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Abstract
Purpose The levels of tight junction proteins (TJs), especially occludin correlate with blood-brain barrier
(BBB) disruption caused by central nervous system (CNS) in�ammation during perioperative period. It
has been reported that propofol, the most commonly used anesthetic, could inhibit in�ammation
response in CNS. In this study, we investigated the effects of TNF-α and propofol on occludin expression
in human cerebral microvascular endothelial cell line, D3 clone (hCMEC/D3 cells), and explored the
underlying mechanisms. Methods The hCMEC/D3 cells were treated with propofol, followed by TNF-α.
The expression and phosphorylation of HIF-1α, VEGF, VEGFR-2, ERK and occludin were measured by
Western blot analysis. Results TNF-α (10 ng/ml, 4 h) signi�cantly decreased the expression of occludin,
which was attenuated by propofol (25 μM). TNF-α induced HIF-1α/VEGF/VEGFR-2/ERK signaling
pathway, while propofol could inhibit it. In addition, the inhibitors of HIF-1α, VEGF, VEGFR-2, and ERK
could reduce the effect of TNF-α on occludin expression. Conclusion TNF-α could decrease the
expression of occludin via HIF-1α/VEGF/VEGFR-2/ERK signaling pathway, which was attenuated by
propofol.

Introduction
Blood-brain barrier (BBB) is a multicellular structure and mainly consists of microvascular endothelial
cells, astrocytes, pericytes, intercellular tight junctions, and basal lamina [1]. It is accepted that BBB can
separate the central nervous system (CNS) from the peripheral blood circulation. A dysfunctional or
impaired BBB allows augmented permeation of macrophages, leukocytes, endotoxins, and bacteria into
the CNS. Studies have revealed that the disruption of BBB may be involved in neuropathological status
such as postoperative cognitive dysfunction [2], Alzheimer disease [3], and dementia [4].

Cerebral microvascular endothelial cells are linked together through the interactions between multiple
tight junction proteins including claudins, occludin and ZO-1 [5]. The tight junctions play a crucial role in
the biological functions of BBB that protect CNS from insults. It has been reported that the BBB protects
CNS from harmful molecules and pathogens in the blood, and the effects are based on the structure of
tight junctions between cerebral microvascular endothelial cells [6]. The decreased expression of tight
junction proteins, especially occludin, correlates with BBB disruption in several situations such as cerebral
ischemic injury [7]. A study revealed that truncation of occludin decreases transendothelial electrical
resistance, suggesting a key role of occludin in the barrier function of the tight junction [8].

It has been reported that BBB disruption could be induced by many factors, including neuroim�ammation,
oxidative stress, and hypoxia [9-11]. Recent studies showed that im�ammatory reactions induced by
surgical trauma may be the primary cause for BBB disruption [12]. The plasma levels of in�ammatory
factors such as TNF-α, IL-1β and IL-6 were raised in perioperative period. TNF-α play an essential role in
neuroim�ammation. It has been reported that TNF-α could decrease the expression of occludin in
endothelial cells [13]. However, the underlying pathogenic mechanism of TNF-α-induced BBB disruption
has not been fully elucidated.
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Propofol, a widely used intravenous anesthetic agents, has been reported to have anti-in�ammation
effects. Studies have revealed that propofol could protect hypoxia-induced in�ammation on BV2
microglia [14]. It was also demonstrated that propofol inhibited sevo�urane-induced in�ammation
through NF-κB pathway in human neuroglioma cells [15]. In this study, we sought to explore whether
propofol could attenuate the effect of TNF-α on occludin expression and identify the underlying
mechanisms of relevant signaling pathway.

Materials And Methods
Cell culture and regents

Human cerebral microvascular endothelial cell (hCMEC) line, D3 clone, was purchased from Shanghai
GuanDao biological engineering company and maintained in Dulbecco’s modi�ed Eagle’s medium
(DMEM; Hyclone, Australia); all culture media were supplemented with 10% fetal bovine serum (Gibco,
Australia), 100 mg/mL streptomycin, and100 U/mL penicillin. The hCMEC/D3 cells were cultured in a
humidi�ed 5% CO2 atmosphere at 37°C. The cells were passaged and cultured on reaching 80%
con�uence and the cell medium was changed every other day.

TNF-α powder was obtained from PeproTech China and dissolved in serum-free DMEM. Propofol (Sigma,
St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). The ERK inhibitor
LY3214996 was purchased from Sigma Aldrich. SU5416, an inhibitor of VEGF/p-VEGFR-2, and KC7F2, an
inhibitor of HIF-1α, were purchased from MedChemExpress (Shanghai, China). KC7F2, SU5416,
LY3214996 were dissolved in DMSO, respectively. The �nal concentration of DMSO was adjusted to
0.01% for each solution to avoid possible non-speci�c effects.

Western blot analysis

After designed treatments, the cell extracts were collected and lysed with RIPA lysis buffer (Beyotime
Biotechnology, Suzhou, China) supplemented with protease and phosphatase inhibitors (Roche, Rotkreuz,
Switzerland). The lysates were mixed with 5× loading buffer and boiled for 5 min at 100°C. Equivalent
amounts of protein in each sample were separated by 10% or 12% SDS-polyacrylamide gel and
transferred to a polyvinylidene �uoride membrane (Millipore, Billerica, MA) using a semidry electroblotting
system. The membranes were blocked with 5% skim milk in phosphate-buffered saline-Tween 20 (PBST)
for 1 h at room temperature, and then incubation with approprite primary antibody at dilution of 1:1000 at
4°C overnight. The primary antibodies included: antibodies against occludin(Proteintech, Wuhan, China),
p-ERK(CST, Massachusetts, USA), ERK(CST, Massachusetts, USA), p-VEGFR-2(CST, Massachusetts, USA),
VEGF(CST, Massachusetts, USA), HIF-1α(CST, Massachusetts, USA), β-actin(Proteintech, Wuhan, China).
After that, the membranes were washed with PBST and incubated with secondary antibodies conjugated
with horseradish peroxidase (HRP) for 1 h at room temperature. After washing, the signals were detected
using a LAS-4000 mini CCD camera (GE Healthcare). β-actin was used as internal control and the
intensity of each protein band was normalized with that of β-actin. Each assay was performed in �ve
replicates.
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Statistical analysis

Data were expressed as mean ± SD, and results were obtained from at least 5 separately performed
experiments. Differences between groups were determined by one-way analysis of variance (ANOVA)
followed by the Newman–Keuls test. InStat statistical program (GraphPad Software, San Diego, CA, USA)
was used for the statistical analyses. All results in this study were considered statistically signi�cant at a
value of p< 0.05.

Results
TNF-α could decrease the expression of occludin in hCMEC/D3 cells.

As shown in Fig 1A, we treated hCMEC/D3 cells with 10ng/ml TNF-α for different times (2, 4, 8, 12, 24 h),
and found that 4 h treatment of TNF-α could greatly decrease occludin expression. Then we treated cells
with different concentration of TNF-α (1, 5, 10, 50, 100ng/ml) for 8h, and observed that 10 ng/ml TNF-α
could signi�cantly decrease occludin expression (Fig. 1B). Thus, we treated cells with 10 ng/ml TNF-α for
4 h in follow-up experiments to explore the mechanism of TNF-α decrease occludin expression in
hCMEC/D3 cells.

Propofol could inhibit the effect of TNF-α on occludin in hCMEC/D3 cells.

As shown in Fig. 2A, we pretreated hCMEC/D3 cells with different concentrations of propofol (5, 10, 25,
50 μM) for 2 h and followed by TNF-α (10 ng/ml, 4 h) treatment and found 25 μM propofol pretreatment
could signi�cantly inhibit the effect of TNF-α on the expression of occludin in hCMEC/D3 cells. As shown
in Fig. 2B, we detcted that DMSO, the solvent of propofol, had no effect on occludin expression.
Therefore, 25 μM propofol pretreatment for 2 h were used in the following experiments to investigate the
mechanisms of propofol against the effect of TNF-α on occludin expression.

ERK was involved in the TNF-α and propofol-mediated occludin expression in hCMEC/D3 cells.

As shown in Fig. 3A, TNF-α could induce the phosphorylation of ERK, which was attenuated by propofol
in hCMEC/D3 cells. TNF-α and propofol had no effects on the expression of ERK. Then we found that the
inhibitor of ERK, LY3214996 (5 μM), could signi�cantly attenuate the effect of TNF-α on occludin
expression in hCMEC/D3 cells (Fig. 3B).

VEGF/ p-VEGFR-2 signaling pathway was involved in the effects of propofol and TNF-α on the ERK and
occludin in hCMEC/D3 cells.
As shown in Fig. 4A, TNF-α could induce the expression of VEGF and the phosphorylation of VEGFR-2 in
hCMEC/D3 cells. Moreover, these effects of TNF-α could be inhibited by propofol. Then we found that
SU5416 (10 μM), an inhibitor of VEGF/VEGFR-2, could markedly decrease the TNF-induced ERK
phosphorylation, and increase occludin expression in hCMEC/D3 cells (Fig. 4B).



Page 5/15

HIF-1α was involved in the effects of propofol and TNF-α on VEGF, VEGFR-2, ERK and occludin in
hCMEC/D3 cells.

As shown in Fig. 5A, TNF-α could induce the expression of HIF-1α in hCMEC/D3 cells, which was inhibited
by propofol. Then we found that KC7F2 (10 μM), the inhibitor of HIF-1α, could signi�cantly attenuate the
effects of TNF-α on HIF-1α, VEGF, VEGFR-2, ERK, and occludin (Fig. 5B).

Discussion
In this study, we observed that propofol could inhibit TNF-α-modulated occludin expression, more
importantly, the HIF-1α/ VEGF/ VEGFR-2/ ERK signaling pathway was involved in this process.
It is known that BBB plays a crucial role in maintaining a stable environment of the central neural system.
The BBB is mainly consisted of the microvascular endothelial cells which are linked by intercellular tight
junction protein complexes and lack fenestrae, thus restricting paracellular transport between the blood
and brain tissues [16]. Tight junctions among endothelial cells form the primary structure of BBB to limit
its permeability [17]. The multiple tight junction proteins includes claudins, occludin and zonula
occludens-1 (ZO-1) [18]. It has been reported that the im�ammation factors could impact the expression
of tight junction proteins [19]. It also has been reported that the levels of im�ammation factors were
raised due to surgical trauma during perioperative period [20]. Thus we inferred that the alterations in the
levels of tight junction proteins following im�ammation response may contribute to the BBB disruption.
In our study, we found that TNF-α could signi�cantly decrease the expression of occludin and ZO-1, while
the expression of claudin-5 was not changed in hCMEC/D3 cells.

Propofol is the most commonly used intravenous anesthetic which has been reported to have anti-
im�ammatory effects. A study revealed that propofol could reverse TNF-α-induced human vascular
endothelial cells apoptosis [21]. In this study, we wonder if propofol could attenuate the effect of TNF-α
on the expression of occludin and ZO-1. As shown in Fig 2, we found that the effect of TNF-α on occludin
expression could be markedly attenuated by propofol in a concentration of 25μM, which is within clinical
plasma concentration that ranges from 5 to 50μM during the induction and maintenance of general
anesthesia [22]. Moreover, we also found propofol had no effect on TNF-α-modulated ZO-1 expression
(data not shown). In an ongoing project of our study, we found that propofol could attenuate hypoxia-
modulated occludin and ZO-1 expression in hCMEC/D3 cells. We reasoned that propofol exert different
effects under different stimuli.

Hypoxia-inducible factor-1α (HIF-1α) can be activated by many in�ammatory mediators such as TNF-α
[23]. HIF-1a is an important regulator of the cellular and systemic hypoxia response and is involved in cell
survival, apoptosis, cellular metabolic shift and cancer progression [24]. HIF-1a is usually induced by low-
oxygen microenvironment. Recently studies have reported that various stimuli, including in�ammation,
could increase the expression of HIF-1α even under normoxic conditions [25]. More importantly, the role of
HIF-1α in tight junction damage has recently become evident [26]. It is reported that hypoxia selectively
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disrupts brain microvascular endothelial tight junction complexes through a HIF-1α dependent
mechanism [26].

In our study, HIF-1α and its target gene vascular endothelial growth factor (VEGF) were shown to be
activated by TNF-α. VEGF is a homodimeric 45-kDa glycoprotein and is secreted by a variety of cells
including cerebral microvascular endothelial cells [27]. It is recognized that VEGF could affect
angiogenesis, endothelial cell survival and function. Studies also have revealed that VEGF was involved
in occludin expression [28]. The study revealed that the level of occludin was lowered by VEGF treatment
and found that VEGF increased BBB permeability in brain microvascular endothelial cells monolayer
cultures [28]. Consistently, we found that TNF-α could induce the expression of HIF-1α and VEGF, and
decrease the expression of occludin in hCMEC/D3 cells. Furthermore, the inhibitor of HIF-1α markedly
decrease the expression of VEGF also demonstrated the correlate between HIF-1α and VEGF.

VEGF exerts its physiological function via interacting with receptors on vascular endothelial cells [29].
The receptors of VEGF are receptor tyrosine kinases, including VEGFR-1, VEGFR-2, and VEGFR-3 [30].
Although the receptors of VEGF are highly similar in Amino acid compositions, different VEGFRs have
disparate functions and play key role in pathological processes and signal transduction [31]. In previous
studies, VEGFR-1 is mainly involved in angiogenesis [32] and VEGFR-3 seems to be involved in migration
and invasion in cancer cells [33], while VEGFR-2 is closely involved with in�ammation response.

It has been reported that VEGF is mainly induced by hypoxia and in�ammation, and it activates VEGFR-2
to promote its auto-phosphorylation to generate p-VEGFR-2 [34], which could affect cell proliferation,
differentiation, and migration, along with speci�c effects on regulation of cell permeability [35]. The
phosphorylation of VEGFR-2 is induced by the in�ammation cytokine TNF-α [36], suggesting that the
VEGF/VEGFR-2 pathway is involved in the in�ammatory process. Consistently, our data showed that TNF-
α could induce the phosphorylation of VEGFR-2 in hCMEC/D3 cells, while the inhibitor of VEGF could
depress this effect. Little literature has revealed the effect of propofol on the phosphorylation of VEGFR2.
However, we found that propofol could signi�cantly inhibit the phosphorylation of VEGFR2 and we
reasoned that this effect of propofol may be relevant to the blocking of the upstream pathways such as
VEGF.

Studies have revealed that the breakdown of BBB was involved with the activation of ERK signaling
pathway [37]. As one of the downstream molecules of VEGF/ VEGFR-2 signaling pathway [38], we
inferred ERK may active by TNF-α and may be involved in the expression of occludin. In our study, we
found that TNF-α could induce the phosphorylation of ERK, which was attenuated by propfol. In addition,
we demonstrated that the inhibitor of ERK, could signi�cantly alleviate the effect of TNF-α on occludin
expression as propofol. It also has been reported that p38MAPK was also activated by TNF-α and was
involved in occludin expression [13]. Although we did not examine the phosphorylation and expression of
p38MAPK in this study, we found that the inhibitor of ERK could almost completely block TNF-α-
modulated occludin expression in hCMEC/D3 cells. Thus, we inferred that compared with p38MAPK, ERK
plays a more important role in TNF-α-modulated occludin expression.
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We realized the protective effects of propofol and the mechanism found in this in vitro study should be
con�rmed in animal models and we are planning to exam the effect of propofol protect TNF-α-modulated
occludin expression and BBB impairment in the mouse model. In addition, the signaling pathway should
be proved repeatedly by different inhibitors and this is going to be one of our next works.

Conclusion: TNF-α could decrease the expression of occludin via inducing HIF-1α/ VEGF/ VEGFR-2/ ERK
signaling pathway, which was also involved in the effect of propofol.
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Figure 1

TNF-α could decrease the expression of occludin in hCMEC/D3 cells. (A) The hCMEC/D3 cells were
incubated with TNF-α (10 ng/ml) for different hours (2, 4, 8, 12, 24 h). Panel A left side is the image of a
representative Western blot for occludin; right side is the plot of normalized ratios of optical densities. (B)
The hCMEC/D3 cells were treated with different concentrations of TNF-α (1, 10, 25, 50 and 100 ng/ml) for
4 h. Panel B left side shows the image of a representative Western blot for occludin; right side is the plot
of normalized ratios of optical densities. β-actin was served as internal loading control. Data was
expressed as the mean ± SD. *p < 0.05, compared with the control group. Each assay was performed in
�ve replicates.
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Figure 2

Propofol could inhibit TNF-α-modulated occludin expression in hCMEC/D3 cells. (A) The hCMEC/D3 cells
were pretreated with different concentrations of propofol (5, 10, 25, 50μM) for 2 h, followed by TNF-α
treatment (10 ng/ml, 4 h). Upper side is the image of a representative Western blot for occludin. Lower
side is the normalized ratios of optical densities. (B) DMSO served as solvent for propofol in this study.
Upper side is the protein expression of occludin in hCMEC/D3 cells that treated with TNF-α, propofol and
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DMSO (0.01%). Lower side is the normalized ratios of optical densities. β-actin was served as internal
loading control. Data was repressed as the mean ± SD. *p < 0.05, compared with the control group. #p <
0.05, compared with TNF-α treatment group. Each assay was performed in �ve replicates.

Figure 3

The phosphorylation of ERK was involved in the effects of propofol and TNF-α on occludin expression in
hCMEC/D3 cells. (A) Left side is the protein expression of p-ERK and ERK in hCMEC/D3 cells that treated
with TNF-α and propofol. Right side is the plot of normalized ratios of optical densities. (B) The
hCMEC/D3 cells were treated with TNF-α, propofol, and ERK inhibitor (LY3214996, 5 μM). Left side is the
protein expression of p-ERK, ERK and occludin. Right side is the plot of normalized ratios of optical
densities. β-actin was served as internal loading control. Data was repressed as the mean ± SD. *p < 0.05,
compared with the control group. #p < 0.05, compared with TNF-α treatment group. Each assay was
performed in �ve replicates.
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Figure 4

The VEGF/ p-VEGF-R2 was involved in the effects of propofol and TNF-α on occludin expression in
hCMEC/D3 cells. (A) Left side shows the image of a representative Western blot for VEGF and p-VEGF-R2
in hCMEC/D3 cells that treated with TNF-α and propofol. Right side is the plot of normalized ratios of
optical densities. (B) The hCMEC/D3 cells were incubated with TNF-α, propofol, and VEGF/ p-VEGF-R2
inhibitor (SU5416, 10 μM). Left side shows the image of a representative Western blot for VEGF, p-VEGF-
R2, p-ERK, ERK and occluding in hCMEC/D3 cells. Right side is the plot of normalized ratios of optical
densities. β-actin was served as internal loading control. Data was repressed as the mean ± SD. *p < 0.05,
compared with the control group. #p < 0.05, compared with TNF-α treatment group. Each assay was
performed in �ve replicates.
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Figure 5

The expression of hif-1α was involved in the effects of propofol and TNF-α on occludin expression in
hCMEC/D3 cells. (A) Left side shows the image of a representative Western blot for hif-1α in hCMEC/D3
cells that treated with TNF-α and propofol. Right side is the plot of normalized ratios of optical densities.
(B) The hCMEC/D3 cells were treated with TNF-α, propofol, and hif-1α inhibitor (KC7F2, 10 μM). Left side
shows the image of a representative Western blot for hif-1α, VEGF, p-VEGF-R2, p-ERK, ERK and occluding.
Right side is the plot of normalized ratios of optical densities. β-actin was served as internal loading
control. Data was repressed as the mean ± SD. *p < 0.05, compared with the control group. #p < 0.05,
compared with TNF-α treatment group. Each assay was performed in �ve replicates.


