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1  | INTRODUC TION

Intracerebral hemorrhage (ICH) is a lethal form of cerebrovascu-
lar disorder with high mortality and morbidity (Hemphill et al., 
2015; Lan, Han, Li, Li, et al., 2017; Lan, Han, Li, Yang, & Wang, 

2017). Considering the aging of populations, the incidence of 
ICH is expected to increase (van Asch et al., 2010). Currently, 
there is no effective therapy available to improve the clini-
cal end points of ICH, because of the combined effect of pri-
mary injury and secondary damage (Fiorella, Zuckerman, Khan, 
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Abstract
Introduction: Intracerebral hemorrhage (ICH) is a lethal cerebrovascular disorder 
with a high mortality and morbidity. The pathophysiological mechanisms underlying 
ICH‐induced secondary injury remain unclear.
Methods: To examine one of the gaps in the knowledge about ICH pathological 
mechanisms, isobaric tag for relative and absolute quantification (iTRAQ)‐based liq-
uid chromatography‐tandem mass spectrometry (LC‐MS/MS) was used in colla-
genase‐induced ICH rats on the 2nd day.
Results: A total of 6,456 proteins were identified with a 1% false discovery rate 
(FDR). Of these proteins, 126 and 75 differentially expressed proteins (DEPs) were 
substantially increased and decreased, respectively. Based on Gene Ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), and STRING analyses, the pro-
tein changes in cerebral hemorrhage were comprehensively evaluated, and the en-
ergy metabolism in ICH was anchored. The core position of the nitrogen metabolism 
pathway in brain metabolism in ICH was found for the first time. Carbonic anhydrase 
1 (Ca1), carbonic anhydrase 2 (Ca2), and glutamine synthetase (Glul) participated in 
this pathway. We constructed the protein–protein interaction (PPI) networks for the 
energy metabolism of ICH, including the Atp6v1a‐Atp6v0c‐Atp6v0d1‐Ppa2‐Atp6ap2 
network.
Conclusions: It seems that dysregulation of energy metabolism, especially nitrogen 
metabolism, may be a major cause in secondary ICH injury. This information provides 
novel insights into secondary events following ICH.
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Ganesh Kumar, & Mocco, 2015; Hemphill et al., 2015; Mittal & 
LacKamp, 2016). The primary injury is mainly caused by the me-
chanical oppression and destruction to the surrounding tissue 
by hematoma formation (Wang, 2010; Zheng, Chen, Zhang, & 
Hu, 2016). The secondary injury, for the most part, results from 
the presence of intraparenchymal blood that may be dependent 
upon the initial hematoma volume or age (Wang, 2010), and it 
may occur via many parallel pathological pathways (Wu et al., 
2010). Most studies of the secondary brain injury focused on 
excitotoxicity, coagulation cascade, oxidative stress (OS), inflam-
mation, iron toxicity (Li, Han, Lan, Gao, et al., 2017; Li, Han, Lan, 
Hong, et al., 2017; Li, Wan, Lan, et al., 2017; Wu, Wu, Xu, Wang, 
& Wang, 2011), ferroptosis, necrosis, and autophagy (Hu et al., 
2016; Lan, Han, Li, Li, et al., 2017; Lan, Han, Li, Yang, et al., 2017; 
Li, Han, Lan, Gao, et al., 2017; Li, Han, Lan, Hong, et al., 2017; Li, 
Wan, Lan, et al., 2017; Wang & Tsirka, 2005; Zhang et al., 2017). 
However, the precise pathophysiological mechanisms underlying 
ICH‐induced secondary injury remain far from being completely 
elucidated.

Recent advances in proteomics technologies offer opportu-
nities to study the global protein landscape and identify the new 
pathophysiological aspect. Many proteomic studies on experi-
mental ischemic stroke have been reported, whereas there were 
only two proteomic studies in rat models of hemorrhagic stroke. 
Furthermore, these two studies have some limitations: One of 
the studies employed a traditional 2D gel combined with mass 
spectrometry (MS) (Chiu et al., 2012). This approach still suffers 
from low recognition sensitivity and linearity and a relatively low‐
throughput, and it cannot analyze highly basic/hydrophobic pro-
teins (Aggarwal, Choe, & Lee, 2006; Sethi, Chourasia, & Parhar, 
2015). Moreover, the major disadvantage of two‐dimensional gel 
electrophoresis (2‐DE) is poor reproducibility or gel to gel variabil-
ity (Sethi et al., 2015). Another study utilized a label‐free liquid 
chromatography‐tandem mass spectrometry (LC‐MS/MS)‐based 
relative quantification approach to evaluate rat brains with ICH 
(Ren et al., 2014). Unfortunately, the label‐free method identifies 
fewer proteins with accurate quantification, especially those of 
lower abundance (Craft, Chen, & Nairn, 2013). More importantly, 
although the study identified more than 600 proteins, most of 
them were already reported in known research. It is necessary to 
use advanced proteomic methods to identify some novel proteins 
and elucidate the pathophysiological mechanisms of ICH. With the 
development of proteomic techniques, isobaric tag for relative and 
absolute quantitation (iTRAQ) followed by multidimensional liquid 
chromatography and tandem MS provides a more powerful meth-
odology for quantitative proteomics (Wang et al., 2013). Thus, to 
explore the potential mechanisms of ICH, we used iTRAQ‐based 
quantitative proteomics in this study.

To the best of our knowledge, iTRAQ‐based quantitative pro-
teomics has not been used to study ICH. To gain a better under-
standing of ICH‐induced secondary injury, we sought to apply 
iTRAQ‐based LC‐MS/MS analysis. In this study, we established a 
protein sketch of ICH‐induced secondary brain injury by comparing 

the proteomes of the sham‐operated and ICH‐operated groups. 
Based on the bioinformatic analysis, we aimed to reveal the novel 
processes involved in ICH. In addition, major related proteins were 
further validated by western blotting.

2  | MATERIAL S AND METHODS

2.1 | Animal experiments

Sprague‐Dawley (SD) male rats (6–7 weeks, 180–200 g), specific 
pathogen‐free (SPF) grade, were provided by the Laboratory 
Animal Centre of Central South University (CSU). They were 
housed three per cage and received food and water ad libitum 
under controlled environmental conditions (room temperature 
21–25°C, room relative humidity 40%–60%, 12‐hr day–night cycle 
with lights) for five days to adapt to the environment. The study 
was verified and approved by the Animal Ethics Committee of 
CSU.

2.2 | Experimental design and statistical rationale

For iTRAQ‐based LC‐MS/MS analysis, collagenase‐induced ICH 
and sham‐operated rats brain samples were analyzed in one tech-
nical replicate. Forty rats were randomly (Li, Han, Lan, Gao, et al., 
2017; Li, Han, Lan, Hong, et al., 2017; Li, Wan, Lan, et al., 2017) 
divided into two groups: (a) Sham‐operated group (n = 20): Rats 
underwent the ICH procedure without collagenase infusion; and 
(b) ICH group (n = 20): Rats underwent the ICH procedure with 
collagenase infusion. All rats were evaluated using the modified 
neurological severity score (mNSS) at 24 and 48 hr. At 48 hr after 
ICH, the rats were deeply anesthetized with 3% pentobarbital 
sodium (50 mg/kg). Rats were transcardially perfused with 0.9% 
ice‐cold saline and then sacrificed by decapitation. Equal amounts 
of protein from each of the four brain tissue samples were mixed 
to generate one normalization pool, and the proteomic study 
was performed. The results of this study are presented as the 
means ± SD. Statistical comparisons between means were as-
sessed by two‐tailed Student’s t test using SPSS software (IBM, 
v19). At least a 1.3‐fold change and a p‐value <0.05 were consid-
ered as significant.

2.3 | Induction of ICH

A collagenase‐induced ICH model was established according to 
previous reports (Peng, Yang, & Yang, 2014; Wang et al., 2016; 
Zhou et al., 2010). All rats were anesthetized with 3% pento-
barbital sodium (50 mg/kg) through an intraperitoneal injection 
and then fixed on a stereotaxic frame (Stoelting Co., USA) in the 
prone position. Following a midline scalp incision, a small burr 
hole was drilled 3.2 mm to the right and 1.4 mm posterior of 
the bregma. A 5‐μl Hamilton syringe was lowered into the right 
globus pallidus (5.6 mm ventral to cortical surface), and 0.5 U of 
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collagenase (Sigma Co., USA; Type VII) in 2.5 μl of 0.9% sterile 
saline was slowly injected over 2 min, with the needle remaining 
in place for an additional 5 min. After the hole was sealed and the 
scalp was sutured, the rats were housed individually in a warm 
cage to recover. For the sham‐operated group, the animals were 
administered 2.5 μl of 0.9% sterile saline instead of collagenase 
at the same site.

2.4 | Pre‐proteomic assessment

Neurological Evaluation—All rats were evaluated using the mNSS 
(Xing et al., 2016; Zhou et al., 2017) at 24 and 48 hr. Neurological 
function was graded on a scale of 0–18 (normal score 0; maximal 
deficit score 18). The mNSS is a composite of motor, sensory, reflex, 
and balance tests. In the severity scores of injuries, 13–18 points 
indicate severe injury; 7–12 points indicate moderate injury; and 1–6 
points indicate mild injury.

Hematoxylin–eosin (H&E) staining—At 48 hr after ICH, the rats 
were sacrificed, and then, the part of hemorrhagic hemisphere was 
fixed in 10% neutral‐buffered formalin. The tissue was embedded 
in paraffin, and sections were H&E stained.

2.5 | Tissue preparation and protein extraction

The whole right or hemorrhagic hemisphere excluding the cer-
ebellum and olfactory lobe (hereafter called the ipsilateral hemi-
sphere) was selected in our proteomic experiment. To extract 
proteins, the ipsilateral hemispheres were ground into powder in 
liquid nitrogen, and proteins were then extracted with ice‐cold 
lysis buffer (7 M urea, 4% CHAPS, 30 mM HEPES) containing 
1 mM PMSF and 2 mM EDTA (final concentration). After five min-
utes, 10 mM DTT (final concentration) was added to the samples. 
The suspension was sonicated at 200 Watts for 15 min and then 
centrifuged at 4°C and 30,000 × g for 15 min. The supernatant 
was mixed well with a fivefold excess of 10% TCA chilled acetone 
and incubated at −20°C overnight. After centrifugation at 4°C, 
30,000 × g for 15 min, the supernatant was discarded. The pre-
cipitate was washed with chilled acetone three times. The pellet 
was air‐dried and dissolved in lysis buffer. The suspension was 
sonicated at 200 W for 15 min and centrifuged at 4°C, 30,000 × g 
for 15 min. To reduce the disulfide bond of the supernatant, 
10 mM DTT was added at 56°C for 1 hr. Subsequently, 55 mM 
IAM was added to block the cysteines, and the samples were in-
cubated in a dark room for 45 min. The supernatant was mixed 
well with a fivefold excess of precooled acetone for 2 hr at −20°C 
to precipitate proteins. After centrifugation at 4°C, 30,000 × g, 
the supernatant was discarded, and the pellet was air‐dried for 
5 min, dissolved in 500 μl of 0.5 M lysis buffer, and sonicated at 
200 W for 15 min. Finally, samples were centrifuged at 4°C, 30 
000 g for 15 min. The supernatant was transferred and kept in 
aliquots at −80°C (longer term) or at −20°C (shorter duration). 
Protein concentration was done using a BCA quantification kit 
(Sigma Co., USA).

2.6 | iTRAQ labeling and strong cation exchange 
(SCX) fractionation

The protein digestion process followed the filter‐aided sample 
preparation (FASP) (Sun & Jiang, 2013; Wisniewski, Zougman, 
& Mann, 2009; Wisniewski, Zougman, Nagaraj, & Mann, 2009). 
Briefly, each sample of 200 μg of protein was reduced, alkylated, 
and then digested with trypsin (Promega Co., USA) overnight 
at 37°C. The following day, the samples were centrifuged at 
12,000 g for 20 min. Subsequently, 50 μl of 1 M TEAB was 
added, and the samples were centrifuged for 20 min under the 
same conditions. The final peptides were transferred to a new 
tube. Afterward, the peptides were processed according to the 
manufacturer’s instructions for 8‐plex iTRAQ reagent (Applied 
Biosystems). Samples were labeled with the iTRAQ tags as fol-
low: Sample ICH‐operated group (tag 117) or Sample sham group 
(tag 118). The peptides were labeled with the isobaric tags and 
incubated at room temperature for 2 hr. All labeled peptide mix-
tures were then pooled and evaporated to dryness by vacuum 
centrifugation.

SCX chromatography was performed with a LC‐20AD HPLC 
Pump system (Shimadzu, Japan). The iTRAQ‐labeled tryptic pep-
tides were reconstituted with buffer A (20 mM HCOONH4, pH 10) 
and loaded onto a 2 × 150 mm Gemini‐NX C18 SCX column con-
taining 3‐μm particles (Phenomenex) with 80% acetonitrile 20 mM 
HCOONH4 as buffer B. The peptides were eluted at a flow rate of 
200 μl/min with a gradient of different concentrations of buffer 
B for 1 hr. Elution was monitored by measuring the absorbance at 
214 nm/280 nm, and fractions were collected every 1 min (Wang 
et al., 2011). The eluted peptides were pooled into 24 fractions, 
which were vacuum‐dried and acidized in 50% TFA for further 
nanoLC‐MS/MS analysis (Hua et al., 2016).

2.7 | NanoLC–MS/MS analysis

The peptides were dissolved in a sample solution (0.1% FA, 2% 
ACN) and then centrifuged at 4°C, 13,500 g for 20 min. The na-
noLC–MS/MS was performed using a Q Exactive MS (Thermo 
Scientific) interfaced with a Thermo Dionex Ultimate 3,000 RSLC 
nano system. The supernatant was separated from the PepMap 
C18 RP column (2 μm, 75 μm × 150 mm, 100 A) at a flow rate of 
300 nl/min. Peptides were eluted from the HPLC column by using 
a binary linear gradient of 4%–90% mobile phase B (80% ACN, 
0.1% FA) for 65 min. The eluted peptides were directly detected 
by Q Exactive online. A data‐dependent top 20 method was se-
lected for MS data acquisition, and the most abundant precur-
sor ions from the survey scan (350 to 1,800 m/z) were chosen 
for HCD (high‐energy collisional dissociation) fragmentation. 
Automatic gain control (AGC) was utilized to determine the target 
value. Survey scans were acquired at a resolution of 70,000 at 
m/z 200, and the resolution for HCD spectra was set to 17,500 
at m/z 200 with an isolation width of 2 m/z (Yu et al., 2017). The 
underfill ratio, which specifies the minimum percentage of the 
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target value likely to be reached at the maximum‐fill time, was 
defined as 0.1%. The peptide recognition mode was adopted 
throughout the process.

2.8 | Analysis of proteomics data

2.8.1 | Data analysis

Raw data files acquired from the Thermo Q Exactive™ LC‐MS/
MS System were converted into peak lists (.mgf) by Proteome 
Discoverer™ Software (version 1.4, Thermo Fisher Scientific, 
Waltham, MA). MGF peak files as the input file (ProteinPilot™ 
Software version 5.0.1; AB Sciex, Foster, CA, USA) were used 
to conduct deep protein quantitation and identification with a 
rat proteome database (updated on 07/07/2016, https://www.
uniprot.org/proteomes/UP000002494) that contains 26,479 
reviewed entries. Protein pilot search parameters were set as 
follows: Sample Type (iTRAQ 8plex), Cys Alkylation (MMTS), 
Digestion (Trypsin), Database (RAT.fasta), ID Focus (biological 
modifications), Search Effort (thorough ID), [Unused ProtScore 
(Conf)] (>0.05), FDR Analysis (Yes), and User Modified Parameter 
Files (No). Thus, there were no prior settings for the search with 
the number of missed and/or nonspecific cleavages, no prior 
fixed/variable modifications, and no prior mass tolerance for 
fragment ions. In addition, the identified peptides were filtered 
by false discovery rate (FDR) 1% based on the decoy automatic 
database searching method. All MS data have been deposited in 
the PRIDE Archive with the dataset identifiers PXD006437. A 
strict set of criteria was imposed on the quantitative data analy-
sis. Briefly, identified proteins must contain at least two unique 
high‐scoring peptides (peptide confidence >95%); quantitative 
proteins must be observed across two technical replicates; and 
identified proteins (an average ratio change >1.3 or <0.77) were 
considered differentially expressed proteins.

2.8.2 | Bioinformatics analysis

Gene Ontology (GO) is an international standardization of a gene 
function classification system. GO analysis of differentially ex-
pressed proteins (DEPs) was performed with the QuickGO Database 
(https://www.ebi.ac.uk/QuickGO/). With DEPs’ UniProt accession 
searching against QuickGO Database, categorical annotation was 
supplied as GO biological process (BP), molecular function (MF), and 
cellular component (CC).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Pathway database (https://www.genome.jp/kegg/pathway.html) is 
a collection of manually drawn graphical diagrams, called KEGG 
pathway maps, representing molecular pathways for metabo-
lism, genetic information processing, environmental information 
processing, cellular processes, human diseases, and drug devel-
opment. To find the experimental impact on rats, DEPs’ UniProt 
accessions were converted to KEGG accession and then mapped 
to the KEGG rat pathway.

STRING 10.0 (https://www.string-db.org/) was used to explore 
protein–protein interacting networks and functional relations in 
DEPs.

2.9 | Western blotting

The protein contents of the supernatants were quantified using a 
BCA quantification kit (Sigma Co., USA). Proteins (50 μg) from the 
supernatant of each sample were separated by SDS‐PAGE and trans-
ferred to a PVDF membrane, which was subsequently blocked with 
5% skim milk in TBST buffer containing 20 mM Tris–HCl, 150 mM 
NaCl, and 0.05% Tween 20 (pH 7.5) for 2 hr at room temperature. 
The membranes were incubated with the following primary antibod-
ies rabbit anti‐Ca2 (1:1,000, Abcam), rabbit anti‐Atp6vla (1:2,000, 
Abcam), mouse anti‐β‐actin (1:5,000, Proteintech) overnight and 
then incubated with horseradish peroxidase‐labeled anti‐rabbit sec-
ondary antibody (1:6,000, Proteintech) and anti‐mouse secondary 
antibody (1:5,000, Proteintech) for 2 hr at room temperature. Bands 
were visualized using the Bio‐Rad ChemiDoc XRS digital documen-
tation system (Bio‐Rad, Hercules, CA, USA) and quantified using 
ImageJ software. The amount of protein expression is presented 
relative to the levels of β‐actin.

3  | RESULTS

3.1 | Neurological deficits and H&E staining

At the two‐time points (24 and 48 hr), we performed mNSS tests on 
the sham and ICH groups. In the sham group, the mNSS scores were 
low at all time points. Conversely, the mNSS scores in the ICH group 
remained higher than those of the sham group (shown in Figure 1a). 
H&E staining was used to evaluate the histopathological changes at 
48 hr after ICH. Microscopic examination of the H&E‐stained brain 
tissue showed a typical ICH‐induced annular hemorrhage and edema 
at day 2 (shown in Figure 1b).

3.2 | Identification of DEPs between the sham and 
ICH groups

We identified 6,456 proteins with an FDR of less than 1% and unique 
peptide matches ≥1. Of these identified proteins, 4,578 were repeat-
edly identified in two replicates. A total of 201 significantly altered 
protein hits (75 downregulated and 126 upregulated) were found re-
sponsive to ICH using the criteria as described above. Details on the 
DEPs are listed in Supporting Information Table S1.

3.3 | Bioinformatic analysis of the DEPs

Two hundred and one DEPs were imported into QuickGO software for 
GO annotation. In the cellular component of GO analysis, the highest 
proportion of DEPs was located in the organelle (15%). Proteins located 
in the cytoplasm (14%) and the extracellular region (13%) were the next 
two largest groups in the cellular component category (Figure 2a), while 

https://www.uniprot.org/proteomes/UP000002494
https://www.uniprot.org/proteomes/UP000002494
https://www.ebi.ac.uk/QuickGO/
https://www.genome.jp/kegg/pathway.html
https://www.string-db.org/
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ion binding (31%), enzyme binding (13%), and cytoskeletal protein bind-
ing (13%) were the major functions under the category of molecular 
functions (Figure 2b). In addition, the GO analysis of biological process 

found that 16% of the DEPs were related to anatomical structure de-
velopment, followed by signal transduction (13%), cell differentiation 
(12%), transport (12%), and response to stress (11%) (Figure 2c).

F I G U R E  1   (a) The mNSS values for the two groups at 24 and 48 hr post‐ICH. ICH caused significant neurological impairment compared 
with the sham group. Error bars indicate SD; **p < 0.01 versus sham at 24 and 48 hr; n = 20 per group. (b) Representative H&E staining of 
brain tissue shows the hemorrhagic region and morphological changes. A typical ICH‐induced annular hemorrhage and edema at day 2, 
compared with the sham group. Original magnification, ×100. Scale bar = 100 μm. n = 5 per group

F I G U R E  2  GO analysis of the differentially expressed proteins (DEPs). The 201 DEPs were imported into QuickGO software for 
GO annotation according to their cellular component (a), molecular function (b), and biological process (c). (d) The Metabolic pathway 
enrichment analysis was conducted, and the significantly enriched categories were recorded. 25 Metabolic pathways were significantly 
perturbed with p < 0.05, which corresponds to −log(p‐value) > 1.3 identified by the method. Nitrogen metabolism was found to be the most 
significant (−log(p‐value) = 4.84)
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Based on 201 DEPs, the KEGG pathways analysis identified 
186 canonical pathways (Supporting Information Table S2). In these 
pathways, we found that most of the proteins were enriched in the 
Metabolic pathways, followed by the Complement and coagula-
tion cascades, Phagosome, cAMP signaling and Calcium signaling 
pathway (Table 1). The Metabolic pathways were further analyzed 
using the enrichment analysis method. Twenty‐five Metabolic path-
ways were significantly perturbed at p < 0.05, which corresponds 
to −log(p‐value) > 1.3 identified by the method (Figure 2d). Nitrogen 
metabolism was the most significant (−log(p‐value) = 4.84), and 

three proteins (carbonic anhydrase 1 (Car1), carbonic anhydrase 2 
(Ca2), and glutamine synthetase (Glul) were involved in this pathway.

To determine the relationship between differentially expressed 
proteins, we searched the STRING database for the functional relations 
and networks of DEPs. When the 201 DEPs were input, we extracted 
a network of 165 genes from the STRING database using default set-
tings (Figure 3a). Finally, 128 proteins (86 upregulated and 42 down-
regulated) were obtained that were associated with at least one other 
protein. Among the interacting proteins, coagulation cascade‐related 
proteins, energy metabolism‐related proteins, and inflammation‐re-
lated proteins had a high level of coexpression. In the STRING analysis, 
some proteins that showed significant results in terms of the combined 
score interact with each other, such as Fga, Fgg, F2, Atp6v0d1, Atp6v1a 
Atp6v0c, C3, and Cfh (Supporting Information Table S3).

In this study, to improve specificity and accuracy, we focused 
on 85 significant DEPs that were selected based on GO, KEGG, 
and STRING analyses (Table 2). Subsequently, the proteins were 
classified into 13 categories based on stroke pathophysiology: 
Energy Metabolism, Inflammation and Stress, Structural Proteins, 
Coagulation Cascades, Synapse‐related proteins, Glutamate excito-
toxicity, Erythrocyte related proteins, Neuroprotection, Other en-
zymes and their inhibitors, Transcription and Translation, Transport 
protein, Iron metabolism, and Cell division. As shown in Figure 4, 
Energy metabolism, Inflammation and Stress, Structural Proteins, 
Coagulation Cascade, and Synapse‐related proteins ranked as the 
top five. In addition, the proportions of downregulated proteins in 
Energy metabolism were large, while the upregulated proteins were 
mostly related to Inflammation and Stress, Structural Proteins, and 
Coagulation Cascade.

TA B L E  1   Pathway enrichment analysis of differential expression 
of proteins

Pathway ID Pathway name Proteins quantity

rno01100 Metabolic pathways 18

rno04610 Complement and coagula-
tion cascades

8

rno04145 Phagosome 7

rno04024 cAMP signaling pathway 7

rno04020 Calcium signaling pathway 7

rno04728 Dopaminergic synapse 6

rno04070 Phosphatidylinositol 
signaling system

6

rno04721 Synaptic vesicle cycle 5

rno04722 Neurotrophin signaling 
pathway

5

rno04750 Inflammatory mediator 
regulation of TRP channels

4

F I G U R E  3   (a) Protein–protein interacting networks and functional relations in DEPs were analyzed with STRING 10.0. Of the 201 DEPs, 
128 proteins (86 upregulated and 42 downregulated) were obtained, which were associated with at least one other protein. In the network, 
the proteins are represented as nodes. The line thickness indicates the strength of data support. Ca2 and Atp6v1a were selected for 
validation. (b) Protein–protein interactions (PPI) were constituted by using the Cytoscape software based on STRING analysis
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TA B L E  2  Quantitative information of the selected regulated proteins in collagenase‐induced ICH rats

Accession Unuseda %Cov (95)a Peptides (95%)a Gene Protein description ICH/Shamb

Energy metabolism

B0BNN3 8.74 21.84 6 Car1 Carbonic anhydrase 1 5.95

Q6AXS4 9.02 16 8 Atp6ap2 Renin receptor 2.54

P06685 50.25 51.81 209 Atp1a1 Sodium/potassium‐transporting 
ATPase subunit alpha‐1

2.43

Q5M7T6 24.36 50.14 19 Atp6v0d1 ATPase, H + transporting, lysosomal 
38 kDa, V0 subunit d1

2.17

P63081 13.12 49.03 16 Atp6v0c V‐type proton ATPase 16 kDa 
proteolipid subunit

1.92

G3V9W5 14.54 28.50 10 Pip4k2c Phosphatidylinositol 5‐phosphate 
4‐kinase type‐2 gamma

1.43

P17105 24.55 36.82 14 Itpka Inositol‐trisphosphate 3‐kinase A 1.34

P27139 25.31 55.38 26 Ca2 Carbonic anhydrase 2 1.32

D4A133 65.3 69.21 87 Atp6v1a Protein Atp6v1a 0.55

P09034 13.4 23.30 9 Ass1 Argininosuccinate synthase 0.59

P04177 10.48 12.45 7 Th Tyrosine 3‐monooxygenase 0.65

B5DEN4 34.63 64.46 37 RGD1562690 L‐lactate dehydrogenase 0.66

Q5XIH3 35.39 58.84 31 Ndufv1 NADH dehydrogenase (Ubiquinone) 
flavoprotein 1

0.67

D4A830 12.09 27.63 8 Ppa2 Pyrophosphatase (inorganic) 2 0.70

Q6P7A9 19.16 19.41 14 Gaa Lysosomal alpha‐glucosidase 0.70

Q9JMC1 5.37 7.79 6 Inpp5j Phosphatidylinositol 4,5‐bisphos-
phate 5‐phosphatase A

0.72

P13221 44.91 71.43 54 Got1 Aspartate aminotransferase, 
cytoplasmic

0.74

P14604 24.5 53.45 20 Echs1 Enoyl‐CoA hydratase, mitochondrial 0.76

Inflammation and stress

Q63041 68.56 29.87 53 Pzp Alpha‐1‐macroglobulin 25.40

M0RBF1 71.38 31.21 49 C3 Complement C3 23.34

P24090 12.52 35.80 10 Ahsg Alpha‐2‐HS‐glycoprotein 8.89

P02770 88.15 70.72 91 Alb Serum albumin 6.54

P04639 10.01 29.34 8 Apoa1 Apolipoprotein A‐I 6.04

G3V913 4.48 21.84 3 Hspb1 Heat‐shock 27 kDa protein 1 5.89

F1M983 23.12 13.29 15 Cfh Protein Cfh 4.80

P20760 14 30.43 8 Igg‐2a Ig gamma‐2A chain C region 3.17

P07150 10.1 22.83 11 Anxa1 Annexin A1 1.85

Q4G075 9.62 20.05 6 Serpinb1a Leukocyte elastase inhibitor A 1.85

P20762 3.3 8.82 3 Ighg3 Ig gamma‐2C chain C region 1.52

P60901 16.58 37.40 10 Psma6 Proteasome subunit alpha type‐6 0.55

Structural proteins

F1LRZ7 54.4 41.26 55 Nefh Neurofilament heavy polypeptide 1.61

Q5XIF6 6.82 84.38 331 Tuba4a Tubulin alpha‐4A chain 1.60

P12839 79.88 49.88 86 Nefm Neurofilament medium polypeptide 1.57

P19527 55.56 58.49 87 Nefl Neurofilament light polypeptide 1.49

P52481 26.57 36.06 18 Cap2 Adenylyl cyclase‐associated protein 2 1.39

P62994 15.5 41.01 10 Grb2 Growth factor receptor‐bound 
protein 2

1.36

(Continues)
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Accession Unuseda %Cov (95)a Peptides (95%)a Gene Protein description ICH/Shamb

F1MAK3 32.05 9.42 18 Arhgap32 Protein Arhgap32 1.34

Q78PB6 13.54 32.17 9 Ndel1 Nuclear distribution protein nudE‐like 
1

0.61

Q3KRE8 2 78.43 272 Tubb2b Tubulin beta‐2B chain 0.66

F1M9F9 1.55 3.44 4 Ahi1 Jouberin 0.75

Coagulation cascades

Q7TQ70 28.13 27.88 24 Fga Ac1873 10.40

P08932 30.07 40.93 17 Kng1 T‐kininogen 2 7.59

P02680 18.4 29.44 16 Fgg Fibrinogen gamma chain 6.10

Q5I0M1 8.52 13.04 4 Apoh Apolipoprotein H 4.22

P14480 20.38 41.75 4 Fgb Fibrinogen beta chain 3.94

Q01177 13.7 10.47 7 Plg Plasminogen 3.42

Q5M7T5 11.92 15.27 7 Serpinc1 Protein Serpinc1 2.93

P06765 2 7.62 2 Pf4 Platelet factor 4 2.27

G3V843 8.19 8.75 8 F2 Prothrombin 2.16

Synapse‐related proteins

P11275 35.04 64.44 76 Camk2a Calcium/calmodulin‐dependent 
protein kinase type II subunit alpha

2.82

P09951 91.64 72.30 152 Syn1 Synapsin‐1 2.41

Q9WV48 48.55 16.94 35 Shank1 SH3 and multiple ankyrin repeat 
domains protein 1

1.77

P32851 17.31 46.53 23 Stx1a Syntaxin‐1A 1.51

P05197 67.96 45.92 46 Eef2 Elongation factor 2 1.47

F1LQG0 10 9.70 7 Hap1 Huntingtin‐associated protein 1 0.55

Q642B0 12.3 14.00 8 Gpc4 Glypican 4 0.55

O35458 22.02 25.33 11 Slc32a1 Vesicular inhibitory amino acid 
transporter

0.68

O70150 2 7.00 3 Pnck Calcium/calmodulin‐dependent 
protein kinase type 1B

0.74

Glutamate excitotoxicity

G3V6R0 1.6 34.81 49 Slc1a2 Excitatory amino acid transporter 2 14.11

P19491 42.7 31.48 38 Gria2 Glutamate receptor 2 1.82

P31421 12.34 9.40 9 Grm2 Metabotropic glutamate receptor 2 1.70

P09606 34.86 55.50 57 Glul Glutamine synthetase 1.51

F1M779 171.28 58.69 213 Cltc Clathrin heavy chain 1.49

O70593 16.61 34.08 12 Sgta Small glutamine‐rich tetratricopep-
tide repeat‐containing protein alpha

0.68

Erythrocyte‐related proteins

B1H216 22.63 76.76 49 Hba‐a2 Hemoglobin alpha, adult chain 2 67.04

Q62669 2 85.71 47 LOC103694855 Protein Hbb‐b1 14.25

P11517 6.07 97.28 70 LOC689064 Hemoglobin subunit beta‐2 12.50

D4A678 18.61 9.52 27 Spta1 Protein Spta1 3.80

Neuroprotection

P62161 34.4 89.93 80 Calm1 Calmodulin 2.00

F1LP80 25.08 23.99 14 Vgf Neurosecretory protein VGF 0.37

P04094 4.1 11.15 3 Penk Proenkephalin‐A 0.47

TA B L E  2   (Continued)

(Continues)
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Based on the above bioinformatics analysis, energy metabolism 
was selected for further study. Cytoscape software was used for pro-
tein–protein interaction (PPI) analysis of the DEPs related to energy 
metabolism (Figure 3b). In the PPI network, Ca2 was in the core po-
sition. In addition, we found that ATPase, H+ transporting, Lysosomal 
38 kDa, V0 subunit d1 (Atp6v0d1), Protein Atp6v1a (Atp6v1a), V‐
type proton ATPase 16 kDa proteolipid subunit (Atp6v0c), Renin 
receptor (Atp6ap2), and Pyrophosphatase (inorganic) 2 (Ppa2) con-
stituted a complete network.

3.4 | Validation of DEPs

Based on the results of the bioinformatic analysis and the correla-
tions with disease pathogenesis, two candidate DEPs, namely, Ca2 
and Protein Atp6v1a, were selected for validation using western 
blotting. Compared with that of the sham group, the protein expres-
sion of Ca2 was notably higher in ICH rat brains (p < 0.05). In addi-
tion, the protein expression of Atp6vla was remarkably lower in ICH 
brains than in brains of the sham group (p < 0.05). Western blotting 
bands and their relative level calculations are shown in Figure 5. The 
results of western blotting tests were consistent with the iTRAQ 

results. The western blotting analysis of Ca2 and Atp6v1a confirmed 
the iTRAQ data.

4  | DISCUSSIONS

In our study, we used the collagenase‐induced ICH model. This 
model is a classic animal model that is widely used in ICH studies and 
recognized by researchers (Lee et al., 2008; Wang, Schretter, Clarke, 
& Lee, 2015; Yabluchanskiy et al., 2012). This model also mimics the 
hematoma expansion of continuous bleeding that occurs naturally in 
ICH patients (Del Bigio, Yan, Buist, & Peeling, 1996). Subsequently, 
we screened 201 DEPs (75 downregulated and 126 upregulated) by 
iTRAQ‐based quantitative proteomics. In KEGG analysis, the path-
way of nitrogen metabolism based on energy metabolism has been 
emphasized. Subsequently, the results of STRING analysis indicated 
that one of the top‐ranked networks of DEPs was tightly associated 
with energy metabolism. In addition, most proteins were enriched 
in energy metabolism in the classification of DEPs based on stroke 
pathophysiology. According to our data, the dysregulation of energy 
metabolism may be closely related to secondary ICH injury.

Accession Unuseda %Cov (95)a Peptides (95%)a Gene Protein description ICH/Shamb

F1LNY3 83.63 54.51 82 Ncam1 Neural cell adhesion molecule 1 0.50

Other enzymes and their inhibitors

Q5EBC0 24.09 17.47 15 Itih4 Interalpha‐trypsin inhibitor, heavy 
chain 4

5.57

Q64240 2.92 8.02 3 Ambp Protein AMBP 1.92

Q9R1T3 5.06 12.75 4 Ctsz Cathepsin Z 1.50

Q01066 22.99 25.61 16 Pde1b Calcium/calmodulin‐dependent 
3′,5′‐cyclic nucleotide phosphodies-
terase 1B

0.63

Transcription and translation

P62630 43.71 71.00 50 Eef1a1 Elongation factor 1‐alpha 1 1.83

Q68FR6 22.83 36.61 17 Eef1g Elongation factor 1‐gamma 1.43

P50398 26.08 54.36 61 Gdi1 Rab GDP dissociation inhibitor alpha 0.46

Transport protein

P23562 28.19 20.39 19 Slc4a1 Band 3 anion transport protein 15.19

Q4KM74 13.96 43.26 8 Sec22b Vesicle‐trafficking protein SEC22b 1.39

Iron metabolism

P20059 20.7 34.78 17 Hpx Hemopexin 3.11

P12346 2 48.28 41 Tf Serotransferrin 2.62

Cell division

F1LRQ6 2 3.15 3 Cdc23 CDC23 (Cell division cycle 23, yeast, 
homolog), isoform CRA_b

0.69

Note. Unused (ProtScore): A measure of the protein confidence for a detected protein, calculated from the peptide confidence for peptides from spec-
tra that are not already completely “used” by higher scoring winning proteins.
% Cov (95): The percentage of matching amino acids from identified peptides having confidence greater than or equal to 95% divided by the total num-
ber of amino acids in the sequence.
Peptides (95%): The number of distinct peptides having at least 95% confidence.
aThese data are derived from RUN 1. bThe relative quantitative data that repeated once from two groups were averaged and used in the computations. 
The DEPs were classified according to their participation in the key molecular events of ICH pathophysiology. 

TA B L E  2   (Continued)
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The mechanism of intracerebral hemorrhage is very complicated. 
The identification, classification, and analysis of DEPs should shed 
light on the molecular basis of ICH injury (Table 2). In this study, 85 
significant DEPs were classified into 13 categories based on stroke 
pathophysiology. As shown in Figure 4, energy metabolism, inflam-
mation and stress, structural proteins, coagulation cascade, and 
synapse‐related proteins ranked top five in the above classifica-
tion. Numerous preclinical studies show that the interaction of OS 
and inflammation participates in the brain injury secondary to ICH 
(Aronowski & Zhao, 2011). This study reveals that alpha‐1‐macro-
globulin (Pzp), serum albumin (Alb), apolipoprotein A‐I (Apoa1), and 
heat‐shock 27 kDa protein 1 (Hspb1) are involved in OS and inflam-
mation. Several structural proteins including tubulin beta‐5, tubulin 
alpha‐1A, tubulin beta‐3 and tubulin beta‐4, neurofilament heavy 
polypeptide (Nefh), neurofilament medium polypeptide (Nefm), 
neurofilament light polypeptide (Nefl) and tubulin alpha‐4A chain 
(Tuba4a) are upregulated at 48‐hr after ICH in this study. The co-
agulation cascade can limit bleeding, while it can also trigger in-
flammatory cell infiltration, blood–brain barrier (BBB) damage and 
edema (Han et al., 2016; Sun, Keep, Hua, & Xi, 2016). We found that 
Ac1873 (Fga), T‐kininogen 2(Kng1), fibrinogen gamma chain (Fgg), 
fibrinogen beta chain (Fgb), and apolipoprotein H (Apoh) were im-
plicated in the coagulation cascade. It is fascinating that synapses 
and synaptic plasticity have been associated with stroke recovery 

(Murphy & Corbett, 2009; Tamakoshi et al., 2014). This study shows 
that calcium/calmodulin‐dependent protein kinase type II subunit 
alpha (Camk2a), synapsin‐1 (Syn1), SH3, and multiple ankyrin re-
peat domain protein 1 (Shank1) are involved in synapse and synaptic 
plasticity. It should be noted that our data are consistent with many 
publications. However, there are few articles discussing energy me-
tabolism in ICH. In addition, the core position of nitrogen metabo-
lism pathway was found in the ICH brain for the first time. Therefore, 
the following discussions focus on energy metabolism.

4.1 | Nitrogen metabolism

Nitrogen metabolism is a biological process of the nitrogen cycle 
and is closely associated with astrocyte‐neuron metabolism in 
the brain (Cooper, 2001; Mlody, Lorenz, Inak, & Prigione, 2016). 
Nitrogen in the brain is derived from the diffusion of ammonia 
or the metabolism of endogenous nitrogen‐containing substances 
(Cooper, 2001). However, ammonia lies at the core of the entire 
nitrogen metabolism pathway and is produced by amino acid me-
tabolism and intestinal urease‐positive bacteria (Braissant, McLin, 
& Cudalbu, 2013). Ammonia metabolism is widespread in multiple 
organs of the human body. In the kidney, ammonia metabolism 
includes net ammoniagenesis and renal epithelial cell ammonia 
transport, inducing urinary ammonia excretion. The maintenance 

F I G U R E  4   Of the 201 DEPs, we 
focused on 85 significant DEPs which 
were selected based on GO, KEGG, 
STRING analysis. These DEPs were 
classified into 13 categories based on 
stroke pathophysiology. Upregulated and 
downregulated DEPs are shown by orange 
and blue bars, respectively

F I G U R E  5  Validation of differential 
expression of Ca2 and Atp6vla identified 
by LC–MS/MS. A, WB analysis to verify 
selected differentially expressed proteins. 
A representative result of WB shows the 
expression levels of Ca2 and Atp6vla in 
the brain tissue of sham and ICH group. 
B, Ca2 was upregulated, and Atp6vla was 
downregulated in ICH group, which is 
consistent with the iTRAQ results. Error 
bars indicate SD; *p < 0.05 versus sham 
group; n = 5 per group
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of sufficient renal ammonia metabolism may have a protective ef-
fect in patients with chronic kidney disease (Weiner & Verlander, 
2017). In addition, ammonia was delivered to the liver, where it 
may be incorporated into urea or glutamine (Olde Damink, Jalan, 
& Dejong, 2009). The ammonia detoxification within the liver is 
highly efficient. Liver dysfunction and exercise act to provoke a 
change in ammonia homeostasis, which can influence neurologi-
cal function (Wilkinson, Smeeton, & Watt, 2010). It is known that 
the toxic ramifications of ammonia primarily affect the brain and 
induce serious neurological impairment (Bobermin et al., 2015; 
Dasarathy et al., 2017). Increased ammonia (change in pH, electro-
lyte disturbances, membrane potential depolarization) is thought 
to lead to neurological dysfunction primarily by causing cellular 
swelling accompanied by brain edema and metabolic dysfunction 
(Bosoi & Rose, 2009; Dasarathy et al., 2017). Nevertheless, the 
role of nitrogen metabolism activation in ICH has not been re-
ported. Nitrogen metabolism activation was first discovered, and 
3 DEPs (Glul, Car1, and Ca2) were found to be involved in this 
pathway in this study. Nitrogen metabolism‐related ammonia tox-
icity may be a potential mechanism in the pathogenesis of ICH 
rats.

4.2 | Glutamine Synthetase (Glul)

Glul is an ATP‐dependent enzyme and participates in the detoxifica-
tion of incoming or endogenously generated ammonia (Cooper, 2011; 
Mlody et al., 2016). In the brain, Glul is predominantly located in as-
trocytes where it serves to maintain the glutamate–glutamine cycle, 
as well as nitrogen metabolism (Jayakumar & Norenberg, 2016). In 
the glutamate–glutamine cycle, glutamate taken up into astrocytes 
is not only converted into glutamine by the action of Glul, but also 
serves as an energy substrate resulting in ATP generation subsequent 
to metabolism of its carbon skeleton in the tricarboxylic acid (TCA) 
cycle (Parpura et al., 2017). In addition, Glul is indirectly involved in the 
glutamine cycle related to brain energy metabolism (Natesan, Mani, 
& Arumugam, 2016). Transient upregulation of Glul has been demon-
strated in the hippocampal dentate gyrus during seizure acquisition in 
the amygdala kindling‐induced epilepsy model (Sun et al., 2013). A re-
duction in Glul activity has been revealed in the postmortem brain tis-
sue collected from Alzheimer’s disease patients (Hensley et al., 1995; 
Smith et al., 1991). Moreover, in patients with depression, a decrease 
in brain GLUL mRNA expression has been observed in specific regions 
(Choudary et al., 2005; Klempan et al., 2009; Sequeira et al., 2009). In 
addition, the upregulation of Glul has been shown to be neuroprotec-
tive in ischemic rats through ischemic postconditioning (Zhang et al., 
2011). In this study, Glul was found to be upregulated, suggesting that 
enzyme‐based therapies may be an interesting and potentially impor-
tant approach to combating glutamate excitotoxicity in ICH.

4.3 | Carbonic anhydrases

Carbonic anhydrases are zinc enzymes that catalyze the intercon-
version between carbon dioxide and bicarbonate as well as other 

hydrolytic reactions (Supuran, 2016). In the brain, carbonic anhy-
drase is abundant and has been localized predominantly within the 
glia and choroid plexus (Chen & Chesler, 1992). The extracellular car-
bonic anhydrase has been revealed in the regulation or modulation 
of synaptic transmission via control of the extracellular pH shifts in 
the brain (Tong, Chen, & Chesler, 2006). In recent decades, carbonic 
anhydrase isoenzymes have become interesting therapeutic targets 
with potential inhibition or activation effects for the treatment of 
disorders such as epilepsy, idiopathic intracranial hypertension, and 
cancer (Supuran, 2015; Yildirim et al., 2015). Alternatively, Car1 and 
Ca2 are cytosolic isoenzymes (Guney et al., 2014). In this study, the 
upregulated of Car1 and Ca2 indicated that the carbonic anhydrase 
isoenzymes may exert a key effect on modulating neuronal signaling 
in ICH.

4.4 | Network analysis

Network analysis revealed that the top‐ranked networks of DEPs 
were tightly associated with the coagulation cascade, energy me-
tabolism, and inflammation. Moreover, the coagulation cascade and 
inflammation were investigated in previous studies. Therefore, en-
ergy metabolism was chosen for further analysis. In the PPI network, 
Ca2 was in the core position, while Atp6v1a, Atp6v0c, Atp6v0d1, 
Ppa2, and Atp6ap2 constituted a complete network. Ca2 has been 
discussed in nitrogen metabolism. These five proteins have been 
previously reported as being involved in energy metabolism. For 
these reasons, the Atp6v1a‐Atp6v0c‐Atp6v0d1‐Ppa2‐Atp6ap2 
network may fine‐tune the energy metabolism of ICH.

4.5 | Vacuolar H+–ATPases

Vacuolar H+–ATPases (V‐ATPases) are membrane‐associated, multi-
subunit protein complexes that function as ATP‐driven proton pumps 
(Toei, Saum, & Forgac, 2010) and include Atp6v1a, Atp6v0c, Atp6v0d1, 
and Atp6ap2. V‐ATPases use energy from the hydrolysis of ATP to ADP 
to pump protons across membranes and regulate pH in vesicular com-
partments, the cytoplasm and the extracellular space (Hinton, Bond, 
& Forgac, 2009; Zhao, Benlekbir, & Rubinstein, 2015). The acidity of 
intracellular compartments and the extracellular environment gener-
ated by V‐ATPases are crucial for diverse biological processes, includ-
ing membrane trafficking, degradation of proteins, and proton‐coupled 
transport of small molecules (Forgac, 2007). In synaptic vesicles in neu-
rons, the activity of V‐ATPases generates an H+ electrochemical gradi-
ent inside the storage organelles. This gradient provides the energy for 
driving the transport of all classical neurotransmitters into secretory 
vesicles (Edwards, 2007). In endothelial cells, the inhibition of v‐ATPase 
by concanamycin has been shown to hamper signaling pathways (Rac‐1, 
VEGFR2, Notch) that depend on vesicular recycling circuits, and, thus, 
represents an attractive novel and multifactorial approach for anti‐an-
giogenesis (Rath, Liebl, Furst, Vollmar, & Zahler, 2014).

Alternatively, Atp6v0c, which is the bafilomycin A1‐binding 
subunit of V‐ATPase, has a role in regulating the basal versus 
stress‐induced function of the autophagy‐lysosome pathway 
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(ALP) and ALP‐associated substrate degradation in neuronal cells 
(Mangieri et al., 2014). Atp6v0d1, one isoform of subunit d in V‐
ATPase, is critical in the embryonic development hypothesis, while 
gene disruption of Atp6v0d1 in mice caused embryonic lethality 
(Miura, Froelick, Marsh, Stark, & Palmiter, 2003; Wu, Xu, & Li, 
2009). Atp6v1a, a catalytic subunit of V‐ATPase, is known to acid-
ify lysosomes and to interact with the mechanistic target of rapa-
mycin (mTOR) protein, which plays an important role in regulating 
autophagy (Kim et al., 2017). However, Atp6ap2 is called (pro)renin 
receptor (P)RR, which was originally discovered as a membrane 
sector‐associated protein of V‐ATPase. Atp6ap2 not only exerts 
enzymatic action but also causes angiotensin II‐independent intra-
cellular signaling (Ichihara & Kinouchi, 2011). Taking these reports 
into account, we concluded that V‐ATPases (Atp6v1a, Atp6v0c, 
Atp6v0d1, and Atp6ap2) may participate in the pathophysiology 
of ICH by regulating the pH of intracellular organelles.

4.6 | Pyrophosphatase (inorganic) 2

Pyrophosphatase (inorganic) 2 (Ppa2) is an energy‐linked enzyme and 
is located in the mitochondrial matrix (Lundin, Baltscheffsky, & Ronne, 
1991). Ppa2 hydrolyzes inorganic pyrophosphate (PPi) into two phos-
phates, which is an essential activity for diverse biosynthetic reactions 
and for cellular energy metabolism (Guimier et al., 2016). Knockdown of 
Ppa2 has been shown to result in growth defects and loss of mitochon-
drial DNA in S. cerevisiae (Lundin et al., 1991), while Ppa2‐deficient cells 
might have limited ATP synthesis (Kennedy et al., 2016). In this study, 
Ppa2 was found to be downregulated suggesting that the failure of en-
ergy metabolism may be a fundamental mechanism in ICH.

Although this study revealed that the dysregulation of energy 
metabolism may be closely related to secondary ICH injury, this was 
limited to young rats. Therefore, the proteomic study of aged rats is 
the direction of our future research.

5  | CONCLUSIONS

Our results suggested that NO‐based energy metabolism may be a 
potential pathophysiological mechanism in the secondary ICH injury. 
In addition, this study used iTRAQ‐based quantitative proteomics to 
unravel the hitherto unknown molecular mechanisms of ICH.

ACKNOWLEDG MENTS

We would like to acknowledge the long‐standing and fruitful interac-
tions with Lei Xue. This work was funded by a grant from the National 
Natural Science Foundation of China (No. 81473573, 81173175, and 
81673719), Xinjiang Health and Family Planning Commission youth 
medical science and technology project (No. WJWY‐201814), Hunan 
Provincial Natural Science Foundation of China (No. 2018JJ6142), 
and the Medjaden Academy & Research Foundation for Young 
Scientists (No. MJR20160033).

CONFLIC T OF INTERE S T

The authors declared that they have no conflict of interests to this 
work.

AUTHOR CONTRIBUTIONS

YW and TT designed the study and helped to coordinate support 
and funding. TL drafted the manuscript. TL, JZ, and PFL were 
responsible for the experimental operations. HJC and HGL per-
formed the statistical analysis. TT and YW revised the paper. All 
authors read and approved the final manuscript.

ORCID

Yang Wang   http://orcid.org/0000-0003-0447-3107 

Tao Tang   http://orcid.org/0000-0002-4642-4314 

R E FE R E N C E S

Aggarwal, K., Choe, L. H., & Lee, K. H. (2006). Shotgun proteomics using 
the iTRAQ isobaric tags. Briefings in Functional Genomics & Proteomics, 
5(2), 112–120. https://doi.org/10.1093/bfgp/ell018

Aronowski, J., & Zhao, X. (2011). Molecular pathophysiology of cere-
bral hemorrhage: Secondary brain injury. Stroke, 42(6), 1781–1786. 
https://doi.org/10.1161/STROKEAHA.110.596718

Bobermin, L. D., Wartchow, K. M., Flores, M. P., Leite, M. C., Quincozes‐
Santos, A., & Goncalves, C. A. (2015). Ammonia‐induced oxidative 
damage in neurons is prevented by resveratrol and lipoic acid with 
participation of heme oxygenase 1. Neurotoxicology, 49, 28–35. 
https://doi.org/10.1016/j.neuro.2015.05.005

Bosoi, C. R., & Rose, C. F. (2009). Identifying the direct effects of ammo-
nia on the brain. Metabolic Brain Disease, 24(1), 95–102. https://doi.
org/10.1007/s11011-008-9112-7

Braissant, O., McLin, V. A., & Cudalbu, C. (2013). Ammonia toxicity to the 
brain. Journal of Inherited Metabolic Disease, 36(4), 595–612. https://
doi.org/10.1007/s10545-012-9546-2

Chen, J. C., & Chesler, M. (1992). pH transients evoked by excitatory 
synaptic transmission are increased by inhibition of extracellular 
carbonic anhydrase. Proceedings of the National Academy of Sciences 
of the United States of America, 89(16), 7786–7790. https://doi.
org/10.1073/pnas.89.16.7786

Chiu, C. D., Chen, T. Y., Chin, L. T., Shen, C. C., Huo, J., Ma, S. Y., … Chu, 
C. H. (2012). Investigation of the effect of hyperglycemia on intra-
cerebral hemorrhage by proteomic approaches. Proteomics, 12(1), 
113–123. https://doi.org/10.1002/pmic.201100256

Choudary, P. V., Molnar, M., Evans, S. J., Tomita, H., Li, J. Z., Vawter, 
M. P., … Jones, E. G. (2005). Altered cortical glutamatergic and 
GABAergic signal transmission with glial involvement in depres-
sion. Proceedings of the National Academy of Sciences of the United 
States of America, 102(43), 15653–15658. https://doi.org/10.1073/
pnas.0507901102

Cooper, A. J. (2001). Role of glutamine in cerebral nitrogen metabolism 
and ammonia neurotoxicity. Mental Retardation and Developmental 
Disabilities Research Reviews, 7(4), 280–286. https://doi.org/10.1002/
mrdd.1039

Cooper, A. J. (2011). 13N as a tracer for studying glutamate metab-
olism. Neurochemistry International, 59(4), 456–464. https://doi.
org/10.1016/j.neuint.2010.11.011

http://orcid.org/0000-0003-0447-3107
http://orcid.org/0000-0003-0447-3107
http://orcid.org/0000-0002-4642-4314
http://orcid.org/0000-0002-4642-4314
https://doi.org/10.1093/bfgp/ell018
https://doi.org/10.1161/STROKEAHA.110.596718
https://doi.org/10.1016/j.neuro.2015.05.005
https://doi.org/10.1007/s11011-008-9112-7
https://doi.org/10.1007/s11011-008-9112-7
https://doi.org/10.1007/s10545-012-9546-2
https://doi.org/10.1007/s10545-012-9546-2
https://doi.org/10.1073/pnas.89.16.7786
https://doi.org/10.1073/pnas.89.16.7786
https://doi.org/10.1002/pmic.201100256
https://doi.org/10.1073/pnas.0507901102
https://doi.org/10.1073/pnas.0507901102
https://doi.org/10.1002/mrdd.1039
https://doi.org/10.1002/mrdd.1039
https://doi.org/10.1016/j.neuint.2010.11.011
https://doi.org/10.1016/j.neuint.2010.11.011


     |  13 of 15LIU et al.

Craft, G. E., Chen, A., & Nairn, A. C. (2013). Recent advances in quan-
titative neuroproteomics. Methods, 61(3), 186–218. https://doi.
org/10.1016/j.ymeth.2013.04.008

Dasarathy, S., Mookerjee, R. P., Rackayova, V., Rangroo Thrane, V., 
Vairappan, B., Ott, P., & Rose, C. F. (2017). Ammonia toxicity: From 
head to toe? Metabolic Brain Disease, 32(2), 529–538. https://doi.
org/10.1007/s11011-016-9938-3

Del Bigio, M. R., Yan, H. J., Buist, R., & Peeling, J. (1996). Experimental 
intracerebral hemorrhage in rats. Magnetic resonance imaging and 
histopathological correlates. Stroke, 27(12), 2312–2319. https://doi.
org/10.1161/01.STR.27.12.2312

Edwards, R. H. (2007). The neurotransmitter cycle and quan-
tal size. Neuron, 55(6), 835–858. https://doi.org/10.1016/j.
neuron.2007.09.001

Fiorella, D., Zuckerman, S. L., Khan, I. S., Ganesh Kumar, N., & Mocco, 
J. (2015). Intracerebral hemorrhage: A common and devastating dis-
ease in need of better treatment. World Neurosurgery, 84(4), 1136–
1141. https://doi.org/10.1016/j.wneu.2015.05.063

Forgac, M. (2007). Vacuolar ATPases: Rotary proton pumps in physiol-
ogy and pathophysiology. NatureReviews Molecular Cell Biology, 8(11), 
917–929. https://doi.org/10.1038/nrm2272

Guimier, A., Gordon, C. T., Godard, F., Ravenscroft, G., Oufadem, M., 
Vasnier, C., … Amiel, J. (2016). Biallelic PPA2 mutations cause 
sudden unexpected cardiac arrest in infancy. American Journal 
of Human Genetics, 99(3), 666–673. https://doi.org/10.1016/j.
ajhg.2016.06.021

Guney, M., Coskun, A., Topal, F., Dastan, A., Gulcin, I., & Supuran, C. T. 
(2014). Oxidation of cyanobenzocycloheptatrienes: Synthesis, pho-
tooxygenation reaction and carbonic anhydrase isoenzymes inhibi-
tion properties of some new benzotropone derivatives. Bioorganic 
& Medicinal Chemistry, 22(13), 3537–3543. https://doi.org/10.1016/j.
bmc.2014.04.007

Han, X., Lan, X., Li, Q., Gao, Y., Zhu, W., Cheng, T., … Wang, J. (2016). 
Inhibition of prostaglandin E2 receptor EP3 mitigates thrombin‐in-
duced brain injury. Journal of Cerebral Blood Flow and Metabolism, 
36(6), 1059–1074.

Hemphill, J. C. 3rd, Greenberg, S. M., Anderson, C. S., Becker, K., 
Bendok, B. R., Cushman, M., … Council on Clinical Cardiology (2015). 
Guidelines for the management of spontaneous intracerebral hem-
orrhage: A guideline for healthcare professionals from the American 
Heart Association/American Stroke Association. Stroke, 46(7), 2032–
2060. https://doi.org/10.1161/STR.0000000000000069

Hensley, K., Hall, N., Subramaniam, R., Cole, P., Harris, M., Aksenov, M., 
… Butterfield, D. A. (1995). Brain regional correspondence between 
Alzheimer's disease histopathology and biomarkers of protein oxi-
dation. Journal of Neurochemistry, 65(5), 2146–2156. https://doi.
org/10.1046/j.1471-4159.1995.65052146.x

Hinton, A., Bond, S., & Forgac, M. (2009). V‐ATPase functions in normal 
and disease processes. Pflugers Archiv: European Journal of Physiology, 
457(3), 589–598. https://doi.org/10.1007/s00424-007-0382-4

Hu, X., Tao, C., Gan, Q., Zheng, J., Li, H., & You, C. (2016). Oxidative stress 
in intracerebral hemorrhage: Sources, mechanisms, and therapeutic 
targets. Oxidative Medicine and Cellular Longevity, 2016, 3215391.

Hua, Y., Wang, S., Liu, Z., Liu, X., Zou, L., Gu, W., … Liu, J. (2016). iTRAQ‐
based quantitative proteomic analysis of cultivated Pseudostellaria 
heterophylla and its wild‐type. Journal of Proteomics, 139, 13–25. 
https://doi.org/10.1016/j.jprot.2016.02.027

Ichihara, A., & Kinouchi, K. (2011). Current knowledge of (pro)renin re-
ceptor as an accessory protein of vacuolar H+‐ATPase. Journal of the 
Renin‐Angiotensin‐Aldosterone System, 12(4), 638–640. https://doi.
org/10.1177/1470320311429227

Jayakumar, A. R., & Norenberg, M. D. (2016). Glutamine synthetase: Role 
in neurological disorders. Advances in Neurobiology, 13, 327–350.

Kennedy, H., Haack, T. B., Hartill, V., Matakovic, L., Baumgartner, E. 
R., Potter, H., … Mayr, J. A. (2016). Sudden cardiac death due to 

deficiency of the mitochondrial inorganic pyrophosphatase PPA2. 
American Journal of Human Genetics, 99(3), 674–682. https://doi.
org/10.1016/j.ajhg.2016.06.027

Kim, D., Hwang, H. Y., Kim, J. Y., Lee, J. Y., Yoo, J. S., Marko‐Varga, G., 
& Kwon, H. J. (2017). FK506, an immunosuppressive drug, induces 
autophagy by binding to the V‐ATPase catalytic subunit A in neu-
ronal cells. Journal of Proteome Research, 16(1), 55–64. https://doi.
org/10.1021/acs.jproteome.6b00638

Klempan, T. A., Sequeira, A., Canetti, L., Lalovic, A., Ernst, C., ffrench‐
Mullen, J., & Turecki, G. (2009). Altered expression of genes involved 
in ATP biosynthesis and GABAergic neurotransmission in the ven-
tral prefrontal cortex of suicides with and without major depres-
sion. Molecular Psychiatry, 14(2), 175–189. https://doi.org/10.1038/
sj.mp.4002110

Lan, X., Han, X., Li, Q., Li, Q., Gao, Y., Cheng, T., … Wang, J. (2017). 
Pinocembrin protects hemorrhagic brain primarily by inhibit-
ing toll‐like receptor 4 and reducing M1 phenotype microglia. 
BrainBehavior, and Immunity, 61, 326–339. https://doi.org/10.1016/j.
bbi.2016.12.012

Lan, X., Han, X., Li, Q., Yang, Q. W., & Wang, J. (2017). Modulators of mi-
croglial activation and polarization after intracerebral haemorrhage. 
NatureReviews Neurology, 13(7), 420–433. https://doi.org/10.1038/
nrneurol.2017.69

Lee, S. T., Chu, K., Jung, K. H., Kim, S. J., Kim, D. H., Kang, K. M., … Roh, 
J. K. (2008). Anti‐inflammatory mechanism of intravascular neural 
stem cell transplantation in haemorrhagic stroke. BrainA Journal of 
Neurology, 131(Pt 3), 616–629.

Li, Q., Han, X., Lan, X., Gao, Y., Wan, J., Durham, F., … Wang, J. (2017). 
Inhibition of neuronal ferroptosis protects hemorrhagic brain. JCI 
Insight, 2(7), e90777. https://doi.org/10.1172/jci.insight.90777

Li, Q., Han, X., Lan, X., Hong, X., Li, Q., Gao, Y., … Wang, J. (2017). 
Inhibition of tPA‐induced hemorrhagic transformation involves ade-
nosine A2b receptor activation after cerebral ischemia. Neurobiology 
of Disease, 108, 173–182. https://doi.org/10.1016/j.nbd.2017.08.011

Li, Q., Wan, J., Lan, X., Han, X., Wang, Z., & Wang, J. (2017). Neuroprotection 
of brain‐permeable iron chelator VK‐28 against intracerebral hemor-
rhage in mice. Journal of Cerebral Blood Flow and Metabolism, 37(9), 
3110–3123. https://doi.org/10.1177/0271678X17709186

Lundin, M., Baltscheffsky, H., & Ronne, H. (1991). Yeast PPA2 gene 
encodes a mitochondrial inorganic pyrophosphatase that is essen-
tial for mitochondrial function. The Journal of Biological Chemistry, 
266(19), 12168–12172.

Mangieri, L. R., Mader, B. J., Thomas, C. E., Taylor, C. A., Luker, A. M., 
Tse, T. E., … Shacka, J. J. (2014). ATP6V0C knockdown in neuro-
blastoma cells alters autophagy‐lysosome pathway function and 
metabolism of proteins that accumulate in neurodegenerative 
disease. PloS One, 9(4), e93257. https://doi.org/10.1371/journal.
pone.0093257

Mittal, M. K., & LacKamp, A. (2016). Intracerebral Hemorrhage: 
Perihemorrhagic Edema and secondary hematoma expansion: From 
bench work to ongoing controversies. Frontiers in Neurology, 7, 210. 
https://doi.org/10.3389/fneur.2016.00210

Miura, G. I., Froelick, G. J., Marsh, D. J., Stark, K. L., & Palmiter, R. D. 
(2003). The d subunit of the vacuolar ATPase (Atp6d) is essential for 
embryonic development. Transgenic Research, 12(1), 131–133.

Mlody, B., Lorenz, C., Inak, G., & Prigione, A. (2016). Energy metabolism 
in neuronal/glial induction and in iPSC models of brain disorders. 
Seminars in Cell & Developmental Biology, 52, 102–109. https://doi.
org/10.1016/j.semcdb.2016.02.018

Murphy, T. H., & Corbett, D. (2009). Plasticity during stroke recovery: 
From synapse to behaviour. NatureReviews Neuroscience, 10(12), 
861–872. https://doi.org/10.1038/nrn2735

Natesan, V., Mani, R., & Arumugam, R. (2016). Clinical aspects of urea 
cycle dysfunction and altered brain energy metabolism on modula-
tion of glutamate receptors and transporters in acute and chronic 

https://doi.org/10.1016/j.ymeth.2013.04.008
https://doi.org/10.1016/j.ymeth.2013.04.008
https://doi.org/10.1007/s11011-016-9938-3
https://doi.org/10.1007/s11011-016-9938-3
https://doi.org/10.1161/01.STR.27.12.2312
https://doi.org/10.1161/01.STR.27.12.2312
https://doi.org/10.1016/j.neuron.2007.09.001
https://doi.org/10.1016/j.neuron.2007.09.001
https://doi.org/10.1016/j.wneu.2015.05.063
https://doi.org/10.1038/nrm2272
https://doi.org/10.1016/j.ajhg.2016.06.021
https://doi.org/10.1016/j.ajhg.2016.06.021
https://doi.org/10.1016/j.bmc.2014.04.007
https://doi.org/10.1016/j.bmc.2014.04.007
https://doi.org/10.1161/STR.0000000000000069
https://doi.org/10.1046/j.1471-4159.1995.65052146.x
https://doi.org/10.1046/j.1471-4159.1995.65052146.x
https://doi.org/10.1007/s00424-007-0382-4
https://doi.org/10.1016/j.jprot.2016.02.027
https://doi.org/10.1177/1470320311429227
https://doi.org/10.1177/1470320311429227
https://doi.org/10.1016/j.ajhg.2016.06.027
https://doi.org/10.1016/j.ajhg.2016.06.027
https://doi.org/10.1021/acs.jproteome.6b00638
https://doi.org/10.1021/acs.jproteome.6b00638
https://doi.org/10.1038/sj.mp.4002110
https://doi.org/10.1038/sj.mp.4002110
https://doi.org/10.1016/j.bbi.2016.12.012
https://doi.org/10.1016/j.bbi.2016.12.012
https://doi.org/10.1038/nrneurol.2017.69
https://doi.org/10.1038/nrneurol.2017.69
https://doi.org/10.1172/jci.insight.90777
https://doi.org/10.1016/j.nbd.2017.08.011
https://doi.org/10.1177/0271678X17709186
https://doi.org/10.1371/journal.pone.0093257
https://doi.org/10.1371/journal.pone.0093257
https://doi.org/10.3389/fneur.2016.00210
https://doi.org/10.1016/j.semcdb.2016.02.018
https://doi.org/10.1016/j.semcdb.2016.02.018
https://doi.org/10.1038/nrn2735


14 of 15  |     LIU et al.

hyperammonemia. Biomedicine & Pharmacotherapy, 81, 192–202. 
https://doi.org/10.1016/j.biopha.2016.04.010

Olde Damink, S. W., Jalan, R., & Dejong, C. H. (2009). Interorgan am-
monia trafficking in liver disease. Metabolic Brain Disease, 24(1), 169–
181. https://doi.org/10.1007/s11011-008-9122-5

Parpura, V., Fisher, E. S., Lechleiter, J. D., Schousboe, A., Waagepetersen, 
H. S., Brunet, S., … Verkhratsky, A. (2017). Glutamate and ATP at the 
interface between signaling and metabolism in astroglia: Examples 
from pathology. Neurochemical Research, 42(1), 19–34. https://doi.
org/10.1007/s11064-016-1848-6

Peng, Z. R., Yang, A. L., & Yang, Q. D. (2014). The effect of hyperbaric 
oxygen on intracephalic angiogenesis in rats with intracerebral 
hemorrhage. Journal of the Neurological Sciences, 342(1–2), 114–123. 
https://doi.org/10.1016/j.jns.2014.04.037

Rath, S., Liebl, J., Furst, R., Vollmar, A. M., & Zahler, S. (2014). Regulation 
of endothelial signaling and migration by v‐ATPase. Angiogenesis, 
17(3), 587–601. https://doi.org/10.1007/s10456-013-9408-z

Ren, C., Guingab‐Cagmat, J., Kobeissy, F., Zoltewicz, S., Mondello, S., 
Gao, M., … Ding, Y. (2014). A neuroproteomic and systems biol-
ogy analysis of rat brain post intracerebral hemorrhagic stroke. 
BrainResearch Bulletin, 102, 46–56. https://doi.org/10.1016/j.
brainresbull.2014.02.005

Sequeira, A., Mamdani, F., Ernst, C., Vawter, M. P., Bunney, W. E., Lebel, 
V., … Turecki, G. (2009). Global brain gene expression analysis links 
glutamatergic and GABAergic alterations to suicide and major de-
pression. PloS One, 4(8), e6585. https://doi.org/10.1371/journal.
pone.0006585

Sethi, S., Chourasia, D., & Parhar, I. S. (2015). Approaches for tar-
geted proteomics and its potential applications in neuroscience. 
Journal of Biosciences, 40(3), 607–627. https://doi.org/10.1007/
s12038-015-9537-1

Smith, C. D., Carney, J. M., Starke‐Reed, P. E., Oliver, C. N., Stadtman, 
E. R., Floyd, R. A., & Markesbery, W. R. (1991). Excess brain protein 
oxidation and enzyme dysfunction in normal aging and in Alzheimer 
disease. Proceedings of the National Academy of Sciences of the United 
States of America, 88(23), 10540–10543. https://doi.org/10.1073/
pnas.88.23.10540

Sun, X., & Jiang, X. (2013). Combination of FASP and fully automated 
2D‐LC‐MS/MS allows in‐depth proteomic characterization of mouse 
zymogen granules. Biomedical Chromatography, 27(3), 407–408.

Sun, N., Keep, R. F., Hua, Y., & Xi, G. (2016). Critical role of the sphingo-
lipid pathway in stroke: A review of current utility and potential ther-
apeutic targets. Translational Stroke Research, 7(5), 420–438. https://
doi.org/10.1007/s12975-016-0477-3

Sun, H. L., Zhang, S. H., Zhong, K., Xu, Z. H., Feng, B., Yu, J., … Chen, 
Z. (2013). A transient upregulation of glutamine synthetase in the 
dentate gyrus is involved in epileptogenesis induced by amygdala 
kindling in the rat. PloS One, 8(6), e66885. https://doi.org/10.1371/
journal.pone.0066885

Supuran, C. T. (2015). Acetazolamide for the treatment of idiopathic in-
tracranial hypertension. Expert Review of Neurotherapeutics, 15(8), 
851–856. https://doi.org/10.1586/14737175.2015.1066675

Supuran, C. T. (2016). Structure and function of carbonic anhydrases. The 
Biochemical Journal, 473(14), 2023–2032. https://doi.org/10.1042/
BCJ20160115

Tamakoshi, K., Ishida, A., Takamatsu, Y., Hamakawa, M., Nakashima, H., 
Shimada, H., & Ishida, K. (2014). Motor skills training promotes motor 
functional recovery and induces synaptogenesis in the motor cortex 
and striatum after intracerebral hemorrhage in rats. Behavioural Brain 
Research, 260, 34–43. https://doi.org/10.1016/j.bbr.2013.11.034

Toei, M., Saum, R., & Forgac, M. (2010). Regulation and isoform func-
tion of the V‐ATPases. Biochemistry, 49(23), 4715–4723. https://doi.
org/10.1021/bi100397s

Tong, C. K., Chen, K., & Chesler, M. (2006). Kinetics of activity‐evoked 
pH transients and extracellular pH buffering in rat hippocampal 

slices. Journal of Neurophysiology, 95(6), 3686–3697. https://doi.
org/10.1152/jn.01312.2005

van Asch, C. J., Luitse, M. J., Rinkel, G. J., van der Tweel, I., Algra, A., & Klijn, 
C. J. (2010). Incidence, case fatality, and functional outcome of intra-
cerebral haemorrhage over time, according to age, sex, and ethnic 
origin: A systematic review and meta‐analysis. The Lancet Neurology, 
9(2), 167–176. https://doi.org/10.1016/S1474-4422(09)70340-0

Wang, J. (2010). Preclinical and clinical research on inflammation after 
intracerebral hemorrhage. Progress in Neurobiology, 92(4), 463–477. 
https://doi.org/10.1016/j.pneurobio.2010.08.001

Wang, W. S., Liu, X. H., Liu, L. X., Lou, W. H., Jin, D. Y., Yang, P. Y., & 
Wang, X. L. (2013). iTRAQ‐based quantitative proteomics reveals 
myoferlin as a novel prognostic predictor in pancreatic adenocarci-
noma. Journal of Proteomics, 91, 453–465. https://doi.org/10.1016/j.
jprot.2013.06.032

Wang, Y., Peng, F., Xie, G., Chen, Z. Q., Li, H. G., Tang, T., & Luo, J. K. 
(2016). Rhubarb attenuates blood‐brain barrier disruption via in-
creased zonula occludens‐1 expression in a rat model of intracerebral 
hemorrhage. Experimental and Therapeutic Medicine, 12(1), 250–256. 
https://doi.org/10.3892/etm.2016.3330

Wang, Y., Schretter, C., Clarke, R., & Lee, K. S. (2015). Perihematomal 
cellular injury is reduced by trans‐sodium crocetinate in a model of 
intracerebral hemorrhage. Molecular Neurobiology, 52(2), 985–989. 
https://doi.org/10.1007/s12035-015-9245-8

Wang, J., & Tsirka, S. E. (2005). Contribution of extracellular proteolysis 
and microglia to intracerebral hemorrhage. Neurocritical Care, 3(1), 
77–85. https://doi.org/10.1385/NCC:3:1:077

Wang, Y., Yang, F., Gritsenko, M. A., Wang, Y., Clauss, T., Liu, T., … Smith, 
R. D. (2011). Reversed‐phase chromatography with multiple fraction 
concatenation strategy for proteome profiling of human MCF10A 
cells. Proteomics, 11(10), 2019–2026. https://doi.org/10.1002/
pmic.201000722

Weiner, I. D., & Verlander, J. W. (2017). Ammonia transporters and their 
role in acid‐base balance. Physiological Reviews, 97(2), 465–494. 
https://doi.org/10.1152/physrev.00011.2016

Wilkinson, D. J., Smeeton, N. J., & Watt, P. W. (2010). Ammonia me-
tabolism, the brain and fatigue; revisiting the link. Progress 
in Neurobiology, 91(3), 200–219. https://doi.org/10.1016/j.
pneurobio.2010.01.012

Wisniewski, J. R., Zougman, A., & Mann, M. (2009). Combination of FASP 
and StageTip‐based fractionation allows in‐depth analysis of the hip-
pocampal membrane proteome. Journal of Proteome Research, 8(12), 
5674–5678.

Wisniewski, J. R., Zougman, A., Nagaraj, N., & Mann, M. (2009). Universal 
sample preparation method for proteome analysis. NatureMethods, 
6(5), 359–362.

Wu, H., Wu, T., Xu, X., Wang, J., & Wang, J. (2011). Iron toxicity in mice 
with collagenase‐induced intracerebral hemorrhage. Journal of 
Cerebral Blood Flow and Metabolism, 31(5), 1243–1250. https://doi.
org/10.1038/jcbfm.2010.209

Wu, H., Xu, G., & Li, Y. P. (2009). Atp6v0d2 is an essential component 
of the osteoclast‐specific proton pump that mediates extracellular 
acidification in bone resorption. Journal of Bone and Mineral Research, 
24(5), 871–885. https://doi.org/10.1359/jbmr.081239

Wu, H., Zhang, Z., Hu, X., Zhao, R., Song, Y., Ban, X., … Wang, J. (2010). 
Dynamic changes of inflammatory markers in brain after hemor-
rhagic stroke in humans: A postmortem study. BrainResearch, 1342, 
111–117. https://doi.org/10.1016/j.brainres.2010.04.033

Xing, Z., Xia, Z., Peng, W., Li, J., Zhang, C., Fu, C., … Wang, Y. (2016). Xuefu 
Zhuyu decoction, a traditional Chinese medicine, provides neuropro-
tection in a rat model of traumatic brain injury via an anti‐inflamma-
tory pathway. Scientific Reports, 6, 20040.

Yabluchanskiy, A., Sawle, P., Homer‐Vanniasinkam, S., Green, C. J., 
Foresti, R., & Motterlini, R. (2012). CORM‐3, a carbon monoxide‐re-
leasing molecule, alters the inflammatory response and reduces brain 

https://doi.org/10.1016/j.biopha.2016.04.010
https://doi.org/10.1007/s11011-008-9122-5
https://doi.org/10.1007/s11064-016-1848-6
https://doi.org/10.1007/s11064-016-1848-6
https://doi.org/10.1016/j.jns.2014.04.037
https://doi.org/10.1007/s10456-013-9408-z
https://doi.org/10.1016/j.brainresbull.2014.02.005
https://doi.org/10.1016/j.brainresbull.2014.02.005
https://doi.org/10.1371/journal.pone.0006585
https://doi.org/10.1371/journal.pone.0006585
https://doi.org/10.1007/s12038-015-9537-1
https://doi.org/10.1007/s12038-015-9537-1
https://doi.org/10.1073/pnas.88.23.10540
https://doi.org/10.1073/pnas.88.23.10540
https://doi.org/10.1007/s12975-016-0477-3
https://doi.org/10.1007/s12975-016-0477-3
https://doi.org/10.1371/journal.pone.0066885
https://doi.org/10.1371/journal.pone.0066885
https://doi.org/10.1586/14737175.2015.1066675
https://doi.org/10.1042/BCJ20160115
https://doi.org/10.1042/BCJ20160115
https://doi.org/10.1016/j.bbr.2013.11.034
https://doi.org/10.1021/bi100397s
https://doi.org/10.1021/bi100397s
https://doi.org/10.1152/jn.01312.2005
https://doi.org/10.1152/jn.01312.2005
https://doi.org/10.1016/S1474-4422(09)70340-0
https://doi.org/10.1016/j.pneurobio.2010.08.001
https://doi.org/10.1016/j.jprot.2013.06.032
https://doi.org/10.1016/j.jprot.2013.06.032
https://doi.org/10.3892/etm.2016.3330
https://doi.org/10.1007/s12035-015-9245-8
https://doi.org/10.1385/NCC:3:1:077
https://doi.org/10.1002/pmic.201000722
https://doi.org/10.1002/pmic.201000722
https://doi.org/10.1152/physrev.00011.2016
https://doi.org/10.1016/j.pneurobio.2010.01.012
https://doi.org/10.1016/j.pneurobio.2010.01.012
https://doi.org/10.1038/jcbfm.2010.209
https://doi.org/10.1038/jcbfm.2010.209
https://doi.org/10.1359/jbmr.081239
https://doi.org/10.1016/j.brainres.2010.04.033


     |  15 of 15LIU et al.

damage in a rat model of hemorrhagic stroke. Critical Care Medicine, 
40(2), 544–552. https://doi.org/10.1097/CCM.0b013e31822f0d64

Yildirim, A., Atmaca, U., Keskin, A., Topal, M., Celik, M., Gulcin, I., & 
Supuran, C. T. (2015). N‐Acylsulfonamides strongly inhibit human car-
bonic anhydrase isoenzymes I and II. Bioorganic & Medicinal Chemistry, 
23(10), 2598–2605. https://doi.org/10.1016/j.bmc.2014.12.054

Yu, H., Wang, X., Xu, J., Ma, Y., Zhang, S., Yu, D., … Muhammad, A. (2017). 
iTRAQ‐based quantitative proteomics analysis of molecular mech-
anisms associated with Bombyx mori (Lepidoptera) larval midgut re-
sponse to BmNPV in susceptible and near‐isogenic strains. Journal of 
Proteomics. https://doi.org/10.1016/j.jprot.2017.06.007

Zhang, W., Miao, Y., Zhou, S., Jiang, J., Luo, Q., & Qiu, Y. (2011). 
Neuroprotective effects of ischemic postconditioning on global brain 
ischemia in rats through upregulation of hippocampal glutamine syn-
thetase. Journal of Clinical Neuroscience, 18(5), 685–689. https://doi.
org/10.1016/j.jocn.2010.08.027

Zhang, Z., Zhang, Z., Lu, H., Yang, Q., Wu, H., & Wang, J. (2017). 
Microglial polarization and inflammatory mediators after intracere-
bral hemorrhage. Molecular Neurobiology, 54(3), 1874–1886. https://
doi.org/10.1007/s12035-016-9785-6

Zhao, J., Benlekbir, S., & Rubinstein, J. L. (2015). Electron cryomicroscopy 
observation of rotational states in a eukaryotic V‐ATPase. Nature, 
521(7551), 241–245. https://doi.org/10.1038/nature14365

Zheng, H., Chen, C., Zhang, J., & Hu, Z. (2016). Mechanism and ther-
apy of brain edema after intracerebral hemorrhage. Cerebrovascular 
Diseases, 42(3–4), 155–169. https://doi.org/10.1159/000445170

Zhou, J., Liu, T., Cui, H., Fan, R., Zhang, C., Peng, W., … Tang, T. (2017). 
Xuefu zhuyu decoction improves cognitive impairment in experi-
mental traumatic brain injury via synaptic regulation. Oncotarget, 
8(42), 72069–72081. https://doi.org/10.18632/oncotarget.18895

Zhou, H. J., Zhang, H. N., Tang, T., Zhong, J. H., Qi, Y., Luo, J. K., … Li, 
X. Q. (2010). Alteration of thrombospondin‐1 and ‐2 in rat brains 
following experimental intracerebral hemorrhage. Laboratory in-
vestigation. Journal of Neurosurgery, 113(4), 820–825. https://doi.
org/10.3171/2010.1.JNS09637

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.   

How to cite this article: Liu T, Zhou J, Cui H, et al. 
Quantitative proteomic analysis of intracerebral hemorrhage 
in rats with a focus on brain energy metabolism. Brain Behav. 
2018;8:e01130. https://doi.org/10.1002/brb3.1130

https://doi.org/10.1097/CCM.0b013e31822f0d64
https://doi.org/10.1016/j.bmc.2014.12.054
https://doi.org/10.1016/j.jprot.2017.06.007
https://doi.org/10.1016/j.jocn.2010.08.027
https://doi.org/10.1016/j.jocn.2010.08.027
https://doi.org/10.1007/s12035-016-9785-6
https://doi.org/10.1007/s12035-016-9785-6
https://doi.org/10.1038/nature14365
https://doi.org/10.1159/000445170
https://doi.org/10.18632/oncotarget.18895
https://doi.org/10.3171/2010.1.JNS09637
https://doi.org/10.3171/2010.1.JNS09637
https://doi.org/10.1002/brb3.1130

