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Abstract

Background: The systematic mechanisms of acute intracerebral hemorrhage are still unknown and unverified,
although many recent researches have indicated the secondary insults. This study was aimed to disclose the patho-
logical mechanism and identify novel biomarker and therapeutic target candidates by plasma proteome.

Methods: Patients with AICH (n = 8) who demographically matched healthy controls (n = 4) were prospectively
enrolled, and their plasma samples were obtained. The TMT-LC-MS/MS-based proteomics approach was used to
quantify the differential proteome across plasma samples, and the results were analyzed by Ingenuity Pathway Analy-
sis to explore canonical pathways and the relationship involved in the uploaded data.

Results: Compared with healthy controls, there were 31 differentially expressed proteins in the ICH group (P < 0.05),
of which 21 proteins increased while 10 proteins decreased in abundance. These proteins are involved in 21 canoni-
cal pathways. One network with high confidence level was selected by the function network analysis, in which 23
proteins, P38MAPK and NFkB signaling pathways participated. Upstream regulator analysis found two regulators,

IL6 and TNF, with an activation z-score. Seven biomarker candidates: APCS, FGB, LBP. MGMT, IGFBP2, LYZ, and APOA4
were found. Six candidate proteins were selected to assess the validity of the results by subsequent Western blotting
analysis.

Conclusion: Our analysis provided several intriguing pathways involved in ICH, like LXR/RXR activation, acute phase
response signaling, and production of NO and ROS in macrophages pathways. The three upstream regulators: IL-6,
TNF, LPS, and seven biomarker candidates: APCS, APOA4, FGB, IGFBP2, LBP, LYZ, and MGMT were uncovered. LPS,
APOA4, IGFBP2, LBP, LYZ, and MGMT are novel potential biomarkers in ICH development. The identified proteins and
pathways provide new perspectives to the potential pathological mechanism and therapeutic targets underlying ICH.
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Background

Intracerebral hemorrhage (ICH) caused by ruptured cer-
ebral blood vessels accounting for 10-20% of all strokes
is the most devastating and the least treatable subtype of
hemorrhagic stroke [1]. The 30-day mortality of ICH is
reported to be 30—55%, nearly half of deaths in the acute
stage, especially in the first 48 h, and approximately 80%
of survivors are left with severe neurological deficits [2].
Compared with white populations of European origin,
Chinese have a higher proportion of ICH. However, the
ongoing medical and surgical technological advances
have not revealed an effective therapy for ICH. Therefore,
it is urgent to explore the mechanisms underlying ICH
and to identify the novel therapeutic targets so that we
can improve the outcomes of ICH and develop new drugs
for it.

Current researches have indicated that brain injury of
ICH is primarily related to the secondary effects involv-
ing cerebral edema, inflammation autophagy, blood
brain-barrier (BBB) disruption, cellular necrosis and
apoptosis [3]. However, there has not been any confirma-
tion study of ICH with human so far. Most experiments
are undertaken with rodents, not entirely comparable
to human ICH [4]. In addition, most people attempt to
validate one or a few candidates rather than a panel of
potential ICH biomarkers. In recent years, although
gene expression profiling of perihematomal tissue after
ICH has been performed in animal models as well as in
human ICH samples [5], it should be noted that genomic
expression and protein levels do not match in some
cases [6]. Furthermore, proteins are the most informa-
tive biomolecules to advance the field, because not only
are they the ultimate gene function performers, but also
the direct manifestation of complexity and variability of
life as well as the major drug targets of many diseases
[6]. The proteins identified in recent researches provide
essential information about the target proteins involved
in multiple genetic interactions, with a wide range of
clinical phenotypes in specific pathological pathways [7,
8]. Quantitative proteomics including isobaric tag for
relative and absolute quantitation (iTRAQ) and tandem
mass tag (TMT) have been a popular profiling approach
in protein biomarker discovery and protein alterations
quantification so far [9]. Quite a few researches have suc-
cessfully obtained significant pathological insights once
this technology was applied to brain tissue and cerebro-
spinal fluid (CSF) [10]. Collection of blood plasma, com-
pared with tissue and CSF, is inexpensive and minimally
invasive, and plasma proteins contain a wealth of infor-
mation about the overall pathophysiological conditions
of patients [11]. To date, no comprehensive proteomic
analyses of plasma related to ICH has been reported.
Therefore, a proteomics profiling of plasma in ICH will
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complete the pathological mechanisms of ICH and dis-
cover the therapeutic target candidates to monitor and
improve the prognosis of this disease. In this follow-up
study, a TMT-LC-MS/MS-based proteomics approach
was used to quantify the differential proteome across
plasma samples from ICH patients to explore possible
mechanisms and potential therapeutic targets involved in
ICH.

Methods

Ethics statement

The Ethics Committee of Jiangsu Province Hospital of
TCM (Affiliated Hospital of Nanjing University of Chinese
Medicine) approved the study protocol. Written informed
consent was given by all participates or legal guardians.

Patient recruitment and sample collection
A total of 12 people were invited to participate in this
study. There were 8 ICH patients and 4 demographi-
cally matched healthy controls (Table 1). The mean age
of ICH patients and controls was 61.6 years (from 56 to
69) and 63.3 years (from 56 to 71) respectively, and 50%
were male in both groups. The fasting blood samples
were obtained from 8 ICH patients on admission at Affil-
iated Jiangbin Hospital of Jiangsu University and Affili-
ated Hospital of Nanjing University of Chinese Medicine
(Jiangsu Province Hospital of Traditional Chinese Medi-
cine) in China between 2014 and 2015. The other 4 blood
specimens were collected from healthy control subjects
at the same time. The following inclusion criteria applied
to the patients of the present study: the patients should
be consistent with the diagnostic criteria of acute cere-
bral hemorrhage, admitted within 48 h with stroke onset,
and willing and able to timely be referred in accordance
with the requirements of the program. Patients were
excluded if they were accompanied with transient cer-
ebral ischemia, brain infarction or subarachnoid hemor-
rhage; their cerebral hemorrhage was caused by blood
diseases, tumors or trauma; patients died within 24 h
after admission or merged with serious primary diseases.
Patients could not cooperate with the inspection because
of disabilities included in the legislation framework.
Whole blood (2 ml) was collected from study sub-
jects. Altogether 12 plasma samples were collected, and
K,-EDTA was used as the anti-coagulant agent. The
blood samples were then centrifuged at 1500 g for 10 min
at room temperature. The resulting plasma was aliquot-
ted and stored at —80 °C before use. None of the samples
were thawed more than twice before being analyzed.

Plasma sample preparation and purification
Since disease biomarkers in the blood, which are pre-
sent at relatively low concentrations, are usually masked
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Table 1 Experimental protocol and basic characteristics in AICH patients (n = 8) and healthy controls (n = 4) group

Block Tissue Disease or Patient Age/ District TMT labeling TMT labeling
normal number gender and hospital reagent ID code
1 1 Normal 1 66/F Nanjing 1 126
1 2 AICH 2 61/F Nanjing 1 127
1 4 AICH 3 65/F Nanjing 1 129
Reference 1 131
2 6 Normal 4 60/M Nanjing 2 126
2 7 AICH 5 56/M Nanjing 2 127
2 9 AICH 6 58/M Nanjing 2 129
Reference 2 131
3 11 Normal 7 71/M Zhenjiang 3 126
3 12 AICH 8 69/M Zhenjiang 3 127
3 14 AICH 9 66/M Zhenjiang 3 129
Reference 3 131
4 16 Normal 10 56/F Zhenjiang 4 126
17 AICH 11 61/F Zhenjiang 4 127
19 AICH 12 57/F Zhenjiang 4 129
Reference 4 131

Reference represents a reference sample, i.e., a mixed sample of all plasma samples by internal standard method

AICH acute intracerebral hemorrhage, F female, M male

by high-abundance proteins, and their signals are weak
or even disappear in the mass spectrum [12, 13], Agilent
Human 14 Multiple Affinity Removal System (Agilent,
USA) was utilized to deplete high-abundant proteins
according to the manufacturer’s instructions, including
albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin,
fibrinogen, a2-macroglobulin, al-acid glycoprotein, IgM,
apolipoprotein Al, apolipoprotein All, complement C3,
and transthyretin. 100 pl of depleted plasma from ICH
or normal samples were added into 400 ul of phosphate-
buffered saline, 500 pl of ice-cold acetone, 10% trichlo-
roacetic acid (TCA) solution, and then precipitated at
—20 °C. The resulting supernatant was removed and the
pellets were washed thrice with ice-cold acetone and re-
dissolved in 150 pl of urea lysis buffer (8 M urea, 75 mM
NaCl, 50 mM Tris, pH 8.2, 1% (V/V) EDTA-free protease
inhibitor cocktail) and stored at —80 °C. The protein con-
centrations were measured by using the Bradford assay.
Specific removal of 14 high-abundant proteins depletes
approximately 94% of total protein mass from human
plasma. The low-abundant proteins in the flow-through
fractions can be studied. Removal of high-abundant pro-
teins enables improved resolution and dynamic range for
liquid chromatography/mass spectrometry (LC/MS).

Protein digestion and TMT labeling

One microgram of proteins from normal or ICH sam-
ples was reduced for 1 h at 60 °C with 10 mM DTT, and
was alkylated with freshly prepared 55 mM iodoaceta-
mide (IAM) at room temperature in darkness for 40 min.

Then, the proteins were digested with trypsin overnight
at 37 °C by the following buffer: 8 M urea, 75 mM NacCl,
50 mM Tris, pH 8.2, 1% (V/V) EDTA free protease inhib-
itor cocktail, and the tryptic peptides were desalted and
dried in vacuo (Speed Vac, Eppendorf). Subsequently,
100 pg of each sample was labeled with the reagent in
accordance with the manufacturer,s protocol (Pierce,
Rockford, IL, USA). After 2 h of TMT labeling, 5 pl of
5% hydroxylamine was added to each tube and incubated
at room temperature for 15 min. Afterwards, the sam-
ples were mixed at the ratio of 1:1 based on total peptide
amount, which was obtained by running an aliquot of
the labeled sample in a conventional LC-MS/MS. Con-
sequently, peptide expression of each reporter ion was
normalized by the average intensity of the correspond-
ing reporter ion (assuming the total intensities for each
reporter ion were the same) in the data analysis process.

Peptide fractionation with SCX chromatography

Labeled peptide mixtures were reconstituted in solution
(10 mM NH,COOH, 5% ACN, pH 2.7) and fractionated by
strong-cation exchange (SCX) columns (1 mm ID x 10 cm
packed with Poros 10 S, DIONEX, Sunnyvale, CA, USA),
which were installed on the UltiMate® 3000 HPLC sys-
tem. The following two buffers carried out the separation.
Mobile phase A was 5 mM ammonium formate, 5% ACN
(pH 2.7); mobile phase B was 800 mM ammonium for-
mate, 5% ACN (pH 2.7). The gradient for SCX was 0-30%
B for 21 min, 30-56% B for 7 min, 56—100% B for 1 min,
100% B for 3 min, 100—-0% B for 1 min and 0% B for 20 min
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before the next run. Twenty fractions in total were col-
lected from SCX separation and lyophilization.

Mass spectrometry analysis

The reversed phase chromatography was performed with
a Nano ACQUITY UPLC system on the LTQ-Orbitrap
instrument (Thermo Fisher, USA) via a nanospray source.
The reversed-phase C18 column (75 pym id. x 15 cm,
1.7 pm, 130 A; BEH) was utilized with buffer A (2%
ACN with 0.5% acetic acid) and buffer B (80% ACN with
0.5% acetic acid), respectively. The 193 min linear gradi-
ent elution procedure was as follows: 4—9% buffer B for
3 min, 9-33% buffer B for 170 min, 33-50% buffer B for
10 min, 50-100% buffer B for 1 min, 100% buffer B for
8 min, 100-4% buffer B for 1 min. To analyze the proteins
of plasma, eight most intense ions for collision-induced
dissociation (CID) fragmentation were selected after
mass spectrum scanning. CID was performed with 35%
normalized collision energy. The most intense ions from
MS2 scan were selected and activated by using the higher
energy collision-induced dissociation (HCD)-MS3.

Protein identification and quantification

The raw files obtained from precursor ions were ana-
lyzed with MaxQuant (version 1.2.2.5). Sequences
search parameters were as follows: precursor mass toler-
ance was 20 parts per million (ppm); product ion mass
tolerance was 0.5 Da; enzyme was trypsin with two
maximum missed cleavages; cysteine carbamidometh-
ylation (+57.02146 Da), N-terminus and lysine modi-
fication with TMT reagent adducts (+229.162932 Da)
were set as a fixed modifications; methionine oxidation
(4+15.99492 Da) was set as a dynamic modification. The
false discovery rates (FDR) of peptide and protein iden-
tification, which were estimated by searching against
the database, were set <1%. Only peptides with at least
six amino acids in length were considered to be success-
fully identified. The ratios of relative protein abundance
between two groups were calculated by intensities of
TMT reagent reporter ion from HCD spectra.

Western blot analyses

A standard western blotting analysis was used to inves-
tigate the protein expression levels after protein compo-
nents were collected. Protein lysates from the plasmas of
healthy controls (n = 8) and ICH patients (n = 8) were
boiled in SDS-sample buffer for 5 min and then subjected
to 8% SDS-polyacrylamidegel electrophoresis and trans-
ferred to PVDEF (polyvinylidenefluoride) membranes
(Bio-Rad). The membranes were then blocked for 2 h in
5% milk-Tris-Buffered Saline Tween-20 (TBST) at room
temperature, and incubated overnight at 4 °C either with
the monoclonal antibodies (Cell Signaling Technology,
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USA) of anti-APOA4, anti-IGFBP2, anti-LBP, anti-MGMT,
anti-FGB or anti-APCS. The membranes were washed
four times in TBST and incubated with the appropriate
horseradish peroxidase-conjugated secondary antibod-
ies at room temperature for 2 h. Blots were visualized by
enhanced chemiluminescence (Thermo, USA) and ana-
lyzed by a scanning densitometer with the molecular analy-
sis software FluorChem M system (Protein Simple, USA)
[14].

Bioinformatics analysis

Statistical analysis

SPSS for Windows, Version 20.0 (Armonk, NY: IBM
Corp.) was used for all statistical analyses. Univariate
ANOVA (two-way analysis of variance with block design
or one-way analysis of variance) was applied to compare
the protein abundance among different groups. Protein
abundance of control group was used for a reference to
calculate the fold-change; changes of 1.3 or higher and
the P value <0.05 were considered significant.

Ingenuity Pathway Analysis

In order to further understand the biological significance
of differentially expressed plasma proteins, Ingenuity
Pathway Analysis (IPA; Ingenuity® Systems, www.Inge-
nuity.com/) was used to analyze canonical pathways and
relationship of the uploaded data. Right-tailed Fisher’s
exact test was used to calculate a P value to determine
the significance of each canonical pathway, and P value
<0.05 was meaningful. Disease and functional protein
networks and upstream regulator analysis with differently
expressed proteins were presented, along with a Z-score.
The Z-score >2 or <—2 was considered significant acti-
vation or significant inhibition respectively.

Results

Quantification of plasma proteins in healthy control

and ICH samples

Tandem mass spectrometry and TMT-labeled relative quan-
tification proteomics were employed to screen differentially
expressed proteins between ICH patients and healthy con-
trols. The experimental workflow of this study is shown in
Fig. 1. A total of 414 proteins and 3886 peptides were identi-
fied. Based on reporter ions, 411 proteins and 3165 peptides
were quantified. The overall calibration factors and intensity
distributions for all reporter ions were shown in Additional
file 1: Figure S1. Compared with health control (NC) group,
there were 31 differentially expressed proteins in ICH
group (fold change > 1.2 or fold change < —1.2, P < 0.05),
of which 21 proteins increased remarkably and the other 10
decreased in abundance (Table 2). The average fold-change
for differentially expressed proteins between AICH and NC
group was calculated to make a comparison.
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190 AICH patients and 62 healthy controls
were included in the study
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Fig. 1 The experimental profile

Gene ontology (GO) analysis

The Gene Ontology (GO) data were used to analyze the
subcellular location and the function of the differentially
expressed proteins. Figure 1 displays that 16 proteins
(approximately 51.61%) have been specified as extracellular

space proteins. About 19.35% of the remaining proteins
with subcellular location annotation were cytoplasm pro-
teins, and 12.9% proteins were located in nucleus. The larg-
est proportion of the differentially expressed proteins was
represented by binding (41.9%), followed by proteins with
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catalytic activity (32.3%), transporter activity (12.9%), and
reporter activity (12.9%). Regarding the biological process
categories, the majority of proteins were involved in meta-
bolic process (45.2%), cellular process (38.7%), response
to stimulus (29.0%), localization (29.0%) and multicellular
organismal process (19.4%). Hence, extracellular space,
binding, and cellular process were the major subcellular
location, molecular function and cellular process of the
proteins. And the overall functional distributions of the
non-significantly expressed genes were similar to DE pro-
teins (Additional file 2: Figure S2).

IPA analysis of the proteins detected in ICH group

In order to understand the biological significance of
the 31 differentially expressed proteins in ICH better,
the proteins were subjected to IPA software for further
analysis of significantly involved molecular process.
According to the Ingenuity Pathways Knowledge Base,
IPA provided important information, such as canonical
pathways, protein interaction networks, and upstream
regulators. The canonical pathways along with up- and
down-regulated proteins in each pathway were displayed
in the bar chart of differentially expressed proteins. IPA
analysis revealed that 10 proteins (APOA4, APOL1, C9,
FGA, GC, HPR, LBP, LYZ, ORM1, ORM?2) were in the
positive Liver X receptor and retinoic acid X (LXR/RXR)
activation pathway; 7 proteins (APCS, C9, FGA, FGB,
LBP, ORM1, ORM?2) in the positive acute phase response
signaling pathway; 5 proteins (APOA4, APOL1, LYZ,
ORM1, ORM2) in the positive production of nitric oxide
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(NO) and reactive oxygen species in macrophages (ROS)
pathway.

These proteins were also associated with functional
network of metabolic diseases, cell-to-cell signaling
and interaction. There were 23 proteins in the network
(APCS, APLA4, APOLI1, C9, CA2, COL14A1, CULS3,
DCUNI1D2, ENOI, FGA, FGB, GC, GSN, HBP1, HPR,
IGFBP2, LBP, LYZ, MGMT, ORM1, ORM2, RESI],
TMSB10/TMSB4X), and they were regulated by p38
Mitogen activated protein kinase (P38MAPK) as well as
nuclear transcription factor kB (NF«B) (Fig. 2). The mol-
ecules in network and the score of network clustering
were reported in Table 3.

Another meaningful research that we performed with
IPA was upstream regulator analysis, which could pre-
dict the activation or inhibition of upstream regulators
based on the differently expressed proteins identified in
the present study so that the biological activities occur-
ring in the ICH plasmas could be better understood. In
our data, 99 upstream regulators of proteins have been
discovered with a P value <0.05, three of which were of
activation z-score, including IL6 (z-score 2.026), TNF
(z-score 2.371), and lipopolysaccharide (LPS) (z-score
2.219). They were considered to be target candidates
for drug treatment. Theoretically, any chemical capa-
ble of inhibiting the expression of the three cytokines
had the potential to treat ICH by preventing its progress
and deterioration. The network analyses of the three
upstream regulators and their target molecules for pre-
diction in our dataset were shown in Fig. 3.

NBUFS3:

b jng_,_f_@

congul@ factr
>
\

B}

GL/

GNN2

~N
TAGLN2

Fig. 2 The top 2 diseases and disorders networks identified by IPA analysis. a Metabolic disease, cell-to-cell signaling and interaction, renal damage
network. b Cellular growth and proliferation, cancer, organismal injury and abnormalities network. Red and green indicate up- and down-regulation,
respectively, of the proteins. Intensity of the color reflects the extent of differential expression. Dot lines represented indirect interaction; solid lines
represented direct interaction; and arrows represented the direction of interaction
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Table 3 Major networks and associated proteins obtained by IPA analysis of differentially expressed ICH proteins

Top diseases and functions Molecules in network Score Focus
molecules
Metabolic disease, cell-to-cell signaling  Actin, APCSt, APOA4),, APOLT4, C91, CA24, Ck2, COLT4AT, CUL3%, 64 23

and interaction, renal damage

DCUN1D2Y, ENO11, FGA+, FGBA, Fibrinogen, GCJ, GSN, HBP14, HDL, HPRY,

IGFBP2],, LBP*, LDL, LYZ|,, MGMT*, NFB (complex), ORM14, ORM24, P38MAPK,
PEST,, PON2, SEC24A, STAB 2, Stat3-Stat3, TMSB10/TMSB4X1, Vegf

The italicised proteins are identified in our data, and their expression is shown by arrows: up-regulation (1) and down-regulation ()

o
)
o

£cA 4
* | \ /

-~ \ /

~
Seg /A
& ek / \
| 3
ORM1
V

I
A i Q’
~
- R IO, £
APCs¢ — — — —{illg] ORM1¢ {INF: IGFBPp2
/

Fig. 3 Upstream regulator analysis of differentially expressed proteins in ICH. IL-6, TNF and LPS were predicted to be activated as determined by IPA.
a, b, c represent 3 upstream regulators (IL-6, TNF and LPS) and their target molecules for prediction in our dataset respectively
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To identify the potential biomarkers, we used the IPA
biomarker filter to match the uploaded proteins with
the list of biomarkers known for disease profiles. Some
parameters settings in the IPA, with the related avail-
able options, were as follows: (1) Human species; (2) All
molecule types; (3) Blood; (4) All biomarkers and disease
applications (including cardiovascular disease, hema-
tological disease, immunological disease, inflammatory
disease, metabolic disease, and neurological disease).
Seven proteins (APCS, APOA4, FGB, IGFBP2, LBP, LYZ,
MGMT) were finally obtained as predicted markers for
ICH shown in Table 4.

Validation of proteomics results by Western blotting

Western blotting analysis using GAPDH as an inter-
nal reference was performed for six important pro-
teins (APOA4, IGFBP2, LBP, MGMT, FGB and APCS)
to validate the iTRAQ results of the identified proteins.

Consistent with iTRAQ proteomics results, the intensity
of bands by Western blotting of six proteins significantly
changed in the plasma of AICH compared with healthy
control subjects (Fig. 4, P < 0.05).

Discussion
In this study, proteins extracted from plasmas of 8 ICH
patients and 4 NC patients have been quantified by
tandem-mass-TMT tagging labeling technology. Differ-
ent expressions of 31 proteins in all were discovered, of
which 21 were up-regulated, accounting for around 1/3.
As far as we know, this is the first comprehensive study
to analyze ICH plasmas from each patient individually, in
which high-throughput protein identification and quanti-
fication by MS were used to identify ICH biomarker.
Primary damage of ICH occurs within a few minutes
to several hours since the onset of bleeding. It is mainly
mechanical damage caused by hematoma with mass

Table 4 Selected candidate biomarkers by IPA biomarker filter analysis

UniProt accession Symbol Entrez gene name Location Exp fold change
VOHWPO APCS Amyloid P component, serum Extracellular space 1.211
P06727 APOA4 Apolipoprotein A-IV Extracellular space —1.562
VOHVY1 FGB Fibrinogen beta chain Extracellular space 1.270
P18065 IGFBP2 Insulin-like growth factor binding protein 2, 36 kDa Extracellular space —1327
P18428 LBP Lipopolysaccharide binding protein Plasma membrane 1457
F8VV32 LYz Lysozyme Extracellular space —1.321
Q6LDD1 MGMT O-6-methylguanine-DNA methyltransferase Nucleus 2618
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Fig. 4 Western blotting analysis of APOA4, IGFBP2, LBP, MGMT, FGB and APCS from healthy controls and AICH. GAPDH is the reference group
by internal standard method. a Western blotting analysis of the six proteins. b The intensity of each band was measured using imaging analysis.

Verified proteins

effect. However, secondary damage of ICH, in most cases,
is due to many parallel pathological pathways including:
(1) cytotoxicity of blood, (2) hypermetabolism, (3) exci-
totoxicity, (4) spreading depression, (5) oxidative stress
and inflammation. The canonical pathway analysis shows
that 12 out of 31 proteins activate LXR/RXR pathway and
participate in the acute phase response. They are the pro-
duction of NO and ROS by macrophages, too. LXR/RXR
is involved in the regulation of lipid metabolism, inflam-
mation, cholesterol and bile acid catabolism [15]. Acute
phase response is a rapid inflammatory response trig-
gered by tissue injury, infection, or immunological disor-
ders [16]. In the process of inflammation, the production
of NO pro-inflammatory mediators in macrophages is
attributed to the inducible form of nitric oxide synthase
(iNOS). In addition, the microbicidal properties of mac-
rophages are dependent on the production of reactive
oxygen species (ROS). High level of NO and ROS causes
oxidative stress, inflammatory reaction, eventually lead-
ing to tissue damage [17]. It has been reported that NO
in ICH would result in secondary neuronal damage and
aggravate tissue injury in the central nervous system,
while ROS may be a major trigger of NLPR3 inflamma-
some activation following ICH [18, 19]. The activation of
three canonical pathways supports the momentous effect
of inflammation in ICH as previous researches reported.
Accordingly, we assume that the inflammatory response
in ICH may be reduced effectively by inhibiting activa-
tion of the above signaling pathways.

IPA created an interaction network among the differ-
entially expressed proteins, meanwhile, other signaling

proteins revealed the interactions between disease and
function. In the present study, these proteins are asso-
ciated with metabolic diseases, cell-to-cell signaling
and renal damage in which p38MAPK and NFkB are
involved. Amazingly, no ICH related networks have been
confirmed based on the existing IPA knowledge data-
base, illustrating that the identified proteins have not
been previously reported in a network with functions
related to ICH. For all that, p38MAPK and NF«B are rec-
ommended as key regulators in the network, for it regu-
lated the majority (23/31) of the proteins in this research.
P38MAPKs, as one MAPK family member, is responsible
for signal transmission between extracellular space to the
nucleus, leading to biology reaction of cells [20]. A num-
ber of evidences demonstrate that p38MAPK signaling
and NF«B are important inflammatory pathways in ICH
through various mechanisms. Zhao et al. [21] found that
p38MAPK and NFkB were activated in 24 h in animal
model of ICH, and the use of inhibitor could recede the
inflammatory injury after ICH. Meanwhile, the activa-
tion of NF«B in microglia/macrophages after ICH would
result in the increase of pro-inflammatory cytokines such
as TNF-a and IL-1B that might cause brain injury [22].
Together, p38MAPK and NF«B could represent potential
therapeutic targets to prevent neurological deficits after
ICH.

IPA analysis found three upstream regulators activated
based on the differently expressed proteins. IL-6 is the key
upstream regulator of 7 proteins, including FGA, FGB,
FGL1, LBP, APCS, ORM1 and LYZ, because 6 out of the 7
proteins were activated by IL-6. TNF activated 5 proteins,
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including APCS, APOL1, ORM1, MGMT and LBP. LPS
is an upstream regulator of 9 proteins, including FGB,
ENOI1, APCS, TMSB10/TMSB4X, ORM2, ORM1, LYZ
and LBP, and IPA showed that 7 out of 9 proteins were
activated by LPS. IL-6 and TNF are cytokines that control
differentiation, activation, apoptosis and other functions
in many cell types [23]. As pro-inflammation cytokines,
IL-6 and TNF play important roles in ICH-induced
inflammatory injury [24]. Immune system that is acti-
vated after ICH induces the release of numerous inflam-
matory cytokines, such as TNF-a and IL-6, and then the
inflammatory responses damage brain tissue and kill
plenty of brain cells [25]. Lei et al. [26] used the antibody
of TNF to antagonize the inflammation response, which
displayed that the antibody gave rise to palliating neuro-
inflammation and enhancing functional outcomes in a
murine model of ICH. This study confirmed that IL-6 and
TNF might be ideal drug targets for ICH. LPS is a form of
endotoxin and has a significant effect on many diseases,
such as septic shock, sepsis and Th2 inflammatory dis-
eases [27], but its role in ICH has not been completely elu-
cidated so far. LPS combined with CD14 would stimulate
the release of inflammatory mediators from monocytes
and endothelial cells, and finally cause systemic inflamma-
tory response syndrome [28]. In this study, the upstream
regulator of LPS activated 7 proteins shown with arrows
in orange (Fig. 3c). The findings suggest that the discov-
ery above is consistent with previous literatures, and LPS
is indeed a good drug target candidate for ICH. But, it
requires further experiments to test the effect of LPS on
ICH and to validate the discovery of this study.
Identification of the putative biomarkers predicts 7
proteins as ICH markers by IPA. The level of 4 proteins
(APCS, FGB, LBP, MGMT) increases, while three pro-
teins (APOA4, IGFBP2, LYZ) decrease in ICH plasma
samples. APCS is a glycoprotein, belonging to the pen-
traxin family. As a chaperone, it works on the binding of
the encode protein to proteins in the pathological amy-
loid, and it increases amyloidosis of mice [29]. According
to the report, the third etiological subcategory of ICH is
the deposition of amyloid proteins in cerebral arteries,
causing more blood vessels exudate [30]. Overexpression
of APCS in ICH suggests that it may be an etiologic blood
biomarker of ICH. FGB is the member of fibrinogen,
cleaved by thrombin to form fibrin following vascular
injury. Moreover, various cleavage products of fibrinogen
and fibrin regulate cell adhesion, spreading and chemot-
actic activities, and they are mitogens of several cell types
[31]. Leira et al. [32] have validated that the fibrinogen is
an independent predictor of early neurologic deteriora-
tion in ICH patients. LBP is one of the acute phase immu-
nologic response proteins for bacterial infection known
to be involved in regulating LPS-dependent monocyte
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response [33]. As described above, the combination of
LPS and CD14 can initiate inflammation response which
is mediated by LBP, and many studies indicate that LBP is
a marker of acute inflammation in patients with trauma
[34]. In this study, the up-regulation of LBP suggests that
it may be implicated in the acute inflammation response
within 48 h after ICH, thus it could be used as a candidate
marker for ICH patients. MGMT is a DNA repair protein
that plays a role in cellular defense against mutagenesis
and toxicity from alkylating agents [35]. MGMT has been
associated with several cancers like colorectal cancer and
lung cancer [36], but its function in ICH has not been
reported previously, so clinical experiments are needed
to verify the results of this research.

Ideal biomarkers should be selectively and highly
expressed in ICH patients [37]. However, APOA4,
IGFBP2, and LYZ were down-regulated in ICH. APOA4
is a powerful activator of cholesterol transporter in vitro
and is involved in antioxidant activity [36]. IGFBP2 is
one of the six similar proteins that bind IGF-I and IGF-
II with high affinity. Its high expression level promotes
the growth of several types of tumors [38]. LYZ is one of
the antimicrobial agents found in human milk, kidney
and tears. It is of antibacterial activity against a number
of bacterial species. But the role of these proteins play in
ICH has not been clear, thus further research is needed
to elucidate the effect of the three proteins on ICH.

Limitation in this research is the small sample size,
although matching method that can reduce sample size is
used to control confounding. We will expand the sample
size in the following research. Small sample studies may
be false negative, but the positive results of the protein
are meaningful by verification.

Conclusion

Advances in neuroimaging and animal models have
improved our understanding of the pathophysiology of
ICH on molecular level. Most current theories imply
a two-phase model of nerve damage: early mechani-
cal damage phase and sub-acute phase characterized by
inflammation and edema as response to hemorrhage.
Proteomics analysis helped to find 31 plasma proteins
which were differently expressed in acute ICH patients.
Our analysis provided several novel pathways involved
in ICH, like LXR/RXR activation, acute phase response
signaling, and production of NO and ROS in mac-
rophages pathways. In the network analysis, p38MAPK
and NFkB were known to implicate in progression and
deterioration in the secondary damage phase of ICH.
In addition, we also discovered 3 upstream regulators
including IL-6, TNF and LPS, as well as 7 biomarker can-
didates including APCS, APOA4, FGB, IGFBP2, LBP,
LYZ and MGMT. Among them, IL-6, TNE, APCS, FGB
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have been identified to promote ICH, but the remaining
proteins are novel potential biomarkers which deserved
further validation. Therefore, our data provided an
unparalleled wealth of knowledge of ICH pathophysiol-
ogy. The identified proteins and pathways provide new
perspectives to the potential pathological mechanism
and therapeutic targets underlying ICH.
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