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Abstract

Biodegradable zinc (Zn) metals, a new generation of biomaterials, have attracted much attention 

due to their excellent biodegradability, bioabsorbability, and adaptability to tissue regeneration. 

Compared with magnesium (Mg) and iron (Fe), Zn exhibits better corrosion and mechanical 

behaviors in orthopedic and stent applications. After implantation, Zn containing material will 

slowly degrade, and Zn ions (Zn2+) will be released to the surrounding tissue. For stent 

applications, the local Zn2+concentration near endothelial tissue/cells could be high. However, it is 

unclear how endothelia will respond to such high concentrations of Zn2+, which is pivotal to 

vascular remodeling and regeneration. Here, we evaluated the short-term cellular behaviors of 

primary human coronary artery endothelial cells (HCECs) exposed to a concentration gradient 

(0−140 μM) of extracellular Zn2+. Zn2+ had an interesting biphasic effect on cell viability, 

proliferation, spreading, and migration. Generally, low concentrations of Zn2+ promoted viability, 

proliferation, adhesion, and migration, while high concentrations of Zn2+ had opposite effects. For 

gene expression profiles, the most affected functional genes were related to cell adhesion, cell 

injury, cell growth, angiogenesis, inflammation, vessel tone, and coagulation. These results 

provide helpful information and guidance for Zn-based alloy design as well as the controlled 

release of Zn2+in stent and other related medical applications.
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INTRODUCTION

Biodegradable metals represent the next generation of promising biomaterials and scaffolds 

for orthopedic and cardiovascular implant applications. Their advantages over those of other 

permanent biomaterials include biodegradability, bioabsorbability, biocompatibility, and the 

ability to adapt to growth in young patients.1 Among the three major biodegradable metals 

(Mg, Fe, and Zn), Mg-based alloys2–9 and Fe-based alloys10–14 have been the most widely 

explored. However, rapid corrosion associated with hydrogen evolution, rapidly accumulated 

degradation products, and loss of mechanical integrity make Mg alloys fail to support the 

local tissue healing process.1 Moreover, some mechanical properties of Mg-based alloys, 

such as strength and ductility, are largely not satisfactory.15 In contrast, the main 

shortcoming for Fe-based material is too slow degradation rate in physiological 

environments, thus causing problems similar to those found in permanent implants.15

However, Zn has been widely used as an alloying element in some Mg-based alloys. 

Previous studies showed that Zn could increase corrosion resistance,16 decrease hydrogen 

evolution,17 and improve strength and ductility simultaneously.18 In addition, Zn is one of 

the most abundant essential elements in the human body, mostly in muscle and bone.19 Zn 

plays important roles in the structure and function of over 300 enzymes and other 

macromolecules.19 Therefore, it seems logical to explore Zn-based alloys as an alternative or 

perhaps a better choice based on their corrosion and mechanical and biocompatible 

properties.

Surprisingly, there were only limited studies on Zn-based alloys as implants reported in the 

literature before 2015. In one study, Zn was implanted into a Sprague–Dawley rat model to 

evaluate its suitability for stent application. Results revealed that the corrosion behavior was 

almost ideal and that within the first 4 months, Zn was degraded slowly, and the mechanical 

integrity was stably maintained. Then, corrosion was accelerated at 4.5 and 6 months.20 In 

another study, Zn–Mg alloys with various Mg content (1%–3%) were evaluated for bone 

fixation. With 1% Mg, the Zn–Mg alloy had the maximum elongation and yield strength. All 

of the Zn–Mg alloys had lower corrosion resistance compared to that of pure Zn.21 Recently, 

new studies on ultrapure Zn,22 Zn–Mg–Sr,23 and Zn-1X (X = Mg, Ca, Sr)24,25 were reported 

for their good mechanical properties, corrosion resistance, and biocompatibility. These 

studies indicated that Zn exhibited ideal corrosion behavior to match the process of wound 

healing and could be tailored to control corrosion behavior and mechanical properties for 

different medical applications.

After implantation, Zn2+ will be released from Zn-based alloys or other alloys with Zn to the 

surrounding extracellular spaces and further to the bloodstream. Zn2+ will have inevitable 

direct contact with vascular endothelial cells (ECs), and the local Zn concentration in the 

tissue could be high. Thus, the cellular responses to high extracellular Zn2+ are essential to 

the healing process as well as to evaluate the biocompatibility of these implants. 
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Furthermore, endothelialization, one of the important steps in arterial wound healing, 

determines the performance of stent materials containing Zn to a large extent.26 However, 

unfortunately little is known about the interactions between ECs and Zn2+ at the cellular and 

molecular levels to date. Therefore, we studied the comprehensive short-term cellular 

responses of ECs under the influence of Zn2+. Cell viability, cell proliferation, cell adhesion 

and spreading, cell migration, cytoskeleton reorganization, and gene expression profiles 

were explored.

EXPERIMENTAL SECTION

Zn2+ Solution Preparation

One millimolar ZnCl2 solution was prepared by dissolving ZnCl2 (Sigma-Aldrich, US) in 

deionized water. Then, the solution was filtered by a 0.22 μm filter (Fisher Scientific, US) 

and autoclaved (Harvey Sterile Max, Thermo Scientific, US). Before use, the solution was 

stored in a 4 °C refrigerator (Isotemp laboratory refrigerator, Fisher Scientific, US). The 

ZnCl2 solution was diluted by endothelial cell medium (ECM, ScienCell, US) into solutions 

with different Zn2+ concentrations. The pH of different diluted solutions were measured by 

an Education pH meter (Fisher Scientific, US). Zn ion concentration range used in this study 

was 0–150 μM according to previous work26 and our pilot experiment. The concentration of 

Zn, if over 150 μM, would be significantly toxic to cells (data not shown).

Cell Culture

Primary human coronary artery endothelial cells (HCECs) were purchased from ScienCell, 

US. The culture medium was ECM with 5% fetal bovine serum (FBS, ScienCell, US), 1% 

endothelial cell growth supplement (ECGS, ScienCell, US), and 1% penicillin/streptomycin 

solution (P/S, ScienCell, US). The cells were expanded in a 75 cm2 culture flask (Falcon, 

BD Biosciences, US), and after the cells reached 90% confluence, they were washed with 

Dulbecco's phosphate-buffered saline (DPBS, Life technologies, US) and detached with 

trypsin/EDTA solution (Life technologies, US). Then, the cell solution was centrifuged 

(Sorvall Biofuge Stratos, Thermo Electro Corporation, US), and the supernatant was 

removed. The cell pellet was resuspended, and part of the cell solutions was mixed with 

0.4% Trypan Blue Solution (Life technologies, US). Then, cell number was counted by a 

hemocytometer (Bright-Line, Hausser Scientific, US) under a microscope (EVOS FL Cell 

Imaging System, AMG, US). The cell solution was diluted into different concentrations for 

specific tests. Cells at passages of four to six were used in this study.

Cell Viability Test

The cell viability was detected by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide assay (MTT assay, Vybrant, Life technologies, US). HCECs were seeded into a 96-

well plate (Falcon, Corning, US) at the density of 5,000 cells/100 μL per well. After 24 h, 

the cell medium was replaced by fresh medium supplemented with different Zn2+ solutions. 

The plate was incubated at 37 °C, 5% CO2, and 95% relative humidity for another 24 h. The 

medium was then replaced by 100 μL of fresh medium supplemented with 10 μL of 12 mM 

MTT stock solution and incubated for 4 h at 37 °C. Next, 100 μL SDS-HCl solution was 

added to each well and mixed thoroughly. The plate was incubated at 37 °C for another 4 h. 
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After that, the absorbance was measured by a microplate reader (Molecular Devices, US) at 

570 nm. ECM with and without cells were used as positive control and negative control, 

respectively. Cell viability was calculated by the following formula:

Cell Proliferation Test

The cell proliferation was explored by a 5-bromo-2′-deoxyuridine kit (BrdU kit, Cell 

Signaling, US) according to the manufacturer's protocol. Briefly, the cells were seeded into a 

96-well plate at the density of 5,000 cells/100 μL per well and allowed to attach for 24 h. 

After that, cell medium was replaced by 100 μL of fresh medium supplemented with 

different Zn2+ solutions and incubated for 24 h. Finally, the absorbance of the plate was 

measured by a microplate reader (Molecular Devices, US) at 450 nm. ECM with and 

without cells were used as positive and negative controls. The cell proliferation was 

determined as shown below:

Cell Adhesion Test and Centrifugation Assay

HCECs were mixed with Zn2+ solutions and seeded into a 24-well plate (Falcon, Corning, 

US). The final cell density was 50,000 cells/well. Cells were incubated at 37 °C, 5% CO2, 

and 95% relative humidity for 2 or 6 h. Then, the cell medium was removed, and cells were 

washed by DPBS three times. Images of adhered cells were taken by a microscope (EVOS 

FL Cell Imaging System, AMG, US). The plate was sealed by self-sticking tape 

(Fisherbrand, Fisher Scientific, US). Then, the plate was put into the rotor inversely and 

centrifuged at 500 rpm for 5 min. Cells were washed by DPBS and fixed by 4% 

paraformaldehyde (Boston BioProducts, US). The images of adhered cells were taken by a 

microscope (EVOS FL Cell Imaging System, AMG, US) and analyzed by ImageJ (NIH, 

US). At least 10 different fields were used for calculating adhered cell density and cell 

retention ratio.

Cell Spreading Test

Cells were mixed with 60 μM or 140 μM Zn2+ solutions and seeded into 24-well plates at a 

density of 50,000 cells/well. At 0, 1, 2, 4, 6, and 8 h, cells were stained with calcein AM 

(Life technologies, US), and images were taken by a microscope (EVOS FL Cell Imaging 

System, AMG, US). Then, the images were analyzed by ImageJ (NIH, US). At least 10 

different fields were used for measuring cell area and the perimeter.

Cell Migration Test

HCECs were seeded into a 24-well plate and after a monolayer was formed, the medium was 

removed. A P200 pipet tip (Fisher Scientific, US) was used to create a scratch in the 

monolayer. Cell debris and dead cells were washed away by DPBS. Then, cells were 

Ma et al. Page 4

ACS Biomater Sci Eng. Author manuscript; available in PMC 2016 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubated with different Zn2+ solutions at 37 °C, 5% CO2, and 95% relative humidity for 6 

h. The width of the scratch was measured at 0 and 6 h by ImageJ (NIH, US). At least 10 

different points on the scratch were chosen for each concentration group to determine the 

width. Since cells migrated toward the scratch from two directions simultaneously, half of 

the width change was used in calculating cell migration rate. The average cell migration rate 

was calculated by the following formula:

Cytoskeleton Staining and Cell Morphology

Cells were seeded on cover glasses (Fisherbrand, Fisher Scientific, US) in a 24-well plate at 

a density of 50,000 cells per well and incubated for 24 h. Then, the cell medium was 

replaced with 60 μM or 140 μM Zn2+ solutions and incubated for 24 h. After that, the cell 

medium was removed, and cells were washed with DPBS three times. Then, cells were fixed 

with 4% paraformaldehyde (Boston BioProducts, US) and permeabilized with 0.1% Triton 

X-100 (Fisher Scientific, US). After washing, cells were blocked by 5% bovine serum 

albumin (BSA, Fisher Scientific, US) solution for 1 h at room temperature. Then, the 

solution was removed, and the cells were washed with DPBS three times. Next, 2 μg/mL 

recombinant rabbit monoclonal vinculin antibody solution (Life technologies, US) was 

added and incubated for 2 h at room temperature. Then, the solution was removed, and cells 

were washed with DPBS for three times. After that, 4 μg/mL Alexa Fluoro 546 goat-

antirabbit IgG solution (Life technologies, US) was added and incubated for 2 h at room 

temperature. Cells were washed with DPBS three times, and one drop of ActinGreen 488 

ReadyProbes Reagent (Life technologies, US) was added to the cover glass. The plate was 

kept at room temperature in the dark for 30 min. After that, one drop of ProLong Gold 

Antifade Mountant with DAPI (Life technologies, US) was added to a clean glass slide 

(Thermo Scientific, US), and the cover glass was inversely placed on the glass slide. The 

cover glass was sealed by CoverGrip Covership Sealant (Biotium, US). The images of 

immunostaining and cell morphology were taken by a fluorescent microscope (EVOS FL 

Cell Imaging System, AMG, US) and were analyzed by ImageJ (NIH, US). At least 20 cells 

were used for the calculation of each concentration group. The aspect ratio and circularity 

were defined as shown below:

Gene Expression Profiles

HCECs were seeded into 60 mm Petri dishes (Primaria, Corning, US) and after a monolayer 

was formed, the cell medium was replaced by ECM supplemented with 60 μM or 140 μM 

Zn2+. The ECM alone was used as a control group. The dishes were incubated for 24 h. 

Then, the cell culture medium was removed, and cells were washed with DPBS for three 
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times. The total RNA was isolated by RNeasy Mini Kit (Qiagen, US) according to the 

manufacturer's protocol. The purity and concentration of total RNA were determined by a 

spectrophotometer (Nanodrop 2000, US) at 230, 260, and 280 nm. The range of A260/A280 

was 2.03–2.06, and A260/A230 was 2.14–2.26.

Next, 500 ng total RNA was transcripted reversely into cDNA by RT2 First Strand Kit 

(Qiagen, US) following the manufacturer's protocol. RT-PCR was performed in CFX96 

Touch RT-PCR Detection System (Bio-Rad, US) using Endothelial Cell Biology Array 

(Qiagen, US). The array plate includes 84 functional genes, 5 housekeeping genes, 1 

genomic DNA control, 3 reverse transcription controls, and 3 positive PCR controls. Briefly, 

cDNA was mixed with RT2 SYBR Green Master Mix (Qiagen, US) and RNase-free water. 

In the 96-well PCR array plate, 25 μL of the mixture was added to each well. After 10 min 

of incubation at 95 °C, cDNA was amplified according to the following steps: denaturing for 

15 s at 95 °C, then annealing for 1 min at 60 °C, and 40 cycles were performed. After the 

amplification, Ct values were collected and analyzed by Bio-Rad CFX Manager 3.1 (Bio-

Rad, US). The cutoff Ct value was 35. The ΔΔCt method was used to calculate fold changes 

of gene expression.

Statistical Studies

All of the data are presented as the mean ± SD. At least three replicates were used in every 

test for each concentration group. The statistical studies were performed with Student's t test 

(Prism 5, GraphPad Software, US), and p < 0.05 was considered as significant.

RESULTS

Zn2+ Induced Biphasic Changes on Cell Viability

Addition of Zn2+ induced interesting biphasic changes on cell viability as shown in Figure 1. 

A low concentration of 20 μM, Zn2+ significantly increased cell viability, and no adverse 

effects on cell viability was observed up to 100 μM. When the concentration reached above 

100 μM, Zn2+ tended to inhibit cell viability significantly. No obvious changes in pH were 

observed in diluted Zn2+ solutions (data not shown).

Zn2+ Induced Biphasic Changes on Cell Proliferation

Similar to the cell viability test, a concentration gradient of Zn2+ was used, and Zn2+ 

induced biphasic changes on cell proliferation as well (Figure 2). At low concentrations up 

to 60 μM, Zn2+ promoted cell proliferation. When the concentration was above 80 μM, Zn2+ 

decreased the cell proliferation rate significantly.

Zn2+ Altered Cell Adhesion Property

To study the effect of Zn2+ on cell adhesion, a concentration gradient of Zn2+ was used at 

two different time points (Figure 3). At 2 h, both low and high concentrations of Zn2+ 

inhibited cell adhesion. While at 6 h, low concentrations (20–60 μM) of Zn2+ enhanced cell 

adhesion, and high concentrations (80–140 μM) of Zn2+ significantly inhibited cell 

adhesion. In addition, more cells were adhered at 6 h compared to that at 2 h (Figure 3a). 

Cell retention analysis revealed that at 6 h, less cells remained attached after centrifugation 
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at low concentrations (0–60 μM) of Zn2+. In contrast, more cells remained attached when it 

was above 80 μM (Figure 3b).

Biphasic Effect of Zn2+ on Cell Spreading

Typical low (60 μM) and typical high (140 μM) concentrations of Zn2+ with a control were 

used to investigate cell spreading for a time course up to 8 h (Figure 4). At 60 μM Zn2+, cell 

spreading was enhanced, and cells had a larger area (Figure 4a) and perimeter (Figure 4b) 

during the spreading process. In contrast, cell spreading was inhibited, and cells had a 

smaller area (Figure 4a) and perimeter (Figure 4b) at 140 μM Zn2+. Also, all cell spreading 

progressed with time and reached a plateau phase around 8 h.

Biphasic Effect of Zn2+ on Cell Migration

Cells were exposed to a concentration gradient of Zn2+. The relationship between cell 

migration rate and Zn2+ concentration was in a bell-like shape (Figure 5). Increasing Zn2+ 

concentration enhanced cell migration gradually but significantly and reached the highest 

value at 60 μM, and then started to decline. When the concentration of Zn2+ was over 100 

μM, it significantly inhibited cell migration.

Effects of Zn2+ on Cytoskeletal Reorganization and Cell Morphology

Similarly, typical low (60 μM) and typical high (140 μM) concentrations of Zn2+ with a 

control were used to investigate the cell cytoskeletal reorganization and morphology. Typical 

representative images and corresponding quantitative analysis are shown in Figure 6. Zn2+ 

reorganized actin filaments and more actin stress fibers were observed with the presence of 

Zn2+ compared to that of the control (Figure 6a). Zn2+ also altered vinculin cellular 

localization (Figure 6a). More vinculins were gathered near the nuclear region when cells 

were treated with Zn2+, while they were more evenly distributed throughout the entire cell in 

the control. In addition, 60 μM Zn2+ treatment enhanced the expression of actin filaments 

and vinculin significantly (Figure 6f and g). Cell morphology was largely dependent on Zn2+ 

concentration. In the control group, cells tended to be round in shape, while 60 μM Zn2+ 

treatment elongated the cells. Cells treated with 140 μM Zn2+ showed round but shrunken 

shape with much smaller cell area and perimeter (Figure 6b–e).

Zn2+ Altered Numerous Gene Expressions Differentially

Similar to previous experiments, typical low (60 μM) and typical high (140 μM) 

concentrations of Zn2+ with a control were used to investigate cell gene expression profiles. 

Functional genes affected most were related to cell adhesion, cell in jury, cell growth, 

angiogenesis, inflammation, vessel tone, and coagulation (Figure 7a and b). Genes ACE, 

CCL2, EDN1, HMOX1, ICAM1, MMP1, NOS3, PDGFRA, PECAM1, PF4, PLAU, PTGIS, 

SELL, SERPINE1, TNFSF10, and VWF were significantly altered by 60 μM or 140 μM 

Zn2+ (Figure 7c). Of these genes, HMOX1, ICAM1, PTGIS, and SELL had at least 2-fold 

changes in expression differentially (p < 0.01) (Figure 7d).
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DISCUSSION

Despite the popularity of biodegradable metals including Zn-based or Zn as alloying element 

for biomedical applications, there are very limited studies on the effect of Zn on endothelial 

cells. It is still unknown how Zn2+will affect the cells locally at cellular or molecular levels. 

Such information is urgently needed in order to have a better understanding and to design of 

future medical devices containing Zn. Therefore, we conducted a comprehensive evaluation 

of endothelial responses to Zn2+followed by a gene expression profile check-up. The 

differential gene expression will provide useful genetic explanations on the phenotypes 

observed under the influence of Zn2+.

We found that at low concentrations, Zn2+ had no adverse effects on cell viability, while 

Zn2+ decreased cell viability significantly if over 100 μM. Above 80 μM, Zn2+ significantly 

inhibited cell proliferation. Similar results were reported in a previous study that 15.38 μM 

Zn2+ significantly increased cell viability and proliferation of pig pulmonary artery 

endothelial cells, while at 153.8 μM, Zn2+ inhibited them significantly.27 In another study, 

no obvious adverse effect of Zn2+ on cell viability was observed when below 600 μM for rat 

aorta endothelial cells.28 Also, with the increase of concentration (0–100 μM), Zn2+ could 

induce bovine aorta endothelial cell death and increase the ratio of necrotic cells to total 

cells.29 Our findings were generally consistent with these studies to a large extent, and 

different cell types, cell passages, serum usage, and other factors might count for the 

variations.

Next, we examine the effect of Zn2+on endothelial cell mobility including adhesion, 

spreading, and migration. Cell adhesion is exerted by specialized subcellular contact sites of 

distinct structure and molecular composition (focal adhesions), formed by integrin 

associated with cytoskeleton. These sites serve as local anchors and link cells to the 

extracellular matrix.30 Universal focal adhesion constituents include integrins, talin, 

vinculin, paxillin, c-reactive protein, zyxin, proto-oncogene tyrosine-protein kinase Src, and 

focal adhesion kinase.31 In this study, four integrin-associated genes, ITGA5, ITGAV, 
ITGB1, and ITGB3 were not significantly affected. However, the significant expression of 

actin and vinculin with 60 μM Zn2+ treatment could explain the observation that Zn2+ 

promoted cell adhesion at low concentrations.

Cell spreading is accompanied by changes in the structure and composition of the 

cytoskeleton.32 In the process of cell spreading and locomotion, the assembly of early cell 

contacts to the extracellular matrix at the leading edge is driven by actin polymerization.33 

Besides the changes in cytoskeleton, cell spreading is also accompanied by cellular 

behaviors such as cell growth and differentiation.32 A previous study showed that increasing 

spreading alone was sufficient to promote proliferation, while preventing cells from 

spreading had opposite effects. This finding was related to the internal mechanical tension 

developed within the actin cytoskeleton.34 Endothelial cells proliferate more rapidly in 

growth factors containing medium as they become flatter. Growth stops when they take a 

rounded form, indicating the extent of spreading determines their ability to enter into the cell 

cycle.35 In this study, we observed the overexpression of F-actin (polymerized actin) at 60 

μM Zn2+ and decreased expression at 140 μM Zn2+, which was consistent with the cell 
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spreading results. This finding on cell spreading was also consistent with that of cell 

proliferation.

Besides cell adhesion and spreading, cell migration is another important process in 

endothelial regeneration and vascular remodeling. For example, the rapid endothelialization 

on the stent surface is very critical in preventing intimal thickening and vascular 

thrombosis.36 Usually, vascular injury triggers the proliferation and migration of endothelial 

cells, leading to re-endothelialization and repair of the injured vessel.37 It is almost universal 

that cell migration involves four steps: protrusion of the leading edge, adhesion to the 

substratum, retraction of the rear, and deadhesion.38 Therefore, optimal migration requires 

coordination between the formation of new adhesions at the cell front and subsequent 

release at the cell rear.39 Cell migration and their speed depend on several factors, such as 

ligand levels, integrin levels, and integrin-ligand binding affinities.40 In addition, increased 

integrin–ligand affinity could increase cell adhesion strength.41 In this study, integrin-related 

genes were not significantly regulated by Zn2+. However, a low concentration of Zn2+ (0–60 

μM) did decrease the adhesion strength of endothelial cells to the tissue culture plate (Figure 

3b), indicating the decreased affinity between integrins and ligands on the substrate. It might 

explain why Zn2+ at low concentrations significantly increased the cell migration rate. This 

was consistent with a common view that in order to remain motile, cells must maintain a low 

level of adhesion to ECM to allow traction, without attaching so firmly.42

Furthermore, we then investigated the effect of Zn2+on cytoskeleton. The actin cytoskeleton 

plays important roles in forming and maintaining the shape and structure of cells. The 

reorganization of cytoskeleton alters cell shape and motility.43 Several cellular processes, 

such as differentiation, growth, and apoptosis, are arbitrated by cell cytoskeletal organization 

and cell shape.44 In this study, we observed reorganized stress fibers in cells treated with 

Zn2+. The expression of stress fibers was enhanced at 60 μM but inhibited at 140 μM. These 

results were in line with cell proliferation. The actin cytoskeleton was also involved in the 

apoptosis process, and alterations of actin polymerization had profound effects not only on 

apoptosis but also on cellular morphology.45 The apoptotic process is accompanied by 

sequential cell morphology change, such as membrane blebbing, cell fragmentation, and 

apoptotic body formation.45,46 Therefore, both actin polymerization alterations and cell 

morphology changes could be used as indicators for cell apoptosis. Since depolymerization 

of F-actin occurs during apoptosis, our findings suggested that 60 μM Zn2+ could protect 

cells from apoptosis, while 140 μM Zn2+ was likely to induce apoptosis. This is in 

agreement with the notion that ECs treated by 140 μM Zn2+ tended to be more round shaped 

in cell morphology, an apoptotic indication.

Endothelial cells maintain elongated shape along the direction of blood flow when fluid 

shear stress remains high and unidirectional. Actin fibers are also reorganized to become 

aligned parallel to the direction of blood flow.47 In the atherosclerotic lesions, endothelial 

cells are more round in shape, while endothelial cells in arterial regions, largely resistant to 

atherosclerosis, are more elongated in shape.48 Elongated endothelial cells have been shown 

to have a lower inflammatory state with decreased intercellular adhesion molecule (ICAM) 

expression49 and are more active in terms of migration50,51 and proliferation.50,52 

Endothelial cells treated with 60 μM Zn2+ showed an elongated shape, in line with their 
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higher cell proliferation and migration rates. It might also suggest some antiatherosclerosis 

effects with low concentrations of Zn2+.

Finally, to help explain the phenotype or cellular behaviors observed, we examined the gene 

expression profiles using an endothelial cell biology microarray. Of 16 significantly affected 

genes, HMOX1, ICAM1, PTGIS, and SELL were at least regulated by 2-fold. The HMOX1 
gene encodes heme oxygease-1 (HO-1), which catalyzes the degradation of free heme into 

biliverdin, Fe, and monoxide. HO-1 protects tissues during inflammatory stress and 

regulates inflammatory responses through the repression of proinflammatory genes.53 One 

study showed that the function of HO-1 was mediated by the degradation products 

biliverdin, Fe, and carbon monoxide and that the three different degradation products could 

have beneficial effects alone or in combination.54 Moreover, HO-1 is an inducible enzyme, 

and its expression is elicited by inflammatory stimulants, such as cytokines, heavy metals, 

and oxidants.55 High concentration of Zn2+ at 140 μM significantly up-regulated HMOX1, 

suggesting that Zn2+ served as inflammatory simulants and induce inflammatory damage in 

this case. The beneficial effects of heme degradation products are likely to counteract the 

damage caused by stress and restore the hemostasis.54

Intercellular adhesion molecule-1 (ICAM-1), encoded by gene ICAM1, is expressed when 

endothelial cells are exposed to inflammation stimuli.56 ICAM-1 regulates the physiological 

interaction between blood leukocytes and the blood vessel wall. ICAM-1 can be up-

regulated to facilitate endothelia-leukocyte adhesion during the inflammation process.57 We 

observed the significant up-regulation of the ICAM1 gene at 140 μM Zn2+ and a slight 

down-regulation at 60 μM Zn2+. It might explain why low concentrations of Zn2+ had 

beneficial effects on inflammation, while a high concentration of Zn2+ had adverse effects. 

This is consistent with a previous study58 that the ICAM1 gene was up-regulated in human 

umbilical vein endothelial cells (HUVEC) when treated with 50 μM Zn2+ for 4 h.

The SELL gene encodes L-selectin, which is responsible for the recruitment of circulating 

leukocytes to the inflammation sites of endothelium.59 Low concentration of 60 μM Zn2+ 

significantly down-regulated the SELL gene, inhibiting the adhesion of leukocytes into 

endothelial cells. Prostaglandin-I synthase (PGIS), encoded by PTGIS gene, catalyzes 

prostaglandin H2 (PGH2) to prostacyclin (PGI2). PGI2 is a potent vasodilator and inhibitor 

of platelet aggregation.60 Decreased PGIS was observed in lungs of patients with severe 

pulmonary hypertension.61 PGI2 deficiency could lead to the development of the thickening 

of the arterial wall in a mouse model.62 In this study, PTGIS genes were up-regulated by 

Zn2+ at both 60 and 140 μM, but significance was observed only at 140 μM.

In cardiovascular stent applications, thrombogenicity, inflammation, and hyperplasia are also 

important aspects for biocompatibility evaluation of the stent materials. In this study, genes 

associated with blood coagulation including ANXA5, F2R, FAS, PF4, FAS, PLAT, PLAU, 

PROCR, SERPINE1, and THBD were examined. We found that Zn2+ at 60 μM significantly 

inhibited the expression of PF4, whereas it enhanced it at 140 μM. A previous study showed 

that both elevated PF4 gene and platelet factor 4 (encoded by PF4 gene) expression levels 

were observed in the peripheral blood cells in coronary artery disease.63 Another important 

gene, SERPINE1, was significantly up-regulated by Zn2+ at 140 μM. Plasminogen activator 
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inhibitor-1 (PAI-1, encoded by SERPINE1 gene) is a physiological inhibitor of tissue-type 

plasminogen activator and urokinase-type plasminogen activator, thus inhibiting the 

breakdown of clots. Increased expression of PAI-1 is a risk factor for thrombosis and 

atherosclerosis.64 The gene expression profiles of these two genes might indicate that low 

concentration of Zn2+ was beneficial for coronary artery disease, while high concentration of 

Zn2+ might promote thrombosis formation. The PF4 gene also plays an important role in 

inflammation. Released from locally activated platelets, platelet factor 4 can enter the vessel 

wall and promote vascular inflammation and atherogenesis.65 Therefore, Zn2+ at 60 μM 

might help reduce the inflammation risk.

The expression of HMOX1 and NOS3 in HCECs was associated with the proliferation of 

smooth muscle cells (SMCs). HMOX1 encodes HO-1 which catalyzes carbon monoxide. 

Carbon monoxide is one of the degradation products of free heme and has antiproliferative 

effects on SMCs.54 The NOS3 gene encodes nitric oxide synthase 3, responsible for 

synthesizing nitric oxide (NO). NO has been shown to inhibit platelet aggregation and SMC 

proliferation, thereby protecting against a later phase of atherogenesis.66 High concentration 

of Zn2+ at 140 μM significantly up-regulated HMOX1 while down-regulating NOS3. 

Therefore, it is hard to predict the overall effect of Zn2+ on hyperplasia (SMCs proliferation) 

from a gene expression perspective.

CONCLUSIONS

Cellular responses to Zn2+ were in a dose-dependent manner. At low concentrations, Zn2+ 

enhanced cell viability, proliferation, adhesion, spreading, migration, and F-actin and 

vinculin expression but decreased cell adhesion strength. In addition, a low concentration of 

Zn2+ altered cell morphology into an elongated shape. In contrast, high concentrations of 

Zn2+ had opposite effects. Extracellular Zn2+ concentration is tightly related to the implant 

degradation rate; therefore, a slow corrosion rate with controlled release of Zn2+ is desirable 

to keep a low concentration profile of Zn2+ in the local tissues, which is perhaps beneficial 

to endothelial cells.
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Figure 1. 
Viability of cells treated with different concentrations of Zn2+. ECs were seeded and allowed 

to attach for 24 h. Media were replaced with Zn2+ solutions, and cells were treated with 

Zn2+ for 24 h. Cell viability was detected by an MTT kit. Student's t test, * p < 0.05 and *** 

p < 0.001.
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Figure 2. 
BrdU cell proliferation assay. Cells were seeded and incubated for 24 h. Then, cells were 

treated with Zn2+ for 24 h. After that, cell proliferation was detected by a BrdU kit. Student's 

t test, * p < 0.05 and ** p < 0.01.
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Figure 3. 
Cell adhesion density and cell adhesion strength exposed to different concentrations of Zn2+. 

(a) Cell adhesion test: ECs were mixed with Zn2+ solutions and allowed to attach for 2 and 6 

h. (b) Cell adhesion strength test: ECs were mixed with Zn2+ solutions and allowed to attach 

for 6 h. After 6 h, the cell medium was replaced by DPBS. The plate were sealed and 

centrifuged at 500g for 5 min. Student's t test, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 4. 
Cell spreading at different concentrations of Zn2+. (a) Cell area. (b) Cell perimeter. Cells 

were seeded with Zn2+ solutions, and at 0, 2, 4, 6, and 8 h, cells were stained by calcein AM. 

Cell area and perimeter were analyzed by ImageJ.

Ma et al. Page 19

ACS Biomater Sci Eng. Author manuscript; available in PMC 2016 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Cell migration rate. Cells were seeded and incubated until a monolayer was formed. A p200 

pipet tip was used to create the scratch. The width of the scratch was measured at 0 and 6 h. 

Student's t test, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 6. 
Cytoskeletal reorganization and cell morphology characterization. (a) Representative images 

of immunofluorescence staining. (b) Cell area. (c) Cell perimeter. (d) Cell aspect ratio. (e) 

Cell circularity. (f) Normalized F-actin fluorescence intensity. (g) Normalized vinculin 

fluorescence intensity. Cells were seeded onto the cover glass and incubated for 24 h. Then, 

cells were fixed, permeabilized, and stained with different fluorescent colors for vinculin 

(red), actin (green), and nuclei (blue). The scale bar was 50 μm. Images were analyzed by 

ImageJ. Student's t test, * p < 0.05 and ** p < 0.01.
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Figure 7. 
Gene expression analysis of cells treated with Zn2+. Cells were seeded in Petri dishes, and 

after a monolayer was formed, cells were treated with 60 μM or 140 μM Zn2+ for 24 h. After 

that, total RNA was isolated and reversely transcripted into cDNA, and RT-PCR was 

performed. (a) The number of affected genes by 60 μM Zn2+. (b) The number of affected 

genes by 140 μM Zn2+. (c) The significantly affected genes by Zn2+. (d) The gene 

expression regulations of HMOX1, ICAM1, PTGIS, and SELL. Student's t test, # p < 0.005, 

** p < 0.01, and *** p < 0.001.
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