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ARTICLE INFO ABSTRACT

Keywords: GATA-binding protein 4 (GATA-4) , a member of the GATA family of transcription factors, is expressed in the
GATA-4 normal brain and participates in the neural inflammatory response and senescence. However, few studies have
Intracerebral hemorrhage investigated whether GATA-4 is involved in the brain damage induced by intracerebral hemorrhage (ICH). The
Apoptosis aim of this study was to investigate in vivo and in vitro the role of GATA-4 in ICH-induced secondary brain injury
E;KB (SBI) and its potential underlying mechanisms. A rat model of ICH was established by autologous blood injection
Caspase-3 in vivo. In vitro, oxidized hemoglobin was applied to mimic the effects of ICH in neuronal culture. The function

of GATA-4 and its mechanism of action after ICH were investigated using siRNA-mediated knockdown and
plasmid-mediated overexpression techniques combined with immunofluorescence, western blot, and other
molecular methods. It was found that the expression of GATA-4 was increased in the brain of rats after ICH, and
its phosphorylation also increased correspondingly. Furthermore, knocking down the expression of GATA-4 led
to a significant decrease in neurobehavioral scores and neuronal apoptosis, indicating that secondary brain
damage was improved. Conversely, the overexpression of GATA-4 aggravated brain damage. Blockade of a
critical phosphorylation site on the GATA-4 overexpression plasmid alleviated the exacerbated damage in vitro
and in vivo. Moreover, GATA-4 promoted the activation of NF-xB, and increased the expression of Bax, and
cysteine aspartate-specific protease 3 (caspase-3) in its cleaved form, causing neuronal apoptosis. In conclusion,
the expression of GATA-4 was increased in the brain of rats after ICH. GATA-4 phosphorylation mediates the
function of the protein in ICH-induced SBI. Neuronal apoptosis after ICH was mainly induced by NF-kB acti-
vation, which was promoted by GATA-4.

1. Introduction

Intracerebral hemorrhage (ICH) is a severe cerebrovascular disease
characterized by high morbidity and mortality, with an incidence rate
of about 15% of all stroke cases (Song et al., 2015). Therefore, research
on ICH has received increasing attention in recent years. Brain injury
can be caused by damaged tissue surrounding the initial hematoma,
either directly by blood clots or due to a series of pathophysiological
processes following ICH such as the destruction of the blood-brain

barrier, activation of apoptotic programs, and the toxic effects of ex-
tracellular heme. These pathophysiological processes are called sec-
ondary brain injury (SBI). The duration of SBI is long and the damage is
often more serious than the initial ICH (Jiang et al., 2017). Therefore,
our study focused on this secondary damage or SBI that occurs after
ICH.

GATA-4 is an important transcription factor involved in cardiac
development and plays a critical role in regulating cardiac growth and
differentiation (Garg et al., 2003). In recent years, studies have reported
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that GATA-4 induced brain inflammation and aging (Kang et al., 2015),
and the expression of GATA-4 in the human brain inhibited the pro-
liferation of astrocytes (Agnihotri et al., 2011). Some research also
found that GATA-4 participated in cardiac repair after injury
(Stefanovic et al., 2014; Yu et al., 2016). However, few studies have
investigated the role of GATA-4 after ICH.

Previous studies have confirmed the mechanism of action of GATA-
4 in some diseases; GATA-4 acts upstream of NF-«B to regulate IL6, IL8,
and C-X-C motif ligand 1 (CXCL1), along with the inflammation asso-
ciated with these proteins (Kang et al., 2015). GATA-4 was also shown
to mediate astrocyte proliferation by regulating p21 (Cipl), which
caused glioblastoma multiforme (Agnihotri et al., 2011).

In this study, we focused on the effect of GATA-4 on neuronal
apoptosis and brain damage after ICH, providing a theoretical basis for
SBI. A better understanding of the GATA-4 function and mechanisms
after ICH may provide insight to novel therapeutic targets for the
treatment of ICH injury.

2. Materials and methods
2.1. Animals and ethical approval

Nearly 200 adult male Sprague-Dawley (SD) rats weighing
300-350 g were used in this study. Adult male SD rats and pregnant rats
were purchase from the Laboratory Animal Center, Medical College of
Soochow University (Suzhou, Jiangsu, China). We took considerable
care to reduce the number of animals used. All experiments were ap-
proved by the Ethics Committee of the First Affiliated Hospital of
Soochow University, China, and followed the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. All rats were
housed in a quiet environment with controlled temperature and hu-
midity.

2.2. Rat model of ICH

To perform the ICH injury, we deeply anesthetized the rats and
injected autologous blood into the right basal ganglia as reported pre-
viously (Klahr et al., 2015). The site of injection was 3.5 mm lateral and
0.2 mm posterior to the bergma, at a depth of 5.5 mm from the cortical
surface. The microinjector slowly infused autologous blood into the
basal ganglia over the course of 5 min, and the needle was held in place
for an additional 5 min after the end of the infusion (Hu et al., 2011).
Bone wax was used to close the burr hole in the skull, and the skin was
sutured to close the wound. Finally, the rats were returned to their
cages with ad libitum access to food and water. Brain sections of the
ICH-injured rats are shown in Fig. 1A. The brain was removed, and a
coronal brain slice (4-mm thickness) 4 mm from the frontal pole was cut
using a blade, which was fixed by 4% formamint and used for im-
munofluorescence staining. 3mm front to the injection site and the
perihematomal of the brain was collected and frozen in liquid nitrogen
for polymerase chain reaction (PCR) and western blot.

3. Experimental design

First, 42 rats (42 of 47 rats survived the ICH surgery) were randomly
and equally divided into 7 groups (n = 6 per group); the sham group
and 6 groups at different timepoints after ICH (6h, 12h, 24h, 48h,
72 h and 7 days). At the scheduled time, rats were euthanized, and their
brain tissue (from the ICH-injured hemisphere) was collected for ana-
lysis (Fig. 1B).

Next, 126 rats (126 of 142 rats survived the surgery) were randomly
assigned to 7 groups (=18 rats per group): the sham group, ICH group,
ICH + negative control (NC) group, ICH + GATA-4 siRNA group,
ICH + the empty vector (EV) group, ICH + GATA-4 plasmid group, and
ICH + GATA-4(S105A) mutant group. The ICH surgery was performed
48h after the transfection of siRNA or plasmid in vivo. At 24 h after
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ICH, 6 rats from each group were euthanized and their brain tissue
(from the ICH-injured hemisphere) was collected for PCR, immuno-
fluorescent staining, Fluoro-Jade B (FJB) staining, terminal deox-
ynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL),
and western blot assays (Fig. 1C). At 72h after ICH, the remaining 12
rats in each group were used for neurological behavior tests.

Finally, for the in vitro experiments, cultured neurons were divided
into sham and OxyHb groups. The OxyHb group was subjected to
OxyHb stimulation for different time durations to mimic ICH condi-
tions. The cultured cells were then divided into groups for the siRNA
experiments and the GATA-4 mutant plasmid experiments. For the
siRNA experiments, cells were divided into 6 groups: control, OxyHb,
OxyHb + NC, OxyHb + GATA-4 siRNA, OxyHb + EV, and
OxyHb + GATA-4 plasmid. For the GATA-4 mutant experiments, cells
were divided into 5 groups: control, OxyHb, OxyHb + EV,
OxyHb + GATA-4 plasmid, OxyHb + GATA-4(S105A). Neurons were
transfected with siRNA or plasmid, and 48 later, the cells were in-
cubated for 6 h with 10 uM OxyHb to simulate ICH (Sun et al., 2018).
Then, the neurons were collected for analysis by western blot and/or
flow cytometry (Fig. 1D).

3.1. Reverse transcription-PCR and real-time PCR

Total RNA was extracted from brain tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's in-
structions. Briefly, approximately 1uL total RNA was reverse tran-
scribed into cDNA using random primers. Then, specific primers and
SYBR green I (ShineGene) fluorescent dyes were designed for real-time
PCR. In real-time PCR, the fluorescence signal accumulates with in-
creasing number of amplification cycles; therefore, the fluorescent
signal intensity of SYBR Green I quantitatively represents the amount of
double-stranded DNA present. The PCR protocol included 1 cycle of
94 °C for 4 min, followed by 35 cycles of 94 °C for 20, 60 °C for 25s,
and 72 °C for 30s. Actin was used as the internal control. The primer
sequences used in this study are listed below.

Actin, Forward 5- CCCATCTATGAGGGTTACGC -3’ and Reverse 5’-
TTTAATGTCACGCACGATTTC -3".

GATA-4, Forward 5- CAGAAAACGGAAGCCCAAG -3’ and Reverse
5’- GCTGCTGTGCCCATAGTGAG -3'.

3.2. Construction of the siRNAs, GATA-4 plasmid, and GATA-4 plasmid
mutant

Specific siRNA against GATA-4 was obtained from Ribobio to knock
down GATA-4 expression. The 3 different GATA-4 target sequences
used in this study were GAGATGGGACAGGACACTA, CCACAAGATGA
ATGGTATC, and GCCCAAGAATCTGAATAAA. The efficiency of all 3
siRNAs to knock down GATA-4 expression was tested, and the most
efficient one (siRNA-2) was used in this study.

Specific expression plasmids for GATA-4 and GATA-4(S105A)
(S105A mutant: serine 105 was substituted with alanine) were obtained
from GenScript. Specifically, the target fragment was sub-cloned into a
PEGFP-N2 expression vector to produce the pEGFPN2-GATA-4 con-
struct containing the rat GATA-4 cDNA coding region (without the E-
GFP tag). The pEGFP -N2-GATA-4 construct with the SI05A mutation
was also generated in the same way (without an E-GFP tag). All of the
constructs were tested by DNA sequencing.

3.3. siRNA and plasmid transfection in vivo

To transfect siRNA and plasmid, Entranster in vivo RNA/DNA
transfection reagent (18668-11-1 Engreen/18668-11-2 Engreen) was
used during the transfection protocol as per the manufacturer's in-
structions. The in vivo transfection protocol introduced the siRNA or
plasmid into the brain of the anesthetized rat by intracerebroventricular
(i.c.v) injection, as described previously (Dang et al., 2015). Briefly, the
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Fig. 1. Establishment of the intracerebral hemorrhage (ICH) model and experimental design.
(A) Brain slices from sham and ICH-injured rats. (B) Experimental design displaying the change of total GATA-4 and phosphorylated GATA-4 protein at different time
points after ICH. (C) The effects of GATA-4 on ICH-induced secondary brain injury (SBI) in rats after the indicated interventions. (D) Experiment designed to test

potential mechanisms of GATA-4 and dephosphorylation of GATA-4 after ICH.

injection site selected was in the left hemisphere, 1.0 mm lateral to the
midline and 1.5mm posterior to the bregma. The needle of the mi-
croinjector was slowly inserted into the lateral ventricle 4.0 mm below
the dural surface, and the solution was infused in at a rate of about
5 pL/min.

4. Cell cultures and in vitro transfection

Cultured neurons were transfected with siRNA or plasmid using
Lipofectamine 3000 Transfection Reagent (Invitrogen, Grand Island,
NY) or P3000 Reagent (Invitrogen, Grand Island, NY) according to the
manufacturers' instructions. Dissection and culture of primary cortical
neurons from rat embryos were performed as described previously
(Jiang et al., 2015). Briefly, the cortices of the rat embryos were re-
moved cleanly and completely, then digested with 0.25% trypsin for
5min. Next, the cortical tissue was gently pipetted up and down, and
centrifuged into a suspension. Then, the neurons were added into 6-well
and 12-well plates with Neurobasal Medium (GIBCO, Carlsbad, CA,
USA) and incubated at 37 °C and 5% CO, for about 1 week (Zhai et al.,
2016). When the cells reached 80% confluence, they were transfected
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with siRNA or plasmid and exposed to OxyHb to mimic ICH after 48 h.
At the appropriate time, the neurons were harvested and stored at
—80 °C until use (Kato et al., 2003).

5. Antibodies

Anti-caspase-3 antibody (ab13847), anti-Bax antibody (EPR18283,
ab232479) , anti-GATA-4 antibody (EPR4768, ab134057), anti-phos-
phorylated GATA-4 (S105) antibodies (ab5245) and anti-NeuN anti-
body (1B7, ab104224) were boght from Abcam (Cambridge, MA, USA).
Anti- NF-xB p65 antibody (D14E12, #8242) and anti-phosphorylated-
NF-xB p65 (Ser536) antibodies (93H1, # 3033) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-fB-actin antibody
(C4, sc-47778) was bought from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), which was used as a loading control.

5.1. Western blotting

Previously selected brain tissue samples were thoroughly lysed in an
ice-cold RIPA lysis buffer (Beyotime, China) for 30 min. The lysates
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were centrifuged at 12,000g for 10 min at 4°C and the supernatants
were collected. Protein concentration was determined using a bi-
cinchoninic acid (BCA) assay kit (Beyotime, China). Then, protein
samples (50 pg/lane for brain tissue samples and 25 pg/lane for cell
culture samples) were separated on a 10% or 12% sodium dodecyl
sulfate-polyacrylamide electrophoresis (SDS-PAGE) gel and electro-
transferred onto a polyvinylidene fluoride (PVDF) membrane
(IPVH00010, Millipore, Billerica, MA, USA). The membrane was in-
cubated for 1h in 5% nonfat milk at room temperature and then in-
cubated overnight with the primary antibody at 4 °C. The next day, the
membrane was incubated with the species-appropriate secondary an-
tibody for 1 h at room temperature. Finally, the membrane was probed
using the enhanced chemiluminescence (ECL) detection reagent (Clinx
Science Instruments Co.), and the relative desity of the protein bands
was analyzed using Image J software (National Institutes of Health,
USA). B-Actin was used as a loading control.

5.2. Immunofluorescence staining

Double labeling for GATA-4 and NeuN was performed as previously
described to evaluate the expression of GATA-4 in the neurons (Lan
et al., 2017). Briefly, the extracted rat brain was fixed in 4% paraf-
ormaldehyde, embedded in paraffin, and then cut into 4 um thick slices.
Next, dewaxed sections were incubated with the primary antibody
(anti-rabbit GATA4 antibody, 1:250; anti-mouse NeuN antibody, 1:250)
overnight at 4 °C. The following day, after washing with PBST for 3
times, samples were incubated with a 1:300 dilution of the appropriate
secondary antibodies (Alexa Fluor 488 donkey anti-rabbit IgG antibody,
and Alexa Fluor 555 donkey anti-mouse IgG antibody; Invitrogen,
Carlsbad, CA, USA). Finally, the sections were observed under a fluor-
escence microscope (Olympus BX50/BX-FLA/DP70, Olympus Co.,
Japan). To exclude the effects of exposure time and background on the
result, unified exposure time was performed in an independent test, and
the fluorescence intensity of the control group was normalized to 1.0.
Normal rabbit IgG and normal mouse IgG were used as negative con-
trols (data not shown). The results were analyzed by an observer who
was blinded to the experimental groups. The fluorescence intensity was
analyzed using the ImageJ program (NIH, Bethesda, MD, USA).

6. TUNEL staining

Using the manufacturer's protocol (In Situ Cell Death Detection Kit,
Roche, Germany), TUNEL staining was performed on the brain sections
to detect cellular apoptosis as described previously (Shen et al., 2015).
The sections were first deparaffinized and dehydrated, followed by
rehydration in xylene and a graded concentration series of ethanol.
Next, the sections were incubated with the TUNEL reaction mixture for
1h at 37°C. After 3 washes in phosphate-buffered saline (PBS), the
sections was covered with anti-quenching mounting medium con-
taining DAPI and coverslipped. A fluorescence microscope (Olympus
Co., Japan) was used to observe the TUNEL-positive neurons in each
sample, and an observer blinded to the experimental groups analyzed
the imaging data.

6.1. Fluoro-Jade B staining

FJB staining was performed to detect neuronal degeneration in the
brain sections as described previously (Lan et al., 2017). Briefly, after
being dewaxed and dehydrated, the slices were rehydrated in xylene
and a graded series of ethanol, followed by permeabilization in 0.04%
Triton X-100 in PBS. Next, the sections were incubated with the FJB
working solution (containing 0.1% acetic acid solvent) and then in-
cubated with a 0.06% KMnO4 solution for 15 min at room temperature.
Subsequently, the sections were washed with PBS and sealed with anti-
quenching mounting medium and coverslips at room temperature in a
dark room. Finally, a fluorescence microscope (Olympus BX50/BXFLA/
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DP70, Olympus) was used for visualizing and imaging by an observer
blinded to the experimental groups. The necrotic index was defined as
the average number of FJB-positive cells per slice in 3 different field of
view (400 X ).

6.2. Flow cytometry

An apoptosis detection kit (Kaiji Biotechnology, Nanjing, China)
was used to assess neuronal apoptosis. Briefly, cultured primary neu-
rons (after OxyHb treatment) were collected and centrifuged. The su-
pernatant was discarded, the pellet was resuspended in the binding
buffer, and 5 pL Annexin V-FITC (combined) and 5 pL propidium iodide
(PI; Beyotime) were added. After incubation for 15 min at room tem-
perature in the dark, flow cytometery was performed, and CellQuest
software (BD Biosciences, New Jersey, New York, USA) was used for
analysis. Apoptotic cells were quantitated by Annexin V-FITC binding
and PI uptake. The cell populations positive for Annexin V-FITC and PI
were considered apoptotic cells (Ye et al., 2017).

6.3. Neurological scoring

At 721 after ICH, neurological tests were conducted on 12 rats per
group to assess behavioral impairments. Behavioral performance was
scored according to a previously published scoring system that mon-
itored appetite, activity, and neurologic defects (Table 1) (Wang et al.,
2015; Yamaguchi et al., 2004).

6.4. Statistical analysis

All data are expressed as the mean + standard error of the mean
(SEM). GraphPad Prism 6 was used to perform all statistical tests. One-
way ANOVA was used to compare differences between multiple groups,
and the independent Student's t-test was used to analyze the differences
between 2 groups. Neurobehavioral scoring is presented as the median
with the interquartile range. P < .05 was considered to be a statisti-
cally significant difference.

Sample sizes (n = 6) for animal studies were determined by power
calculations for the primary parameter with mean differences and
standard deviations based on pilot studies or the literature (a = 0.05,
power > 0.75).

7. Results
7.1. The level of GATA-4 was elevated after ICH

After inducing the ICH injury in rats, we determined the level of
GATA-4 mRNA in the brain with real-time PCR at different time points
post-ICH. The results showed that the level of GATA-4 mRNA increased
significantly from 6h after ICH compared with the sham group and
reached a peak at 24 h post-injury. Across the longer time spans (48 h
and 72h), we observed that GATA-4 mRNA decreased gradually and
was similar to the sham group 7days post-ICH (Fig. 2A). We

Table 1
Scoring system for neurobehavioral testing.
Behavior Score
Appetite Finished meal 0
Left meal unfinished 1
Scarcely ate 2
Activity Walk and reach at least 3 corners of the cage 0
Walk with some stimulation 1
Almost always lying down 2
Deficits No deficits 0
Unstable walk 1
Unable to walk 2
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Fig. 2. Protein and mRNA levels of GATA-4 were increased in the rat brain after ICH.

(A) GATA-4 mRNA expression level at different times after ICH. Relative mRNA levels (GATA-4/B-Actin) were quantified, and all values are expressed as the
mean * SEM **P < .001 vs. sham, *P < .001 for 12h vs. 24h, P < .001 for 24 h vs. 48 h, n = 6. (B) Protein levels of total GATA-4 and phosphorylated GATA-4
assayed by western blot. (C, D) Quantification of the GATA-4 protein, where the relative protein levels in the sham group were normalized to 1.0 and 3-Actin served
as the loading control. All values are expressed as the mean = SEM. * P < .005 and **P < .001 vs. sham, P < .001 for 12h vs. 24 h, *P < .001 for 24 h vs. 48 h,
n = 6. (E) Immunofluorescent staining of brain sections from the sham and ICH groups with anti-GATA-4 antibody (green), anti-NeuN antibody (red), and DAPI
(blue). Scale bar = 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

simultaneously examined the protein levels of GATA-4 by western
blotting rat brain tissue at different time points after ICH. The results
revealed a trend of GATA-4 protein expression similar to the GATA-4
mRNA expression, increasing starting at the 12h time point after ICH
compared with the sham group, reaching a high-point at 24 h, and then
decreasing. The phosphorylation levels of the GATA-4 protein were also
assessed; phosphorylated GATA-4 expression was similarly elevated
with the total GATA-4, reaching its peak at 24 h after ICH (Fig. 2B-D).
Also, it was demonstrated that phosphorylation of GATA-4 developed
earlier than upregulation of GATA-4 mRNA expression (Fig. 2C and D).
Consistent with the GATA-4 protein expression, immunofluorescent
staining in vivo further confirmed that the GATA-4 protein was ex-
pressed in neurons and also increased after ICH (Fig. 2E).

7.2. GATA-4 induced brain damage in ICH-injured rats

To clarify the effect of the expression changes in GATA-4 following
ICH on the rat brain, we transfected animals with siRNA and plasmids
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specific to GATA-4 and performed western blots, neurobehavioral tests,
and FJB staining. Some studies indicated that the mechanism of the
GATA-4 function involved Serine 105 phosphorylation (van Berlo et al.,
2011), so we also designed an S105A mutation in GATA-4 that would
prevent its phosphorylation at amino acid 105. The post-ICH increase in
endogenous GATA-4 was decreased significantly when ICH-injured rats
were transfected with GATA-4 siRNA compared with the NC group.
After transfection with the GATA-4 plasmids or SI05A mutant plasmid,
the GATA-4 protein levels were significantly overexpressed compared
with the EV group (Fig. 3A and B).

The neurological behavior of rats was severely impaired after ICH
compared with the sham group. Transfection with GATA-4 siRNA sig-
nificantly relieved this neurobehavioral deficit. In contrast, the same
deficits were more pronounced in the ICH-injured rats transfected with
the GATA-4 plasmid than in just ICH-injured rats. Notably, the im-
pairment of neurological behaviors in the ICH + GATA-4(S105A) group
was significantly less apparent than in the ICH + GATA-4 plasmid
group (Fig. 3C). FJB staining showed increased degeneration in the
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Fig. 3. GATA-4 protein induced brain damage in ICH injured rats.

(A, B) Protein levels of total GATA-4 and phosphorylated GATA-4 in the rat brain were detected by western blot after the indicated interventions. The relative protein
level of GATA-4 was quantified (with B-Actin as the loading control), and the mean value in the sham group was normalized to 1.0. Data are expressed as the

mean =*

SEM. *P < .005 and **P < .001 vs. sham, *P < .001 for sham vs. ICH, *#P < .001 for ICH + the Negative Control (NC) vs. ICH + GATA-4 siRNA, &

P < .001 for ICH + the Empty Vector (EV) vs. ICH + GATA-4 plasmid, n = 6. (C) Neurological scores were evaluated as indicated in Table 1. *P < .005, and
=P < ,001 vs. sham; *P < .001 for sham vs. ICH, **P < .005 for ICH + NC vs. ICH + gata-4 siRNA, *P < .005 for ICH+ EV vs. ICH + GATA-4 plasmid, **
P < .005 for ICH + GATA-4 plasmid vs. ICH + GATA-4(S105A) mutant plasmid. n = 12. (D) Neuronal degradation after ICH measured by Fluoro-Jade B (FJB)
staining in the cerebral cortex, quantified as FJB-positive cells/mm?. Arrows point to FJB-positive cells. Scale bar = 50 um. **P < .001 vs. sham, *P < .001 for sham
vs. ICH, **P < .001 for ICH+ NC vs. ICH + GATA-4 siRNA, %P < .001 for ICH + EV vs. ICH + GATA-4 plasmid, P < .001 for ICH + GATA-4 plasmid vs.

ICH + GATA-4(S105A) mutant plasmid, n = 6.

brain after ICH. This degeneration was significantly reduced after
siRNA transfection and approached the level of the sham group. In
contrast, degeneration of the GATA-4 plasmid overexpression group
was significantly increased and statistically different from that of the
sham group. In the GATA-4 (S105A) mutant group, degeneration was
significantly reduced and was comparable to that of the GATA group
(Fig. 3D).

7.3. GATA-4 induced neuronal apoptosis in vivo

Apoptosis of neurons was also detected by TUNEL staining. Similar
to the trend shown by FJB, TUNEL revealed significantly increased
apoptosis in neurons after ICH. In the siRNA group, neuronal apoptosis
was reduced, whereas GATA-4 overexpression (GATA-4 plasmid group)
led to significantly increased apoptosis. The SI05A mutation in GATA-4
caused neuronal apoptosis to decrease significantly to levels similar to
those of the siRNA group (Fig. 4A and B). To further investigate the
effect of the GATA-4 protein on apoptosis, we examined caspase-3.
Western blot analysis showed that the protein level of cleaved caspase-3
was significantly increased in the ICH group compares with the sham
group. After treatment with siRNA and the GATA-4 plasmid, caspase-3
activation was reduced and increased, respectively, tracing the ex-
pression changes of GATA-4 protein. However, in the S105A phos-
phorylation mutant of GATA-4, the cleaved caspase-3 expression was
decreased, contrary to the increase in the caspase-3 upon GATA-4
overexpression (Fig. 4C and D). Bax protein levels, consistent with the
expression pattern of caspase-3, were significantly increased in the ICH
group, reduced in the siRNA group, and increased in the GATA-4
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overexpression group. Similarly, in S105A mutant group, Bax protein
levels were reduced (Fig. 4E and F).

7.4. GATA-4 induced neuronal cell apoptosis in vitro

We cultured primary rat neurons and treated them with OxyHb to
mimic ICH. Western blot analysis showed that GATA-4 protein ex-
pression was highest in the 6 h group (Fig. 5A and B). Neurons were
also treated with OxyHb and transfected with siRNA and plasmid at the
indicated doses for 6 h. We first analyzed the level of knockdown and
overexpression of GATA-4 on neurons by western blot. Our data in-
dicated that the GATA-4 protein was induced in neurons under OxyHb
treatment, and appropriately reduced and increased in the siRNA
knockdown and overexpression group, respectively (Fig. 5C and D).
Next, we compared the GATA-4 plasmid group with the GATA-
4(S105A) mutant plasmid group. Western blot results showed that the
expression of GATA-4 was increased in both the plasmid group and
mutated plasmid group after the OxyHb treatment. The expression of
phosphorylated GATA-4 was increased significantly in the plasmid
group and increased slightly in the mutant plasmid group, similar to the
OxyHb group (Fig. 5E-G). Finally, we tested neuronal apoptosis in vitro
to understand the relationship between the GATA-4 expression and cell
death. Apoptotic neurons were labeled with Annexin V-FITC and PI and
analyzed by flow cytometry, early-stage apoptotic cells were increased
after the OxyHb treatment, decreased in cells with the GATA-4 siRNA
knockdown, and significantly increased again in cells overexpressing
the GATA-4 plasmid. However, cells transfected with GATA-4(S105A)
showed a significantly reduced number of apoptotic neurons (Fig. SH).
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Fig. 4. GATA-4 protein led to neuronal apoptosis in vivo.

(A, B) TUNEL staining shows TUNEL (green), NeuN (red), and nuclei labeled with DAPI (blue). Arrows pointe to apoptosis-positive neurons. Scale bar = 50 um. The
percentage of apoptotic neurons was quantified, and data are expressed as the mean + SEM, **P < .001 vs. sham, *P < .001 for sham vs. ICH, **P < .001 for ICH
+ NC vs. ICH 4+ GATA-4 siRNA, ¥P < .001 for ICH + EV vs. ICH + GATA-4 plasmid, &&p < 001 for ICH + GATA-4 plasmid vs. ICH + GATA-4(S105A) mutant
plasmid, n = 6. (C, D) Protein levels of cleaved-caspase-3 detected by western blot. The relative protein levels were quantified with 3-Actin as the loading control.
Data are expressed as the mean + SEM, where the mean value of the sham group was normalized to 1.0. *P < .005 and **P < .001 vs. sham, *P < .001 for sham
vs. ICH, *#P < .001 for ICH + NC vs. ICH + GATA-4 siRNA, *P < .001 for ICH + EV vs. ICH + GATA-4 plasmid, **P < .001 for ICH + GATA-4 plasmid vs.
ICH + GATA-4 (S105A) mutant plasmid, n = 6. (E, F) Bax protein expression data are presented as the mean + SEM. B-Actin served as the loading control, and the
mean value of the sham group was normalized to 1.0. **P < .001 vs. sham, #p < .001 for sham vs. ICH, *#P < .001 for ICH + NC vs. ICH + GATA-4 siRNA, &
P < .001 for ICH + EV vs. ICH + GATA-4 plasmid, &p < 001 for ICH + GATA-4 plasmid vs. ICH + GATA-4 (S105A) mutant plasmid, n = 6. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

7.5. GATA-4 induced neuronal cell death via the GATA-4/NF-kB/Bax/ overexpression of GATA-4 (Fig. 6C and D). Caspase-3 and cleaved

caspase-3 signaling pathway caspase-3, which are critical apoptotic proteins, were induced in neu-

rons after OxyHb treatment. In addition, the expression of cleaved

In order to investigate the underlying molecular mechanisms of caspase-3 changed corresponding to the expression of the GATA-4

GATA-4 after ICH, we first analyzed the effects of the knockdown and protein; it reduced and increased in the GATA-4 knockdown and
overexpression of GATA-4 on neurons. GATA-4 has been shown to overexpression condition, respectively (Fig. 6E and F).

regulate the function of NF-xB (Kang et al., 2015), so we western
blotted neurons for p65 (total protein and Ser 536-phosphorylated
protein), a member of the NF-«xB protein family. The data demonstrated
that the phosphorylation of p65 was decreased in GATA-4 siRNA group
and was increased by the overexpression of GATA-4, but the level of
total p65 was not changed significantly in either group (Fig. 6A and B).
Some studies suggested that p65 can induce apoptosis (Zhang et al.,
2014), so we also tested the expression level of Bax and caspase-3 by
western blot. The data indicated that the expression of Bax was sig-
nificantly decreased by the knockdown of GATA-4 and increased by the

8. The effects of GATA-4 on neurons depends on its
phosphorylation

In this study, we found that neuronal apoptosis was reduced when
cells contained the SI05A mutant of GATA-4, so we hypothesized that a
possible mechanism of GATA-4-induced apoptosis was that the phos-
phorylation of GATA-4 could lead to an increase in p65 phosphoryla-
tion, leading to apoptosis. Western blots of phosphorylated p65 (p-p65)
in cells transfected with the GATA-4 plasmid or the GATA-4 S105A
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Fig. 5. GATA-4 induced apoptosis in cultured primary neurons in vitro.

(A, B) Neurons were stimulated with 10 pM OxyHb for different time durations, and the GATA-4 protein levels were detected by western blot and quantified. 3-Actin
served as the loading control. Data are expressed as the mean + SEM, where the mean value of the control group was normalized to 1.0. **P < .001 vs. control,
#pP < .001 for 3h vs. 6h, ¥P < .001 for 6h vs. 12h, n = 3. (C, D) Neurons were transfected with siRNA or plasmid, and cells were collected for western blot to
detect the protein levels of GATA-4. Relative GATA-4 protein levels were quantified, and the mean values in the control group were normalized to 1.0. B-Actin served
as the loading control. Data are expressed as the mean = SEM *P < .005; and **P < .001 vs. control, P < .001 for Control vs. OxyHb, *”P < .001 for NC vs.
GATA-4 siRNA, P < .001 for EV vs. GATA-4 plasmid, n = 3. (E, F, G) Neurons transfected with GATA-4 plasmid or GATA-4 (S105A) mutant plasmid were collected
for western blot to detect the protein levels of GATA-4 and p-GATA-4. The mean values of GATA-4/p-Actin (F) and p-GATA-4/total GATA-4 (G) in the control group
were normalized to 1.0. All data are expressed as the mean + SEM. *P < .005; and **P < .001 vs. control; *P < .001 for Control vs. OxyHb, P < .001 for EV vs.
GATA-4 plasmid, **P < .001 for GATA-4 plasmid vs. GATA-4 (S105A) mutant plasmid. (H) Neurons were transfected with siRNA, plasmid, or mutant plasmid and
then stimulated with OxyHb. Apoptotic neurons were detected by flow cytometry and are presented as an index of the early and late stages of apoptosis. *P < .005
and **P < .001 vs. control, P < .001 for Control vs. OxyHb, **P < .001 for NC vs. GATA-4 siRNA, *P < .001 for EV vs. GATA-4 plasmid, **P < .001 for GATA-
4 plasmid vs. GATA-4 (S105A) mutant plasmid, n = 3.

mutant plasmid showed that the level of p-p65 was increased after the increasing attention over the years. The primary brain injury after ICH
OxyHb treatment and further increased visibly in the GATA-4 over- is caused at the moment of its occurrence, while the secondary brain
expression group. Consistent with our hypothesis, phosphorylation- injury occurs later, lasts longer, and has more severe consequences.
deficient GATA-4 (S105A mutant) correspondingly reduced the level of Therefore, the current treatment of ICH is focused on the prevention
p65 phosphorylation (Fig. 7A and B). The protein levels of Bax were and treatment of SBI. Despite the novel results reported in our study,
increased significantly in the GATA-4 overexpression group compared there is still an urgent need to study the mechanisms of SBI in depth to
to the control and increased slightly in the GATA-4(S105A) mutant find new targets for the treatment of ICH.

group (Fig. 7C and D). The protein levels of cleaved caspase-3 were GATA-4 is a transcription factor that is important for cardiac de-
similar to the trend of expression of p-p65 and Bax (Figs. 7E and F). velopment. It was confirmed that GATA-4 plays a critical role in reg-

ulating cardiac development and differentiation, and genetic variations
in GATA-4 are closely related to the occurrence of congenital heart
disease. Previous research has shown that GATA-4 is mainly expressed
in the heart, intestinal epithelium, primitive endoderm, and gonads

9. Discussion
ICH often cause residual limb dysfunction or death and has attracted

28



H. Xu et al.

Relative protein level 0O
(p-P65/P65)

O

OxyHb
e?‘ ‘?P‘
L \
&L P X kD

Relative protein level
(BAX/Actin)

22D G ——— } |

B-Actin

Experimental Neurology 315 (2019) 21-31

OxyHb
O
& X
. L QX kp

pro-caspase-3 32

p——

cleaved-caspase-3
B-Actin

Relative protein level
(cleaved-caspase-3/Actin)

$ + O

SR T PN &
%\'
Oxyhb

Fig. 6. NF-kB, Bax, and caspase-3 levels changed corresponding to changes in GATA-4.

Neurons were transfected with siRNA or plasmid and then stimulated with OxyHb. The cells were collected and prepared for western blotting. (A, B) Protein levels of
phosphorylated p65 (p-p65) and total p65 are presented as p-p65/p65 with the control group normalized to 1.0. B-Actin served as the loading control. Data are
expressed as the mean + SEM. *P < .005 and **P < .001 vs. Control, “P < .001 for Control vs. OxyHb, **P < .001 for NC vs. GATA-4 siRNA, *P < .001 for EV
vs. GATA-4 plasmid, n = 3. (C, D) Protein levels of Bax are presented as relative mean values of Bax/[3-Actin, with the control group normalized to 1.0. B-Actin served
as the loading control. All data are expressed as the mean + SEM. *P < .005 and **P < .001 vs. control, “P < .001 for Control vs. OxyHb, *P < .001 for EV vs.
GATA-4 plasmid, n = 3. (E, F) Protein levels of cleaved-caspase-3 are present as the relative density of cleaved-caspase-3/total caspase-3, with the control group
normalized to 1.0. B-Actin served as the loading control. Data are expressed as the means + SEM. *P < .005 and **P < .001 vs. Control, “P < .001 for Control vs.
OxyHb, *#*P < .001 for NC vs. GATA-4 siRNA, P < .001 for EV vs. GATA-4 plasmid, n = 3.

(Arceci et al., 1993). In recent studies, it has been found that damaged
rat embryonic fibroblasts induced an inflammatory response and se-
nescence by inhibiting the autophagy of GATA-4 (Kang et al., 2015) and
that GATA-4 expression in the human brain inhibited the proliferation
of astrocytes (Agnihotri et al., 2011). Adding to the body of knowledge
regarding the role of GATA-4 in the brain, our experiments showed that
the expression of GATA-4 was increased after ICH. The phosphorylation
of GATA-4 developed earlier than upregulation of GATA-4 mRNA ex-
pression. GATA4 can be directly phosphorylated or dephosphorylated
to facilitate inducible hypertrophic gene expression. And it has been
demonstrated that phosphorylation of GATA4 at S105 is critical for a
productive cardiac hypertrophic response to stress stimulation in adult
mice (van Berlo et al., 2011). As a response to stress for phosphoryla-
tion of GATAA4, it could be the reason why it developed earlier.

A large number of studies have provided evidence of apoptosis in
tissues surrounding the hematoma after a cerebral hemorrhage
(Bobinger et al., 2017). In addition, our own previous investigations
showed that the expression of GATA-4 increased in neurons after ICH.
Therefore, we hypothesized that GATA-4 could mediate some of the
neuronal changes that take place after ICH such as apoptosis or neu-
roprotection. The results of our study indicated that neuronal apoptosis
was altered corresponding to the increase or decrease in GATA-4 ex-
pression, suggesting that GATA-4 played a role in neuronal apoptosis
after ICH. In our study, we found that cleaved caspase-3 changed pro-
portionally with GATA-4 in ICH-injured rats in vitro and in vivo. These
findings clarified that GATA-4 was involved in caspase-3-dependent
neuronal apoptosis after ICH. In addition, apoptosis can be induced
either by the mitochondria-mediated intrinsic pathway or the death
receptor-mediated extrinsic signaling pathway (Burz et al., 2009). Bax,
the Bcl-2 family member and pro-apoptotic protein, is essential for
maintaining the integrity of the mitochondrial membrane. In our study,
an obvious increase of cleaved caspase-3 was observed in the brain
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tissue after ICH, which changed alongside the level of the GATA-4
protein. We also found that the expression of the intrinsic pathway-
associated protein, Bax, increased or decreased with the corresponding
change in the GATA-4 levels. Taken together, these findings support the
mechanism that GATA-4 regulates neuronal apoptosis after ICH via the
intrinsic pathway.

Furthermore, Some studies reported an increase in the NF-kB ac-
tivity under pathological conditions that cause neuron death (Clemens
et al., 1997; Grilli et al., 1996). A previous report suggested that GATA-
4 depletion inhibited NF-kB activation, implying that GATA-4 can
promote the activation of NF-kB (Kang et al., 2015). These findings
were similar to our experimental results; when the expression of GATA-
4 was increased or decreased, we observed a corresponding change in
the expression of the NF-kB family member p65. Taken together, these
findings suggest that GATA-4 functions upstream of NF-kB and plays a
role in its activation.

Studies have shown that the GATA-4 function is regulated by its
phosphorylation at serine 105 (van Berlo et al., 2011). In order to un-
derstand how GATA-4 activates NF-kB and induces apoptosis, we fo-
cused on this phosphorylation event of GATA-4. In our study, we found
that the GATA-4 protein regulated NF-«xB in a phosphorylation-depen-
dent manner, p65 phosphorylation, a feature for NF-kB activation was
increased when GATA-4 was overexpressed, but the S105A mutation
that prevented GATA-4 phosphorylation caused p65 phosphorylation to
be reduced significantly. It is important to note that the S105A muta-
tion did not reduce the expression of total GATA-4 protein or mute the
function of the endogenous protein in any other way. Our findings in-
dicated that GATA-4 activated downstream proteins while in its phos-
phorylated state. And GATA-4 was phosphorylated at Ser 105 amino
acid site during ICH, which could activate NF-«B signaling pathway and
induce mitochondrial mediate neuronal cell apoptosis. However, in this
research, we only study the phosphorylation of GATA-4 at S105,
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Neurons were transfected with GATA-4 plasmid or mutant plasmid and then stimulated with OxyHb. The cells were collected and prepared for western blotting. (A,
B) p-p65 and p65 protein levels after transfection with GATA-4 plasmid or mutant plasmid in vitro. The relative data of p-p65/p65 in the control group were
normalized to 1.0. B-Actin served as the loading control. Data are expressed as the mean = SEM. *P < .005, and **P < .001 vs. control, “P < .001 for Control vs.
OxyHb; &p < .001 for EV vs. GATA-4 plasmid, &&p < 001 for GATA-4 plasmid vs. GATA-4(S105A) mutant plasmid, n = 3. (C, D) Western blots showing the
relative protein level of Bax after the indicated interventions in vitro. The mean values (Bax/[-Actin) in the control group were normalized to 1.0. B-Actin served as
the loading control. Data are expressed as the mean + SEM. *P < .005 and **P < .001 vs. control, P < .001 for Control vs. OxyHb, *P < .001 for EV vs. GATA-
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whether the phosphorylation at other sites of GATA-4 also played a
similar role, and what was the regulation of phosphorylation need to be
further researched.

In addition, GATA-4, as an upstream of NF-kB, also regulates se-
nesce-associated secretory phenotype (SASP), a pro-inflammatory re-
sponse (Kang et al., 2015). Also, GATA4 could regulate inflammation in
rheumatoid arthritis (Jia et al., 2018). As a result of inflammation,
breakdown of the blood-brain barrier (BBB) takes place during SBI after
ICH. As well, this progress could contribute to inflammation by pro-
moting leucocyte infiltration. Based on the reported research, I sup-
posed that GATA4 may participate in BBB disruption though induction
of inflammation after ICH, which would be further researched.

We acknowledge that our study has its limitations. In order to
minimize the variables involved, we used only adult male rats for all the
ICH experiment, but it clinically occurs mostly in the elderly. Future
experiments should investigate ICH in aged rats to better simulate the
human condition. Moreover, in order to investigate a potential me-
chanism of hemorrhagic damage in this experiment, infusing auto-
logous whole blood was used to create the blood model, which was
thought to mimic the large bleed similar to the most ICH patients.
However, there are still some disadvantages in this model, such as it
cannot mimic the ICH in human perfectly. Although there is similar
functional impairment at the beginning, the recovery of neurological
deficit is rapid and complete, which is inconsistent with the persistent
and debilitating deficits seen in ICH patients, and it is difficult to assess
long-term outcome accurately (MacLellan et al., 2008).

10. Conclusion

In conclusion, our work provided a new perspective on the cellular
mechanisms of neuronal apoptosis after ICH. The ICH induced an in-
crease in the expression of the GATA-4 protein, which resulted in an
increase in neuronal apoptosis (Fig. 8). Thus, GATA-4 could be a po-
tential therapeutic target for the treatment of ICH-induced brain injury.
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