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Abstract

Germinal matrix hemorrhage is induced by stereotaxic injection of collagenase into the germinal 

matrix of P7 Sprague-Dawley rats. Hemoglobin assay, western blot, immunofluorescence and 

neurobehavioral tests were used to test the effects of BLVRA on hematoma resolution and anti-

inflammatory response. We showed that BLVRA triggered a signaling cascade that ameliorated 

post-hemorrhagic neurological deficits in both short-term and long-term neurobehavioral tests in a 

GMH rat model. Specifically, BLVRA inhibited toll-like receptor 4 (TLR4) expression by 

translocating to the nucleus in an endothelial nitric oxide (eNOS)/nitric oxide (NO)-dependent 

manner. BLVRA also induced the upregulation of CD36 scavenger receptor level in microglia/

microphages, of which the prominent role is to enhance hematoma resolution. However, the 

beneficial effects of BLVRA were abolished with the knockdown of eNOS, indicating that the 

eNOS/NO system is an important downstream factor of BLVRA. Our results demonstrate a 

mechanism of BLVRA modulating hematoma resolution and suppressing inflammation through 

eNOS/NO/TLR4 pathway in the GMH rat model.
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Introduction

Germinal matrix hemorrhage (GMH) results from the rupture of immature blood vessels in 

the subventricular region of premature infants 1. It occurs in up to 20% of infants delivered 

at <32 weeks gestation. Its common complications include significant developmental delay, 

mental retardation, hydrocephalus and cerebral palsy2. Current clinical management is 

limited to improving symptoms in GMH neonates but does not confer further protective or 

prophylactic effects. Thus, it is critically important to identify new approaches to modulate 

disease progression in GMH patients.

Hematoma toxicity is caused by the cytotoxic substances released from both activated 

neuroglia and hematogeous cells 3, 45. In GMH, the blood clot can also obstruct 

cerebrospinal fluid circulation, contributing to post-hemorrhagic hydrocephalus 

development 6, 78. Clinical studies use hematoma volume as a prognostic indicator, which 

negatively correlates with functional recovery 9

Biliverdin reductase (BVR) is a well-characterized enzyme in the heme degradation pathway 

that converts biliverdin to bilirubin. Two isoforms of BVR were named biliverdin reductase 

A (BLVRA) and biliverdin reductase B (BLVRB). Both of them can generate bilirubin but 

only BLVRA, also called Biliverdin-IX-alpha reductase, is a metabolic enzyme that converts 

biliverdin-IX-alpha into an antioxidant and antinitrosative molecule bilirubin-IX-alpha in 

this degradation pathway10–12. In addition, BLVRA decreased Toll-like receptor-4 (TLR4) 

expression and regulated inflammatory cytokines secretion in monocytes13. Although the 

anti-inflammatory role of BLVRA is more well-established, the role of bilirubin in the brain 

remains controversial. 14, 1516. It is possible that bilirubin, in the presence of BLVRA, can 

confer more protective effects rather than toxic effects. However, more studies are warranted 

to understand the underlying mechanisms of bilirubin in brain diseases.

Nitric Oxide (NO) is an important intercellular messenger in the central/peripheral nervous 

system. Endothelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS), 
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and inducible nitric oxide synthase (iNOS) are three isoforms of NOS. NO formed via eNOS 

is involved in maintaining microcirculation17, preventing platelet aggregation and inhibiting 

leukocyte migration and adhesion18. NO generated from nNOS acts as a neurotransmitter, 

contributing to neuronal plasticity and memory formation19. iNOS exists in macrophages 

and glial cells, generates NO and evokes nitrosative stress in response to pro-inflammatory 

cytokines20. The amount of NO from iNOS is 100–1000 times greater than that from eNOS 

and nNOS21. Innate eNOS activity is an indicator of brain injury. eNOS with greater activity 

plays a protective role against secondary neuronal insult. Currently, a study on acute liver 

injury shows that biliverdin administration inhibits TLR4 by biliverdin reductase 

translocation to the nucleus through NO generated from eNOS13. Yet, no studies have 

evaluated the potential protective effects of BLVRA in GMH.

In this study, we investigated if exogenous BLVRA enhances hematoma resolution and 

reduces inflammation through eNOS in a GMH rat model. We hypothesize BLVRA 

stimulation will increase microglia/macrophage phagocytosis of blood clots, alleviate post-

hemorrhagic neurological deficits, ventricular dilation, oxidative stress and inflammation 

through eNOS/NO signaling pathway.

Materials and methods

Animals and surgeries

All experimental protocols and procedures were approved by the Institutional Animal Care 

and Use Committee at Loma Linda University. All studies were conducted in accordance 

with the United States Public Health Service’s Policy on Humane Care and Use of 

Laboratory Animals. P7 Sprague-Dawley neonatal rat pups (weighing 12–15g, brain 

development is comparable to 30–32 week gestation infants) were purchased from Envigo 

(Livermore, CA). GMH was induced as previously described22. Animals were anesthetized 

with 3% isoflurane. The following stereotactic coordinates were located using Bregma as a 

reference point: 1.6 (rostral), 1.5 mm (lateral), and 2.7 (depth). A 27-gauge needle was 

inserted into a 1mm burr hole with a rate of 1μl/min. A stereotaxic-assisted infusion needle 

was used to mimic preterm right ganglionic eminence bleeding by injecting 3μl of 0.3U 

bacterial collagenase at 1μl/min. After the infusion, the needle was left at the place for 10 

mins to prevent “back leakage”. Once the needle was removed, bone wax was used to seal 

the burr hole and the incision site was sutured. Animals were allowed to recover on a 37°C 

heated blanket. Animals were put back with their dams after recovering from anesthesia. 

Sham animals were operated with needle insertion without collagenase infusion.

Animal treatments and experimental groups

BLVRA recombinant protein (BLVRA, Abnova), eNOS inhibitor (Iromycin A, 1mg/kg, 

Abcam), iNOS inhibitor Mercaptoethylguanidine dihydrobromide (MEG, 1mg/kg, Abcam), 

nNOS inhibitor, Nω-Propyl-L-arginine (NPA, 2mg/kg, Abcam) and NO donor (Sodium 

nitroprusside, SNP, 0.1nmol, Sigma-Aldrich) were administered intranasally (i.n.) to 

experimental animals at 1 h post-GMH and then once daily for 3 days. The scrambled 

siRNA (Origene) and BLVRA siRNA (Origene) were administered intracerebroventricularly 

(i.c.v.) to experimental animals at 24 h before GMH. We used 234 animals in this study and 
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three pups died from the surgery. Animals were randomly divided into the following groups: 

sham-operated (sham; n=36), sham-operated + BLVRA (sham + BLVRA; n=6), GMH + 

PBS (GMH + vehicle; n=36), GMH + PBS + 2% DMSO (GMH + vehicle + DMSO; n=6), 

GMH + 0.03 μg/rat BLVRA (GMH + BLVRA; low dose; n=6), GMH + 0.1 μg/rat BLVRA 

(GMH + BLVRA; medium dose; n=36), GMH + 0.3 μg/rat BLVRA (GMH + BLVRA; high 

dose; n=6), GMH + scrambled siRNA (n=12), GMH + BLVRA siRNA (n=12), GMH + 

BLVRA + Iromycin A(n=30), GMH + BLVRA + MEG (n=18), GMH + BLVRA + NPA 

(n=18), sham-operated + SNP (sham + SNP; n=6), GMH + PBS + SNP (GMH + vehicle + 

SNP; n=6).

Neurobehavioral examination

The therapeutic effects of BLVRA on the neonates were evaluated by righting reflex, 

negative geotaxis and eye opening latency between 1 and 7 days post-GMH 22. Morris water 

maze, rotarod, foot fault tests and open-field were used to evaluate neurocognitive deficits 

and motor coordination in a blinded manner between 21 and 28 days post-GMH 22.

Histological volumetric analysis

National Institutes of Health ImageJ software was used to analyze ventricular volume, 

cortical thickness, white matter area, and grey matter loss in Nissl stained histological brain 

sections at 28 days post-GMH. Optical dissector principles were used to delineate cerebral 

structure borders following previously defined criteria from stereologic neuroanatomical 

studies 23–25. Volumes were calculated by the following formula: average (area of coronal 

section) × section interval × number of sections 26, 27.

Hemoglobin assay

Frozen extracted forebrains and 3 mL PBS were placed in separate glass tubes. Then we 

homogenized (Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA) the tissues for 

60s and lysed erythrocyte membranes by ultra-sonication for 60s. We then centrifuged the 

homogenates for 30 min, immediately transferred the supernatant to a clean tube with a 4:1 

ratio of Drabkin’s reagent (Sigma-Aldrich) and incubated them for 15 min. Absorbance was 

analyzed on a standard curve by spectrophotometric measurements (540 nm; Genesis 10uv; 

Thermo Fisher Scientific, Waltham, MA) using well-established protocols to measure 

hemorrhagic volume28–30.

Western Blot

The lysates from frozen tissues were separated by SDS-PAGE and transferred onto 

nitrocellulose membranes. After blocking with 5% milk for 2 h, membranes were incubated 

with the following primary antibodies at 4°C overnight: anti-BLVRA (1:1000, Santa Cruz), 

eNOS (1:1000, Santa Cruz), phospho-eNOS (S1177) (1:1000, Santa Cruz), iNOS (1:1000, 

Abcam), phospho-iNOS (Y151) (1:1000, Abcam), nNOS (1:1000, Abcam), phospho-nNOS 

(S1417) (1:1000, Abcam), CD36 (1:500, Santa Cruz), mannose receptor (CD206, 1:500, 

Santa Cruz), TLR4 (1:1000, Abcam), Actin (1:3000, Abcam), 3-Nitrotyrosine (3-NT, 

1:1000, Abcam), 4-Hydroxynonenal (HNE, 1:1000, Abcam), dinitrophenol (DNP, 1:1000, 

Abcam), IL-1β (1:1000, Abcam), IL-6 (1:2000, Abcam), TNF-α (1:1000, Abcam), Lamin 
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B (1:1000, Abcam), TLR2 (1:1000, Abcam), TLR3 (1:1000, Abcam), TLR9 (1:1000, 

Abcam), followed by respective secondary antibodies (1:5000, Santa Cruz) for 2 h then 

visualized by ECL plus Kit (GE Healthcare and Life Science). Relative density of the 

protein immunoblot images was analyzed by ImageJ software.

For cytosol-nuclei translocation study, NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Scientific) was used to isolate cytosolic and nuclear protein lysates 

according to manufacturer’s instructions. The following steps of Western blot were 

performed as described previously27.

Immunohistochemistry

Immunofluorescence—Tissues were embedded in Optimal Cutting Temperature 

Compound (OCT, Fisher Scientific) and then sectioned into 10 μm slices. Sections were 

stained with OX-42 (1:1000, Abcam), mannose receptor (CD206) (1:500, Abcam), GFAP 

(1:1000, Abcam), and NeuN (1:1000, Abcam) at 4°C overnight. Appropriate fluorescence 

conjugated secondary antibodies (Jackson Immunoresearch, West Grove, PA) were 

incubated for 1 h at room temperature. Leica DMi8 (Leica Microsystems, Germany) was 

used to image the peri-ventricular region. M2 microglia activated cells were counted on 6 

sections in every group over a 20 × microscopic field and measured as cells/field, as 

described 31.

Dihydroethidium (DHE) and hydroxyphenyl fluorescein (HPF) staining

Slides were incubated with DHE (2 μmol/L, Thermo Scientific) for 30 min at 37°C, 

protected from light. HPF staining was performed according to the manufacturer’s protocol 

(Thermo Scientific). Slides were incubated with HPF for 1 h at 37°C in the dark. Slides were 

imaged using a fluorescence microscope (Leica). ImageJ software was used to analyze 

relative fluorescence intensity of DHE staining. HPF positive cells were counted in 

microscopic field of 20 × and expressed as cells/field.

Nitric oxide assay

The nitric oxide assay kit (Abcam) was used to measure NO according to the manufacturer’s 

protocol. After standard curve preparation, fresh tissues were homogenized with a 

homogenizer (Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA) on ice. 

Supernatant was collected and transferred to a clean tube. A final concentration of 1 M 

perchloric acid (PCA, Fisher Scientific) was added to the supernatant tubes and then 

incubated for 5 min. The supernatant was transferred to a fresh tube after centrifuge. An 

equal PCA volume of potassium hydroxide (KOH, Fisher Scientific) was added to the 

supernatant. The supernatant was collected after centrifuge for 15 min. After reaction wells 

were assigned, a microplate colorimetric reader (OD540 nm, Bio-Rad, Hercules, CA) was 

used to measure the absorbance, converted into NO volumes on a nitrite standard calibration 

curve.

Statistical analysis

In this study, all animals were randomly assigned to different groups. All the experimental 

tests were blinded to the surgeons and researchers who did the experiments and analyze the 
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research data. All tests for exploratory studies were performed two-sided. GraphPad was 

used to exclude outliers. Samples size were estimated using a type I error rate of 0.05 and a 

power of 0.8 on a 2-sided test by power analysis. For parametric data, analysis was using 

one-way ANOVA followed by the Tukey’s post-hoc test. For non-parametric data, Kruskall-

Wallis with Dunn’s post-hoc tests was used to analysis. Longitudinal data were analyzed by 

two-way ANOVA with Tukey’s post-hoc test. Data were expressed as mean ± SD. P values 

of <0.05 were considered statistically significant. GraphPad Prism 6 (La Jolla, CA, USA) 

and SigmaPlot 11.0 (SysStat, Germany) were used for graphing and analyzing all the data.

Results

Exogenous BLVRA ameliorated short-term neurological deficits and accelerated 
hematoma resolution

To determine whether the administration of BLVRA is protective in GMH rat, short-term 

neurobehavioral tests, including righting reflex, negative geotaxis and eye-opening latency 

tests, were performed. Test results showed that BLVRA treatment attenuated GMH-induced 

neurological deficits and developmental delay (Fig. 1A–1C). Medium-dose BLVRA 

ameliorated GMH-induced neurological deficits to the greatest extent in short-term behavior 

tests during 1 to 3 days post-GMH. Eye opening was monitored daily from Day 1 up to Day 

9 after GMH. GMH induced a significant delay in eye opening compared with the medium-

dose treatment group after GMH. Thus, medium-dose BLVRA was used for the following 

studies.

Since the improvement in neurological outcomes can be associated with blood clot 

clearance, hemoglobin assay was performed in rat pups at 24 h and 72 h post-GMH. All 

groups showed significantly higher hemoglobin content compared with the sham group and 

no treatment had any effect on the hemoglobin content at 24 h post-GMH (Fig. 1D). 

However, at 72 h, BLVRA-treated group showed less hemoglobin content compared to the 

vehicle group. Meanwhile, BLVRA siRNA-administered animals presented significantly 

higher hemoglobin content compared to all other groups (Fig. 1E). Previous studies show 

that M2 microglia/macrophages are more effective in clearing blood clots.27, 32 Thus, 72 h 

was chosen for immunostaining of the co-localization of activated microglia/macrophage 

(OX-42) and M2 phenotype microglia/macrophage (mannose receptor) (Fig. 1F). The 

immunostaining results showed that GMH induced microglia activation and macrophage 

infiltration. BLVRA contributed to more M2 polarization in microglia/macrophages 

compared with GMH+vehicle group (Fig. 1G).

BLVRA inhibited inflammatory response in GMH and co-localized with all cell types in the 
brain

Since hematoma clearance contributes to decreased inflammatory response, western blot 

was conducted at 3 days after GMH to determine the anti-inflammatory effects of BLVRA 

(Fig. 2A). BLVRA expression level was significantly upregulated after BLVRA 

administration but downregulated by siRNA (Fig. 2B). TLR4 expression was increased in 

the vehicle group compared with the sham group, and BLVRA significantly reduced TLR4 

expression. The opposite effects were found in BLVRA siRNA group (Fig. 2C). Similar 
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patterns were found for the expression of interleukin 1 beta (IL-1β), interleukin 6 (IL-6), and 

tumor necrosis factor alpha (TNF-α). GMH significantly induced these cytokine levels and 

BLVRA attenuated the induction. However, the knockdown of BLVRA siRNA restored the 

cytokine levels (Fig. 2D–2F). Furthermore, double immunofluorescence staining of BLVRA 

with Iba-1, GFAP, or NeuN showed that BLVRA was expressed on microglia, astrocytes and 

neurons at 3 days post-GMH (Fig. 2G–2I).

GMH suppresses endogenous expression of BLVRA

It has been reported that biliverdin administration could induce the phosphorylation of eNOS 

depending on biliverdin reductase13. However, whether BLVRA plays a role in the 

phosphorylation of eNOS has not been reported. We hypothesized that the phosphorylation 

of eNOS is subject to BLVRA. The expression profile of endogenous BLVRA and three 

isoforms of NOS was analyzed at 0, 3, 6, 12 h and 1, 3, 5, 7 days post GMH (Fig. 3A). Time 

course results showed that GMH induced a significant decrease in BLVRA expression at all 

time points compared to 0 h (Fig. 3B). Phosphorylation of eNOS (S1177) level was 

decreased until 3 days post-GMH and then increased on Day 5 and Day 7 (Fig. 3C). GMH 

induced the phosphorylation of nNOS (S1417) from 3 h and phosphorylation of iNOS 

(Y151) from 3 days post-GMH, respectively (Fig. 3D and 3E). TLR4 expression was 

significantly increased at 3 h after GMH and still remained at a higher level compared to 

sham on Day 7 (Fig. 3F).

eNOS knockdown abolished the beneficial effects of BLVRA in GMH

To further investigate whether three isoforms of NOS were involved in BLVRA-induced 

protective mechanisms in GMH, we showed BLVRA-treated group significantly lower 

hemoglobin content compared to the vehicle group at 72 h post-GMH, which was reversed 

by iromycin A stimulation, an eNOS selective inhibitor. MEG (iNOS inhibitor) + BLVRA 

and NPA (nNOS inhibitor) + BLVRA groups had significantly less hemoglobin content 

compared to vehicle and iromycin A + BLVRA group (Fig. 4A). To assess the association 

between BLVRA and M2 phenotype microglia, double immunofluorescence staining 

showed that the number of activated M2 microglia was significantly increased in BLVRA-

treated group, but iromycin A administration did not induce M2 phenotype microglia 

activation in GMH+BLVRA group compared with vehicle group (Fig. 4B and 4C). 

Additionally, eNOS knockdown abolished BLVRA-induced mannose receptor upregulation 

(Fig, 4D–4F). CD36 expression was induced in BLVRA-treated group but decreased with 

eNOS inhibition (Fig, 4G). Moreover, western blot analysis showed that BLVRA treatment 

significantly decreased the expression levels of TLR4 and proinflammatory cytokines 

compared with vehicle-treated group, which was again, abrogated by iromycin A 

administration (Fig. 4H–4L). Since 2% DMSO was used to dissolve iromycin A, a vehicle 

group with DMSO was added. Analysis showed that 2% DMSO alone had no effect on 

inflammatory response.

Translocation of BLVRA to the nucleus decreased TLR4 expression, which required NO 
generated from eNOS

As BLVRA interacted with eNOS expression and the knockdown eNOS reversed the 

beneficial effects of BLVRA, we used three selective isoforms NOS inhibitors to further 
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assess the underlying mechanism of BVLRA in GMH. Phosphorylation of eNOS was 

elevated in BLVRA-treated group compared with vehicle group, and this expression was 

reversed by iromycin A (Fig. 5A and 5B). No difference was seen in phosphorylation of 

nNOS between vehicle and BLVRA treatment group (Fig. 5C). BLVRA decreased 

phosphorylation of iNOS compared with vehicle group (Fig. 5D). Western blot analysis also 

indicated expression of three isoforms NOS were significantly decreased in the respective 

inhibitor groups.

Some studies have indicated that BLVRA directly binds to the TLR4 promoter to inhibit its 

transcription and expression. Therefore, NO assay was performed and the results showed 

that vehicle group had greater NO generation compared with sham group, which was 

reduced by BLVRA treatment (Fig. 5E). The sham + BLVRA group induced NO generation 

compared with sham group, but administration of iromycin A reversed these effects. iNOS 

and nNOS were not involved in the BLVRA-induced NO generation, because there were no 

differences in NO generation between MEG + BLVRA or NPA + BLVRA treatment and 

sham animals (Fig. 5F).

BLVRA accumulation in the nucleus was observed in BLVRA-treated group. Inhibition of 

NO generation with iromycin A resulted in less BLVRA translocated to the nucleus (Fig. 5G 

and 5J). A similar trend was found in the stimulation with SNP (NO donor) in the absence of 

BLVRA, which also led to significant accumulation of BLVRA in the nucleus both in sham 

+ SNP and vehicle + SNP groups post-GMH (Fig. 5H and 5K). In addition, the suppressive 

effect of BLVRA on TLR4 expression was diminished by iromycin A administration (Fig. 5I 

and 5L–5M).

BLVRA decreased oxidative and nitrosative stress and function in TLR family

With regard to oxidative/nitrosative stress induced by the degradation of heme after GMH, 

DHE staining showed BLVRA decreased GMH-induced superoxide anion (O2−) both at 3 

days and 28 days after GMH (Fig. 6A–6C). Furthermore, HPF staining showed peroxynitrite 

(ONOO) was significantly decreased in BLVRA-treated group (Fig. 6D and 6E). Oxidative 

and nitrosative stress biomarkers (3-nitrotyrosine, 4-hydroxynonenal, and dinitrophenol) 

were significantly decreased with BLVRA treatment compared with vehicle group (Fig. 6F–

6I). GMH-induced upregulation of TLR2 expression was decreased in BLVRA-treated 

group (Fig. 6J and 6K). Similar patterns in decreased levels of TLR3 and TLR9 were also 

observed in BLVRA-treated animals (Fig. 6L and 6M).

BLVRA treatment improves long-term brain morphology

As BLVRA contributes to accelerating hematoma cleanup, we performed Nissl staining to 

analyze morphology. The hemorrhagic ventricular dilation of ipsilateral hemisphere was 

significantly decreased in BLVRA-treated groups (Fig. 7A, 7C). Brain weight was measured 

at 28 days after GMH, BLVRA treatment significantly reduced GMH-induced brain tissue 

loss (Fig. 7B). Cortical thickness and grey matter loss were presented as a ratio to the mean 

of sham (Fig. 7D). The medium dose of BLVRA significantly decreased loss in the cortex 

tissue and grey matter compared with vehicle group (Fig. 7D, 7E). White matter loss was 
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also significantly reduced with medium-dose BLVRA treatment, compared to the vehicle-

treated group (Fig. 7F).

BLVRA improved long-term neurological function recovery

To evaluate the importance of BLVRA in attenuating long-term neurological deficits, we 

performed Morris water maze from Block 1 to Block 4 with one block on each day, followed 

by a probe trial. In Block 1 and Block 2, BLVRA-treated animals did not demonstrate a 

significant improvement in cognitive function compared to the vehicle-treated group. It 

might be because animals were still learning the location of the platform. However, in Block 

3 and Block 4, GMH+vehicle animals swam significantly greater distances when finding the 

platform in Morris water maze (Fig. 8A) and less time in the target quadrant in the probe 

trials (Fig. 8B) compared with all other groups. These results indicated that GMH led to 

significant spatial learning deficit. Medium-dose BLVRA-treated animals demonstrated the 

shortest swimming distance and the least time spent in the target quadrant. In addition, 

medium dose of BLVRA improved cognitive and motor function in most of GMH-operated 

animals, as evaluated by foot fault test and Rotarod (Fig. 8C and 8D). Hyperactivity was also 

successfully decreased in medium-dose BLVRA-treated group in the open field test (Fig. 

8E). Significant weight loss was observed in the vehicle-treated group compared with sham 

group. GMH-induced weight loss was attenuated in all BLVRA-treated groups, especially 

the medium dose group (Fig. 8F).

Discussion

A previous study showed that BLVRA converted biliverdin-IX into bilirubin-IX which plays 

an important role in brain hemorrhage. Unbound bilirubin easily crosses the blood-brain 

barrier and triggers neurotoxicity 33. Other studies revealed that bilirubin functions as a 

powerful antioxidant after hemorrhagic stroke 34, 35. However, most studies were done in 

adult stroke models and there have been only a few studies so far to look at the role of 

biliverdin-bilirubin system in neonatal hemorrhagic stroke. It is possible that BLVRA, as the 

main isoform of BVR, maintains bilirubin as an antioxidative cytoprotectant, which would 

attenuate neurological deficits after hemorrhage 36. In this study, we presented that BLVRA 

played a crucial role in hematoma absorption, thereby inhibiting innate immunity-mediated 

inflammation and attenuating hydrocephalus in a GMH rat model. Furthermore, we 

demonstrated that BLVA reduced inflammatory response by translocating to the nucleus in 

an NO-dependent manner.

GMH leads to significant hydrocephalus and brain atrophy in the long term. Morphological 

features, such as the ventricular volumes, cortical thickness, grey matter loss, and white 

matter area, were all significantly altered after GMH. We also demonstrated that BLVRA 

attenuated GMH-induced hyperactivity and spatial memory deficits in the long-term studies. 

Thus, together with short-term behavioral results, a significant improvement of 

developmental profile was observed in BLVRA-treated animals after GMH.

Efficient removal of hematoma is crucial in GMH since hematoma obstructs normal CSF 

circulation and contributes to hydrocephalus development after the hemorrhage. Microglia 

are a distinct cell type of immune/myeloid cells in the central nervous system. It only takes a 
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few minutes to activate resident phagocytes and microglia in the brain after hemorrhage 3,37. 

The activated microglia in neonates might have a beneficial innate immune function by 

recruiting hematogenous phagocytes to the peri-hematoma region 27, 38, 39. Some evidence 

suggested that activated microglia/macrophages in the central nervous system are 

heterogeneous, which can exist broadly into polarization phenotypes. The classically 

activation state, M1, involves the production of inflammatory cytokines and reactive oxygen 

species. The alternative activation state, M2, is characterized as an anti-inflammatory 

regulator associated with debris clearance and injury recovery 40. Although more research 

has shown that the nature of microglia is far more complex than simple classification of 

M1/M2 polarization, several reports have demonstrated that M2-like microglia are 

responsible in hematoma removal. 27, 41, 42 In this study, we found that more M2-like 

microglia in the BLVRA-treated group than other groups, which indicates the protective 

effect of BLVRA treatment might be dependent on phagocytosis of M2-like microglia.

We also evaluated whether BLVRA mitigated inflammation to facilitate hematoma 

resolution. We chose to focus on innate immunity because neonates have limited antigen 

exposure and distinct adaptive immunity compared to the adult. Thus, innate immune system 

function is particularly critical in infants in the defense of any inflammatory challenges. 

TLR family are pattern-recognition receptors that are strongly associated with the innate 

immune system through activating pro-inflammatory signaling pathways 43. TLR4 is the 

best characterized TLR that triggers downstream signaling cascade, contributing to the 

transcription of several pro-inflammatory genes 43. It has not been investigated whether 

inhibition of TLR4 is involved in the beneficial effects of BLVRA in brain injuries and its 

related neurological deficits. We showed that BLVRA treatment exerted its repressive effect 

on inflammatory mediators and cytokines.

A previous report shows that biliverdin upregulates phosphorylated eNOS expression and 

contributes to anti-inflammatory response, which is dependent on biliverdin reductase in 

mouse primary macrophage 13, 42. In agreement with this study, our time course results also 

showed that BLVRA expression level was strongly correlated with phosphorylation of eNOS 

and TLR4. BLVRA co-administration with iromycin A (a selective eNOS inhibitor) reversed 

the beneficial effects of BLVRA on hematoma clearance at 3 days. This effect was 

independent of iNOS and nNOS. We believe the anti-inflammatory effect of BLVRA is 

regulated, at least in part, through eNOS activation, since iromycin A successfully 

diminished the phagocytotic effects of BLVRA. eNOS knockdown also reversed the 

tendency in the BLVRA treatment group- abolishing BLVRA-induced M2 polarization of 

microglia. Furthermore, the beneficial effect of BLVRA in inducing CD36, a scavenger 

receptor, was again abolished by eNOS inhibition. BLVRA attenuated the expression of 

TLR4 and inflammatory cytokines through regulating eNOS expression. Based on the 

abovementioned data, BLVRA regulates hematoma resolution and inflammation by 

modulating eNOS activity.

Based on the NO assay and time course data, it is deducible that iNOS might be the primary 

source of NO immediately after GMH because 1) iNOS expression was significantly 

elevated from Day 3 after GMH while eNOS expression was lower than the sham group up 

to Day 5 2) iNOS was shown to be able to generate more NO than eNOS and nNOS44. Thus, 
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NO generation was upregulated after GMH, possibly due to the significantly elevated iNOS 

level at 3 days after GMH. However, corresponding with the dramatic increase in 

phosphorylation of eNOS by BLVRA, concomitant NO generation was found to be nNOS 

and iNOS independent after GMH induction. Moreover, through eNOS knockdown and NO 

donor administration, the BLVRA accumulation in the nucleus was found to be positively 

associated with NO produced by eNOS. Based on the nitrasative and oxidative stress data, 

we postulated that following brain injury, iNOS-derived NO formed peroxynitrite (ONOO) 

with superoxide generated from uncoupled eNOS, causing further oxidative stress and 

nitrosative stress to the brain tissues, in spite of more initial NO generation 45–48. Thus, 

eliminating resources of superoxide, such as uncoupled eNOS, would be essential to 

reducing oxidative and nitrosative stress. Some studies, together with our current data, 

suggested a possible role for BLVRA in recoupling eNOS to eliminate oxidative stress after 

brain injury49,50. The significant relationship between BLVRA, superoxide anion (O2−) and 

peroxynitrite formed by GMH revealed a crucial anti-oxidative role for BLVRA.

In conclusion, for the first time we identified that BLVRA improved both short-term and 

long-term neurobehaviorial outcomes through inducing microglial phagocytosis after GMH. 

Activated M2 microglia contributed to hematoma clearance through eNOS. We elucidated 

mechanisms by which eNOS-derived NO translocated BLVRA to nucleus and suppressed 

TLR4 expression. Our studies indicated that BLVRA could be a promising therapeutic target 

for GMH patients.
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Highlights

• BLVRA revolves hematoma and attenuates inflammation after GMH.

• BLVRA improves both short-term and long-term neurological outcomes.

• This protective effect of BLVRA is mediated by eNOS/NO/TLR4 signaling 

pathway.

Zhang et al. Page 15

Neurobiol Dis. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
BLVRA ameliorated GMH-induced developmental delay in short-term neurobehavioral tests 

and enhances hematoma absorbance. From 1 to 7 days after GMH, neurological deficits 

evaluated by righting reflex (A), negative geotaxis (B), and eye opening latency (C). 

Hemoglobin content was evaluated at 24 h (D) and 72 h (E). Co-localization of activated 

microglia (OX-42; scale bar: 100 μm) with mannose receptor and DAPI at 72 h after GMH 

(F) and quantified activated M2 microglia (G). Values are expressed as mean ± SD. *P < 

0.05 compared with sham group, #P < 0.05 compared with sham group, &P < 0.05 compared 

with BLVRA group, %P < 0.05 compared with scramble siRNA group. N = 6 each group.
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Figure 2. 
BLVRA inhibited inflammatory response after GMH and its expression on brain cells. 

Western blots were analyzed for TLR4, IL-1β, IL-6 and TNF-α expression at 3 days after 

GMH (A–F). Co-localization of BLVRA with microglia (Iba-1) (G), astrocyte (GFAP) (H), 

neuron (NeuN) (I), and DAPI at 72 h after GMH. Values are expressed as mean ± SD. *P < 

0.05 compared with sham group, #P < 0.05 compared with sham group, &P < 0.05 compared 

with BLVRA group, %P < 0.05 compared with scramble siRNA group. N = 6 each group. 

Scale bar = 10 μm.
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Figure 3. 
Endogenous BLVRA, TLR4, phosphorylation of three isoforms NOS, and three isoforms 

NOS in the brain post GMH. Western blots anaylysis of BLVRA, phosphorylation of eNOS 

(S1177), eNOS, phosphorylation of nNOS (S1417), nNOS, phosphorylation of iNOS 

(Y151), iNOS, and TLR4 expression at 3, 6, 12 h and 1, 3, 5, 7 days after GMH (A–F). 

Values are expressed as mean ± SD. *P < 0.05 compared with sham group. N = 6 each 

group.
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Figure 4. 
Endothelia nitric oxide synthase abrogated BLVRA benefits. Hemoglobin content was 

evaluated with eNOS inhibitor (iromycin A), iNOS inhibitor (MEG), and nNOS inhibitor 

(NPA) co-administered with BLVRA at 72 h after GMH (A). Co-localization of BLVRA 

(scale bar: 100 μm), mannose receptor and DAPI at 72 h after GMH (B) and quantified 

activated M2 microglia (C). The expression levels of BLVRA, CD206, and CD36 were 

measured by western blot assay (D–F). Western blots revealed expression of TLR4, IL-1β, 

IL-6 and TNF-α expression at 3 days after GMH in eNOS inhibitor group (G–K). Values are 

expressed as mean ± SD. *P < 0.05 compared with sham group, #P < 0.05 compared with 

sham group, &P < 0.05 compared with BLVRA. N = 6 each group.
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Figure 5. 
BLVRA translocated into nucleus depending on NO generated from eNOS. Phosphorylation 

of three isoforms NOS were evaluated by Western blot (A–D). No assay was conducted at 

72 h after GMH (E and F). Western blot analysis of BLVRA and TLR4 in nucleus and 

cytoplasm (G–M). Lamin B was used as a nucleus loading control. Actin was used as a 

cytoplasm loading control. Values are expressed as mean ± SD. *P < 0.05 compared with 

sham group, #P < 0.05 compared with sham group, &P < 0.05 compared with BLVRA. N = 6 

each group.
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Figure 6. 
BLVRA attenuated oxidative stress and nitrosative stress and regulated TLR family 

expression. DHE staining evaluated superoxide anion (O2−) at 3 days and 28 days after 

GMH in the brain (A–C). HPF staining was used to measure peroxynitrate (ONOO) at 72 h 

after GMH (D and E). Expression of 3-NT, HNE and DNP was analyzed by Western blot 

(F–I). TLR2, TLR3, and TLR9 expression were conducted at 72 h after GMH (J–M). Values 

are expressed as mean ± SD. *P < 0.05 compared with sham group, #P < 0.05 compared with 

sham group. N = 6 each group.
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Figure 7. 
BLVRA attenuated ventricular dilation and brain tissue loss. Nissl staining evaluated at 28 

days after GMH (A). Quantification of brain weight (B), ventricular volume (C), cortical 

thickness (D), grey matter loss (E), and white matter (F) at 28 days after GMH. Values are 

expressed as mean ± SD. *P < 0.05 compared with sham group, #P < 0.05 compared with 

sham group. N = 6 each group.
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Figure 8. 
BLVRA ameliorated long-term neurological deficits after GMH. Neurobehavioral 

assessments of Morris water maze swim distance (A), probe trial (B), Rotarod (C), foot fault 

test (D) and open-field (E) were analyzed at 21 to 28 days after GMH. Body weight (F) was 

measured at 0 to 28 days after GMH. Values are expressed as mean ± SD. *P < 0.05 

compared with sham group, #P < 0.05 compared with sham group. N = 6 each group.
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