
Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

228 Original article

0959-4965 Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. DOI: 10.1097/WNR.0000000000001577

Memantine protects blood–brain barrier integrity and 
attenuates neurological deficits through inhibiting nitric 
oxide synthase ser1412 phosphorylation in intracerebral 
hemorrhage rats: involvement of peroxynitrite-related matrix 
metalloproteinase-9/NLRP3 inflammasome activation
Xiaowei Chena,*, Xu Xiangb,*, Teng Xiea, Zhijun Chena, Yu Moub, Zixu Gaoc,  
Xun Xiec, Min Songc, Hui Huangd, Ziyun Gaod and Min Chend   

Memantine has demonstrated beneficial effects on 
several types of brain insults via therapeutic mechanisms 
mainly related to its activity as a receptor antagonist 
of N-methyl-d-aspartate. However, the influences of 
memantine on intracerebral hemorrhage (ICH) remain 
obscure. This research probed into the neurovascular 
protective mechanisms of memantine after ICH and 
its impacts on neuronal nitric oxide synthase (nNOS) 
ser1412 phosphorylation. ICH model was established 
by employing intrastriatal collagenase injection in rats. 
After modeling, rats were then allocated randomly into 
sham-operated (sham), vehicle-treated (ICH+V), and 
memantine-administrated (ICH+M) groups. Memantine 
(20 mg/kg/day) was intraperitoneally administered 30 min 
after ICH and thenceforth once daily. Rats were dedicated 
at 0.25, 6, 12, 24 h, 3 and 7 d post-ICH for measurement 
of corresponding indexes. Behavioral changes, brain 
edema, levels of nNOS ser1412 phosphorylation, 
peroxynitrite, matrix metalloproteinase (MMP)-9, NLRP3, 
IL-1β and numbers of dying neurons, as well as the 
cellular localization of gelatinolytic activity, were detected 
among the groups. Memantine improved the neurologic 
deficits and mitigated brain water content, levels of 
MMP-9, NLRP3, IL-1β and dying neurons. Additionally, 
treatment with memantine also reduced nNOS ser1412 

phosphorylation and peroxynitrite formation compared 
with the ICH+V group at 24 h after ICH. In situ zymography 
simultaneously revealed that gelatinase activity was 
primarily colocalized with vessel walls and neurons. We 
concluded that memantine ameliorated blood–brain 
barrier disruption and neurologic dysfunction in an ICH 
rat model. The underlying mechanism might involve 
repression of nNOS ser1412 phosphorylation, as well as 
peroxynitrite-related MMP-9 and NLRP3 inflammasome 
activation. NeuroReport 32: 228–237 Copyright © 2021 
The Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction
Intracerebral hemorrhage (ICH) is the most menacing 
subtype of stroke and has an extremely poor prognosis. 
Nearly one-third of ICH patients die within 1 month fol-
lowing ICH and a large proportion of survivors remain 
disabled [1,2]. ICH is accompanied by the production of 
abundant free radicals (e.g., reactive oxygen species and 
reactive nitrogen species, namely ROS and RNS), which 

lead to blood–brain barrier (BBB) disruption, resulting 
in secondary edema in the brain and poor neurological 
deficits [3]. Besides, ICH-related free radicals also trig-
ger inflammatory cascade involved with the progression 
of secondary brain edema [4]. Notedly, the structure of 
the BBB unit is composed of a basement membrane, 
endothelial cells, matrix, astrocytes and neurons, and dis-
ruption of BBB integrity is directly bound up with the 
aggravation of brain edema and neurologic defects [5]. 
However, which free radicals have the most destructive 
action on neurovascular units, and their specific molecu-
lar mechanism is still unclear.

Peroxynitrite (ONOO−), which is formed by the reac-
tion of nitric oxide and superoxide in a diffusion-limited 
way [6]. Excessive accumulation of ONOO− can cause 
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a serious effect on the BBB integrity in various central 
nervous system (CNS) disorders, including ICH, bring-
ing about an adverse prognosis [3,7]. Peroxynitrite can 
compromise the integrity of the BBB by suppressing the 
energy metabolism of the cell, attenuating the activity 
of Na+/K+-ATPase, and activating matrix metallopro-
teinases (MMPs) [6–9]. Importantly, recent researches 
reported that ONOO− implicates activation of NLRP3 
(NOD-like receptor family, pyrin domain containing 3) 
inflammasome, which mediates the inflammatory cas-
cade and secondary brain insults post-ICH [4].

Preceding studies have investigated that the excessive 
release of glutamate associated with neuronal cell dam-
age in several CNS pathologies [10,11], concurrently 
revealing that accompanied pathophysiological processes 
mediate more glutamate formation correlated to the stim-
ulation of N-methyl-d-aspartate receptors (NMDARs) 
[12,13]. It has been experimentally validated that nitric 
oxide was involved in mediating NMDA neurotoxicity 
[14]. Furthermore, three neuronal nitric oxide synthase 
(NOS) isoforms including endothelial NOS, neuronal 
NOS, and inducible NOS are known to produce nitric 
oxide, and potent evidence hints that a particular causal-
ity exists between nNOS and NMDARs which closely 
related to glutamate excitotoxicity and subsequent neu-
ral damage [15,16].

Large amounts of glutamate is released during the patho-
physiology of distinct CNS disorders, leading to NMDAR 
stimulation [17]. Memantine, the NMDAR antagonist, 
has recently demonstrated a powerful brain-protective 
effect in the treatment of disparate CNS diseases such 
as cerebral ischemia [18,19], infantile rat hydrocephalus 
[20], traumatic brain injury [21,22] and subarachnoid 
hemorrhage [16,23]. Overactivation of the complex of 
NMDAR, postsynaptic density protein 95 and nNOS 
produces large amounts of nitric oxide and superoxide 
anions (O

2
−), ultimately leading to the result of peroxyni-

trite formation [3,24]. More specifically, potent evidence 
indicated that nNOS phosphorylation at the site of Ser1412 
was responsible for the sustained peroxynitrite formation 
and the resultant neuronal loss [25].

Although above-mentioned evidences have depicted the 
protective function of memantine treatment in various 
CNS diseases, its impacts on nNOS and peroxynitrite as 
well as involved downstream targets after ICH remain 
unclear. The current study aimed to further clarify the 
treatment action of memantine on brain injury in ICH 
rats and determined probably involvement of the nNOS 
phosphorylation and peroxynitrite-related signaling 
pathway.

Methods
Animals
A total of 98 adult male Sprague-Dawley (SD) rats (6 rats 
died after surgery were eliminated) weighing between 
250 and 300 g were purchased and utilized for our study. 

All the experimental procedures and protocols of the 
present study were authorized by the Ethics Committee 
of Nanchang University in conformity to the guide-
lines for the Care and Use of Laboratory Animals by the 
National Institutes of Health.

Experimental groups, drugs and dose
Rats were randomly allocated to two separate experiments 
as described in Supplementary Figure 1, Supplement 
digital content 1, http://links.lww.com/WNR/A611. The 
experimental grouping information was blinded to the 
researchers and performers who conducted the behavioral 
scores and gelatinolytic activity tests as well as data analy-
sis. Experiment 1 (Supplementary Figure 1, Supplement 
digital content 1, http://links.lww.com/WNR/A611) was set 
to study the time course of nNOS ser1412 and 3-nitro-
tyrosine (3-NT, a recognized hallmark of ONOO− pro-
duction) in the ipsilateral brain tissues. Experiment 2 
(Supplementary Figure 1, Supplement digital content 1, 
http://links.lww.com/WNR/A611) was established to probe 
into the effects of memantine on BBB integrity, brain 
edema and neurological deficits as well as related path-
omechanism. Rats were randomly divided into three 
groups (1) sham group (surgery without ICH induction, 
n = 18), (2) ICH+vehicle (ICH+V, n = 18) group (saline 
treatment) and (3) ICH+ memantine group (ICH+M, 
n = 18) group (memantine treatment). Rats in the ICH+M 
group received intraperitoneal memantine (Sigma-
Aldrich, USA, St. Louis, Missouri, 20 mg/kg/day, prepared 
in freshly sterile saline) 30 min after the ICH induction 
in rats, then injected once daily until the rats were killed. 
The specific dose of memantine decided in our study was 
based on the previously published studies [26,27]. It is 
reported that 20 mg/kg memantine (intraperitoneal) can 
not only achieve effective brain concentration but also 
significantly attenuate brain inflammation and apoptosis, 
thus playing a neuroprotective role. An equivalent volume 
of saline instead of memantine was administrated in the 
ICH+V group.

Intracerebral hemorrhage rat model
Male SD rats were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (45 mg/kg) and then fasten 
to a stereotaxic frame, just as mentioned before [4]. The 
heating pad was selected to maintain the animals’ tem-
perature at 36.5–37.3°C. A microsyringe needle inserted 
into the striatum after a burr hole was made by the ste-
reotactic coordinates of 0.2 mm anterior, 2.8 mm lateral 
and 5.8 mm ventral to the bregma. ICH was induced by 
microinjection of 2  μL sterile saline containing 0.5  IU 
collagenase (Sigma-Aldrich) for more than 5 min. Then 
the burr hole was sealed, and the rats recovered under a 
comfortable environment with unstinted access to food 
and water.

Behavioral testing
Behavioral testing was conducted by two investigators 
blinded to the groups at 24 and 72 h after ICH by using 
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the modified neurological severity score (mNSS) [28]. 
The range of grades from 0 to 18 includes the tests of 
movement, sensation, reflexes and balance. The mNSS 
from 1 to 6 demonstrated mild injury, from 13 to 18 
demonstrated severe injury and from 7 to 12 indicated 
the severity of injury in between.

Blood–brain barrier integrity detection
BBB permeability was analyzed according to the forego-
ing research with small modifications [29]. The 5% Evan’s 
blue solution was injected via tail vein to rats at 22 h after 
ICH. Cardiac perfusion was followed at 2 h after Evan’s 
blue administration to eliminate the residual Evan’s blue 
in the cerebral circulation. After the brain removed, a 
certain amount of N,N-dimethylformamide (DMF) was 
employed to isolate the hemispheres. The mixture liq-
uid obtained followed by mechanically homogenized was 
kept in virtual darkness for 72  h at room temperature. 
The suspension was centrifuged for 30 min and Evan’s 
blue content in the supernatant of tissue homogenates 
was spectrofluorimetrically analyzed. Leaky Evan’s blue 
was demonstrated as micrograms per gram brain weight.

Immunofluorescence
After anesthetized with pentobarbital sodium, the 
rats were perfused with PBS buffer solution and 4% 

paraformaldehyde transcardially, as described previously 
[30,31]. Once removed, the brains were successively 
postfixed, embedded and cut into slices. After depa-
raffinized, sections were microwaved in citrate buffer for 
antigen retrieval and incubated overnight at 4°C with the 
following primary antibodies: mouse monoclonal anti-
3-NT antibody (Abcam, Cambridge, Massachusetts), 
rabbit polyclonal anti-MMP-9 antibody (Santa Cruz, 
California, USA), and rabbit polyclonal anti-CD68 
(Abcam). After incubation with fluorescent conjugated 
secondary antibodies (Alexa Fluor 594 goat anti-mouse 
IgG, 1:500, Abcam; Alexa Fluor 488 goat anti-rabbit IgG, 
1:500, Abcam) under room temperature for 1 h, the sec-
tions were restained by Hoechst 33258 for 10 min. The 
images were obtained by fluorescent microscopy (Bx51; 
Olympus Corporation, Shinjuku-ku, Japan).

In situ zymography testing
The commercial kit was used to detect gelatinase MMP-9 
in situ zymography as previously described (Shanghai, 
China) [30]. Fresh frozen sections with 10 µm thickness 
were incubated with gelatin conjugate at 4°C for 10 min 
and carried on for 1 h at 37°C. For double-staining, the 
tissue slices were incubated with primary antibodies for 
the labeling of neurons (NeuN, Abcam) and vessel basal 
lamina (fibronectin, Abcam) overnight at 4°C after the 

Fig. 1

Effect of memantine on the number of FJC+ neurons and neurological function scores. Degenerated neurons (a), quantitative analysis (b) and neu-
rological scores (c). Fluoro–Jade staining demonstrated that administration of memantine markedly decreased neuron death compared with the 
vehicle group at 24 h post-ICH. Similarly, significantly lowered mNSS scores at 24 and 72 h of ICH rats with the treatment of memantine. n = 6 
in each group. Data are presented as the mean ± SD. #P < 0.05, *P < 0.01, scale bar = 50 µm. ICH, intracerebral hemorrhage; mNSS, modified 
neurological severity score.
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gelatinolytic activity of various groups was quantified. 
Investigators were blinded to the experimental groups. 
The images were taken by the confocal microscope 
(OLYMPUS).

Western blot analysis
The extraction of tissue protein in ipsilateral hemi-
spheres tissues was performed following the instructions 
of the reagents kit and using RIPA buffer. The concen-
trations of protein were detected by the BCA Protein 
Assay Kit (Sigma-Aldrich). After divorced by the SDS-
PAGE, the protein samples were transferred to a PVDF 
filter membrane. Following being blocked with 5% non-
fat milk, primary antibodies (anti-phosphorylated nNOS 
at Ser1214, Sigma-Aldrich; anti-3-nitrotyrosine, Abcam; 
anti-matrix metalloproteinase-9 (MMP-9), Abcam; ZO-1, 
Invitrogen, USA; NLRP3, Abcam; IL-1β, Abcam) were 
incubated respectively and followed by incubation with 
species-specific secondary antibodies (goat anti-mouse 
IgG 1:2000, Santa Cruz Biotechnology; goat anti-rabbit 
IgG 1:2000, Santa Cruz Biotechnology). Densitometry 
analysis was performed with Image J software after nor-
malization to GAPDH.

Statistical analysis
All data were shown as mean ± SD. Statistical analysis 
was performed using SPSS 20.0 software (SPSS, Chicago, 
Illinois, USA). Comparison among groups was deter-
mined via one-way analysis of variance and followed by 
the LSD or Dunnett’s T3 test for the two groups’ com-
parison within the multiple groups. Differences were 
considered to be statistically significant at P < 0.05.

Result
Treatment with memantine inhibits the neuronal death 
and ameliorates the behavioral function of rats after 
intracerebral hemorrhage
Fluoro–Jade staining method was applied to detect the 
dying neurons after ICH. As shown in Fig.  1a, b, the 
number of FJC+ neurons was evidently increased at 24 h 
after ICH as compared with the sham group (P < 0.05). 
Administration of memantine notedly reduced neuronal 
death compared with the vehicle group (P < 0.01). Next, 
we adopted the mNSS tests to evaluate the neurological 
function (Fig. 1c). The mNSS scores were significantly 
increased at 24 and 72 h after ICH attack as compared 
with the sham group (P < 0.01). In contrast, memantine 
treatment evidently ameliorated the neurological deficits 
at the above time points (P < 0.05).

Time course expression levels of neuronal nitric oxide 
synthase ser1412 and 3-nitrotyrosine after intracerebral 
hemorrhage
The expression levels of phosphorylated nNOS and 3-NT 
in the rat brain at designated time points (sham, 0.25, 6, 
12, 24 h, 3 and 7 d post-ICH) were detected by western 
blot (Fig. 2a, b). nNOS ser1412 level sharply increased as 
early as 6  h after ICH and showed a relative reduction 
at 12  h, peaked at 24  h and then diminished gradually. 
Despite falling evidently at 7 days, it was still higher than 
the sham group. Significant differences exist between 
ICH groups and sham groups at the above time points 
(P < 0.05). In contrast to nNOS ser1412, 3-NT level in the 
injured brain tissues also started to markedly increase as 
early as 6 h post-ICH, peaked at 24 h and then diminished 

Fig. 2

The expression of nNOS ser1412 and 3-NT at different time points after ICH. (a) Western blot analysis and (b, c) densitometry. Western blot analy-
sis of nNOS ser1412 and ONOO− revealed that the expression trend of nNOS ser1412 or 3-NT after ICH was basically consistent, and both of them 
reached the maximum at 24 h after ICH (n = 4). The molecular weight of nNOS ser1412 and 3-NT was approximately 170 and 72 kDa, respectively. 
#P< 0.05, *P < 0.01. ICH, intracerebral hemorrhage; nNOS, nitric oxide synthase; 3-NT, 3-nitrotyrosine.
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slowly. Similar to nNOS ser1412, it was still higher than 
the sham group at 7 days. The differences were statisti-
cally significant at the indicated time points (P < 0.01).

Memantine decreased the phosphorylation of 
neuronal nitric oxide synthase at ser1412 and inhibited 
peroxynitrite formation following intracerebral 
hemorrhage
Phosphorylation of nNOS at ser1412 is closely associated 
with nitric oxide production attributed to the increased 

nNOS activity, resulting in disruption of the BBB [32]. 
We determined if memantine inhibited nNOS ser1412 
phosphorylation, nNOS activity and subsequent 
pathway. By western blot (Fig. 3a, b, c), the levels of 
phosphorylated ser1412 and peroxynitrite were remark-
ably elevated at 24 h after ICH. Whereas memantine 
administration effectively decreased the levels of NOS 
ser1412 phosphorylation and peroxynitrite. By immuno-
fluorescence, we also found that memantine treatment 
markedly reduced the expression of peroxynitrite 

Fig. 3

Treatment with memantine decreased the levels of nNOS Ser1412 and 3-NT. (a)Western blot analysis. (b, c) Relative densities have been normal-
ized against the sham group. (d) Immunofluorescence analysis. The vehicle group had an evident higher level of nNOS ser1412 phosphorylation and 
3-NT than the sham-operated group. Memantine treatment suppressed the elevation of nNOS ser1412 phosphorylation and 3-NT when compared 
to the vehicle group at 24 h post-ICH. The molecular weight of nNOS ser1412 and 3-NT was approximately 170 and 72 kDa, separately. (e) Double 
labeling of 3-NT and CD-68 showed that the formation of 3-NT is mainly localized in CD68 positive cells. n = 6 in each group. Data are presented 
as the mean ± SD. #P < 0.05, *P < 0.01, scale bar = 50 µm. ICH, intracerebral hemorrhage; nNOS, nitric oxide synthase; 3-NT, 3-nitrotyrosine.
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Fig. 4

Cellular localization of MMP-9 activity and effect of memantine on MMP-9 activity and protein expression following ICH. The result of colocal-
ization indicated that MMP-9 enzymatic activity was primarily detected in FN+ vessel walls (a) and NeuN+ neurons (b) following ICH. Original 
magnification, ×600. In situ zymography and quantitative analysis (c, e, n = 6), western blot and densitometric analysis (d, f, n = 4). Administration 
with memantine remarkably attenuated MMP-9 expression and gelatinolytic-positive cell numbers compared with the vehicle-treated group at 24 h 
after ICH (P < 0.01). The molecular weight of MMP-9 was approximately 89 kDa. Data are presented as the mean ± SD. #P < 0.05, *P < 0.01, 
scale bar = 50 µm. ICH, intracerebral hemorrhage; MMP, matrix metalloproteinases.
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compared with the ICH+V group at 24  h post-ICH 
(Fig.  3d). Fluorescent double-labeling indicated  
that the formation of 3-NT was mainly localized 
in CD68 positive microglia/macrophages (Fig.  3e) 
(P < 0.01).

Cellular localization of gelatinolytic activity following 
intracerebral hemorrhage
As shown by gelatin in situ zymography, colocalization 
of gelatinolytic activity and cell markers revealed that 
MMP-9 enzymatic activity was primarily observed in 

Fig. 5

Influence of memantine on the expression of zonula occludens-1 (ZO-1) and BBB permeability. Western blot (a) and quantitation (b, n = 4) as 
well as Evan’s blue measurement (c, n = 6). Memantine treatment significantly increased the expression of ZO-1 and attenuated the leakage of 
Evan’s blue in the damaged brain tissues of rats compared with the vehicle group. Bands for ZO-1 migrated at approximately 220 kDa. Data are 
presented as mean ± SD. #P < 0.05, *P < 0.01. BBB, blood–brain barrier.

Fig. 6

Effect of memantine injection on the protein levels of NLRP3 and IL-1β. Western blot (a) and densitometric analysis (b, c, n = 4). Injection with 
memantine remarkably suppressed the increases of NLRP3 and IL-1β compared with the vehicle-treated group at 24 h after ICH. The molecular 
weight of NLRP3 and IL-1β was approximately 120 and 17 kDa, separately. Data are presented as the mean ± SD. #P< 0.05, *P< 0.01. ICH, 
intracerebral hemorrhage.
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FN+ vessel walls and NeuN+ neurons (Fig. 4a, b). These 
tests showed that gelatinolytic activity could be activated 
in a wide range of cell types, including vessel walls and 
neurons, with consequently detrimental effects following 
ICH.

Treatment with memantine downregulated the 
increased MMP-9 activity and protein expression
MMP-9 played an important role in maintaining BBB 
integrity and we, therefore, investigated MMP-9 levels 
using in situ zymography(Fig.  4c, e) and western blot 
(Fig. 6d, f). The gelatinolytic activity and protein expres-
sion of MMP-9 was dramatically increased at 24 h after 
ICH. Whereas treatment with memantine markedly 
attenuated the MMP-9 protein levels and quantities of 
gelatinolytic-positive cells and vessels when compared 
with the vehicle-treated group (P < 0.01).

Administration with memantine attenuated the 
destruction of tight junction protein zonula occludens-1 
and ameliorated the blood–brain barrier permeability
The integrity of the BBB requires the support of tight 
junction proteins [e.g., zonula occludens-1 (ZO-1)]. 
Thus, using western blot (Fig.  5a, b), we investigated 
whether memantine protects BBB via the modulation of 
ZO-1. The ZO-1 was evidently reduced at 24 h after ICH 
attack compared with the sham group. Contrarily, admin-
istration with memantine notably counteracted the ICH-
mediated decreasing expression of ZO-1 compared to 
the ICH+V group (P < 0.05). Furtherly, we compared the 
exosmotic Evan’s blue intensity between the memantine 
and the vehicle group. At 24  h post-ICH, memantine 
administration markedly attenuated BBB leakage and 
ameliorated the BBB permeability when compared with 
the vehicle group (Fig. 5c) (P < 0.01).

Treatment with memantine repressed the activation of 
NLRP3 and subsequent IL-1β production
The activation of NLRP3 inflammasome and the associ-
ated inflammatory cascade is bound up with the hemor-
rhagic brain injury. Current results demonstrated that at 
24 h after ICH induction, the protein levels of NLRP3 
and IL-1β were significantly enhanced, and memantine 
injection remarkably weakened the increases of NLRP3 
and IL-1β (Fig. 6a, b, c, P < 0.05).

Discussion
Following ICH, the hematoma degradation products 
trigger inflammatory responses in the perihematomal 
region [33]. Activation of glial cells, including astrocytes 
and microglia, is followed by the initiation of inflamma-
tory responses and induction of proinflammatory and 
neurotoxic mediators, leading to BBB disruption and 
subsequent brain edema, neural apoptosis and impaired 
neurologic outcomes [34–36]. We, therefore, attempted to 
characterize the actions of memantine on the neurologic 
impairment, apoptosis of cells, nNOS and peroxynitrite 

formation, BBB integrity and related mechanisms in ICH 
rats.

As the reaction between nitric oxide and superoxide 
anions (O

2
−) and consequent oxidative product, perox-

ynitrite has been reported to feature in a wide variety of 
biological processes related to cell damage, destruction 
of BBB integrity, endothelial dysfunction and neurode-
generation, and is consequently correlated with a poor 
prognosis [37–39].

Although relevant researches have confirmed that the 
upregulation of iNOS increased the production of nitric 
oxide, iNOS was not detectable until 1  day after ICH 
[40]. Accompany with elevated glutamate concentration 
in the early phase of ICH, nNOS was aberrantly acti-
vated and exerted a dominant role in the formation of 
nitric oxide and O

2
−, thereby resulting in the sustained 

production of peroxynitrite [30]. Given that peroxynitrite 
formation is closely relevant to glutamate concentration 
and BBB disruption, our study revealed that memantine 
salvaged the BBB disruption by suppressing nNOS acti-
vation and peroxynitrite formation as well as underlying 
pathogenic targets.

The nNOS has been implicated in the breakdown of BBB 
integrity in several diseases, including heat stress-in-
duced brain injury [41], transient cerebral ischemia [42] 
and subarachnoid hemorrhage [16]. Regarding the role of 
peroxynitrite, we previously revealed that ONOO− may 
mediate the activation of MMP-9 by two principal mech-
anisms. Specifically, it may upregulate nuclear factor-κB 
(NF-κB) expression indirectly and eventually modify 
MMP-9 transcription or may affect pro-MMP-9 directly, 
leading to significantly increased release of MMP-9 
[43,44]. The activation of transcriptional and translational 
pathways regulates the expression of MMP-9 via relevant 
element-binding sites of functional enhancer, including 
NF-κB and activator protein-1 [45–47]. Increasing evi-
dence have shown that MMPs exert a biological role 
in CNS diseases, including ICH [48,49], and peroxyni-
trite-mediated activation of MMP-9 has been predom-
inantly linked to tight junction proteins degradation, 
BBB disruption and tissue damage [50,51]. In the set-
ting of ischemic [25] and hemorrhagic storke [32] model, 
enhanced phosphorylation of nNOS at Ser1412 was closely 
associated with the increased nNOS activity and subse-
quent nitric oxide production, which ultimately results 
in the excessive formation of ONOO−. Inhibition of 
nNOS phosphorylation at Ser1412 led to decreased levels 
of ONOO− [25]. In addition, it is reported that levels of 
phosphorylated Ser1412 were elevated as early as 1 h after 
cerebral ischemia-reperfusion [34,52,53]. In this con-
text, we discovered that the nNOS exerted detrimental 
effects through nNOS ser1412 phosphorylation and nitric 
oxide overproduction as well as the resultant formation 
of ONOO−, which collaborated with MMP-9 and nega-
tively contributed to BBB disruption and neuronal dam-
age after ICH.
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NLRP3 inflammasome, which was consisted of an 
NLRP3 scaffold, adaptor apoptosis speck-like protein 
(ASC) and the effector procaspase-1 [54], played a piv-
otal role in cerebrovascular diseases and have been 
reported to mediate BBB destruction and increased 
brain edema after cerebral ischemia [55,56]. More signif-
icantly, recent reports have shown that NLRP3 can be 
activated by reactive oxygen species (including perox-
ynitrite), Ca2+ signaling, and mitochondrial dysfunction 
[4]. Our results indicated that enhanced NLRP3 and 
IL-1β evidently decreased after memantine treatment, 
indicating that memantine can inhibit the inflammatory 
processes, which was in accord with the previous results 
[57,58]. Intriguingly, recent evidence demonstrated that 
the NLRP3-caspase-1 inflammasome directly activates 
MMP-9 by cleaving its N-terminal inhibitory domain. 
Genetic knockdown or inhibition of NLRP3 remarkably 
diminished the cleavage and activation of MMP-9 as well 
as mitigated the aortic destruction in a mice model of 
sporadic aortic aneurysm and dissection [59].

Memantine has been reported to exert an antagonistic 
effect on NMDARs, and to inhibit the Ca2+-dependent 
cascade and nNOS signaling during the pathologic acti-
vation of NMDARs [60]. Previous studies showed that 
memantine had neuroprotective effects against several 
diseases, including Alzheimer’s disease [61], hypoxia/
ischemia [26], neuropathic pain [62] and Parkinsonism 
[26]. The relevant mechanisms are related to the atten-
uation of active caspase-3 levels and cell apoptosis, and 
the prevention of endothelial excitotoxicity, as well as the 
suppression of endogenous tPA upregulation. Notably, 
tissue plasminogen activator (tPA) is a selective activa-
tor of NMDA receptor-dependent signaling and neuro-
toxicity [63] and has been recognized as a promoter of 
MMP-9 activation and resultant hematoma expansion 
after ICH [57]. Surprisingly, memantine also exerted a 
powerful inhibitory action on the upregulation of tPA and 
ultimately reduced the MMP-9 level in the hemorrhagic 
brain [57]. The present research focused on the protec-
tive effect of memantine on BBB integrity within an ICH 
model, and revealed that it acted via a certain mechanism 
related to NMDAR antagonism, leading to the inhibition 
of nNOS ser1412 phosphorylation, decreased nNOS signa-
ling and subsequently decreased production of peroxyni-
trite, MMP-9 and NLRP3.

Collectively, although other factors may also be impli-
cated in the decreases of nNOS activation and perox-
ynitrite formation, the current results suggested that the 
inhibitory effect of memantine on nNOSser1412 phospho-
rylation and peroxynitrite-related MMP-9 and NLRP3 
activation may, at least, in part help to prevent BBB dis-
ruption and neurological deficits in ICH rats.
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