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Plasma proteomic changes during therapeutic hypothermia
in resuscitated patients after cardiac arrest
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Abstract. Hypothermia is used for several h during cardiac
and aortic surgery to protect ischemic organs. Therapeutic
hypothermia (TH) is used for <24 h as a treatment for comatose
patients after the return of spontaneous circulation (ROSC)
following cardiac arrest. The proteomic approach may provide
unbiased data on alterations in the abundance of proteins
during TH. The objective of this study was to assess the effects
of cooling/rewarming on the plasma proteome during TH after
ROSC and to identify the mechanism underlying its therapeutic
effects. A total of nine comatose adult patients, resuscitated
shortly after cardiac arrest, were cooled to 34°C for 24 h and
slowly rewarmed to 36°C. A quantitative gel-free proteomic
analysis was performed using the isobaric tag for relative and
absolute quantification labeling tandem mass spectrometry.
Plasma samples were obtained prior to cooling and rewarming,
and immediately after rewarming, from all patients during
TH after ROSC. A total of 92 high-confidence proteins were
identified. Statistically significant alterations were observed
(>1.2-fold increase or <0.833-fold decrease) in the levels
of 15 of those proteins (P=0.003-0.047), mainly proteins
belonging to the acute-phase response or platelet degranula-
tion. Unexpectedly, the levels of free hemoglobin (hemoglobin
subunits o and p) were significantly downregulated during
TH (P<0.05). The level of the terminal complement complex
(SC5b-9) showed significant reduction after cooling (P=0.023).
Although the acute-phase response proteins were upregulated,
the abundance of complement proteins did not change, and the
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levels of SC5b-9 and free hemoglobin decreased during TH in
patients after ROSC.

Introduction

Therapeutic hypothermia (TH) is an effective therapy for
comatose patients, improving outcome after return of spon-
taneous circulation (ROSC) following cardiac arrest with
ventricular tachycardia or fibrillation as the initial rhythm (1).
All comatose adult patients after ROSC following cardiac
arrest should receive targeted temperature management
(TTM), with a target temperature between 32°C and 36°C (2).
However, the mechanism underlying the therapeutic effect
of TH remains elusive. Following ROSC, the subsequent
ischemic reperfusion results in extensive generation of free
radicals, leading to systemic inflammatory response syndrome
(SIRS) which may severely impact prognosis (3). This type
of SIRS has been termed ‘post-cardiac arrest syndrome’
(PCAS), including systemic ischemia/reperfusion injury and
the subsequent SIRS, as well as brain injury and myocardial
dysfunction (4,5). However, these studies mainly evaluated the
levels of cytokines (3,6,7). In contrast, the proteomic approach
may provide unbiased data on alterations in the abundance of
proteins (8). Isobaric tag-based quantitative mass spectrometry
has been recently introduced as a high-throughput tech-
nology (9). A previous plasma proteomics method using the
isobaric tag for relative and absolute quantification (iTRAQ)
labeling identified 262 proteins and showed that 2-3 h of deep
hypothermic cardiopulmonary bypass (CPB) suppressed
complement activation compared with normothermic CPB
in aortic surgery (10). Because the cooling time in TH after
cardiac arrest is longer than that reported in cardiac surgery,
it may be easier to detect more proteins with their expression
changes in samples of patients undergoing TH. However, such
studies are rare. For the first time, we performed gel-free
proteomic analysis of plasma samples in patients undergoing
TH after ROSC. The objective of this study was to assess the
effects of cooling/rewarming on the plasma proteome during
TH after ROSC and identify the mechanism underlying its
therapeutic effect.
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Patients and methods

Study population. This was a prospective, observational study
including nine patients resuscitated from an in-hospital or
out-of-hospital cardiac arrest and treated with TH (Table I).
This prospective, cohort study was approved by the Ethics
Committee of Shimane University Faculty of Medicine and
Shimane Prefectural Central Hospital.

Patient management. All patients were admitted to the
intensive care unit (ICU) of Shimane University Hospital and
Shimane Prefectural Central Hospital and treated according to
the protocol predetermined by the study investigators in both
hospitals (Table SI). Written informed consent was provided
by the relatives of the patients. All patients were rapidly
cooled to 34°C through surface cooling using the Arctic
Sun® 5000 Temperature Management System (Medivance,
Louisville, CO, USA) and maintained at that temperature for
24 h. Rewarming was performed slowly at a rate of 0.1°C/hour
up to the target temperature of 36°C (Fig. 1). Patients were
sedated using propofol or midazolam plus fentanyl. Shivering
was treated with continuous infusion of rocuronium. All
patients were admitted to the ICU, intubated, and mechani-
cally ventilated according to the study protocol. The mean
blood pressure was maintained between 60 and 80 mmHg, and
diuresis was controlled at a rate of >1 ml/kg/h. Blood glucose
was controlled between 150 and 200 mg/dl.

Data and sample collection. Demographic and clinical variables
were collected from the electronic files of the patients. Three
blood samples were collected from an arterial line into ethyl-
enediaminetetraacetic acid (EDTA) tubes as follows: T1 (prior
to cooling), T2 (prior to rewarming, after 24 h of hypothermia),
and T3 (immediately after rewarming at 36°C). Following
collection, the blood samples were immediately centrifuged at
1,400 x g for 5 min, and the plasma layers were stored at -80°C.

Immunodepletion of abundant proteins. The two most abun-
dant plasma proteins, albumin and immunoglobulin (Ig)G, were
eliminated using an immunodepletion column (Albumin and
IgG Depletion SpinTrap; GE Healthcare, Buckinghamshire,
UK) according to the manufacturer's instructions and as previ-
ously reported (10).

iTRAQ labeling and strong cation exchange chromatography.
Samples were prepared according to the manufacturer's
instructions (SCIEX, Concord, Canada) and as previously
described (10). Briefly, equal amounts of immunodepleted
T1, T2, and T3 samples from each patient were denaturated
and reduced, and cysteines were alkylated and digested
using trypsin (SCIEX). Each digest was labeled with a
different iTRAQ tag using the iTRAQ Reagent 4-plex kit
(SCIEX). iTRAQ label 114 was chosen for the T1 samples,
whereas iTRAQ labels 115, 116, or 117 were randomly selected
for the T2 and T3 samples. Subsequently, the three samples
from each patient were combined and fractionated into six
fractions using strong cation exchange (SCX) chromatography
according to the manufacturer's instructions (SCIEX). Each
fraction was desalted according to the manufacturer's instruc-
tions (Waters, Milford, MA, USA).
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Table I. Demographic data.

Demographics, n=9 Data
Age 72.6£14.6
Male, n (%) 4 (44.4%)
Bystander-initiated BLS, n (%) 5 (55.6%)
Time between collapse to CPR, min 3.8+4.6
Time between collapse to ROSC, min 14.3+4.6
Time between collapse to start of cooling, min ~ 154.7+75.0
Time between initiation of cooling to target 34.5+25.0
temperature 34°C, min

Time between initiation of rewarming to 26.5+7.8
target temperature 36°C, h

APACHE 1I score 31.2+4.7
pH at initial examination 7.13+0.31
HCO:s- at initial examination, mmol/l 16.8+6.9
Lactate at initial examination, mmol/l 20.7x18.6
PaCO, at initial examination, mmHg 52.7423.8
Patients with good prognosis, CPC=1-2, n (%) 3 (33.3%)
Patients with poor prognosis, CPC=3-5, n (%) 5 (55.6%)
Patients who expired, n (%) 1(11.1%)

Data are presented as the mean + standard deviation. BLS, basic
life support; CPR, cardiopulmonary resuscitation; ROSC, return of
spontaneous circulation; APACHE II, Acute Physiology and Chronic
Health Evaluation II; CPC, cerebral performance category.

Nano liquid chromatography (LC) and matrix-assisted laser
desorption/ionization (MALDI)-time-of-flight (TOF)/TOF
mass spectrometry (MS)/MS analysis. One fraction from the
SCX chromatography was fractionated to 171 spots using a
DiNa nanoLC system (K'YA Tech, Tokyo, Japan) and collected
onto an Opti-TOF LC/MALDI 384 target plate (SCIEX) in
accordance with the manufacturer's instructions and as previ-
ously described (10). Spotted peptide samples were analyzed
using a 5800 MALDI-TOF/TOF MS/MS Analyzer and the
TOF/TOF Series software (version 4.0, SCIEX). MS/MS data
were analyzed using the ProteinPilot™ software (version 3.0)
and the Paragon™ protein database (SCIEX). Quantitative
alterations in protein levels at T2 or T3 were calculated using
the iTRAQ ratios T2:T1 or T3:T1, respectively.

ITRAQ data analysis and bioinformatic analysis. Identified
proteins were tested to determine if they fulfilled the following
two criteria: i) A false discovery rate (FDR) <5% (FDR was
estimated through 'decoy database searching' using the
ProteinPilot™ software); and ii) protein confidence >99%
(‘unused ProtScore’ >2). Proteins fulfilling these criteria
were defined as statistically significant (10,11). The DAVID
6.8 software (available at https://david.ncifcrf.gov accessed
December 5, 2017) was used to test for gene enrichment
and functional annotation analysis (12,13) of Gene Ontology
terms (GO, available at http://www.geneontology.org accessed
July 31, 2018) (14). If the number of identified genes in a
particular GO term was significantly larger than the total
number of genes in the entire genome classified by the same



EXPERIMENTAL AND THERAPEUTIC MEDICINE 18: 1069-1080, 2019

37

1071

36.5
36 -

35.5
35

/

34.5 -
344

33.5 4 ]

Cooling

|

Rewarming

1

33
™
32.5

T2

T3

Urinary bladder temperature (°C)

0 12

24

36 48 60

Time after initiation of cooling (h)

Figure 1. Changes in temperature during cooling and rewarming. Data are presented as the mean =+ standard error. T1, prior to cooling; T2, prior to rewarming;

T3, immediately after rewarming.

GO term according to the binominal test, the GO term was
termed ‘enriched’. This suggested that a group of genes in
the GO term may play an important role in the pathological
process assessed by this study (13). The correction of multiple
testing was performed using the EASE score, a modified
Fisher's exact test, and Benjamini statistics (12,13). The anno-
tations of identified proteins were acquired from the Uniprot
database (available at: http://www.uniprot.org/ accessed by
July 31, 2018).

Western blot analysis and ELISA. Western blotting analysis
was performed as previously described (11). Briefly,
plasma samples were separated through sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotted using the mouse monoclonal apolipo-
protein Al (ApoAl) antibody (Cell Signaling technology,
Danvers, MA, USA), rabbit monoclonal apolipoprotein C3
(ApoC3) antibody (GeneTex, Irvine, CA, USA), mouse mono-
clonal Gelsolin (GSN) antibody (Abcam, Tokyo, Japan), and
anti-rabbit IR dye 680-conjugated IgG (LI-COR, Lincoln,
NE, USA). Protein bands were visualized using an Odyssey
(LI-COR) Infrared Imaging System and their intensities were
measured through densitometric analyses of ApoAl, APOCS3,
and GSN. To confirm equal levels of proteins per lane,
nonspecific proteins stained with Coomassie Brilliant Blue
(CBB) were analyzed. The average value of three indepen-
dent experiments was used for statistical analysis. The levels
of free hemoglobin in the plasma were determined using a
solid-phase sandwich ELISA kit (MyBioSource, San Diego,
CA, USA) according to the manufacturer's instructions. The
level of the terminal complement complex (SC5b-9) was
determined using a solid-phase sandwich ELISA kit (Quidel
Corp., San Diego, CA, USA).

Statistical analysis. For the analysis of iTRAQ ratios (i.e.,
T2:T1 and T3:T1) of each identified protein, P-values were
calculated using a one-sample t-test of averaged protein ratio
against 1 to assess the validity of the alterations in protein
expression (10,11). Statistical comparisons were performed

using the paired t-test or Wilcoxon signed-rank test followed
by a post-hoc Bonferroni test to estimate significant changes
in the iTRAQ ratios of several important proteins and the
corresponding western blotting/ELISA data.

Results

Proteomic changes during TH after ROSC. Proteomic
analysis identified 189 proteins having an FDR <5%. Among
those, 92 proteins identified in at least five of the nine samples
had significant protein confidence >99% (‘used Protscore’ >2).
To demonstrate the abundance of proteins using fold changes
and P-values, fold changes (T2/T1, T3/T1) were combined
with their P-values, with the two vertical lines showing a fold
change=1.2 and =0.833, respectively, and the horizontal line
showing P<0.05 (Fig. 2A and B). Acute phase proteins were
significantly upregulated during both cooling (Fig. 2A) and
rewarming (Fig. 2B). Conversely, complement proteins were
not significantly upregulated during cooling and rewarming.
Fifteen proteins demonstrated statistically significant altera-
tions, including many upregulated proteins belonging to the
acute-phase response (Table II). Unexpectedly, both hemo-
globin subunit o and B were significantly downregulated
during TH.

Proteomic profiling using DAVID. Protein levels
decreased or increased (<0.833 fold or >1.2 fold, respectively)
in at least five of the nine samples were identified and analyzed
for gene enrichment (10,15) and functional annotation using
the DAVID software. Two GO terms, ‘platelet degranulation’
and ‘acute-phase response’, demonstrated the most statistically
significant protein enrichment (Tables III and IV).

Western blotting and ELISA analysis. Both units of hemo-
globin decreased in seven samples of patients who did not
undergo transfusion (Fig. 3A and B). The difference was
statistically significant. ELISA analysis corroborated this
statistically significant downregulation of free hemoglobin
induced by TH (Fig. 3C). Western blotting analysis confirmed
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Figure 2. Scatter plot graph of the identified plasma proteins with statistical significance. (A) Samples were obtained after therapeutic hypothermia (T2/T1).
(B) Samples were obtained after rewarming (T3/T1) of the resuscitated patients. Values are demonstrated by the log-transformed iTRAQ ratio and one-sample
test P-values. Fold changes (T2/T1, T3/T1) >1.2 or <0.833 were defined as significant up- or down-regulation, respectively (demonstrated by the two vertical
lines). P-values were calculated using a one-sample t-test of averaged protein ratio (T2/T1, T3/T1) against 1. P<0.05 denoted statistical significance (demon-
strated by the horizontal line). T1, prior to cooling; T2, prior to rewarming; T3, immediately after rewarming; iTRAQ, isobaric tag for relative and absolute

quantification.

the statistically significant upregulation of ApoC3 (Fig. 4) and
the statistically significant downregulation of gelsolin at T3
(T3/T1=0.66+0.27, P=0.039). Western blotting revealed that
the levels of ApoAl did not change significantly during TH
(T3/T1=0.87+£0.16, P=0.091). However, the levels of SC5b-9
decreased significantly (P=0.023) through cooling from T1
to T2 and subsequently increased slightly through rewarming
from T2 to T3 (P=1.00) (Fig. 5).

Discussion

Ethical reasons prohibited the inclusion of a control group
(i.e., ROSC patients after cardiac arrest without TH) in this
study. Therefore, it was not possible to distinguish between
hypothermia-induced changes and those occurring during
the course of SIRS after cardiac arrest (16). To overcome this
challenge, we utilized our serum proteome data previously
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Table III. Top 10 Gene Ontology terms showing statistically significant protein enrichment for plasma samples taken from
patients having therapeutic hypothermia during cooling.

Number of Benjamini's

Gene Ontology term observed genes P-value correction Genes

Platelet degranulation 11 1.6x107"7 3.5x10°1% ALB, FGA, FGB, FGG, FN1, ITIH3, ORM1,
PROS1, SERPINA1, SERPINA3, SERPINF2

Acute-phase response 9 7.8x107"7 1.2x10 CRP, APCS, FN1, LBP, ORM1, SERPINAI,
SERPINA3, SERPINF2, SAA1

Fibrinolysis 5 1.1x10°® 7.8x107 FGA, FGB, FGG, PROS1, SERPINF2

Negative regulation of 6 3.3x107 1.8x107 C4A,1TIH3, PROS1, SERPINA1, SERPINA3,

endopeptidase activity SERPINF2

Blood coagulation 6 2.6x10° 1.2x10* FGA, FGB, FGG, HBB, PROS1, SERPINA1

Blood coagulation, 3 8.9x10° 3.3x10* FGA, FGB, FGG

fibrin clot formation

Innate immune response 7 1.1x10° 3.3x10* APCS, C4A, FGA, FGB, LBP, PGLYRP2,
SAA1

Platelet aggregation 4 1.7x107 4.8x10* FGA, FGB, FGG, HBB

Positive regulation of 3 4.2x107 1.0x103 FGA, FGB, FGG

peptide hormone secretion

Plasminogen activation 3 5.3x107 1.2x107 FGA, FGB, FGG

In the patients having therapeutic hypothermia, 22 proteins found in at least 5 found 9 samples with upregulation (>1.2-fold) or downregulation
(<0.83-fold) during cooling were analyzed using DAVID software.

Table IV. Top 10 Gene Ontology terms showing statistically significant protein enrichment for plasma samples taken from
patients having therapeutic hypothermia after rewarming.

Number of Benjamini's

Gene Ontology term observed genes  P-value correction Genes

Platelet degranulation 10 3.7x10 1.3x10" ALB,FGA,FGB, FGG,ITIH3,ORM1,PROSI1,
SERPINAT1, SERPINA3, SERPINF2

Acute-phase response 8 1.8x1013 32x10""  CRP,APCS, LBP,ORM1, SERPINAL,
SERPINA3, SERPINF2, SAA1

Negative regulation of 8 6.7x10°1° 8.2x10® AGT, C4A, ITIH3, PROS1,

endopeptidase activity SERPINA1, SERPINA3, SERPINF2, VTN

Fibrinolysis 5 3.1x10°® 2.9x10°¢ FGA, FGB, FGG, PROS1, SERPINF2

Innate immune response 9 2.5x107 1.8x10° APCS,APOLI, CIR, C1S, C4A,FGA, FHB,
LBP, SAA1

Lipoprotein metabolism process 5 3.8x107 2.3x107 ALB, APOC2, APOC3, APOE, APOL1

Receptor-mediated endocytosis 7 4.2x107 2.2x107 ALB,APOE, APOL1,HBAI1,HBB, SAA1,
VTN

Protein polymerization 4 1.0x10° 4.8x107 FGA, FGB, FGG, VTN

Blood coagulation 6 9.9x10° 40x10*  FGA, FGB, FGG, HBB, PROS1, SERPINA1

Regulation of complement 4 1.5x107 5.4x10* C4A, C9,PROS1, VTN

activation

In the patients having therapeutic hypothermia, 28 proteins found in at least 5 found 9 samples with upregulation (>1.2-fold) or downregulation
(<0.83-fold) after rewarming were analyzed using DAVID software.

reported in a study (17) as ‘control’. The previous and present  present study were compared with the serum proteome data
studies were conducting using an identical methodology and  obtained from five patients (average age: 73 years; four males,
analytical approach. The proteomic data obtained in the one female) pre- and post-operatively (average of 13.1 days after
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Figure 3. Changes of plasma free hemoglobin levels during therapeutic hypothermia. (A) iTRAQ ratio alterations in the levels of hemoglobin subunit o
during TH. 7, analysis excluding patients who received transfusion (#4, #6), P=0.031 between T1 and T3 using the paired t-test with post-hoc analysis using
the Bonferroni method. (B) iTRAQ ratio alterations in the levels of hemoglobin subunit (3 levels during TH. “P=0.039 between T1 and T3 using the Wilcoxon
signed-rank test with post-hoc analysis using the Bonferroni method. 1P=0.025 between T1 and T2 in analysis excluding patients who received transfusion
(#4, #6) using the paired t-test with post-hoc analysis by the Bonferroni method. *P=0.003 between T1 and T3 in analysis excluding patients who received
transfusion (#4, #6) using the paired t-test with post-hoc analysis by the Bonferroni method. (C) Alterations in the levels of free hemoglobin measured by
enzyme-linked immunosorbent assay (ELISA) during TH. "P=0.042 between T2 and T3 using the paired t-test with post-hoc analysis using the Bonferroni
method. fAnalysis excluding patients who received transfusion (#4, #6), P=0.047 between T1 and T3 using the Wilcoxon signed-rank test with post-hoc
analysis using the Bonferroni method. T1, prior to cooling; T2, prior to rewarming; T3, immediately after rewarming; iTRAQ, isobaric tag for relative and
absolute quantification; TOF, time-of-flight; MS, mass spectrometry.

cardiac surgery). Cardiac surgery is commonly accompanied  post-operatively and may lead to multiple organ dysfunction or
by ischemic reperfusion injury. Thus, SIRS inevitably occurs  death (18-21). This fact prompted us to use the proteomic data
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Figure 4. Representative images and relative intensities from the western blot analysis of ApoC3. As an internal loading control, non-specific proteins stained
with CBB are shown in the lower panel. Data from triplicate experiments were analyzed to calculate the average values. ‘P=0.046 between T1 and T3 using the
paired t-test with post-hoc analysis using the Bonferroni method. ApoC3, apolipoprotein C3; CBB, Coomassie Brilliant Blue; T1, prior to cooling; T2, prior to
rewarming; T3, immediately after rewarming.
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Figure 5. ELISA analysis of the levels of the terminal complement complex (SC5b-9) during therapeutic hypothermia after return of spontaneous circulation.
“P=0.023 between T1 and T2 using the Wilcoxon signed-rank test with post-hoc analysis by the Bonferroni method. The black horizontal lines in each time
point indicate the mean values of SC5b-9.

in the post-cardiac surgery group as a possible surrogate of the  groups, proteins related to the complement system were
control group, namely ROSC patients after cardiac arrest not  not upregulated in the TH after ROSC group compared
undergoing TH. with those in the post-cardiac surgery group (Fig. 6). For

Although many proteins belonging to the acute-phase example, serum amyloid Al (SAAL1) is a major acute-phase
response were upregulated in a similar manner in both  protein with cytokine-like activity during inflammation (22).
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Figure 6. Comparison of plasma/serum proteomic data between patients undergoing TH after ROSC and those who underwent cardiac surgery. Proteomic data
were obtained (17). Bold, proteins with statistically significant (P<0.05) upregulation or downregulation in samples of post-CS patients; Italics with underline,
proteins with statistically significant (P<0.05) upregulation or downregulation in samples of patients undergoing TH after ROSC. Proteins were classified
into ‘complement’, ‘acute-phase response’, and ‘coagulation’ according to their principal Gene Ontology term in the Uniprot database. Post CS, post-cardiac
surgery; TH, therapeutic hypothermia; ROSC, return of spontaneous circulation.

SAALI and five other proteins of the acute-phase response
were upregulated in a similar manner in both the TH after
ROSC and post-cardiac surgery groups. In agreement with
recent reports (6,23-25), these findings imply that TH does
not reduce the acute-phase response after ROSC and that
systemic inflammation is not influenced by TTM at 33°C or
36°C (6). However, there are numerous studies supporting the
hypothermic suppression of inflammation (26). These results
suggest that a lower temperature (i.e., <33°C) may decrease
the inflammatory response (6). The systemic inflammatory
response and apoptosis are thought to continue for several
days after reperfusion or traumatic injuries. Thus, a prolonged
duration of hypothermia (e.g., 72 vs. 24 h) may be more
beneficial to patients (24,26).

According to the analysis performed using the DAVID
software, platelet degranulation was the most enriched GO
term in the TH after ROSC patients. Platelets contain a granule
contents, dense granule contents, and lysosomes (27). These
include adhesion molecules, chemokines, cytokines, coagu-
lation factors, and immunological molecules (28). Platelet
degranulation is induced by several receptor signaling path-
ways including platelet pattern-recognition receptor signaling.
The latter is triggered by pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) (28). DAMPs were reported to increase at days 0
and 1 after ROSC (29). The resultant platelet activation results
in inflammation and thrombosis, leading to the interaction of
both processes (30,31).

Although numerous complement proteins were upregu-
lated in the post-cardiac surgery group, this phenomenon did
not occur in the TH after ROSC group (Fig. 6). Both findings
were consistent with the bioinformatic analysis (Tables III-V).
These suggest that TH may suppress the complement activa-
tion in ROSC patients after cardiac arrest. In addition, this
finding was confirmed by the decreased levels of soluble C5b-9
(membrane attack complex=MAC) during TH (Fig. 5), also
consistent with the findings of previous studies (10,24,25,32).
Complement activation is involved in the pathogenesis of isch-
emic reperfusion injury and SIRS (33), and SC5b-9 is a good
predictor of prognosis in myocardial/renal ischemia (34,35).
Collectively, these findings indicate that the therapeutic effect
of TH may be the result, at least partially, of the suppression of
complement activation.

Free (extracellular) hemoglobin may act as a peroxidase
in the presence of hydrogen peroxide (36,37) and lead to
the consumption of nitric oxide and vasoconstriction (38),
causing acute kidney and lung injury (39,40). This is the
first study to demonstrate that the levels of free hemoglobin
decreased during the cooling and rewarming phases after
ROSC. PCAS shares numerous features with sepsis, such as
elevated levels of cytokines (4). In the early stage of sepsis,
circulating levels of hemoglobin subunit 3 were found to
be significantly higher in sepsis patients compared with
those reported in the control group (41). These findings
suggest that PCAS may be naturally accompanied by an
increase in the levels of hemoglobin subunit § that may be
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Table V. Top 10 Gene Ontology terms showing statistically significant protein enrichment for serum samples obtained from

patients having cardiac surgery.

Number of Benjamini's

Gene Ontology term observed genes P-value correction Genes

Complement activation, 17 2.5x10% 1.0x10%! CLU, C3,C4B, C5, C6,C8B, C9, C4BPA,

classical pathway CFI, IGHA1, IGKC, IGKV3-20,IGKV3D-11,
IGKV4-1,IGLC1, IGLV3-21, SERPINGI1

Complement activation 15 2.7x10 5.6x107" CLU, C3,C4B, C5, C6,C8B, CFB, CFHRI1,
CFH, IGKC, IGKV3-20, IGKV3D-11,
IGKV4-1,1IGLC1,IGLV3-21

Platelet degranulation 15 3.3x10% 4.6x10°"® ALB,A1BG,APOH, CLU,FGA,ITIH3,ITIH4,
KNG1, ORM1, ORM2, PPBP, SERPINAL,
SERPINA3, SERPINF2, SERPING1

Regulation of complement 11 6.0x10"° 6.3x10°"7 C3,C4B,C5,C6,C8B, C9,C4BPA, CFB, CFH,

activation CFI, VIN

Receptor-mediated endocytosis 15 1.6x10°'¢ 9.3x107" ALB, APOE, CFI, HP, HBA1, HBB, IGHAI,
IGKC, IGKV3-20,IGKV3D-11,IGKV4-1,
IGLC1,IGKV3-21, SAA1, VTN

Negative regulation of 13 1.1x10%  7.8x10™ AGT, C3,C4B, C5, ITIH3, ITIH4, KNG1,

endopeptidase activity SERPINA1, SERPINA3, SERPINCI,
SERPINF2, SERPING1, VIN

Acute-phase response 12 1.7x10°% 1.0x10" APCS, HP, ITIH4, ORM1, ORM?2, SERPINAI,
SERPINA3, SERPINF2, SAA1, SAA4

Complement activation, 6 2.4x101° 1.3x10% C3,C5,C8B, C9, CFB, CFH

alternative pathway

Immune response 12 3.3x10°® 1.6x10°  C3 C8B C9 IGHAI IGKC IGKV3-20
IGKV3D-11 IGKV4-1 IGLC1 IGLV3-21 PPBP
VTN

Innate immune response 12 4.2x10%® 1.7x10°¢ APCS CLU C4B C6 C4BPA CFI FGA IGHAI1

IGKC1 IGLC1SERPINGI1 SAA1

In the patients having aortic valve replacement, 51 proteins found in at least 3 found 5 samples with upregulation (>1.2-fold) or downregulation
(<0.83-fold) were analyzed by the DAVID software. Proteomic data was obtained (17).

suppressed by TH. This reduction of free hemoglobin may
be the consequence of reduced hemolysis and/or augmented
scavenging reaction of hemoglobin. Normal erythrocytes
were shown to be lysed by the formation of the MAC of
complement C5b-9 following activation of the complement
system by zymosan (42). This activation has been reported
to decrease at temperatures <37°C (42). Thus, hypothermia
may suppress the activation of the complement system and
thereby suppress hemolysis.

The hemoglobin scavenging system is known as the
haptoglobin-CD163-heme oxygenase-1 pathway and
hemopexin-CD91-HO pathway (43,44). It is well known that
increased levels of free hemoglobin in the plasma accompany
the decreased levels of haptoglobin, as shown in cardiac
surgery (45). However, the present plasma proteomic analysis
did not demonstrate any significant changes in the abundance
of haptoglobin (T3/T1=1.19+0.35, P=0.132) and hemopexin
(T3/T1=1.01+0.30, P=0.931) during TH after ROSC. Based
on this evidence, it is inferred that unknown mechanisms may
be involved in the scavenging of free hemoglobin. Although

ApoC3 was significantly upregulated during cooling and
rewarming, there was no evidence regarding the interaction
between ApoC3 and cell-free hemoglobin. However, lipid-free
ApoAl acts as an antioxidant against cell-free hemoglobin
and may facilitate receptor-mediated endocytosis of free
hemoglobin via a scavenger receptor class B type 1 (SR-B1)
or an ApoAl receptor (46). Furthermore, in an animal
model, small fragments of apolipoprotein E reduced the
levels of free hemoglobin via the ubiquitous heparin sulfate
proteoglycan-associated pathway (47). During the acute-phase
response, marked elevation in the levels of SAA protein in the
plasma causes high-density lipoprotein (HDL) remodeling,
with the newly synthesized SAA1 and SAA2 displacing ApoAl
and becoming an apolipoprotein of HDL (22,48). This indi-
cates that the increased levels of SAA1/2 may increase those
of free ApoAl during the acute-phase response. Although
ApoAl was not upregulated during TH, it is uncertain whether
the levels of free ApoAl may be altered during treatment.
The limitations of the present study include the absence
of a control group and the small sample size. Therefore,
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further studies involving larger sample sizes and, if possible,
a control group are necessary to confirm the present findings.

In conclusion, plasma proteomic analysis demonstrated
that the abundance of complement proteins did not change and
the levels of SC5b-9 and free hemoglobin decreased in patients
undergoing TH after ROSC. However, proteins belonging
to the acute-phase response were upregulated during TH.
These novel findings may contribute to the current knowledge
regarding TH after ROSC.
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