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Abstract

Complex patterns of hemodynamic wall shear stress occur in regions of arterial branching and 

curvature. Areas within these regions can be highly susceptible to atherosclerosis. Although 

many studies have characterized the response of vascular endothelial cells to shear stress in a 

categorical manner, our study herein addresses the need of characterizing endothelial behaviors 

over a continuous range of shear stress conditions that reflect the extensive variations seen in 

the vasculature. We evaluated the response of human umbilical vein endothelial cell monolayers 

to orbital flow at 120, 250, and 350 revolutions per minute (RPM) for 24 and 72 h. The 

orbital shaker model uniquely provides a continuous range of shear stress conditions from low 

and multidirectional at the center of each well of a culture plate to high and unidirectional at 

the periphery. We found distinct patterns of endothelial nuclear area, nuclear major and minor 

diameters, nuclear aspect ratio, and expression of endothelial nitric oxide synthase over this range 

of shear conditions and relationships were fit with linear and, where appropriate, power functions. 

Nuclear area was particularly sensitive with increases in the low and multidirectional WSS 

region that incrementally decreased as WSS became higher in magnitude and more unidirectional 

over the radius of the cell layers. The patterns of all endothelial behaviors exhibited high 

correlations (positive and negative) with metrics of shear stress magnitude and directionality 

that have been shown to strongly associate with atherosclerosis. Our findings demonstrate 

the exquisite sensitivity of these endothelial behaviors to incremental changes in shear stress 

magnitude and directionality, and provide critical quantitation of these relationships for predicting 
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the susceptibility of an arterial segment to diseases such as atherosclerosis, particularly within 

complex flow environments in the vasculature such as around bifurcations.

Graphical Abstract
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1. Introduction

Vascular endothelial cells form the inner lining of arteries and are exquisitely sensitive to 

the blood flow environment (Frueh et al., 2013). The flow of blood through the artery exerts 

a tangential mechanical load on the endothelium called a shear stress that has been shown 

to be an important regulator of phenotype (Davies et al., 2013). Wall shear stress (WSS) 

resulting from normal blood flow (i.e., flow along parallel streamlines at a physiologic mean 

velocity) promotes elongation of endothelial cells and their nuclei (Arshad et al., 2021), 

as well as the principal functions of a normal (healthy) phenotype, including regulation 

of vasodilation (Noris et al., 1995), anticoagulation properties (Frangos et al., 1985), the 

barrier function (Walsh et al., 2011), and anti-inflammatory properties (Hosoya et al., 

2005). Conversely, WSS resulting from so-called disturbed blood flow, which has a low 

magnitude and/or changing direction over the cardiac cycle, can disrupt these functions of 

the endothelium. Segments of large arteries around bifurcations and areas of high curvature, 

where disturbed blood flow is naturally present, contain a dysfunctional endothelium that 

is primed for the development of diseases such as atherosclerosis (Davies et al., 2013). 

Importantly, although arterial regions with bifurcations and curvature contain disturbed 

blood flow, they also contain normal flow. For example, flow near the inner curvature 

of a bend is low and multidirectional whereas flow near the outer portion is high and 

unidirectional. Thus, there is a continuous range of flow conditions in these vessel segments 

that promote both functional and dysfunctional endothelial phenotypes.

The same WSS magnitudes and directionality that determine the balance between a 

functional and dysfunctional endothelium are also strongly associated with the initiation and 

progression of atherosclerosis. Although many in vitro and in vivo studies have quantified 
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these associations, virtually all of them do so with a categorical approach. For example, 

in vitro studies have demonstrated that shear stress induces changes in endothelial nuclear 

morphology (Anno et al., 2012; Bond et al., 2010; Danielsson et al., 2022), which may 

play an important role in mechanotransduction by causing: adaptations of nuclear envelope 

structures (Danielsson et al., 2022), activation of stretch-sensitive ion channels on the 

nuclear membrane (Fedorchak et al., 2014), altered interactions with transcription factors 

(Mammoto et al., 2012), changes in the position of genes within the nucleus (Fedorchak 

et al., 2014), and direct conformational changes in the DNA structure (Anno et al., 2012). 

However, these and other comparable studies only evaluated three or fewer shear stress 

conditions, such as static control, low WSS (or otherwise disturbed; for example, oscillatory 

WSS), and normal WSS. Similarly, while numerous studies have investigated the flow-

sensitive nature of endothelial nitric oxide synthase (eNOS), the enzyme synthesizing NO 

and an important marker of endothelial function, virtually all of them performed these 

studies using the same three or fewer shear stress conditions (Duerrschmidt et al., 2006; Jin 

et al., 2021; Rizzo et al., 2003; Siu et al., 2016; Warboys et al., 2014; Won et al., 2007). 

This approach is consistent for nearly all in vitro studies evaluating endothelial behaviors 

under flow. Likewise, in vivo studies of the mechanobiology of atherosclerosis that have 

examined the association between local arterial regions of plaque development and the 

presence of certain WSS conditions, which are most often characterized by WSS metrics, 

also tend to group these conditions into three or fewer categories (Cheng et al., 2006; 

Samady et al., 2011; Stone et al., 2012), even though computational fluid dynamics is used 

to compute WSS over a continuous range at each point in the artery. While this categorical 

approach serves as an important tool that has uncovered many significant relationships 

between WSS, endothelial function, and atherosclerosis, there remains a need to quantify 

these relationships over a continuous range of WSS conditions (Humphrey, 2008). In 

particular, characterization of endothelial behaviors over a range of shear stresses that are 

representative of the complex flow conditions present in arterial regions around bifurcations 

and high curvature are critical for better understanding how incremental changes in shear 

stress affect endothelial function and, in turn, the susceptibility of an arterial segment to 

atherosclerosis initiation and progression to advanced plaque phenotypes. These data are 

also important for the improvement of multiscale models attempting to predict endothelial 

function and atherogenesis. They also allow quantification of metrics, such as correlation 

coefficients, that give insights into the predictive capability of mechanical biomarkers that 

cannot be obtained from categorical associations.

Therefore, in this study, we quantified two fundamental behaviors of vascular endothelial 

cells under flow, changes in nuclear morphology and expression of eNOS, over a continuous 

range of WSS conditions from low and multidirectional to high and unidirectional. We also 

demonstrate high correlations between these two behaviors and several WSS metrics that 

have previously been shown to strongly associate with atherogenesis. To do this, we used an 

orbital shaker model that uniquely provides this range of flow conditions from the center of 

each well of a culture plate to the periphery (Ghim et al., 2018; Warboys et al., 2019). We 

performed these experiments using human umbilical vein endothelial cell (HUVEC) layers 

seeded into 6-well culture plates and placed atop an orbital shaker for durations of 24 and 

72 h. Finally, we also compared the expression of several atheroprotective and atherogenic 
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genes at the center versus periphery of other endothelial cell layers subjected to orbital flow 

to further characterize endothelial phenotype in these two distinct regions.

2. Materials and Methods

2.1. Cell culture and application of orbital flow

HUVECs pooled from 10 donors (ATCC) were used for all experiments at passages 4 to 

7. A recent study comparing HUVECs to human aortic endothelial cells demonstrated very 

similar differential gene expression when exposed to disturbed versus laminar shear stress 

for several functional-relevant genes, including some of those used herein (e.g., KLF2 and 

eNOS) (Maurya et al., 2021). Also, obtaining vascular endothelial cells from pooled donors 

reduced the biological variability that can exist between donors.

Cells were maintained with vascular cell basal medium, supplemented with endothelial 

cell growth kit-BBE (ATCC) and 0.1% Penicillin-Streptomycin-Amphotericin B Solution 

(ATCC) within a humidified incubator at 37°C and 5% CO2, according to the supplier’s 

protocol. For experiments, cells were seeded into 6-well glass-bottomed culture plates 

(Cellvis) coated with rat tail type I collagen (Corning) at a density of 40,000 cells/cm2 (the 

density at confluence). Cells were visually inspected with a light microscope immediately 

before and after each experiment to ensure confluence and a healthy appearance (Figures 

A.1 and A.2, Appendix A). Experiments were run one day after seeding with 2.41 ml of 

media per well to give an average medium height of 2.5 mm. In each experiment, well plates 

were either subjected to orbital flow or maintained under static conditions, as a control, for 

24 or 72 h. Control cell layers were seeded at the same time as cell layers exposed to orbital 

flow for every experiment. Orbital flow was induced by placing the well plate atop an orbital 

shaker (Grant Instruments), which moves the plate in a horizontal circular orbit of 5 mm 

radius at 120, 250, or 350 RPM within a humidified incubator at 37°C and 5% CO2.

2.2. Immunostaining, imaging, and analysis

After exposure to orbital flow, cells were immediately covered with 4% paraformaldehyde 

in PBS for 10 mins and then stained for nuclei and eNOS. Briefly, cells were permeabilized 

with 0.1% Triton X100 in PBS for 15 mins and incubated with blocking buffer (1% w/v 

bovine serum albumin, 22.52 mg/ml glycine, in PBST) for 30 mins to reduce nonspecific 

binding. Cell layers were then incubated with mouse anti-eNOS primary antibody (ab76198, 

Abcam) at 1:100 overnight at 4°C and Alexa Fluor 488-labelled secondary antibody 

(ab150117, Abcam) at 1:700 for 1 h at room temperature. Cells were incubated with 10 μM 

DAPI nuclear stain (ab228549, Abcam) for 2 min. All antibodies were diluted in blocking 

buffer and incubation steps were conducted on a rocker for even distribution.

After staining, cell layers were imaged with a Zeiss LSM 800 confocal microscope using a 

10x objective. The eNOS stain was excited at 488 nm and its emission was recorded at 489–

585 nm, whereas DAPI was excited at 405 nm and its emission was recorded at 406–500 

nm. All confocal settings were kept constant over all cell layers. A tile scan of 30×2 TIFF 

images, each with 1024×1024 pixels, was taken to capture the cells from the center to the 

periphery of each well (the outer edge of the last image taken was ~0.5 mm from the wall 
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of the well). Data reduction was performed for both nuclear morphology (from DAPI) and 

eNOS by averaging the imaging data over the two rows (to create a 30×1) and then over 

sets of four images along the radius of each well, excluding the ends (center and periphery), 

which were not averaged with surrounding images. This created a final data matrix of 9×1. 

The locations of these data points are 0, 1.4, 3.7, 6.0, 8.3, 10.6, 12.9, 15.2, and 16.7 mm 

from the center of the well. The endpoints (0 and 16.7 mm) are each from a single image so 

represent the data in a radial span of ±0.3 mm, whereas the other points represent data from 

four images which equates to a radial span of ±1.2 mm. This final data matrix for each data 

set was used for all immunostaining–related analyses. For statistical comparisons over the 

well radius, the central one third of the radius of each cell layer (first three data points) and, 

separately, peripheral one third of the radius of each cell layer (last three data points) were 

averaged and used to compare each orbital velocity to static controls.

Images of the DAPI stain were automatically processed to quantify nuclear area, major 

diameter, minor diameter, and aspect ratio using a custom script in ImageJ (Schneider 

et al., 2012). The major and minor diameters were obtained by ImageJ using a best-fit 

ellipse and the ratio of these diameters was taken as the aspect ratio. This script also 

employed a color threshold to identify nuclei and removed any nuclei that were outside of a 

prescribed range of pixel areas of 300 to 800 pixels and circularity of 0.6 to 1.0 (determined 

manually, to avoid counting clustered nuclei). In a typical 10x image, these metrics of 

nuclear morphology were obtained from over 200 nuclei. To acquire an accurate estimate of 

the number of cells per image, DAPI images were also processed using a custom program in 

MATLAB. These images were binarized (i.e., pixels within the nuclei were assigned a value 

of 1 and pixels outside of nuclei were assigned a value of 0), followed by morphological 

closing to remove holes in the DAPI signal and then an operation was performed to remove 

objects (i.e., noise) below a threshold pixel area that was determined manually (and held 

constant for all images). The DAPI-positive pixels were then summed over each image 

and divided by the mean number of pixels per nucleus (i.e., nuclear area) for that image 

obtained from ImageJ to estimate the number of cells in the image. This approach avoids 

the artifacts resulting from nuclei that are clustered or only partially visible at the image 

periphery. The intensity of the eNOS stain within each image was also quantified using this 

MATLAB program by converting these images to greyscale and summing the pixel values 

(which ranged from 0 to 255) over the entire image. For each image, the sum of eNOS 

intensity was normalized by the number of cells to obtain the average eNOS per cell. Finally, 

both nuclear area and eNOS at each radial location of all cell layers are reported relative 

to their average value at each radial location of the static controls seeded at the time of 

each experiment. The individual controls are also divided by their mean to show variability 

and they are pooled together from all experiments for statistical comparisons. This approach 

accounts for slight variabilities due to spatial position within each well, passages, and cell 

lines. For completeness, each biological readout as a function of well position is also given 

in absolute units in Appendix B.

2.3. RT-qPCR

RT-qPCR was used to evaluate the expression of three atheroprotective genes and 

three atherogenic genes to substantiate the immunohistochemical findings of different 
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endothelial behaviors in the low and multidirectional WSS region versus the high and 

unidirectional WSS region under orbital flow. The atheroprotective genes were eNOS, 

thrombomodulin (THBD), and Kruppel-like factor-2 (KLF-2), whereas the atherogenic 

genes were endothelin-1 (ET-1), connective tissue growth factor (CTGF), and caveolin-1 

(CAV1). These genes were chosen because they are important markers of endothelial 

function and have been shown to be highly sensitive to shear stress (Fledderus et al., 2008; 

Frueh et al., 2013; McCormick et al., 2001; Peghaire et al., 2019). At the end of each 

experiment, total ribonucleic acid (RNA) was obtained from cell layers at both the inner 

portion of the well (<9 mm radius) and the outer portion of the well (11.8–17.4 mm radially 

from the center). To do this, we designed a custom device that contained six masks, one for 

each well, and fabricated it using a 3-D printer (Stratasys Objet 500 Connex3 3D printer) 

(Figure 1).

The device was printed with VeroClear™ and each mask had a channel at the bottom 

that was fitted with a silicone gasket (McMaster-Carr) to create a seal with the bottom 

of the culture plate. This seal was improved by tightening screws on the outer portion of 

the device to a base plate. Using this device, cells from each region of each well of the 

culture plate were lysed with RLT cell lysis buffer (QIAGEN) and vortexed for 30 seconds. 

RNA was isolated using an RNeasy Micro Kit (QIAGEN). mRNA quality was assessed by 

measuring the 260/280 absorbance with a Take3 plate on a Cytation 5 plate reader (BioTek); 

ratios between 1.95 and 2.05 indicated an acceptable purity (Okamoto and Okabe, 2000). 

Reverse transcription (RT) was done with an iScript kit (Bio-Rad) converting 800 ng of 

RNA with a MiniAmp Thermal Cycler (Applied Biosystems). Primers were designed (Table 

A.1, Appendix A) and efficiencies tested with loading conditions from 500 pg/μl to 500 fg/μl 

of cDNA, assuming a 1:1 RT conversion from RNA, where efficiencies between 90–110% 

were considered acceptable. PCR was run following the manufactures protocol, using 40 

pg/μl in triplicate with SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) and a 

QuantStudio 3 Real-Time PCR System (Applied Biosystems).

Data were analyzed with the delta-delta Ct method. Briefly, this approach computes the 

amount of gene expression by normalizing to a reference gene, HPRT-1 (ΔCt), and then 

taking the difference in this value relative to the mean ΔCt value of the static control cell 

layers (ΔΔCt). The negative of this final value is then taken as the exponent to base 2 

(2−ΔΔCt) to express fold changes in expression. Note that the reference is 1 (i.e., 20 = 1).

2.4. Computational fluid dynamics and wall shear stress metrics

These methods have been described previously (Ghim et al., 2018). Briefly, the commercial 

computational fluid dynamics (CFD) package Star CCM+ (version 11.02.009, CD-Adapco, 

USA) was used for all flow simulations. A single well of a 6-well plate was represented as 

a cylinder with a height of 10 mm and radius of 17.4 mm. The culture medium had a height 

of 2.5 mm at rest and the remaining space was filled with air. The geometry was discretized 

using a structured cylindrical mesh with 360,000 grid elements. The explicit unsteady model 

was used. A no-slip condition was imposed at all walls and surface tension was neglected. 

The top surface of the cylinder was defined as a pressure outlet. The dynamic viscosity and 

density of the medium were 0.78 mPa.s and 1003 kg/m3, respectively, whereas the dynamic 
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viscosity and density of air were 0.0187 mPa.s and 1.1115 kg/m3. The rotation of the well 

was modelled by introducing an acceleration given by:

Aω2 cos ωt , Aω2 sin ωt , − 9.81 (1)

where A is the orbital radius of the shaker, ω is the angular velocity, and t is time. All 

three orbital velocities used in the cell experiments were simulated: 120, 250, and 350 RPM 

(Figure 2A). These were chosen to provide a broad physiologic range of WSS conditions; 

for example, the maximum time-averaged WSS (TAWSS) over the three orbital velocities 

was 0.48, 1.89, and 2.97 Pa, respectively, which represents low, average (or normal), and 

moderately high values in human arteries (Gijsen et al., 2019). The primary output was the 

instantaneous WSS vector at each element on the base of the well at each time increment 

over one complete revolution. Maximum WSS was used to assess convergence. A mesh 

independence study was performed using 720,000 grid elements, and no difference was 

observed.

The instantaneous WSS vectors were used to calculate four WSS metrics using a 

custom program in MATLAB, as previously described (Arshad et al., 2021). Two of 

these WSS metrics related to magnitude, TAWSS and the magnitude of the mean WSS 

(MagMeanWSS), and two of them related to directionality, the oscillatory shear index 

(OSI) and the transverse WSS (TransWSS) (Figure 2B–E). TAWSS is the average of 

the magnitudes of the instantaneous WSS vectors over one cycle of the shaker, while 

MagMeanWSS is the magnitude of the average WSS vector over one cycle. OSI quantifies 

the instantaneous WSS vectors that do not align with the mean WSS vector, which includes 

the degree of back-and-forth (uniaxial) flow, over one cycle, while TransWSS is the 

magnitude of the components of the instantaneous WSS vectors that are perpendicular to 

the mean WSS direction, averaged over one cycle (Ghim et al., 2018). Since TransWSS does 

not quantify uniaxial oscillatory flow, it is complementary to OSI.

2.5. Statistics and curve fitting

All statistical tests were performed in Minitab. Quantities are reported as mean ± standard 

deviation (SD). If the data were normally distributed (determined by a Shapiro-Wilks test), 

group comparisons were performed using a one-way analysis of variance (ANOVA) and 

pairwise comparisons, including those post-hoc of the ANOVA, were performed using a 

two-tailed t-test. Otherwise, a Kruskill-Wallis test (group comparisons) and Mann-Whitney 

U test (pairwise comparisons) were used. For these tests, multiple comparisons were 

accounted for using a Bonferroni-Holm correction method. To quantify trends in the 

mechanical dose-response curves (i.e., each endothelial behavior as a function of each WSS 

metric), data were fit to a line and, where applicable, a power function using a linear and 

nonlinear regression, respectively, in MATLAB. The linear and power functions are given as

EC Beℎavior = a * WSS metric + b (2)

and
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EC Beℎavior = a * WSS metric b + c, (3)

respectively, where a, b, and c are the constants being fit by regression (reported in 

Table A.2 and A.3). A Spearman’s rank correlation coefficient (ρ) was also computed 

to quantify the strength of the linear relationship. The qualitative interpretation of the 

calculated coefficient (e.g., very high, high, moderate, etc.) was done following previous 

work (Mukaka, 2012). For correlations, multiple comparisons were accounted for using a 

Bonferroni correction method. All corrections for multiple comparisons were implemented 

as an adjustment of the calculated p-value through multiplying by the ratio of 0.05 to the 

adjusted alpha value. An adjusted p-value of less than 0.05 was considered statistically 

significant. Values are indicated as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

3. Results

3.1. Endothelial nuclear morphology as a function of wall shear stress condition

Endothelial nuclear area and aspect ratio were highly dependent on the angular velocity of 

the orbital shaker (Figure 3). At 24 h, nuclear area (relative to controls) in the central one 

third of the radius of cell layers exhibited no significant difference from controls (1.00±0.02) 

at either 120 or 250 RPM, but in the peripheral one third of the radius of cell layers nuclear 

area was significantly decreased from controls (1.00±0.01) under all three orbital velocities 

with values of 0.94±0.02 at 120 RPM (p=0.0002), 0.89±0.03 at 250 RPM (p=0.0004), and 

0.85±0.01 at 350 RPM (p<0.0001) (Figure 3B). Note that 350 RPM could only be assessed 

at the periphery of cell layers due to the central portion being nearly devoid of medium (i.e., 

centripetal acceleration moved the medium to the periphery). At 72 h, there were significant 

changes in both the central and peripheral regions of cell layers subjected to orbital flow. 

In the central one third of cell layers, nuclear area significantly increased from controls 

(1.00±0.03) with values of 1.03±0.01 at 120 RPM (p=0.03) and 1.05±0.02 at 250 RPM 

(p=0.004). In the peripheral one third of cell layers, nuclear area significantly decreased 

from controls (1.00±0.02) with values of 0.95±0.02 at 120 RPM (p=0.0007), 0.94±0.01 at 

250 RPM (p<0.0001), and 0.90±0.01 at 350 RPM (p<0.0001) (Figure 3C).

The nuclear aspect ratio at these angular velocities showed a roughly inverse trend to 

area (note that aspect ratios are reported as raw values, not relative to controls). At 24 h, 

there was no statistical difference in the mean aspect ratio between the cell layers under 

orbital flow versus static controls, except at 350 RPM, where nuclear aspect ratios were 

significantly lower (Figure 3D). At 72 h, the central one third of cell layers under 250 

RPM exhibited an aspect ratio of 1.51±0.01, which was significantly lower than that seen 

in control cell layers of 1.54±0.01 (p=0.005). The peripheral one third of cell layers at 

both 250 and 350 RPM also showed significant differences from control cell layers with 

increased aspect ratios of 1.62±0.02 (p<0.0001) and 1.68±0.02 (p<0.0001), respectively, 

versus 1.55±0.02 in controls (Figure 3E).

We also evaluated nuclear major and minor diameters to better understand the changes 

in nuclear area and aspect ratio over time. Interestingly, the major diameter exhibited the 

same shortening trends across the three orbital velocities as nuclear area at 24 h, but then 
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re-elongated at 72 h, whereas the minor diameter exhibited a similar degree of shortening 

between 24 h and 72 h (Figure 4). This explains why the nuclear aspect ratio was only 

significantly increased at the periphery of cell layers under 250 and 350 RPM at 24 h, but 

not 72 h, despite clear changes (decreases) in nuclear area at 24 h. Note that nuclear area, 

major diameter, and minor diameter all showed nearly identical trends when evaluated in 

absolute units (Figure B.1, Appendix B).

We next evaluated how shear stress magnitude and directionality separately associated with 

nuclear area and aspect ratio. Nuclear area exhibited strong correlations with some of the 

WSS metrics. TAWSS showed moderate negative correlations with nuclear area of −0.60 at 

24 h (p=0.02) and −0.48 at 72 h (p=0.12) (Figure 5A–B), while MagMeanWSS exhibited 

high negative correlations of −0.83 at 24 h (p<0.0001) and −0.74 at 72 h (p=0.0007) 

(Figure 5C–D). Both metrics appeared to exhibit a nonlinear relationship with nuclear 

area that was better fit with a power function. OSI also exhibited strong correlations 

with nuclear area with a high positive correlation of 0.88 at 24 h (p<0.0001) and 0.80 

at 72 h (p<0.0001) (Figure 5E–F). TransWSS over the radius of each culture plate well 

was inconsistent between orbital velocities, so did not allow for meaningful evaluation of 

correlations when all orbital velocities were combined (Figure B.2). Thus, we evaluated the 

correlation between nuclear area and this metric at 250 RPM only. At this orbital velocity, 

TransWSS exhibited similar patterns as OSI with a very high positive correlation of 0.97 

at 24 h (p=0.0002) and a high correlation of 0.80 at 72 h (p=0.01) (Figure 5G–H). Similar 

correlative trends were observed with the nuclear major and minor diameters, although the 

minor diameter had the strongest trends, particularly at 72 h where the major diameter 

re-elongated towards values seen in the controls and thus lost significant correlations with 

the shear metrics (Figures B.3–B.4).

Nuclear aspect ratio exhibited strong correlations with the WSS metrics at 72 h, but not 

24 h (Figure 6). Because cells exposed to 120 RPM exhibited no statistical difference in 

nuclear aspect ratio from controls at any point along the radius of the cell layers, these data 

were removed from the correlation calculations. Nuclear aspect ratio in the remaining cell 

layers at 72 h exhibited a high positive correlation with TAWSS (ρ=0.83, p=0.007) (Figure 

6B), a very high positive correlation with MagMeanWSS (ρ=0.90, p<0.0001) (Figure 6D), 

a high negative correlation with OSI (ρ=−0.81, p=0.009) (Figure 6F), and a high negative 

correlation with TransWSS at 250 RPM (ρ=−0.87, p=0.005) (Figure 6H).

3.2. Endothelial expression of eNOS as a function of wall shear stress condition

Endothelial expression of eNOS was also dependent on the angular velocity of the orbital 

shaker (Figure 7). Quantifying the fluorescence intensity relative to the mean eNOS of 

the static condition (control) at 24 h demonstrated no statistical difference for any orbital 

velocity over the central one third of cell layers, where disturbed flow is present. At 120 

RPM, cells exhibited no significant change in eNOS across the entire radius of the cell 

layers (mean eNOS was 0.95±0.21 versus 1.00±0.15 in the controls). In contrast, the 

peripheral one third of cell layers under 250 and 350 RPM demonstrated significantly 

increased eNOS with mean values of 1.85±0.32 (p=0.002) and 2.19±0.15 (p<0.0001), 

respectively (Figure 7B). The trends at 72 h were very similar to 24 h, although eNOS in the 

Sahni et al. Page 9

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



central one third of cell layers at 250 RPM was significantly elevated compared to controls 

with a mean value of 1.24±0.11 versus 1.00±0.18 (p=0.02). In the peripheral one third of 

cell layers, eNOS significantly increased to 1.49±0.15 (p=0.0004) and 2.49±0.08 (p=0.009) 

at 250 and 350 RPM, respectively (Figure 7C). Interestingly, in this region, cell layers under 

120 RPM exhibited a decrease in eNOS with a mean value of 0.84±0.16, although this value 

was not significantly different from the controls (p=0.09). eNOS showed nearly identical 

trends when plotted in absolute units (Figure B.5).

The expression of eNOS also correlated well with the shear metrics. TAWSS showed a 

very high positive correlation with eNOS of 0.86 at 24 h (p<0.0001) and a high correlation 

of 0.76 at 72 h (p=0.0003) (Figure 8A–B). MagMeanWSS also showed a high positive 

correlation with eNOS of 0.72 at 24 h (p=0.001), but only a low (non-significant) correlation 

of 0.48 at 72 h (p=0.12) (Figure 8C–D). The two WSS metrics of directionality, OSI and 

TransWSS, also showed significant correlations with eNOS at 24 h, but not 72 h. OSI 

showed a moderate negative correlation with eNOS of −0.59 at 24 h (p=0.02), but a low 

(non-significant) negative correlation of −0.33 at 72 h (p=0.58) (Figure 8E–F). Interestingly, 

OSI also exhibited a clear nonlinear relationship with eNOS that was well fit with a power 

function. TransWSS at 250 RPM exhibited a very similar trend with eNOS as OSI with 

a high negative correlation of −0.72 at 24 h (p=0.04) and a low (non-significant) negative 

correlation of −0.37 at 72 h (p=0.34) (Figure 8G–H).

The correlation analysis was also done for nuclear area, nuclear aspect ratio, and eNOS 

using the data from 250 RPM only (Figures B.6–B.8).

3.3. Changes in endothelial gene expression between the low and multidirectional 
compared to high and unidirectional wall shear stress conditions

We also performed RT-qPCR to assess the expression of three atheroprotective genes, 

including the gene that codes for eNOS, and three atherogenic genes. The expression of each 

gene was normalized by one housekeeping gene (HPRT-1) and reported relative to the static 

condition (using the 2−ΔΔCt method) for endothelial cell layers exposed to orbital flow at 

120 and 250 RPM for both durations, 24 and 72 h. Gene expression was evaluated at the 

center and periphery of the cell layers to better characterize endothelial phenotype under the 

different flow conditions in these two regions (Figure 9A). At 250 RPM for 24 h, there was 

a statistically significant increase in eNOS (2.02±0.40 versus 4.93±1.18, p=0.02), THBD 
(4.88±1.57 versus 22.16±5.2, p=0.01), and KLF-2 (10.38±2.25 versus 22.95±4.80, p=0.01) 

from the center to the periphery of the cell layers, while there was a significant decrease in 

ET-1 (1.66±0.67 versus 0.24±0.09, p=0.02), CTGF (1.10±0.26 versus 0.36±0.11, p=0.01), 

and CAV1 (1.08±0.19 versus 0.72±0.06, p=0.02) (Figure 9B). Similar results were seen at 

250 RPM for 72 h (Figure 9C). In contrast, endothelial cells exposed to orbital flow at 120 

RPM for 24 h showed no significant differences in the expression of any genes at the center 

versus periphery (Figure 9D). At 72 h, all three atherogenic genes were statistically higher 

at the center versus the periphery of the cell layers: ET-1 (1.45±0.17 versus 0.49±0.16, 

p=0.0002), CTGF (1.26±0.26 versus 0.47±0.15, p=0.04), and CAV1 (1.59±0.26 versus 

0.67±0.21, p=0.002) (Figure 9E).
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4. Discussion

In this study, we evaluated nuclear morphology and eNOS expression within endothelial 

cell layers over a range of WSS characteristics from low and multidirectional to high and 

unidirectional using an established orbital shaker model (Ghim et al., 2018; Warboys et al., 

2019). To our knowledge, this study is the first to characterize changes in these fundamental 

endothelial behaviors over a range of WSS conditions that are similar to those found around 

bifurcations and the inner curvature of highly curving arteries, including with a similar range 

of WSS magnitudes (e.g., TAWSS ranged from 0.07 to 3 Pa) and directionality (e.g., OSI 

ranged from 0.01 to 0.5). We also demonstrated high correlations (positive and negative) 

between these endothelial behaviors and WSS metrics of magnitude and directionality, 

which indicated a strong ability of these metrics to predict endothelial function. The best-

fit parameters for linear and, in some cases, nonlinear (power) functions were reported 

to quantify these mechanical dose response curves, which can be used in models of 

endothelial function. Although all endothelial behaviors exhibited strong associations with 

WSS, nuclear area exhibited particular sensitivity with incremental increases from controls 

in the low and multidirectional WSS region and decreases in a stepwise fashion as WSS 

became higher in magnitude and more unidirectional over the radius of the culture plate 

wells. While these changes were subtle, they were clearly distinct with very low standard 

deviations (<4% of the mean). Interestingly, nuclear aspect ratio showed no significant 

increases from controls at 24 h, despite changes in nuclear area, whereas at 72 h cell layers 

under both 250 and 350 RPM exhibited significant increases. This result stemmed from the 

occurrence of similar decreases in the major and minor diameters of the nuclei at 24 h, 

causing no change in aspect ratio, but a recovery of the major diameter at 72 h while the 

minor diameter remained shortened. These differences over time suggest that the endothelial 

cells had not fully adapted to the flow by 24 h. If reorientation was incomplete, the cells 

would have experienced WSS at a different angle relative to their long axis at 24 h versus 

72 h, which may explain the differences in eNOS protein expression, nuclear area, and gene 

expression observed between the two time points.

Endothelial expression of eNOS also exhibited strong sensitivity to WSS and high 

correlations with the WSS metrics, though it did not appear to be as sensitive as nuclear 

area, particularly at 120 RPM where little change was observed over the radius of the culture 

plate wells. Interestingly, eNOS appeared unresponsive to changes in OSI at 120 RPM (i.e., 

it did not exhibit the inverse relationship seen at higher orbital velocities), which suggests 

that WSS directionality may not influence this principal endothelial function below a certain 

threshold of magnitude (the maximum TAWSS at 120 RPM was 0.48 Pa). This finding 

aligns with our RT-qPCR data at 120 RPM showing no differences in the expression of 

atheroprotective genes at the periphery versus the center of endothelial cell layers at either 

time point (only the atherogenic genes were statistically different at 72 h). In contrast to 

120 RPM, endothelial cell layers exposed to 250 RPM exhibited distinct phenotypes at 

the periphery versus the center with significant increases in the atheroprotective genes and 

decreases in the atherogenic genes.

These findings of high correlations between markers of endothelial function (eNOS and 

nuclear morphology) and WSS metrics demonstrate the sensitivity of the endothelium to 
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incremental changes in WSS over a range of conditions, which may help predict arterial 

function and dysfunction. In addition, these findings suggest that the susceptibility of an 

arterial segment to atherosclerosis has a similar level of high sensitivity to the blood flow 

condition that may be important in determining progression to different plaque phenotypes. 

Indeed, studies in patients have demonstrated strong associations between different plaque 

types and WSS conditions, including low WSS magnitude (Stone et al., 2018; Stone et 

al., 2012) and large changes in WSS direction over the cardiac cycle (Kok et al., 2019; 

Timmins et al., 2017). These same WSS conditions have also been shown to associate with 

the development of atherosclerosis in hypercholesterolemic animal models (Chatzizisis et 

al., 2011; Hoogendoorn et al., 2020; Mohamied et al., 2015; Peiffer et al., 2013), including 

those that have been instrumented with a blood flow-modifying device around or within 

a target artery (e.g., carotid and coronary arteries) to demonstrate causal relationships 

between WSS conditions and atherosclerosis initiation and progression to different plaque 

types (Cheng et al., 2006; Miller et al., 2021; Pedrigi et al., 2016; Pedrigi et al., 2015). 

Despite these strong associations reported previously, there is a need to continue to refine 

our understanding of these relationships for the further development of reliable prognostic 

indictors of plaque progression and models seeking to predict such pathological processes. 

Quantifying endothelial behaviors over a range of shear stress conditions is an important 

aspect of improving such predictive tools.
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Figure 1. 
Custom 3-D printed mask used to separate the center and periphery of each well of a culture 

plate for extraction of RNA. (A) The entire mask attached (via screws at the midpoint) 

to a baseplate that secured it to a 6-well culture plate. (B) Top view of an example well 

with dye-colored water to illustrate the efficacy of the mask in separating the solution in 

the central portion (orange) from the outer portion (green). (C) Underside of one well (and 

partial of another) showing the separation of the two regions via a silicon gasket (arrows).
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Figure 2. 
CFD simulations of swirling medium and associated shear stress metrics in a culture plate 

well under orbital flow. (A) Simulations at 120, 250, and 350 RPM where color map 

and scale bar indicate fluid height. (B-E) Shear metrics calculated from the center to 

periphery of the well in each CFD model at each angular velocity, including (B) TAWSS, 

(C) MagMeanWSS, (D) OSI, and (E) TransWSS.
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Figure 3. 
Endothelial nuclear morphology under orbital flow as a function of radial position in the 

well. (A) Confocal tile scans of DAPI from the center to the periphery of a representative 

cell layer after orbital flow at 250 and 0 (static control) RPM for 72 h with representative 

high magnification images at selected locations. (B-C) Plots of nuclear area relative to the 

mean of static controls over the radius of each well from center to periphery at (B) 24 h 

and (C) 72 h. (D-E) Plots of nuclear aspect ratio over the radius of each well from center 

to periphery at (D) 24 h and (E) 72 h. Data from controls (0 RPM) are shown at the exact 

well position, whereas other data are slightly staggered to improve clarity. The n refers to 

the number of cell layers assessed for each orbital velocity (in RPM). Data are mean ± SD. 

*Indicates statistically significant difference (p<0.05) compared to static controls.
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Figure 4. 
Endothelial nuclear major and minor diameters under orbital flow as a function of radial 

position in the well. (A-B) Plots of nuclear major diameter relative to the mean of static 

controls over the radius of each well from center to periphery at (A) 24 h and (B) 72 h. 

(C-D) Plots of nuclear minor diameter over the radius of each well from center to periphery 

at (C) 24 h and (D) 72 h. Data from controls (0 RPM) are shown at the exact well position, 

whereas other data are slightly staggered to improve clarity. The n refers to the number of 

cell layers assessed for each orbital velocity (in RPM). Data are mean ± SD. *Indicates a 

statistically significant difference (p<0.05) compared to static controls.
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Figure 5. 
Endothelial nuclear area as a function of the WSS metrics. (A-H) Plots of nuclear area 

(relative to the mean of static controls) versus each WSS metric, including (A-B) TAWSS, 

(C-D) MagMeanWSS, (E-F) OSI, and (G-H) TransWSS at (column 1) 24 h and (column 

2) 72 h. Data points were averaged over all cell layers (indicated by n) for each orbital 

velocity (120, 250, and 350 RPM) at each duration and radial position in the well (multiple 

data points for an orbital velocity represent the multiple radial locations assessed for the cell 

layers; TransWSS was only assessed at 250 RPM due to inconsistencies in the data between 

orbital velocities). The black line represents a best-fit line (solid) and, in some cases, power 

(dashed) function across all data points to visualize the trend. The Spearman’s correlation 
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coefficient (ρ) and associated p-value are given for each plot. *p<0.05 is considered 

statistically significant.
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Figure 6. 
Endothelial nuclear aspect ratio as a function of the WSS metrics. (A-H) Plots of nuclear 

aspect ratio versus each WSS metric, including (A-B) TAWSS, (C-D) MagMeanWSS, 

(E-F) OSI, and (G-H) TransWSS at (column 1) 24 h and (column 2) 72 h. Data points 

were averaged over all cell layers (indicated by n) for each orbital velocity (250 and 350 

RPM) at each duration and radial position in the well (multiple data points for an orbital 

velocity represent the multiple radial locations assessed for the cell layers; TransWSS was 

only assessed at 250 RPM due to inconsistencies in the data between orbital velocities). 

The black line represents a linear regression of all data points to visualize the trend. 

The Spearman’s correlation coefficient (ρ) and associated p-value are given for each plot. 

*p<0.05 is considered statistically significant.
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Figure 7. 
Endothelial expression of eNOS under orbital flow as a function of radial position in the 

well. (A) Confocal tile scans of eNOS from the center to the periphery of a representative 

cell layer after orbital flow at 250 and 0 (static control) RPM for 72 h with representative 

high magnification images at selected locations. (B-C) Plots of eNOS relative to the mean 

of static controls over the radius of each well from center to periphery at (B) 24 h and (C) 

72 h. Data from controls (0 RPM) are shown at the exact well position, whereas other data 

are slightly staggered to improve clarity. The n refers to the number of cell layers assessed 

for each orbital velocity (in RPM). Data are mean ± SD. *Indicates statistically significant 

difference (p<0.05) compared to static controls.
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Figure 8. 
Endothelial eNOS expression as a function of the WSS metrics. (A-H) Plots of eNOS 

(relative to the mean of static controls) versus each WSS metric, including (A-B) TAWSS, 

(C-D) MagMeanWSS, (E-F) OSI, and (G-H) TransWSS at (column 1) 24 h and (column 

2) 72 h. Data points were averaged over all cell layers (indicated by n) for each orbital 

velocity (120, 250, and 350 RPM) at each duration and radial position in the well (multiple 

data points for an orbital velocity represent the multiple radial locations assessed for the cell 

layers; TransWSS was only assessed at 250 RPM due to inconsistencies in the data between 

orbital velocities). The black line represents a best-fit line (solid) and, in some cases, power 

(dashed) function across all data points to visualize the trend. The Spearman’s correlation 
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coefficient (ρ) and associated p-value are given for each plot. *p<0.05 is considered 

statistically significant.
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Figure 9. 
Expression of atheroprotective and atherogenic genes at the center and periphery of 

endothelial cell layers under orbital flow as assessed by RT-qPCR. (A) Shear metric patterns 

at 250 (solid line) and 120 (dotted line) RPM in the center and periphery regions of each 

well where RNA was extracted. Gene expression at the center (grey bars) and periphery 

(white bars) of wells under orbital flow for (B) 24 h at 250 RPM, (C) 72 h at 250 RPM, (D) 

24 h at 120 RPM, and (E) 72 h at 120 RPM. Data are mean ± SD and averaged over n=5 cell 

layers per condition. *p<0.05 is considered statistically significant. Note, the y-axis is scaled 
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differently for the atheroprotective and atherogenic genes to better show differences between 

center and periphery for all genes.
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