Original Article

JCBFM

Distinct role of heme oxygenase-|
in early- and late-stage intracerebral
hemorrhage in 12-month-old mice

Journal of Cerebral Blood Flow &
Metabolism

2017, Vol. 37(1) 25-38

© Author(s) 2016

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0271678X16655814
jcbfm.sagepub.com

®SAGE

Zhen Zhang*', Yuejia Song?, Ze Zhang?, Danyang Li',
Hong Zhu', Rui Liang', Yunhe Gu', Yuxin Pang', Jiping Qi',

He Wu' and Jian Wang*

Abstract

Intracerebral hemorrhage (ICH) is a devastating form of stroke with high morbidity and mortality. Heme oxygenase-|
(HO-1), the key enzyme in heme degradation, is highly expressed after ICH, but its role is still unclear. In this study, we
used an HO-1 inducer and inhibitor to test the role of HO-1 in different stages of ICH in vivo and in vitro. In the early
stage of ICH, high HO-I| expression worsened the outcomes of mice subjected to the collagenase-induced ICH model.
HO-1 increased brain edema, white matter damage, neuronal death, and neurobehavioral deficits. Furthermore, elevated
HO-1 increased inflammation, oxidative stress, matrix metalloproteinase-9/2 activity, and iron deposition. In the later
stage of ICH, long-term induction of HO-| increased hematoma absorption, angiogenesis, and recovery of neurologic
function. We conclude that HO-1 activation mediates early brain damage after ICH but promotes neurologic function

recovery in the later stage of ICH.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating type
of stroke with high morbidity and mortality. Studies
have shown that hemin, the oxidized form of heme, is
highly toxic to brain tissue.' * Free hemin can induce
an inflammatory reaction and disturb the blood—brain
barrier (BBB)."*** Because hemin cannot be recycled in
the central nervous system (CNS), increasing hemin
metabolism may be an effective strategy for improving
hematoma clearance.®’

Heme oxygenase (HO) is the key enzyme in heme
metabolism. Two HO isoenzymes are present in mam-
malian cells: HO-1, the inducible isoform, and HO-2,
the constitutive isoform. The HO-1 isoform is expressed
mainly in vascular-like structures but at very low levels
in normal CNS,*'? and it can be rapidly induced after
acute brain injury.'" HO-1 is strongly induced after
cerebral ischemia and is thought to play a neuroprotec-
tive role; indeed, overexpression of HO-1 in transgenic
mice is protective against permanent middle cerebral
artery  occlusion.'?  Furthermore, pharmacologic

treatments that exert neuroprotective and antioxidative
effects against ischemic damage are associated with
increased HO-1 expression.'* !> However, the role of
HO-1 after ICH is controversial. Some studies have
reported that overexpression of HO-1 in astrocytes
improves outcomes after ICH,'® whereas others have
shown that inhibiting HO reduces brain injury in the
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autologous blood-induced ICH model.'”'® We also
have shown that HO-1 deletion improves ICH out-
comes.” Hence, the role and underlying mechanisms
of HO-1 after ICH are still unclear. In this study, we
used HO-1 inducer cobalt protoporphyrin IX (CoPP)
and inhibitor zinc protoporphyrin IX (ZnPP) to inves-
tigate the exact role of HO-1 during the early and late
stages of collagenase induced mice ICH model.

Materials and methods
Animals

All animal experiments were approved by Institutional
Animal Care and Use Committee of Harbin Medical
University, Harbin, China, and followed national
guidelines of the regulation for the administration of
affairs concerning experimental animals of China
enacted in 1988. Twelve-month-old C57BL/6 mice
(male, 22-27g) were used in this study. Mice were
housed in individual cage under standard laboratory
conditions. All efforts were made to minimize suffering
and numbers of animals used.

All sections of the manuscript were reported in
accordance with ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines.

ICH models

We used collagenase to construct the ICH model. We
injected collagenase VII-S (0.075 U in 500 nL saline,
Sigma, St. Louis, MO) at the following stereotactic
coordinates: 0.8 mm anterior and 2.2mm lateral of
the bregma, 3.0mm in depth." Rectal temperature of
the animals was maintained at 37.0 £ 0.5°C throughout
the experimental and recovery periods.

Experimental groups

Mice were randomly divided into four groups:
sham-operated group (n=38), vehicle-treated ICH
group (n=068), CoPP-pretreated ICH group (n=068),
and ZnPP-post-treated ICH group (n=68). CoPP and
ZnPP (Sigma) were dissolved in 0.2 M NaOH, adjusted
to a pH of 7.4, and diluted in saline to stock solutions
of I mg/mL. CoPP was administered by intraperitoneal
injection at Smg/kg 24h before collagenase injection
and then once daily for 1, 3, or 7 days.?>*' ZnPP injec-
tions**> were administered by intraperitoneal injection
at Smg/kg 2h after collagenase injection and then
once daily for 1, 3, or 7 days. Sham groups had
needle insertion only. The vehicle-treated groups
received an intraperitoneal injection of saline once
daily for 1, 3, or 7 days after ICH induction.

Tissue processing and histology

Based on our previous protocol of brain tissue process-
ing and histology, we collected three similar brain sec-
tions from each mouse to quantify neuronal death and
iron deposition.!” We used Fluoro-Jade B (FJB) to
detect neuronal death'”>* and Perls staining to evaluate
ferric iron deposition.”* We selected 12 locations per
mouse (4 fields per section, 3 sections per mouse) to
average FIB- or Perls-positive cells per mm?® (n=38
mice/group). All brain sections were analyzed by an
investigator blinded to treatment group.

Brain lesion and hematoma volume

On days 1, 3, 7, 14, and 28 after collagenase-induced
ICH, mice were euthanized for assessment of brain
lesion and hematoma volume. Each mouse brain was
cut with a cryostat into 50 -pum coronal sections. Then
the brain sections were stained with Luxol fast blue/
Cresyl violet. The brain lesion and hematoma volume
were detected by Scan Pro software (LEICA SCN 400,
Wetlzar, Germany) and were calculated as described in
our previous study (n=8 mice/group).'**

Brain water content

Brain edema was determined on day 3 (n=35 mice/
group). It was calculated as: (wet weight — dry weight) /
wet weight of brain tissue x 100%.

Spectrophotometric assay for brain tissue
hemoglobin

The hemoglobin content in the striatal tissue of brains
was detected by Drabkin’s reagent (Sigma) after col-
lagenase-induced ICH (n=35 mice/group), as we have
previously described.”

In situ detection of reactive oxygen species (ROS)

We evaluated ROS after ICH by in situ detection of
oxidized hydroethidine.’*?” Hydroethidine (Molecular
Probes, Eugene, OR) was dissolved in dimethyl sulfox-
ide (DMSO) and then diluted in phosphate-buffered
saline to an end concentration of 1 mg/mL. We injected
300ul of the hydroethidine intraperitoneally into
experimental mice on day 3 after ICH, 2h before the
brains were harvested. Fluorescence intensity of brain
sections was determined in predefined areas of the hem-
orrhagic striatum (n=8 mice/group), as we have
described previously.'” An investigator blinded to
experimental group analyzed the sections using Image
J software.
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Immunofluorescence

Immunofluorescence was carried out as described pre-
viously.'?**?® The primary antibodies used were mouse
monoclonal anti-HO-1 (1:1000, Stressgen, Victoria,
BC, Canada); rabbit anti-Ibal (1:500; Abcam,
Cambridge, UK); rat anti-glial fibrillary acidic protein
(GFAP, 1:500; Abcam); rabbit anti-myeloperoxidase
(MPO, 1:100; Abcam); rabbit anti-degraded myelin
basic protein (dMBP, 1:2000; Millipore); rabbit anti-
amyloid precursor protein (APP, 1:200; Sigma); rabbit
anti-CD34 (1:250; Abcam); mouse monoclonal anti-
CDI105 (1:200; Abcam), and rabbit anti-NeuN
(1:1000; Millipore). We selected 12 locations per
mouse (4 fields per section x 3 sections per mouse) to
count and average the positive cells (n =8 mice/group).
An investigator blinded to experimental group analyzed
the sections using Image J software.

Permeability of BBB

BBB permeability was determined by Evans blue (EB)
extravasation on 3d after ICH (n = 5 mice/group), as we
have previously described.”

Western blot analysis

Western blot analysis was carried out as in our previous
study (n=35 mice/group).”>* The primary antibodies
used were mouse monoclonal anti-HO-1 (1:1000;
Stressgen), rabbit anti-ZO-1 (1:200; Abcam), rabbit
anti-occludin  (1:500; Abcam), rabbit anti-MMP-3
(1:500; Abcam), and mouse monoclonal anti-B-actin
(1: 3000; Abcam).

Gelatin gel zymography

Gelatin gel zymography protocols were carried out as
previously described.”***  Protein samples were
extracted from ipsilateral brain containing the striatum
at 72 h after the collagenase-induced ICH model (n =15
mice/group). Purified brain samples (5pL containing
500 pg of protein) were tested. Areas of protease activ-
ity (pro-MMP-9 (98 kDa) and pro-MMP-2 (72kDa))
appeared as clear bands against a dark blue back-
ground. Bands were visualized with a gel-imaging
system (iBox Scientia 500/600, Upland, CA), and
band intensity was quantified with Image J analysis
software.

Magnetic resonance imaging (MRI)

MRI was performed with the same mice at 1, 3, 7, 14,
and 28 days after induction of ICH in a 3.0-T MR

imaging system (Philips Achiva, Holland) with a
mouse brain surface coil. Tl-weighted images were
used to detect the hematoma. We calculated the hema-
toma volume (in mm?) by integrating the lesion area in
each section image over the section depth (=35 mice/

group).

Neurologic deficit

Neurologic deficits of the mice were assessed on days 1,
3, 7, 14, and 28 after collagenase-induced ICH (n=38
mice/group). Six neurologic tests, including body
symmetry, gait, climbing, circling behavior, front limb
symmetry, and compulsory circling, were assessed by
an investigator blinded to treatment group.’ Each test
was graded from 0 to 4, and the maximum deficit score
was 24.

Cell culture and treatment

The murine microglial cell line BV2 was obtained from
Peking Union Medical College (Beijing, China). The
cells were authenticated, cultured in Dulbecco’s
Modified Eagle Medium and nutrient mixture FI12
(DMEM/F12) supplemented with 10% fetal bovine
serum (Thermo Scientific Hyclone, Logan, UT),
2mM glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin, and incubated at 37°C in a 5% CO,
humidified atmosphere. The cells were exposed to
hemin (10 uM), hemin (10 uM)+ CoPP (20 uM), or
hemin (10 pM) + ZnPP (20 uM) for 24 h. Cell proteins
were extracted and stored at — 80°C for later measure-
ment of superoxide dismutase (SOD) and malondialde-
hyde (MDA). SOD activity and MDA content were
measured with a kit (purchased from Nanjing
Institute of Biomedical Engineering) according to the
manufacturer’s instructions.

Statistics

All data are shown as mean=+standard deviation.
Differences between two groups were compared by
two-tailed Student’s ¢ test. The statistical comparisons
among multiple groups were made by one-way
ANOVA followed by Bonferroni correction.
Statistical significance was set at p < 0.05.

Results

HO-1 is expressed in microglia, vascular
endothelial cells, and neurons

To clarify the expression of HO-1 in cell types, we
used double-immunostaining. In normal mouse brain,
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Figure |. Identification and expression of HO-1. (a) HO-I expression in normal brain tissue. Scale bars = 50 um, n = 3 mice/group.
(b) Identification of HO-1I in the perihematomal region on day 3 after collagenase-induced ICH. Scale bars =50 pm, n =5 mice/group.
Arrows indicate cells with colocalization. Insets represent higher magnification of cells with colocalization. (c) HO-| protein level in
ipsilateral brain after collagenase-induced ICH. (d) Quantification of HO-I protein level after collagenase-induced ICH. Ipsi-Stri,
ipsilateral striatum; Con-Stri, contralateral striatum. n=>5 mice/group. Values are mean =+ SD. #p < 0.01 vs. sham group; *p < 0.05,

*tp < 0.01 vs. vehicle group.

HO-1 was expressed mainly in vascular endo-
thelial cells (Figure la). The results of double-
immunostaining showed that HO-I-positive cells
around the hematoma were associated mostly with
microglia and, to a lesser extent, with neurons
(Figure 1b). We observed no co-localization in astro-
cytes (Figure 1b).

Expression of HO-I increases dfter pretreatment
with CoPP and decreases dafter post-treatment
with ZnPP

We wanted to ascertain whether HO-1 inducer CoPP or
inhibitor ZnPP affects the expression of HO-1 after
ICH. Temporal changes of HO-1 expression were
detected in mouse brain after collagenase-induced
ICH. Compared with that of the sham group, expres-
sion of HO-1 protein increased significantly in ipsilat-
eral striatum on day 1 after collagenase-induced ICH
(» <0.01), reached a peak on day 3, and decreased on
day 7 (p <0.01). The expression of HO-1 was no differ-
ent than that of the sham group in ipsilateral striatum
on days 14 and 28 after ICH (=35 mice/group;

Figure lc, d). Additionally, no significant differences
were detected between the sham group and ICH
groups in contralateral striatum (=35 mice/group,
p>0.5; Figure 1d). CoPP pretreatment increased HO-
1 expression in ipsilateral striatum on days 1, 3, and 7
after ICH, whereas, ZnPP post-treatment inhibited
HO-1 expression on those days (=35 mice/group,
p <0.05; Figure lc, d).

Effect of HO-1 on neurologic deficits

CoPP pretreatment increased neurologic deficits,
whereas ZnPP post-treatment decreased neurologic def-
icits on days 1 and 3 after collagenase-induced ICH
compared with neurologic function in the respective
vehicle-treated groups (p <0.05; Figure 2a). In the
later stage of ICH, CoPP improved neurologic function
of mice on day 28, whereas ZnPP increased neurologic
deficits compared with that of the vehicle-treated
groups (n=_8 mice/group, p < 0.05; Figure 2a). Thus,
HO-1 decreased neurologic deficits in the early stage
(1-3 days) but improved neurologic function in the
later stage (28 days) after ICH.
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Figure 2. Effect of HO-| on neurologic deficits, brain injury volume, and brain edema. (a) Neurologic deficits of mice after
collagenase-induced ICH; n = 8 mice/group. (b) Brain injury volume on day 3 after collagenase-induced ICH; n = 8 mice/group. (c) Brain
water content of mice on day 3 after collagenase-induced ICH. Ipsi-Stri, ipsilateral striatum; Con-Stri, contralateral striatum; Cerebel,
cerebellum. (d) Hemoglobin content in ipsilateral striatal tissue of brains was determined by Drabkin’s reagent on day | day after ICH.
n=15 mice/group. *p < 0.05 vs. vehicle group. Values are means + SD.

HO-1 increases brain injury volume
and brain edema after ICH

Luxol fast blue and Cresyl violet staining showed that
brain injury volume was larger in the CoPP pretreat-
ment group than in the vehicle group after collagenase-
induced ICH (n=8 mice/group, p <0.05; Figure 2b).
ZnPP post-treatment decreased brain injury volume
(n=8 mice/group, p <0.05; Figure 2b). Furthermore,
brain edema in ipsilateral striatum was significantly
increased by CoPP pretreatment and decreased by
ZnPP post-treatment compared with that in the vehi-
cle-treated group. However, neither drug altered edema
in the contralateral striatum or in the cerebellum (n=>5
mice/group, p < 0.05; Figure 2c¢).

To ascertain whether the observed differences in
brain outcome were due to differences in bleeding
volume, we further measured hemoglobin content in
the ipsilateral striatum at 24 h after collagenase injec-
tion. When hematoma reached its maximum in this
model, as in our previous study,'” we observed no sig-
nificant difference in hemoglobin between the CoPP- or
ZnPP-treated group and the vehicle-treated group
(n=135 mice/group, p > 0.05; Figure 2d).

Effect of HO-1 on permeability of the BBB

We evaluated permeability of the BBB by EB extrava-
sation. Extravasation of EB was significantly greater in
the CoPP-pretreated group than in the vehicle group
after collagenase-induced ICH (=35 mice/group,
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Figure 3. Effect of HO-I on blood-brain barrier after collagenase-induced ICH. (a) Evans blue (EB) extravasation on day 3 after ICH.
(b, ) Western blot analysis of tight junction proteins ZO-1 (b) and occludin (c) on day 3 after collagenase-induced ICH. (d) Gelatin gel
zymography analysis shows activation of matrix metalloproteinase (MMP)-9 and MMP-2 on day 3 after ICH. n=5 mice/group,

*p < 0.05, *p < 0.0l vs. vehicle group. Values are means + SD.

p <0.01; Figure 3a). In contrast, ZnPP post-treatment
decreased extravasation of EB (n=15 mice/group,
p <0.05; Figure 3a). To examine the structural basis
for the formation of edema, we examined the expres-
sion of tight junction proteins after CoPP and ZnPP
administration. Expression of both ZO-1 (p <0.05;
Figure 3b) and occludin (p <0.01; Figure 3c) was
lower in CoPP-pretreated mice than in vehicle-treated
mice on day 3 after ICH (n=35 mice/group). In con-
trast, both proteins showed an increase in expression
after ZnPP treatment (n=35 mice/group, p<0.01;
Figure 3b, c).

MMP-9 and MMP-2 activity also contribute to BBB
disruption and brain edema after ICH, and MMP-3 is
known to be closely linked to hemorrhagic transform-
ations. We examined MMP-9 and MMP-2 gelatinolytic
activity in brain tissue by gelatin gel zymography on
day 3 after ICH and assessed MMP-3 expression by
Western blot. We found that CoPP pretreatment pro-
moted activation of both pro-MMP-9 and pro-MMP-2

(p <0.01), whereas ZnPP post-treatment inhibited acti-
vation of pro-MMP-9 (p<0.01) and pro-MMP-2
(p <0.05) compared with that in the vehicle group
(n=135 mice/group; Figure 3d). MMP-3 expression was
strongly induced after ICH (p <0.01), but it did not
differ significantly among the groups treated with
CoPP, ZnPP, and vehicle (p > 0.05, n=15 mice/group;
Supplementary Figure 1).

Effect of HO-1 on neuroinflammation

Microglia are critical immune cells in the CNS that
respond to and repair injury.’'* In this study, we
found that on day 3 after ICH, the number of activated
microglia/macrophages in the perihematoma area was
increased in the CoPP-treated group but decreased in
the ZnPP-treated group (n=8 mice/group, p <0.01;
Figure 4a).

Reactive astrocytes are recognized to be important
in both the initiation and propagation of secondary



Zhang et al.

31

(a) ICH+Vehicle ICH+CoPP ICH+ZnPP

1000+ * %

3 (CH+Vehicle 0.5

% 8001 = ICH+CoPP g 0.4
E B (CH+ZnPP s
3 d E

5 ooo - 0.3
o Qo
@ s

> 400 8 0.2
.E g

& 200- S 0.1
s

0- 0.0

(b) ICH+Vehicle

ICH+CoPP ICH+ZnPP

ICH+Vehicle
ICH+CoPP
ICH+ZnPP

* %

gon

Luxol fast blue (% of area)

ICH#Vehicle ICH+CoPP

ICH+ZnPP

Figure 4. Effect of HO-I on inflammation and white matter injury. (a) The expression of Ibal-, glial fibrillary acidic protein (GFAP)-,
and myeloperoxidase (MPO)-immunoreactive cells around the injury site on day 3 after collagenase-induced ICH; n =8 mice/group.
The bar graph shows quantification analysis. (b) Immunofluorescent and Luxol fast blue (LFB) staining showing the expression of

degraded myelin basic protein (dMBP), amyloid precursor protein (APP), and normal myelin (LFB) in the perihematoma region on day
3 after ICH. Arrows indicate damaged myelin, damaged axons, and normal myelin. The bar graphs show quantification analysis. n =8
mice/group. *p < 0.05, *p < 0.01 vs. vehicle group. Values are means & SD. Scale bar = 50 um. (c) Diagram showing regions of analysis
(labeled by Ibal). Dotted line indicates the hematoma. The rectangular boxes indicate the areas from which the images in a and b were

taken at the periphery of the hematoma. Scale bar =50 um.

ischemic brain injury.?> Our results showed that react-
ive astrocytes were increased by CoPP on day 3 after
ICH (p<0.05; Figure 4a) but unchanged by ZnPP
(n =28 mice/group, p > 0.05; Figure 4a).

During ICH, neutrophils infiltrate the hematoma after
microglial/macrophage activation and, as inflammatory

factors, contribute to early hemorrhagic brain injury.**3

In our study, MPO-immunoreactive neutrophils were evi-
dent in the hemorrhagic striatum on day 3 after ICH in
the vehicle-treated group (Figure 4a), but the number was
unchanged by CoPP or ZnPP treatment (n=8 mice/
group, p > 0.05; Figure 4a).
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White matter injury is increased by CoPP and
decreased by ZnPP after ICH

Mouse brain exhibits marked white matter injury after
ICH. As in our previous study,19 we used dMBP, APP,
and Luxol fast blue to label degraded myelin, damaged
axons, and normal myelin, respectively, in brain sec-
tions on day 3 after collagenase-induced ICH.
Compared with levels in the vehicle group, CoPP pre-
treatment increased demyelination and axon loss, but
decreased normal myelin in the striatum. Conversely,
ZnPP post-treatment decreased demyelination and
axon loss, but increased normal myelin (#=8 mice/
group, p < 0.05; Figure 4b).

Effect of HO-1 on oxidative damage

ROS cause neuronal death in the surrounding brain
tissue and play a major role in the various mechanisms
of ICH-induced brain injury.**?” We used the fluores-
cent indicator hydroethidine to examine superoxide
production. We also assessed lipid oxidative products
by measuring the expression of 4-HNE, a marker of
lipid oxidative products.®® CoPP pretreatment
increased superoxide production and the level of 4-
HNE proteins in the collagenase-induced ICH brain
(n=38 mice/group, p <0.01; Figure S5a, b). However
ZnPP post-treatment decreased superoxide production
(p <0.05, Figure 5a) and the level of 4-HNE proteins
after ICH (n =28 mice/group, p <0.01; Figure 5b).

HO-I increases neuronal cell death and iron
deposits after ICH

As in our previous study, we used FJB staining to
examine neuronal cell death.' In the vehicle group,
FIB-positive cells were evident in the perihematomal
region on day 3 after collagenase-induced ICH. The
number of FIB-positive cells was significantly increased
by CoPP and decreased by ZnPP compared with that in
the wvehicle group (=8 mice/group, p<0.01;
Supplementary Figure 2a). Thus HO-1 appears to
increase neuronal cell death on day 3 after ICH.

Degradation of hemin produces iron, which can also
cause brain injury via many pathways, such as lipid
peroxidation and free radical formation. Therefore,
we used Perls staining to examine iron deposition
after collagenase-induced ICH."” Perls-positive amoeb-
oid cells were present in the peri-ICH region of the
vehicle group on day 3 after ICH. CoPP pretreatment
increased, whereas ZnPP decreased, the number of
Perls-positive cells around the hematoma compared
with that in the vehicle group (=28 mice/group,
p <0.01; Supplementary Figure 2b).

Effect of HO-1 on hematoma clearance after ICH

Hematoma clearance was assessed by Tl1-weighted
MRI and Luxol fast blue/Cresyl violet. As shown in
Figure 6(a), hematoma exhibited a low signal on days
1 and 3 after collagenase-induced ICH but a high signal
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region on day 3 after collagenase-induced ICH. n =8 mice/group. (b) The expression of 4-HNE in the perihematomal region on day 3
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observed as a low signal on days 14 and 28 after ICH. n=>5 mice/group. *p < 0.05 vs. vehicle group. Values are means 4 SD, scale
bar = | mm. (b) Hematoma volume was assessed by Luxol fast blue/Cresyl violet staining. LFB indicates Luxol fast blue/Cresyl violet.
n =8 micel/group, *p < 0.05 vs. vehicle group. Values are means + SD, scale bar = | mm. (c) Vascular destiny was detected by
immunofluorescence with anti-CD34 and anti-CD 105 antibodies at 28 days after ICH. n =8 mice/group; scale bar =50 pm. *p < 0.05

vs. vehicle group. Values are means =+ SD.

on day 7 in Tl-weighted images. Residual hematoma
with a low-signal was also visible on days 14 and 28
after ICH. CoPP decreased hematoma volume on days
7, 14, and 28 after ICH, whereas ZnPP increased hema-
toma volume on days 14 and 28 compared with that in
the wvehicle group (r=5 mice/group, p<0.05;
Figure 6a). We also used Luxol fast blue/Cresyl violet

staining to confirm our MRI findings. Hematoma
volume decreased in the CoPP group, but increased in
the ZnPP group compared with that in the vehicle
group on days 7, 14, and 28 after ICH (n=8 mice/
group, p <0.05; Figure 6b). These results indicate that
HO-1 improves hematoma clearance at later stages of
ICH (7, 14, and 28 days).
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HO-1 promotes vascular angiogenesis on
day 28 dfter ICH

To detect angiogenesis after ICH in the mouse brain, we
used immunofluorescent anti-CD34 to label microvessels
at 28 days after collagenase injection. Additionally, we
used anti-CD105 (endoglin), a marker of angiogenesis
that is expressed mainly on proliferating endothelial
cells.*** We found that both the number of CD34-
positive microvessels and the number of CD105-positive
microvessels in the perihematoma region were increased
by CoPP pretreatment (p < 0.05) but only CD34-positive
microvessels were unchanged by ZnPP post-treatment
(p>0.05) compared with that in the vehicle-treated
group (n =8 mice/group; Figure 6c).

CoPP increases HO-1 expression, and ZnPP
decreases HO-1 expression in hemin-treated BV2
microglia

The purity of the cultured BV2 microglia was con-
firmed by immunofluorescence with anti-Ibal antibody
(Supplementary Figure 3a). Exposure of microglia to
hemin for 24h led to an increase in HO-1 protein
expression. Treatment of hemin-exposed cells with
CoPP (24h) caused an additional increase in HO-1
expression, whereas ZnPP treatment (24h) inhibited
hemin-mediated HO-1 expression (»p<0.01;
Supplementary Figure 3b—d).

Effect of HO-I on oxidative damage in vitro

To ascertain whether HO-1 activation increases micro-
glial oxidation, we used hydroethidine to detect ROS
production. We also assessed oxidation by measuring
MDA content and anti-oxidation by measuring SOD
activity. ROS, SOD activity, and MDA content were
elevated in hemin-exposed microglia. CoPP increased
ROS and MDA content and inhibited SOD activity
compared with that in the hemin group. However,
ZnPP decreased ROS and MDA content and increased
SOD activity in the hemin-exposed microglia (p < 0.01;
Figure 7a—d).

Discussion

HO-1 is expressed at a very low level in normal brain
but can be rapidly induced after ICH. However,
whether it exerts a beneficial or detrimental effect is
still unclear. In this study, we used both an HO-1 indu-
cer and an HO-1 inhibitor to study the exact effect of
HO-1 throughout the course of ICH. We found that
HO-1 exacerbated brain injury in the early stage of
ICH but promoted hematoma absorption and neuro-
logic function recovery in the later stage of ICH.

After ICH, the accumulation of blood can cause
substantial brain damage and brain edema. We found
that inducing HO-1 expression with CoPP increased
brain injury volume, neurologic deficit, neuronal
death, and brain edema in the early stage of ICH.
Inhibiting HO-1 with ZnPP had the opposite effect.
These results suggest that high expression of HO-1 con-
tributes to brain damage early after ICH. To uncover
the underlying mechanisms of HO-1-mediated brain
damage, we assessed BBB disruption, which is an
important contributor to brain edema formation.*
We found that in the early stage of ICH, overexpres-
sion of HO-1 increased EB extravasation and reduced
the expression of tight junction proteins (ZO-1 and
occludin), which form the structural basis of the
BBB. Overexpression of HO-1 also promoted activa-
tion of MMP-9 and MMP-2, which have been impli-
cated in BBB disruption and increased brain
edema.*""*? Thus, our results indicate that HO-1
increases brain edema in the early stage of ICH,
likely by decreasing tight junction proteins and pro-
moting MMP-9 and MMP-2 activation, which together
increase BBB permeability.

Inflammatory cells are critical players in brain injury
and mediators of secondary damage after ICH.>*3%-3
On days 1-5 after ICH in mice, inflammation in the
brain is significantly elevated.*® Microglia are the first
immune cells to react to brain injury. They can be
detected within 1h after ICH and then reach a peak
at 3-7 days.*®> The major role of microglia is to phago-
cytize the hematoma. In this process, the activated
microglia produce a variety of deleterious cytokines,
such as pro-inflammatory factors, chemokines, prote-
ases, nitric oxide synthase, and prostaglandins, which
increase brain damage after ICH.*>® We found that
overexpression of HO-1 after ICH occurred mainly in
microglia. HO-1 can increase the number of activated
microglia and aggravate brain damage in the early stage
after ICH. Interestingly, heme pretreatment to increase
HO-1 expression in perivascular cells or selective HO-1
overexpression in astrocytes improves outcomes after
ICH.'®* These data suggest that the different expres-
sion patterns of HO-1 may play different roles after
ICH. The high expression of HO-1 in microglia may
increase brain damage in the early stage after ICH.
White matter injury is associated with a higher risk of
death and poor functional outcome in stroke patients,*
and was identified as a priority for both basic and clin-
ical ICH research.*® Therefore, we used Luxol fast blue,
dMBP, and APP to assess white matter injury in mice
after ICH. We found high HO-1 expression increased
white matter damage. Thus, the increase in neurologic
dysfunction that we observed with elevated expression
of HO-1 may be attributable in part to increased white
matter damage.
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Figure 7. Effect of HO-I| induction and inhibition on reactive oxygen species (ROS) production, superoxide dismutase (SOD)
activity, and malondialdehyde (MDA) content in hemin-exposed BV2 microglia. (a, b) ROS production in BV2 microglia. The Bv2
microglia were labeled by anti-lbal antibody (green), and ROS production was detected by dihydroethidine (red). Values are
means & SD. #p < 0.05 vs. control group; *p < 0.05, *p < 0.01 vs. vehicle group. Scale bar =50 um. (c, d) SOD activity and MDA
content in BV2 microglia after hemin exposure. Values are means = SD. #p < 0.05 vs. control group; *p < 0.05, * < 0.01 vs. vehicle

group.

Microglial activation also produces ROS, and accu-
mulating evidence indicates that ROS are important
contributors to brain outcomes after ICH.***" We
observed that HO-1-induced microglial activation was
associated with ROS production and oxidative brain
damage after ICH. To confirm our in vivo finding, we
studied the effect of HO-1 on oxidation of BV2 micro-
glia in vitro. Overexpression of HO-1 increased micro-
glial activation and promoted oxidative stress in the
early stage after ICH. Iron is one product of heme deg-
radation, and iron overload can cause brain injury via
many pathways, such as lipid peroxidation and free
radical formation. After ICH, excess iron in brain
tissue can cause brain edema, neuronal death, and

poor neurologic outcomes.' In this study, we found
that HO-1 induction increased iron accumulation in
the injury periphery at the early stage after ICH, con-
sistent with our previous report using HO-1 knockout
mice.” Furthermore, HO-1 increased ROS production
and lipid oxidation at least in part because of iron accu-
mulation in the early stage of ICH.

Although cumulative data suggest that inhibiting
microglial activation might be beneficial for patients
with ICH, long-term inhibition may be harmful because
neuroprotective roles of microglia, such as phagocyt-
osis, would also be inhibited.*® The activation of micro-
glia can promote absorption of the hematoma and cell
debris and induce neurogenesis and angiogenesis.
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In this study, we used MRI and Luxol fast blue/Cresyl
violet to assess hematoma volume in mouse brain over
time. We found that HO-1 may promote hematoma
absorption in later stages of ICH. We also used CD34
and CD105 to detect angiogenesis and found that HO-1
can promote angiogenesis to promote neurologic func-
tional recovery in the long term.

In this study, we chose the collagenase-induced ICH
model to mimic clinical ICH. Though this model is cur-
rently the most suitable tool for studying the mechanism
of ICH, it does not reproduce all of the clinical features
of ICH in humans. Furthermore, HO-1 inhibition in the
early stage has neuroprotective effects and may have
clinical implications for ICH patients. However, the
appropriate times and duration for inhibiting HO-1
expression must still be established in preclinical studies.

Conclusion

In conclusion, we provide preclinical evidence that HO-
1 plays a toxic role in the early stage of ICH. Potential
mechanisms by which HO-1 might increase brain injury
include microglial activation, BBB damage, inflamma-
tory reactions, neuronal cell death, oxidative damage,
white matter injury, and iron accumulation. However,
in the later stage of ICH, HO-1 can play a neuropro-
tective role by increasing hematoma absorption and
angiogenesis. Hence, HO-1 inhibition could be devel-
oped as a novel therapeutic strategy to reduce brain
edema, lessen inflammatory injury, and improve func-
tional outcomes for ICH patients. However, HO-1
inhibition should not be sustained for long because of
its protection in the later stage of ICH.
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