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Cell apoptosis plays an important role in early brain injury (EBI) after subarachnoid

hemorrhage (SAH). Heat shock protein 27 (HSP27), a member of the small heat shock

protein (HSP) family, is induced by various stress factors and exerts protective role on

cells. However, the role of HSP27 in brain injury after SAH needs to be further clarified.

Here, we reported that HSP27 level of cerebrospinal fluid (CSF) is increased obviously

at day 1 in patients with aneurysmal SAH (aSAH) and related to the grades of Hunt and

Hess (HH), World Federation of Neurological Surgeons (WFNS), and Fisher score. In rat

SAHmodel, HSP27 of CSF is first increased and then obviously declined; overexpression

of HSP27, not knockdown of HSP27, attenuates SAH-induced neurological deficit and

cell apoptosis in the basal cortex; and overexpression of HSP27 effectively suppresses

SAH-elevated activation of mitogen-activated protein Kinase Kinase 4 (MKK4), the c-Jun

N-terminal kinase (JNK), c-Jun, and caspase-3. In an in vitro hemolysate-damaged

cortical neuron model, HSP2765−90 peptide effectively inhibits hemolysate-induced

neuron death. Furthermore, TAT-HSP2765−90 peptide, a fusion peptide consisting of

trans-activating regulatory protein (TAT) of HIV and HSP2765−90 peptide, effectively

attenuates SAH-induced neurological deficit and cell apoptosis in the basal cortex of rats.

Altogether, our results suggest that TAT-HSP27 peptide improves neurologic deficits via

reducing apoptosis.
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INTRODUCTION

Subarachnoid hemorrhage (SAH) is a subtype of stroke with
high mortality and morbidity rate, which is mainly caused
by the rupture of intracranial aneurysm (Chen et al., 2014).
Although ruptured aneurysms are treated by clipping or coiling
surgically, 67% of patients with SAH still have neurological
sequelae due to early brain injury (EBI) and delayed brain
injury (Sehba et al., 2012; Fujii et al., 2013). Cell apoptosis
is the most important pathophysiological change underlying
EBI, which initiates complex signaling pathways that lead
to neuronal death (Sehba et al., 2012; Fujii et al., 2013;
Zhang et al., 2015). Therefore, identifying critical pro-death
signaling cascades and finding neuroprotective agents targeting
this cascade have become an important strategy to against
EBI after SAH.

Heat shock proteins are evolutionarily conserved molecular
chaperones that consists HSP 40, HSP60, HSP70, HSP90,
and small HSPs, which have critical role in stress response
(Shan et al., 2020). HSP27 is a member of the small
HSP family, has molecular chaperone activity (Kostenko
and Moens, 2009), decreases protein aggregation and helps
degradation by the proteasome, suppresses release of cytochrome
c and caspase activation (Shan et al., 2021), and also
exerts cytoprotective effect through cytoskeleton stabilization
and antioxidant activity (Vendredy et al., 2020). Previous
studies demonstrated that overexpression of HSP27 provides
neuroprotection in multiple neurological disease models, include
cerebral ischemia (An et al., 2008; Stetler et al., 2008; Shi et al.,
2017), kainate-induced neuronal death, and Alzheimer’s disease
(Akbar et al., 2003; Toth et al., 2013), which were mainly
credited to its anti-apoptotic effect. Under SAH pathology,
the change of expression and phosphorylation of HSP27 in
brainstem and cerebral vessels has been observed in the
SAH model (Macomson et al., 2002; Satoh et al., 2003),
suggesting that HSP27 is associated with brain injury. However,
the potential neuroprotective role of HSP27 has not been
illustrated in SAH.

In this study, we measured the concentration of HSP27
in cerebrospinal fluid (CSF) from patients with aneurysmal
SAH (aSAH) and then assessed the expression of HSP27 and
investigated the effect of knockdown or overexpression of HSP27
on neurological deficit in rat SAH model. We investigated the
effect of small peptides from HSP27 on cell apoptosis in an
in vitro hemolysate-damaged cortical neuron model. We next
explored the effect of TAT-HSP2765−90 peptide on neurological
deficit and cell apoptosis in rat SAH model.

Abbreviations: EBI, early brain injury; SAH, subarachnoid hemorrhage; HSP27,

Heat shock protein 27; aSAH, aneurysmal subarachnoid hemorrhage; CSF,

cerebrospinal fluid; HH, Hunt andHess;WFNS,World Federation of Neurological

Surgeons; MKK4, mitogen-activated protein kinase kinase 4; JNK, c-Jun N-

terminal kinase; TAT, transactivating regulatory protein; NPH, normal pressure

hydrocephalus; ELISA, enzyme linked immunosorbent assay; AAV, adeno-

associated virus; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP

nick end labeling.

TABLE 1 | Behavior scores.

Category Behavior Score

Appetite Finished meal 0

Left meal unfinished 1

Scarcely ate 2

Activity Active, walking, barking, or standing 0

Lying down, walk and stand with some stimulations 1

Almost always lying down 2

Deficits No deficits 0

Unstable walk 1

Impossible to walk and stand 2

MATERIALS AND METHODS

Patients and CSF Collection
After approval by the ethical committee of Shandong Provincial
Hospital, an observational study of CSF from 73 patients with
SAH (confirmed by a head computed tomography angiography)
between May 2019 and May 2020 was performed. Inclusion
criteria: (1) aneurysm treated endovascularly (aneurysm coiled
and aneurysm clipped) <24-h post-rupture and (2) external
ventricular drainage placed <48-h post-rupture. Exclusion
criteria were as follows: (1) CNS disease history, (2) CNS
infection, and (3) systemic disease (diabetesmellitus, malignancy,
and cirrhosis). On admission, clinical and hemorrhage severity
were assessed by the Hunt and Hess (HH) grade, World
Federation of Neurological Surgeons (WFNS) grade, and Fisher
score (Dong et al., 2019). Patients received intravenous infusion
of nimodipine for at least 7 days. Euvolemia was maintained, and
hypotension was avoided with vasopressors (Dong et al., 2019).
The end point was assessed at day 8. CSF samples were collected
in sterile tubes or catheter and stored at −80◦C. CSF samples
of patients with normal pressure hydrocephalus (NPH) were as
the experimental control because CSF is difficult to obtain from
healthy individuals (Kwan et al., 2019).

Rat SAH Model, Neurological Score, and
CSF Collection
After approval by ethics committee of Shandong First Medical
University, SAH models were produced in male Sprague–
Dawley rats (12 weeks old, 320–350 g, Jinan Pengyue Laboratory
Animal Center) by single blood injection model (Wu et al.,
2017). Briefly, rats were deeply anesthetized (5% isoflurane)
and then maintained (2% isoflurane) using a rodent ventilator
(MatrixVMR). Non-heparinized autologous blood (0.3ml) was
injected into cisterna magna for 3min using a 1-ml syringe with a
25-G needle under a stereotaxic apparatus. Sham-operated group
underwent the same procedures except for injection of blood.

Three behavioral activity test of scoring system (Table 1) was
performed at day 2 after SAH as previously described (Wu
et al., 2017). Sequence of testing was randomized. Scoring was
evaluated to record appetite, activity, and deficits blindly. About
50 µl of CSF was extracted from the cisterna magna (0.5 cm
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depth) with 1-ml syringe under a stereotaxic apparatus and then
stored at−80◦C (Zhang et al., 2020).

Analysis of CSF HSP27 Concentration and
Western Blot Analysis
The HSP27 of CSF was assayed using an enzyme linked
immunosorbent assay (ELISA) Kit (ab108862, Abcam) according
to the manufacturer’s instruction and expressed in ng/ml.
Western blot was conducted as previously described (Zhao
et al., 2020). Briefly, total protein was extracted with a protein
extraction kit (BC3710, Solarbio), which was supplemented with
a protease inhibitor cocktail (P8340, Sigma), and analyzed by
bicinchoninic acid (BCA) protein concentration kit (PC0020,
Solarbio). About 20 µg of total protein was separated using
sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
and then electrotransferred onto nitrocellulose membrane.
After blocking with 5% (w/v) non-fat milk, the membranes
were incubated with anti-HSP27 (1:1,000, ab2790, Abcam),
anti-active caspase-3 (1:1,000, ab2302, Abcam), anti-FLAG
(1:1,000, F1804, Sigma), anti-phospho-MKK4 (Ser257/Thr261;
1:1,000, #9165, CST), anti-phospho-c-Jun N-terminal kinase
(JNK) (Thr183/Tyr185; 1:1,000, #4688, CST), anti-phospho-c-
Jun (Ser63; 1:1,000, #2361, CST), anti-MKK4 (1:1,000, #9152,
CST), and β-actin (1:1,000, #4970, CST) at 4◦C overnight and
then incubated with anti-mouse immunoglobulin G-horseradish
peroxidase (IgG-HRP; 1:3,000, #7076, CST) or anti-rabbit IgG-
HRP (1:3,000, #7074, CST) linked antibody for 2 h at the room
temperature. After washing with Tris-buffered saline with Tween
20 (TBST) buffer (T1081, Solarbio), the protein bands were
visualized by using chemiluminescent substrate (#34577, Thermo
Scientific) in a ChemiDocTM MP Imaging System (Bio-Rad) and
quantified by Image J software.

TABLE 2 | Adeno-associated virus (AAV).

Product Serotype Titer (pfu/ml) Company

pAAV-CAG-HSP27-3FLAG AAV2/2 1.68×1012 OBiO technology

pAAV-CAG-3FLAG AAV2/2 1.18×1012

pAKD-CMV-EGFP-H1-shRNA-HSP27 AAV2/2 1.48×1012

pAKD-CMV-EGFP-H1-shRNA-NC AAV2/2 1.64×1012

Adeno-Associated Virus, Peptides, and
Intracerebroventricular Injection
The HSP27-overexpressing adeno-associated virus (AAV) and
HSP27 shRNA (Table 2) were constructed by OBiO Technology
(Shanghai, China). Full-length rat cDNA of HSP27 was
cloned into the pAAV-CAG-3FLAG vector. AAV-HSP27-
RNAi was constructed using the pAKD-CMV-EGFP-H1 vector,
which contains a CMV promoter (driving EGFP) and a
H1 promoter (driving shRNA expression). The sequence of

HSP27 shRNA is 5
′

-GCTACATCTCTCGGTGCTTCA-3′ and
5′-GCCCAAAGCAGTCACACAATC-3′ as previously described
(Stetler et al., 2008). AAV was produced by co-transfection
(one AAV vector and two helper vectors) of HEK293T cells.
At 72 h after transfection, cells were harvested and lysed using
a freeze–thaw procedure. AAV of cell lysate was purified
using a heparin-agarose column and concentrated using an
ultrafiltration device. The virus titer was measured and shown
in Table 2. The HSP27 peptides (Table 3) were synthesized by
ChinaPeptides (Shanghai, China). For intracerebroventricular
(i.c.v.) injection, rats received a single injection (0.8mm
posterior, 1.2mm lateral, and 3.8mm depth) of AAV (5 µl), TAT
(0.3mg, 10 µl), or TAT-HSP2765−90 (0.3mg, 10 µl) with a 30-G
needle of a 10-µl Hamilton syringe under a stereotaxic apparatus.

Immunofluorescence and TUNEL Staining
Staining of slices was performed as previously described
(Wang et al., 2019). Briefly, rats were deeply anesthetized
and perfused transcardially with ice-cold 4% paraformaldehyde.
Rat’s brain was post-fixed with 4% paraformaldehyde for
12 h, dehydrated with 30% sucrose/phosphate-buffered saline
(PBS) at 4◦C for 3 days, and then cut into 10-µm thickness
coronal slices (−2.5 to −5mm from bregma) using a Leica
cryostat microtome. Coronal slices were permeabilized with
0.5% Triton X-100 and blocked with 5% goat serum, incubated
with anti-NeuN rabbit antibody (1:200, #12943, CST), anti-
NeuN mouse antibody (1:200, #94403, CST), anti-HSP27 (1:200,
ab2790, Abcam), anti-Iba-1 (1:200, #19741, Wako) primary
antibody at 4◦C overnight and then incubated with the Anti-
Mouse IgG-TRITC (1:100, T5393, Sigma) or Anti-Rabbit IgG-
FITC (1:100, F9887, Sigma) at room temperature for 2 h.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) staining was assayed using in situ Cell Death
Detection Kit with Fluorescein (11684795910, Roche) according
to the manufacturer’s instruction. Images were captured using

TABLE 3 | HSP27 peptides.

Product Sequence Purity Company

HSP271−30 MTERRVPFSLLRSPSWEPFRDWYPAHSRLF 96.04% China peptides

HSP2731−60 DQAFGVPRFPDEWSQWFSSAGWPGYVRPLP 96.28%

HSP2761−90 AATAEGPAAVTLARPAFSRALNRQLSSGVS 97.41%

HSP2791−120 EIRQTADRWRVSLDVNHFAPEELTVKTKEG 96.05%

HSP2765−90 EGPAAVTLARPAFSRALNRQLSSGVS 95.80%

TAT YGRKKRRQRRR 96.75%

TAT-HSP2765−90 YGRKKRRQRRREGPAAVTLARPAFSRALNRQLSSGVS 98.23%
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TABLE 4 | Characteristics for patients.

aSAH NPH

(n = 73) (n = 20)

Demographics

Age, years 56.5 ± 8.0 51.8 ± 9.0

Gender, female 47 (64.3) 12 (60)

Clinical status on admission

Hunt and Hess grade 2.6 ± 1.0 —

WFNS grade 2.4 ± 1.5 —

Fisher score 2.9 ± 0.7 —

Aneurysm location

Internal carotid artery 18 (24.6) —

Middle cerebral artery 16 (21.9) —

Anterior communicating artery 30 (41.1) —

Others 9 (12.3) —

Aneurysm treatment

Coiling 61 (83.5) —

Clipping 12 (16.5) —

Values were expressed as mean ± SD or numbers (% of total).

a fluorescence microscope (BX51, Olympus) and analyzed with
Image J software.

Hemolysate Treatment and TUNEL Assay
on Primary Cortical Neurons
Primary cortical neurons were obtained from E18 rat embryos as
previously described (Zhang et al., 2018). Briefly, the dissociated
neurons (106 cells) were plated in 60mm dish with neurobasal
medium [2% B27 (Gibco), 1% L-glutamine (Gibco), 0.3% D-
glucose (Sigma), and 1% fetal bovine serum (Gibco)] and fed
with fresh medium every 3 days. Hemolysate-induced cortical
neuron death model was produced as described previously (Li
et al., 2017). Briefly, hemolysate was prepared from mouse
arterial whole blood by freezing and stored at −80◦C. In
order to induce neuronal death, hemolysate in medium (1:50)
was used to stimulate for 24 h. Neurons were treated with
hemolysate in medium (1:50) or plus indicated HSP27 peptides
(0.03 mg/ml, Table 3) for 24 h. Cell viability was measured
with Cell Counting Kit-8 (CCK-8, Dojindo) according to the

FIGURE 1 | Change of CSF HSP27 level in patients with aSAH. (A) Concentration of CSF HSP27 of patients with NPH and aSAH is measured at indicated time with

HSP27 ELISA Kit. The histogram shows CSF HSP27 level of patients with aSAH with HH grades I–III and IV–V (B), WFNS grades I–III and IV–V (C), Fisher score 1–2

and 3–4 (D). The values are expressed in ng/ml. Data are mean ± SD, *p < 0.05, ANOVA with Bonferroni’s multiple comparisons test.
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manufacturer’s instruction. Cell apoptosis was assayed with
TUNEL bright-red apoptosis kit (A113, Vazyme) according
to the manufacturer’s instruction. Images of cultured neurons
were captured under a phase contrast microscope (phase
contrast, ×200). Pictures of TUNEL staining were captured
under a fluorescence microscope (red, ×200). In addition, the
total protein of neurons was extracted and then analyzed by
Western blot.

Statistical Analysis
GraphPad Prism 6 was used to perform statistical analyses.
All results were expressed as means ± standard deviation
(SD). Data of figure were analyzed using one-way analysis
of variance (ANOVA) followed by the Bonferroni’s multiple
comparisons test and the two-tailed t-test. p < 0.05 considered
statistically significant.

RESULTS

HSP27 Level of CSF in Patients With SAH
Table 4 shows the clinical characteristics of patients with aSAH
and NPH. There was no significant difference in age and gender
between two groups (p> 0.05). In patients with aSAH, HH grade,
WFNS grade, and modified Fisher score (on admission) were 2.6
± 1.0, 2.4 ± 1.5, and 2.9 ± 0.7, respectively. Next, the temporal
course of HSP27 level (day 1 to 8) following aSAH is depicted in
Figure 1. HSP27 level of CSF on day 1 was significantly increased
in comparison to that in patients with NPH. HSP27 level of day 2
to 4 was gradually decreased in comparison to day 1 (Figure 1A).
Furthermore, there was a significant difference in HSP27 level
(day 1) between patients with aSAH with HH grade of I–III vs.
IV–V (Figure 1B), WFNS grades of I–III vs. IV–V (Figure 1C),
and Fisher scores of 1–2 vs. 3–4 (Figure 1D).

HSP27 Expression Is First Increased and
Then Declined After Rat SAH
Next, we evaluated the expression of HSP27 in brain using
the rat SAH model. The calculated mortality rate at 72 h
is given in Table 5. Blood clots were observed on the
circle of Willis in SAH groups (Figure 2A). ELISA showed
that HSP27 level of CSF was obviously increased at 12 h
in comparison to that in sham group and then declined
significantly (Figure 2B). In immunofluorescence staining,
HSP27 can be co-located with NeuN (a marker for neuron)
(Figure 2C), whereas rarely co-located with Iba-1 (a marker for
macrophages/microglia) (Figure 2D). Moreover, HSP27 staining
was significantly increased at 12 h compared with that of the
sham group, whereas obviously declined at 72 h (Figures 2C,D).
These results indicate that expression of HSP27 is first increased
and then declined in rat SAH.

Knockdown of HSP27 Deteriorates
Neurological Deficit After Rat SAH
To confirm whether endogenous HSP27 has effect on
neurological function, rat SAH was subjected to HSP27
knockdown using AAV-eGFP-shRNA (Figure 3A). The

TABLE 5 | Mortality rate.

Groups Endpoint Mortality rate Included (n)

Experiment 1 (ELISA, IF) 72 h

Sham 0.0% (0/6) 6

6 h 0.0% (0/8) 6

12 h 0.0% (0/8) 6

24 h 12.5% (1/8) 7

72 h 25.0% (2/8) 6

Experiment 2 (Behavior, IF,

WB, TUNEL)

48 h

Sham 0.0% (0/12) 12

SAH + vehicle 25.0% (4/16) 12

SAH + NC 18.7% (3/16) 13

SAH + shRNA 31.3% (5/16) 11

Experiment 3 (Behavior, IF,

WB, TUNEL)

48 h

Sham 0.0% (0/12) 12

SAH + vehicle 25.0% (4/16) 12

SAH + Con 25.0% (4/16) 12

SAH + HSP27 12.5% (2/16) 14

Experiment 4 (Behavior, IF,

WB, TUNEL)

48 h

Sham 0.0% (0/12) 12

SAH + vehicle 31.25% (5/16) 11

SAH + TAT 18.7% (3/16) 13

SAH + TAT-HSP27 12.5% (2/16) 14

calculated mortality rate at 48 h is given in Table 5. After
microinjection into the lateral ventricle of rat (Figure 3A), AAV-
eGFP-shRNA effectively infected the basal cortex, produced
considerable expression of eGFP (Figure 3B), and significantly
decreased expression of HSP27 (Figures 3C, 4C), suggesting
an effective knockdown effect. Statistical results of TUNEL
staining showed that numerous TUNEL positive cortical cells
significantly increased in SAH + HSP27 shRNA group as
compared with that of SAH + negative control of shRNA
group on day 2 after SAH (Figure 3D). Moreover, the behavior
scores in SAH + HSP27 shRNA group were significantly
increased when compared to SAH + negative control of shRNA
group (Figures 4A,B), suggesting that HSP27 shRNA worsens

neurological function after SAH. Western blot analysis showed
that the activation of caspase-3 was significantly increased in

SAH + HSP27 shRNA group as compared to SAH + negative
control of shRNA group (Figure 4C). These results indicate that

knockdown of endogenous HSP27 increases cell apoptosis and

deteriorates neurological deficit in rat SAH.

HSP27 Overexpression Attenuates
Neurological Deficit and Cortical
Apoptosis After Rat SAH
To test whether HSP27 overexpression has effect on neurological
function, rat SAH was infected with AAV-HSP27-3FLAG
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FIGURE 2 | Change of HSP27 level in rat SAH model. (A) Representative images of rat brain at indicated time from the sham and SAH groups. (B) Samples of CSF

was collected (6, 12, 72 h, n = 6; 24 h, n = 7), HSP27 concentration was measured with HSP27 ELISA Kit and expressed in ng/ml. (C,D) Coronal sections from the

sham and SAH group reperfusion (12 and 72 h) subjected to immunostaining for the neuronal marker NeuN (green) or macrophages/microglia marker Iba-1 (green)

and HSP27 (red) in the basal cortex. Quantification was performed by counting the HSP27/NeuN or HSP27/Iba-1 positive cells per mm2 region in the basal cortex, n

= 6, scale bar = 50µm. Data are mean ± SD, *p < 0.05, ANOVA with Bonferroni’s multiple comparisons test.

(Figure 5A), which expresses full-length HSP27. The calculated
mortality rate at 48 h is given in Table 5. The behavior
score analysis showed that behavior scores in SAH + AAV
vector encoding HSP27 group were significantly decreased
when compared to SAH + AAV vector group (Figure 5B),
suggesting an improvement effect. After microinjection into the

lateral ventricle of rat, immunofluorescence staining showed
that AAV-HSP27-3FLAG obviously increased expression of
HSP27 in the basal cortex (Figure 5C). Western blot confirmed
the increased HSP27 protein expression by detecting FLAG
expression (Figure 6). Moreover, statistical results of TUNEL
staining showed that numerous TUNEL positive cortical cells
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FIGURE 3 | AAV-shRNA targeting HSP27 increased cell apoptosis after SAH in rats. (A) Schematic of AAV vector encoding shRNA and experimental design. (B–D)

Coronal sections from the sham (n = 6), SAH + vehicle (n = 6), SAH + negative control of shRNA (SAH + NC, n = 7), and SAH + HSP27 shRNA (SAH + shRNA, n

= 6) group reperfusion on day 2 after SAH, subjected to immunostaining for the neuronal marker NeuN (red) or HSP27 (red) or TUNEL (green) in the basal cortex. (B)

Representative images showing AAV-eGFP-shRNA expression (indicated by EGFP, green) in the neurons (NeuN staining, red) in the basal cortex, scale bar = 50µm.

(C,D) Quantification was performed by counting the HSP27 or TUNEL positive cells per mm2 region in the basal cortex, scale bar = 50µm. Data are mean ± SD, *p

< 0.05, ANOVA with Bonferroni’s multiple comparisons test.

significantly decreased in SAH + AAV vector encoding HSP27
group as compared with that of SAH + AAV vector group
on day 2 after SAH (Figure 5D). Previous review showed that
HSP27 exerts an anti-apoptosis role by inhibiting MKK/JNK
cell death signal, and or mitochondria-related pro-apoptotic
factors (Shan et al., 2021). Thus, we further examined the activity

of MKK/JNK and caspase-3 by Western blot. Data showed
that the phosphorylation of MKK4, JNK, and c-Jun and the
activation of caspase-3 were obviously increased in SAH +

vehicle and SAH + AAV vector group, whereas significantly
decreased in SAH + AAV vector encoding HSP27 group
(Figure 6). These results indicate that HSP27 overexpression
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FIGURE 4 | AAV-shRNA targeting HSP27 deteriorated neurological deficit after SAH in rats. (A) Representative images of rat brain on day 2 after surgery for the

sham, SAH + vehicle, SAH + NC, and SAH + shRNA groups. (B) Behavior scores of each group were assessed at 48 h, n = 6. (C) The basal cortex was collected

on day 2 following SAH from the sham (n = 6), SAH + vehicle (n = 6), SAH + NC (n = 6), and SAH + shRNA (n = 5) groups; homogenates were blotted with

anti-HSP27, anti-active caspase-3, and anti-β-actin, quantification of optical density was normalized to sham group. Data are mean ± SD, *p < 0.05, ANOVA with

Bonferroni’s multiple comparisons test.

attenuated cortical cell apoptosis and neurological deficit
in rat SAH.

Effect of HSP27 Peptides on
Hemolysate-Induced Cell Apoptosis in
Cultured Cortical Neurons
N-terminal region of HSP27 is composed of 1–120 amino acids
and proved to be a necessary domain for neuroprotection (Stetler
et al., 2008). So, we designed and synthesized peptides from the
N-terminal 1–120 amino acids of HSP27 (Figure 7A), which had
no effect on cell activity in cultured cortical neuron (Figure 7B),
aiming to find the key peptide that affects cell apoptosis.
Using a hemolysate-induced cortical neuron death model,
Western blot and TUNEL staining showed that HSP2761−90

and HSP2765−90 peptides, but not HSP271−30, HSP2731−60,
and HSP2791−120 peptides, can effectively inhibit hemolysate-
induced the increased the activation of caspase-3 (Figure 7C) and
reduce hemolysate-elevated the number of TUNEL positive cells
(Figure 7D). These results suggest that the N-terminal 65–90
amino acids of HSP27 are the key area for affecting cell apoptosis.

TAT-HSP2765–90 Peptide Attenuates
Neurological Deficit and Cortical
Apoptosis After Rat SAH
Furthermore, we investigated whether TAT-HSP2765−90 peptide
could improve neurological deficit in rat SAH. The calculated
mortality rate at 48 h is given in Table 5. As expected, after
microinjection into the lateral ventricle of rat SAH (Figure 8A),
TAT-HSP2765−90 significantly decreased the behavior score
as compared with the TAT-treated SAH group (Figure 8B),
suggesting that TAT-HSP2765−90 treatment attenuates SAH-
induced neurological deficits. In addition, Western blot analysis
suggested that the vehicle or TAT-treated SAH group showed
upregulation of active caspase-3, which was attenuated by
TAT-HSP2765−90 treatment (Figure 8C). Furthermore, TUNEL
staining suggested that TUNEL-positive cells of the basal cortex
were significantly decreased at 48 h in the TAT-HSP2765−90-
treated SAH group when compared to the TAT-treated SAH
group (Figure 8D), indicating TAT-HSP2765−90 reduced cortical
cell apoptosis after SAH. There are two commonly used SAH
models: blood injection model and endovascular puncture
model (Kooijman et al., 2014). Later, we explored the effect of
TAT-HSP2765−90 on neurological deficit and cell apoptosis in the
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FIGURE 5 | HSP27 overexpression attenuated neurological deficit and cell apoptosis after SAH in rats. (A) Schematic of AAV vector encoding HSP27 and

experimental design. Representative images of rat brain on day 2 after surgery for the sham, SAH + vehicle, SAH + AAV vector (SAH + Con), and SAH + AAV vector

encoding HSP27 (SAH + HSP27) group. (B) Behavior scores of each group were assessed at 48 h, n = 6. (C,D) Coronal sections from the sham (n = 6), SAH +

vehicle (n = 6), SAH + Con (n = 6), and SAH + HSP27 (n = 7) group reperfusion on day 2 after SAH, subjected to immunostaining for the HSP27 (red) or TUNEL

(green) in the basal cortex. Quantification was performed by counting the HSP27 or TUNEL positive cells per mm2 region in the basal cortex, scale bar = 50µm. Data

are mean ± SD, *p < 0.05, ANOVA with Bonferroni’s multiple comparisons test.

endovascular puncture rat SAH model. There was no statistical
difference in SAH grading score among the vehicle, TAT, or TAT-
HSP2765−90-treated SAH group (Supplementary Figure S1A).
TAT-HSP2765−90 treatment significantly increased the

average modified Garcia score as compared with the TAT-
treated SAH group (Supplementary Figure S1B), suggesting
that TAT-HSP2765−90 treatment improved neurological
deficits after SAH. Moreover, NeuN staining suggested that
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FIGURE 6 | Effect of HSP27 overexpression on the activation of MKK4, JNK, c-Jun, and caspase-3 on day 2 after SAH. The basal cortex was collected on day 2

following SAH from the sham (n = 6), SAH + vehicle (n = 6), SAH + Con (n = 6), and SAH + HSP27 (n = 7) groups; homogenates were blotted with anti-FLAG,

anti-phospho-MKK4, anti-phospho-JNK, anti-phospho-c-Jun, anti-MKK4, anti-active caspase-3, and anti-β-actin; and quantification of optical density was

normalized to sham group. Data are mean ± SD, *p < 0.05, the two-tailed t-test.

NeuN-positive neurons of the hippocampal CA1 region were
significantly increased at 24 h in the TAT-HSP2765−90-treated
SAH group in comparison with that of the TAT-treated
SAH group (Supplementary Figure S1C). TUNEL staining
suggested that TUNEL-positive cells of the basal cortex were
significantly decreased at 24 h in the TAT-HSP2765−90-treated
SAH group when compared to the TAT-treated SAH group
(Supplementary Figure S1C), indicating TAT-HSP2765−90

reduced cortical cell death after SAH in the endovascular
puncture model.

DISCUSSION

The main findings of this study are as follows: change of
HSP27 level in CSF from patients with aSAH; expression of
HSP27 is first increased and then declined after SAH in rats;
and knockdown of HSP27 deteriorated neurological deficit,
whereas overexpression of HSP27 confers neuroprotection
after SAH in rats. TAT-HSP2765−90 peptide effectively reduces
hemolysate-induced cell apoptosis on cultured cortical neurons
and attenuates neurological deficit after SAH in rats.

Since intracerebral microdialysis allows in vivo sampling
of interstitial fluid, it is used to continuously monitor the
neurochemical metabolism of the damaged brain after aSAH, but
this method is limited to the injured tissue around the probe
(Unterberg et al., 2001; Helbok et al., 2015). Physiologically, CSF
is secreted in the choroid plexus and recirculates through the
cerebral ventricles and subarachnoid space, interchanging with
interstitial fluid, which is thought to play a role in clearance of
solutes and metabolic waste products from the brain (Iliff et al.,

2013; Xie et al., 2013). Compared to intracerebral microdialysis,
CSF analysis may reflect a more general picture of brain injury.
CSF analysis basing on lumbar puncture is cornerstone for
aSAH diagnosis, which means that changes of proteins can
be detected quickly and conveniently to clarify the correlation
between these changes and SAH pathology (Wasik et al., 2017;
Papa et al., 2018; Kwan et al., 2019). To our knowledge, this
study is the first to report the change of CSF HSP27 in patients
with aSAH as compared with patients with NPH, showing a
trend of increasing first and then decreasing in the early days.
Our findings show that CSF HSP27 is obviously increased on
day 1, and related to the grades of HH, WFNS, and Fisher
score, which means that early higher level of HSP27 is related
to clinical and hematological severity. CSF HSP27 is increased
second in about 6 days, whether it is related to the occurrence
of complications after SAH needs further study. Using the rat
SAH model, we observed that CSF HSP27 decreased at 6 h,
increased significantly at 12 h, and then significantly decreased
at 24 and 72 h. The change trend of CSF HSP27 in EBI is
similar to that of patients with aSAH in the early days. There
have been two previous studies relating to HSP27 expression in
SAH. The first study involved a rat SAH model where HSP27
expression was observed in the cerebral arteries at 48 h post-ictus,
the overall expression of HSP27 almost unchanged, whereas
the phosphorylated isoforms of HSP27 increased (Macomson
et al., 2002). In the second study, the protein level of HSP27
was markedly decreased at 0.5 h and significantly elevated in
brain stem after rat SAH (Satoh et al., 2003). Interestingly,
our immunofluorescence results showed that the change of
HSP27 expression mainly occurred in neurons rather than

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 April 2022 | Volume 16 | Article 878673

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhou et al. TAT-HSP27 Improves Experimental SAH

FIGURE 7 | Effect of HSP27 peptides on hemolysate-induced cell apoptosis in primary cortical neurons. (A) Schematic representation of various HSP27 peptides. (B)

Hsp27 peptides have no effect on cell viability in primary cortical neurons; Cortical neurons were treated with indicated HSP27 peptides (0.03 mg/ml) in medium (1:50)

for 24 h. Cell viability was measured with Cell Counting Kit-8 (CCK-8) and normalized to control. (C,D) Cortical neurons were treated with hemolysate in medium (1:50)

or plus indicated HSP27 peptides (0.03 mg/ml) for 24 h. (C) Active caspase-3 levels in each group were detected by Western blot, β-actin serves as a control, and

quantification of optical density was normalized to control. (D) Representative images of cortical neurons (phase contrast, ×200) and TUNEL staining (red, ×200), and

quantification of TUNEL-positive cells from each group was performed. Data are mean ± SD, n = 6, *p < 0.05 vs. hemolysate treatment, ANOVA with Bonferroni’s

multiple comparisons test.
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FIGURE 8 | TAT- HSP2765−90 peptide attenuated neurological deficits and cell apoptosis after SAH in rats. (A) Experimental design; representative images of rat brain

on day 2 after surgery for the sham, SAH + vehicle, SAH + TAT peptide (SAH + TAT), and SAH + TAT-HSP2765−90 peptide (SAH + TAT-HSP27) groups. (B) Behavior

scores of each group were assessed at 48 h, n = 6. (C) The basal cortex was collected on day 2 following SAH from the sham (n = 6), SAH + vehicle (n = 5), SAH +

TAT (n = 6), and SAH + TAT-HSP27 (n = 6) groups; homogenates were blotted with anti-active caspase-3 and anti-β-actin, and quantification of optical density was

normalized to sham group. (D) Coronal sections from the sham (n = 6), SAH + vehicle (n = 6), SAH + TAT (n = 7), and SAH + TAT-HSP27 (n = 8) group reperfusion

on day 2 after SAH, subjected to immunostaining for the TUNEL (green) in the basal cortex. Quantification was performed by counting the TUNEL positive cells per

mm2 region in the basal cortex, scale bar = 50µm. Data are mean ± SD, *p < 0.05 vs. hemolysate treatment, ANOVA with Bonferroni’s multiple comparisons test.

in macrophages/microglia after SAH. Based on the results of
animal experiments, the change trend of HSP27 in CSF and the
basal cortex is similar. We speculate that the change trend of
CSF HSP27 may reflect the change of HSP27 in human brain
tissue after aSAH.

Although the change of HSP27 may be an endogenous
response and a possible protective mechanism against brain
injury following SAH, this has not been directly tested with
HSP27 knockdown or overexpression. Our data showed that
worsening neurological deficit was observed in rat SAH after
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knockdown of endogenous HSP27 using the previously reported
shRNA. However, AAV-mediated overexpression of HSP27
attenuated SAH-induced neurological deficits and cell apoptosis
in the basal cortex of rats. It has been shown that overexpression
of HSP27 provides neuroprotection in cerebral ischemia mice
model, which indicated the mechanism involving the inhibition
of mitochondrial cell death signaling (Stetler et al., 2008,
2012; Leak et al., 2013; Shi et al., 2017). We observed that
the knockdown of endogenous HSP27 increased activation
of pro-apoptotic molecular caspase-3, whereas virus-mediated
overexpression of HSP27 inhibits activation of caspase-3 after
SAH in rats. Indeed, HSP27 is reported to inhibit cell apoptosis
by reducing cytochrome c release from mitochondria (Garrido
et al., 1999) and consequently downregulating cleaved caspase-
3 (Garrido et al., 1999; Bruey et al., 2000). Moreover, HSP27
can directly bind to the prodomain of caspase-3 and attenuates
its proteolytic activation (Pandey et al., 2000; Voss et al., 2007).
Our data also showed that overexpression of HSP27 attenuates
SAH-elevated kinase phosphorylation of MKK4, JNK, and c-
Jun in rats. Some reports have found that HSP27 inhibits cell
apoptosis by hindering MKK/JNK cell death signal pathway
induced by oxidative stress or ischemia (Stetler et al., 2008,
2012). Because oxidative stress and delayed cerebral ischemia
are the key factors of cell apoptosis after SAH (Sabri et al.,
2013; Yang et al., 2017), we speculate that overexpression of
HSP27 maybe reduce cell apoptosis through inhibiting caspase
activity and phosphorylation of MKK4 and JNK after SAH in
rats. In non-phosphorylated form, HSP27 is an ATP-independent
molecular chaperone and exists as the high molecular weight
oligomeric; upon different stimuli, HSP27 is phosphorylated
at Ser15, Ser78, and Ser82 by several protein kinases, and
phosphorylation of HSP27 changes its conformation, which shifts
from the large oligomers to dimers and monomers (Stetler et al.,
2009; Sharp et al., 2013).Whether HSP27 phosphorylation occurs
and subsequently mediates JNK phosphorylation in EBI after
SAH needs to be verified in the following studies.

In addition to the overexpression of HSP27 that provides
neuroprotection, the synthetic mimic peptide where transduced
PEP-1-HSP27 peptide, a fusion peptide consisting of the PEP-1
peptide and human HSP27, can protect against ischemic injury
in a gerbil animal model (An et al., 2008); intravenous injection
of TAT-HSP27 peptide, a fusion peptide consisting of TAT
and human HSP27 ameliorated ischemia/reperfusion-induced
neurological deficits in mice (Shi et al., 2017). The structure
of HSP27 includes the N-terminal domain containing three
serine phosphorylation sites that regulates the reconfiguration
of oligomeric function and structure, and the C-terminal
domain containing β-pleated sheets that functions protein–
protein interactions (Stetler et al., 2009; Sharp et al., 2013).
The N-terminal region of HSP27 proved to be a necessary
domain for neuroprotection in vitro ischemia (Stetler et al.,
2008). So, we synthesized peptides from the N-terminal region
of HSP27 and found that the HSP2765−90 peptide reduces
cortical neuronal death in an in vitro hemolysate-damaged
cortical neuron model (Li et al., 2017), which contains multiple
components and mimics the pathophysiological scenario of
SAH observed in vivo (Zhou et al., 2007). Generally, it is

believed that SAH causes neuronal death in the basal cortex
exposed to bloody CSF (Park et al., 2004). TAT protein
transduction domain can facilitate the delivery of proteins or
peptides without cell type specificity, its fusion peptide can be
delivered into the brain parenchyma after systemic injection
(Cao et al., 2002; Wang et al., 2019). Similar to overexpression
of HSP27, we observed that i.c.v. injection of TAT-HSP2765−90

peptide provides neuroprotection, suppresses mitochondrial cell
apoptosis signaling of active caspase-3, and attenuates cellular
apoptosis in the basal cortex after SAH in rats. There are
several limitations in this study. First, we utilized young male
rats to make the SAH model, whereas aSAH mostly occurs in
middle-aged and elderly women (Duan et al., 2018). Second,
we studied the overexpression or knockdown of HSP27 on
neurological deficit in blood injection SAHmodel, which is fairly
reproducible mild SAH model developed by injecting a fixed
amount of blood into the subarachnoid space (Prunell et al.,
2003).

CONCLUSION

In conclusion, the present study shows that early CSF level
of HSP27 is related to clinical and hematological severity in
patients with aSAH. Expression of HSP27 is first increased and
then declined; overexpression of HSP27, but not knockdown
of HSP27, confers neuroprotection after SAH in rats. TAT-
HSP2765−90 peptide can effectively inhibit neuronal death in an
in vitro hemolysate-damaged cortical neuron model, and thus
attenuated neurological deficit after SAH in rats.
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