0.9a

S100B (pg/ml)    
  Control (n=6) 720±185 1,441±21 1,504±53 1,415±36
  CCK8 (n=6) 740±136 1,226±291 1,160±204a 1,146±38a

aP<0.05 vs. the control group at the same time point. CCK8, cholecystokinin octapeptide.
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There were certain limitations in the present study. Firstly, 
the proposal of the study was to ascertain whether CCK8 would 
induce hypothermia and improve post-resuscitation outcomes in 
a porcine model of CPR. Although hypothermia was not induced 
by CCK8 at a dosage of 44.4 µg/kg, the effect of CCK8 on ther-
moregulation in large mammals at various doses remains unclear. 
Further study is required to investigate the dose‑effect associa-
tion of CCK8 in a porcine model. Secondly, cell death following 
cardiac arrest is a complex process postponed well beyond the 
study period. Therefore, 24 h of observation may not be long 
enough to evaluate neurological damage following resuscitation.

In conclusion, CCK8 at a dose of 44.4 µg/kg did not induce 
hypothermia; however, it inhibited the inflammatory response 
and significantly improved neurological outcomes in a porcine 
model of CPR. The present findings therefore demonstrate that 
CCK8 may be a further option for anti‑inflammatory therapy 
after cardiac arrest.
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