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Abstract
Atherosclerosis (AS) is the main cause of death and disability all over the
world. A lot of efforts have been devoted to treat AS, among which tissue engineering blood vessel materials, including artificial blood vessels, stents and
vascular patches, have brought hope to ameliorate the symptoms in AS patients. However, there remains a large percentage of implantation failure due
to the incompatibility of the material with the body. AS is a multi-factor related disease, and chronic inflammation is a major event that involves with its
pathogenesis and development. Since previous studies suggested that the
stiffness of the blood vessel might affect the inflammatory conditions, in this
paper, we investigate the mechanism of how substrate stiffness could affect
the inflammation response of the endothelial cells (ECs). Polyacrylamide
(PA) based hydrogels at different concentrations were used as the culture
substrate for ECs. The mRNA expression level of VCAM-1 and ICAM-1 was
determined by qRT-PCR. EC chemotactic effect was evaluated by the number
of THP-1 adhered to EC monolayer. The protein levels of IκBα and NF-κB
were determined by western blotting analysis. The expression and localization
of the major adherens junctions (AJs) proteins, VE-cadherin and β-catenin,
were evaluated by western blotting and immunofluorescence staining. Our
results showed that ECs cultured on soft substrate (1 kPa) demonstrated
more chemotactic effect and the amount of the monocytes adhered to them
was higher than that on harder substrate (20 kPa, p < 0.05). Moreover, NF-κB
signaling pathway in ECs on 1 kPa substrate was more activated compared to
those on 20 kPa substrate, with the IκBα protein expression level in the cytoplasm decreasing and NF-κB translocating more into the nuclear. In addition, the AJs of the endothelial monolayer changed with the substrate stiffness. Compared with ECs on normal substrate (20 kPa), the protein expression
level of β-catenin decreased (p < 0.05), and immunofluorescence staining of
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VE-cadherin and β-catenin showed the AJs between the ECs on soft substrate
(1 kPa) were punctuated. Taken together, our results suggested the stiffness of
the substrate was important in regulating inflammation of the ECs and the
integrity of the cell-cell junction. Therefore, the stiffness of the tissue engineering blood vessel material should be considered as an important criterium
to avoid EC inflammation.
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1. Introduction
Cardiovascular diseases are life-threatening, which are mainly caused by atherosclerosis (AS). Dyslipidemia, hypertension, diabetes and genetic factors are all
closely related with the etiology of AS [1]. AS can result in the building up of the
AS plaques and narrowing of the arteries, both significantly reducing the blood
supply to vital organs such as the heart, brain and intestines. The formation of
the plaque is essentially the result of unregulated inflammation. Many different
kinds of pre-inflammatory factors, such as TNF-α and IL-1β have been proved
to take part in the inflammation progress of AS [2]. AS preferentially takes place
in the vascular areas exposed to disturbed flow and disturbed flow has been
widely proved as a biophysical factor to induce vascular endothelial cells (ECs)
dysfunctions [3] [4]. With the initiation of AS plaque formation, the stiffness of
the vessel decreases as lipoprotein accumulating under the endothelium [5].
Vascular cells, including ECs and smooth muscle cells, display different functional changes to adapt to such biophysical microenvironmental change [6] [7].
Endothelium is the most important structure of the blood vessel to maintain
its integrity and physiological function, as well as mediate the communication
and interaction of the exterior environment in the circulation and the interior
tissue. In healthy vessels, the intact endothelium can prevent the circulating cells
in the blood from entering the intima. However, aging or pathological conditions will lead to accumulation of various kinds of lipoproteins to create AS
prone sites in the vessel [8]. At this early stage of AS, the accumulation of the lipoproteins under the endothelium leads to significantly decreased vessel stiffness. Such change in stiffness may be sensed by ECs and ECs are therefore activated and secret cytokines to attract the circulating monocytes to adhere to the
lesion sites and migrate into the intima [9] [10]. After the translocation, monocytes differentiate to macrophages and participate in the subsequent AS
progress.
It has been reported that both transcellular and paracellular ways could be
found in monocytes extravasation, but transcellular transport facilitated by impaired cell-cell junctions still plays dominant roles. ECs connect to each other
with three main junctions, gap junctions, tight junctions and adherens junctions
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(AJs) [11], among which the AJs regulate the permeability of the endothelium
and act as a gatekeeper of the endothelial barrier. VE-cadherin is the main component of AJs and its steady state determines the AJs integrity. As a transmembrane adhesion protein, the extracellular region of VE-cadherin mediates the direct connection between cells and the intracellular region is coupled to the cytoskeleton by proteins like β-catenin, which helps stabilize the AJs complex [12].
Besides, the ECs inflammation influences AJs integrity, with many proinflammatory factors reported to uncouple VE-cadherin from the actin cytoskeleton
[13] [14] [15].
According to previous research, the stiffness of the healthy aorta is around 20
kPa and that of the AS site is around 1 kPa [6] [16]. Therefore, we fabricated polyacrylamide hydrogel with stiffness of 1 kPa and 20 kPa to mimic the injured
blood vessel at the early stage of AS and healthy blood vessel to study how the
softening of substrate stiffness affects the ECs inflammatory response and vascular integrity. This helps to further understand the mechanism of AS in the
early stage and may provide some hints for the treatment of the disease.

2. Materials and Methods
2.1. Cell Cultural
Human umbilical vein endothelial cells (HUVECs) (Sciencell, USA) were cultured in Endothelial Cell Medium supplemented with 5% FBS, 1% EC growth
factor and 1% penicillin/streptomycin (Sciencell, USA). Confluent cells with the
passage less than 10 were used in experiments. THP-1 monocyte cells purchased
from American Type Culture Collection were cultured in RPMI Medium Modified (HyClone, USA) supplemented with 10% FBS (HyClone, USA) and 1% penicillin/streptomycin (Sciencell, USA). All the cells were cultured in the 37˚C
incubator with 5% CO2.

2.2. Manufacturing of Polyacrylamide Hydrogels
Polyacrylamide (PA) hydrogels were manufactured as described before [17] [18].
Briefly, the solutions of 1 kPa PA gel was prepared by mixing 6% acrylamide
(Sangon Biotech, China) and 0.05% bis-acrylamide (Sangon Biotech, China),
and the solutions of 20 kPa PA gel was prepared by mixing 8% acrylamide and
0.264% bis-acrylamide. Polymerization was initiated with 0.1% tetramethylethylenediamine (TEMED, Klamar, China) and 0.01% ammonium persulfate solution. To make a substrate suitable for each well in a 6-well culture dish, 200 µl of
the final solution was dropped onto a glass slide pre-treated with gel slick (Lonza, Switzerland), and a silanized coverslip 30 mm in diameter was placed on the
top of the solution. The PA gel yielded was 30 mm in diameter and 200 μm in
thickness. After 10 min of polymerization, the glass slide was removed and the
coverslip with the gel attached was treated with sulfo-SANPAH (ProteoChem,
USA) under UV for 15 min and coated with 0.1 mg/ml rat collagen I (Corning,
USA). Before cell seeding, the gels were sterilized by UV for 30 minutes and 75%
ethanol.
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2.3. Cell Seeding
The gels were placed in the cell culture plate with the gel side up and the coverslip side down. The ECs were seeded on the gels with the concentration of 1.5 2.0 × 105/ml. Cells were cultured to reach 100% confluent before being used for
any experiment.

2.4. Western Blot Analysis
Cells were washed with PBS and lysed by RIPA supplemented with protease inhibitors (Beyotime, China) according to manufacturer’s instruction. The lysates
were centrifuged at 12,000 rpm for 5 min at 4˚C to extract the whole protein in
cells. Protein in the nuclear was extracted with the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime, China). The protein extracted was subjected to
SDS-PAGE and then transferred to nitrocellulose membranes (Millipore, USA).
After blocking with 10% BSA (Sangon Biotech, China) at room temperature for
2 hours, the membranes were incubated overnight at 4˚C with the following
primary antibodies respectively: anti-IκBα, anti-NF-κB, anti-α-tubulin, anti-VE-cadherin, anti-β-catenin, all from Cell Signaling Technology, USA and

β-actin from Abcam, US. The membranes were then washed and incubated with
HRP-conjugated secondary antibodies for 2 hours at room temperature. Finally,
ECL substrate (Millipore, USA) was added to the membrane to visualize the
protein on the membrane. The protein expression in each sample was normalized by the expression of α-tubulin or β-actin in respective samples. Quantitation of the protein expression was processed with ImageJ.

2.5. Quantitative Real-Time PCR Analysis
RNA simple total RNA extraction kit was used for the extraction of total RNA.
Fastking RT kit with gDNase was used for the reverse transcription and Talent
qPCR PreMix (SYBR Green) kit was used in quantification real-time RCR
(Tiangen Biotech, China). Relative gene expression levels were normalized to
GAPDH. All the primers were purchased from BioTNT, China.

2.6. Monocyte Adhesion Assay
After centrifugation for 3 min at 800 rpm, THP-1 cells were resuspended with
FBS-free RPMI medium to the concentration of 106/ml and incubated with 2 μΜ
Calcein AM at 37˚C for 15 min. Then the labeled THP-1 was washed with DPBS
and resuspended with Endothelial Cell Medium, added to the endothelial monolayer and incubated for 2 hours at 37˚C in the incubator. Non-adherent cells
were washed away with DPBS and the adherent cells were imaged with a fluorescence microscope (Leica, Germany). Three fields were of each sample were
randomly selected to count adherent THP-1 cells.

2.7. Immunofluorescence
The EC monolayer on the PA gels was fixed with 4% paraformaldehyde for 10
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min and washed with PBS for 3 times. Then, the cells were permeabilized with
0.1% tritonX-100, blocked with 5% BSA and incubated with primary antibody
against VE-cadherin or β-catenin (Cell Signaling Technology, USA, 1:500) overnight at 4˚C. After washed with PBS, cells were incubated with fluorescent-labeled
secondary antibody (Cell Signaling Technology, USA, 1:500) for 2 hours at room
temperature in the dark. And DAPI (Beyotime, China, 1:5000) was used to
counterstain the nucleus. Finally, the sample was covered with antifade mounting medium (Sigma, USA) and observed under a confocal microscope (Leica,
TCS SP5 II, Germany).

2.8. Statistical Analysis
Unless otherwise indicated, the results were shown as the mean of at least three
independent experiments, and error bars represent the standard error of the
mean (SEM). Pairwise comparisons were made using a Student t-test. In all cases, p values less than 0.05 were considered statistically significant. Graph Pad
Prism 6.0 software was used for all statistical evaluations.

3. Results
3.1. Soft Substrate Induced ECs to Adhere More Monocytes
As the initiation of the inflammatory responses in AS, monocyte will attach to
the surface of the ECs. Activated ECs over-express VCAM1 and ICAM1 to facilitate
monocyte adhesion [19]. We found that the mRNA expression levels of VCAM1
and ICAM1 were higher in the ECs monolayer seeded on the soft substrate (20
kPa as the control) (Figure 1(A)). About 2-fold more THP-1 monocytes adhered to the endothelial monolayer cultured on 1 kPa substrate, compared with
those on 20 kPa substrate (Figure 1(B)). These results suggested that 1 kPa substrate could activate ECs and induce inflammatory response.

3.2. ECs Cultured on Soft Substrate Showed More NF-κB Activity
NF-κB is an inflammation related transcription factor and its activation has been
reported to corelate with the expression levels of VCAM1 and ICAM1 [20] [21]
[22]. In NF-κB signaling pathway, IκBα is an important regulator that serves as
an inhibitor of NF-κB. Before activation, IκBα binds to NF-κB and detains it in
the cytoplasm [23]. The protein level of IκBα was lower in the ECs cultured on 1
kPa substrate than those on 20 kPa substrate (Figure 2(A)). Besides, the ECs on
1 kPa substrate showed more NF-κB protein expression in the nucleus (Figure
2(B)). These results suggested that the NF-κB signaling pathway was more activated in ECs cultured on soft substrate (1 kPa). Collectively, soft substrate could
induce more monocytes to adhere to ECs by activating NF-κB nuclear translocation.

3.3. Soft Substrate Induced Impaired AJs between ECs
AJs between ECs play a very important role in regulating the permeability to
circulating monocytes and solutes [24] [25]. Immunostaining showed that
DOI: 10.4236/jbm.2021.92009
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Figure 1. Soft substrate induced ECs to adhere more monocytes. (A) The mRNA expression levels of VCAM1 and ICAM1 in ECs seeded on 1 kPa and 20 kPa substrate was analyzed by RT-PCR. GAPDH was used as the internal control. n = 3, *p < 0.05; (B) Calcein
AM-labeled THP-1 cells were incubated with ECs monolayer cultured on 1 kPa and 20
kPa substrate at 37˚C for 2 hours. The number of THP-1 adhering to ECs monolayer was
counted and compared. *p < 0.05.

Figure 2. ECs cultured on soft substrate showed more NF-κB activity. ECs were cultured
to reach a monolayer on PA gels, (A) The protein expression level of IκBα was analyzed
by immunoblotting. n = 3, *p < 0.05; (B) NF-κB protein expression level in nuclear was
analyzed by immunoblotting. n = 3, *p < 0.05. (In all the experiments, 20 kPa was used as
the control.)
DOI: 10.4236/jbm.2021.92009
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VE-cadherin and β-catenin displayed punctuated distribution between ECs in the
endothelial monolayer on 1 kPa substrate (Figure 3(A), Figure 3(C)). Although,

Figure 3. Soft substrate induced impaired AJs between ECs. ECs were cultured to reach a
monolayer on PA gels. (A) Immunostaining of VE-cadherin (green). blue, DAPI staining
of the nucleus. (B) The protein expression level of VE-cadherin in ECs. n = 3, *p < 0.05.
(Quantitation using 20 kPa as the control.) (C) Immunostaining of β-catenin (green).
blue, DAPI staining of the nucleus. (D) The protein expression level of β-catenin in ECs.
n = 3, *p < 0.05. (Quantitation using 20 kPa as the control.)
DOI: 10.4236/jbm.2021.92009
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the protein levels of VE-cadherin in the ECs cultured on 1 and 20 kPa PA hydrogels did not show significant difference (Figure 3(B)), the protein levels of

β-catenin demonstrated a significant decrease in ECs on soft substrate (Figure
3(D)). In short, soft substrate could lead to disrupted AJs between ECs.

4. Discussion
The endothelium is critical for the normal function of the blood vessels. It forms
a barrier to guarantee no circulating cells and soluble factors leaking into the
tissues when the vessels deliver nutrients to tissues and regulates vasomotor tone
sophisticatedly by synthesizing and secreting NO. Many vascular diseases, such
as AS, are closely related to ECs dysfunction. AS starts with the abnormal accumulation of the various lipoproteins in the circulation, which may activate ECs
to demonstrate inflammatory response by attracting circulating monocytes to
adhere and extravasate through vascular wall [10]. If severe inflammation occurs
after implanting a vascular scaffold or an artificial vessel replacement, it may
possibly cause implantation failure. Therefore, proper strategies might be taken
to adjust the characteristic of the material to avoid severe inflammation response
and minimize implantation failure.
In this study, we found that soft substrate with stiffness around 1 kPa could
induce ECs inflammatory response. Compared with those cultured on substrate
with normal stiffness of 20 kPa, ECs on the soft substrate express more ICAM1
and VCAM1, and have more monocyte adherence (Figure 1). Consistently,
classic inflammation related transcription factor NF-κB was activated in the ECs
on the soft substrate (Figure 2). Moreover, soft substrate leads to impaired AJs
in EC monolayer, suggesting that the integrity of the blood vessel can be compromised in vivo (Figure 3).
The mechanism of how substrate stiffness affects EC inflammation is still under investigation. Mechanosensitive molecules like adhesion molecules, cytoskeletal components, various ion channels, G-protein-coupled receptors along with
small GTPases and their effectors may be the mediators between the extracellular mechanical signal and the ECs function [26]. For example, the focal adhesion
complex mediates the contact between cells and the extracellular matrix and has
been reported to influence a variety of biological responses. Soft substrate may
disrupt cell-cell junction by changing the activity of focal adhesion kinases, the
assembly of structural proteins in the focal adhesion and the activity of integrins
[27] [28] [29]. Cytoskeleton connects with focal adhesion and cell-cell junction.
It has been reported that cytoskeleton mediated the clustering of VCAM1 and
ICAM1 [30], so it may also be an important signaling transduction from the
stiffness of the substrate to various ECs responses. In addition, ion channels located on the plasma membrane have been reported to react to the mechanical
stimulation rapidly within microseconds, which was also involved in the intracellular signaling [31] [32], thus participating in many physiological activities of
cells like inflammatory responses and AJs integrity.
DOI: 10.4236/jbm.2021.92009
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Here we found soft substrate induced EC inflammation and impaired AJs integrity. Our finding helps to further understand the mechanism of AS in the
early stage and may provide some hints for the treatment of the disease.
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