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Abstract: Inflammation-sensitized hypoxic-ischemic (HI) brain injury causes high mortality and severe disability in 
neonates. Hence, understanding the pathogenesis and developing novel therapy targets are necessary. NF-κB-
inducing kinase (NIK) is a ubiquitously-expressed kinase and is activated by diverse stimuli. However, the expres-
sion and role of NIK in inflammation-sensitized HI-induced brain injury in neonates remains unclear. In the present 
study, western blotting and immunofluorescence were employed to determine the expression and distribution of 
NIK in the perinatal brain hippocampus in a rat model of LPS-HI. Specific siRNA targeting NIK was administeredin-
tracerebroventricularly to determine the potential role of siNIK in neuroprotection. The results indicated that NIK 
was upregulated and localized inneurons and astrocytes following HI injury, compared with the sham group. Further 
study demonstrated that knockdown of NIK significantly inhibited non-canonical NF-κB pathway, the related pro-
inflammation cytokine expression, and dramatically ameliorated acute inflammation-sensitized HI-induced brain 
injury. Collectively, our results suggest that NIK may be a potential therapeutic target for the treatment of neonates 
with inflammatory-sensitized HI-induced brain injury.
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Introduction

About 4 to 9 million neonates suffer from birth 
asphyxia each year in the world, with about 1.2 
million deaths and the same number of infants 
with severe disability, including cerebral palsy, 
epilepsy andmental retardation [1]. These 
deaths and disabilities are mostly due to hypox-
ic-ischemic (HI) brain injury. Meanwhile, intra-
uterine infection (chorioamnionitis) is a high 
risk factor forcerebral palsy neonates [2] with 
incidence ranging from 3 to 30% [3]. Clinical 
studies have shown that increased levels of 
systemic cytokines in premature infants with 
chorioamnionitis are associated with hemody-
namic disturbances leading to cerebral HI, 
whereas co-morbid chorioamnionitis and pla-
cental perfusion defects put preterm infants at 
higher risk of abnormal neurologic outcomes 
than either insult alone [4-6]. Animal studies 
also indicate that pre-exposure to systemic 

lipopolysaccharide (LPS) sensitizes HI injury in 
the immature brain [7, 8]. These concerns high-
light the needfor a better understanding anda 
more effective therapy for inflammation-sensi-
tized HI brain injury in newborns.

Nuclear factor-κB (NF-κB) transcription factor-
can be activated via the canonical and non-
canonical pathway. Pro-inflammatory stimuli 
including TNF-α activates the NF-κB canonical 
pathway accompanied with the requirement of 
IKKβ [9]. In contrast, the non-canonical path-
way is strictly dependent on NF-κB-inducing 
kinase (NIK) and IKKα [9]. NIK is a ubiquitously-
expressed Ser/Thr kinase and its levels are 
very low due to rapid proteasome-mediated 
degradation [10]. Meanwhile, NIK is activated 
by diverse stimuli, including oxidative stress, 
saturated fatty acids, cytokines, endotoxins, as 
well as ligands that activate toll-like receptors, 
receptor tyrosine kinases, and G protein-cou-
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pled receptors [11, 12]. Furthermore, NIK was 
demonstrated to play crucial role in the patho-
genesis of various diseases and widely used as 
a therapeutic target [13-15].

But, until now, the expression and function  
of NIK in inflammation-sensitized HI-induced 
brain injury of neonates was still unclear. Thus, 
in the present study, we first investigated the 
expression and distribution of NIK after LPS-HI 
insult. Knockdown of brain NIK by injection of 
siNIK was performed to understand the func-
tional significance of NIK in cytokine expression 
and in acute LPS-HI induced cerebral injury. 
Our data suggests that NIK may be apotential 
therapeutic target for inflammation-sensitized 
brain damage after HI in neonates.

Materials and methods

LPS-HI rat model and treatment

Seven day old pups were purchased from the 
Animal Centre of Sichuan University and were 
used for establishing the LPS-HI model, as 
described previously [16]. Briefly, the 7-days old 
pups were first injected intraperitoneally with 
Escherichia coli LPS (Sigma-Aldrich, St Louis, 
MO, USA). The pups were then returned to their 
dams after LPS injection, and housed in an 
incubator to maintain body temperature at 36 
to 37°C before HI. Three hours post LPS injec-
tion, the pups were anesthetized with diethyle-
ther and the body was maintained at 37°C 
usinga homoisothermy bench. Following a 0.5 
cm skin incision in the midline of the neck, and 
the right common carotid artery (CCA) was per-
manently ligatured with 5-0 silk. After ligation 
of the CCA, the pups were returned to the dam 
for 0.5 h to recover from anesthesia. Then, the 
pups were taken intoa chamber at constant 
37°C for hypoxia (8% O2, 92% N2) for 6, 12, 24 
and 48 h, respectively. The sham group under-
went a neck dissection with silk around the 
CCA, but notligated. All animal procedures used 
were approved by Sichuan University Committee 
of Animal Use and Care and allefforts were 
made to minimize animal suffering and animal 
numbers.

siRNA targeting NIK (siNIK) and negative con-
trol (NC) were purchased from Ribobio (Guang- 
zhou, China). 24 h prior to LPS injected, 10 
nmol siNIK or NC in 100 μl PBS was injected 
into the right cerebral hemisphere of LPS-HI 

insult rats using a 30-gauge needle with 5-μl 
Hamilton syringe.

Immunofluorescence

To determine the expression and distribution of 
NIK in brain, immunofluorescence was employ- 
ed. The brains wereperfused and fixed in 4% 
paraformaldehyde for 48 h and then embed-
ded by paraffin and sectioned 4-μm thick. The 
primary antibody NIK (Cell Signaling, CA, 1:400)
and mouse monoclonal antibodies against 
NeuN (Millipore, CA; 1:150) or GFAP (Millipore, 
CA, 1:80) was performed and followed by incu-
bation with 1:120 dilution of secondary anti-
body, either FITC- or TRITC-conjugated anti-rab-
bit or anti-mouse IgG (Santa Cruz Biothecology, 
USA). The nucleus was stained with 4’,6-diamid-
ino-2-phenylindole (DAPI, Beyotime, Beijing, 
China). 

Western blotting

To determine the protein expression by western 
blotting, the hippocampus from the right hemi-
sphere were collected and lysed with the RIPA 
lysis buffer (Beyotime, Beijing, China) contain-
ing a protease inhibitor cocktail (Merck Milli- 
pore, MA, USA). BCA protein assay kit (Beyotime, 
Beijing, China) was employed to detect the pro-
tein concentrations with bovine serum albumin 
(BSA, Beyotime, China) as the standard. Then 
20 μg protein samples per lane wereused. After 
blocking, the membranes were immunoblotted 
with various antibodies: NIK; rabbit anti-NF-κB 
p52 monoclonal antibody overnight at 4°C. A 
rabbit anti-GAPDH polyclonal antibody was 
used as an internal loading control. The bound 
antibodies were visualized with horseradish 
peroxidase-conjugated secondary antibodies 
against rabbit or mouse IgG using the ECL 
advance western blotting detection kit (Merck 
Millipore, MA, USA). Image-Pro Plus (version 
6.0; Media Cybernetics, Inc., Rockville, MD, 
USA) was used to quantify the densities of the 
protein signals on X-ray films following scann- 
ing.

ELISA

To determine the protein expression by ELISA, 
the protein samples were collected as 
described above. The IL-6, TNF-α and IL-1β 
ELISA detection kit were purchased from 
Neobioscience (Shenzhen, China). The experi-
ment was performed according to the manufac-
turer’s instructions. 



siNIK prevents neonatal LPS-HI brain injury

1560 Int J Clin Exp Pathol 2017;10(2):1558-1566

HE staining and Nissl staining

The hematoxylin and eosin were purchased 
from Beyotime (Beijing, China) and the Nissl 
staining kit was purchased from Huayueyang 
Bio (Beijing, China). The paraffin embedded 
4-mm thick brain sections from different group 
were used for H&E staining and Nissl staining. 
The sections were deparaffinized inxylene, 
treated with a graded series of alcohol [100%, 
95%, and 80%] ethanol/double-distilled H2O 
(v/v)], and rehydrated in PBS (pH 7.4). The HE 
and Nissl staining were performed following the 

instructions supplied by the manufacturer. All 
specimens were evaluated using Olympus 
B×600 microscope and Spot Fiex camera.

TUNEL assay

To detect apoptotic cells in brain tissues, TUNEL 
assay using a Dead End TM Fluorometric TUNEL 
System (Promega, Madison, Wisc, USA) was 
performed and the apoptosis index was ana-
lyzed as the previous study indicated [17]. Cell 
nuclei with dark green fluorescent staining 
were defined as apoptosis cell. To quantify 

Figure 1. Expression and distribution of NIK in the hippocampus of rats after LPS-HI treatment. A and B. Detection 
of NIK protein in the hippocampus of sham and LPS-HI model at 6, 12, 24 and 48 h after brain insult (n=3, **, 
P<0.01) by western blotting. GAPDH was used as the loading control. The relative expression of NIK was analyzed. 
C. Paraffin-embedded sectionsfrom sham and LPS-HI model group was used for double immunofluorescence GFAP 
(red) + NIK (green). DAPI indicated cell nucleus. D. Paraffin-embedded sections from sham and LPS-HI model group 
was used for double immunofluorescence NeuN (red) + NIK (green). DAPI indicated cell nucleus. Scale bar=100 μm.
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TUNEL-positive cells, the number of green fluo-
rescence-positive cells was counted in four ran-
dom fields. Cell nuclei were counterstained 
with 4,6-diamidino-2-phenylindole (DAPI). All 
specimens were evaluated using Olympus 
B×600 microscope and Spot Fiex camera.

Statistical analysis

Statistical analysis was performed using the 
SPSS version 19.0 (SPSS Institute, Chicago). 
Numerical continuous data were presented as 
mean ± standard deviation. Statistical analysis 
was performed by the Student’s t-tests for com-
paring two groups. Statistical significance was 
set at a two-tailed P<0.05.

Results

Induction of NIK expression in the developing 
brain hippocampus of rat with LPS-HI treat-
ment

To investigate the potential role of NIK in the 
pathogenic process of LPS-HI treatment induc- 
ed brain damage, western blotting was em- 
ployed to determine the expression of NIK in 
the hemispheres of rats at different time point 
post HI treatment. Our results indicated that 
NIK expression was significant upregulated in 

the brain hippocampus at 6 h after insult, fol-
lowed by a 4-6 fold increase in NIK protein 
expression in the hemispheres of LPS-HI model 
compared with sham group at 12, 24 and 48 
hours (Figure 1A and 1B). Furthermore, weem-
ployed double immunofluorescence to investi-
gate the distribution and expression of NIK pro-
tein in the hippocampus of sham and insult 
groups. The astrocyte-specific marker GFAP 
and the neuron-specific marker NeuN were 
used to detect the astrocytes and neurons, 
respectively. As shown in Figure 1C and 1D, the 
upregulated expression of NIK was localized 
with astrocyte and neurons at 24 h after insult, 
compared with sham group. Statistical analysis 
indicated that only 21.3±4.7% astrocyte ex- 
pressed NIK protein in the experimental group, 
whereas 72.6±12.6% neurons expressed NIK 
protein (Figure 1C and 1D). Collectively, NIK 
expression was significantly upregulated in the 
neurons and astrocytes in the hippocampus of 
rats following LPS-HI induced brain injury.

Induction of NF-κB and inflammatory cytokine 
expression in the hippocampus of rat brain 
following LPS-HI

Next, we determined the expression of NF-κB 
and inflammatory cytokine in the hippocampus 

Figure 2. Expression of NF-κB and downstream targets in the hippocampus of rat LPS-HI model. A and B. Detection 
of p52 protein in the brain hippocampus of sham and LPS-HI model at 6, 12, 24 and 48 h after brain insult (n=3, 
**, P<0.01) by western blotting. GAPDH was used as the loading control. The relative expression of p52 was ana-
lyzed. C. ELISA detection of IL-6 expression in the hippocampus of sham and LPS-HI model at 6, 12, 24 and 48 h 
after brain insult (n=4; **, P<0.01). D. ELISA detection of TNF-α expression in the hippocampus of sham and LPS-HI 
model at 6, 12, 24 and 48 h after brain insult (n=4; **, P<0.01). E. ELISA detection of IL-1β expression in the hip-
pocampus of sham and LPS-HI model at 6, 12, 24 and 48 h after brain insult (n=4; **, P<0.01). 
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of rat brainin an LPS-HI model using Western 
blot and ELISA. p52 is an important subunit of 
NF-κB, which is the hallmark of the non-cano- 
nical pathway [18]. As shown in Figure 2A and 
2B, the expression of p52 was significantly 
increased from 6 h to 48 h after insult, com-
pared with the sham group. Furthermore, the 
expression of IL-6, TNF-α and IL-1β in the hip-
pocampus was determined at different time 

points after LPS-HI insultusing ELISA. Our 
results demonstrated that IL-6, TNF-α and IL-1β 
expression was dramatically increased from 6 
h to 48 h after insult (Figure2C-E). Taken to- 
gether, the above results indicated that upregu-
lation of NIK after LPS-HI insult may have 
induced the activation of NF-κB via thenon-
canonical pathway, and resulted in the upregu-
lation of pro-inflammatory cytokine expression.

Figure 3. Expression of NIK and NF-κB after siNIK injection. A and B. Detection of NIK protein in the hippocampus 
of sham, LPS-HI model, NC injection and siNIK injection group by western blotting. GAPDH was used as the loading 
control. The relative expression of NIK was analyzed. C. Immunofluorescence detection of NIK in the hippocampus 
of sham, LPS-HI model, NC injection and siNIK injection group. DAPI indicated cell nucleus. Scale bar=100 μm. D 
and E. Detection of p52 protein in the hippocampus of sham, LPS-HI model, NC injection and siNIK injection group 
by western blotting. GAPDH was used as the loading control. The relative expression of p52 was analyzed. F-H. ELISA 
detection of IL-6, TNF-α and IL-1β expression in the hippocampus of sham, LPS-HI model, NC injection and siNIK 
injection group (n=4; **, P<0.01 compared with sham controls; ##, P<0.01 compared with NC injection group). 
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Knockdown of NIK inhibits NF-κB and inflam-
matory cytokine expression

To further determine the potential neuroprotec-
tive role of NIK silencing on LPS-HI induced 
brain injury, siRNA targeting NIK was used 

injected into the brain prior to LPS-HI insult. Our 
results indicate that injection of siNIK dramati-
cally inhibited NIK expression in the hippocam-
pus, compared with negative control (NC) group 
(Figure 3A and 3B). Further immunofluores-
cence staining was used to confirm that NIK 

Figure 4. Apoptosis detection by TUNEL in hippocam-
pus. A and B. HE staining and Nissl staining were per-
formed to determine the histomorphology of paraffin-
embedded sections from the brain hippocampus of 
sham, LPS-HI model, NC injection and siNIK injection 
group. C and D. TUNEL assay was used to detect the 
apoptotic cell in paraffin-embedded sectionsfrom the 
hippocampus of sham, LPS-HI model, NC injection and 
siNIK injection group. DAPI indicated cell nucleus. Apop-
tosis cells in per frame was counted and used for apop-
tosis index analysis (n=4; **, P<0.01 compared with 
sham controls; ##, P<0.01 compared with NC injection 
group). Scale bar=100 μm.
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expression was inhibited by siNIK in hippocam-
pus (Figure 3C). To further determinethe down-
stream target expression, western blotting was 
employed and indicated that p52 were both 
significantly inhibited by siNIK in the hippocam-
pus, compared with the NC group (Figure 3D 
and 3E). ELISA results demonstrated that IL-6, 
TNF-α and IL-1β expression were also inhibited 
in the siNIK treatment group, compared with 
NC group. Collectively, we showed that knock-
down of NIK by siNIK significantly inhibited 
NF-κB activity and the subsequentpro-inflam-
matory cytokine expression.

Knockdown of NIK prevents brain from LPS-HI-
induced injury

Next, we determined the functional relevance 
of NIK inhibition in the rat model of LPS-HI inju-
ry. HE and Nissl staining were performed to 
determine the histology of hippocampus after-
LPS injection for 48 h. As shown in Figure 4A, 
HE staining indicated that the pyramidal neu-
ronsin the CA1 and CA3 area of LPS-HI and NC 
group were swollen and disorganized without 
nuclear and membrane structure. Whereas, in 
the siNIK injection group, less disorganized 
cells werefound in the CA1 and CA3 area 
(Figure 4A). Furthermore, Nissl staining was 
performed and demonstrated that there was 
lesserNissl bodies found in the LPS-HI and NC 
group, accompanied with cell swelling, disorga-
nized and membrane loss (Figure 4B). Injection 
of siNIK significantly prevented brain damage 
(Figure 4B). It is known that apoptosis is one of 
the major effects of brain injury. Thus, we 
employed TUNEL staining to detect the apop-
totic cell in the brain hippocampus. As shown in 
Figure 4C and 4D, more apoptotic cells were 
found in the HI and NC treatment groups, com-
pared with sham group. But, less apoptosis 
was found in the siNIK group (Figure 4C and 
4D). Collectively, our results indicated that 
knockdown of NIK markedly inhibited neuronal 
loss and apoptosis in brain hippocampus.

Discussion

HI and infectious events during perinatal and 
neonatal periods have cumulative effects on 
the risk of cerebral palsy inpreterm infants [19]. 
In the current study, we aimed to investigate 
whether and how NIK affect LPS-sensitized 
HI-induced brain injury in neonates. We first 
showed that NIK expression in the developing 

brain was increased following LPS-HI treat-
ment, suggesting that NIK may be correlated 
with the development of LPS-HI-induced brain 
damage. Furthermore, knockdown of NIK with 
siNIK injection significantly alleviated the brain 
injury and apoptosis via the non-canonical 
NF-κB pathway and associatedpro-inflammato-
ry cytokine expression. Our results provides 
evidence for better understanding the role of 
NIK in inflammatory-sensitized HI-induced 
brain injury and suggeststhat NIK may be apo-
tential therapeutic target for term and near-
term neonates.

Growing evidence suggests that systemic 
inflammation during perinatal and neonatal 
periods may affect cerebral vulnerability and 
thereby act concomitantly with HI insult to 
aggravate brain injury [20]. Experimental and 
clinical studies both demonstrate that inflam-
mation-sensitized HI brain injury is less respon-
sive to therapeutic hypothermia than pure-HI 
injury in neonates [21, 22]. In addition, it is still 
unclear how maternal infection aggravates 
neonatal HI brain injury [23] according to that 
newborns were often considered immunodefi-
cient and lacking the adaptive immunity to initi-
ate systemic anti-pathogen responses. The 
previous study has indicated that NF-κB activity 
is induced as early as 4 h past insult in LPS-
sensitized HI brain injury [24, 25]. Meanwhile, 
inhibition of NF-κB pathway significantly pre-
vents LPS-sensitized HI brain injury in neo-
nates, but has no protection against pure-HI 
brain injury [24]. Our study firstly suggests that 
NF-κB transcription factors was activated via 
the non-canonical pathway at 6 h past insult in 
the LPS-sensitized HI brain injury model, acco- 
mpanied with the upregulation of NIK, which is 
the necessary activator of NF-κB via thenon-
canonical pathway. Furthermore, inhibition of 
NF-κB activity through inhibiting the non-canon-
ical pathway activation significantly decreased 
the followed pro-inflammatory cytokine expres-
sion and prevented LPS-sensitized HI brain 
injury. 

NIK is widely expressed in most tissues [10]. 
Systemic deletion of NIK leads to severe immu-
nodeficiency resulting in premature death in 
mice [13, 26]. Meanwhile, loss-of-function NIK 
mutation was accompanied with primary immu-
nodeficiency disorders [27]. Whereas, abnor-
mal activation of NIK increased renal tubule 
epithelial inflammation associated with diabe-
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tes [15]. Elevating cellular levels of NIK 
increased expression and nuclear transloca-
tion of p52 through the non-canonical pathway 
and hence increased the transcriptional activi-
ty of NF-κB [15, 28].  Hyper activation of hepatic 
NIK promoted hepatocytes to secrete pro-
inflammatory cytokine and triggers fatal macro-
phage-dependent liver injury and fibrosis lead-
ing to death in mice [14]. Thus, it is indicated 
that NIK plays dual role in the immunology sys-
tem during the pathogenesis of various diseas-
es. In the present study, we first demonstrated 
the upregulation of NIK in the hippocampus fol-
lowing inflammation-sensitized HI insult and 
indicated that the expression of NIK localized 
with astrocytes (about 21% of total astrocytes) 
and most neurons (about 72% of total neurons). 
Furthermore, knockdown of NIK with siNIK 
injection significantly inhibited the activity of 
NF-κB and subsequent pro-inflammatory cyto-
kine expression, leading to the prevention of 
inflammation-sensitized HI brain injury. The 
results provide solid evidence for the functional 
role of NIK during the development of LPS-
sensitized HI brain injury and indicate that NIK 
may be an ideal therapeutic target for term and 
near-term neonates.

Collectively, our results suggest that NIK ex- 
pression was significantly increased in the hip-
pocampus of neonates during the development 
of LPS-HI-induced brain damage, and activated 
the non-canonical NF-κB pathway. Furthermore, 
we show for the first time that knockdown of 
NIK with intracerebroventricular injections of 
siRNA targeting NIK significantly attenuated 
acute LPS-sensitized HIbrain injury by inhibiting 
the non-canonical NF-κB pathway, associated 
pro-inflammatory cytokine expression, prevent-
ed apoptosis and neuronal loss, leading to the 
reducedof LPS-sensitized HI-induced brain 
damage. In light of the above, NIK may be con-
sidered as a therapeutic target for the treat-
ment of inflammation-sensitized HI-induced 
brain injury in neonates.
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