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Background: Intracerebral hemorrhage (ICH) is a severe subtype of stroke with high 
mortality and morbidity. Serpin Family E Member 1 (SERPINE1) has been documented to 
be upregulated following ICH, however, the participation of SERPINE1 in the development 
of ICH has never been studied.
Methods: Hemin was utilized to develop an in vitro model of ICH. Gene levels were evaluated 
by the use of quantitative reverse transcription polymerase chain reaction, Western blot, as well 
as enzyme-linked immunoassay assay. The activity of caspase-3 was determined using 
a commercial kit. Cell viability and apoptosis were assessed using 3-(4,5-Dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide assay and Terminal deoxynucleotidyl transferase (TdT) 
d UTP Nick-End Labeling assay.
Results: SERPINE1 was upregulated in hemin-treated HT22 cells. Silencing of SERPINE1 
attenuated hemin-induced inhibition of cell viability. Moreover, knockdown of SERPINE1 
repressed hemin-induced apoptosis in HT22 cells, as evidenced by the decrease in the 
number of TUNEL positive cells, caspase-3 activity, and Bax expression, and the increase 
in Bcl-2 expression. Meanwhile, knockdown of SERPINE1 repressed hemin-induced inflam-
mation in HT22 cells, as indicated by reduced levels of tumor necrosis factor-α, interleukin-6 
(IL-6), IL-1β, and inducible nitric oxide synthase. We also found that transforming growth 
factor-beta 1 (TGF-β1) induced SERPINE1 expression in a dose-dependent manner. Besides, 
SERPINE1 knockdown attenuated the effects of TGF-β1 on hemin-induced neuronal 
damage.
Conclusion: TGF-β1-induced SERPINE1 activation exacerbated hemin-induced apoptosis 
and inflammation in HT22 cells, manifesting a novel mechanism for ICH progression.
Keywords: intracerebral hemorrhage, serpin family E member 1, transforming growth 
factor-beta 1

Introduction
Intracerebral hemorrhage (ICH) is a severe form of stroke, accounting for 10% of the 
stroke patients.1 ICH is a common cerebrovascular disorder with high mortality, which 
has become a heavy burden for families and countries.2 ICH refers to the extravasation 
of blood caused by the rupture of blood vessels within the brain parenchyma, resulting 
in neuronal death.3 In the last years, the morbidity of ICH is increasing, however, it is 
still devoid of effective treatment.4 Evidences during the past decades prove that the 
pathological process of ICH includes the primary brain damage resulting from mass 
effect owing to hematoma formation, and the secondary brain injury triggered by the 
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extension of hematoma into the ventricles.5 Hence, a depth 
understanding of the mechanism underlying ICH-induced 
secondary brain damage has considerable significance that 
will help to develop efficient therapeutic strategies for ICH.

Hemin is a breakdown product of hemoglobin and is the 
main cause of neuronal death during ICH.6 Following ICH, 
hemolysis of erythrocytes leads to hematoma resolution and 
the release of hemoglobin into the brain tissues.7 

Subsequently, hemin liberated from hemoglobin may inter-
calate into cell membranes directly or enter brain cells via the 
heme carrier protein 1/proton-coupled folate transporter.8 

When hemin internalizes to brain cells, hemin can trigger 
DNA fragmentation, oxidative stress and inflammatory 
response, resulting in cell death.9 Besides, hemin is catabo-
lized by heme oxygenases into biliverdin, CO, and iron, 
which in turn causes lipid peroxidation.10 Increasing evi-
dence suggests that hemin-induced apoptosis and inflamma-
tion have emerged as vital contributors to ICH-induced brain 
damage.11 Nevertheless, the mechanism of hemin-induced 
apoptosis and inflammation remains elusive. Understanding 
the mechanism underlying hemin-induced apoptosis and 
inflammation, therefore, is of significance for ICH therapy.

Serpin Family E Member 1 (SERPINE1), also known as 
plasminogen activator inhibitor 1 (PAI-1), belongs to the 
serine protease inhibitor superfamily and is a multifunctional 
glycoprotein that plays a crucial role in various cellular 
processes.12 A recent study by Liu’s group found that 
SERPINE1 was upregulated in the perihematomal brain tis-
sues of ICH patients as well as the brain tissues of ICH rats, 
indicating the involvement of SERPINE1 in the progression of 
ICH.13 However, few studies have studied the contribution of 
SERPINE1 to the development of ICH. In this study, we 
sought to determine the contribution of SERPINE1 to the 
development of ICH. We found that SERPINE2 was upregu-
lated following hemin treatment, and its silencing mitigated 
hemin-induced apoptosis and inflammatory response. Our 
findings represented a novel mechanism for ICH progression.

Materials and Methods
Cell Culture and Treatment
Mouse HT22 hippocampal neuronal cells were purchased 
from Procell (Wuhan, China) and grown in DMEM med-
ium enriched with 10% fetal bovine serum at 37°C in 
a humidified incubator maintained at 5% CO2 and 5% 
O2. To establish an in vitro model of ICH, HT22 cells 
were stimulated with different doses (0, 10, 20, 40, 60, 80, 
100, and 120 μM) of hemin for 24 h.

To evaluate the role of SERPINE1 in ICH, si- 
SERPINE1 and si-negative control (NC) synthesized by 
GenePharma (Shanghai, China) were respectively trans-
fected into HT22 cells using Lipofectamine 2000 
(Invitrogen, Darmstadt, Germany) as instructed by the 
manufacturer. Following this, HT22 cells were exposed 
to 100 μM hemin for 24 h.

To evaluate the impact of transforming growth factor- 
beta 1 (TGF-β1) on ICH progression in vitro, HT22 cells 
were incubated in RPMI-1640 medium containing 100 μM 
hemin and 10 ng/mL of recombinant TGF-β1.

Quantitative Reverse Transcription 
Polymerase Chain Reaction (qRT-PCR)
Total RNA from HT22 cells was extracted using Tri®- 
Reagent (Sigma, St. Louis, USA) per manufacturer’s 
instructions. A NanoDrop One spectrophotometer from 
Thermo Fisher Scientific (Waltham, MA, USA) was 
applied to assess the quality and concentration of the 
extracted RNA. The conversion of extracted RNA into 
cDNA was undertaken by the use of PrimeScript™ RT 
reagent Kit with gDNA Eraser from Takara (Dalian, 
China). qRT-PCR reaction was conducted using TB 
Green Premix Ex Taq from Takara. The experiment was 
performed for 3 times and the relative expression of 
SERPINE1, tumor necrosis factor-α (TNF-α), interleukin- 
6 (IL-6), IL-1β, and inducible nitric oxide synthase (iNOS) 
was normalized to that of β-actin by the 2−ΔΔCT method.

Western Blot
After treatment, HT22 cells were collected and lysed to 
extract the total proteins. The extracted proteins were 
separated by 14% sodium dodecyl sulfate-polyacrylamide 
gel and then transferred onto a polyvinylidene fluoride 
membrane. After blocking in 5% skim milk, the mem-
branes were probed overnight at 4°C with the following 
antibodies from Novus (Littleton, Colorado, USA) or 
Abcam (Cambridge, MA, USA): anti-SERPINE1 anti-
body, anti-TGF-β1 antibody, anti-Bax antibody, anti-Bcl 
-2 antibody and anti-β-actin antibody, followed by immu-
noblot for 1 h at room temperature with the horseradish 
peroxidase-conjugated secondary antibodies from Affinity 
Biosciences (Cincinnati, OH, USA). Signals were visua-
lized using chemiluminescence from Solarbio (Beijing, 
China) and quantified using Image J software (National 
Institutes of Health, NY, USA).
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3-(4,5-Dimethylthiazol-2-Yl)- 
2,5-Diphenyltetrazolium Bromide (MTT) 
Assay
After treatment, HT22 cells were harvested and cultured in 
RPMI-1640 medium plus MTT solution from Solarbio. 
After 4 h of incubation, HT22 cells were treated for 10 
min with formazan solution and then assayed for the 
absorbance at 490 nm.

Terminal Deoxynucleotidyl Transferase 
(TdT) dUTP Nick-End Labeling (TUNEL) 
Assay
Cell apoptosis was evaluated using TUNEL apoptosis assay 
kit from Beyotime (Shanghai, China), by following the man-
ufacturer’s instruction. HT22 cells were harvested after treat-
ment. Thereafter, we removed cell media and treated HT22 
cells with TUNEL working solution for 1 h. Following this, 
we washed HT22 cells with PBS and then added reaction 
buffer (Component B) to each sample. Afterward, HT22 
cells were treated with formaldehyde fixative buffer for 20 
min at room temperature. Then, the fixative was removed and 
HT22 cells were washed and stained with 4ʹ 6-diamidino- 
2-phenylindole (DAPI). The number of TUNEL positive 
cells was analyzed with a fluorescence microplate reader.

Determination of Caspase-3 Activity
The activity of caspase-3 was measured using Caspase 3 
Activity Apoptosis Assay Kit (BBI life sciences corporation, 
Shanghai, China), under the guidance of the manual. After 
treatment, HT22 cells were harvested and treated with cas-
pase-3 detection buffer at room temperature for 1 h away 
from the light. After centrifugation, the sample was tested for 
fluorescence intensity using a microplate reader.

Enzyme-Linked Immunoassay (ELISA) 
Assay
The levels of TNF-α, IL-6, IL-1β, and iNOS in HT22 cell 
supernatants were examined according to the manufac-
turer’s instructions for TNF-α, IL-6, IL-1β, and iNOS 
ELISA kits (BBI life sciences corporation).

Statistical Analysis
All the data were represented as the mean ± standard 
deviation, and statistical analyses were done using SPSS 
20.0 software. Comparisons between groups were ana-
lyzed using student’s t-test or one-way analysis of 

variance, and results were thought to be significantly dif-
ferent when a P-value<0.05 was obtained.

Results
SERPINE1 is Upregulated in 
Hemin-Treated HT22 Cells
First, we established an in vitro model of ICH by treatment 
of HT22 cells with hemin. As shown in Figure 1A, hemin 
administration reduced the viability of HT22 cells in 
a dose-dependent manner. Thus, a dose of 100 μM of 
hemin was chosen to develop an in vitro model of ICH. 
As determined by qRT-PCR assay, hemin treatment mark-
edly increased the expression of SERPINE1 (Figure 1B). 
Consistent with this, the elevation of SERPINE1 protein 
expression was also discovered in HT22 cells stimulated 
with hemin, compared with the control group (Figure 1C).

Silencing of SERPINE1 Attenuates 
Hemin-Induced Neuronal Apoptosis
To evaluate the contribution of SERPINE1 to the devel-
opment of ICH, we knockdown SERPINE1 in HT22 cells 
using si-SERPINE1. As shown by qRT-PCR and Western 
blot assay, the downregulation of SERPINE1 was noted in 
HT22 cells transfected with si-SERPINE1 relative to the 

Figure 1 SERPINE1 is upregulated in hemin-treated HT22 cells. (A) HT22 cells 
were treated with different doses (0, 10, 20, 40, 60, 80, 100, and 120 μM) of hemin 
for 24 h and then subjected to MTT assay. (B) HT22 cells were treated with 100 μM 
of hemin for 24 h and then assayed for SERPINE1 expression using qRT-PCR assay. 
(C) Representative image of Western blot analysis and quantification of SERPINE1 
expression in HT22 cells stimulated with hemin. *p < 0.05, **p <0.01, and 
***p <0.001.
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si-NC group (Figure 2A and B). An MTT assay indicated 
that hemin administration dramatically decreased the via-
bility of HT22 cells, which was blocked following si- 
SERPINE1 transfection (Figure 2C). In parallel, treatment 
of HT22 cells with hemin led to a remarkable increase in 
the number of TUNEL positive cells, but this increase was 
conversed by SERPINE1 knockdown (Figure 2D). 
Furthermore, we found that the activity of caspase-3 was 
increased in HT22 cells treated with hemin compared with 
the control group, however, silencing of SERPINE1 could 
block hemin-induced elevation of caspase-3 activity 
(Figure 2E). Similarly, Bax was upregulated, while Bcl-2 
was downregulated in HT22 cells treated with hemin in 
comparison to the control group. And these changes 
caused by hemin administration were prominently abro-
gated following si-SERPINE1 transfection (Figure 2F).

Silencing of SERPINE1 Attenuates 
Hemin-Induced Neuroinflammation
To study the impact of SERPINE1 on hemin-induced neu-
roinflammation, HT22 cells were treated with si-NC or si- 
SERPINE1 and 100 μM hemin, and then the levels of IL-6, 
TNF-α, iNOS and IL-1β were detected using ELISA assay 
and qRT-PCR assay. As a result, administration of hemin 
resulted in a marked elevation of IL-6, TNF-α, iNOS, and IL- 
1β levels in the supernatant of HT22 cells, as determined by 
ELISA assay. However, silencing of SERPINE1 counter-
acted hemin-induced elevations of IL-6, TNF-α, iNOS, and 
IL-1β levels (Figure 3A–D). Consistently, qRT-PCR assay 
showed that knockdown of SERPINE1 abolished hemin- 
induced elevations of IL-6, TNF-α, iNOS, and IL-1β 
mRNA expression in HT22 cells (Figure 3E–H).

Upregulation of SERPINE1 Expression is 
Dependent on the Activation of TGF-β1
TGF-β1 mRNA and protein expression were upregulated in 
HT22 cells exposed to hemin (Figure 4A and B). It was 
reported that TGF-β1 participates in the regulation of 
SERPINE1.14 To study whether TGF-β1 takes part in the 
regulation of SERPINE1 in HT22 cells, HT22 cells were 
stimulated with different doses (0, 2, 5, and 10 ng/mL) of 
recombinant TGF-β1. As determined by qRT-PCR and 
Western blot assay, TGF-β1 increased the expression of 
SERPINE1 in a dose-dependent manner (Figure 4C and D). 
In addition, we also discovered that the expression levels of 
SERPINE1 mRNA and protein were significantly decreased 

in cells in which TGF-β1 levels were reduced by siRNA 
(Figure 4E and F).

SERPINE1 Knockdown Attenuates the 
Effect of TGF-β1 on Hemin-Induced 
Neuronal Damage
To further confirm whether TGF-β1 controls the effect of 
SERPINE1 knockdown on hemin-induced neuronal damage, 
we transfected HT22 cells with si-SERPINE1 or si-NC and 
then treated them with hemin or recombinant TGF-β1. As 
a result, TGF-β1 treatment enhanced hemin-mediated inhibi-
tion of cell viability, and this action was blocked by silencing 
of SERPINE1 (Figure 5A). Meanwhile, TGF-β1 promoted the 
apoptosis of HT22 cells in the presence of hemin, which was 
abrogated following si-SERPINE1 transfection (Figure 5B). 
In line with this, hemin-induced elevation of caspase-3 activity 
was enhanced by TGF-β1 administration. However, the effect 
of TGF-β1 on hemin-induced elevation of caspase-3 activity 
was blocked by downregulation of SERPINE1 (Figure 5C). 
Additionally, TGF-β1 increased the expression of Bax and 
reduced the expression of Bcl-2 in hemin-treated HT22 cells, 
which were counteracted after si-SERPINE1 transfection 
(Figure 5D). Besides, TGF-β1 augments hemin-induced 
inflammation in HT22 cells, as evidenced by the increased 
expression of IL-6, TNF-α, iNOS, and IL-1β. Notably, down-
regulation of SERPINE1 attenuated the promotion effect of 
TGF-β1 on hemin-induced inflammation (Figure 6).

Discussion
SERPINE1 is widely recognized as an inhibitor of fibrinoly-
sis by inhibiting the activation of intrinsic plasminogen.12 

Increased levels of SERPINE1 have been demonstrated to be 
tightly related to the prognosis of patients with stroke.15 

Recently, Hendrix et al suggested that SERPINE1 gene poly-
morphisms were closely related to the functional outcome of 
patients with aneurysmal subarachnoid hemorrhage, indicat-
ing the participation of SERPINE1 in aneurysmal subarach-
noid hemorrhage.16 Similarly, Lin et al found that G5GGGT 
homozygotes for SERPINE1 gene increased the risk of 
delayed cerebral ischemia and clinical vasospasm in patients 
with aneurysmal subarachnoid hemorrhage, which further 
supports the important regulatory role of SERPINE1 in the 
progression of aneurysmal subarachnoid hemorrhage.17 To 
date, although the functional role of SERPINE1 in ICH 
progression was not explicitly studied, a putative role in the 
development of ICH is supported by an increased expression 
of SERPINE1 in the perihematomal brain tissues of ICH 
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Figure 2 Silencing of SERPINE1 attenuates hemin-induced neuronal apoptosis. (A and B) HT22 cells were transfected with si-NC or si-SERPINE1 and the silencing 
efficiency was identified by qRT-PCR assay and Western blot. HT22 cells were transfected with si-NC or si-SERPINE1, followed by treatment with 100 μM hemin. (C) MTT 
assay was conducted to measure the viability of HT22 cells. (D) The apoptosis of HT22 cells was examined using TUNEL assay. (E) The activity of caspase-3 was measured 
using a commercial kit. (F) Western blot analysis of Bax and Bcl-2 expression in HT22 cells. **p <0.01 and ***p <0.001.
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patients, and the brain tissues of ICH rats. Herein, the upre-
gulation of SERPINE1 was found in hemin-stimulated HT22 
cells, and silencing of SERPINE1 could restrain hemin- 
mediated inhibition of cell viability in HT22 cells, indicating 
the participation of SERPINE1 in the progression of ICH.

The pathomechanism of ICH is complicated, in which 
neuronal apoptosis serves as a major player.18 Neuronal 
apoptosis is considered as a principal event that depends on 
the dynamic modulation of apoptosis-related genes during 
ICH. Bax is a pro-apoptosis factor that can induce the release 
of cytochrome c from the mitochondria to the cytoplasm, 
conversely, Bcl-2 is an anti-apoptosis protein that restrains 
the release of cytochrome c. The release of cytochrome c, in 
turn, triggers the activation of caspase cascade, resulting in 
cell apoptosis. Caspase-3 is regarded as a key executioner of 

cell apoptosis. It follows that reducing neuronal apoptosis is 
a vital step toward the development of effective treatment for 
ICH. It is worth noting that SERPINE1 serves as a regulatory 
player in the progression of neuronal apoptosis.19 PAI-039 
treatment restrained neuronal apoptosis and attenuated the 
brain damage improved the neurofunctional outcome in the 
mouse controlled cortical impact model of traumatic brain 
injury.20 Moreover, middle cerebral artery occlusion mice 
with SERPINE1 deficiency exerted a reduced infarct 
volume, suggesting that SERPINE1 plays a crucial role in 
acute ischemic stroke-induced brain damage.21 However, the 
impact of SERPINE1 on hemin-induced neuronal apoptosis 
is still obscure. In this work, we found that knockdown of 
SERPINE1 could inhibit hemin-induced neuronal apoptosis, 
as evidenced by the decrease in the number of TUNEL 

Figure 3 Silencing of SERPINE1 attenuates hemin-induced neuroinflammation. HT22 cells were transfected with si-NC or si-SERPINE1, followed by treatment with 100 μM 
hemin. ELISA assay was performed to detect the levels of IL-6 (A), TNF-α (B), iNOS (C), and IL-1β (D) in the supernatant of HT22 cells. qRT-PCR analysis of IL-6 (E), TNF-α 
(F), iNOS (G), and IL-1β (H) mRNA levels in HT22 cells. **p <0.01 and ***p <0.001.
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positive cells, caspase-3 activity, and Bax expression, and the 
increase in Bcl-2 expression. This finding reveals that 
SERPINE1 may be a therapeutic target for ICH.

Apart from neuronal apoptosis, neuronal inflammation is 
also recognized as a crucial contributor to ICH-induced brain 
damage.22 Various stimuli produced by ICH can induce an 
inflammatory response, including the activation of microglia 
and the release of pro-inflammatory cytokines and 

chemokines.23 Among them, the levels of pro-inflammatory 
factors, IL-1β, TNF-α, IL-6 and iNOS, are widely used to 
reflect the severity of inflammatory response. There is 
a growing body of evidence that SERPINE1 plays a vital 
role in the respect of neuronal inflammation. As an example, 
SERPINE1 antagonist TM5484 reduced the expression of 
TNF-α, IL-6, chemokine Ligand-2 and Cd68, and increased 
the expression of IL-10 in the spinal cord and spleen of 

Figure 4 Regulatory effect of TGF-β1 on the expression of SERPINE1 in HT22 cells. (A and B) TGF-β1 mRNA and protein levels were increased in HT22 cells in the 
presence of hemin. (C and D) HT22 cells were stimulated with different doses (0, 2, 5, and 10 ng/mL) of recombinant TGF-β1, and then assayed for SERPINE1 expression 
using qRT-PCR assay and Western blot. (E and F) HT22 cells were transfected with TGF-β1 siRNA, and then assayed for SERPINE1 expression using qRT-PCR assay and 
Western blot. **p <0.01 and ***p <0.001.
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mice.24 In addition, SERPINE1 reportedly promoted leuko-
cyte infiltration, and tissue damage following ischemia- 
reperfusion injury, revealing a role of SERPINE1 as an 

inflammatory mediator.25 In the present research, we found 
that knockdown of SERPINE1 repressed hemin-induced 
inflammation in HT22 cells, as indicated by reduced levels 

Figure 5 SERPINE1 knockdown attenuates the effect of TGF-β1 on hemin-induced neuronal damage. HT22 cells were transfected with si-SERPINE1 or si-NC, and then 
treated them with hemin or recombinant TGF-β1. (A) Cell viability was assessed using MTT assay. (B) The apoptosis of HT22 cells was examined using TUNEL assay. (C) 
The activity of caspase-3 was measured using a commercial kit. (D) Western blot analysis of Bax and Bcl-2 expression in HT22 cells. *p < 0.05, **p <0.01, and ***p <0.001.
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of TNF-α, IL-1β, IL-6 and iNOS, indicating the regulatory 
role of SERPINE1 in hemin-induced inflammation.

TGF-β1 is a member of the TGF-β superfamily that 
participates in the regulation of cellular growth fibrosis and 
differentiation.26 Several studies provide evidence that TGF- 
β1 act as a vital player in the progression of ICH. The 
polymorphism of TGF-β1 is markedly correlated with the 
risk of ICH in north Indian population.27 Furthermore, it was 
reported that TGF-β1 partly mediated SR144528 (cannabi-
noid receptor 2 antagonist)-induced inhibition of the fibrosis 
of the ventricular system and reduction of hydrocephalus in 

the rat model of intraventricular hemorrhage.28 Besides, 
inhibition of TGF-β mitigated the brain damage and 
improved neurological deficits following germinal matrix 
hemorrhage.29 Activation of TGF-β1 exacerbated inflamma-
tion and apoptosis in in vitro and in vivo models of mild 
traumatic brain injury.30 More importantly, SERPINE1 is 
a long-established downstream molecular of TGF-β1.31 

However, whether TGF-β1 takes part in the impact of 
SERPINE1 silencing on hemin-induced neuronal apoptosis 
and inflammation remains in doubt. In our study, TGF-β1 
administration dose-dependently increased the expression of 

Figure 6 Downregulation of SERPINE1 attenuates the promotion effect of TGF-β1 on hemin-induced inflammation. HT22 cells were transfected with si-SERPINE1or si-NC, 
and then treated with hemin or recombinant TGF-β1. (A–D) ELISA assay was conducted to evaluate the levels of IL-6, TNF-α, iNOS, and IL-1β in the supernatant of HT22 
cells. (E–H) qRT-PCR assay was conducted to detect mRNA levels in HT22 cells. *p < 0.05, **p <0.01, and ***p <0.001.
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SERPINE1 in HT22 cells. Notably, SERPINE1 knockdown 
attenuated the effect of TGF-β1 on hemin-induced neuronal 
damage, supporting the notion that TGF-β1-induced 
SERPINE1 activation is implicated in hemin-induced neuro-
nal apoptosis and inflammation in HT22 cells.

In summary, our work suggested that TGF-β1-induced 
SERPINE1 activation contributed to hemin-induced neuro-
nal apoptosis and inflammation, providing novel evidence 
for the linkage between TGF-β1-induced SERPINE1 acti-
vation and ICH progression. Further exploration in the 
functional role of SERPINE1 in ICH is needed to elucidate 
its possible mechanism. Our data manifested that targeting 
SERPINE1 might be a potential strategy for ICH therapy.
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