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Background: Autophagy is implicated in neonatal hypoxia-ischemia (HI) induced cognitive 
impairment. The nucleotide-oligomerizing domain-1 (NOD1), a protein involved in inflam-
matory responses, has been shown to activate autophagy to promote progression of other 
diseases. We aimed to investigate whether and how NOD1 is involved in HI-induced brain 
injury using an HI mouse model.
Methods: We induced HI in neonatal mice and examined levels of NOD1 and genes 
associated with autophagy. We then inhibited NOD1 by intracerebroventricular injection of 
si-NOD1 following HI induction and tested the effects on autophagy, inflammatory responses 
and long-term behavioral outcomes through Morris water maze and open field tests.
Results: We found that HI induction significantly elevated mRNA levels of NOD1 (3.54 
folds change) and autophagy-related genes including Atg5 (3.89 folds change) and Beclin-1 
(3.34 folds change). NOD1 inhibition following HI induction suppressed autophagy signal-
ing as well as HI induced proinflammatory cytokine production. Importantly, NOD1 inhibi-
tion after HI improved long-term cognitive function, without impacting exploratory and 
locomotor activities.
Conclusion: We show here that NOD1 is involved in the pathogenesis of HI-induced brain 
injury through modulation of autophagy-related proteins and inflammatory responses. Our 
findings suggest that NOD1 may be a potent target for developing therapeutic strategies for 
treating HI-induced brain injury.
Keywords: neonatal, hypoxia-ischemia, cognitive impairment, NOD1, autophagy

Introduction
A common cause of human neonate disability and mortality, neonatal hypoxia- 
ischemia (HI) affects approximately 1 million infants each year, leading to 23% of 
infant deaths around the world.1,2 Among the patients who survive from neonatal 
HI, many exhibit long-term behavioral deficits, causing devastating outcomes to the 
individuals impacted and huge burden to families and the society.2 While the 
incidence of HI stays high, even in developed countries, the available protective 
or prevent treatments for HI-induced brain injury are scarce, with hypothermia 
being the only available licensed treatment currently and animal studies have 
revealed insufficient neuroprotection by immediate hypothermia.2,3 While the 
brain damage caused by HI is highly variable, three main related signaling 
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pathways have been shown to be activated by neonatal HI 
including inflammatory response, oxidative stress and 
excitotoxicity.4–8

Inflammation is implicated in the pathogenesis of HI- 
induced brain damage. Following HI stimulation, multiple 
cytokines and chemokines including IL-6 and macrophage 
inflammatory protein-2 (MIP-2) are induced and secreted 
by a variety of cells that mediate inflammatory responses.9 

Neuroinflammation has been shown to be a major factor 
contributing to the development of brain injury subsequent 
to HI and neuroprotective effects have been observed 
through suppression of proinflammatory mediators.10,11

Autophagy, a process that removes cellular junk that as 
denatured proteins and damages organelles, is closely 
involved in inflammation and is implicated in the patho-
genesis of various inflammatory diseases.12 Multiple stu-
dies have revealed activation of autophagy upon HI 
stimulation, which contributes to the long-term cognitive 
impairment induced by HI.13,14 In a previous study using 
a rat model of neonatal HI, the authors found upregulation 
of microtubule-associated protein 1 light chain 3-II 
(LC3II) and suppression of P62 following HI induction 
and inhibition of autophagy by 3-methyladenine restored 
the expressions of proteins involved in autophagic process 
and attenuated HI induced cognitive impairment.13 Similar 
results were found in oxygen-glucose deprived neonatal 
hippocampal slice cultures including increased LC3II 
expression and reduced neuronal cell death was observed 
upon inhibition of autophagy.15

Therefore, strategies targeting autophagy and inflam-
mation may be a potential therapy for HI induced long- 
term cognitive impairment. The nucleotide-oligomerizing 
domain-1 (NOD1) is such a candidate. NOD1 can sense 
bacterial products and is activated by γ-D-glutamyl-meso- 
diaminopimelic acid that is present in some Gram positive 
and many Gram negative bacteria.16 A cytosolic pattern 
recognition receptor, NOD1 triggers inflammation upon 
activation, resulting in production of inflammatory chemo-
kines and cytokines including MIP-2 and IL-6.17 Previous 
studies have revealed a regulatory role of NOD1 in autop-
hagy and activation of NOD1 plays a critical role in 
aggravating hepatic ischemia/reperfusion injury through 
activation of autophagy.18 NOD1 is expressed in the 
brain and is important for gut-brain axis signaling.19 In 
cultured rat cortical neurons, NOD1 level has been shown 
to be upregulated upon oxygen-glucose deprivation and 
reperfusion stimulation which triggered autophagy and 
silencing of NOD1 suppressed autophagy and increased 

cell viability.20 Interestingly, a connection between NOD1 
and HI-induced brain injury has not been identified pre-
viously. Therefore, we explored the potential link between 
NOD1 and HI-induced autophagy and explored whether 
modulation of NOD1 expression had any impact on HI 
induced long-term cognitive impairment.

Materials and Methods
Inducing HI Injury in Neonatal Mice
Male C57BL6 mice at postnatal day 9 (P9) were subjected 
to HI injury according to a previously described 
procedure.21 Briefly, mice were exposed to 3.5% isoflur-
ane anesthesia induction and maintained with 1.5% iso-
flurane in nitrous oxide and oxygen at a ratio of 1:1. An 
incision was made in the neck and the left main carotid 
artery was exposed and ligated permanently. After return-
ing to the dam for 1 hour, the mice were kept in 
a humidified chamber with regular air for 10 minutes, 
exposed to 10% oxygen mixed with nitrogen for half 
an hour and regular air for 10 minutes. The temperature 
of the chamber was maintained at 36°C. Following the 
procedure, mice were returned to the original cage with 
the dam. For sham operation, mice at P9 were anesthe-
tized and an incision was made and sutured in the neck. 
Sham mice were kept in a tray with regular oxygen at 
36°C away from the dam for the same duration as mice 
undergoing HI surgery. Mice were weaned at P21 and 
housed together with littermates of the same gender at 
a maximum density of 5 mice per cage. Approximately 
15% of the mice undergoing HI surgery died during the 
procedure and 162 mice survived the surgery were used 
for this study.

Mice in HI and sham groups were divided into three 
subsets. Mice in the first subset were euthanized at 6 h, 24 
h, 48 h and 72 h, respectively, for mRNA analysis of 
indicated genes in the hippocampus. Mice in the second 
subset were divided into four groups: sham, HI, HI+si-NC 
and HI+si-NOD1, with the mice in the latter two groups 
treated with siRNA (negative control or si-NOD1, respec-
tively) by intracerebroventricular injection for three times 
at 1 h, 24 h and 48 h after the HI, and the hippocampus 
was isolated at 72 h for mRNA and protein analysis. Mice 
in the third subset were injected with siRNA (negative 
control and si-NOD1) for three times at 1 h, 24 h and 48 
h after the HI or sham operation and were subjected to 
open field test at P55 and Morris water maze test at P60, 
respectively. si-NOD1 sequences were 3’-GAGCUGCA 
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CUCAGACUUCGACAUGA-5’ and 5’-UCAUGUCGA 
AGUCUGAGUGCAGCUC-3’.

All mouse procedures were conducted in strict accor-
dance with the NIH guidelines for the care and use of 
laboratory animals (8th edition, NIH), and were approved 
by the ethical committee of Zibo Central Hospital.

Quantitative Real Time Polymerase Chain 
Reaction (qRT-PCR)
mRNA levels in mouse hippocampus were assessed by qRT- 
PCR with total RNA extracted from relevant tissues by the 
TRIzol reagent (Thermo Fisher) according to a previous 
procedure.13 For hippocampus extraction, we decapitated the 
mice after sacrificing the mice under anesthesia, opened the 
skull, dissected out the brain and isolated the hippocampus. 
Tissues from 8 mice of the same group were mixed and each 
experiment was repeated 3 times. cDNA generated from the 
total RNA through advantage Superscript II RT-PCR kit 
(Thermo Fisher) was used for RT-PCR. Primer sequences 
were obtained through the open resource: https://pga.mgh.har 
vard.edu/primerbank/index.html. The following primers, pro-
duced by GenScript (Nanjing, China), were used: GAPDH: 5’- 
AGGTCGGTGTGAACGGATTTG-3’ and 5’-TGTAGA 
CCATGTAGTTGAGGTCA-3’; IL-6: 5’-TCCAGTTGCC 
TTCTTGGGACTGAT-3’ and 5’-AGCCTCCGACTTG 
TCAAGTGGTAT-3’; TNF-α: 5’-CATCTTCTCAAAATTC 
GAGTGACAA-3’ and 5’- TGGGAGTAGACAAGGTA 
CAACCC-3’; MIP-2: 5’-CCAACCACCAGGCTACAGG-3’ 
and 5’-GCGTCACACTCAAGCTCTG-3’; NOD1: 5’- 
GAAGGCACCCCATTGGGTT-3’and 5’-AATCTCTGCA 
TCTTCGGCTGA-3’; Atg5: 5’-TGTGCTTCGAGATGT 
GTGGTT-3’ and 5’-ACCAACGTCAAATAGCTGACTC 
-3’; Beclin-1(Becn1): 5’-ATGGAGGGGTCTAAGGCGTC 
-3’ and 5’-TGGGCTGTGGTAAGTAATGGA-3’; p62 
(Sqstm1): 5’-GAGGCACCCCGAAACATGG-3’ and 5’- 
ACTTATAGCGAGTTCCCACCA-3’. Relative changes in 
gene expression were calculated using the 2−ΔΔCT method. 
GAPDH was employed as an internal control.

Western Blot
Western blot was carried out to determine relevant protein 
expression in the hippocampus of indicated mice as described 
previously.22 Briefly, hippocampus was isolated and homoge-
nized in radioimmunoprecipitation assay lysis buffer. Tissues 
from 8 mice of the same group were mixed and each experi-
ment was repeated 3 times. After resolving in SDS-PAGE gel, 
proteins were then transferred to PVDF membrane, blocked 

with 5% non-fat milk, incubated in primary antibodies at 4°C 
for overnight. Proteins were exposed with an enhanced che-
miluminescence kit from Thermo Fisher Scientific after incu-
bation in secondary antibodies. The following antibodies were 
used: anti-NOD1 (1:1000), anti-GAPDH (1:2000), anti-Atg5 
(1:1000), anti-Beclin-1 (1:1000), anti-LC3 (1:1000), and anti- 
p62 (1:1000). All antibodies were purchased from Abcam. 
The results of Western blot were analyzed by calculating the 
gray-scale ratio in Image J. The ratio of the target band to 
GAPDH was first calculated and then normalized to the sham 
group.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
IL-6, TNF-α and MIP-2 levels in the hippocampus of 
indicated mice were determined by ELISA using respec-
tive ELISA kits (R&D Biosystem, Minneapolis, MN, 
USA) according to manufacturer’s instruction.

Open Field Test
Motor function and exploratory activity of indicated mice at 
P55 were assessed by the open field test in a plastic box with 
the size of 50 cm × 50 cm × 50 cm as described previously.21 

Briefly, an experimental mouse was placed into the apparatus 
and allowed to explore freely for 10 min. The activity of the 
mouse was recorded and analyzed, including duration and 
distance in the center, total traveling distance, total duration 
of locomotion, average speed of traveling, and total activity. 
A total of 11–13 mice in each group were tested.

Morris Water Maze Test
A subset of mice was subjected to Morris water maze test at 
P60 to assess cognitive function according to a previous 
procedure.23 Briefly, a 120 cm-diameter pool with and 
a height of 60 cm was filled with opaque water at 24±1°C, 
and a round platform with a diameter of 10 cm was placed in 
the center of one quadrant 1 cm from the water surface. The test 
included 4 days of training sessions and 1 day of probe trial 
session. Each training session was composed of four trials. 
During the trial, each mouse started exploration from four 
difference positions for a maximum of 60 s and was allowed 
10 s to stay on the platform. The mice were guided to the 
platform if they were unable to locate it within 60 s. In each 
training session, the duration to locate the platform (escape 
latency) was recorded for each mouse. On the fifth day, the 
mouse was placed in the pool with the platform removed and 
was allowed to swim freely for 60 s. The activity of each mouse 
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was recorded and analyzed including the swimming speed, 
time spent in the target quadrant where the platform was 
located and the number of times each mouse crossed the 
location of the platform (platform crossing). A total of 11–13 
mice in each group were tested.

Statistical Analysis
Data were analyzed by SPSS software. Differences among 
groups were determined by one-way ANOVA followed by 
Dunn’s test. Differences among groups over time were 
assessed by two-way ANOVA followed by Sidak’s test. Data 
were presented as mean ± SD. Statistical significance was 
reached with p<0.05.

Results
HI Increases NOD1 Expression and 
Modulates Autophagy-Related Gene 
Expression in the Hippocampus of 
Neonatal Mice
To investigate whether NOD1 was involved in the pathogen-
esis of HI-induced brain damage, we first determined whether 

HI led to a change in NOD1 expression. We examined the 
mRNA levels of NOD1 in the hippocampus of neonatal mice 
at 6 h, 24 h, 48 h and 72 h following HI induction. We found 
that mRNA expression was significantly increased after HI 
surgery compared to mice undergoing sham procedure 
(Figures 1A, 3.54-fold changes at 72 h following HI 
induction).

We then examined the expression of genes involved in 
autophagy. qRT-PCR showed that Atg5 (Figures 1B, 3.89- 
fold changes at 72 h following HI induction) and Beclin-1 
(Figures 1C, 3.34-fold changes at 72 h following HI 
induction) mRNA levels were significantly elevated, 
while p62 mRNA (Figures 1D, 0.57-fold changes at 72 
h following HI induction) was significantly decreased fol-
lowing HI induction.

Si-NOD1 Treatment in Mice Following HI 
Suppressed NOD1 Expression
To investigate whether inhibition of NOD1 had any impact 
on HIinduced brain damage, we treated mice with siRNA 
targeting NOD1 by intracerebroventricular injection at 1 h, 
24 h and 48 h following HI surgery and examined NOD1 

Figure 1 Neonatal HI increases NOD1 expression and activates autophagy in the mouse hippocampus. NOD1 (A), Atg5 (B), Beclin-1 (C) and p62 (D) mRNA levels by 
qRT-PCR at 6, 24, 48, and 72 h after sham surgery or hypoxia–ischemia treatment. N = 3 from 8 mice for each group at each time. *p < 0.05, **p < 0.01, ***p < 0.001 
compared to sham. Two-way ANOVA followed Sidak’s multiple comparisons test.
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expression in the hippocampus of mice at 72 h after HI 
induction. Consistent with the above results, HI surgery 
significantly increased NOD1 mRNA expression. Mice 
treated with negative control siRNA (si-NC) showed simi-
lar mRNA level after HI in the hippocampus as HI mice 
without siRNA treatment (Figure 2A). Importantly, mice 
treated with si-NOD1 showed significantly reduced NOD1 
mRNA expression following HI (0.19-fold changes to HI 
group), with the mRNA level similar to mice undergoing 
sham operation. To confirm our findings, we examined 
NOD1 protein expression by Western blot analysis 
(Figure 2B). Quantification showed that HI significantly 
enhanced NOD1 protein expression in the hippocampus 
compared to sham operation (Figures 2C, 0.36-fold changes 
to HI group). While si-NC showed no impact on HI-induced 
NOD1 expression, and si-NOD1 significantly suppressed 
NOD1 protein expression following HI.

NOD1 Inhibition Suppressed HI-Induced 
Autophagy in Mouse Hippocampus 
Following HI
We next investigated whether NOD1 inhibition had any 
impact on HI-induced autophagy. qRT-PCR analysis 
showed that si-NOD1 treatment significantly suppressed 
HI-induced Atg5 (Figure 3A) and Beclin-1 (Figure 3B) 
expression and enhanced p62 expression (Figure 3C) in 
the hippocampus of HI mice. We did not detect any 
changes in the mRNA levels of Atg5 (Figure S2A) or 
Beclin-1 (Figure S2B) by si-NC treatment in HI mice. 
We then examined proteins involved in autophagy in the 
hippocampus of HI mice after si-NOD1 treatment 

(Figure 3D). Quantification of Western blot results showed 
that HI surgery significantly increased protein levels of 
Atg5 (Figures 3E, 0.43-fold changes to HI group), 
Beclin-1 (Figures 3F, 0.62-fold changes to HI group) and 
LC3II (Figures 3G, 0.49-fold changes to HI group), which 
were suppressed by si-NOD1 treatment. Analysis of LC3 
I and II expression showed that HI significantly increased 
the ratio of LC3 II/I compared to sham operation, which 
was suppressed by si-NOD1 treatment (Figure S3). 
Conversely, HI surgery significantly suppressed p62 pro-
tein expression which was restored by si-NOD1 treatment 
(Figures 3H, 3.95-fold changes to HI group). These results 
suggested that HI-induced autophagy in the hippocampus 
of mice undergoing HI surgery was suppressed by inhibit-
ing NOD1.

NOD1 Inhibition Suppressed HI-Induced 
Inflammatory Response in Mouse 
Hippocampus Following HI
We then investigated the effects of NOD1 inhibition on HI- 
induced inflammatory response. Examination of cytokine 
and chemokine levels in the hippocampus of HI and sham 
mice by ELISA showed that HI significantly increased IL-6 
(Figure 4A), TNF-α (Figure 4B) and MIP-2 (Figure 4C) 
levels, while mice treated with si-NOD1 showed signifi-
cantly reduced IL-6, TNF-α and MIP-2 following HI com-
pared to mice undergoing HI surgery alone (a, Sham: 34.65 
± 7.50; HI: 138.82 ± 21.22; HI+si-NOD1: 75.90 ± 23.91. b, 
Sham: 12.87 ± 6.65; HI: 48.13 ± 11.20; HI+si-NOD1: 26.66 
± 6.98. c. Sham: 79.54 ± 20.03; HI: 207.74 ± 51.06; HI+si- 
NOD1: 146.24 ± 23.97.). Additionally, we also examined 

Figure 2 Effects of NOD1 inhibition on the expressions of hippocampal NOD1 at 72 h following HI. si-NOD1 and si-NC were administered at 1 h, 24 h and 48 h after HI 
through intracerebroventricular injection. NOD1 mRNA level was determined by qRT-PCR (A) and NOD1 protein level was determined by Western blot (B). Data were 
normalized to sham group (C). N = 3 from 8 mice for each group. ***p < 0.001 compared to sham, &&&p < 0.001 compared to HI. One-way ANOVA followed Dunn’s 
multiple comparisons test.
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the mRNA levels of cytokines and chemokines, and found 
consistently that HI significantly increased mRNA levels of 
IL-6 (Figure 4D), TNF-α (Figure 4E) and MIP-2 
(Figure 4F), which were suppressed by si-NOD1 treatment. 
We did not detect any changes in the mRNA levels of IL-6 

(Figure S2C) or TNF-α (Figure S2D) by si-NC treatment in 
HI mice. These results suggested that, consistent with sup-
pressing HI-induced autophagy by NOD1 inhibition, NOD1 
inhibition also suppressed HI-induced inflammatory 
response.

Figure 3 NOD1 inhibition attenuates HI induced autophagy in the hippocampus at 72 h following HI. si-NOD1 and si-NC were administered at 1 h, 24 h and 48 h after HI 
through intracerebroventricular injection. Atg5 (A), Beclin-1 (B) and p62 (C) mRNA levels were determined by qRT-PCR. Atg5, Beclin-1, LC3 and p62 in hippocampus (D) 
were measured by Western blot. Data were normalized to sham (E–H). N = 3 from 8 mice for each group. **p < 0.01, ***p < 0.001 compared to sham, &p < 0.05, &&p < 
0.01 compared to HI. One-way ANOVA followed Dunn’s multiple comparisons test.
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NOD1 Inhibition or HI Procedure 
Showed No Impact on the Locomotor 
and Exploratory Activity of Adult Mice
We then explored the long-term impact of NOD1 inhibi-
tion and HI surgery on the behavioral outcome of adult 
mice. Analysis of the open field test results showed that 
neither HI procedure nor si-NOD1 treatment had any sig-
nificant long-term impact on the locomotor and explora-
tory activity of adult mice. Mice undergoing HI surgery or 
HI surgery and si-NOD1 administration had similar aver-
age speed (Figure 5A, Sham: 4.87 ± 1.42; HI: 4.62 ± 1.25; 
HI+si-NOD1: 4.68 ± 0.9691), total activity (Figure 5B, 
Sham: 53.55 ± 10.49; HI: 48.89 ± 8.85; HI+si-NOD1: 
51.06 ± 12.76), total locomotion time (Figure 5C, Sham: 
278.56 ± 68.54; HI: 255.71 ± 59.48; HI+si-NOD1: 273.83 
± 63.72), total distance travelled (Figure 5D), distance in 
center (Figure 5E) and time in center (Figure 5F), com-
pared to mice undergoing sham operation alone.

NOD1 Inhibition Alleviated HI-Induced 
Cognitive Impairment in Mice
Finally, since HI has been shown to induce long-term 
cognitive impairment, we examined the cognitive func-
tion of mice at P60 by Morris water maze test. Consistent 
with previous studies,24,25 we found that HI surgery 
resulted in long-term cognitive impairment in mice. 
Compared with sham operation, HI procedure led to 
reduced spatial learning as indicated by significantly 
increased escape latency during the training session of 
the test (Figure 6A), while si-NOD1 treatment following 
HI significantly reduced escape latency compared to mice 
undergoing HI surgery alone. We found that these differ-
ences were not caused by differences in swimming speed 
since mice undergoing HI surgery or HI surgery and si- 
NOD1 treatment exhibited similar swimming speed com-
pared to mice undergoing sham surgery (Figure 6B). 
Additionally, we found that HI surgery significantly 

Figure 4 NOD1 inhibition attenuates HI induced inflammatory response in the hippocampus at 72 h following HI. si-NOD1 and si-NC were administered at 1 h, 24 
h and 48 h after HI through intracerebroventricular injection. Hippocampal IL-6 (A), TNF-α (B) and MIP-2 (C) levels were determined by ELISA. N = 8 (8 mice) for each 
group. IL-6 (D), TNF-α (E) and MIP-2 (F) mRNA levels were determined by qRT-PCR. N = 3 from 8 mice for each group. **p < 0.01, ***p < 0.001 compared to sham, 
&p < 0.05, &&p < 0.01 compared to HI. One-way ANOVA followed Dunn’s multiple comparisons test.
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reduced the time of mice spent in target quadrant 
(Figure 6C, Sham: 34.73 ± 5.94; HI: 19.93 ± 6.27; HI+si- 
NOD1: 28.18 ± 5.57) and platform crossings (Figure 6D, 
Sham: 5.58 ± 0.98; HI: 2.46 ± 1.04; HI+si-NOD1: 4.31 ± 
0.85) during the probe trial, which were both restored by 
si-NOD1 treatment. These results suggested that inhibit-
ing NOD1 suppressed HI-induced long-term cognitive 
impairment in mice.

Si-NOD1 Treatment Led to Long-Term 
Suppression of HI-Induced Autophagy 
and Inflammatory Response
To determine the long-term effects of si-NOD1 treatment on 
HI-induced autophagy and inflammatory response, we 
examined the levels of autophagy and inflammation markers 
in the hippocampus of mice following behavioral assays. 
Consistent with the results found in neonatal mice, we 
showed that HI led to significant upregulation of NOD1 
mRNA (Figure S1A) and protein (Figures S1B and S1C) 

expression, which were suppressed by si-NOD1 treatment. 
Similarly, HI-induced long-term upregulation of Atg5 
(Figure S1D), Beclin-1 (Figure S1E) and IL-6 (Figures 
S1F and S1G) were also suppressed by si-NOD1 treatment.

Discussion
This study investigated the potential connection between 
NOD1 and HI-induced brain injury and how modulating 
NOD1 activity might alleviate HI-induced long-term 
cognitive impairment. We showed that NOD1 expression 
in the hippocampus was significantly elevated upon HI 
stimulation in neonatal mice, which was accompanied 
with autophagy. NOD1 inhibition by si-NOD1 in the 
brain after HI induction suppressed NOD1 expression, 
which also inhibited HI-induced autophagy, both short 
and long term. Additionally, NOD1 inhibition signifi-
cantly suppressed HI-induced inflammatory response. 
Importantly, while neither HI procedure nor si-NOD1 
treatment in neonate mice resulted in significant changes 

Figure 5 Locomotion and activity are not impacted by HI insult or NOD1 inhibition. si-NOD1 and si-NC were administered at 1 h, 24 h and 48 h after HI through 
intracerebroventricular injection. (A) Average speed, (B) total activity, (C) total locomotion time, (D) total distance travelled, (E) distance travelled in the center and (F) 
time spent in the center in open field test at P55. N = 10–14 per group. One-way ANOVA followed Dunn’s multiple comparisons test.
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in the locomotion and exploratory activities in adult-
hood, inhibiting si-NOD1 significantly alleviated HI- 
induced cognitive impairment in the Morris water maze 
test. To our knowledge, this is the first study showing 
a link between NOD1 and neonatal HI-induced brain 
injury.

Autophagy and inflammation are critically implicated 
in the pathogenesis of HI-induced brain injury and long- 
term cognitive impairment. HI results in altered expression 
of genes involved in autophagy including increased Atg5 
and Beclin-1 and decreased p62, as well as formation of 
autophagosomes responsible for HI-induced neuronal 
death. Inhibiting autophagy by 3-methyladenine or by 
deletion of genes essential for autophagy such as Atg7 
exhibits neuroprotective effects.15,26 Consistently, our 
study showed that HI surgery in neonatal mice resulted 
in significant alterations in gene expression corresponding 
to an induction of autophagy. Autophagy is also critically 
involved in the inflammation responses of various disease 
conditions, and plays important roles in the survival and 

homeostasis of inflammatory cells.12 Along with the acti-
vation of autophagy, we also detected significant elevation 
of pro-inflammatory cytokines and chemokines including 
IL-6, TNF-α and MIP-2 in the hippocampus of HI mice. 
Previous studies have revealed a neuroprotective effect of 
inhibiting HI-induced inflammation. For example, inhibit-
ing inflammatory response by erythropoietin in neonatal 
HI rats attenuated brain injury.27 We therefore searched for 
potential molecular targets associated with autophagy and 
inflammation.

NOD1 has long been recognized as an important regu-
lator of immune response.16,28,29 Activating NOD1 induces 
the MAPK and NF-κB signaling pathways, leading to 
expression of pro-inflammatory proteins and enhanced 
cytokine production30 which are associated with the patho-
genesis and progression of various diseases, including ocu-
lar and cardiovascular inflammations.31 Although previous 
studies have not identified a link between NOD1 and 
inflammation in the scenario of HI-induced brain injury, 
we show here that both NOD1 and proinflammatory 

Figure 6 NOD1 inhibition ameliorates HI induced cognitive impairment. si-NOD1 and si-NC were administered at 1 h, 24 h and 48 h after HI through intracerebroven-
tricular injection. Morris water maze test was started at P60. Escape latencies (A) and the average swim speed (B) were analyzed in the training sessions (4 days). Time in 
target quadrant (C) platform site crossings (D) were analyzed in probe trial. N = 10–14 for each group. **p < 0.01 compared to sham, &p < 0.05 compared to HI. Two-way 
ANOVA followed Tukey’s multiple comparisons test for a. One-way ANOVA followed Dunn’s multiple comparisons test for (B–D).
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cytokines and chemokines are elevated upon HI stimula-
tion. Importantly, inhibiting NOD1 suppressed HI-induced 
inflammatory response. The involvement of NOD1 in the 
inflammatory response of HI-induced brain injury suggests 
that NOD1 activation may be involved in HI pathogenesis.

In addition to regulating inflammatory response, NOD1 
also plays a significant role in autophagy. Activation of 
NOD1 has been shown to trigger autophagy in the macro-
phages and epithelial cells leading to the clearance of 
intracellular pathogens.17 In a mouse model of hepatic 
ischemia-reperfusion injury, NOD1 was found to be upre-
gulated and aggravate the disease condition through acti-
vating autophagy, and inhibiting NOD1 by siRNA 
suppressed Atg5 and LC3II expression, consistent with 
a reduction in autophagy.18 Consistently, we also observed 
significantly upregulated NOD1 expression following HI 
which was accompanied by upregulated autophagy mar-
kers. Importantly, we showed here that si-NOD1 not only 
suppression NOD1 expression but suppressed autophagy 
as manifested by reduced Atg5, Beclin-1 and LC3II and 
increased p62 levels. Considering the important function 
of autophagy in mediating HI pathogenesis, our findings 
suggest that NOD1 is a potent target for suppressing HI- 
induced autophagy to inhibit disease progression.

HI is frequently associated with long-term behavioral 
deficits including motor dysfunction and cognitive 
impairment.2,32 In our HI mouse model, we did not detect 
any changes in the locomotion and exploratory activities of 
mice undergoing HI surgery in the open field test. Inhibiting 
NOD1 in sham-operated mice and HI-stimulated mice did 
not negatively impact these behavioral aspects, either. 
Similar findings were reported using neonatal HI rat and 
mouse models,21,33 with the overall motor function not 
impacted by HI. It is possible that only severe HI may 
cause long-term locomotor abnormality in the open field 
test as suggested by a previous study.34 The other possibility 
is that, the test might not be sensitive enough to detect HI 
induced subtle locomotor deficits. In the future, we will 
perform more sensitive assays to test this possibility. We 
showed here that neonatal HI procedure resulted in long- 
term cognitive impairment in adult mice. Importantly, the 
deficit, as indicated by the compromised spatial learning and 
memory ability, was significantly attenuated by NOD1 inhi-
bition. Interestingly, a previous study also showed that 
NOD1 and NOD2 double knock out mice were cognitively 
impaired,19 suggesting that careful modulation of NOD1 
activity may be required for optimal behavioral outcomes.

One limitation of this study is that we only focused on male 
mice. In the future studies, we will include both male and 
female mice for a more detailed comparison. Another limita-
tion is that, in this study we focused on the hippocampus for 
biochemical analysis and did not analyze other brain regions 
such as the cerebral cortex or perform histological analysis. 
Future studies will include more detailed analysis of other 
relevant brain regions and histopathological manifestations.

In addition to autophagy, Beclin 1 is also able to inter-
act with Bcl-2 to regulate apoptosis, which may play a role 
in HI-mediated brain injury and inhibiting NOD1 may 
modulate this pathway to exert its neuroprotective 
effects.8 We will explore this possibility in future studies.

Conclusion
In summary, our study first showed that NOD1 was sig-
nificantly elevated in response to HI stimulation in neona-
tal mice, while inhibiting NOD1 modulated HI-induced 
changes of autophagy-related proteins, suppressed inflam-
matory responses and alleviated long-term cognitive 
impairment. Our findings suggest that NOD1 is 
a potential target for the development of therapeutic stra-
tegies to prevent or treat neonatal HI-induced brain injury.
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