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ARTICLE INFO ABSTRACT

Keywords: Cardiac arrest (CA) is a severe worldwide health problem. Therapeutic hypothermia is widely
Cardiac arrest used to reduce the cardiac injury and improve the neurological outcomes after CA. However, a
Metabolomics few studies have reported the changes of serum metabolic characteristics after CA. The healthy
ch:]_“l\(/:['SQ/;gF'MS/MS male New Zealand Rabbits successfully resuscitated from 10-min asphyxia-induced CA were
Hypothermia divided randomly into the normothermia (NT) group and mild therapeutic hypothermia (HT)

group. The sham group underwent sham-operation. Survival was recorded and neurological
deficit score (NDS) was assessed. The serum non-targeted metabolomics were detected using
ultra-high-performance liquid chromatography-quadrupole time-of-flight tandem mass spec-
trometry (UPLC-Q-TOF-MS/MS) and gas chromatography tandem mass spectrometry (GC-MS/
MS) at 15 min, 3 h, 6 h and 24 h after return of spontaneous circulation (ROSC). Our study
showed that the heart rate (HR) significantly slowed down during 0.5-6 h post ROSC, consistent
with the decreasing trend of body temperature in the HT group. Compared with the NT group, the
levels of Lac and PCO2 at 24 h post ROSC were lower, while a significant increase in PO2 level at
24 h post ROSC was observed in the HT group. The survival rate of the HT group was significantly
higher than that of the NT group, and NDS scores were remarkably increased at 24 h post ROSC in
the NT group. Significant differences in metabolic profiles at 15 min, 3 h, 6 h and 24 h post ROSC
were observed among the Sham, NT and HT groups. The differential metabolites detected by
UPLC-Q-TOF-MS/MS and GC-MS/MS were screened for further study between every two groups
(NT vs sham, HT vs sham and HT vs NT) at 15 min, 3 h, 6 h and 24 h post ROSC. Phenylalanine
metabolism, alanine, aspartate and glutamate metabolism and tricarboxylic acid (TCA) cycle
were enriched in NT vs sham, HT vs sham and HT vs NT respectively. Our study demonstrated
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that therapeutic hypothermia improves the survival and neurological outcomes in rabbit model of
cardiac arrest, and firstly represents the dynamic metabolic changes in the hypothermia therapy
for CA by comprehensive UPLC-Q-TOF-MS/MS- and GC-MS/MS-based metabolomics.

1. Introduction

Sudden cardiac arrest (SAD) is one of the major causes of death and disability around the world, while approximately 420,000
people suffering cardiac arrest annually in the United States [1]. At present, the overall survival rate of discharged patients with
in-hospital cardiac arrest (IHCA) is between 3% and 27%, while patients with out of hospital cardiac arrest (OHCA) are only 6.4% [2,
3]. As a serious public health problem worldwide, most CA patients with ROSC experience a comatose state. Neurologic injury is the
leading cause of death in CA patients. Some CA survivors are accompanied by permanent neurological defects. As many as 68% of
OHCA and 23% of THCA patients die from neurologic injury [4]. The poor neurological outcome after resuscitation from cardiac arrest
is significantly associated with global cerebral ischemia/reperfusion injury [5].

Targeted temperature management (TTM), previously known as therapeutic hypothermia, which reduces the core temperature to
32-36 °C, is a clinical therapy proven to have neuroprotective benefits and improve survival after ischemic stroke and cardiac arrest
[6]. Moreover, the therapeutic hypothermia, the only proven effective treatment, has been incorporated into the guidelines for routine
post-resuscitation care and remains a subject of significant controversies in clinical practice. CA patients with ROSC should be treated
with therapeutic hypothemia as soon as possible because it has been shown that the beneficial effects of therapeutic hypothermia are
time-dependent [7]. An increasing number of research suggests that therapeutic hypothermia decreases or mitigates brain metabolism,
inflammatory response, excitotoxicity, intracranial pressure, blood brain barrier disruption and many other factors [8,9]. Under-
standing the mechanism will be useful in guiding the clinical applications of therapeutic hypothermia and improving its therapeutic
efficacy.

Metabolomics is emerging as a powerful platform for reflecting a comprehensive overview of metabolic changes in a complex
biological system [10]. A series of analytical platforms have been widely used in detecting the metabolism of organisms, including
nuclear magnetic resonance (NMR) spectroscopy, GC-MS/MS and UPLC-Q-TOF-MS/MS [11-13]. Among these high-throughput
technologies, the most widely-used is GC-MS/MS and UPLC-Q-TOF-MS/MS, owning the high sensitivity and wide range of detec-
tion. Moreover, a single platform is unable to cover the entire metabolites present in a biological sample [14]. Therefore, GC-MS/MS
and UPLC-Q-TOF-MS/MS techniques are often used together to improve coverage, accuracy and sensitivity of the identification.

In this study, we demonstrated the mild hypothermia improved the survival and neurological outcomes in rabbits with CA. In
addition, we performed GC-MS/MS and UPLC-Q-TOF-MS/MS based serum metabolomics to identify the dynamic changes in meta-
bolism and potential pathophysiological implications in CA rabbits with or without therapeutic hypothermia treatment. Collectively,
our results provide novel insights into the protective mechanism of therapeutic hypothermia for CA from the perspective of
metabolomics.

2. Metarials and methods
2.1. Animals and groups

Twenty-six healthy New Zealand male rabbits weighing 2.5 kg were obtained from Hunan Slac Jingda Laboratory Animal Company
Ltd. (Changsha, China; license No. SCXK (Xiang)2013-0004). The animals were randomly divided into three groups: sham operation
(sham, n = 6), normothemia treatment (NT, n = 10) and hypothermia treatment (HT, n = 10). Rabbits were kept in standard condition
at 37 °C £+ 0.5 °C and 70% humidity for a week. We followed the guideline for ethical review of animal welfare of China (GB/T
35,892-2018), and all experiments were obtained an approval from with the Medical Ethics Review Committee of Hunan Provincial
People’s Hospital (approval No.20190218175).

2.2. Asphyxial CA model of rabbit

The rabbits were fasted for 12 h except for water, and then were anesthetized with 3% pentobarbital (30 mg/kg). Animals were
fixed and monitored systemic mean arterial pressure (MAP), HR and electrocardiogram (ECG) using BL-420 S Biological Function
Recording system. The body temperature was measured using a commercial rectal temperature sensor. Sham animals underwent only
general anesthesia and endotracheal intubation.

Cardiac arrest was induced by asphyxia. The criterion of CA was no activity in the ECG signal and the MAP <10 mmHg. Animals
were mechanically ventilated with a ventilator (tidal volume, 20 ml/kg; respiratory rate, 50 breaths/min; inspiratory-to-expiratory
ratio, 4:5) and chest compressions (180 beats/min) with injection of epinephrine (0.02 mg/kg) after 10 min of asphyxia induced
CA (Total duration of hypoxia was 10 min). The successful ROSC criterion was MAP >60 mmHg for a minimum of 10 min and
autonomic respiration. Animals in the NT group were maintained at the normal body temperature of 37 + 0.5 C during the treatment
[15,16].

In the HT group, the objective temperature of rabbits was 32 + 0.5 C and needed to be cool quickly. Briefly, ice packs were frozen at
—20 °C overnight and applied under the operating table immediately after ROSC. Animals were maintained in this mild hypothermia
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Fig. 1. The experimental workflow in the sham group, the NT group and the HT group.

status for 3 h and with a continuously monitored body temperature maintained at 32°C-35 °C [17]. Subsequently, the body tem-
perature of the mild hypothermia rabbits will return to normal through increasing the environment temperature using an electric
blanket. The experimental schematic for asphyxial cardiac arrest is shown in Fig. 1.

2.3. Serum sample collection

The blood were collected from 26 rabbits including sham group (n = 6), NT group (n = 10), HT group (n = 10) at various time
points (at 15 min, 3 h, 6 h and 24 h) post ROSC. Then, the blood samples were centrifuged (3000 rpm, 5 min) to obtain the serum.
Serum was transferred to a clean Eppendorf (EP) tube and subsequently stored at —80 °C.

2.4. Neurological assessment and survival rate

NDS at 24 h post ROSC were evaluated using the Neurological Deficit Grading Scale by three investigators under double-blinded
conditions (0-10% normal, 100% brain death). Meanwhile, all rabbits without treatments had been evaluated to ensure normal
neurological function [18,19]. The survival of cardiac arrerst rabbits was recorded during 10 days after ROSC. Then, the survival curve
was conducted to evaluate the protective effect of therapeutic hypothermia on cardiac arrest.

2.5. Blood-GAS analysis

Due to the rabbit sham group were not treated with CA, we collected blood extraction via ear edge artery of the RT group and the
HT group. In order to evaluate respiratory function and acid-base balance, blood gas index including Lac(mmol/L), PH, PO2 (mmHg),
PCO2 (mmHg) at different time points (0, 15 min, 6 h and 24 h) after ROSC was analyzed using a blood-gas analyzer.

2.6. Metabolite extraction, derivatization, and analysis for GC-MS

The serum was prepared with the following steps: post-thawing serum sample (100 pL) was mixed with 10 pL L-2-chloro-
phenylalanine/methanol (0.3 g/L) as an internal standard and 100 pL methanol/acetonitrile (2:1, v: v). The mixture was thoroughly
vortexed for 10 s and sonicated in an ice-water bath for 10 min, followed by centrifugation (12,000 rpm, 4 °C) for 10 min. We added 50
pL of methoxyamine hydrochloride-pyridine (15 g/L) and mixed well. The obtained mixture was placed in a 70 °C water bath for 1 h,
then cooled for 15 min. The chemicals derivatized with 50 pL N, O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) with 1% trime-
thylchlorosilane (TMCS) at 70 °C for 1 h and then co-incubated at room temperature for 30 min. The supernatant was collected for
GC—MS analysis (7890 A and 5975C, Agilent). To ensure the stability of the system, each analyzed serum sample (5 pL) was mixed as a
quality control (QC) sample. QC were injected to condition the platform at the beginning and then monitor the system after almost
every six samples. GC-MS/MS parameters were set as following: DB-5MS capillary column (30 m x 250 pm x 0.25 pm, J & Scientific,
CA); split ratio (100:1); high purity helium gas with a flow rate of 1.1 ml/min; temperature set at 70 °C for 3 min, then ramped 10 °C/
min to 310 °C, and hold for 10min; set inlet temperature at 250 °C; electron impact (EI) ionization voltage at 70eV and ion source
temperature at 310 °C; full scan (50-500 m/z) [20,21].

2.7. Metabolite extraction and analysis for UPLC-Q-TOF-MS/MS

Serum samples were thawed on the ice. Post-thawing sample (100 pL) was mixed with 10 pL L-2-chloro-phenylalanine/methanol
(0.3 g/L) as an internal standard and 100 pL methanol/acetonitrile (2:1, v: v). The mixture was thoroughly vortexed for 10s and
sonicated in an ice-water bath for 10 min, followed by centrifugation (12,000 rpm, 4 °C) for 10 min and then added 300 pL methanol/
acetonitrile (2:1, v: v) with a vortex for 1 min. After sonication in an ice-water bath for 10 min, serum was allowed to sit at —20 °C for
30 min before being centrifuged (12,000 rpm, 4 °C) for 15 min. Then supernatant was obtained to injection into UPLC-Q-TOF-MS/MS
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system (Impact II, Bruker Daltonic Inc.). The QC samples were prepared by adding equivalent portions of the supernatant and then
monitor the system after almost every six samples. UPLC-Q-TOF-MS/MS parameters were set as following: Acclaim RSLC 120-C18
chromatographic column (2.2 pm, 120 A, 100 x 2.1 mm, 40 °C, Thermo Scientific); nitrogen as drying gas with a flow rate of 8 L/
min; temperature set at 200 °C; electrospray ion source (ESI) voltage at +4900 V in the positive ion mode, —4500 V in the negative ion
mode; full scan (20-1000 m/2); injection volume (10 pL with flow rate 0.2 ml/min); gradient elution including mobile phase A (0.1%
formic acid in water, 2 mmol/L ammonium formate) and mobile phase B (acetonitrile, HPLC grade), the elution scheme as follows: 0-2
min (98% A, 2% B), 2-12 min (98% A to 5% A, 2% B to 50% B), 12-20 min (5% A to 10% A, 50% B to 90% B), 20-30 min (10% A, 90%
B), 30-30.1 min (10% A to 98% A, 90% B to 2% B), 30.1-35 min (98% A, 2% B) [22].

2.8. Statisticial data processing, ultivariate pattern recognition and pathway analysis

Metabolomics data obtained from GC-MS/MS and UPLC-Q-TOF-MS/MS were processed by Metaboscape 3.0. The primary pa-
rameters were set as follows: retention time as 0-33 min; minimum peak width at 5 s; peak intensity threshold at 1000. Those data
were corrected for mass bias by sodium formate and handled according to “80% rule”. The final marched peaks were generated
exported to an Excel file containing compound name, retention time and corresponding peak intensities. The generated metabolites
were tentatively identified based on the public online databases, such as Human Metabolome Database (http://www.hmdb.ca),
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.kegg.jp) by matching mass characteristics and retention time. The drugs, repetitive chemicals and metabolites with more
than 30% miss values were removed from analysis. Replacements of missing values were conducted using the missForest R package
which is a machine learning-based data imputation algorithm with high efficiency [23]. The total data were normalized by the sum of
all peaks and to logl0 transformation on MetaboAnalyst 5.0 (http://www.metaboanalyst.ca). The normalized data were used for
subsequent statistical analysis.

The processed data were imported into the SIMCA-P version 14.1 (Umetrics, Umed, Sweden) for principal components analysis
(PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Furthermore, data was performed for the fold change and
heatmap clustering analysis with ggplot2 R package [24] and MetaboAnalyst 5.0. Differential metabolites were screening as follows:
VIP value > 1.0, P value < 0.05, FC value > 2 or FC value < 0.66 [25,26]. The metabolic pathways were analyzed using MetaboAnalyst
5.0 based on the differentially expressed metabolites.

3. Results
3.1. Physiologic parameters

Rabbits underwent asphyxial cardiac arrest and resuscitated successfully were randomly assigned to the NT (n = 10) and HT (n =
10) groups. Sham group (n = 6) underwent only general anesthesia and endotracheal intubation. Physiologic parameters were
recorded to ensure the consistency under the experimental conditions. As expected, there was no significant difference in baseline body
temperature, heart rate, MAP, Lac, PH, PO2 and PCO2 among three groups (Fig. 2). Compared with the NT group, the heart rate being
significantly slower during 0.5-6 h post ROSC in the HT group (Fig. 2A), consistent with the decreasing trend of body temperature
(Fig. 2B). There was no remarkable difference in MAP levels between NT and HT groups (Fig. 2C). Furthermore, compared with
baseline, the Lac level increased notably at 0 h after ROSC (Fig. 2D), while the level of Lac (Fig. 2D) and PO2 (Fig. 2E) decreased
significantly at 6 h and 24 h post ROSC in NT and HT groups. In addition, the levels of Lac (Fig. 2D) and PCO2 (Fig. 2F) at 24 h post
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ROSC in HT group were lower than those in the NT group, while a significant increase in PO2 level at 24 h post ROSC was seen in the
HT group compared with the NT group (Fig. 2E).

Therapeutic hypothermia improves both the survival and neurological outcomes after cardiac arrest. The survival rate of CA rabbits
resuscitated successfully in the HT group was significantly higher than that in the NT group (Fig. 3A). The NDS was evaluated at 24 h
post ROSC. Compared with the HT group, NDS scores were remarkably increased in the NT group (Fig. 3B).

3.2. Multivariate data analysis based on UPLC-Q-TOF-MS/MS and GC-MS/MS data in CA rabbits

An integrated UPLC-Q-TOF-MS/MS and GC-MS/MS based metabolomics approach was adopted to detect the metabolic profiles of
serum samples at different time points (15 min, 3 h, 6 h, 24 h) post ROSC within three experimental groups. The principal component
analysis (PCA), an unsupervised method of multivariate analysis, was first applied to visualize the metabolic profiles. Remarkable
differences of metabolic profiles at 15 min, 3 h, 6 h, 24 h post ROSC were observed among Sham, NT and HT groups from the PCA score
plots in both UPLC-Q-TOF-MS/MS (ESI positive modle Fig. 4A-D ESI negative model Fig. 4E-H) and GC-MS/MS (Fig. 41- L). Tight
clustering of QC samples indicated that the quality of metabolomic data is reproducible and stability.

Multivariate statistical analysis by orthogonal partial least squares discriminant analysis (OPLS-DA) supervised pattern recognition
method was introduced to maximize the separation and identify the difference of serum metabolic profiles in three groups. As shown in
Fig. 5, the score plot revealed that the serum metabolic profiles at 15 min, 3 h, 6 h and 24 h post ROSC in three groups were
significantly different in both UPLC-Q-TOF-MS/MS (ESI positive model Fig. 5A-D, ESI negative model Fig. 5I- L) and GC-MS/MS
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Q-TOF-MS/MS (ESI+) data, (I-L) OPLS-DA score plot of UPLC-Q-TOF-MS/MS (ESI-) data, (M-P) the 200-permutation test of UPLC-Q-TOF-MS/MS
(ESI+) data, (Q-T) OPLS-DA score plot of GC-MS/MS data, (U-X) the 200-permutation test of GC-MS/MS.

(Fig. 5Q-T). High statistical values of the R2Y and Q2 (Q2 > 0.5 and the differences between R2Y and Q2 <0.3) in the OPLS-DA models
manifested the goodness and the predictive ability respectively [15 min, UPLC-Q-TOF-MS/MS ESI+, R2Y = 0.997, Q2 = 0.816, UPLC-
Q-TOF-MS/MS ESI-, R2Y = 0.932, Q2 = 0.716, GC-MS/MS, R2Y = 0.995, Q2 = 0.874; 3 h, UPLC-Q-TOF-MS/MS ESI+, R2Y = 0.994,
Q2 = 0.789, UPLC-Q-TOF-MS/MS ESI-, R2Y = 0.989, Q2 = 0.723, GC-MS/MS, R2Y = 0.997, Q2 = 0.839; 6 h, UPLC-Q-TOF-MS/MS
ESI+, R2Y = 0.997, Q2 = 0.874, UPLC-Q-TOF-MS/MS ESI-, R2Y = 0.957, Q2 = 0.614, GC-MS/MS, R2Y = 0.96, Q2 = 0.772; 24 h,
UPLC-Q-TOF-MS/MS ESI+, R2Y = 0.982, Q2 = 0.843, UPLC-Q-TOF-MS/MS ESI-, R2Y = 0.992, Q2 = 0.881, GC-MS/MS, R2Y = 0.994,
Q2 = 0.843]. Furthermore, the permutation test (200 times) was performed to validate the generated models. For the permuted R2 and
Q2, all the values were lower than their corresponding original ones, the intercepted value of Q2 on the vertical axis was below 0,
indicating that the supervised OPLS-DA models were not overfitted (Fig. 5E-H, 5M — 5 P and 5U-5X).
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Fig. 6. Volcano plot of three groups at different time points. (A) NT versus sham; (B) HT versus sham; (C) HT versus NT (Red presents P < 0.05;
black represents P > 0.05). Wenn diagram in the comparison of three groups. (D) NT versus sham; (E) HT versus sham; (F) HT versus NT.

To compare and identify the metabolites in the sham, NT and HT groups, OPLS-DA and a 200-times permutation test were used in
the NT versus sham, HT versus sham and HT versus NT groups. The results indicated that these models could identify the potential
metabolites in the various comparison groups and time points (supplementary Fig. 1-6). According to the corresponding variable
importance of projection (VIP) value greater than 1.0 (VIP>1), potential differential metabolites were selected.

3.3. Analysis of serum differential metabolites between every two groups (NT vs sham, HT vs sham and HT vs NT) at 15 min, 3h, 6 h, 24 h
post ROSC

Based on screening criteria of fold change>1.5 or fold change<0.66, VIP>1 and p value < 0.05, the differential metabolites
detected by UPLC-Q-TOF-MS/MS and GC-MS/MS were screened for further study between every two groups (NT vs sham, HT vs sham
and HT vs NT) at 15 min, 3 h, 6 h and 24 h post ROSC. As a result, compared with the sham group, a total of 188, 70, 53 and 128
differential expression endogenous metabolites were identified in the NT group at 15 min, 3 h, 6 h and 24 h post ROSC respectively
(Fig. 6A, Supplementary Table 1), 186, 166, 129 and 134 differential metabolites were screened in the HT group at various time points
(15 min, 3 h, 6 h and 24 h) after ROSC respectively (Fig. 6B, Supplementary Table 2). Compared with the NT group, a total of 166, 165,
86 and 149 differential metabolites were detected in the HT group at 15 min, 3 h, 6 h and 24 h post ROSC respectively (Fig. 6C,
Supplementary Table 3). The Venn diagrams of differentially expressed metabolites at 15 min, 3 h, 6 h and 24 h post ROSC shown the
number of overlapping metabolites between the NT and sham group (Fig. 6D), the HT and sham group (Fig. 6E), the HT and NT group
(Fig. 6F). The common differential metabolites at 15 min, 3 h, 6 h and 24 h post ROSC were shown in Table 1.

In order to visualize the clustering in serum metabolites in the sham, NT and HT groups, the hierarchical clustering analysis of
differential metabolites with a VIP score >1 was used to further depict the clustering effect between groups at 15 min (Fig. 7A), 3 h
(Fig. 7B) 6 h (Figs. 7C) and 24 h (Fig. 7D) post ROSC, showed the clear separation for each alignment. Interestingly, the relative
intensive of differential metabolites showed well clustering, which indicated the reliability of the OPLS-DA model for distinguishing
different metabolic phenotypes in sham, NT and HT groups at 15 min, 3 h, 6 h and 24 h post ROSC.



Table 1

Differential metabolites detected by UPLC-Q-TOF-MS/MS and GC-MS/MS at different time points after ROSC.

compound name Formula MW (g/ RT 15min 3h 6h 24h
mol) (min) FC P VIP FC P VIP FC P VIP FC P VIP

NT vs sham

4-aminobutyric acid C4H9NO2 103.1 16.06 83.051 8.29E- 1.51323  82.409 4.85E- 1.54548  85.96 2.70E- 1.72634  23.566 1.69E- 1.95666
08 06 07 08

Carnitine C7H15NO3 161.2 12.53 34.401 7.84E- 1.46736  7.4301 7.53E- 2.09138  5.1388 8.46E- 2.21434  5.4905 8.43E- 2.08912
05 12 06 06

p-erythronolactone C4H604 118.1 6.69 26.819 1.28E- 1.31714 8.8442 3.88E- 1.21092 5.7394 4.64E- 1.21035 7.1179 4.76E- 1.47951
03 02 02 03

glucose-6-phosphate C6H1309P 260.1 26.24 5.1823 1.11E- 1.19961  2.4208 3.66E- 1.83807  2.1679 3.42E- 1.23801  2.775 2.27E- 1.65567
03 05 02 04

indole-3-acetic acid CI10H9NO2 175.2 15.96 0.21433 5.13E- 1.81342  0.19233 1.38E- 1.60221  0.26141  7.02E- 1.91925 0.16445  9.26E- 2.37611
06 04 05 15

Isoleucine C6H13NO2 131.2 8.08 0.65766 4.71E- 1.33319  0.54864 3.56E- 1.9846 0.4022 1.66E- 2.13706  0.60173  1.58E- 1.8098
02 05 04 03

methyl heptadecanoate C18H3602 284.5 17.74 23.381 4.21E- 1.78647  5.5078 1.61E- 1.24054  29.088 1.40E- 1.78846  71.007 2.69E- 1.79885
09 02 03 04

N-Acetyl-beta-p- C8H15NO6 221.2 25.59 6.2983 8.34E- 1.33072  3.0464 2.27E- 1.54532  2.6263 1.98E- 1.39258  2.7296 1.30E- 1.71281

mannosamine 05 03 03 04

O-phosphonothreonine C4H10NO6P 199.1 11.26 4.4261 3.23E- 1.63147  3.6064 8.39E- 1.38781  3.6833 1.55E- 1.67139  3.1482 7.30E- 1.31798
04 04 03 03

sorbose C6H1206 180.2 30.1 5.5559 5.46E- 1.68279  2.7174 1.84E- 1.8676 2.5992 2.83E- 2.09738  3.9907 7.60E- 2.03188
08 06 05 06

HT vs sham

2,4-diaminobutyric acid C4H10N202 118.1 19.2 6.2586 2.04E- 1.44928  9.5675 4.35E- 1.89838  9.2968 5.14E- 1.65395  10.267 1.70E- 1.76189
05 11 09 05

2-aminoethanethiol C2H7NS 77.2 5.95 0.57598 9.16E- 1.35948  0.57131 4.23E- 1.65929  0.61312  2.54E- 1.8093 0.53409  7.41E- 2.03414
04 04 05 07

2-hydroxybutanoic acid C4H803 104.1 6.63 0.64454 3.11E- 1.50867  0.57845 1.46E- 1.70168  0.52737  1.60E- 1.91887 0.61604  3.85E- 2.0011
05 04 06 06

3-Aminoisobutyric acid C4HONO2 103.1 5.81 0.46199 8.48E- 1.3477 0.52593 2.03E- 1.50746 0.47976 4.79E- 1.73381 0.57678 4.49E- 1.56933
04 03 04 03

4-aminobutyric acid C4H9NO2 103.1 16.06 170 9.03E- 1.30216  24.783 5.65E- 1.58772  63.09 1.15E- 1.15948  42.726 4.79E- 1.76417
07 08 05 08

4-Hydroxybenzoic acid C7H603 138.1 13.16 0.38899 1.59E- 1.28199 0.40246 1.48E- 1.32857 0.44935 1.87E- 1.49915 0.30087 6.85E- 1.85633
02 02 02 03

Carnitine C7H15NO3 161.2 12.53 5.5864 1.25E- 1.54728  6.8644 9.27E- 1.99691  6.2616 1.66E- 1.74218  6.0033 1.03E- 1.90869
05 13 05 05

Glucoheptonic acid C7H1408 226.2 29.4 6.6432 8.94E- 1.17401  3.9289 1.30E- 1.70524  2.6327 2.21E- 1.02427  2.9519 1.07E- 1.70364
04 05 02 03

glycerol C3H803 92.1 7.75 6.1786 6.09E- 1.32716 6.9415 3.11E- 1.99058 6.4046 1.20E- 2.0051 6.5272 8.08E- 2.13168
04 13 12 14

indole-3-acetic acid C10HI9NO2 175.2 15.96 0.13588 1.35E- 1.72677  0.045696  8.74E- 1.87025 0.12136  6.08E- 1.99871  0.16415  4.60E- 2.17145
13 10 08 14

Isoleucine C6H13NO2 131.2 8.08 0.51388 1.91E- 1.28932  0.5506 2.71E- 1.72368  0.52266  6.53E- 1.67901  0.47747  1.18E- 1.9179
03 05 05 05

O-phosphonothreonine C4H10NO6P 199.1 11.26 2.931 4.11E- 1.11992  2.6885 1.70E- 1.36997  2.4762 2.14E- 1.07908  6.4596 2.70E- 1.63142
03 03 02 04

(continued on next page)
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Table 1 (continued)

compound name Formula MW (g/ RT 15min 3h 6h 24h
mol) (min)
FC p VIP FC P VIP FC P VIP FC P VIP

phosphate 04P-3 94.971 7.77 0.31148 8.84E- 1.38698  0.15728 1.61E- 2.04122  0.17358  5.40E- 2.07401  0.26604  1.97E- 1.87951
04 16 17 05

Phenylpyruvic acid C9H803 164.2 2.12 3.34 7.32E- 1.57426  3.1633 1.16E- 1.23332  2.9733 1.95E- 1.74605  6.1255 3.41E- 2.00923
04 02 04 07

Trifluridine C10H11F3N205  296.2 11.61 3.336 1.50E- 1.34313  2.0425 3.76E- 1.71513  8.4397 1.22E- 1.89901  9.6103 1.65E- 1.68125
03 03 06 07

di-Hydroxymelatonin C13H16N204 264.3 13.04 0.41843 7.60E- 1.87104 0.21274 1.62E- 2.29319 0.31619 1.08E- 2.01748 0.58654 4.49E- 1.62735
06 05 04 04

3',4'-Dihydrodiol C15H14N204 286.3 15.56 0.531 7.29E- 1.5604 2.7288 3.87E- 1.52994  3.825 2.82E- 1.65737  4.5313 8.33E- 1.4083
03 02 04 06

HT vs NT

2,4-diaminobutyric acid C4H10N202 118.1 19.2 10.095 1.68E- 1.69854  8.8109 1.25E- 1.82223  9.5485 1.32E- 1.74045  3.767 7.53E- 1.70913
06 08 09 04

22-Ketocholesterol C27H4402 400.6 5.34 4.4484 1.83E- 1.68209 136.1 6.81E- 1.30392 3.9373 3.27E- 1.68905 3.1848 2.95E- 1.1516
05 04 05 02

alpha-D-glucosaminel- C6H14NO8P 259.1 24.34 0.20256 8.73E- 1.44182  0.17689 8.87E- 1.04647  0.1345 2.28E- 1.60442  0.16009  9.19E- 1.24566

phosphate 04 03 05 03

Arachidic acid C20H4002 312.5 26.55 20.398 2.52E- 1.448 10.895 7.67E- 1.71578 12.004 2.23E- 1.78969 8.8236 1.24E- 1.01887
05 12 11 03

beta-Mannosylglycerate C9H1609 268.2 18.04 4.5761 1.11E- 1.64433  4.436 3.18E- 1.30233  3.0893 1.37E- 1.42125  2.2755 1.37E- 1.65663
03 04 04 04

glycerol C3H803 92.1 7.75 35,800,000  1.39E- 1.6682 6.8938 9.58E- 1.96918  6.4432 4.87E- 2.09345  6.384 1.93E- 2.29768
05 18 17 18

L-4-Hydroxyphenylglycine C8HONO3 167.2 8.11 0.57457 1.34E- 1.30133 0.49759 6.59E- 1.49224 0.64628 6.86E- 1.47949 0.60785 7.75E- 1.56517
03 05 04 04

phosphate 04P-3 95 7.77 0.33523 5.39E- 1.60228  0.1449 1.54E- 1.92267 0.16961  2.61E- 2.1463 0.24515  4.30E- 2.11966
05 17 22 08

Sedoheptulose C7H1407 210.2 21.87 4.7195 6.99E- 1.35944  10.122 3.83E- 1.48583  5.7778 3.51E- 1.41622  3.6159 1.94E- 1.85571
04 07 05 05

Capric acid C10H2002 172.3 11.69 0.55482 7.77E- 1.26652  0.23044 9.82E- 1.44931  0.25164  1.45E- 1.9845 0.32639  2.61E- 1.64697
03 04 02 04

Trifluridine CI0H11F3N205  296.2 11.61 2.0909 1.51E- 1.44365  2.3566 2.93E- 1.81223  5.3419 1.70E- 2.24037  5.1576 1.17E- 1.61389
02 03 05 06
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Time after ROSC  15min

Fig. 7. The hierarchical clustering analysis on differential expression of metabolites in each group at 15 min (A), 3 h (B), 6 h (C) and 24 h (D) post
ROSC. Cluster analysis using euclidean distance and Ward algorithm are showed as: each column represents a rabbit, and each row represents an
individual metabolite. The relative metabolite level is depicted according to the color scale. Red and blue indicate up-regulation and down-
regulation, respectively.
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Fig. 8. The KEGG pathway analysis between every two groups. (A) NT versus sham; (B) HT versus sham; (C) NT versus HT.

3.4. Altered metabolic pathway related to CA

To explore the potential metabolic pathways involved in CA, metabolic pathways were further analyzed in MetaboAnalyst 5.0 for
KEGG pathway analysis and network topology analysis. According to impact >0.1, phenylalanine, tyrosine and tryptophan biosyn-
thesis, pyrimidine metabolism, ascorbate and aldarate metabolism and phenylalanine metabolism metabolic pathways were screened
out in NT group compared with sham group at 15 min, 3 h, 6 h and 24 h post ROSC respectively (Supplementary Fig. 7A-7D).
Compared with the NT group, TCA, phenylalanine, tyrosine and tryptophan biosynthesis, alanine, aspartate and glutamate metabolism
and nicotinate and nicotinamide metabolism pathways were detected in the HT group at 15 min, 3 h, 6 h and 24 h post ROSC
respectively (Supplementary Fig. 7I-7L). There was pyruvate metabolism, tryptophan metabolism, phenylalanine metabolism and
beta-Alanine metabolism metabolic pathways in the HT group at 15 min, 3 h, 6 h and 24 h post ROSC respectively (Supplementary
Fig. 7E-7H). Combining to all the time factors, metabolite pathway analysis showed that phenylalanine metabolism, alanine, aspartate
and glutamate metabolism and TCA pathways were enriched in NT vs sham (Fig. 8A), HT vs sham (Fig. 8B) and HT vs NT (Fig. 8C)
respectively. There are 16 common metabolic pathways, which are phenylalanine metabolism, phenylalanine, tyrosine and trypto-
phan biosynthesis, histidine metabolism, lysine degradation, pentose phosphate pathway (PPP), cysteine and methionine metabolism,
galactose metabolism, TCA, pyrimidine metabolism, tryptophan metabolism glycolysis/gluconeogenesis, starch and sucrose meta-
bolism, pentose and glucuronate interconversions, glutathione metabolism, vitamin B6 metabolism and tyrosine metabolism. To
clearly elucidate the possible underlying mechanism, the schematic overview of differential metabolites and major metabolic pathway
related with the NT group (Fig. 9A) and the HT group (Fig. 9B) was reconstructed.
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Fig. 9. Schematic representation of the metabolites and major metabolic pathways changes. (A) NT vs sham; (B) HT vs sham. Red presents increased
metabolite; green represents decreased metabolite; black represents no detected metabolite.

4. Discussion

CA is a relatively common adverse event in intensive care medicine. The prevalence of sudden cardiac death in China is up to 40.7/
100,000 annually [27]. Among the initial treatment of the CA, cardiopulmonary resuscitation (CPR) plays an important role. However,
several pathological features including myocardial dysfunction, ischemia/reperfusion injury, permanent brain injury and persistent
precipitating pathophysiology occurred during CA and CPR [28-30]. Many patients died from multiple organ failures due to metabolic
disorders, oxidative stress and inflammatory responses [31-33]. Target temperature management has been the cornerstone of neu-
roprotection in patients after ROSC for the past years [34,35], but the exact mechanism remains unknown.

Our study demonstrated that the PPP, phenylalanine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, beta-
alanine metabolism, histidine metabolism are differentially expressed in the NT group. The PPP is responsible for the ribose syn-
thesis. Glucose 6-phosphate dehydrogenase (G-6-PD) is the main enzymes in the oxidative PPP [36]. Previous study showed that
G-6-PD and ribose can improve the cardiac function and reduce reactive oxygen species (ROS) [37]. At this study, our finding rep-
resented that PPP varies more significantly at 15 min. It indicates that serious oxidative stress occurs during the ROSC. Moreover,
B-alanine, as a neurotransmitter, can suppress the uptake of taurine and decrease the regulatory effect on Ca?*, whose excessive
accumulation can enhance the myocardial cytotoxicity [38,39]. Histidine, one of the downstream metabolites, contributes to vascular
dilatation and blood pressure reduction, thus reducing the burden on the heart [40,41]. Our findings highlighted an obvious
up-regulation of p-alanine metabolism at 24 h after ROSC and down-regulation of histidine metabolism at 15 min, 3 h and 24 h after
ROSC in the NT group compared with the sham group. This suggested that elevated p-alanine and reduced histidine levels may
contribute to further cardiomyocyte injury. In addition, i-phenylalanine is oxidized to another essential amino acid, r-tyrosine [42].
However, free 1-tyrosine results in production of nitro tyrosine, which can lead to the neurotoxicity frequently found in neurological
clinical studies [43]. Our results found that phenylalanine, tyrosine and tryptophan biosynthesis and phenylalanine metabolism
regulate the increase of r-tyrosine, which may explain the poor prognosis of cardiac arrest.

Unlike the NT group, critical KEGG pathways in the HT group displayed differently. Although the virtually same changes of the
phenylalanine metabolism, beta-alanine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis was confirmed that ROSC
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leads to the cardiac damage and nerve injury. There were other pathways enriched, including alanine, aspartate and glutamate
metabolism, pyruvate metabolism, arginine biosynthesis, TCA cycle, nicotinate and nicotinamide metabolism, glycolysis/gluconeo-
genesis, glutathione metabolism, tryptophan metabolism. The human brain is an extremely complex organ that highly dependent on
the energy from pyruvate and glutamate metabolism [44,45]. Compared with the NT group, changes of alanine, aspartate and
glutamate metabolism, as well as pyruvate metabolism were observed to generate ATP in the HT group. While, PPP can provide ATP
with relatively low efficiency in the NT group, making it difficult to reach the demands of the brain repair and heart restore [46,47].
Intriguingly, we found that catabolism of tryptophan occurs at 3 h, 6 h and 24 h in the HT group. Studies have confirmed that
metabolism of tryptophan plays an important negative feedback regulatory role in the central nervous system (CNS), inhibiting the
neuroinflammation [48,49]. Additionally, our results showed that nicotinamide and nicotinic acid increased at 3 h. Previous studies
indicated that these substances can improve cardiac function and limit neuron damage caused by oxidative stress [50-52]. Impor-
tantly, despite the no significant changes in 1-arginine, we found increased up-stream argininosuccinic acid content and decreased
down-stream urea consumption. r-arginine is the natural substrate for generating nitric oxide (NO), which is a key regulator of
ischemia/reperfusion injury recovery and neuroprotection [53-55]. Thus, we deduce that mild therapeutic hypothermia improved the
survival and neurological outcomes following cardiac arrest through regulating alanine, aspartate and glutamate metabolism, pyru-
vate metabolism, arginine biosynthesis, tryptophan metabolism and nicotinate and nicotinamide metabolism.

5. Conclusion

In the present study, we demonstrated that the mild therapeutic hypothermia improved the survival and neurological outcomes in
rabbits with cardiac arrest. Metabolomics analysis revealed significant differences in the metabolic profiles among sham, NT and HT
groups. alanine, aspartate and glutamate metabolism, pyruvate metabolism, arginine biosynthesis, tryptophan metabolism and nic-
otinate and nicotinamide metabolism were involved in the protective effects of mild therapeutic hypothermia on neurologic injury
induced by cardiac arrest. Collectively, our study offers new insights into the mechanism of therapeutic hypothermia for cardiac arrest
from the perspective of metabolomics.
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