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Introduction

Intracerebral hemorrhage (ICH) is a stroke subtype 
accounting for 15–20% of all strokes in the Caucasian pop-
ulation [1], and an even higher proportion, up to 20–30%, 
in Asian [2]. It is one of the most lethal and destruc-
tive types of stroke associated with poor prognosis, with 
30–50% of ICH patients died within 1 month and less than 
one-third of survivors returning to functional independence 
[3]. Presently, no pharmacological or surgical therapy has 
demonstrated any significant benefit in ICH [4].

Studies have demonstrated that ICH-induced neuro-
logical damage can be divided into primary and second-
ary brain injury [5]. Primary injury evoked by the physical 
destruction due to rapid hematoma formation [6] and the 
subsequent developments of various parallel pathologi-
cal processes such as neuroinflammation, oxidative stress, 
neuronal apoptosis and excitotoxicity altogether contribute 
to secondary injury [7, 8]. Activated inflammatory cells 
including resident microglia, infiltrating neutrophils and 
macrophages secrete different kinds of cytokines such as 
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 
interleukin-6 (IL-6) and interleukin-4 (IL-4) that induce 
cerebral edema, blood–brain barrier disruption and neu-
ronal apoptosis [9, 10]. On the other hand, oxidative stress 
caused by the imbalance between free radicals and the 
anti-oxidant system is a prominent and early feature in the 
pathogenesis of neuronal damage [11]. Thus, targeting the 
mechanism underlying the secondary damage could serve 
as a promising strategy for the treatment of ICH.
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Baicalein (5,6,7-trihydroxyflavone), a flavone subclass 
of flavonoid, is a major active constituent in the roots of 
medicinal herb Scutellaria baicalensis [12]. This com-
pound has been shown to possess a variety of biological 
characteristics including anti-bacterial effect [13], anti-
hypertension effect [14], tumor growth inhibition [15] 
and amelioration of ischemic/reperfusion injury [16]. 
Several studies have demonstrated that baicalein has a 
highly potent cytoprotective effect on preventing doxo-
rubicin-induced cardiomyocyte apoptosis [17] and radi-
ation-induced apoptosis in human keratinocyte cell [18]. 
It has also been reported that baicalein can significantly 
attenuate reactive oxygen species (ROS) generation [19] 
and effectively reduce inflammatory response by inhibit-
ing the NF-κB [20], JAK/STATs [21], and MAPK [22] 
signaling pathways. In addition, as a small molecule, bai-
calein is able to penetrate the blood brain barrier [23]. 
Given this, we hypothesize that baicalein could offer ben-
eficial effects on ICH-related brain damage by inhibiting 
cell apoptosis, inflammation and oxidative stress.

Materials and Methods

Experimental Design

Adult female Sprague–Dawley rats aged 8  weeks were 
purchased from the Slac Laboratory Animal (Slac, 
Shanghai, China). All procedures were approved by the 
Animal Care and Use Committee of Guangxi Medical 
University. Baicalein was obtained from Sigma–Aldrich 
Chemical Co. (St. Louis, MO, USA).

In total, 192 rats were equally randomized into four 
groups: (1) Sham group, rats were injected with 1  μl 
saline into the striatum over 10 min. At 1 h after sham-
ICH induction, the vehicle (1  ml sterile saline plus 1% 
DMSO) was administrated via intraperitoneal injection 
(i.p.); (2) ICH + vehicle group, 1 ml vehicle was admin-
istered i.p. to each animal 1 h after ICH induction; (3, 4) 
ICH + baicalein group, 10  mg/kg baicalein (group 3) or 
50 mg/kg baicalein (group 4) in 1 ml vehicle was admin-
istered i.p. to each animal 1 h after ICH. Since baicalein 
is practically insoluble in water, we obtained the baica-
lein suspension through ultrasonic fragmentation, centrif-
ugation and mixing with vortexer in order to dissolve as 
much baicalein as possible. The vehicle was preheated at 
42 °C and the pH was adapted to 6–7 using sodium bicar-
bonate. The suspension was prepared fresh at the time of 
use.

Equivalent volume (1  ml) of the vehicle or baicalein 
was intraperitoneal injected at a 12 h interval for 3 days.

Establishment of the ICH Model

The ICH model was generated via the stereotaxic intrastri-
atal injection of collagenase type VII (Sigma-Aldrich, St. 
Louis, MO, USA) according to a published method [24]. 
After anesthetization, a burr hole was drilled at the injec-
tion site (3.0 mm left lateral to the midline, 0.2 mm poste-
rior to bregma, 6 mm in depth below the skull) and bacte-
rial collagenase type VII (0.23 U dissolved in 1 μl saline) 
was infused slowly (0.5  μl/min) into the central striatum. 
The needle was maintained in the injection site for an addi-
tional 10 min to prevent backflow. The craniotomies were 
sealed with bone wax.

Neurological Scoring

To assess neurological abnormalities of the animals, the 
modified neurological severity score (mNSS) method was 
performed at 1 h, 1 day and 3 days after ICH by two inde-
pendent investigators blinded to the experimental treat-
ment scheme. The mNSS test included motor tests, sensory 
tests, beam balance tests, and reflexes absent and abnormal 
movements [25]. Neurological function was graded on a 
0–18 scale (normal score = 0; maximal deficit score = 18).

Morphometric Measurement of the Lesion Volume

In short, the rat brain on day 3 post-ICH (n = 8, each group) 
was cut coronally through the needle entry site (identifiable 
on the brain surface) to obtain serial slices (2  mm thick-
ness) anterior and posterior to the needle entry site. Digital 
photography of the serial slices was taken and the lesion 
volume was computed using ImageJ software. The total 
lesion volume (mm3) was calculated by summing the blood 
clot area in each section by the distance between sections.

Assessment of Brain Edema

A total of 32 rats were randomly used in the assessment 
of brain water content, using a common wet/dry method 
according to a published protocol [26]. Three days after 
ICH or sham-operation, rats were anesthetized and decapi-
tated. The brain was removed and separated into contralat-
eral and ipsilateral hemispheres and cerebellum. The sam-
ple was weighed immediately to obtain the wet weight, 
and then dried at 160 °C for 24 h to obtain the dry weight. 
Water content was calculated as: [(wet weight−dry weight)/
(wet weight)] × 100%.

TUNEL assay

TUNEL staining was performed to detect cell apopto-
sis [27] using an In Situ Cell Death Detection kit (Roche, 
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Mannheim, Germany). In short, the sections were permea-
bilizated in 0.1% Triton X-100 at 4 °C for 2 min, followed 
by incubation with TdT enzyme in reaction buffer contain-
ing TMRred labeled dUTP at 37 °C for 1 h. Finally, the sec-
tions were visualized using a converter-POD with 0.03% 
3,3′ diaminobenzidine.

Immunofluorescence Tissue Staining

The sections were fixed and blocked with 5% goat serum 
in PBST (0.1% TritonX-100 in phosphate buffered saline) 
for 1  h. Then, the sections were incubated with primary 
antibodies against activated caspase-3 (Sigma-Aldrich, St. 
Louis, MO, USA, 1:200) for 2 h at room temperature, fol-
lowed by an Alexa Fluor 488-conjugated secondary anti-
body (Invitrogen, Carlsbad, CA, USA). Immunofluores-
cence signals were captured using a confocal microscope 
(LSM 710, META Laser Scanning Microscope, Zeiss).

Western Blot Analysis

Eight rats from each group were sacrificed at day 3 after 
ICH or sham-operation. For western blot analysis, tissues 
surrounding the hematoma or sham group were excised, 
carefully isolated and lysed using radioimmunoprecipita-
tion assay (RIPA) lysis buffer. Protein concentrations were 
determined using the micro bicinchoninic acid (BCA) 
assay (Thermo Fisher Scientific). The lysate sample (40 μg) 
was separated using 10 or 12% SDS–polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene dif-
luoride (PVDF) membranes (Millipore, Bedford, MA, 
USA). The primary antibodies used included the following: 
anti-caspase-3, anti-cleaved caspase-3 (Abcam, Cambridge, 
UK, 1:1000), anti-IL-1β, anti-IL-4, anti-IL-6, anti-TNF-α 
(Sigma-Aldrich, St. Louis, MO, USA, 1:1000), and anti-
GAPDH (Sigma-Aldrich, St. Louis, MO, USA, 1:10,000). 
Immunoreactive bands were quantitatively analyzed with 
ImageJ software.

Determination of Oxidative Stress Factors

The level of MDA in the brain tissues was detected using 
the thiobarbituric acid (TBA) reaction method [28]. In 
brief, 100 μl of homogenization sample and 100 μl of SDS 
lysis buffer were added into micro centrifuge tubes, shaken 
thoroughly, and incubated for 5 min at room temperature. 
Then, 250 μl of TBA was added to each tube and the tubes 
were incubated at 95 °C for 60 min. After incubation, sam-
ples were centrifuged at 3000  rpm for 15 min and 300 μl 
of supernatant from each tube was transferred to another 
tube containing 300  μl of n-Butanol. After centrifuga-
tion (10,000g, 4 °C, 5 min), the absorbance values of each 

sample were read at 532 nm on a Microplate Reader (Tecan 
Group AG, Männedorf, Switzerland).

To measure superoxide dismutase (SOD) activity, tis-
sues homogenate and 25 mM HEPES buffer (pH 7.4) con-
taining 250 mM sucrose and 1 mM EDTA were mixed and 
centrifuged at 1500g for 5  min at 4 °C [29]. Supernatant 
were collected to assay SOD activity using a SOD assay 
kit (Cayman Chemical Company, Ann Arbor, MI, USA) 
according to the manufacturer’s instructions.

For the analysis of glutathione peroxidase (GSH-Px) 
activity, samples were homogenized in 25  mM HEPES 
buffer (pH 7.4) containing 250 mM sucrose, 5 mM EDTA 
and 1 mM DTT and centrifuged at 10,000g for 15 min at 
4 °C [29]. The activity of GSH-Px was measured in super-
natants using a GSH-Px assay kit (Cayman Chemical Com-
pany, Ann Arbor, MI, USA) following the manufacturer’s 
instructions.

Sandwich ELISA Method

According to the manufacturer’s instructions, the expres-
sion levels of IL-1β, IL-4, IL-6 and TNF-α in the rat ipsilat-
eral striatal tissue extract (n = 8, each group) were detected 
by ELISA kits from the R&D system (Minneapolis, MN, 
USA). Based on the color reaction of antibodies and cyto-
plasm extract, the absorbance values were determined at 
450 nm on a Microplate Reader (Tecan Group AG, Männe-
dorf, Switzerland).

Statistical Analysis

Data were statistically analyzed using statistical software 
package SPSS 20.0 (SPSS, Chicago, IL, USA) and are pre-
sented as mean ± standard deviation (SD). For the behav-
ioral test, analysis of variance (ANOVA) with Bonferroni 
post hoc test was performed. For other analyses, data were 
analyzed by unpaired Student’s t test if they were normally 
distributed. A significant difference among groups was set 
at p < 0.05.

Results

Baicalein Reduced Neurological Damages

Firstly, we investigated the impact of baicalein on the col-
lagenase-induced rat model of intracerebral hemorrhage, 
through analysis of the neurological severity score. At 1 h 
after ICH or sham-operation, all ICH rats showed vary-
ing degrees of neurological damage symptoms (Fig. 1a), 
confirming that the ICH model was successfully estab-
lished. Furthermore, as shown in Fig. 1b, intraperitoneal 
injection of baicalein significantly improved the mNSS 
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score in a dose- and time-dependent manner compared 
with the vehicle-treated group at day 1 and 3 after ICH 
injury. Additionally, the treatment of baicalein at the dose 
of 50 mg/kg offered more remarkably suppressive effects 
of neurological deficits compared with the dose of 10 mg/
kg (Fig. 1b).

Baicalein Reduced the Lesion Volume and Brain 
Edema

Brain lesion volume is highly associated with the degree 
of brain injury [30]. Therefore we investigated whether 
baicalein could reduce brain lesion volume using image 
analysis techniques on day 3 post-ICH. Our results demon-
strated that brain sections of baicalein-treated rats exhib-
ited a decreased lesion area compared with ICH + vehicle 
group (Fig.  2a). Quantification data showed, compared 
with the vehicle-injected group, that baicalein-injected rats 
presented a markedly reduced lesion volume on day 3 and 
the inhibitory effects of ICH + 50  mg/kg baicalein group 
was more obvious than ICH + 10  mg/kg baicalein group 
(Fig. 2b).

As the brain edema plays a crucial role in ICH-related 
brain damage [26], we further quantified brain water con-
tent using the wet/dry method [26]. In comparison with 
the sham group, the brain water content in the ICH + vehi-
cle group was significantly increased 3  days after ICH 
(Fig.  2c). As the same trend as the lesion volume assay, 
when rats were treated with baicalein for 3 days after ICH, 
the brain water content was significantly decreased than 
that of rats treated with vehicle (Fig. 2c).

Baicalein Suppressed Neuronal Apoptosis

ICH-induced neuronal apoptosis appear to be a key factors 
contributing to secondary brain damage [31]. To inves-
tigate whether baicalein had any inhibitory effect on neu-
ronal apoptosis, TUNEL staining, Western blot analysis 
and immunofluorescence tissue staining were performed. 
The TUNEL staining and quantification results showed that 
the number of TUNEL positive cells in the hemorrhagic 
boundary decreased dose-dependently in baicalein-treated 
rats compared with ICH + vehicle group (Fig. 3a, b). Next, 
it was found by Western blot that, when rats were intraperi-
toneal injected with baicalein for 3 days, the protein levels 
of cleaved caspase-3 were markedly repressed (Fig.  3c). 
Further immunofluorescence staining demonstrated a high 
expression of activated caspase-3 protein within the hem-
orrhage lesion and in the surrounding periphery. Baicalein 
treatment significantly attenuated the expression of acti-
vated caspase-3 than those treated with vehicle (Fig. 3d, e), 
which was in accordance with our Western blot results.

Baicalein Inhibited Oxidative Stress

Exaggerated oxidative stress contributes to ICH induced 
brain damages [32]. In light of this, we determined the 
levels of MDA, SOD and GSH-Px, three confirmed bio-
markers of oxidative stress, in the brain tissues. The results 
show that the level of MDA was significantly higher and 
the SOD and GSH-Px activity were markedly decreased 
in the ICH + vehicle group than the sham group (Fig.  4a, 
b, c). We also found that baicalein (50  mg/kg) treat-
ment significant increase of SOD and GSH-Px activities 

Fig. 1   Baicalein promoted neurological functional recovery after 
ICH a The mNSS test was performed at 1  h after ICH or sham-
operation. b Rats received vehicle or baicalein at a dose of 10  mg/

kg or 50 mg/kg. The mNSS test was performed at day 1 and day 3 
after ICH or sham-operation. Data were presented as mean ± SD, 
*p < 0.05; **p < 0.01; ***p < 0.001
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and down-regulated of the MDA level (Fig.  4a–c). The 
anti-oxidative effect was also observed to some extent in 
ICH + 10 mg/kg baicalein group and was not significant.

Baicalein Attenuated Pro‑Inflammatory Cytokine 
Levels

At last, we studied the anti-inflammation effect of baicalein 
on ICH. In comparison with the sham group, the protein 
levels of IL-1β, IL-4 and IL-6 and TNF-α were increased 
remarkably in ICH + vehicle group according to the ELISA 
and Western blot analysis (Fig.  5a–c). In addition, the 
expressions of these four pro-inflammatory cytokines were 
notably inhibited in ICH + 50 mg/kg baicalein group com-
pared with groups administrated with vehicle (Fig.  4a). 
However, only IL-1β and TNF-α were significantly down-
regulated and IL-4 and IL-6 were not obviously changed 
between ICH + 10 mg/kg baicalein group and ICH + vehi-
cle group (Fig. 5a–c).

Discussion

Intracerebral hemorrhage is an important public health 
problem associated with high mortality and morbidity and 
yet no effective medical treatments has been found [3]. 
Although the pathophysiological mechanism of ICH are 
still unclear, the secondary injury, which was resulted from 

a number of self-destructive processes such as neuroin-
flammation, apoptosis and oxidative stress, is the key fac-
tor contributing to ICH-induced brain damage [30], hence 
approaches involving agents that had the ability of anti-
inflammatory, anti-oxidative and neuronal apoptosis inhibi-
tion might lessen the consequence of hemorrhagic stroke.

In the present study, we identified baicalein as a novel 
compound that significantly promoted the recovery of nerve 
function in collagenase-induced rat model of ICH. Our 
results indicated that baicalein treatment, especially in dose 
of 50 mg/kg, significantly decreased neurological severity 
score at day 1 and 3 after ICH injury. This appeared to be 
consistent with the previous studies that baicalein exerted 
a protective effect on blood–brain barrier (BBB) disrup-
tion in the rat model of ICH via inhibition of MAPKs and 
NF-κB signaling pathways, leading to decreased forma-
tion of nitric oxide synthase (iNOS) and peroxynitrite [33]. 
Additionally, the therapeutic effect of baicalein also be con-
firmed in other brain injury models including subarachnoid 
hemorrhage [34] and ischemic brain injury [35].

Brain edema is one of the most important surrogate 
markers of perihematomal inflammation and tissue damage 
and peaks at day 3 after ICH [36]. Reducing brain edema 
can be seen as a aspect of rescuing the neurovascular unit. 
Our results demonstrated that baicalein markedly reduced 
the cerebral water content. This phenomenon might be due 
to the anti-inflammation effect of baicalein, which conse-
quently decreased capillary permeability and exudation 

Fig. 2   Baicalein reduced the lesion volume and brain water con-
tent after ICH a Images of coronal Sect. (2 mm thickness) of rats in 
four groups. b Quantitative analysis of the lesion volume on day 3 
post-ICH. c Brain water content evaluated on day 3 post-ICH was 

expressed as percentage of the wet weight: [(wet weight−dry weight)/
(wet weight)] × 100%. Data were presented as mean ± SD, *p < 0.05; 
**p < 0.01; ***p < 0.001
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of tissue fluid. Besides, we also uncovered that baicalein 
could significantly attenuate the lesion volume on day 3 
post-ICH. Inflammatory effect, oxidative stress and neu-
ronal apoptosis, 3 crucial factors of secondary brain dam-
age [37], were remarkably reduced by baicalein treatment. 
These results made us easy to understand the suppressive 
effects of baicalein on brain lesion volume. On the other 
hand, baicalein could significantly ameliorate angiotensin 
II-induced hypertension [38] and lower blood pressure, 
reducing absolute volume of hemorrhage. Therefore, these 
data indicated that the reduction of lesion volume observed 

in our study were probably not only due to the inhibition 
of secondary injury, but also owing to its anti-hypotensive 
effect.

Many bioactive small molecules derived from different 
natural resources have been identified as effective anti-
inflammatory drugs for years [39]. Baicalein has been 
proved to serve as a promising agent of many inflamma-
tory diseases such as atopic dermatitis [40], asthma [41] 
and rheumatoid arthritis [42]. Inflammation clearly plays 
a major role in ICH-induced brain injury. After ICH, the 
hemorrhage lesion and the surrounding tissues presents 

Fig. 3   The anti-apoptotic effect of baicalein a Images of TUNEL 
staining at the perihematomal region in different experimental groups 
and b quantification of the percentage of TUNEL positive cells. Scale 
bars, 50 μm. c The protein expression of caspase-3 and cleaved cas-
pase-3 at day 3 after baicalein treatment. d Immunofluorescence 

images of activated caspase-3 (green) staining at the perihematomal 
region in different experimental groups. Nucleus was stained with 
DAPI (blue). Scale bars, 50  μm. e Quantification of the expression 
of activated caspase-3. Data were presented as mean ± SD, *p < 0.05; 
**p < 0.01; ***p < 0.001. (Color figure online)
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an exaggerated inflammatory response characterized by a 
larger number of inflammatory cells infiltration and pro-
inflammatory cytokine secretion [24]. Our experiments 
uncovered that the protein levels of IL-1β, IL-4 and IL-6 
and TNF-α were markedly decreased in rats treated with 

baicalein compared with rats in ICH + vehicle group, thus 
limiting inflammation and promoting behavioral recovery. 
In addition, inflammation leads to cell apotosis [43]. Neu-
ronal apoptosis represents a prominent form of cell death 
in the perihematoma regions after ICH and results in blood 

Fig. 4   The anti-oxidation effect of baicalein a The content of MDA and b the activities of SOD and GSH-Px in the ICH and sham-operation 
brain tissue. Data were presented as mean ± SD, *p < 0.05; **p < 0.01; ***p < 0.001

Fig. 5   The anti-inflammatory effect of baicalein a ELISA analysis 
for IL-1β, IL-4 and IL-6 and TNF-α protein expression in the ICH 
and sham-operation brain tissue. b The protein expression of IL-1β, 
IL-4 and IL-6 and TNF-α at day 3 after baicalein treatment. c The 

band intensities corresponding to IL-1β, IL-4, IL-6 and TNF-α were 
quantitated and normalized to GAPDH using ImageJ. Data were pre-
sented as mean ± SD, *p < 0.05; **p < 0.01; ***p < 0.001
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brain barrier dysfunction and oxidative cascades, leading to 
brain damage [44]. We found that the number of TUNEL 
positive cells and the expression of activated caspase-3 
were down-regulated after baicalein treatment, indicating 
that baicalein could promote neural functional recovery by 
suppressing neuronal apoptosis.

Previous studies demonstrated that the activity of enzy-
matic antioxidant systems decreased and the products of 
lipid peroxidation increased after ICH, and oxidative stress 
is highly associated with ICH-induced early brain injury 
[11]. It was reported that baicalein offered anti-oxidative 
effect in many kinds of disease models [45, 46], which was 
in accordance with our finding that baicalein intraperito-
neal injection significantly increased SOD and GSH-Px 
activity and down-regulated MDA level.

Although these findings are noteworthy, some limita-
tions in our research must be recognized. In future work, 
these findings should be replicated in other validated mod-
els of ICH like autologous blood injection. Moreover, the 
therapeutic effect of baicalein needs to be investigated in 
other nerve injury models including traumatic brain injury 
and spinal cord injury. Also, more investigations are still 
essential to elucidate the precise mechanisms of how baica-
lein affects neuron apoptosis, neuroinflammation and oxi-
dative stress.

In conclusion, our work revealed that baicalein could 
effectively promote neuronal and behavioral recovery 
through suppressing many aspects of ICH-related brain 
damage. Baicalein is a promising anti-inflammatory, anti-
oxidative and anti-apoptosis agent and has a potential to be 
developed into a novel drug for clinical treatment of ICH 
and ICH-related brain damage.
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