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NOD1/RIP2 signalling enhances the
microglia-driven inflammatory response
and undergoes crosstalk with inflammatory
cytokines to exacerbate brain damage
following intracerebral haemorrhage in
mice
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Abstract

Background: Secondary brain damage caused by the innate immune response and subsequent proinflammatory
factor production is a major factor contributing to the high mortality of intracerebral haemorrhage (ICH).
Nucleotide-binding oligomerization domain 1 (NOD1)/receptor-interacting protein 2 (RIP2) signalling has been
reported to participate in the innate immune response and inflammatory response. Therefore, we investigated the
role of NOD1/RIP2 signalling in mice with collagenase-induced ICH and in cultured primary microglia challenged
with hemin.

Methods: Adult male C57BL/6 mice were subjected to collagenase for induction of ICH model in vivo. Cultured
primary microglia and BV2 microglial cells (microglial cell line) challenged with hemin aimed to simulate the ICH
model in vitro. We first defined the expression of NOD1 and RIP2 in vivo and in vitro using an ICH model by
western blotting. The effect of NOD1/RIP2 signalling on ICH-induced brain injury volume, neurological deficits, brain
oedema, and microglial activation were assessed following intraventricular injection of either ML130 (a NOD1
inhibitor) or GSK583 (a RIP2 inhibitor). In addition, levels of JNK/P38 MAPK, IκBα, and inflammatory factors, including
tumour necrosis factor-α (TNF-α), interleukin (IL)-1β, and inducible nitric oxide synthase (iNOS) expression, were
analysed in ICH-challenged brain and hemin-exposed cultured primary microglia by western blotting. Finally, we
investigated whether the inflammatory factors could undergo crosstalk with NOD1 and RIP2.
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Results: The levels of NOD1 and its adaptor RIP2 were significantly elevated in the brains of mice in response to
ICH and in cultured primary microglia, BV2 cells challenged with hemin. Administration of either a NOD1 or RIP2
inhibitor in mice with ICH prevented microglial activation and neuroinflammation, followed by alleviation of ICH-
induced brain damage. Interestingly, the inflammatory factors interleukin (IL)-1β and tumour necrosis factor-α (TNF-
α), which were enhanced by NOD1/RIP2 signalling, were found to contribute to the NOD1 and RIP2 upregulation in
our study.

Conclusion: NOD1/RIP2 signalling played an important role in the regulation of the inflammatory response during
ICH. In addition, a vicious feedback cycle was observed between NOD1/RIP2 and IL-1β/TNF-α, which could to some
extent result in sustained brain damage during ICH. Hence, our study highlights NOD1/RIP2 signalling as a potential
therapeutic target to protect the brain against secondary brain damage during ICH.
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Introduction
Given the high morbidity and mortality of intracerebral
haemorrhage (ICH) [1], concerns about identifying an
effective treatment for ICH have been increasing. How-
ever, only identification of the mechanism underlying
ICH-induced damage can address this concern. Accu-
mulating evidence has demonstrated that the second
wave of innate immune-induced inflammatory injury, ra-
ther than direct damage caused by hematoma-mediated
compression, is the main contributor to a series of dam-
aging events following ICH [2–4], including brain
oedema, BBB damage, cell death, severe neurological
dysfunctions, and even death. Secondary neuroinflam-
mation is characterized by an innate immune response
and subsequent inflammatory cytokine production. The
innate immune response mainly involves the activation
of microglia and the infiltration of other blood-derived
immune cells [5, 6]. Microglia act as a major innate im-
mune cell in the central nervous system (CNS) and can
be induced to transition from the resting form to the ac-
tivated form after sensing brain tissue injury [7, 8]. Acti-
vated microglia are responsible for the production of
inflammatory cytokines, such as IL-1β, TNF-α, and IL-6
[9–12]. Therefore, targeting the innate immune response
has become a major goal of ICH treatment.
Nucleotide-binding oligomerization domain 1 (NOD1),

a member of the NOD-like receptor (NLR) family, has
been found to be an intracytoplasmic innate immune re-
ceptor that can drive the innate immune response and
trigger a cascade of inflammatory signalling events upon
sensing pathogens or tissue injury [13–15]. Evidence has
shown that NOD1 is partially responsible for the patho-
genesis of polymorphonuclear leukocyte (PMN)-induced
liver ischemia injury, and deletion of NOD1 has a neuro-
protective effect on PMN-dependent liver disease [16, 17].
Proinflammatory macrophage activation and neutrophil
infiltration in adipose tissue during consumption of a
high-fat diet could be prevented upon NOD1 depletion
[18]. In addition, it has been reported that NOD1 and its

downstream molecular RIP2 [19, 20] play a pivotal role in
modulating nuclear factor kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK) signalling activation [21,
22], which is associated with neuroinflammation [23–25].
These findings suggest that NOD1/RIP2 signalling plays
an important role in the inflammatory response. Thus, we
asked whether NOD1/RIP2 signalling participates in the
pathogenesis of ICH, and more specifically, whether
NOD1/RIP2 signalling mediates microglial activation and
subsequent proinflammatory signalling during ICH.
In the present study, we explored the role of NOD1/

RIP2 signalling in the regulation of the inflammatory re-
sponse during ICH. We found that NOD1 and RIP2
were increased in response to ICH and contributed to
microglial activation and the inflammatory response.
However, surprisingly, we identified a crosstalk between
NOD1/RIP2 and the inflammatory cytokines IL-1β and
TNF-α. NOD1 and RIP2 activation not only had positive
impacts on inflammatory cytokines, but were also af-
fected by them. The formation of this vicious cycle may
illuminate the context of severe inflammation during
ICH. Therefore, blockade of NOD1/RIP2 signalling
would be a promising therapeutic approach for ICH.

Materials and methods
Mice
Male C57BL/6 mice at the age of 2–3 months were used
in all animal experiments, and all mouse procedures
were approved by the institutional Animal Use and Care
Committee of XuZhou Medical University. Mice were
fed in a strict pathogen-free environment with a 12-h
light/dark cycle and free access to water.

Induction of the ICH model in mice
Induction of the ICH model was based on a previous re-
port [26]. In brief, mice were first anesthetized with
pentobarbital sodium (50 mg/kg) and then placed on a
stereotaxic frame. A cranial burr hole was drilled with a
well velocity meter 2.5 mm lateral to the midline.
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Collagenase VII (0.045 U in 1 μl of sterile saline)
(Sigma-Aldrich; Germany) was injected at a rate of 0.2
μl/min into the left striatum, which was located 0.2 mm
anterior, 2.5 mm lateral, and 3.5 mm deep relative to the
bregma [27]. After injection, the needle was left for 5
min to avoid the reflux. The sham group underwent all
procedures except collagenase injection.

Cell culture and in vitro ICH model
Primary microglial culture
New-born mice at days 1–3 were used for isolation of
the primary microglia. Cortex-striatum tissues were ex-
tracted from the brain and cut into tiny pieces, followed
by digestion with trypsin for 15 min, when it was pos-
sible to adequately dissociate the tissues into mixed glia.
These glia were then plated into T-25 culture flasks
containing DMEM/F12 with 10% foetal bovine serum,
GlutaMAX (Invitrogen), and 1% penicillin/streptomycin.
After culture in a 5% CO2/37 °C incubator for 14 days,
the flasks were shaken at 220 rpm for 4 h at 37 °C to
harvest the primary microglia. Thereafter, the microglia
were plated in 6-well plates at a density of 5 × 105 cells
per well for subsequent experiments.

Microglial cell line culture
The microglial cell line BV2 was incubated in 6-well
plates containing Dulbecco’s modified Eagle’s medium
(DMEM)/high glucose supplemented with 10% foetal bo-
vine serum, 120 U/ml penicillin, and 100 mg/l strepto-
mycin in an incubator containing 5% CO2 at 37 °C.

Induction of an in vitro ICH model
Based on a report that hemin plays an important role in
the pathology of ICH [28] and the use of hemin to in-
duce ICH in an in vitro study [29], hemin (Sigma-Al-
drich, Germany) was used to stimulate cultured primary
microglia and the BV2 microglial cell line in our in vitro
ICH model.

Drug administration
(1) The following inhibitors used in our study were pur-
chased from Selleck Chemicals (Houston, TX, USA): (i)
ML130, a highly selective and effective inhibitor of
NOD1 (20 μM in vivo and in vitro); (ii) GSK583, a spe-
cific RIP2 inhibitor (20 μM in vivo and in vitro); (iii)
BAY11-7082, an NF-κB signalling inhibitor capable of
inhibiting IκBα degradation (10 μM in vivo and in vitro);
(iv) SP600125, a JNK kinase inhibitor (10 μM in vivo
and in vitro); and (v) SB202190, a P38 kinase inhibitor
(10 μM in vivo and in vitro). These inhibitors were dis-
solved in dimethyl sulfoxide (DMSO) and injected into
mice via the lateral ventricle (positioned 1.5 mm poster-
ior, 1.0 mm lateral, and 3.2 mm deep relative to the
bregma) [30] 30 min prior to ICH induction in mice.

For the in vitro intervention, microglia were pretreated
with these inhibitors for 1 h followed by hemin
induction.
(2) The selective NOD1 agonist C12-iE-DAP (Sigma-

Aldrich, Merck), diluted in purified water, was injected
into mice via the lateral ventricle at 10 min following
ICH induction and administered to cultured microglia at
10 min post-hemin exposure.
(3) Recombinant mouse IL-1β/TNF-α (Minneapolis,

MN), diluted in sterile PBS, was injected into mice via
the local right striatum or administered to cultured pri-
mary microglia for 24 h.
(4) In all experiments, the mice in the sham group or

the microglia in the control group received an equal vol-
ume of solvent (DMSO or purified water, or sterile PBS)
used for drug dissolution.

Behaviour assessment
The modified Neurological Severity Score (mNSS) [31],
which includes motor, sensory, balance, and reflex tests,
together with the corner-turning test, was employed to
evaluate neurological deficits before ICH and at 3 days
post ICH. The score ranges from 0 to 18 points, and 1
point is given for failing to perform one task. Mice with
more severe damage will receive higher scores. The
corner-turning test was performed according to a previ-
ous study [32]. The turn made by the mouse was re-
corded as either right or left, and then, the percentage of
left turns was calculated.

Brain water content
The brains obtained from mice under deep anaesthesia
were divided into three parts, namely, the ipsilateral and
contralateral hemispheres and the cerebellum, and the
parts were then weighed to determine the wet weight,
placed into the oven at 100 °C for 24 h, and reweighed
to determine the dry weight. The brain water content
was calculated according to the following formula: (wet
weight-dry weight)/wet weight*100% [33].

Nissl and immunofluorescence staining
After sequential perfusion of the mice with PBS and 4%
paraformaldehyde via the heart, the brains were removed
and fixed in 4% paraformaldehyde overnight. Thereafter,
brain specimens were sectioned coronally into 40-50-
μm-thick sections from the frontal lobe to the visual cor-
tex, followed by Nissl or immunofluorescence staining.

(1) The major steps of Nissl staining were conducted as
follows: the sections were incubated in 100, 95, and
80% ethanol for 30 s and then treated with FD
Cresyl Violet SolutionTM (FD Neoro Technologies,
Columbia, MD, USA) for 2 min, followed by
dehydration through a series of alcohol
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concentrations and sealing with neutral resin. The
injury volumes of the stained sections were
measured with ImageJ software and calculated via
indirect methods as previously reported [34].

(2) For immunofluorescence staining, the sections were
preblocked and permeabilized with a mixture
containing 90% PBS, 10% donkey serum, and 0.5%
Triton X-100 for 1 h and then coincubated with
rabbit anti-Iba-1 (1:500, WAKO, Japan) and rat
anti-CD68 (1:500, Abcam, Cambridge, UK) anti-
bodies overnight at 4 °C. Then, these sections were
washed 3 times with PBS, followed by incubation
with an Alexa Fluor 555 or Alexa Fluor 488 second-
ary antibody (1:500, Protein tech Group, Inc, Chi-
cago, IL, USA) at 37 °C for 2 h. Finally, the positive
cells from three different areas of tissue surrounding
the hematoma in each brain section were analysed
with ImageJ software.

Immunohistochemistry staining
After transcardially perfusing mice with 4% paraformal-
dehyde, the brains were removed and fixed in the same
fixative overnight. They were then paraffin-embedded
and sectioned coronally into 4 μm. This process was
followed by deparaffinization with xylene and graded
ethanols sequentially. Next, 10 mmol citrate buffer was
conducted for antigen retrieval, 3% hydrogen peroxide
was applied for endogenous peroxidase activity blockade,
and 5% bovine serum albumin was performed for block-
ing the nonspecific staining. Thereafter, these sections
were incubated with rabbit anti-Iba-1 (1:500, WAKO,
Japan) at 4 °C overnight. The sections were then incu-
bated with a secondary antibody for 1.5 h at room
temperature, followed by DAB staining for 3 min. Fi-
nally, immunopositive cells from three different areas
around the hematoma were analyzed by three observers
blind to the mice group information.

Western blot analysis
The main protein extraction and western blot proce-
dures were conducted according to previously described
methods [34]. Perihematomal tissues and hemin-induced
microglia were collected. These tissues were lysed with
RIPA buffer for 10 min and centrifuged at 4 °C at 13,
000g for 30 min, and the protein in the supernatant was
collected for western blot analysis. Equal amounts of
protein were separated by electrophoresis and trans-
ferred to nitrocellulose membranes. The membranes
were first blocked with 5% non-fat milk and then incu-
bated with the following primary antibodies overnight at
4 °C: rabbit anti-NOD1 (1:1000), rabbit anti-RIP2 (1:
1000), rabbit anti-IL-1β (1:1000), rabbit anti-TNF-α (1:
1000), rabbit anti-iNOS (1:1000), rabbit anti-total P38 (1:
2000), rabbit anti-p-P38 (1:2000), rabbit anti-total JNK

(1:5000), rabbit anti-p-JNK (1:5000), and rabbit anti-
IκBα (1:5000). All of these antibodies were obtained
from the company of Cell Signalling Technology.

Experimental protocol
This study was mainly divided into two parts: in vivo
and in vitro. The design of the experiment is shown in
Fig. 1.
Part 1 In vivo study
All mice were randomized into the following five

experiments:

1) To determine NOD1 and RIP2 expression at
different time points post ICH, the mice were
randomly divided into five groups: sham, ICH-1d,
ICH-3d, ICH-5d, and ICH-7d (n = 3/group).

2) To detect the effects of NOD1 inhibition and RIP2
inhibition on ICH-induced brain injury, the ICH +
DMSO, ICH + ML130(ML), and ICH +
GSK583(GSK) groups were used to evaluate neuro-
logical deficits (n = 10/group), assess brain water
content (n = 6/group), and test injury volume (n =
6/group). The sham, ICH + DMSO, ICH +
ML130(ML), and ICH + GSK583(GSK) groups were
used to assess microglial activation (n = 6/group).

3) To explore the effects of NOD1 inhibition on the
inflammatory response, the mice were randomized
into four groups: sham, ICH, ICH + DMSO, and
ICH + ML130 (ML) (n = 3/group).

4) To explore the effects of RIP2 inhibition on the
inflammatory response, the mice were randomized
into five groups: sham, ICH + DMSO, ICH + iE-
DAP (iE), ICH + GSK583 (GSK), and ICH+iE-DAP
(iE) + GSK583 (GSK) (n = 3/group).

5) To investigate whether the NOD1/RIP2-induced
inflammatory factors were dependent on JNK/P38
MAPK and NF-κB signalling, the mice were divided
into five groups: sham, ICH + DMSO, ICH +
SP600125 (SP), ICH + SB202190 (SB), and ICH +
BAY11-7082 (BAY) (n = 3/group).

6) To explore whether NOD1 and RIP2 expression
could be regulated by IL-1β and TNF-α, the mice
were divided into four groups: sham, IL-1β, TNF-α,
and IL-1β + TNF-α (n = 3/group).

Part 2 In vitro study

1) To determine NOD1 and RIP2 expression in
cultured primary microglia and BV2 cells after
exposure to different doses of hemin, the microglia
were randomly divided into five groups: control,
Hemin-10 μM, Hemin-20 μM, Hemin-40 μM, and
Hemin-60 μM (n = 3/group).
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2) To explore the effects of NOD1 inhibition on
inflammatory cytokine production and JNK/P38
MAPK and NF-κB signalling pathways, primary
microglia were randomized into four groups: con-
trol, Control + ML130 (ML), Hemin, and Hemin +
ML130 (ML) (n = 3/group).

3) To explore the effects of RIP2 inhibition on
inflammatory cytokine production and JNK/P38
MAPK and NF-κB signalling pathways, primary
microglia were randomized into five groups: con-
trol, Hemin + DMSO, Hemin + iE-DAP (iE), He-
min + GSK583 (GSK), and Hemin + iE-DAP (iE) +
GSK583 (GSK) (n = 3/group).

4) To investigate whether NOD1/RIP2-induced
inflammatory cytokine production was dependent
on JNK/P38 MAPK and NF-κB signalling, BV2 cells
were divided into five groups: control, Hemin +
DMSO, Hemin + SP600125 (SP), Hemin +
SB202190 (SB), and Hemin + BAY11-7082 (BAY)
(n = 3/group).

5) To explore whether NOD1 and RIP2 expression
could be regulated by IL-1β and TNF-α, the cul-
tured primary microglia were divided into four
groups: control, IL-1β, TNF-α, and IL-1β + TNF-α
(n = 3/group).

Statistical analysis
GraphPad Prism 8 was employed for statistical analysis
of the data in this study. All data are presented as the
mean ± SEM. One-way ANOVA with Tukey’s post hoc
test was applied for the comparison among multiple
groups. Student’s t test was used to compare differences
between two groups. P < 0.01 indicated a significant
difference.

Results
NOD1 and RIP2 expression displayed dramatic increases
following ICH
To verify whether NOD1/RIP2 signalling contributed to
haemorrhage-associated brain injury, we first investigated

Fig. 1 Experimental design of the in vivo and vitro study. ICH, intracerebral hemorrhage; WB, western blot; IF, immunofluorescence; IHC,
immunohistochemistry; ML, ML130; GSK, GSK583; iE, C12-iE-DAP; SP, SP600125; SB, SB202190; BAY, BAY11-7082; d, day; h, hour
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the expression of NOD1 and RIP2 in response to ICH. A
number of mice at different time points following ICH (1,
3, 5 , and 7 days) were employed for comparison with the
sham group. Western blot analysis showed that NOD1 and
RIP2 expression was barely detectable within the sham
brain, whereas significant overproduction was observed at 1
day following ICH surgery, with a maximum at 3 days and
a gradual decrease thereafter (Fig. 2a–b). To further con-
firm that NOD1 and RIP2 were indeed significantly upreg-
ulated in the acute phase of ICH, we explored NOD1 and
RIP2 expression in cultured primary microglia and BV2
cells challenged with different doses of hemin (0, 10 μM, 20
μM, 40 μM, 60 μM) for 24 h. Western blot analysis showed
that NOD1 and RIP2 levels were both elevated with in-
creasing doses of hemin in primary microglia (Fig. 2c–d)
and in BV2 cells (Fig. 2e–f). Therefore, in view of the above
results, we speculated that NOD1/RIP2 signalling might
participate in the pathological process of ICH.

NOD1/RIP2 inhibition ameliorated ICH-induced brain
damage and microglial activation
To investigate the role of NOD1/RIP2 signalling in ICH-
induced brain damage, ML130 (a specific NOD1 inhibitor)

and GSK583 (a specific RIP2 inhibitor) were employed in
our study. The optimal concentration of ML130 for inhibit-
ing NOD1 and GSK583 for inhibiting RIP2 was 20 μM,
which was based on their effect on the expression of the
proinflammatory factor iNOS in BV2 cells in response to
hemin (Additional file 1: Figure S1). The impact of NOD1
inhibition and RIP2 inhibition on ICH was first evaluated
by the injury volume. There was a significant reduction in
injury volume in the ML130- or GSK583-treated group
compared with the DMSO-treated group (Fig. 3a, b). In
addition, mice subjected to either ML130 or GSK583 ad-
ministration exhibited a significant reduction in brain water
content, neurological deficit scores, and percentage of right
turns in the corner-turning experiment compared with the
DMSO-treated group (Fig. 3b). Collectively, these results
demonstrated that NOD1/RIP2 signalling inhibition might
be protective against ICH-induced brain damage. Based on
the protective role of NOD1/RIP2 inhibition against ICH-
induced brain damage in our study, we further explored the
possible molecular mechanism of NOD1/RIP2 involve-
ment. Since the microglia-driven inflammatory response
was of great importance in ICH-induced brain damage, we
then investigated the role of NOD1/RIP2 signalling in

Fig. 2 NOD1 and RIP2 expression were upregulated following ICH. Western blot of NOD1 and RIP2 a, b in the brains of mice on the indicated days
following ICH (n = 3 mice for each group; *P < 0.01 vs. the sham group), c, d in primary microglia, and e, f in BV2 cells challenged with hemin at the
indicated doses for 24 h (n = 3 experiments for each group; *P < 0.01 vs. the ctrl group). All data are the representative of three independent experiments
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microglial activation after ICH in mice. Immunofluores-
cence staining for CD68, a marker of activated microglia,
together with Iba1, showed that the numbers of cells posi-
tive for CD68 and Iba1 were dramatically increased in peri-
hematomal tissue from the ICH group compared with the
sham group, whereas were significantly downregulated by
either ML130 or GSK583 treatment (Fig. 3c, d). Moreover,
the enlarged cell body size of microglia induced by ICH
could be reduced following ML130 or GSK583 treatment
(Fig. 3c, d). Furthermore, we evaluated microglial morph-
ology by performing Sholl analysis with immunohistochem-
istry staining. The microglia were defined into four types
on the basis of the length and thickness of process [8, 35].
As shown in Fig. 3e, type 1, i.e. the resting form of

microglia, the processes are fine and long, and the cell body
is small; type 2, i.e. the initiated form of activated microglia,
the processes are still long, but not smooth, with many
small branches. The cell body size gets bigger; type 3, i.e.
the activated form of microglia with non-phagocytic func-
tion, the processes become shorter and uneven with various
thickness, and the cell body enlarges in bigger and irregular
size; type 4, i.e. the overactivated form of microglia with
phagocytic function, the processes are thick and short, and
the cell body is big and dark. The resting microglia, charac-
terized by small cell bodies and fine and long synapses [8],
in the sham group shifted to activated microglia, character-
ized by significantly enlarged cell bodies and thick,
shrunken synapses, in response to ICH [7, 8] (Fig. 3f, g).

Fig. 3 NOD1/RIP2 inhibition alleviated ICH-induced brain damage and microglial activation. a, b Levels of injury volume, brain water content and
neurological function in the indicated group (n = 6 mice/group for analysis of injury volume and brain water content; n = 10 mice/group for
analysis of neurological function. #P < 0.01 vs. the DMSO-treated group). c, d CD68-, Iba-1-positive cells and the cell body size of microglia in the
perihematomal tissue by immunofluorescence staining (n = 6 mice for each group, 3 images/mouse; *P < 0.01 vs. the sham group, #P < 0.01 vs.
the DMSO-treated group). e The representative images of the four subtypes of microglia: type 1, the resting form of microglia; type 2, the
initiated form of activated microglia; type 3, the activated form of microglia with non-phagocytic function; type 4, the overactivated form of
microglia with phagocytic function. f, g Immunohistochemical analysis of microglial subtypes and quantitative data of activated microglia in the
indicated groups (n = 6 mice for each group, 3 images/mouse; *P < 0.01 vs. the sham group, #P < 0.01 vs. the DMSO-treated group). All data are
representative of at least six independent experiments
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However, these harmful effects were significantly amelio-
rated by either ML130 or GSK583 treatment (Fig. 3f, g).
Taken together, these results showed that NOD1/RIP2 in-
hibition alleviated ICH-induced brain damage in part by de-
creasing microglial activation.

NOD1 inhibition inhibited the inflammatory factors and
JNK/P38 MAPK, NF-κB signalling pathway following ICH
The ability of NOD1 inhibition to suppress the
microglia-driven inflammatory response was further
verified by assessing inflammatory factors, including
iNOS, IL-1β, and TNF-α. Our study revealed that peri-
hematomal tissue from the non-ML130-treated group
induced significantly higher levels of the above inflam-
matory factors than did those from the sham group.
However, these factors were significantly downregulated
upon treatment with ML130. There was no significant
difference between the ICH + DMSO and ICH groups
(Fig. 4a, c). To further validate the results, we also

examined the expression of these inflammatory factors
in vitro by western blotting. Pre-treatment with ML130
significantly alleviated inflammatory factors that were
upregulated in primary microglia in response to hemin,
and there was no significant difference between the
control and control + ML130 groups (Fig. 4b, d). Since
JNK/P38 MAPK and NF-κB signalling were involved in
NOD1/RIP2-dependent inflammatory signalling, we
further assessed the role of ML130 in these signalling
pathways during ICH. Our results showed that JNK/
P38 MAPK and NF-κB signalling were activated by
ICH. However, in the presence of ML130, significantly
lower levels of phosphorylated JNK/P38 MAPK and
higher production of IκBα were noted (Fig. 4e, g). A
similar outcome was detected in the in vitro study
(Fig. 4f, h). These observed changes indicated that
NOD1 inhibition protected against ICH-induced brain
damage by inhibiting the inflammatory response follow-
ing ICH.

Fig. 4 NOD1 inhibition significantly reduced the inflammatory response in response to ICH. Levels of iNOS, TNF-α, and IL-1β protein a, c in the
brain in the indicated groups (n = 3 mice for each group; *P < 0.01 vs. the sham group, #P < 0.01 vs. the ICH/ICH + DMSO group) and b, d in the
primary microglia from the indicated groups (n = 3 experiments for each group; *P < 0.01 vs. the ctrl group, #P < 0.01 vs. the Hemin group); RIP2,
total and phosphorylated JNK/P38 MAPK, and IκBα protein levels e, g in the brain in the indicated groups (n = 3 mice for each group; *P < 0.01
vs. the sham group, #P < 0.01 vs. the ICH/ICH + DMSO) and f, h in the primary microglia from the indicated groups (n = 3 experiments for each
group; *P < 0.01 vs. the ctrl group, #P < 0.01 vs. the hemin group). All data are representative of three independent experiments
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RIP2 inhibition alleviated inflammatory factors and JNK/
P38 MAPK, NF-κB signalling pathways following ICH
To address the possibility that NOD1/RIP2 signalling
contributed to ICH-induced brain damage, we further
defined the role of RIP2, the critical partner of NOD1,
in ICH with its inhibitor GSK583. The inflammatory
response-associated factors iNOS, IL-1β, and TNF-α
were increased in the brain in response to ICH (Fig. 5a,
c) and in the primary microglia exposed to hemin
(Fig. 5b, d), and this effect was further enhanced by the
NOD1 agonist C12-iE-DAP (Fig. 5a–d). However, these
harmful effects could be blunted by administration of
GSK583 (Fig. 5a–d). In addition, the overactivation of
JNK/P38 MAPK and NF-κB activity in the ICH-
challenged brain and in the hemin-stimulated primary

microglia model was further enhanced by C12-iE-DAP,
but simultaneously reversed by treatment with GSK583
(Fig. 5e–h). These results indicated the protective effect
of RIP2 inhibition on ICH. However, the upregulation
of NOD1 expression post ICH was also significantly re-
duced after pre-treatment with GSK583 (Fig. 5e, g), al-
though NOD1 was presumably not directly affected by
GSK583. The in vitro study in primary microglia
yielded similar outcomes (Fig. 5f, h). Since the inflam-
matory factors IL-1β and TNF-α act as common down-
stream molecules of NOD1/RIP2 signalling and can be
reduced by GSK583, we speculate that the decreased
NOD1 expression induced by GSK583 may be attrib-
uted to crosstalk between inflammatory factors and
NOD1.

Fig. 5 RIP2 inhibition alleviated the inflammatory response induced by NOD1 activation post ICH. Levels of iNOS, TNF-α, and IL-1β protein
a, c in the brain in the indicated groups (n = 3 mice for each group; *P < 0.01 vs. the sham group, **P < 0.01 vs. the ICH + iE group,
#P < 0.01 vs. the ICH + DMSO, ##P < 0.01 vs. the Hemin + iE group) and b, d in cultured primary microglia from the indicated groups
(n = 3 experiments for each group; *P < 0.01 vs. the ctrl group, **P < 0.01 vs. the Hemin + iE group, #P < 0.01 vs. the Hemin + DMSO,
##P < 0.01 vs. the Hemin + iE group). Total and phosphorylated JNK/P38 MAPK, IκBα, and NOD1 protein levels e, g in the brain in the
indicated groups (n = 3 mice for each group; *P < 0.01 vs. the sham group, **P < 0.01 vs. the ICH + iE group, #P < 0.01 vs. the ICH +
DMSO, ##P < 0.01 vs. the Hemin + iE group) and f, h in cultured primary microglia from the indicated groups (n = 3 experiments for
each group; *P < 0.01 vs. the ctrl group, **P < 0.01 vs. the Hemin + iE group, #P < 0.01 vs. the Hemin + DMSO, ##P < 0.01 vs. the
Hemin + iE group). All data are representative of three independent experiments
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NOD1 and RIP2 expression can be upregulated by IL-1β
and TNF-α
To further demonstrate whether a crosstalk was present
between NOD1/RIP2 signalling and the inflammatory fac-
tors, we first applied the inhibitors of JNK kinase
(SP600125, 10 μM), P38 kinase (SB202190,10 μM), and
NF-κB (BAY11-7082, 10 μM) signalling. These inhibitors
were demonstrated to inhibit the production of the in-
flammatory factors, including iNOS, IL-1β, and TNF-α, in
the ICH-challenged brain (Additional file 2: Figure S2A)
and in hemin-stimulated BV2 cells (Additional file 2: Fig-
ure S2B). Notably, all the three inhibitors could prevent
NOD1 and RIP2 upregulation in the brain in response to
ICH (Fig. 6a, c) and in BV2 cells in response to hemin
(Fig. 6b, d), which was similar to the effects of GSK583. In
addition, these kinase inhibitors sufficiently suppressed
not only their target but also the other two kinases. For
example, pharmacological inhibition of JNK with
SP600125 sufficiently suppressed P38 activation and IκBα
inactivation in the ICH-challenged brain and in hemin-
stimulated BV2 cells, and vice versa (Fig. 6a–d). Overall,
we speculate that the reduction in NOD1 and RIP2

expression induced by these three inhibitors
(SP600125, SB202190, BAY11-7082) and the reduc-
tions in JNK/P38 MAPK and NF-κB activation in-
duced by not only their specific inhibitors but also
the other two inhibitors likely resulted from the re-
duced inflammatory cytokines downstream of
NOD1/RIP2 signalling, and that crosstalk might
occur between NOD1/RIP2 signalling and inflamma-
tory cytokines. To further explore whether NOD1
and RIP2 were indeed upregulated in the presence of
the inflammatory cytokines IL-1β and TNF-α, cul-
tured primary microglia stimulated with IL-1β (20
ng/ml) [36] or TNF-α (20 ng/ml) [37] alone or in
combination were investigated, and our results
showed significant increases in NOD1 and RIP2 pro-
tein levels following 24 h of IL-1β or TNF-α stimu-
lation in primary microglia. A marked synergistic
impact on NOD1 and RIP2 expression was detected
in response to combined administration of IL-1β
plus TNF-α, and there were no significant differ-
ences between IL-1β and TNF-α stimulation alone
(Fig. 6e, g). The functional interplay between NOD1/

Fig. 6 NOD1 and RIP2 expression can be upregulated by IL-1β and TNF-α. Total and phosphorylated JNK/P38 MAPK, IκBα, NOD1, and RIP2
protein levels a, c in the brain in ICH-induced mice treated with the indicated inhibitors (n = 3 mice for each group; *P < 0.01 vs. the sham
group, #P < 0.01 vs. the ICH + DMSO group) and b, d in hemin-challenged BV2 cells pretreated with the indicated inhibitors (n = 3 experiments
for each group; *P < 0.01 vs. the ctrl group, #P < 0.01 vs. the Hemin + DMSO group). NOD1 and RIP2 expression e, g in primary microglia
challenged with either TNF-α or IL-1β alone or in combination for 24 h (n = 3 experiments for each group; *P < 0.01 vs. the ctrl group, #P < 0.01
vs. the IL-1β + TNF-α-challenged group) and f, h in mice challenged with either TNF-α or IL-1β alone or in combination for 24 h (n = 3 mice for
each group; *P < 0.01 vs. the sham group, #P < 0.01 vs. the IL-1β + TNF-α-challenged group). All data are representative of three
independent experiments
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RIP2 and inflammatory cytokines was further con-
firmed in vivo. The mice challenged with IL-1β (50
ng) [38] or TNF-α (50 ng) [39] alone or in combin-
ation (local right striatum injection) showed higher
NOD1 and RIP2 expression in comparison to the
sham group, and the coadministration of IL-1β and
TNF-α into mice induced a significant upregulation
of NOD1 and RIP2 protein levels compared with the
IL-1β- or TNF-α-stimulated group (Fig. 6f, h). Collect-
ively, these results confirmed our above conclusion that
NOD1/RIP2 signalling not only induced inflammatory
cytokine production but was also affected by inflammatory
conditions.

Discussion
Our study provided the first evidence for the role of
NOD1/RIP2 signalling in a collagenase-induced ICH
model in mice. We found that NOD1 and RIP2 expres-
sion was significantly increased in the brains of mice fol-
lowing ICH. Inhibition of either NOD1 or RIP2
significantly protected against ICH-induced brain dam-
age. Such protective effects likely resulted from prevent-
ing the transition from the quiescent state of microglia
towards the overactivated state and suppressing the pro-
duction of microglia-associated inflammatory factors, in-
cluding iNOS, IL-1β, and TNF-α. More significantly, we
found for the first time that positive feedback occurred
between NOD1/RIP2 and the inflammatory cytokines
IL-1β and TNF-α, which coactivated each other and ex-
acerbated the pathogenesis of ICH. Overall, our study
showed for the first time that NOD1/RIP2 signalling
modulated the microglia-driven proinflammatory re-
sponse during ICH, and a possible working model for
NOD1/RIP2 signalling is shown in Fig. 7.
Increasing evidence has demonstrated that activation

of the innate immune system during ICH contributes to
neuroinflammation and secondary brain damage [40,
41]. Microglia that act as CNS macrophages are capable
of evoking the innate immune response and driving in-
flammatory mediator production upon sensing danger
signals that arise from ICH [7]. NOD1 was originally
found to sense bacterial peptidoglycan fragments and re-
sult in a robust innate immune response [42]. However,
in addition to sensing peptidoglycan, some studies have
demonstrated that NOD1 expressed at a low level in
stable conditions can be strongly upregulated in liver in
response to ischemia [43] and in mesangial cells follow-
ing exposure to high glucose and LPS [44]. Numerous
studies have highlighted the crucial role of NOD1 in
renal and liver diseases, in which NOD1 activation can
evoke the immune response and amplify tissue damage,
while blockade of NOD1 can act as a protective factor
against such tissue injury by modulating PMNs [16, 17,
45]. In addition, Chan et al. found that immune cell-

specific NOD1 knockout could alleviate adipose tissue
inflammation [18]. RIP2, a crucial downstream adaptor
of NOD1, is involved in the inflammatory response [46]
and acts as an activator of MAPK and NF-κB signalling
[47–49]. Some studies have demonstrated that RIP2
blockade can block the production of proinflammatory
mediators induced by smoke in the lung [50] and by car-
diac hypertrophy [51]. Zhang et al. demonstrated that
RIP2 was significantly increased in hypoxia- and
ischemia-induced neuronal cells [52]. However, the role
of NOD1/RIP2 signalling in the brain, especially when
subjected to ICH, is unknown. Our study demonstrated
that NOD1/RIP2 signalling participated in the patho-
logical process of ICH and that inhibition of NOD1/

Fig. 7 Working model of the molecular mechanisms by which
NOD1/RIP2 signalling mediates the ICH-induced inflammatory
response and undergoes positive crosstalk with inflammatory factors
during ICH in mice. More specifically, ICH-induced damage-
associated molecular patterns (DAMPs) were able to initiate the
activation of NOD1, which then resulted in the activation of its
adaptor RIP2. Activated RIP2 in turn exerted its regulatory effect on
the proinflammatory factors TNF-α and IL-1β via JNK/P38 MAPK- and
NF-κB-dependent signalling, and the proinflammatory factors TNF-α
and IL-1β that were induced by NOD1/RIP2 signalling also enhanced
NOD1/RIP2 upregulation. Either the NOD1 inhibitor ML130 or RIP2
inhibitor GSK583 could suppress the inflammatory response induced
by ICH. The P38 inhibitor SB202190, JNK inhibitor SP600125, and NF-
κB inhibitor BAY11-7082 were used for intervention
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RIP2 contributed to the alleviation of ICH-induced brain
damage. This view was based on the following observa-
tions. First, NOD1 and RIP2 expression exhibited a
marked increase in the brains of ICH-challenged mice
and in hemin-stimulated cultured primary microglia.
This increase was accompanied by enhanced microglial
activation and proinflammatory factor production. Sec-
ond, either inhibition of NOD1 by its inhibitor ML130
or inhibition of RIP2 by its inhibitor GSK583 caused re-
duced microglial activation, a smaller injury volume, de-
creased brain water content, and improved neurologic
function compared with the DMSO-treated group. Third,
either the NOD1 inhibitor or RIP2 inhibitor exerted an
anti-inflammatory effect (reduced IL-1β and TNF-α pro-
duction) on ICH, while the NOD1 agonist iE-DAP exerted
the opposite effect. Fourth, JNK/P38 MAPK and NF-κB,
which are activated and play proinflammatory roles in the
progression of ICH [53, 54], can be suppressed upon ad-
ministration of ML130 or GSK583. These findings sup-
ported the important role of NOD1/RIP2 in modulating
JNK/P38 MAPK and NF-κB activity. Therefore, we as-
sumed that NOD1/RIP2 signalling might play an import-
ant role in the secondary inflammatory response during
ICH.
However, and more importantly, we demonstrated that

in addition to modulating TNF-α/IL-1β production,
NOD1 and RIP2 were also targets of regulation by TNF-
α/IL-1β. A positive feedback loop was observed between
NOD1/RIP2 and TNF-α/IL-1β. This conclusion was
based on the following results. First, we found that the
RIP2 inhibitor GSK583 not only inhibited RIP2 expres-
sion, but also significantly suppressed NOD1 upregula-
tion in vivo and in vitro in an ICH model, which was a
theoretical contradiction against the previous finding
that NOD1, a proven upstream factor of RIP2, should
not be affected by a RIP2 inhibitor. Second, a similar ef-
fect was demonstrated in the presence of JNK/P38
MAPK kinases and NF-κB signalling inhibitors. We
found that the inhibitors of JNK/P38 MAPK and NF-κB
not only inhibited their targets but also the two other
factors. In addition, these inhibitors also negatively regu-
lated the expression of NOD1 and RIP2. Third, our
study demonstrated that administration of either TNF-α
or IL-1β in mice and cultured primary microglia could
upregulate NOD1 and RIP2 expression. Consistent with
our findings, previous studies found that treatment of in-
testinal epithelial cells with TNF-α or treatment of a
series of immune cells with IL-1β led to a significant in-
crease in expression of NOD2 (another member of the
NLR family) [36, 55]. The possible mechanism respon-
sible for NOD1 and RIP2 upregulation by TNF-α/IL-1β
may be as follows. First, the interaction between TNF-α
and the TNF-α receptor or between IL-1β and the IL-1
receptor can trigger the activation of NF-κB [36, 55],

which contributes to the upregulation of NOD1 and its
adaptor RIP2. Second, endoplasmic reticulum (ER)
stress, which can be initiated in response to TNF-α/IL-
1β [56, 57], was recently reported to contribute to the
interaction of tumour necrosis factor (TNF) receptor-
associated factor 2 (TRAF2) with NOD1 and lead to
NOD1 activation [58, 59]. However, the underlying
mechanism by which TNF-α/IL-1β induced NOD1 and
RIP2 upregulation at the molecular level remains to be
further explored. Overall, the positive feedback loop be-
tween NOD1/RIP2 and TNF-α/IL-1β could explain why
RIP2 inhibitor resulted in the suppression of NOD1 and
JNK/P38 MAPK and NF-κB inhibitors resulted in the
suppression of NOD1 and RIP2. However, a “chicken or
the egg” issue exists, because the activation of NOD1/
RIP2 in response to ICH could be a consequence or a
cause of the inflammatory response. There is still insuffi-
cient evidence to demonstrate whether NOD1 and RIP2
upregulation occurred before TNF-α/IL-1β production
or to elucidate how NOD1 and RIP2 were activated in
response to ICH. The answer to the question requires
further investigation.
There are a few limitations of our study. First, the in-

hibitors applied in our study may have off-function tar-
gets, and thus, genetic knockout of the target gene will
be a better approach to validate our outcome. Second, in
the in vitro experiments, we employed hemin to estab-
lish the in vitro ICH model to demonstrate the role of
NOD1/RIP2 signalling. However, other hematoma com-
ponents, such as thrombin and haemoglobin, were not
applied in our study, and it will be important to employ
them in future studies to gain comprehensive insight
into the role of NOD1/RIP2 signalling during ICH.

Conclusions
Our results provide the first evidence that NOD1/RIP2
inhibition is protective against ICH-induced brain in-
jury. This protective effect may result from suppression
of the microglia-induced inflammatory response. Fur-
thermore, crosstalk occurred between NOD1/RIP2 and
TNF-α/IL-1β during ICH, which was to some extent re-
sponsible for the sustained inflammation during ICH
and revealed that NOD1/RIP2 signalling represented an
important potential therapeutic target for combatting
ICH-associated neuroinflammation.
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Additional file 1: Figure S1. The optimal concentration of the NOD1
inhibitor ML130 and the RIP2 inhibitor GSK583 for suppressing the
inflammatory response was 20 μM. (A) In hemin-induced BV2 cells,
ML130 concentrations of 0, 10, 20, and 30 μM were employed to assess
the optimal dose of ML130 in inhibiting NOD1 and iNOS expression (n=3
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experiments for each group; *P<0.01 vs. the ctrl group, #P<0.01 vs. the
Hemin+ML(0 μM) group). (B) In hemin-induced BV2 cells, GSK583 at con-
centrations of 0, 10, 20, and 30 μM was used to assess the optimal dose
of GSK583 in inhibiting RIP2 and iNOS expression (n=3 experiments for
each group; *P<0.01 vs. the ctrl group, #P<0.01 vs. the Hemin+GSK(0
μM)). All Data are representative of three independent experiments.

Additional file 2: Figure S2. Inhibitors of JNK/P38 kinases and NF-κB
sufficiently suppressed inflammatory factors following ICH. Levels of iNOS,
TNF-α, and IL-1β protein (A) in the brain in ICH-induced mice that were
treated with the indicated inhibitors (n=3 mice for each group; *P<0.01
vs. the sham group, #P<0.01 vs. the ICH+DMSO group), and (B) in
hemin-challenged BV2 cells pretreated with the indicated inhibitors (n=3
experiments for each group; *P<0.01 vs. the ctrl group, #P<0.01 vs. the
Hemin+DMSO group). All Data are representative of three independent
experiments.
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