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Background and Aims: Endothelial dysfunction is a hallmark of cardiovascular diseases. The straight region of an artery is protected from atherosclerosis via its laminar blood flow and high shear stress. This study investigated the cytoprotective effects of a new laminar shear medium (LSM) derived from a modified cone-and-plate shear device and identified basic fibroblast growth factor (bFGF) secreted by human aortic endothelial cells (HAECs) as the dominant protective factor in the LSM.

Methods: Based on a modified cone-and-plate shear device system, HAECs were exposed to laminar shear (15 dynes/cm2) and static control for 24 h to produce a new supernatant LSM and static medium (SM). Evaluation of the protective effects of LSM and SM on endothelial dysfunction induced by tumor necrosis factor (TNF)-α (10 ng/mL), which leads to production of reactive oxygen species (ROS), inflammatory monocyte adhesion, and tissue factor activity. ROS induction-, inflammation-, and thrombosis-related genes and protein expression were evaluated by quantitative-PCR and western blotting. To identify the cytokines that played a key role in the cytoprotective action of the LSM, we used cytokine antibody arrays, selected an abundant marker cytokine, bFGF, and validated the different cytoprotective effects of recombinant bFGF (rbFGF) and neutralization by monoclonal antibody (rbFGF+Ab) co-treatment. Aortic and lung tissues from different groups of C57BL/6J mice were examined by immunohistochemistry. SB203580 (specific inhibitor of p38) and BIX02189 (specific inhibitor of MEK5) were used to identify bFGF as the main cytoprotective factor acting via p38/MAPK and MEK5-KLF2 pathways.

Results: Compared with traditional LSM, the new LSM not only significantly decreased TNF-α-induced intracellular adhesion molecule 1 and plasminogen activator inhibitor type 1 gene expression, but also significantly increased heme oxygenase 1 gene expression. The new LSM and bFGF attenuated TNF-α-induced ROS induction, inflammation, and tissue factor activity and inhibited the inflammatory- and thrombosis-related gene/protein overexpression both in vitro and in vivo. Mechanistically, the cytoprotective action of bFGF was mediated via the p38/MAPK and MEK5-KLF2 pathways.

Conclusion: bFGF was identified as the critical factor mediating the cytoprotective effects of LSM derived from the modified laminar shear system.
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INTRODUCTION

Endothelial cells are constantly exposed to blood flow; shear stress for blood flow within a vessel is defined as τ = 32•μ•Q/π•d3, where Q is the mean volumetric flow rate, μ is the mean velocity, and d is the vessel diameter (Papaioannou and Stefanadis, 2005). Previous studies revealed increased oxidative stress, impaired vasodilatation, proinflammatory, and prothrombotic effects on endothelial cells under disturbed low flow stress stresses (<4 dynes/cm2). In contrast, laminar flow with high shear stresses (10–70 dynes/cm2) are atheroprotective, and they are associated with the following phenotypes: low expression of adhesion molecules/inflammatory genes/chemokine genes, high expression of antioxidant genes, and inhibition of leukocyte adhesion/platelet aggregation/thrombosis (Chiu and Chien, 2011). Most in vitro and in vivo studies have focused on the effects of different shear stresses (static, laminar flow, and disturbed flow) on underlying endothelial cells (Chien, 2007; Chiu and Chien, 2011; Tarbell et al., 2014).

In in vitro shear stress systems, parallel-plate flow chambers and cone-and-plate shear devices are commonly used shear device systems (Rezvan et al., 2011). The original cone-and-plate system has been modified by numerous groups, including Dr. Hanjoong Jo, whose modification of the design included a 10-cm tissue culture disc on which human umbilical vein endothelial cells (HUVECs) were exposed to laminar or oscillating shear stress from a rotating cone, and the angular separation between the cone surface and culture disc was 0.5°. Using this traditional shear device (15 dynes/cm2 laminar shear stress, LSS), we observed that human aortic endothelial cells (HAECs) in the center of the culture disc, compared with those at the periphery, were easily detached on the culture disc and did not show the typical high shear stress-induced alignment of endothelial cell shape, likely because of the non-uniform shear stress levels of this device (Rezvan et al., 2011). Therefore, we developed a modified cone-and-plate system to exclude centrally growing HAECs, in which the seeded endothelial cells did not fully cover the 10-cm culture dish, and retained a central circle devoid of endothelial cell growth to avoid interference from dead cells and metabolites contaminating the laminar shear medium (LSM).

For the past several decades many research groups have used various screening approaches to obtain the global genomic profile of the underlying endothelial cells under shear stress using microarray (Chen et al., 2001; McCormick et al., 2001; Dekker et al., 2002). These experiments have been invaluable for identifying novel target genes in cardiovascular studies. However, such approaches failed to reveal important post-transcriptional protein control mechanisms in the endothelium. In the past decade, some studies have conducted proteome analysis of cultured vascular endothelial cells from bovine, rat, mice, and humans under different shear stresses (Wang et al., 2007; Freed and Greene, 2010; Firasat et al., 2014). However, the biological role of the secretome in LSM from underlying endothelial cells exposed to the LSS remains unclear.

Cytokines have been widely studied in the field of biomedicine. In addition to playing critical roles in many normal cellular events, cytokines are involved in the initiation and development of nearly every major life-threatening disease. Cytokines have been explored as potential disease and physiological biomarkers, and cytokine antibody arrays are effective tools for biomarker discovery with high-throughput detection of many proteins simultaneously (Huang, 2007; Wilson, 2015).

Many previous studies reported that tumor necrosis factor-α (TNF-α)-induction as the major indicator of atherogenesis and inflammation in endothelial cells (Blake and Ridker, 2002; Branen et al., 2004). In this study, we demonstrated that LSM derived from a new LSS system had unexpected protective effects in TNF-α-induced endothelial dysfunction [reactive oxygen species (ROS) induction, inflammation, and thrombosis]. Thus, we hypothesized that underlying HAECs secreting cytokines were dominant protectors of LSM, and they possess significant cytoprotective effects. The high abundance HAEC-secreted marker cytokines were selected using Human Cytokine Antibody Array, and autocrine basic fibroblast growth factor (bFGF) was identified as a critical protector in the LSM.

MATERIALS AND METHODS

Cell Culture, Shear Apparatus, and LSM/SM Collection

HAECs were purchased from Cell Applications, Inc. (San Diego, CA, USA) and cultured in endothelial cell growth medium (Cell Applications, Inc.) according to the manufacturer's recommendations. The human monocytic cell line THP-1 was obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained as previously described (Wang et al., 2014). Using a cone-and-plate shear device, an LSM was obtained when LSS (15 dynes/cm2) was applied to HAECs (between passages 2 and 5) for 24 h. A HAEC monolayer fully covering a 10-cm tissue culture dish represents the traditional shear system, whereas a monolayer grown in a 10-cm tissue culture dish excluding a central circle (diameter of 5.41 cm) represents our new shear system. In this study, both systems were exposed to an arterial level of unidirectional laminar shear for 24 h by rotating a Teflon cone using the magnetic stirrer (Supplementary Data 1: video of laminar shear, 15 dynes/cm2) and then traditional and new LSM were collected. The static medium (SM) was collected from the same cells exposed to static conditions for 24 h. The collected new LSM and SM were filtered through 0.45-μm filters and stored at −80°C until analysis.

MTS Cell Viability Assay

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS) assay, CellTiter 96® AQueous One Solution reagent (Promega, Madison, WI, USA), and absorbance measurement at 490 nm. The viabilities of the control cell groups incubated with fresh medium for 24 h were set to 100%. Cell viabilities of different percentages of LSM-treated cells were compared with those of the individual control group.

In Vitro Experiments

For in vitro studies, co-treatment of the cells with recombinant human TNF-α (TNF-α) (10 ng/mL, Sigma–Aldrich, St. Louis, MO, USA) and 20% LSM (TNF-α+LSM group), TNF-α and 20% SM (TNF-α+SM group), and TNF-α and recombinant human bFGF (10 ng/mL, Thermo Fisher Scientific, Waltham, MA, USA) (TNF-α+rbFGF group) were performed. Additionally, for the TNF-α+LSM+Ab group, the LSM was pre-neutralized with anti-human bFGF antibody (10 μg/mL, Santa Cruz Biotechnology, Dallas, TX, USA) at 37°C for 1 h before co-treatment with TNF-α. LSM pre-neutralized with anti-IgG secondary antibody (10 μg/mL, Jackson ImmunoResearch, West Grove, PA, USA) at 37°C for 1 h before co-treatment with TNF-α, and this group was named as the TNF-α+LSM+IgG group. After 6 h incubation, genetic analysis, protein expression level measurement, and multiple biochemical experiments were carried out to explore the cytoprotective efficacies of the new LSM.

Real-Time Quantitative Polymerase Chain Reaction (qPCR)

All mRNA transcript levels of HAECs were analyzed by qPCR. The individual Universal ProbeLibrary probe and primer sequences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Kruppel-like factors (KLF2), NAD(P)H quinone dehydrogenase 1 (NQO-1), heme oxygenase-1 (HO-1), thrombomodulin (TM), Tissue factor (TF), plasminogen activator inhibitor type 1(PAI-1), Kelch-like ECH-associated protein 1 (Keap-1), vascular cell adhesion protein 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), monocyte chemo-attractant protein-1 (MCP-1), hepatocyte growth factor (HGF), granulocyte-colony stimulating factor (G-CSF), IL-17, granulocyte-macrophage colony-stimulating factor (GM-CSF), epidermal growth factor receptor (EGFR), monokine induced by gamma interferon (MIG), and basic fibroblast growth factor (bFGF) genes are provided in Supplementary Data 2. All PCRs were performed using the StepOnePlus Real-Time PCR instrument (Applied Biosystems, Foster City, CA, USA). Real time qPCR conditions were defined according to the manufacturer's recommendations. Gene expression levels were analyzed using StepOne software v2.2.

Western Blot Analysis

Protein expression levels in the HAECs were analyzed by western blotting as previously described (Wang et al., 2010). Primary antibodies against HO-1 (1:1,000) (Abcam, Cambridge, UK), ICAM-1 (1:500) (Cell Signaling Technology, Danvers, MA, USA), PAI-1 (1:1,000) (Santa Cruz Biotechnology), bFGF (1:500) (Millipore, Billerica, MA, USA), and GAPDH (1:5,000) (Santa Cruz Biotechnology) were used. Immunostaining was visualized using SuperSignal West Pico Chemiluminescent Substrate for HO-1 and PAI-1 and SuperSignal West Femto Maximum Sensitivity Substrate for ICAM-1 and bFGF (Thermo Scientific).

Measurement of ROS Induction

ROS accumulation was detected using 2′,7′-dichlorofluorescin diacetate (H2DCFDA, Sigma). After different treatments, all groups were incubated with H2DCFDA (10 μM) at 37°C for 30 min in the dark. Unbound H2DCFDA was removed by washing with 1× phosphate-buffered saline, and H2DCFDA fluorescence was imaged using a fluorescent microscope equipped with a digital camera (Olympus DP72, Tokyo, Japan). The fluorescence intensity (ROS activity) was measured using ImageJ software (ImageJ, National Institute of Health, Bethesda, MD, USA) and expressed as fold-changes of the corresponding control.

TF Activity Assay

Cellular TF-mediated procoagulant activity was measured using commercial Tissue Factor Human Chromogenic Activity Assay Kit (Cot. No. ab108906, Abcam) according to the manufacturer's instructions. Serum-starved HAECs (1 × 105 cells) were grown in six-well plates. After different treatments, cells were washed twice with 1× phosphate-buffered saline, followed by incubation with human factor VIIa (FVIIa) and factor X (FX) at 37°C, which allowed the formation of a TF/FVIIa complex at the cell surface. The TF/FVIIa complex converted human FX to factor Xa, which was measured by its ability to metabolize a chromogenic substrate. A standard curve with lapidated human TF was obtained to ensure that measurements were acquired in the linear range of detection.

Monocyte Adhesion Assay

In adhesion experiments, THP-1 cells were labeled with calcein acetoxymethyl ester (Calcein-AM; Molecular Probes, Eugene, OR, USA) as previously described (Lo et al., 2017).

Cytokine Antibody Array

Semi-quantitative detection of 120 human cytokine and chemokine levels in the SM and LSM was performed using RayBio C-series Human Cytokine Antibody Array C1000 (AAH-CYT-1000-4, RayBiotech, Norcross, GA, USA) according to the manufacturer's instructions as previously described (Zhou et al., 2005). Detection of all spots was performed with the ChemiDoc MP Imaging Systems (Bio-Rad, Hercules, CA, USA), and the intensity of dots was quantified by densitometric analysis and ImageJ software. For each spot, the raw numerical densitometry data were extracted and subjected to background subtraction before normalizing the signal for each cytokine to the positive control spots.

Animal Experimental Protocols

Male C57BL/6J mice (8 weeks of age) were used. All animal protocols were approved by the Institutional Animal Care and Use Committee of Hungkuang University (HK-105-29). Mice were randomized into four groups: TNF-α, TNF-α+LSM, TNF-α+LSM+Ab, and TNF-α+rbFGF groups. Intraperitoneal injection of recombinant mouse TNF-α (2 μg/100 μL saline/mouse) and 100 μL of LSM, LSM+Ab, or rbFGF (3 μg/mouse) were administered. After 24 h, mice were sacrificed by CO2 narcosis, and the aortic and lung tissues were removed. Paraffin sections (5 μm thickness) were prepared for immunohistochemistry staining.

Immunohistochemical Staining

All aortic tissue cross-sections from the above experiments were prepared with a Bond-Max autostainer (Leica Microsystems, Wetzlar, Germany). Slides were stained with primary antibody on a fully automated Bond-Max system and VBS Refine polymer detection system (Leica Microsystems) as previously described (Lo et al., 2017). Negative controls did not contain primary antibody. Positive immunoreactivity signals in the endothelial layers were measured by ImageJ software. Immunoreactivity signals in endothelial layers from TNF-α and the TNF-α+LSM, TNF-α+LSM+Ab, or TNF-α+rbFGF groups were quantified as previously described (Federici et al., 2002).

Identification of Protective Pathways

The cells were pretreated with 10 μM SB203580 (specific inhibitor of p38) and 10 μM BIX02189 (specific inhibitor of MEK5) (Cayman Chemical, Ann Arbor, MI, USA) for 1 h, followed by addition of TNF-α (10 ng/mL) and rbFGF (10 ng/mL) for 6 h. Gene expression was determined by q-PCR as described above.

Statistical Analyses

Independent experiments were conducted to assess the significance of differences between the control group and other groups or TNF-α group and other groups. Significant differences were determined using Student's t-test and defined as p < 0.05.

RESULTS

Development of New LSS System and Evaluation of Protective Effects of LSM

We developed a new LSS system. HAECs (1 × 106 cells/dish) were seeded overnight into a 10-cm dish keeping a central empty area (diameter of 51.4 mm) using a 6-cm dish and 2% agarose (Figure 1A). After applying shear stress (15 dynes/cm2) for 24 h, the media showed different phenotypes: LSM of traditional LSS was less clear (right), while the LSM of the new LSS system was relatively clear (left) (Figure 1B). HAECs exposed to LSS or static conditions for 24 h showed alignment of the cell shape in the direction of the laminar flow (right), while static cells showed the typical polygonal “cobblestone shape” (left) (Figure 1C). Previous studies suggested that laminar shear increases the expression of mechanosensitive genes to maintain endothelial hemostasis (Chiu and Chien, 2011). In our new LSS system, after HAECs were seeded and exposed to LSS for 24 h, the expression levels of mechanosensitive genes, TM, HO-1, NQO-1, and KLF-2, in underlying HAECS were upregulated significantly (Figure 1D). Other HAECs were also incubated in fresh media mixed with 2, 20, and 60% LSM for 24 h, but there was no significant induction of cell death (Figure 1E).
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FIGURE 1. HAECs exposed to LSS from a modified cone-and-plate shear. (A) The new LSS system was designed with a central empty circle (diameter is 5.14 cm) in a 10-cm dish, surrounded by cultured HAECs. (B) After exposure to shear stress (15 dynes/cm2) from the modified cone-and-plate shear device for 24 h, the new LSM showed different phenotypes: medium of the traditional LSS was less clear (right), while the medium of the new LSS system was clearer (left). (C) Morphology of HAECs exposed to the new LSS or static conditions for 24 h induced alignment of the cell shape in the direction of the laminar flow (right), while static cultured cells showed a typical polygonal “cobblestone shape” (left). (D) HAECs were exposed to the new LSS or static control for 24 h, and the expression levels of TM, HO-1, NQO-1, and KLF-2 in the new LSS-induced cells were increased compared to those in the static control group. n = 5. *p < 0.05. (E) New LSM, 2, 20, or 60%, was mixed with fresh HAEC medium to test its cytotoxicity. An MTS assay was performed after 24 h incubation. n = 3. NS, not significant. (F) The new LSM not only significantly inhibited TNF-α (10 ng/mL, 6 h)-induced ICAM-1 and PAI-1 gene expression, but also significantly increased the expression of the antioxidant HO-1 gene compared to traditional LSM. Data are expressed as the mean ± S.E.M. (n = 5). *p < 0.05 indicates a significant difference relative to the individual control group. #p < 0.05 indicates a significant difference relative to the individual new LSM group. SM, static medium; LSM, new laminar shear medium; T-LSM, traditional laminar shear medium.



The cytokine TNF-α is an important mediator of acute inflammatory processes that occur during the progression of atherosclerosis. Examples include transcriptional regulation of various inflammation- and thrombosis-related genes (Matsumoto et al., 1998; Chiu et al., 2004). Numerous antioxidant pathways are involved in cellular redox homeostasis, among which the nuclear factor-E2-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1/antioxidant response element signaling pathway is perhaps the most prominent. Oxidative stress causes Nrf2 to dissociate from Kelch-like ECH-associated protein 1, and it translocates into the nucleus to bind to the antioxidant response element and regulate the transcription of downstream target antioxidant genes, such as HO-1 and NQO-1 (Chen et al., 2015). Thus, we treated the other strain of HAECs with TNF-α (10 ng/mL) for 6 h as a positive control platform of endothelial dysfunction. The new LSM not only decreased TNF-α-induced inflammation and thrombosis-related ICAM-1 and PAI-1 gene expression, but also significantly increased antioxidant HO-1 gene expression compared to the traditional LSM (Figure 1F). Thus, the following experiments used the new LSM collected from the modified cone-and-plate shear device.

Evaluation of Protective Efficacy of LSM and SM on TNF-α-Induced Endothelial Dysfunction

A previous study showed that TNF-α induces a pro-oxidant environment in a cell that can be measured by H2DCFDA detection in the intracellular oxidative milieu (Shanmugam et al., 2016). Thus, we evaluated the protective efficacies of LSM and SM using the H2DCFDA assay. As shown in Figure 2A, untreated control cells displayed very low levels of H2DCFDA-dependent fluorescence. However, the TNF-α group showed a significantly higher average fluorescence intensity (1.95-fold) compared to the control group. The TNF-α+LSM group showed significant attenuation with an average intensity of 1.59-fold relative to the control group. The TNF-α+SM group showed an increased oxidative intracellular milieu, similar to that observed in the TNF-α group.
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FIGURE 2. Evaluation of protective efficacies of LSM and SM on TNF-α-induced ROS activity, inflammation, and thrombosis. (A) TNF-α group showed significantly intensified H2DCFDA dependent fluorescence (average 1.95-fold) compared to in the control group. The TNF-α+LSM group showed significantly attenuated expression (average 1.59-fold) compared to in the control group. (B) TNF-α group showed significantly higher (average 3.04-fold) THP-1/HAECs adhesiveness than the control group. The TNF-α+LSM group was significantly attenuated (average 1.44-fold) compared to the control group. (A,B) Data are expressed as the mean ± S.E.M. (n = 4). *p < 0.05 indicates a significant difference relative to the control group. #p < 0.05 indicates a significant downregulation relative to the individual TNF-α group. (C) TF activity was significantly induced (average 2.26-fold) in the TNF-α group and attenuated significantly (average 1.16-fold) in the TNF-α+LSM group compared to that in the TNF-α group. Data are expressed as the mean ± S.E.M. (n = 3). *p < 0.05 indicates a significant difference relative to the control group. #p < 0.05 indicates a significant downregulation relative to the individual TNF-α group. SM, static medium. LSM, new laminar shear medium.



The adhesion of circulating monocytes to endothelial cells is an important event causing vascular inflammation (Hopkins, 2013). As shown in Figure 2B, TNF-α treatment for 6 h caused a 3.04-fold increase in THP-1/HAECs adhesion compared to that in the control group. The TNF-α+LSM group showed significant attenuation of THP-1/HAECs adhesion (1.44-fold) compared to the control group. However, attenuation of THP-1/HAEC adhesion in the TNF-α+SM group was not significant compared to that in the TNF-α group.

TF initiates the coagulation cascade upon vascular injury. TF-specific procoagulant activity is induced in endothelial cells to initiate coagulation and thrombosis (Steffel et al., 2006). Compared to the control group, TNF-α treatment for 6 h increased TF activity by 2.26-fold, while the TNF-α+LSM group showed significantly attenuated TF activity (1.16-fold). Similar to the monocyte adhesion assay, attenuation of TF activity in the TNF-α+SM group was not significant compared to in the TNF-α group (Figure 2C).

Evaluation of Effects of LSM and SM on TNF-α-Induced Endothelial Dysfunction-Related Gene and Protein Expression

Figure 3 shows that the gene expressions levels of inflammation-, thrombosis-, and ROS induction-related genes, ICAM-1, VCAM-1, MCP-1, HO-1, NQO-1, Keap-1, TF, TM, and PAI-1 of the TNF-α group increased significantly by an average of 1.48-, 1.56-, 1.68-, 1.3-, 1.19-, 1.43-, 2.15-, 1.09-, and 1.65-fold, respectively, relative to the control group (Figures 3A–C). Compared to the TNF-α group, the expression levels of inflammation- and thrombosis-related genes, ICAM-1, VCAM-1, MCP-1, TF, and PAI-1 in the TNF-α+LSM groups for 6 h were significantly attenuated (Figures 3A,C). Expression levels of the anti-thrombotic TM gene increased significantly by an average of 1.25-fold (1.36/1.09) relative to the TNF-α group (Figure 3C). Among the three ROS induction-related genes, Keap-1 gene expression was significantly attenuated in the TNF-α+LSM groups. The expression levels of the other HO-1 and NQO-1 antioxidant genes increased significantly by an average of 1.08-fold (1.4/1.3) and 1.09-fold (1.3/1.19) relative to the TNF-α group (Figure 3B). However, gene expression in the TNF-α+SM groups was not significantly different from that in the TNF-α group.
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FIGURE 3. Determination of inflammation, ROS induction, and thrombosis-related gene and protein expression. Expression of (A) inflammation-related ICAM-1, VCAM-1, and MCP-1 genes, (B) ROS induction–related HO-1, NQO-1, and Keap-1 genes and (C) thrombosis-related TF, TM, and PAI-1 genes were all significantly increased in the TNF-α group compared to in the control group. Gene expression levels of ICAM-1, V-CAM-1, MCP-1, Keap-1, TF, and PAI-1 were attenuated significantly by LSM treatment compared to those in the TNF-α group, but similar trends were not observed in the TNF-α+SM group. However, gene expression of HO-1, NQO-1, and TM were significantly enhanced by LSM treatment compared to those in the TNF-α group, but similar trends were not observed in the TNF-α+SM group. (A–C) Data are expressed as the mean ± S.E.M. (n = 3). *p < 0.05 indicates a significant difference relative to the control group. #p < 0.05 indicates a significant up- or downregulation, relative to the individual TNF-α group (excluding all control groups). (D) Compared with those in the control group, the protein levels of HO-1, ICAM-1, and PAI-1 were increased significantly in the TNF-α group. The expressions levels of the antioxidant protein HO-1 increased significantly in the TNF-α+LSM group compared to those in the TNF-α group. ICAM-1 and PAI-1 protein expression were attenuated significantly in the TNF-α+LSM group compared to those in the TNF-α group (n = 3). SM, static medium; LSM, new laminar shear medium. *p < 0.05 indicates a significant difference relative to the control group. #p < 0.05 indicates a significant up- or downregulation relative to the individual TNF-α group.



Western blotting revealed that the protein levels of HO-1, ICAM-1, and PAI-1 increased significantly in the TNF-α groups compared to in the control group. Compared to the TNF-α group, the expressions level of the antioxidant protein HO-1 increased significantly in the TNF-α+LSM group, but did not show the same trend in the TNF-α+SM group. ICAM-1 and PAI-1 expression was significantly attenuated in the TNF-α+LSM group compared to those in the TNF-α+SM group (Figure 3D). The data indicate consistent trends in gene and protein expression.

Quantification of Cytokines Secreted by HAECs in SM and LSM by Cytokine Antibody Array

In Figure 4A, the left and right panels show SM and LSM data, respectively, and the array C6 and C7 are shown in upper and bottom panels, respectively. We quantified the raw numerical densitometry data and showed relative changes in the level of each cytokine in Supplementary Data 3. The top three over-expressed marker cytokines of LSM were HGF, G-CSF, and IL-17 (labeled in red), the top three under-expressed marker cytokines were GM-CSF, EGFR, and MIG (labeled in green), and the cytokine-spots are shown in the same color. Considering the dosage effects, we screened highly abundant marker cytokines (each densitometry data >5,000 in both the SM and LSM) from advanced experiments. Among all high-abundance marker cytokines, secreted bFGF (1.72-fold, LSM relative to SM) and MCP-1 (0.75-fold, LSM relative to SM) were the two most abundant, showing a maximum fold-change as the most under and over-expressed biomarkers, respectively (in bold type in Supplementary Data 3). Thus, we investigated whether bFGF protects the LSM from endothelial dysfunction. To confirm whether the above over-expressed and under-expressed cytokines were secreted from LSS-exposed HAECs, we collected the cell pellets to determine the mRNA transcript levels by qPCR. The data indicated that the gene levels in the underlying HAECs exposed to LSS for 24 h were as follows: under-expressed cytokines (EGFR, GM-CSF, MIG, and MCP-1) were 0.63-, 0.64-, 0.54-, and 0.4-fold lower than the static control (Figure 4B) and over-expressed cytokines (HGF, G-CSF, IL-17, and bFGF) were 1.89-, 1.7-, 1.57-, and 1.45-fold higher than the static control (Figure 4C). These trends are consistent with those of cytokine expression between SM and LSM, as shown in Figure 4A. In western blotting, the secreted autocrine type 18-kDa bFGF protein was not only over-expressed in LSM compared to in SM (Figure 4D), but also over-expressed in the underlying HAECs exposed to LSS for 24 h compared to in the static control (Figure 4E).
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FIGURE 4. Quantification of HAEC-secreted cytokines in SM from static control and LSM from new LSS device by Human Cytokine Antibody Array C1000. (A) Left panels show SM data and right panels show LSM data. Array C6 is shown in upper two panels and array C7 is shown in bottom two panels. Among the 120 candidate cytokines, HAEC-secreted MCP-1 (C6) and bFGF (C7) were the two most abundant (O.D. level of each spot >5,000) and were accompanied by a maximum fold-change as the top under and over-expressed biomarkers. Secreted MCP-1 and bFGF proteins were 0.75- and 1.72-fold higher in LSM than in SM, respectively. The top three over-expressed marker cytokines in LSM are framed in red (HGF, G-CSF, and IL-17A), and the top three under-expressed cytokines (EGFR, GM-CSF, and MIG) in LSM are framed in green. A–N is X-axis and 1–10 is Y-axis, the XY combination indicated the location of each cytokine (Supplementary Data 3). (B,C) Comparison of gene expression levels of the above 8 marker cytokines in underlying HAECs between static control cells and cells exposed to LSS for 24 h by qPCR. Data are expressed as the mean ± S.E.M. (n = 3). *p < 0.05 indicates a significant difference relative to the static control groups. (D) The expressions levels of the secreted autocrine type, 18-kDa bFGF protein levels, increased significantly in the LSM compared to in the SM. (n = 3) (E) Expressions levels of the 18-kDa bFGF protein levels increased significantly in HAECs exposed to LSS for 24 h compared to the static control. (n = 3). *p < 0.05 indicates a significant difference relative to the SM (D) and static control (E) groups, respectively.



Evaluation of Protective Efficacy of LSM, rbFGF, and LSM+Ab on TNF-α-Induced Endothelial ROS Induction, Inflammation, and Thrombosis

To validate the HAEC-secreted autocrine rbFGF as a critical protector in the LSM, we evaluated the protective efficacy of rbFGF and LSM+Ab using the H2DCFDA assay for ROS activity. As shown in Figure 5A, the TNF-α group displayed high levels of H2DCFDA-dependent fluorescence, while the TNF-α+LSM group showed significantly attenuated levels of H2DCFDA-dependent fluorescence (average 0.82-fold) compared to the TNF-α group. The TNF-α+rbFGF group also showed significantly attenuated levels of H2DCFDA-dependent fluorescence (average 0.87-fold) compared to the TNF-α group. The TNF-α+LSM+Ab group displayed ROS activity similar to that of the TNF-α group (average 0.98-fold). As shown in Figure 5B, the TNF-α+LSM and TNF-α+rbFGF groups showed significantly reduced adhesiveness of THP-1/HAECs (0.34- and 0.4-fold) compared to the TNF-α group. The adhesiveness of THP-1/HAECs was not changed in the TNF-α+LSM+Ab group compared to that in the TNF-α group. As shown in Figure 5C, only TNF-α treatment for 6 h revealed a 2.66-fold increase in TF activity compared to that in the control group. The TNF-α+LSM and TNF-α+rbFGF groups showed significantly decreased TF activity by 1.32- and 1.42-fold compared to the control TF activity level. Similar to in the THP-1/HAECs adhesion assay, the TNF-α+LSM+Ab group (2.35-fold) did not show a TF activity level that was significantly different from the level in the TNF-α group (Figure 5C).
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FIGURE 5. Evaluation of protective efficacies of LSM, rbFGF, and LSM+Ab on TNF-α-induced ROS activity, inflammation, and thrombosis. (A) The TNF-α group displayed a high level of H2DCFDA-dependent ROS activity, while the TNF-α+LSM and TNF-α+rbFGF groups showed significantly attenuated levels (average 0.81- and 0.86-fold) compared to the TNF-α group. (B) Compared to the TNF-α group, the high THP-1/HAECs adhesion ratios were attenuated significantly (average 0.34- and 0.4-fold) in the TNF-α+LSM and TNF-α+rbFGF groups. (A,B) The data are expressed as the mean ± S.E.M. (n = 4). *p < 0.05 indicates significant downregulation relative to the TNF-α group. (C) Compared to the control group, the highest level of TF activity was increased by 2.66-fold in the TNF-α group. TF activity decreased significantly (average 1.32- and 1.42-fold) in the TNF-α+LSM and TNF-α+rbFGF group compared to the TNF-α group, respectively. However, the TNF-α+LSM+Ab group (average 2.35-fold) was not significantly different from the TNF-α group. The data are expressed as the mean ± S.E.M. (n = 4). *p < 0.05 and #p < 0.05 indicate a significant difference relative to the control group and TNF-α group, respectively.



Evaluation of Effects of LSM, rbFGF, LSM+Ab, and LSM+IgG on TNF-α-Induced Endothelial Dysfunction-Related Gene and Protein Expression

Compared with the TNF-α group, the expression levels of inflammation, thrombosis, and ROS induction-related genes, ICAM-1, VCAM-1, MCP-1, HO-1, NQO-1, Keap-1, TF, TM, and PAI-1 in the TNF-α+LSM, TNF-α+LSM+IgG, and TNF-α+rbFGF groups differed significantly (Figures 6A–C). However, ICAM-1, VCAM-1, MCP-1, HO-1, NQO-1, Keap-1, TF, and TM gene expression levels in the TNF-α+LSM+Ab group did not significantly differ from those in the TNF-α group (Figures 6A–C). Unexpectedly, only PAI-1 gene expression levels in the TNF-α+LSM+Ab group decreased significantly compared to the TNF-α group. Western blotting revealed that the protein levels of ICAM-1 and PAI-1 were attenuated in the TNF-α+LSM, TNF-α+rbFGF, and TNF-α+LSM+IgG groups compared to that in the TNF-α group (Figure 6D). In contrast, protein expression levels of HO-1 increased significantly in the TNF-α+LSM, TNF-α+rbFGF, and TNF-α+LSM+IgG groups compared to that in the TNF-α group. These data indicate that the pattern of gene and protein expression was nearly consistent in this study.
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FIGURE 6. Determination of inflammation, ROS induction, and thrombosis-related gene and protein expression. (A) Inflammation related ICAM-1, VCAM-1, and MCP-1 genes, (B) ROS induction related Keap-1 genes, and (C) thrombosis-related TF and PAI-1 genes were attenuated significantly in the TNF-α+LSM, TNF-α+LSM+IgG, and TNF-α+rbFGF groups compared to in the TNF-α groups. Significant attenuation of ICAM-1, VCAM-1, MCP-1, TF, and Keap-1 were not observed in the TNF-α+LSM+Ab groups. Additionally, ROS induction-related antioxidant HO-1, NQO-1 and anti-thrombotic TM gene levels were enhanced in the TNF-α+LSM, TNF-α+LSM+IgG, and TNF-α+rbFGF groups compared to in the TNF-α groups. (A–C) Data are expressed as the mean ± S.E.M. (n = 3). *p < 0.05 indicates a significant difference relative to the TNF-α treated groups. (D) Paralleling their gene expression levels, the expression levels of ICAM-1 and PAI-1 protein decreased in the TNF-α+LSM, TNF-α+rbFGF, and TNF-α+LSM+IgG groups compared to in the TNF-α group. In addition, the expression levels of HO-1 protein increased in the TNF-α+LSM, TNF-α+rbFGF, and TNF-α+LSM+IgG groups compared to in the TNF-α group (n = 3). *p < 0.05 indicates a significant different relative to the TNF-α group.



Evaluation of Effects of LSM, rbFGF, and LSM+Ab on Acute TNF-α-Induced Endothelial Dysfunction and Lung Injury in C57BL/6J Mice

As shown in Figure 7A, immunohistochemical analysis showed that aortic endothelial ICAM-1 and PAI-1 immunoreactivity levels in the TNF-α+LSM and TNF-α+rbFGF groups were decreased dramatically compared to in the TNF-α and TNF-α+LSM+Ab groups. No immunoreactivity was detected when the primary antibody was omitted (data not shown). Quantification of immunoreactivity signals in the endothelial layers revealed that ICAM-1 expression was decreased significantly to 0.21- and 0.15-fold in the TNF-α+LSM and TNF-α+rbFGF groups compared to that in the TNF-α group. PAI-1 expression in the endothelial layers decreased significantly to 0.22- and 0.26-fold in the TNF-α+LSM and TNF-α+rbFGF groups compared to in the TNF-α group (Figure 7B). The immunoreactivity of these two proteins did not differ significantly between the TNF-α group and TNF-α+LSM+Ab group. In addition, 24 h after TNF-α injection, ICAM-1 and PAI-1 mRNA expression was significantly reduced by approximately to 0.55- and 0.64-fold from that in the TNF-α group in lung extractions by co-injection of rbFGF, respectively. Unexpectedly, the dramatic reductions in ICAM-1 and PAI-1 mRNA expression were not observed in the TNF-α+LSM group (Figure 7C). Interestingly, the highest serum bFGF levels were found in the TNF-α+rbFGF group (Supplementary Data 4) and the serum levels of bFGF increased by injection of rbFGF correlated with positive effects on lung tissues. These results suggest that intraperitoneal injection of rbFGF has more protective potential as a therapeutic drug than LSM for inhibiting inflammation and thrombosis in TNF-α-induced tissue injury by reversing the increased expression of ICAM-1 and PAI-1.
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FIGURE 7. LSM and rbFGF suppresses TNF-α-induced ICAM-1 and PAI-1 protein and gene expression in vivo. (A) Immunohistochemical staining of ICAM-1 and PAI-1 proteins in thoracic aorta tissue. Representative images showing immunoreactivities of ICAM-1 and PAI-1 in the aortic endothelial layers (brown color as arrow) were decreased in the TNF-α+LSM and TNF-α+rbFGF groups compared to in the TNF-α group. The immunoreactivities of ICAM-1 and PAI-1 in the aortic endothelial layer were not decreased in the TNF-α+LSM+Ab group compared to in the TNF-α group (n = 3). (B) Immunoreactivity signals in endothelial layers from 4 groups was quantified for all immunohistochemical images. **p < 0.01 indicates a significant difference relative to the TNF-α group. (C) At 24 h after TNF-α i.p. injection, ICAM-1 and PAI-1 gene expressions were reduced by approximately to 0.55- and 0.64-fold in lung tissues in the TNF-α+rbFGF groups compared to in the TNF-α group. Data are expressed as the mean ± S.E.M. (n = 3). *p < 0.05 indicates a significant difference relative to the TNF-α group.



rbFGF Inhibited Inflammatory- and Thrombosis-Related Gene and Protein Expression via Activation of MEK5-KLF2 and p38-MAPK Signal Pathway

Following the above in vivo study, we evaluated the protective mechanism of rbFGF. We examined whether the protective mechanism of bFGF also depended on the laminar shear-responsive transcription factor, KLF2, as the classical atheroprotection pathway of LSS (Dekker et al., 2002; Fledderus et al., 2008). As shown in Figure 8A, rbFGF did induce significant overexpression of the KLF2 gene compared to in the control and TNF-α groups and achieved similar expression levels as the KLF2 gene in the TNF-α+LSM and TNF-α+LSM+IgG groups. Moreover, we used BIX02159 (specific inhibitor of MEK5) and SB203580 (specific inhibitor of p38-MAPK) to test the protective mechanism of rbFGF in TNF-α-induced ICAM-1 and PAI-1 gene overexpression. As shown in Figures 8B–D, pretreatment with SB203580 and BIX02189 reversed the inhibition of ICAM-1 and PAI-1 gene and protein overexpression from the TNF-α+bFGF groups. The inhibition assay revealed that the protective mechanism of bFGF on inflammation and thrombosis involved activation of the p38-MAPK and MEK5/ERK5-KLF2 signal pathway to inhibit nuclear factor-κB downstream target genes, ICAM1-1 and PAI-1, following TNF-α stimulation (Figure 9).
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FIGURE 8. Identification of cytoprotective mechanisms of bFGF. (A) Gene expression of KLF2 was increased significantly by 1.2-fold by TNF-α, compared to the control group. In the TNF-α+LSM, TNF-α+LSM+IgG, and TNF-α+rbFGF groups, the gene expression of KLF2 was further enhanced by 1.41-, 1.57-, and 1.53- fold compared to the control groups. The KLF2 level in the TNF-α+LSM+Ab group was not significantly different from that in the TNF-α group. Data are expressed as the mean ± S.E.M. (n = 4). *p < 0.05 and #p < 0.05 indicate a significant different relative to the control group and TNF-α group, respectively. (B) Compared to the TNF-α group, ICAM-1 expression was significantly decreased to 0.71-fold in the TNF-α+bFGF group. However, the anti-inflammatory effect of bFGF on ICAM-1 expression was reversed to 0.99- and 1.35-fold compared to in the TNF-α group by pretreatment with SB203580 (10 μM) and BIX02189 (10 μM), respectively. (C) Compared to the TNF-α group, the PAI-1 expression level was significantly decreased to 0.76-fold in the TNF-α+bFGF group. However, the anti-thrombotic effect of bFGF on PAI-1 gene expression was reversed to 0.93- and 1.05-fold compared to in the TNF-α group by pretreatment with SB203580 and BIX02189, respectively. T: TNF-α (B,C) Data are expressed as the mean ± S.E.M. (n = 4). #p < 0.05 indicates a significant difference relative to the TNF-α group and $ p < 0.05 indicates a significant difference relative to the TNF-α+rbFGF group. (D) Compared with the TNF-α group, ICAM-1 and PAI-1 protein levels were significantly decreased in the TNF-α+rbFGF group and were reverted by pretreatment with SB203580 and BIX02189, respectively (n = 3). #p < 0.05 indicates a significant difference relative to the TNF-α group and $ p < 0.05 indicates a significant difference relative to the TNF-α+rbFGF group.
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FIGURE 9. Proposed model of cytoprotective mechanism of bFGF in TNF-α stimulated endothelial dysfunction via p38-MAPK and MEK5/ERK5-KLF2 pathways.



DISCUSSION

In our modified cone-and-plate system, HAECs were seeded and exposed to LSS for 24 h. In the peripheral area of the 10-cm culture dish, HAECs exposed to LSS exhibited the typical alignment of cell shape in the direction of the laminar flow. In addition, expression levels of mechanosensitive genes of the underlying HAECs, TM, HO-1, NQO-1, and KLF-2, were also upregulated, similar to the results observed for the traditional LSS system. The MTS assay confirmed the non-toxicity of the new LSM. These data validated that our modified system also benefits the underlying HAECs, similar to the traditional cone-and-plate system. Moreover, we showed that the new LSM of the modified system was more effective than the traditional system in preventing TNF-α-induced endothelial dysfunction based on qPCR of ICAM-1, HO-1, and PAI-1 gene levels. We also demonstrated that the LSM of the new LSS system has therapeutic potential to rescue TNF-α-induced dysfunction in HAECs, based on both quantitative and qualitative analyses. To our knowledge, this is the first study to report the application of a modified traditional cone-and-plate shear system in studies investigating LSS-mediated paracrine and autocrine effects.

In 2004, Chiu et al. showed that high shear stress (20 dynes/cm2) enhanced the TNF-α-induced expression of ICAM-1 at the mRNA and surface-protein levels in underlying HUVECs, but suppressed TNF-α-induced expression of VCAM-1 and E-selectin proteins (Chiu et al., 2004). In 2015, Fan et al. also demonstrated that both high shear stress and oscillatory shear stress induced over-expression of ICAM-1 in the underlying HUVECs relative to the levels in the static control, although ICAM-1 levels were lower under higher shear stress (Fan et al., 2015). Interestingly, our data showed that LSM could overcome TNF-α-induced ICAM-1 gene and protein overexpression in the underlying HAECs. A possible explanation is that increased ICAM-1 levels have only been observed in venous endothelial cells, HUVECs. Thus, studies of aortic endothelial cells, HAECs, may show different results. Moreover, the increased ICAM-1 levels in underlying HUVECs may be induced by direct physical shear stress. Instead, the new LSM contained cytoprotective substances that functioned in an autocrine and paracrine manner by decreasing TNF-α-induced ICAM-levels in HAECs.

In the disturbed flow, Urschel et al. reported that HUVECs exposed to flow in bifurcating slides secreted increased levels of ICAM-1 and interleukin-8 in conditioned medium compared to cells grown under laminar flow (Urschel et al., 2012). Additionally, Bajari et al. reported that conditioned medium from chronic low shear stress (2.5 dynes/cm2) enhanced the migration of vascular smooth muscle cells (Bajari et al., 2014). In 2015, Franzoni et al. also reported that conditioned medium from endothelial cells exposed to reciprocating flows could increase the proliferation of smooth muscle cells (Franzoni et al., 2016). In contrast, under laminar flow, Slater et al. reported that conditioned medium from glomerular endothelial cells under chronic LSS (10 dynes/cm2) decreased podocyte monolayer resistance (Slater et al., 2012). These reports suggest the potential bio-functional flow-mediated effects of “conditioned media” when shear stress is applied to the underlying endothelial cells. Using the modified cone-and-plate shear device, we also found that LSM was effective in rescuing cells from TNF-α-induced endothelial dysfunction.

Previous studies indicated that upon exposure to environmental signals, cytokines in vascular endothelial cells undergo changes in gene expression and function that allow these cells to actively participate in inflammatory reactions, immunity, and thrombosis (Mantovani et al., 1992). In this study, the same commercial medium was used in both the static control and LSS system and the underlying HAECs did secrete diverse cytokines into LSM to provide significant protective effects compared to SM (Figure 4). Considering the effect of dosage, we isolated highly abundant cytokines (all OD > 5,000) as marker cytokines, and sorted all marker cytokines by relative changes in levels in the LSM and SM. Thus, the most over-expressed bFGF (LSM/SM is 1.72-fold) was chosen as the target marker cytokine in this study (Supplementary Data 3). Based on in vitro and in vivo experiments, bFGF was identified as a critical protective factor in LSM against endothelial dysfunction (Figures 5–8).

The FGF family is comprised secreted signaling proteins (secreted FGFs) that signal to receptor tyrosine kinases and intracellular non-signaling proteins (intracellular FGFs) (Ornitz and Itoh, 2015). bFGF (FGF-2) is the prototype member of a family of heparin-binding growth factors, and lacks a signal peptide that directs secretion through the classical secretory pathway (Bikfalvi et al., 1997; Ornitz and Itoh, 2015). It is also a multifunctional protein, translated from the same mRNA as its high molecular weight (21–24 kDa; Hi-bFGF) or low molecular weight (18 kDa; Lo-bFGF) isoforms. Hi-bFGF localizes preferentially to the cell nucleus and exerts exclusively intracrine activities. In contrast, autocrine or paracrine bFGF activities were demonstrated to represent the action of Lo-bFGF, also known as secreted-bFGF (Kardami et al., 2004). A previous study suggested that endothelial cell-derived bFGF mediates angiogenesis in an autocrine manner in cancer (Seghezzi et al., 1998). This is the first study to demonstrate that LSS-induced aortic endothelial cells over-expressed and secreted autocrine type 18 kDa bFGF into the external environment (Figures 4C,D). In cultured microvascular endothelial cells, bFGF induced the development of an angiogenic phenotype including increased proliferation, migration, and proteinase production (Bikfalvi et al., 1997; Seghezzi et al., 1998). In addition, in cancer research, bFGF signaling was showed to possess powerful cardio-protective effects following stress and ischemic injury (Kardami et al., 2004; House et al., 2005; Liao et al., 2007). Mice lacking the bFGF gene develop normally, but show reduced vascular tone, impaired cardiac hypertrophy, reduced cortical neuron density, and defects in response to pulmonary or cardiac injury (Dono et al., 2002; House et al., 2010). No previous studies have shown that secreted bFGF from LLS-exposed HAECs can prevent endothelial dysfunction. In this study, we evaluated the protective efficacy of rbFGF and LSM+Ab (bFGF neutralization by monoclonal Ab) against TNF-α-induced HAEC dysfunction in vitro and in vivo (Figures 5–7). The results suggest significant protective effects of rbFGF (10 ng/mL), similar to LSM against TNF-α-induced endothelial dysfunction. Interestingly, the protective effects of LSM were only observed in aortic endothelial dysfunction, but not reproduced in lung extractions in vivo (Figure 7B). These results suggest that bFGF has more protective effects than LSM against inflammation and thrombosis following TNF-α stimulation in vivo.

Atheroprotective blood flow induces the expression of anti-inflammatory KLF2 expression, a transcriptional factor responsible for the physiological healthy, flow-exposed state of endothelial cells (Fledderus et al., 2008; Chiu and Chien, 2011). In a previous study, Parmar et al. documented that KLF2 is induced under laminar flow via MAPK/ERK kinase 5 (MEK5)-extracellular signal-regulated protein kinase 5 (ERK5)-MEF2 signaling pathway (Parmar et al., 2006). In addition, Flati et al. reported that bFGF can inhibit the activation of nuclear factor-κB and ICAM-1 elevation by inducing p38-MAPK (Flati et al., 2006). Thus, we tested KLF2 expression among the different treated groups and used the specific inhibitors BIX02159 (MEK5 inhibitor) and SB203580 (P38 inhibitor) to evaluate the individual reversions of anti-inflammatory and anti-thrombotic protections of bFGF. Similar to previous KLF2 and bFGF associated studies, we found that pretreatment with SB203580 and BIX02189 inhibitors significantly reversed the protection of bFGF on KLF2 downstream ICAM-1 and PAI-1 gene and protein reductions from the TNF-α+bFGF groups (Figures 8B–D).

This study implies three novel findings: (1) LSM collected from the new LSS system had more protective effects against TNF-α stimulated endothelial dysfunction, than traditional LSM. (2) LSS-exposed HAEC-secreted autocrine bFGF is the critical factor in the LSM that provides diverse cytoprotective effects against TNF-α-stimulated endothelial dysfunction. (3) The protective mechanism of bFGF via activation of the p38-MAPK and MEK5/ERK5-KLF2 signal pathway inhibits nuclear factor-κB downstream target genes (Figure 9). Based on previously reported variable atheroprotective effects of LSS and our in vitro and in vivo results, autocrine-type secreted bFGF is a critical protector in LSM, providing a new perspective for vascular endothelial shear stress studies.
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