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ABSTRACT

Intracerebral hemorrhage (ICH) is a common and severe neurological disorder
associated with high morbidity and mortality rates. Despite extensive research into
its pathology, there are no clinically approved neuroprotective treatments for ICH.
Increasing evidence has revealed that inflammatory responses mediate the patho-
physiological processes of brain injury following ICH. Experimental ICH was
induced by direct infusion of 100 pL fresh (non-heparinized) autologous whole
blood into the right basal ganglia of Sprague-Dawley rats at a constant rate
(10 pL/min). The simvastatin group was administered simvastatin (15 mg/kg) and
the combination therapy group was administered simvastatin (10 mg/kg) and eze-
timibe (10 mg/kg). Magnetic resonance imaging (MRI), the forelimb use asymme-
try test, the Morris water maze test, and two biomarkers were used to evaluate the
effect of simvastatin and combination therapy. MRI imaging revealed that combi-
nation therapy resulted in significantly reduced perihematomal edema. Biomarker
analyses revealed that both treatments led to significantly reduced endothelial
inflammatory responses. The forelimb use asymmetry test revealed that both treat-
ment groups had significantly improved neurological outcomes. The Morris water
maze test revealed improved neurological function after combined therapy, which
also led to less neuronal loss in the hippocampal CA1 region. In conclusion, sim-
vastatin—ezetimibe combination therapy can improve neurological function, attenu-
ate the endothelial inflammatory response and lead to less neuronal loss in the
hippocampal CA1 region in a rat model of ICH.

INTRODUCTION

approaches to the treatment of ICH have not been very
effective, and no satisfactory drug treatments are cur-

Spontaneous intracerebral hemorrhage (ICH) accounts
for approximately 10% of all strokes and is one of the
most lethal forms of stroke, featuring a mortality rate
of 30-50%. ICH is often associated with debilitating
neurological deficits in survivors [1]. To date, surgical

rently available.

Cholesterol-lowering drugs such as 3-hydroxy-3-
methylglutaryl-coenzyme, A reductase inhibitors, and
statins have beneficial effects in various experimental
brain injury models including ischemic stroke [2,3],
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traumatic brain injury (TBI) [4-6], subarachnoid hem-
orrhage [7], and ICH [8] models. Statins reduce inflam-
mation, superoxide free radicals, and thrombus
formation; and increase cell survival, endothelial cell
function, and nitric oxide bioavailability [6]. Intensive
statin therapy incrementally lowers low-density
lipoprotein (LDL) cholesterol levels and nonfatal cardio-
vascular event rates [9,10].

Because of the residual risk of recurrent cardiovascu-
lar events and safety concerns associated with high-
dose statin therapy [11], additional lipid-modifying
therapies have been sought [12,13]. Ezetimibe targets
the Niemann-Pick Cl-like 1 protein, thereby reducing
the absorption of cholesterol from the intestine [14,15].
When combined with statins, ezetimibe reduces LDL
cholesterol levels by an additional 23-24%. Ezetimibe
also enhances the systemic anti-inflammatory effects of
simvastatin and potentiates the impact of simvastatin
on plasma adipokine levels [16].

In addition to the mechanical tissue damage caused
by initial hematomas, injured brain cells and the extra-
vasated components of blood clots trigger a complex
sequence of parallel and sequentially deleterious mecha-
nisms, including inflammatory and oxidative stress path-
ways [17]. In the present study, we evaluated whether
simvastatin and simvastatin—ezetimibe combined ther-
apy improved neurological outcomes and endothelial
inflammatory responses in an experimental ICH model.

Because of its multiparametric nature, magnetic res-
onance imaging (MRI) has become the standard imag-
ing methodology for assessing ischemic and
hemorrhagic stroke [17,18]. MRI is highly sensitive
temporal evolution of intraparenchymal hemorrhage
and cerebral edema [19]. Depending on study timing,
the hematoma core and surrounding regions may
become hyperintense or hypointense on susceptibility-
weighted images and T2-weighted (T2W) images rela-
tive to normal brain tissue. These indices are associated
with the various states of hemoglobin. These types of
MRI findings can be used to assess ICH evolution [20].

According to the studies on spinal cord injury cited
here and in our previous work, both simvastatin and
simvastatin—ezetimibe combination therapy could
attenuate the endothelial inflammatory response. In
the present study, we investigated the effects of simvas-
tatin and simvastatin—ezetimibe combination therapy
in a rat model of ICH on hematoma volume, cerebral
edema, endothelial inflammatory response, neurological
recovery, and neuron loss in the hippocampus. We fur-
ther used temporal MRI measurements to evaluate
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tissue damage profiles. Furthermore, given that our
previous work demonstrated that intercellular adhesion
molecule-1 (ICAM-1) is a good biomarker of the
endothelial inflammatory response and accumulating
evidence demonstrates that brain-derived neurotrophic
factor (BDNF) is a potential biomarker of TBI and
stroke [6,21], we chose these proteins as biomarkers in
the present study.

MATERIALS AND METHODS

ICH model

All experiments were approved (IACUC-103034) by
the Institutional Animal Care and Use Committee
(TACUC) of E-DA Hospital and complied with the
TACUC Guide for the Care and Use of Laboratory Ani-
mals. Adult male Sprague-Dawley rats (n = 30; 250-
300 g body weight) were group-housed with a 12/12-
h light-dark cycle and provided a standard diet. Ani-
mals were anesthetized using isoflurane (3.5% induc-
tion, 1.0-1.5% maintenance) at a 2 : 1 ratio with
N>0/0,. Core animal temperature was maintained at
36-37 °C throughout all surgical and MRI procedures.
Autologous whole blood was aspirated from the tail
vein. Primary ICH was induced by direct infusion of
100 pL of fresh (non-heparinized) autologous whole
blood into the right basal ganglia (coordinates: 0.2 mm
anterior, 5.5 mm ventral, and 3.5 mm lateral to the
midline) while the animal's head was mounted to a
stereotaxic frame. Next, 100 uL of autologous blood
was infused (10 pl/min) with a micro-infusion pump,
as previously [22]. In order to avoid backflow, the
microsyringe was retained in situ for another 10 min
before being slowly withdrawn. For the acute post-ICH
time point, the right femoral artery and vein were can-
nulated to monitor blood pressure.

Simvastatin and combination therapy

The simvastatin group was administered simvastatin
(15 mg/kg) via an oral gastric tube [23]. The combina-
tion treatment group was administered simvastatin
(10 mg/kg) and ezetimibe (10 mg/kg) (Merck, Darm-
stadt, Germany), as previously [24].

Experimental protocol

Animals were divided into four groups: (i) sham, which
underwent a scalp incision only (n = 6); (ii) controls,
which were administered ICH without therapy (n = 8);
(iii) simvastatin (n = 8); and (iv) simvastatin—ezetimibe
combination therapy (n = 8).
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MRI imaging

A conventional MRI scanning protocol was used. All
subjects underwent conventional MRI with a 3.0 T
scanner (MAGNETOM Skyra; Siemens Medical Solu-
tions, Erlangen, Germany) using a 16-channel coil for
high-resolution imaging. T2 mapping of the brain was
performed using an axial multi-echo spin echo sequence
with the following parameters: TR = 5 000 ms; TE, 15,
30, 45, 60, 75, and 90 ms; Nex = 6; FOV, 35 mm;
128 x 64 matrix; slices = 20; thickness, 1 mm without
spacing; duration, 18 min, 07 s.

Hematoma and perihematomal edema volume
Regions of interest (ROIs) were drawn around any
blood clots and edematous tissue. ROI sizes were
approximately equivalent to those of blood clots or
edematous cross-sectional areas on MRI images, as
well as the thickness of each layer in the brain. The
ROIs were positioned on T2 maps using T2-weighted
images as references. ROI conversion was performed
on a pixel-by-pixel basis. A single observer drew and
placed all of the ROIs. Multiple ROIs were placed over
the blood clots and edematous areas in each layer in
each sample. The volumes of all ROIs were calculated
to assess blood clots and edematous areas and to gen-
erate quantitative data using the OsiriX digital analy-
sis program on a Mac OS X computer (OsiriX
Imaging Software, v8.5.0; OsiriX Foundation, Geneva,
Switzerland).

Forelimb use asymmetry test

Forelimb use during exploratory activity was ana-
lyzed by videotaping the rats in a transparent cylin-
der (20-cm diameter, 30-cm height) for 3-10 min,
depending on the degree of activity during the trial.
A mirror was placed to the side of the cylinder at
an angle to enable recording forelimb movements
even when the animal was not facing the camera.
Scoring was done by an experimenter blinded to ani-
mal condition used a video cassette recorder with
slow-motion and clear stop frame capabilities. behav-
iors were scored according to the following criteria:
(i) independent use of the left or right forelimb for
contacting the wall during a full rear to initiate a
weight-shifting movement or to regain the animal’s
center of gravity while moving laterally in a vertical
posture; and (ii) simultaneous use of the left and
right forelimbs for contacting the cylinder wall dur-
ing a full rear and for alternating lateral stepping
movements along the wall.

K.-W. Wang et al.

Occasions when the unimpaired (ipsilateral) forelimb
was used as a percentage of the total number of limb
use observations on the wall (I) were quantified. Occa-
sions when the impaired forelimb (contralateral to the
blood injection site) was used as a percentage of the
total number of limb use observations on the wall (C)
were quantified. Furthermore, occasions when both
forelimbs were used simultaneously (or nearly simulta-
neously during lateral side-stepping movements) as a
percentage of the total number of limb use observations
on the wall (B) were also quantified. As previously
(Hua et al. [25]), a single overall limb use asymmetry
score was then calculated as follows: (I/
[T+ C+B]) — (C/[T+C+B]).

Morris water maze test

Animal spatial memory was tested via the Morris water
maze 28 days after ICH induction. The water maze
pool was 210 cm in diameter and 51 cm in height,
had non-reflective interior surfaces, and had no corru-
gated surfaces or other features that would provide
proximal spatial cues. The training process consisted of
two steps. In step 1 (day 1), the rats were placed on
the platform (11 cm) for 1 min and then made to
swim freely to the platform. If the rats did not reach
the platform within 2 min, they were guided to the
platform by the experimenter. Over the next four days,
the platform was submerged to 1 cm below the surface
of the water and the rats had to find and remember
the location of the platform. Training consisted of two
sessions per day. A different entry site was used for
each daily session, and the rats were placed underwa-
ter to search for the platform. If the rats did not reach
the platform within 2 min, they were guided to the
platform by the experimenter and allowed to stay there
for 10 s. The maximum search time was 2 min. In step
2 (day 7), the platform was removed, and the rats were
placed in the entry site used for the most recent train-
ing period. The latency to reach the platform location
was recorded with a maximum of 2 min.

Determination of ICAM-1 and BDNF levels

Blood samples were collected in tubes with potassium
acetate before injury and at selected times after the
injury (24, 48, and 72 h; 7 days). Samples were then
centrifuged at 3 000 g for 5 min, immediately frozen,
and then stored at —80 °C. ICAM-1 and BDNF levels
were measured using commercially available quantita-
tive sandwich enzyme-linked immunosorbent assay kits
(R&D System, Inc, Minneapolis, MN, USA).
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Immunohistochemistry

Brain sections were dewaxed with xylene and dehy-
drated by ethanol at graded concentrations followed by
distilled water. Sections were then incubated for 10 min
in 3% hydrogen peroxide to block endogenous peroxi-
dase activity. High-temperature (boiled buffer) antigen
retrieval was performed in a 0.01 w citrate buffer at a pH
of 6.0 for 20 min. Brain sections were then incubated
overnight at 4 °C with mouse anti-ICAM1 (CD54),
immunoglobulin G (IgG) (diluted 1 : 200, Thermo,
Carlsbad, CA, USA), rabbit anti-NeuN (diluted 1 : 500,
Proteintech, Rosemont, IL, USA), or mouse anti-BDNF
IgG (diluted 1 : 200, Abcam, Cambridge, UK) in PBS
containing 0.3% (v/v) Triton X-100, followed by incuba-
tion in 37 °C EnVision (Zymed, South San Francisco,
CA, USA) solution for 30 min. Finally, sections were
incubated with peroxidase substrate diaminobenzidine
until a desired staining intensity developed, followed by
slight counterstaining with hematoxylin, dehydration,
and cover-slipping with permount. Between incubations,
the tissue was washed with PBS three times for 10 min
each. Photographing was performed using a microscope
(Olympus BX43F, Tokyo, Japan) and ProgRes Cap-
turePro software (Jenoptik Laser GmbH, Jena, Germany).

Cell counting
Counting of NeuN-positive cells was done in the dorsal
region of the CA1 region of the hippocampus. For each
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animal, at least four microphotographs of the whole
hippocampus of both the left and right hemispheres
were obtained (Figure 1). Images were captured with
an Aperio AT2 (Leica Biosystems, Nullloch, Germany)
and analyzed via Aperio software.

Statistical analyses

Data are expressed as means =+ standard errors in all
plots. Difference between post- and pre-injury outcomes
were calculated and compared between the groups
(control, simvastatin, and combination) using one-way
analyses of variance. Bonferroni’'s post hoc comparisons
were used to investigate pairwise comparisons between
any two groups. Values of P < 0.05 were statistically
significant. Data analyses were conducted using SPSS
22 (IBM, Armonk, NY, USA).

RESULTS

ICAM-1 and BDNF analyses

ICAM-1 levels did not differ between groups (Figure 2a)
and no intragroup differences (compared to pre-ICH)
were observed at any time point. Compared to the con-
trol group, significantly elevated BDNF levels were
noted in the simvastatin and combination therapy
groups (simvastatin—ezetimibe) at 24 h and 72 h
(P =0.026 and 0.044 for simvastatin; P = 0.002 and
0.024 for combined therapy, both respectively). BDNF

Figure 1 Photomicrographs showing immunohistochemical staining (NeuN) of the rat hippocampal CA1 region at different
magnification. The survival neurons with different intensity of NeuN staining in the hippocampal CA1.
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levels were significantly elevated at 7 days in the sim-
vastatin group as compared to the control group
(P = 0.043) (Figure 2b).

Neurological function analysis

Forelimb use asymmetry test revealed significant neu-
rological function differences in the simvastatin and
combination therapy groups and no intergroup differ-
ences (Figure 3a). The Morris water maze test revealed
improved neurological functioning in the combined
therapy group (Figure 3b).

MRI findings

Hematomas did not change in size across groups (Fig-
ure 4a). In an analysis of perihematomal edema, only
the combination therapy led to significant reductions
in perihematomal edema on day 7 post-injury
(P < 0.05) (Figure 4b). In addition, no significant
changes between pre-ICH and day 3 levels of

—&— Simvastatin
Sham

—a— No treatment
—e— Combined

Pre ICH 24 hr 72 hr 7 day

—&— Simvastatin
Sham

500 - —a— No treatment
—e— Combined

400 A
300 A

200 A

BDNF (pg/ml x 10°)

-

o

o
!

o

Pre ICH 24 hr 72 hr 7 day

Figure 2 Analyses of ICAM-1 revealing no significant differences
among the control, simvastatin, and combination therapy groups
(a). The simvastatin group exhibited significantly elevated BDNF
levels at all time points, while the combination therapy group
exhibited significantly elevated BDNF levels at the 24-h and 72-h
time points (b). *P < 0.05 for Bonferroni post hoc comparison vs.
the simvastatin group; P < 0.05 for Bonferroni post hoc
comparison vs. the combination group. Data are presented as
means + standard errors. ICAM-1, intercellular adhesion
molecule-1; BDNF, brain-derived neurotrophic factor.
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perihematomal edema volume occurred, though this
did significantly decrease from day 3 to day 7 (Fig-
ure 4b).

Immunohistochemistry

Immunohistochemistry (IHC) studies revealed greater
ICAM-1 expression in the control group and greater
BDNF expression in both therapy groups (Figure 5).

Loss of hippocampal CA1 neurons

Both treatment groups had significantly less CA1 neu-
ron loss than the control group. The combination ther-
apy group had significantly less CA1 neuron loss than
the simvastatin group (Figure 6).

DISCUSSION

Brain injuries after ICH are broadly divided into pri-
mary and secondary subtypes. After the sudden rup-
ture of cerebral blood vessels, a hematoma rapidly
forms and compression of the surrounding brain tissues
occurs, leading to a sharp increase in intracranial pres-
sure and primary brain injury [26]. Secondary brain
injury following ICH is mediated by the primary injury
(e.g., mass effect, high intracranial pressure, mechani-
cal stress), as well as by the physiological response to
the hematoma and the products of hematoma degrada-
tion, such as inflammation and cerebral edema [27].

In ICH, inflammation begins immediately after hema-
toma formation, and increasing evidence has shown
that inflammation is a crucial contributor to ICH-in-
duced secondary brain injury [28]. The inflammatory
mechanisms underlying ICH-induced brain injury are
complex and involve multiple signaling pathways. The
inflammatory response is an important factor in brain
injury after ICH and results in the loss of neurological
function. Decreasing or preventing inflammation may
be a potential treatment for patients with ICH [26].
Furthermore, the inflammation, thrombin activation,
and erythrocyte lysis caused by primary injury may
promote the formation of brain edema, which is associ-
ated with poor outcomes and more severe injury. Brain
edema is a pathological phenomenon in which the
brain’s water volume increases and which reflects the
degree of brain injury caused by ICH. The mechanism
underlying brain edema is complicated and involves
vasogenic factors, thrombin formation, erythrocyte
lysis, hemoglobin (Hb) toxicity, and inflammatory reac-
tions [29]. To ameliorate the development of inflamma-
tory reaction after ICH might reduce cerebral edema.
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Our MRI results revealed significantly reduced cere-
bral edema after combination therapy. Perihemtomal
edema (PHE) develops in response to clot retraction
and a hydrostatic pressure changes [30], the mass
effect, thrombin formation, erythrocyte lysis, Hb toxic-
ity, complement activation, plasma protein leakage,
and blood-brain barrier (BBB) disruption [29]. Inflam-
mation, thrombin activation, and red blood cell lysis
further contribute to BBB disruption, resulting in peri-
hematomal edema formation. All of these pathological
conditions are also related to the endothelial inflamma-
tory response. Given the results of the MRI examina-
tion in the present study, a combination therapy could
significantly attenuate the endothelial inflammatory
response.

Hematoma size, which determines outcomes
humans and rats, can vary across ICH models with
injected blood volume changes or heparin use. In the
present study, the volume changes of hematoma
between the different groups were not significant. Our
MRI analysis revealed that only the combination ther-
apy can reduce PHE on day 7 post-injury. These

in

Day (2-1)

Day (3-2) Day (4-3) Day (5-4)

finding are compatible with the combination therapy
could significantly attenuate the endothelial inflamma-
tory response.

During inflammatory processes, adhesion molecule
expression on leukocytes and their ligands on endothe-
lial cells in postcapillary venules increases [31]. Infiltra-
tion through the BBB involves leukocyte rolling,
adhesion, and transendothelial migration. Given these
known mechanisms and a prior study of TBI, we chose
ICAM-1 as a biomarker of the endothelial inflammatory
response in the present study [6]. The expression of
ICAM-1 did not differ statistically between the control
and therapy groups in the present study. However,
given our IHC results, decreased expression of ICAM-1
occurred in the combination therapy group.

Neurotrophins, endogenous peptides secreted from
neuronal and glial cells, are also associated with func-
tional regulation, survival, and the development of
individual cells and neuronal networks across the
brain. The neurotrophin family of proteins includes
nerve growth factor (NGF), BDNF, neurotrophin-3, and
neurotrophin-4/5, which are classified together based
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Figure 4 There were no significant reductions in hematoma size in the control, simvastatin, or combination therapy groups (a). An

analysis of perihematomal edema revealed that only the combination therapy group had significant reductions in perihematomal edema

on day 7 after injury (b). T2 map image, black arrow indicating hematoma and red arrow indicating perihematomal edema (c).

*P < 0.05.

on their structural similarity to NGF, the first neu-
rotrophin discovered [32]. Neurotrophins are able to
exert their neuroprotective effect through the trans-
membrane receptors that they bind to and via the sig-
naling cascades they initiate [33]. For instance, a TBI
study found that circulating BDNF is suppressed in TBI
and that low BDNF values are associated with poor
recovery, suggesting that BDNF deserves further evalu-
ation as a potential biomarker of TBI damage and
recovery [21]. In a recent study, BDNF levels were also
associated with clinical prognosis in the acute phase of
ischemic stroke [34]. Based on these prior reports, we
chose BDNF as a biomarker of the experimental ICH
model used here. We found that simvastatin and a
combination therapy led to significant elevations in
BDNEF. Given its properties, BDNF is more abundant in
circulation than other structural proteins, increasing
assay sensitivity. The present study data demonstrated
a significant effect of drugs on BDNF in an ICH model.
Although circulating BDNF may originate from the
hippocampus, cerebral cortex, and basal forebrain [35],
it may also derive from other cellular sources, includ-
ing platelets [36], smooth muscle cells, and vascular
endothelial cells [37]. BDNF levels could therefore
reflect the degree of vascular endothelium and intrac-
erebral structure destruction.

Neuronal loss in the hippocampal CA1l after ICH
may have been due to secondary damage to hippocam-
pal CA1 neurons. Previous studies have demonstrated
that secondary brain injury, rather than primary
mechanical injury, contributes to some serious compli-
cations following ICH [38,39]. Hematoma formation
within the brain activates a coagulation cascade which
leads to the production of thrombin, which may induce
the release of pro-inflammatory cytokines [40]. The
inflammatory response may therefore exacerbate neu-
ronal impairment. The treatment groups assessed here
exhibited less neuron loss and are consistent with
attenuated inflammatory responses relative to controls.
Another possible mechanism underlying the neuron
loss noted in the present study may have been edema
formation after ICH. Perihematomal edema further
indicates functional and morphological alterations in
cerebral capillaries that could result in tissue hypoxia
and hippocampal neuron damage [41,42]. BDNF is the
major neurotrophic factor that controls of the function-
ing of the hippocampus [43], therefore elevated BNDF
can decrease neuron loss in the hippocampus in the
therapy groups.

The results of the present study demonstrate that
simvastatin and combination therapy attenuated the
endothelial inflammatory response and perihematomal
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Figure 5 Increased intracellular adhesion molecule-1 expression was noted in the control group (no treatment), and greater brain-
derived neurotrophic factor (BDNF) expression was noted in the therapy groups relative to the control group.
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Figure 6 Photomicrographs of immunohistochemical staining of rat hippocampal CA1 in the (a) combination therapy, (b) simvastatin,
(c) control, and (d) sham groups using antibodies specific for NeuN. (e) Cell number mean + SEM (via Aperio software analysis)
indicating different staining intensities across groups. The survival neurons with different intensity of NeuN staining were demonstrated
in Figure 1. *P < 0.05, **P < 0.01, ***P < 0.005 (Student’s t-test).
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edema, and improved neurological function in a rat
model of ICH. Both treatment groups had significantly
less neuron loss than the control group. Notably the
combination therapy group had significantly less neu-
ron loss than the simvastatin group.

Before these results can be translated into clinical
domains, several aspects require some further under-
standing. Given the safety concerns associated with the
side effect from the high-dose statin therapy, an addi-
tional lipid-modifying therapy is considered. When
added to statins, ezetimibe reduces LDL cholesterol
levels by an additional 23-24%, and side effects such
as myotoxicity and/or rhabdomyolysis traditionally
caused by statin treatment alone are not noted with
combination therapy [38]. Statins also have numerous
vasculoprotective properties that lead to
improvements in endothelial function [44,45]. Ezetim-
ibe could provide anti-inflammatory activity of ezetim-
ibe by regulating NF-kB/MAPK pathway [46]. Such
combination therapy could therefore attenuate the
endothelial inflammatory response from our results,
though differences in simvastatin dose and ezetimibe
effect should be examined. Notably, Ezetimibe is
absorbed into the circulation and acts locally by
inhibiting cholesterol absorption from the small intes-
tine. This drug could therefore provide significant anti-
inflammatory effects by simply administration accord-
ing to our results. Despite this promise, however, the
mechanism(s) underlying ezetimibe efficacy in ICH
requires further investigation.

In conclusions, the present study demonstrate that
combination therapy may attenuate the endothelial
inflammatory response and perihematomal edema in a
model of ICH. However, differences between the effects
of simvastatin and combination therapy on the
endothelial inflammatory response may require further
investigation. Furthermore, between the two biomark-
ers we selected for the evaluation of the endothelial
inflammatory response and neurological function after
experimental ICH, we found that BDNF was a potential
predicting biomarker for ICH.

overall
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