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Abstract

Neuroinflammation is a key feature after traumatic brain injury (TBI) in 
the central nervous system (CNS), characterized by increased pro- and anti-
inflammatory cytokines, disruption of blood brain barrier (BBB) permeability, 
resulted in many different neurological diseases. Furthermore, perturbation 
of BBB is pivotal in TBI as dysfunctional barrier allows inflammatory and 
immune cells trafficking leading to the impairment of the neurovascular unit. 
Although several drugs have been shown to exhibit promising effects for TBI, 
the restoration of BBB damage remain elusive. Neuregulin 1 (Nrg1) is a growth 
factor plays multiple functions in CNS, however, it’s role in inflammation-induced 
BBB damage is unknown. We hypothesize that Nrg1 may protect inflammation-
induced BBB impairment. In the current study, we investigated the protective 
effects of Nrg1 in Tnfa-stimulated gene expression of several tight junction 
proteins, inflammatory genes, NF-kB activation, apoptosis, in human brain 
microvascular endothelial cells (hBMVECs), one of the critical cell types in the 
BBB integrity. These data suggest that pretreatment with Nrg1 reversed the 
Tnfa-induced damage of BBB components in hBMVECs. Furthermore, these 
results identified neuroplilin1 as a possible target for Nrg1. Together, data 
provided evidence that Nrg1 can serve as an anti-inflammatory molecule and 
may offer a promising therapeutic target in BBB damage. In conclusion, we 
propose that Nrg1-NF-kB-axis in BBB impairment is vital in TBI pathophysiology 
and warrant further investigation.
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Introduction
The blood brain barrier (BBB) serves as a selective semi-

permeable sheath separating the central nervous system (CNS) 
from systemic circulation. The sheath is a bi-directional system 
which controls the traffic of solutes, nutrients and toxins via efflux 
transporters and maintains the brain homeostasis [1]. Human BBB 
vasculature is composed of brain microvascular endothelial cell 
(BMVEC) monolayer along with other neuronal cells like pericytes, 
astrocytes, glial cells, forming coherent interconnectivity at the 
barrier [2]. The BMVEC is held together by tight junctions (TJ) which 
are composed of Occludin, Claudins, zonula Occludens (ZO-1, ZO-2, 
ZO-3); etc.; adherent junctions (AJ) composed of cadherins, catenins, 
vinculin, and actinin; and junctional adhesion molecules (JAM) 
[3,4]. Together these cells regulate cellular transport properties. The 
BMVEC coupled with astrocytes, pericytes, neurons and extracellular 
matrix constitute the neurovascular unit (NVU) and contributes 
BBB functional integrity [5]. Inflammation, a critical contributor in 
traumatic brain injury (TBI) impaired BBB integrity and elicits both 
short- and long-term effects. Neuroinflammation is further suggested 
as secondary injury to many neurological diseases including TBI 
[6,7]. After an episode of TBI, BBB injury results in alteration of the 
microenvironment and pathological sequels in the NVU like edema, 

apoptosis and neuroinflammation [7-10]. Recent reports suggested 
that perturbation of the BBB is crucial in TBI as impairment of the 
barrier allows inflammatory and immune cell trafficking leading to 
the development of a neuroinflammatory atmosphere in the NVU 
[11-17]. 

In our study we have chosen human BMVEC (hBMVECs) as 
an in vitro model system to understand the underlying molecular 
mechanism of inflammation induced BBB injury. We used Tumor 
Necrosis Factor alpha (TNF-a) as a proinflammatory cytokine agent 
that triggers BBB dysfunction [18-20].

Neuregulin 1 (Nrg1) belongs to the family of growth factors that 
contain epidermal growth factor-like domain, bind to ErbB receptors, 
dimerize, and activate downstream signaling cascade [21,22]. The 
endogenous ligand for Nrg1 is ErbB family which consisting of four 
ligands, ErbB1-4 [22]. ErbB2 does not bind to Nrg1 but has strong 
kinase activity. At the receptor level, only ErbB3 and ErbB4 can bind 
to neuregulin (Nrg1-3) [23]. Nrg1 has also shown diverse function 
in neuron and glia and, works mainly through the activation of 
ErbB 4 receptor tyrosine kinases [24]. Nrg1 has shown potential in 
neuroprotection in ischemia-induced neuronal death in rodent model 
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[24-30]. Neuroinflammation is a key process in BBB damage and Nrg1 
has shown potential as an anti-inflammatory molecule in microglial 
cells and, also in ischemic stroke model [27,28]. However, role of 
Nrg1 in inflammation-induced BBB damage is currently unknown. 
We hypothesize that Nrg1 may protect inflammation-induced BBB in 
hBMVECs.

The present study is designed to investigate the changes of 
TJ protein because these proteins are responsible for free solute 
exchange between the CNS and vasculature during injury. We report 
that TNFa-induced inflammation in hBMVECs is associated with 
downregulation of TJ genes and proteins, upregulation of several 
inflammatory genes, activation of Nuclear Factor kappa B (NF-
kB); lead to enhance the cellular permeability that resulted in BBB 
dysfunction. All these above-mentioned alterations were restored 
following the pretreatment with recombinant Nrg1 protein (rNrg1). 
Altogether, these data provided evidence that Nrg1 can serve as an 
anti-inflammatory molecule and may offer a promising therapeutic 
target in BBB damage. 

Materials and Methods
Cell Culture and Treatment

Primary hBMVECs (passage 2, cat no. ACBRI 376) were 
purchased from Cell Systems, Kirkland, WA, USA and cultured as 
described previously [31]. In brief, cells were allowed 48 h for growth 
to a field density of 2.5×105 cells per cm2 before serum starvation (2h) 
with complete serum free medium. The cells were then pretreated 
with Nrg1 human recombinant protein (rNrg1, cat. No Ab50227, 
Abcam, USA) at a concentration of 100 ng/mL for 2 hours before Tnfa 
(cat no. ab9642, Abcam) stimulation. The stimulation dose for of Tnfa 
was 25 ng/mL (Sigma Aldrich, USA) which did not show any toxic 
effect or damage to the cells and was used throughout the study. The 
current work was carried under an approved research protocol which 
was reviewed and approved by the Central Texas Veterans Health 
Care System (CTVHCS), Research and Development Committee.

RNA Isolation and Quantitative Real-Time  
PCR (Q-RT-PCR) Analyses

Total RNAs from the hBMVECs were extracted using RNeasy kit 
(Qiagen, Valencia, CA) as per the manufacturer's instructions. For 
real-time RT-PCR, 200 ng of total RNAs were reverse transcribed 
to cDNA using cDNA synthesis kit (OriGene, Rockville, MD, USA) 
by following the manufacturer's instructions. Quantitative PCR 
was performed as described previously [31-33]. Analysis of gene 
expression was evaluated by 2(ΔΔCt)  method. Each reaction was in 
triplicate, repeated three times and GAPDH was used as an internal 
loading control. The gene-specific primers used for the study were 
purchased from OriGene Technologies, Inc., USA.

Immunofluorescence Microscopy 

The hBMVECs were seeded in chamber slides and were 
treated as described previously [31]. In brief, cells were washed 
with 1X PBS followed by cell fixation with paraformaldehyde and 
permeabilization, cells were blocked in 5% blocking buffer for 60 
min at room temperature and incubated with anti‐ZO3 (D57G7 
XP), anti-Occludin (E6B4R) and anti-NF-kB-p65 primary antibodies 
(1:1000) separately overnight at 4°C in antibody dilution buffer (1% 

blocker BSA in PBS and 0.01 % Triton X-100). The cells were then 
washed (three times with 1X PBS), incubated with corresponding 
secondary antibodies (1:1,000) for 1-hour. A cover glass was mounted 
over the growth area with a drop of ProLong Diamond antifade 
mounting media containing 4, 6-daimindo-2-phenylindole (DAPI). 
Fluorescence images at 20X magnification were captured by Leica 
DMi8 Imaging System. All the primary and the secondary antibodies 
were purchased from Cell Signaling Technology, Beverly, MA, USA. 
Anti-ZO3 (cat. no. 3704), anti-Occludin (cat. no. 91131), anti-p65 
(cat. no. 8242); were purchased from Cell Signaling Technology, Inc., 
USA. ProLong Diamond antifade mounting solution containing DAPI 
(cat. no. P36962) was purchased from Thermo Fischer Scientific, Inc., 
USA. Cells were counted in 10-15 randomly chosen microscopic 
fields (average of 80-100 cells per treatment) and compared with 
the experimental and control groups and are representative of three 
separate experiments.

Western Blotting 

Cell lysate preparation and Western blot experiments were 
performed as we previously described [29,32]. In total, 40 µg cell lysates 
were used for Caludin5, 15 µg cell lysates were used for Occludin, and 
20 µg cell lysate was used for Cleaved Caspase 3 analyses, respectively. 
The images were taken in every step using ChemiDoc MP imaging 
system (BioRad, USA). Primary antibodies against Occludin (cat. no. 
91131), Claudin5 (cat no 495645), Cleaved Caspase3 (cat. no. 9664) 
and NF-kB-p65 (cat no 8242) were purchased from Cell Signaling 
Technology, Inc., USA. The immunoreactive bands were visualized 
using Clarity Max Western enhanced chemiluminescence (ECL) kit 
(cat. no. 1705062, Bio‐Rad Laboratories, Inc., USA), and later the 
density of the band was quantified and analyzed using the ImageJ 4.1 
software (National Institutes of Health). We ran the parallel blot for 
GAPDH control with the same amount of protein as ran for the target 
proteins.

Permeability and Trans Endothelial Electrical Resistance 
(TEER) Assay

The permeability was performed using Endothelial Trans-well 
Permeability Assay Kit (cat no. CB6929 from Cell Biologics, Inc., 
USA) according to manufacturer’s instruction. Data expressed as 
A450 absorption readings are considered a relative permeability. The 
BBB function was determined by TEER assay using Milicell ERS2 
(Milipore, Massachusetts, USA) volt-ohm meter according to the 
manufacturer’s protocol. In brief, the hBMVEC, 1X 105 cells were 
seeded in gelatin-coated permeable polyester Transwell filter inserts 
(Corning Coster, Thermo Fischer Scientific, Inc. USA). The treatment 
for Tnfa and rNrg1 was described above in cell culture and treatment 
section. The TEER values were obtained by immersing the electrode 
so that the shorter tip is in the Millicell® culture plate inserts, and 
the longer tip is in the outer well. The volt-ohm meter captured the 
transmembrane electrical resistance according to the current and was 
measured. A blank transwell without cells but the medium was used 
as a blank control. All data was collected and analyzed from three 
independent experiments were performed in triplicate.

Statistical Analyses

All data are presented as means ± Standard Error Mean (SEM) 
from three independent experiments. For data analysis, unpaired t 
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test or one-way analysis of variance (ANOVA) were performed using 
Prism 5.0 Graph Pad software (Graph Pad, San Diego, CA, USA). A 
P-value less than 0.05 was considered statistically significant.

Results
Effects of rNrg1 on Tnfa-stimulated Alteration of TJ mRNA 
and Protein in hBMVECs

To determine the effects of Tnfa on the TJ gene expression, 
hBMVECs were stimulated with 25 ng/ml Tnfa for 24 h. Tnfa 
treatment significantly decreased mRNA expression of tight junction 
protein 1(Tjp1), Tjp3, and Claudin 3 (P<0.05), compared with 
untreated control cells (Figure 1A, 1C and 1D). Our data did not show 
any change for Tjp2 mRNA expression (Figure 1B). Pretreatment 
with rNrg1 significantly ward off the reduction in their expression 
(P<0.05; Figure 1A, 1C and 1D). Together, our data suggested that 
rNrg1 pre-treatment protected Tnfa -induced downregulation of TJ 
gene expression in hBMVEC. 

Furthermore, our data showed significant reduction of two critical 
TJ genes, Occludin and Claudin 5 along with their protein level as well 
(Figure 2A and 2B). The western blot analyses showed that protein 
levels of both Occludin and Claudin 3 significantly reduced after Tnfa 
stimulation, compared to control or unstimulated cells (Figure 2C). 
Pretreatment of rNrg1 significantly prevented the reduction of both 
the proteins. 

Finally, under similar conditions we evaluated Occludin levels 
by immunofluorescence staining. We observed that Tnfa treatment 
significantly reduced the cellular Occludin protein levels as shown 
little-to-no green fluorescence outside the nucleus, Figure 2D. 
However, TNFa induced Occludin degradation was restored with 
pretreatment of rNrg1 as evidenced by green fluorescence. Together, 
our data indicated that rNrg1 pre-treatment restored Tnfa-stimulated 
Occludin reduction in hBMVECs.

Effects of rNrg1 in Tnfa-stimulated Inflammatory 
Response Observed in hBMVECs

Inflammation plays a crucial role in BBB injury. We evaluated a set 

of inflammatory genes; the interleukin-6 (Il6), interleukin-1 b (Il1b) 
and C-C chemokine ligand 2 (CCL2) and NLR family pyrin domain 
containing protein 3 (NLRP3, an inflammasome), in Tnfa stimulated 
hBMVEC. Tnfa treatment showed a marked enhancement of the 
mRNA expression of Il1b, Il6, CCL2 and NLRP3 compared with their 
unstimulated cells (Figure 3 A-D). However, cells pre-treated with 
rNrg1, significantly showed reduction in the inflammatory response 
(Figure 3 A-D). Together, our data indicated that rNrg1 pre-treatment 
attenuated Tnfa-induced inflammatory response in hBMVECs and 
may serve as an anti-inflammatory molecule.

Figure 1: Effect of rNrg1 in Tnfa-induced tight junction gene expression in 
human brain microvascular endothelial cells. hBMVECs were pretreated 
with rNrg1 for 2h and stimulated with Tnfa at 25 ng/ml for a period of 24h. 
The mRNA expression of (A) Tjp11, (B) Tjp2, (C) Tjp3 and (D) Claudin 3 
were measured using reverse transcription-quantitative PCR. Results are 
expressed as the mean ± SEM from 3 independent experiments. *P<0.05 vs. 
untreated cells. NS, non-significant.

Figure 2: Effect of rNrg1 in Tnfa-induced Occludin and Claudin 5 levels in 
human brain microvascular endothelial cells. hBMVECs were pretreated 
with rNrg1 for 2h and exposed to Tnfa at 25 ng/ml for a period of 24h. 
The mRNA expression of (A) Occludin and (B) Claudin 5 were measured 
using reverse transcription-quantitative PCR. (C) Representative image of 
the Western blot analysis of Occludin protein and Claudin 5 level. These 
experiments were replicated three-to-five times, and amplifications were 
performed and normalized to GAPDH. (D) Cultured hBMVECs were pre-
treated with rNrg1 for 2h and then stimulated with Tnfa for 24h. Dual staining 
immunofluorescence analysis of Occludin is shown in green. Blue staining 
was DAPI, for the nucleus.

D
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Effects of rNrg1 in Tnfa-stimulated NF-kB Signaling in 
hBMVECs

To determine further if rNrg1 influenced canonical NF-kB 
signaling pathway, we examined the gene expression of Rel A (p65 
gene) and the translocation of NF-kB-p65 at various doses of Tnfa. The 
results showed an upregulation of Rel A mRNA in Tnfa treated cells 
which was significantly reduced in pretreated rNrg1 cells (Figure 4A). 
Next, we determined nuclear translocation of NF-kB-p65 at various 
time points as shown in Figure 4B. To determine whether rNrg1 
pretreatment inhibited the translocation, cells were pretreated with 
rNrg1 followed by 10 min Tnfa stimulation. Data showed a significant 
inhibition in rNrg1 treated group (Figure 4C). The NF-kB-p65 
translocation is also examined by immunofluorescence cellular 
staining. We observed that Tnfa treatment facilitates the nuclear 
translocation of NF-kB-p65 in 10 min as shown green fluorescence 
inside the nucleus (Figure 4D). However, TNFa induced NF-kB-p65 
translocation was significantly blockedin cells pretreated with rNrg1. 
Together, our data indicated that rNrg1 pre-treatment inhibited Tnfa-
induced NF-kB activation in hBMVECs.

Effects of rNrg1 on Tnfa-stimulated Activated Adhesion 
Molecules in hBMVECs

Adhesion molecules, like ICAM1 and VCAM1 are critical in BBB 
integrity and are activated in BBB injury. Our study showed that both 
ICAM1 and VCAM1 were upregulated after Tnfa treatment (Figure 
5A and 5B, P<0.05), compared to control cells, respectively. rNrg1 
pre-treatment significantly reduced their expression level (Figure 5A 
and 5B, P<0.05). Our data suggested that rNrg1 may offer protection 
in Tnfa-induced vascular damaged hBMVECs. 

Effects of rNrg1 on Tnfa-stimulated Apoptotic Gene 
Expression in hBMVECs

We evaluated caspase 3 expression in hBMVECs following 
Tnfa treatment. Tnfa- stimulation significantly increased Caspase 3 

Figure 3: Effect of rNrg1 in Tnfa-induced inflammatory responses in human 
brain microvascular endothelial cells. Cells were pretreated with rNrg1 for 2h 
and exposed to Tnfa at 25 ng/ml for a period of 24h. The mRNA expression 
of (A) Il-1β, (B) Il6, (C) CCL2 and (D) NLRP3 were measured using 
reverse transcription-quantitative PCR. These experiments were replicated 
three-to-five times, and amplifications were performed and normalized to 
GAPDH.  Results are expressed as the mean ± SEM from 3 independent 
experiments. *P<0.05 vs. untreated cells.

Figure 4: Role of NF-kB in Tnfa-induced inflammatory responses in human 
brain microvascular endothelial cells. The mRNA expression of (A) Rel A was 
measured using reverse transcription-quantitative PCR. For NF-kB action, 
cells were exposed to Tnfa at 25 ng/ml for a period of 5-, 10-, 15 and 30 
min and nuclear extracts were prepared. (B) The Western blot analysis was 
performed using NF-kB-p65 antibody. The histone (H1) antibody was used 
as internal nuclear loading control. (C) Effect of rNrg1 in Tnfa-induced NF-
kB-p65 translocation into nucleus. Cells were pretreated with rNrg1 for two 
hours and then stimulated with Tnfa at 25 ng/ml for a period of 10 min. The 
nuclear extracts were prepared. Western blot analysis was performed using 
NF-kB-p65 antibody. These experiments were replicated three-to-five times, 
and amplifications were performed and normalized to GAPDH. Results are 
expressed as the mean ± SEM from 3 independent experiments. *P<0.05 vs. 
untreated cells. (D) Cultured hBMVECs were pre-treated with rNrg1 for 2h 
and then stimulated with Tnfa for 10 min. Dual staining immunofluorescence 
analysis of NF-kB p65 showed in green. Blue staining was DAPI, for the 
nucleus.

mRNA expression compared to untreated cells. rNrg1pre-treatment 
significantly reduced Caspase 3 gene expression, compared to Tnfa-
treated cells (Figure 6A, P<0.05). Our data suggested that rNrg1pre-
treatment protected Tnfa -induced cellular apoptosis in hBMVECs. 
The protein level of cleaved caspase3 was also determined by Western 
blotting. The results showed that cleaved caspase 3 was detected 
after Tnfa stimulation (Figure 6B). rNrg1pre-treatment significantly 
reduced cleaved Caspase 3 level.

D
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Figure 5: Role of rNrg1 in Tnfa -induced activation of adhesion molecules 
in human brain microvascular endothelial cells. Cells were pretreated with 
rNrg1 for 2h and exposed to Tnfa at 25 ng/ml for a period of 24h. The mRNA 
expression of (A) intercellular adhesion molecule 1(ICAM1) and (B) vascular 
cell adhesion protein 1(VCAM1) were measured using reverse transcription-
quantitative PCR. These experiments were replicated three-to-five times, 
and amplifications were performed and normalized to GAPDH. Results are 
expressed as the mean ± SEM from 3 independent experiments. *P<0.05 vs. 
untreated cells. 

Figure 6: Effect of rNrg1 on Tnfa-stimulated human brain microvascular 
endothelial cells. Cells were pretreated with rNrg1 for 2h and exposed to Tnfa 
at 25 ng/ml for a period of 12h. The mRNA expression of (A) Caspase 3 was 
determined by reverse transcription-quantitative PCR. (B) Representative 
image of the Western blot analysis of cleaved Caspase 3 protein level. 
These experiments were replicated three-to-five times, and amplifications 
were performed and normalized to GAPDH. Results are expressed as the 
mean ± SEM from 3 independent experiments. *P<0.05 vs. untreated cells.

Figure 7: Effect of rNrg1 on Tnfa-stimulated Nrp1 and NGF expression in 
human brain microvascular endothelial cells. Cells were pretreated with 
rNrg1 for 2h and exposed to Tnfa at 25 ng/ml for a period of 24h. The 
mRNA expression of (A) Nrp1 and (B) NGF were measured using reverse 
transcription-quantitative PCR. (C) Representative image of the Western blot 
analysis of Nrp1 protein. These experiments were replicated three-to-five 
times, and amplifications were performed and normalized to GAPD Results 
are expressed as the mean ± SEM from 3 independent experiments. *P<0.05 
vs. untreated cells.

Effects of rNrg1 on Neuropilin (Nrp1) and Nerve Growth 
Factor (NGF) in hBMVECs Stimulated with Tnfa

BBB injury elicits dysregulation of array of several molecules. 
Here, we examined two important molecules, Nrp1 and NGF in Tnfa-

induced BBB injury in hBMVECs which are currently unknown. 
Both candidates are critical in many neurological diseases but their 
role in neuroinflammation-mediated BBB disruption remain elusive. 
Our study showed that mRNA expression of NGF was significantly 
upregulated in Tnfa treated cells and pretreatment of rNrg1 reduced 
NGF gene expression (Figure 7B). The mRNA expression of Nrp1 was 
significantly downregulated in Tnfa treated cells and pretreatment 
of rNrg1 restored the Nrp1 gene (Figure 7A). We further examined 
Nrp1 at protein level and the data corroborated with mRNA findings 
as shown in Figure 7C. Tnfa treatment significantly reduced Nrp1 
level and pretreatment with rNrg1 restored the Nrp1 level to normal.

Effects of rNrg1 in Tnfa-stimulated hBMVECs Monolayer 
Permeability and TEER Assays

To get an insight about rNrg1’s role in Tnfa-induced increased 
cellular permeability, hBMVECs were treated with Tnfa for 24h 
in presence and absence of rNrg1. Tnfa treatment significantly 
increased the permeability and was significantly reduced with prior 
treatment of rNrg1 suggesting a protective role in endothelial cell 
permeability (Figure 8A). Under the similar condition, the TEER 
assay was determined in hBMVEC monolayers. After treatment with 
Tnfa for 24h, the TEER in treated cells was significantly decreased as 
compared to the untreated cells. In a similar set-up, no change in the 
TEER was observed when treated with rNrg1 prior to Tnfα treatment 
(Figure 8B). This suggests a protective role of Nrg1 in endothelial cell 
permeability and barrier integrity during Tnfα induced inflammatory 
response.

Discussion
In the present study, we observed that Nrg1 has the potential to 

prevent Tnfa-induced BBB damage. The present study also showed 
that Nrg1 could reduce the inflammatory response by blocking nuclear 
translocation of NF-kB-65 in hBMVECs. In addition, the present 
study shows for the first time that NGF and Nrp1 are modulated by 
Nrg1. 

TJ proteins played a crucial role in BBB integrity and maintain 

Figure 8: Effect of rNrg1 on Tnfa -stimulated hBMVEC monolayer 
permeability assay and TEER analysis. (A) Permeability assays were 
performed using Endothelial Trans-well Permeability Assay Kit (cat. No. 
CB6929, Cell Biologics, Inc.), according to manufacturer’s protocols. Data 
expressed as the A450 absorption readings, which are considered the 
relative permeability. Cultured hBMVECs were pre-treated with rNrg1 (100 
ng/mL) for 2h and stimulated with Tnfa for 24h. Permeability assays were 
performed as described above. (B) Cultured hBMVECs were pre-treated 
with rNrg1 (100 ng/mL) for 2h and stimulated with Tnfa for 24h. The TEER 
analysis was performed using Millicell® ERS-2 system. The TEER was 
measured continuously in hBMVEC with or without rNrg1. The TEER values 
are calculated as Ω/cm2. The permeability results are expressed as the mean 
± SEM from 3 independent experiments. *P<0.05 vs. untreated cells. The 
TEER results are presented as the average ± SEM change of baseline TEER 
from at least 3 independent experiments.
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a homeostatic balance in the NVU. Deregulation of TJ proteins 
particularly Claudin 5 and Occludin, are key players in maintaining 
the integrity of NVU [34,35]. Furthermore, altered permeability 
across the microvascular environment is a hallmark response in 
inflammation-mediated pathological conditions [36]. The present 
study showed that the mRNA expression of Tjp1, Tjp3, Claudin 3, 
Claudin 5 and Occludin were all significantly downregulated after 
Tnfa stimulation, which was prevented by Nrg1 pre-treatment. 
Our observations further support the fact that the presence of pro-
inflammatory cytokines in (Tnfa)-induced hBMVECs lead to the 
degradation of Occludin and Claudin 5 proteins at the BBB surface 
and disrupt the TJ structural integrity, while Nrg1 treatment prevented 
the degradation or damage [37]. Tnfa is a pleiotropic cytokine and its’ 
response largely exerts via signaling mechanism. 

Our study first demonstrated that a significant increase of Rel A 
(a NF-kB-p65 subunit), NLRP3, Il6, Il1b and CCL2 mRNA expression 
in Tnfa treated hBMVECs. Interestingly, the enhanced expression of 
the above genes was significantly reduced in Nrg1 pretreated cells. 
Our findings of Tnfa induced BBB damage supported previous results 
observed by other investigators [18-20,38]. However, this is first 
report that showed a protective role of Nrg1 in inflammation-induced 
BBB insult. NF-kB is known to be a master regulator of inflammation, 
which is the key contributor of the pathology of ischemic stroke and 
BBB injury [39,40]. The nuclear translocation of the NF-kB subunit 
p65 is a crucial step in NF-kB activation pathway. Tnfa is a potent 
activator of NF-kB signaling. 

The canonical pathway of NF-kB activation is mediated by 
degradation and phosphorylation of IkBa protein. We determined 
first the degradation and phosphorylation of IkBa protein in Tnfa 
treated hBMVECs. Our data showed significant degradation and 
phosphorylation of IkBa after 5 min treatment of Tnfa, which was 
restored and reduced by Nrg1 treatment. The observation is confirmed 
by immunofluorescence microscopy showing the inhibition of  NF-
kB-65 translocation by Nrg1. The observation suggests that Nrg1 pre-
treatment provides an anti-inflammatory in hBMVEC remodeling.

Studies have shown that apoptosis might be an outcome of 
cytokines induced endothelial barrier dysfunction [41,42] whereas 
others have shown that primary human brain endothelial cells are 
resistant to apoptosis triggered by Tnfa [43]. In our study, we observed 
upregulation of the caspase-3 gene and cleaved caspase-3 protein in 
Tnfa stimulated hBMVEC. Interestingly, Nrg1 treated cells were 
protected from apoptosis suggesting an anti-apoptotic role of Nrg1. 
Notably, several reports suggest that caspase-3 is not only an important 
regulator of cell death by inducing apoptosis but also plays a crucial 
role in regulating inflammation [44,45]. Our study indicated that 
Nrg1 may act as an anti-apoptotic molecule as well as inflammation 
regulator. Future studies are warranted for a detailed mechanism on 
whether caspase-3 contributes to a role in inflammation-induced 
cellular death.

It is suggested that inflammation-induced BBB dysfunction 
facilitates leukocyte migration by activating cellular adhesion 
molecules in BMVECs causing secretion of proinflammatory 
molecules, which increase permeability of the vascular wall 
resulting in BBB dysfunction [46,47]. Our results showed significant 
upregulation of ICAM1 and VCAM1 gene expression, decreased 

electrical resistance and increased cellular permeability after Tnfa 
stimulation and was effectively prevented by pretreatment with Nrg1, 
indicating a potential role in modulation of adhesion genes.

Finally, our study showed for the first-time involvement of two 
candidates, the Nrp1 and NGF gene in inflammation-induced BBB 
disruption. Nrp1 is a single-pass transmembrane, non-tyrosine 
kinase glycoprotein with a wide variety of physiological functions 
especially its role in axonal guidance the growth during development 
as a receptor of semaphoring 3A [48,49]. Although Nrp1 is shown to 
contribute a role in interferon g-induced inflammatory responses in 
hBMVECs during BBB injury [50], our study showed that depletion 
of Nrp1 may be a causal factor for BBB integrity. Additionally, Nrg1 
may possibly mitigate the damage by restoring Nrp1 to the basal 
level. Similarly, NGF has been shown as neuroprotective agent 
for taming the post-TBI inflammatory condition [51,52], but its’ 
role in BBB integrity is unknown. Our findings demonstrated that 
Nrg1 pretreatment reduced the increased NGF expression during 
inflammatory process suggesting a new role in BBB integrity. These 
two candidate genes are interesting in BBB integrity, but more studies 
are warranted to understand their specific role in BBB dysfunction. 

To the best of our knowledge, this is the first report describing a 
possible role of Nrg1 in regulation of TJ components in hBMVECs. 
Nrg1 is a family member of epidermal growth factor (EGF) and shared 
EGF-like domain [53]. Nrg1 is reported to contribute protective 
function in brain ischemia [26-28], however, one report suggested 
that Nrg1 has beneficial effects on BBB permeability in controlled 
cortical impact (CCI) rat model, an experimental trauma model, may 
indicate clinical significance for treatment of CNS injury [49]. Our 
study corroborated in part of this finding but showed that Nrg1 has 
the potential in restoring BBB damage. 

In conclusion, the present study illustrated that Tnfa-induced BBB 
dysfunction is associated with significant increase in inflammatory 
genes, adhesion genes and loss of TJ components including Tjps, 
Occludin and Claudins which ultimately enhance BBB permeability 
and dysfunction. Interestingly, the study finds Nrp1 and NGF 
as possible target genes as their alteration is modulated by Nrg1. 
BBB damage is effectively restored by Nrg1 treatment suggesting 
its’ potential as a neuroprotective agent. Furthermore, our study 
demonstrated that Nrg1 is associated with the regulation of canonical 
NF-kB signaling pathway, which may open new possibilities for 
investigating Nrg1 as an anti-inflammatory agent in BBB injury, a 
critical sequel after TBI. There are limitations in our study. The study 
utilized a cell line and did not use other cell types surrounding the 
BBB. We chose hBMVECs as a model system because it is one of 
the pivotal cells in the NVU which constitute basement membrane 
and provides structural integrity by forming TJ units and acts as a 
molecular sieve for the integrity of BBB. Another type of protein 
known as AJ proteins are also important in TJ organization in BBB 
maintenance. Our current study did not evaluate AJ protein in BBB 
dysfunction but is a definitive target for future study. The findings 
should be corroborated with an  in vivo  experiment like TBI or 
CCI. Moreover, our experiments did not delineate the mechanism by 
which Nrg1 attenuates inflammation, permeability, and restoration of 
the TJ barrier. Future experiments are warranted to understand the 
beneficial role of Nrg1 in inflammation and BBB restoration.
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