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Abstract 

Within the vascular system, endothelial cells (ECs) are exposed to fluid shear stress (FSS), a 
mechanical force exerted by blood flow that is critical for regulating cellular tension and maintaining 
vascular homeostasis. The way ECs react to FSS varies significantly; while high, laminar FSS 
supports vasodilation and suppresses inflammation, low or disturbed FSS can lead to endothelial 
dysfunction and increase the risk of cardiovascular diseases. Yet, the adaptation of ECs to 
dynamically varying FSS remains poorly understood. This study focuses on the dynamic responses of 
ECs to brief periods of low FSS, examining its impact on endothelial traction—a measure of cellular 
tension that plays a crucial role in how endothelial cells respond to mechanical stimuli. By integrating 
traction force microscopy (TFM) with a custom-built flow chamber, we analyzed how human 
umbilical vein endothelial cells (HUVECs) adjust their traction in response to shifts from low to high 
shear stress. We discovered that initial exposure to low FSS prompts a marked increase in traction 
force, which continues to rise over 10 hours before slowly decreasing. In contrast, immediate 
exposure to high FSS causes a quick spike in traction followed by a swift reduction, revealing distinct 
patterns of traction behavior under different shear conditions. Importantly, the direction of traction 
forces and the resulting cellular alignment under these conditions indicate that the initial shear 
experience dictates long-term endothelial behavior. Our findings shed light on the critical influence of 
short-lived low-shear stress experiences in shaping endothelial function, indicating that early 
exposure to low FSS results in enduring changes in endothelial contractility and alignment, with 
significant consequences for vascular health and the development of cardiovascular diseases. 
 

Introduction 
Endothelial cells (ECs), which line the interior surface of blood vessels, are constantly exposed to the 
mechanical forces generated by flowing blood1. Among these mechanical stimuli, fluid shear stress 
(FSS) stands out as a pivotal factor2. FSS is responsible for initiating a cascade of intracellular 
signaling events that regulate various physiological processes, including vascular tone, inflammation, 
and angiogenesis3-7. Adequate FSS, typically within the range of 1-2 Pa and exhibiting a laminar flow 
pattern, triggers the release of vasodilators such as nitric oxide, which facilitates the precise 
adjustment of blood vessel dilation and sustains optimal blood flow8. Furthermore, it fosters the 
expression of anti-inflammatory factors while discouraging the adhesion of circulating cells to the 
endothelial surface, thereby mitigating the risk of vascular ailments, including atherosclerosis9-11. 
Conversely, improper FSS, characterized by low levels (< 0.5 Pa) and/or disturbed shear patterns, 
instigates endothelial dysfunction10,12,13. This disturbance in FSS equilibrium disrupts the delicate 
balance between pro-inflammatory and anti-inflammatory factors, resulting in cardiovascular 
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disorders8. Mechanisms by which endothelial cells sense and respond to low FSS encompass 
endothelial surface molecules, ion channels14, mechanosensors like vascular endothelial cadherin15, 
and downstream signaling pathways, including Rho-ROCK16, NF-κB17, and Smad2/3 pathways18.  
Dysregulation of these signaling pathways due to sustained or repeated exposure to low FSS can 
compromise vascular barrier function and contribute to the initiation and progression of 
atherosclerosis19,20.  

Considerable research efforts have been directed toward comprehending the individual impacts of 
high or low fluid shear stress (FSS) on endothelial function8,15,16,18,21-27. However, the consequences of 
transient exposure to low FSS have remained elusive. The flow dynamics within the vascular system 
exhibit a constant state of flux, evolving over time28. Transient episodes of low FSS occur in 
scenarios characterized by disrupted flow patterns or in regions where blood flow experiences 
temporary reductions, such as during vasoconstriction or occlusion29. Furthermore, it is commonly 
recommended that in vitro flow experiments employing a parallel plate chamber involve a pre-
conditioning phase for endothelial cells (ECs) under low flow speed initially with a gradual increase 
in flow rate afterward, as opposed to an abrupt application of high FSS30-32. This approach is 
advocated to minimize the potential detachment of cells. However, it is noteworthy that numerous 
studies based on parallel-plate systems appear to directly apply designed laminar high FSS without 
reference to such pre-conditioning practices27,33-36. Yet, a comprehensive understanding of how ECs 
respond to temporally fluctuating FSS, commencing with low magnitudes, remains limited. 

To investigate the tension state of the endothelial monolayer, our study employs a method called 
traction force microscopy (TFM)37. This technique allows for the measurement of traction exerted by 
ECs on an underlying soft substrate. The traction represents a functional outcome of the contractile 
status of the monolayer as well as cell adhesion to the extracellular matrix and neighboring ECs, 
which is governed by the FSS-induced signals such as NF-kB, YAP and RhoA, and eNOS 
activity8,15,38-43. Traction of ECs has been associated with a gap formation of an EC monolayer44. 
Nevertheless, traction response in response to high FSS has been in debate. Earlier studies suggested 
that both individual ECs and EC monolayers increase their traction in response to high FSS25,27,40. 
Subsequent investigations revealed that the traction of EC monolayers decreases under prolonged 
(>12 hour) exposure to high FSS15,45. Yet, the dynamics of traction over time, spanning from short to 
long-term exposure to high FSS, remain unclear. Furthermore, compared to high FSS, there has been 
a limited exploration of low FSS's impact on traction. While one study indicated a pronounced 
increase in traction upon the introduction of low FSS, which was reversible with time26, whether this 
low FSS exerts a lasting effect on traction following a return to high FSS conditions has remained 
unexplored. 

ECs exhibit a tendency to align themselves along the direction of long-term high FSS, whereas 
such alignment is notably absent in the presence of low FSS21,23. The alignment of ECs with the flow 
direction is closely linked to the downregulation of inflammatory pathways46,47 whereas misalignment 
of ECs triggers the activation of these inflammatory pathways27,48,49. Clinical observations have 
revealed that atherosclerotic regions in vivo are associated with the failure of endothelial cells to align 
and elongate in the direction of flow50,51. ECs aligned via micropatterning, after which are exposed to 
the flow in the aligned direction, have shown decreased inflammatory signaling whereas applying 
flow in the direction perpendicular to the alignment has promoted inflammatory signaling52. In static 
culture, ECs orient themselves randomly, but under the influence of low FSS, they exhibit alignment 
perpendicular to the flow, which is again linked to inflammatory responses21,23. Notably, a recent 
study employing TFM has provided indirect evidence suggesting that traction alignment may serve as 
a precursor to EC alignment with the flow direction45. However, the precise mechanisms governing 
traction alignments during the transition from low to high FSS have remained elusive. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


In this study, to scrutinize EC traction at a finer temporal resolution during transitions from low 
to high shear stress, we integrated TFM with the custom-built flow chamber system. Our system 
allows for real-time monitoring of both short-term and long-term traction modulation of human 
umbilical vein endothelial cells (HUVECs) under time-varying FSS. Using this system, we find that 
HUVECs show a first transient rise in traction immediately upon exposure to low FSS. Prolonged 
observations unveiled that this traction continued to rise for over 10 hours, gradually decreasing but 
never returning to the baseline level even after 24 hours. In stark contrast, HUVECs exposed to high 
FSS exhibit a rapid rise first but also a rapid decline in traction within the first hour, then drops well 
below the no-shear stress baseline within 2 hours. We show that this behavior of traction magnitude is 
associated with the distribution of traction orientation: HUVECs previously subjected to low FSS 
retained traction orientations perpendicular to the flow direction, even after being subjected to high 
FSS for more than 20 hours. In contrast, cells initially subjected to high FSS aligned their traction 
forces with the flow direction, maintaining this alignment over both short and long durations. 
Through deep-learning-based cell segmentation analysis, we show high correlation of the traction 
alignment with the cell alignment. By adopting Granger Causality53, we show that traction alignment 
functionally causes cell alignment under direct high FSS and 60-min low FSS. Collectively, our 
findings suggest that initial exposure to low shear stress initiates a gradual modulation of traction, 
which takes a considerably longer time to return to a relaxed contractile state under high shear stress 
conditions and traction is a precursor for cell alignment. 

 

Materials and methods 

Flow system with traction microscopy 

A rectangular flow chamber was designed to have 38 × 5 × 0.8 mm of inner flow channel 
dimensions and was manufactured using polycarbonate via CNC machining. The channel dimension 
allows for effective imaging by enabling to position the viewing area closer to the microscope 
objective. Overall dimensions of the flow chamber were considered based on the confined dimensions 
of the stage top incubator with a height of 25 mm and an insert of 75 x 25 mm glass slide. The outer 
dimension of the flow chamber has a height of 10 mm and a rectangular dimension of 75 x 25 mm. 
This flow chamber was attached to the bottom coverslip via adhesive tape (3M).  

Before attachment to the flow chamber top, the cover glass was prepared to contain a silicone gel 
with fluorescent markers for traction measurement. Coating with silicone gel and fluorescent beads 
was done as previously done54. Briefly, Q-gel 920A and 920B (Quantum Silicones LLC, Richmond 
VA) were mixed in 1:1.2 proportion which yields 2.6 kPa of shear modulus. 300 mg of the mixture 
was added to the coverslip and spin-coated at an acceleration of 1000 rpm and rotation of 2500 rpm 
for a uniform thickness of 20-25 µm. The coverslip was then cured at 80℃ for 2 hours. After curing, 
the substrate was treated with (3-Aminopropyl) triethoxysilane (Sigma-Aldrich), diluted at 5% in 
absolute ethanol, and then treated for 3 minutes. The substrate coverslip was then rinsed with 96% 
ethanol 3 times and air dried for 10-15 mins. For bead coating, 5000 µL of sterile DI (di-ionized) 
water was added with 2.5 µL of 200 nm-diameter dark-red (with 660 nm excitation and 680 nm 
emission wavelengths) microspheres beads (FluoSpheres™) and sonicated for 15 mins. The observed 
density of beads was around 2 beads/µm2. After sonication, the dried coverslip substrate was treated 
with the bead solution for 10 mins and rinsed 3 times in DI water. 

The assembled flow chamber was integrated into the flow system that consists of a peristaltic 
pump Model# NE-9000, New Era Pump Systems, Inc., USA), a pulse dampener, and a reservoir (Fig. 
1a). The peristaltic pump was used because it supports a wide range of flow rates and allows minimal 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


backpressure during the uniform media circulation. The pulse dampener was used to eliminate the 
pulsation in the flow due to the pump as well as to ensure a continuous flow of cell media without any 
air bubbles. A glass bottle was used as a reservoir, which has three holes for the inlet, outlet, and CO2. 
The CO2 concentration and the temperature inside the chamber were maintained by enclosing the 
media inside the CO2 incubator. The pump was operated using LabVIEW for flow profile 
programming flexibility. The flow system was maintained at 37 °C and 5% CO2 throughout 
experiments (Fig. 1a). 

Cell culture and seeding to the flow chamber. 

The Human Umbilical Vein Endothelial Cells wild type, Pooled (HUVECs) cell line was 
obtained from Zhao Lab (MTU, MI) and was originally purchased from Lonza (cat#: C2519A). The 
cells were used from passages 5-9 for the experiments and were cultured in endothelial cell growth 
Medium-2 (EGM™-2) Bulletkit™ (Lonza Bioscience) on pretreated tissue culture 6-well plate 
(VWR international). For the flow experiments, 0.75´106 cells/ml were seeded on the soft gel-coated 
coverslip and stored in a CO2 incubator for 12 hours to form a monolayer before imaging. Before cell 
seeding, the bead- and gel-coated cover glass was attached to the flow channel using biocompatible 
adhesive tape with a thickness of 5-7 µm. Afterward, to facilitate HUVEC adhesion, the silicone gel 
housed with the flow chamber was coated with 0.5 µg/mL of fibronectin (FN) via 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) chemistry as in bead coating process. 
Specifically, 10 µL of 10 mg/mL EDC solution was added to 1 mL PBS, to which 5 µL of 10 µg/mL 
fibronectin stock solution was added via flow inlet port. The FN-EDC mixture was incubated on the 
gel for 30 minutes at room temperature and rinsed once with PBS. To block unspecific binding and 
remove the excess FN, the substrate was incubated at room temperature for 30 mins with 1 mL of 
0.1% BSA in PBS and rinsed 3 times in PBS.  

Shear flow experiment 

For the shear flow experiments, the calculations for FSS were performed using the Poiseuille law 
modified for parallel plate flow channels55:  

𝑄 = !"#!

$%
, or, 𝜏 = $%&

"#!
 

where Q is the desired flow rate, 𝜏 is the wall shear stress on the gel and cell surface, µ is the viscosity 
of the cell media (0.72 mPa·s), w is the width of the flow channel (5 mm), and h is the height of the 
channel (0.8 mm). Accordingly, to apply 1 Pa FSS, the flow rate of 44.4 ml/min was designed and 
applied. For 0.1 Pa FSS, 4.4 ml/min was applied and the ramp and low FSS profile were calculated 
and applied based on the time-dependent FSS increase from 0.1 Pa to 1 Pa. The flow was applied at 
least 30 minutes after placing the flow channel inside the incubation chamber to allow stable 
temperature and CO2 environment. The flow channel was supplied with respective FSS using a 
peristaltic pump operated using LabView software. Briefly, Laboratory Virtual Instrument 
Engineering Workbench (LabVIEW), a programming language designed for instrument control using 
graphical block diagrams connected using different function nodes via drawn wires. The user 
interface (front panel) is used to control each flow condition where in the background different flow 
profiles were designed. The front panel uses inputs that allow the user to supply information such as 
establishing the serial port communication between the pump and the system for automation of the 
process. The peristaltic pump provided commands as per the user manual were used to control the 
start and stop function of the pump. For the development and automation of each flow profile, the 
flow rates in ml/min were calculated based on the FSS calculations to achieve the desired FSS. The 
flow rates were embedded using the loop function and commands to increase or decrease the flow 
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rates with respect to time. Thus, reducing the effort to manually control the pump flow rates and 
operation variability and errors. 
 

Live-cell imaging, traction reconstruction and analysis 

The beads in the flow chamber were imaged via spinning-disk confocal microscope (Yokogawa 
CSU-X1, built on Nikon Ti-S) with 20x objective and 642 nm laser excitation before and after the 
flow application at every 180 seconds. At the same time, differential interference contrast (DIC) 
images were taken to observe the cell confluency, orientation, and alignment. The reflected light from 
SD Confocal is acquired by the ORCA-Flash sCMOS camera. Image acquisition was controlled by 
Metamorph software. During imaging, the flow chamber was kept inside a stage-top incubator (OKO 
lab) using a sealing putty to ensure stable imaging without drifting. For TFM imaging, after imaging 
in cell presence, HUVECs were removed from the substrate surface by flowing 0.25% trypsin into the 
chamber, and then the bead positions in relaxed gel configuration were imaged via far-red laser again.  

The acquired images of the beads on the deformed gel (when HUVECs were present on the 
substrate) and of the reference configuration of the relaxed gel (after removing HUVECs) were 
processed for traction reconstruction described in Han et al., 201537. In short, particle image 
velocimetry (PIV) was used to compare the bead images for deformed and relaxed gel. A template 
size of 17 pixels and a maximum displacement of 40 pixels was used based on the bead density and 
overall deformation. The subpixel correlation via image interpolation method was used for individual 
bead tracking for correction of bead tracking and removal of outliers before traction estimation. For 
bead images of challenging displacement field, we used our PTVR (particle tracking velocimetry with 
re-tracking) method to rescue potentially missed displacement vectors56. Boussiness equation 
assuming infinite gel thickness was used for solving the force field (defined as the expected 
deformation of the gel with all the bead locations applied with unit force at a particular force grid 
mesh). Further, the generated forward map was used to solve inverse problems based on the measured 
bead displacements to calculate the force field. The Regularized Fourier Transform Traction 
Cytometry (regFTTC) method was used as a reconstruction method. A detailed description of this 
method is present in Sabass et al., 200857. Briefly, regFTTC solves the inverse problem by 
transforming it into the frequency domain. This method was used to reduce computation time and the 
priority was to quantify and compare the overall traction. 

For visualization of the orientation of the traction vectors, the generated force field was used to 
calculate the angular distribution of the force alignment using a custom-written code in MATLAB. 
The vector alignment to the flow direction was calculated using the alignment parameter, APtraction = 
2(<cos2θ>-0.5), where θ represents the angle of a traction force vector to the flow direction, which is 
an x-direction in our configuration. The average of the distribution of angles for the force alignment 
was denoted using < >. APtraction ranges between 1 to -1, where 1 represents a perfect parallel to flow 
alignment, -1 as perpendicular to flow alignment and 0 being isotropic alignment. This definition of 
AP was adapted from the definition of the orientation parameter. For traction rise comparison during 
the ramp high FSS and early low FSS condition, the change in traction within the first 30 mins were 
calculated. For calculation, the difference between the baseline traction before FSS and the traction 
between 24-30 mins after FSS were calculated to get the magnitude increase in each individual 
condition. The comparison of the traction rises with respect to zero were compared for significance. 
For the observed plateau phase during traction increase under rising FSS, FSS@Tmax was calculated. 
For calculation, the difference between the traction with successive timepoint was compared for zero 
or negative to determine the maximum traction time point. Further, the comparison was made 
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between the conditions to determine the FSS for each traction maximum based on the timepoint and 
applied FSS.  

Cell segmentation, training, and orientation analysis 

The Cellpose 2.058 was used with human-in-loop model to predict cell segmentation. Briefly, 
Cellpose 2.0 is a U-net architecture-based deep-neural network model with pretrained Cellpose 1.0 
model utilization59. The training was done on the brightfield images of HUVECs for each subset of 
images and the prediction was further improved with manual training and correction.  The models 
were trained from scratch for 100 epochs with batch size of 15, with weight decay of 0.0001 and a 
learning rate of 0.1. For all the training images with less than 5 regions of interest were excluded. For 
the analysis of the segmentation, the angular distribution of the orientation of all segmentations were 
calculated using a custom-developed code in python. The cell alignment to the flow direction was 
calculated using the alignment parameter, APcell=2(<cos2θ>-0.5), where θ represents the angle of the 
segment’s major axis, after fitting an ellipse to each segmentation, to the flow direction, i.e., the x-
direction in our configuration. The polar color wheel with colormap was used to denote the angle of 
the predicted cell orientation for each condition. The comparison of APcell and APtraction was made for 
each condition to determine the traction and cell alignment correlation. For APtraction, only prominent 
traction vectors were used, i.e., by subsampling with Otsu thresholding, to avoid noise-like effect 
from small traction vectors. The linear correlation between APtraction and APcell was measured using 
Pearson correlation coefficient. The number between 1 and -1 showed the strength and direction of 
relationship between APtraction and APcell, where 1 represents strong positive correlation and -1 
represents strong negative correlation.  

Statistical analysis 

   The data were obtained from 3 replicate experiments and 5 different positions in each 
experiment stated otherwise. Error bars in all figures represent the standard error of the mean and the 
analysis was done using OriginLab (Fig. 1d-g, Fig. 2a-c, Fig. 3a-d, Fig. 4j-m). The polar histogram 
was plotted to visually inspect the force-flow alignment and cell alignment using MATLAB function, 
‘polarhistogram’ (Fig. 1h-k, Fig. 2d-f, Fig. 3e-h, Fig. 4f-i). To determine significant difference 
between groups, we used one-way ANOVA with Tukey’s post-hoc test (Fig. 1l, m, p, Fig. 2h, Fig. 3i, 
j, k, significance denoted by asterisk). To determine if the analyzed data e.g., change in traction or 
change in AP are significantly more than zero, we used one-sample Student’s t-test per each group 
(Fig. 1o, Fig. 3k, significance denoted by #). P-values less than 0.05 were considered significant. The 
non-linear fit was done using Gaussian process regression (GPR) (Fig. 4j) in OriginLab. R-squared 
(R2) value was reported for non-linear curve fitting of the data. ANOVA with Tukey’s post-hoc test 
and Student’s t-test were done in JMP-pro software. Pearson correlation coefficient was used to report 
the correlation between APtraction and APcell.. To determine if such correlations were significantly 
different from zero, we used a robust correlation test60, which accommodates possible dependence 
and heteroskedasticity in the two time-series. Within each experiment condition, we combined the 
correlation test results using the Harmonic Mean P (HMP)61 method. The HMP method is notable for 
its capability to combine multiple tests without requiring knowledge of the dependence structure 
between the tests. In each condition, APtraction and APcell were to have a significant correlation if the 
HMP-combined p-value was less than 0.05 (Fig. 4n). 

The Granger Causality (GC)62 test was performed to determine whether APtraction functionally 
causes APcell or vice versa. For our purpose, we analyzed the causality in both directions, i.e., APcell 
granger-causes (GCs) APtraction, and, APtraction GCs APcell, from which a significance of the causality, 
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i.e., p-values, were produced. Again, in each experiment condition, the p-values were combined using 
the HMP to determine the global representative significance of each causal direction. A global 
representative significance less than 0.05 was considered significant. Furthermore, we checked if the 
two sets of GC p-values, representing the two GC directions, were significantly different. Since 
distributions of p-values were far from being Gaussian, the usual two-sample t-test could not be used. 
We instead employed the Mann-Whitney test63, which does not require parametric assumptions such 
as normality. These p-values are further combined using HMP. Combined p-values less than 0.05 are 
considered significant (Fig. 4o, p). 

 

Results 

Low FSS increases traction in the short-term but impairs force alignment. 

To investigate the fine-scale modulation of EC traction in response to changes in FSS, we developed 
a closed-loop flow system featuring a flow channel housing a silicone gel coated with fluorescent 
beads (Fig. 1a, Materials and Methods). We subjected a monolayer of HUVECs on this gel to varying 
FSS conditions and closely monitored their traction dynamics over time. 
 Initially, we sought to address conflicting findings in the literature regarding EC traction 
responses to high FSS. We applied a direct high FSS of 1 Pa to a HUVEC monolayer and observed 
traction modulation over a 90-minute period following the onset of flow. Differential interference 
contrast (DIC) images revealed that the monolayer did not exhibit significant gap formation between 
cells; instead, HUVECs continued to migrate while maintaining cell-cell boundaries after flow 
initiation (Fig. 1b, Video S1). Analysis of traction data showed a noticeable increase in traction 
magnitude, with traction vectors oriented both parallel and opposite to the flow direction (Fig. 1c, 
Video S2). Indeed, the average traction magnitude increased immediately after the onset of high FSS, 
plateauing approximately 30 minutes into the flow (Fig. 1d). This observed traction increase is 
consistent with previous reports25,27,39,40, albeit some of these findings were derived from long-term 
(≥20 hour) flow experiments25,27. 

The abrupt application of high FSS, a common practice in many parallel-plate chamber 
studies15,16,40,49, could potentially lead to the detachment of ECs from neighboring cells or the 
extracellular matrix, affecting the transmission of traction30,31. To test whether this practice induces 
any difference in traction, we introduced a ramped FSS approach, gradually increasing FSS from 0 to 
1 Pa within the first 30 minutes (Fig. 1e, red profile). HUVECs exposed to this ramped high FSS 
exhibited an immediate increase in traction, with the average traction plateauing within 20 minutes, 
even as FSS continued to rise (Fig. 1e, black profile). Furthermore, the average traction gain at the 
plateau was approximately half that observed with direct high FSS application (compare Fig. 1d vs. 
e). It is worth noting that differences in the initial, baseline traction between flow conditions, are 
within a normal fluctuation of the traction of HUVECs in a long-term static culture (Fig. S1). So the 
traction starting point was vertically translated at t=zero stating it as average traction. Similar trends, 
i.e., short-term rise in traction upon direct or ramped high FSS, were observed in two more replicate 
experiments per flow condition with 5 different viewing areas per experiment (Figs. S2 and S3). 
Thus, whether applied suddenly or in a ramped manner, high FSS induces a short-term increase in 
traction. 

From the result from the ramped high FSS, i.e., immediate traction elevation during the ramp 
phase where FSS is well-below 1 Pa, we hypothesized that such immediate rise in traction could be 
still demonstrated by HUVECs when facing low FSS. To test this hypothesis, we added an additional 
low-shear ramp for 30 min (Fig. 1f, red) or low-shear ramp followed by 30 min of steady low shear, 
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totaling 60-min low shear, (Fig. 1g, red) before the high-shear ramp. As anticipated, both the 30-
minute and 60-minute low FSS conditions showed a significant increase in traction during the initial 
low-shear ramp (Fig. 1f and g, black). The magnitude of the traction rises during the initial low shear 
ramp (5.5 Pa – 7.5 Pa in Fig. 1f,g) were comparable with the rise in the high FSS ramp case (~7.5 Pa, 
from Fig. 1e), albeit smaller than the rise triggered by direct high FSS (~16 Pa, Fig. 1d). Similar 
trends, i.e., intermediate short-term rise in traction upon low FSS were observed in two or more 
replicate experiments (Figs. S4 and S5). These results highlight that the introduction of low FSS 
elicits a substantial increase in traction as much as the amount observed in the ramped high FSS case. 

Following these initial traction rises, HUVECs reached a traction plateau during the subsequent 
ramp to high FSS, a plateau that occurred at lower FSS levels for the 60-minute low FSS condition 
compared to the 30-minute low FSS condition (Fig. 1f,g, blue lines and text). Quantitative analysis of 
the FSS corresponding to maximum traction (termed FSS@Tmax, Fig. 1d-g, blue lines and text) 
revealed a decreasing trend from direct high FSS (FSS@Tmax = 1 Pa) to ramped high FSS (FSS@Tmax = 
0.75 Pa) and further to 30-minute (FSS@Tmax = 0.59 Pa) and 60-minute low FSS conditions (FSS@Tmax 
= 0.24 Pa) (Fig. 1 m). This observation suggests that exposure to the lower FSS initially primes 
HUVECs for a reduced increase in traction when transitioning to high FSS conditions.  
 Cell and cytoskeletal alignment with the shear flow direction is a defining characteristic of ECs 
responding to high FSS16,27,49,64. Recent evidence has indicated that the alignment of traction vectors 
with the flow direction precedes cell shape alignment45, prompting us to consider traction alignment 
as an early marker for cell alignment. To analyze the traction field, we first examined the angular 
distribution of traction vector orientations. Prior to flow initiation, the distribution of traction vectors 
exhibited mostly isotropic characteristics (Fig. 1h-k). The application of direct high FSS induced a 
shift in the distribution towards the direction parallel to the flow within 90 minutes (Fig. 1h). 
Similarly, the high FSS condition with a 30-minute ramp showed an alignment shift towards the flow 
direction (Fig. 1i). However, with the introduction of low FSS for either 30 or 60 minutes, traction 
orientations shifted towards a more perpendicular alignment with respect to the flow (Fig. 1j, k). 

To quantitatively assess the level of alignment, we introduced an alignment parameter, APtraction, 
for the traction field concerning a unit vector representing the flow direction (Materials and Methods). 
This parameter yields a value of 1 when all traction vectors align perfectly with the flow direction, -1 
when they are perpendicular to the flow, and 0 when they exhibit an isotropic distribution. Analysis 
of APtraction values per condition (Fig. 1n) revealed that direct high shear and the 30-minute ramp 
conditions exhibited a positive shift in alignment (Fig. 1h, i, o), whereas the introduction of low FSS 
resulted in either no significant alignment change or a negative shift in alignment, even after an 
additional 60 minutes under high FSS (Fig. 1j, k, o). Significant differences in change in APtraction 
were observed between high FSS conditions and low FSS conditions towards the flow direction (Fig. 
1o). These findings collectively suggest that exposure to low FSS impedes the traction remodeling 
process typically observed under high FSS, potentially resulting in cell misalignment. 
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Figure 1. Low FSS increases traction magnitude but induces the orientation of tractions to be 
perpendicular to the flow in HUVECs. (a) A closed-loop flow system consisting of a programmable 
peristaltic pump, a flow dampener, a flow channel, and a media reservoir. A zoomed-in view highlights the EC 
monolayer on bead-coated gel in the custom-built flow channel. (b, c) DIC images (b) and color-coded traction 
vector fields (c) at 0 mins (before the onset of the flow), 30 mins, and 90 mins of a region of interest of a 
HUVEC monolayer after direct high FSS flow application. A yellow arrow indicates the flow direction. (d-g) 
Average traction magnitude, black, as a function of time, co-plotted with FSS profiles on ECs in red for direct 1 
Pa FSS (d, M=1, N=6), 1 Pa FSS with 30 min ramp (e, M=1, N=6), with 0.1 Pa FSS 30-min ramp (f, M=1, 
N=6), and with 60-min 0.1 Pa shear (g, M=1, N=6). Error bars: S.E.M. (h-k) Polar histograms of traction fields 
before (red) and after (blue) the duration of the flow for each condition under d-g with alignment parameter 
(APtraction). (l) A boxplot of average traction changes during the first 30 minutes of initial flow introduction. 
M=3, N=16 for direct high FSS, M=3, N=20 for ramped high FSS, M=3, N=18 for a flow with 30-minute low 
FSS, M=3, N=16 for a flow with 60-minute low FSS. (m) A plot of FSS@Tmax under all flow conditions. *: p < 
0.05 tested with one-way ANOVA with Tukey’s post-hoc test. M, N are the same as in panel l. (n) Illustration 
about the definition of APtraction of three traction vectors to the flow direction. One vector in the flow direction, 
another perpendicular to the flow direction, and one arbitrary direction with an angle q. (o) A bar plot of 
changes in APtraction before and after each flow condition. Error bars: S.E.M. *: p <0.05 tested with 1-sample t-
test, i.e., compared against zero. #: p < 0.05 tested with one-way ANOVA with Tukey’s post-hoc test. M and N 
are the same as in panel l. M represents the number of flow experiments and N represents the number of regions 
of interest observed in each experiment. 

 

EC traction responses to FSS are shear-dependent and not nutrient-dependent. 

 To ascertain that the observed changes in traction were indeed a direct consequence of FSS and 
not influenced by external factors such as nutrient availability, cytokine levels, oxygen concentration, 
or pH fluctuations, we conducted experiments involving the application of stepwise low FSS, ramped 
low FSS, or ramped high FSS for a duration of only 30 minutes, followed by flow cessation (Fig. 2a-
c, red). The initiation of all three flow profiles elicited traction increases (Fig. 2a-c, black, during first 
30 minutes) akin to the traction patterns observed in previous flow profiles culminating in high FSS 
conditions (Fig. 1d-f). Subsequent to flow cessation, ECs promptly exhibited a decline in traction 
(Fig. 2a-c, black, after 30 minutes), consistent with earlier traction observations following high and 
low FSS exposure26. These short exposures of low and high FSSs did not lead to noticeable traction 
alignment toward the flow direction after stoppage of the flow or 30 minutes after being under a static 
condition (Fig. 2 d-f). Consequently, the APtraction value did not show any significant difference (Fig. 
2g). Overall, the results suggest that the modulation of EC traction in response to flow is 
predominantly dictated by FSS and is minimally influenced by other extraneous factors. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Figure 2. EC traction starts to decrease immediately after removal of low or high FSS. (a-c) Plots of the 
average traction magnitude, normalized by subtracting the baseline traction, over time under flows with 0.1 Pa 
FSS (a), ramped 0.1 Pa FSS (b), and ramped 1 Pa FSS (c). (d-f) Plots of polar distributions of traction field 
before and after flows with 0.1 Pa FSS (d), ramped 0.1 Pa FSS (e) and ramped 1 Pa FSS (f), recorded at 0 min 
(magenta), 30 min (light green), and 60 min (light blue). (g) A bar plot of changes in APtraction after flow and 
after stopping the flow. *: p<0.05 tested with 1-sample t-test, compared against zero change. (h) A scatter plot 
of APtraction for comparison between flow conditions after flow and after stopping the flow. *: p < 0.05 and N.S 
(not significant), tested by one-way ANOVA with Tukey’s post-hoc analysis. M=1, N=5 where, M represents 
the number of flow experiments and N represents the number of regions of interest observed in each 
experiment. 

Exposure to low FSS governs long-term, secondary traction rise and relaxation. 

 HUVECs showed a transient traction rise in the short term when exposed to both high and low 
FSS. This short-term response can be characterized as a temporary, transient reaction and has been 
anticipated to be succeeded by a prolonged, immune-suppressive relaxation47. Yet, a long-term 
traction response in addition to the short-term response of the same EC monolayer has not been 
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elucidated. To unravel the intricate relationship between short-term and long-term effects, we 
subjected ECs to continuous exposure to 1 Pa FSS for 24 hours following the initial short-term FSS 
exposure, measuring and analyzing traction dynamics accordingly (Fig. 3). As anticipated, in the case 
of flow initiated with direct high FSS, the average traction magnitude began to decline after reaching 
a peak at 66 minutes into the flow, steadily decreasing to levels considerably lower than the initial 
traction observed before flow initiation (Fig. 3a). After 24 hours of flow, the traction had diminished 
to only approximately 30% of the initial traction level (Fig. 3a). This decrease in traction over 
prolonged high FSS exposure aligns with findings by Steward et. al.45.  
 Conversely, for flow initiated with a ramped high FSS, a secondary rise in traction occurred after 
the initial peak (Fig. 3b, an arrowhead at t=250 min), reaching a peak value (~12 Pa), higher than the 
initial peak (~8 Pa), and subsequently began to decrease over time, ultimately falling below the initial 
traction level before flow initiation (Fig. 3b), although not to the same extent as observed in flow 
initiated with direct high FSS. Similarly, when the flow began with a ramped low FSS followed by 
high FSS, the secondary rise in traction, as in the one observed with a ramped high FSS initiation, 
was observed (Fig. 3c) but with a longer time to reach the global maximum (Fig. 3c, arrowhead at 
t=280 minutes). After reaching this secondary peak, traction decreased, accompanied by a tertiary 
small rise. The traction took a longer time to return to the baseline traction than the flow with ramped 
high-FSS (Fig. 3c, a blue asterisk at t=932 min). 
 Interestingly, in the case of flow initiated with 60 minutes of low FSS, the EC traction exhibited 
not only a secondary rise but also a substantial tertiary rise (Fig. 3d, arrowhead at t=600 minutes). 
Consequently, the timing of each global traction maximum progressively increased with the duration 
of exposure to low initial FSS (Fig. 3i). Furthermore, after the tertiary peak, the elevated traction 
required an extended period to return to baseline levels. Remarkably, even after 24 hours, the traction 
remained well above the baseline traction (Fig. 3d). Consequently, the traction relaxation time, 
defined as the time needed for the average traction to recover to 110% of the baseline traction after 
flow, displayed a progressive increase corresponding to longer exposure to low initial FSS (Fig. 3j). 
These trends in traction magnitude suggest that exposure to low FSS, despite initially inducing a 
smaller transient rise, ultimately results in a substantially longer-lasting effect on traction (M=3 
independent experiments, N=16-20 different cell monolayer positions per flow condition). 
 An examination of the polar distributions of traction fields revealed distinct responses to various 
flow conditions. When the flow was initiated with direct high FSS, the traction vectors notably 
reoriented towards the direction of flow (Fig. 3e), aligning with previous observations45. Similarly, 
the flow beginning with a ramped high FSS induced a similar alignment of traction vectors (Fig. 3f). 
Although the change in vector orientations, quantified by APtraction, was somewhat smaller in the 
representative cases of flow initiated with a ramped high FSS compared to direct high FSS (Fig. 3f 
vs. e), both exhibited significant positive changes relative to baseline (Fig. 3k). 
 In contrast, when the flow commenced with long-term exposure to 30 minutes or 60 minutes of 
low FSS, the traction orientation exhibited a more pronounced alignment perpendicular to the flow 
direction (Fig. 3g,h), accompanied by a reduction in the APtraction. Notably, the change in APtraction was 
significant compared to an isotropic distribution, and the difference between these two conditions was 
not statistically significant (Fig. 3k). These findings align with previous observations that ECs align 
perpendicular to the flow in response to continuous low FSS for 16 hours21. These data suggest that a 
short-term exposure to low shear stress may trigger cytoskeletal remodeling resulting in random 
traction orientations that represent atherogenic conditions. Furthermore, our data also suggest that a 
prolonged initial low FSS exposure, i.e., 30 min to 60 min, may require a considerably longer 
duration for ECs to align in the flow direction and diminish their traction responses. 
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Figure 3. Exposure to early low FSS hampers ECs’ long-term traction relaxation and alignment to the 
flow under high FSS. (a-d) Average traction magnitude as a function of time, co-plotted with FSS profiles on 
ECs for direct 1 Pa FSS (a, N=6), 1 Pa FSS with 30 min ramp (b, N=6), with 0.1 Pa FSS 30-min ramp (c, N=6), 
and with 60-min 0.1 Pa shear (d, N=6). An arrowhead in each panel represents the time of global maximum. 
Blue asterisks and time information represent the traction relaxation time when the traction reached 110% of the 
baseline traction. Error bars: S.E.M. (e-h) Polar histograms of traction fields before (red) and after (blue) the 
duration of the flow for each condition under a-d with APtraction. (i) A scatter plot with mean ± s.e.m. showing 
time to achieve global traction maximum for each flow condition (direct high FSS (M=3, N=16), ramped high 
FSS (M=3, N=20), with 30-min ramped low FSS (M=3, N=18), and with 60-min low FSS (M=3, N=16). *: p < 
0.05 tested with one-way ANOVA with Tukey’s post-hoc test. (j) A scatter plot with mean ± s.e.m. showing 
traction relaxation time when traction reduce to 110% of the baseline traction, also highlighted in (a-d) with 
blue asterisk with time. *: p < 0.05 tested with one-way ANOVA with Tukey’s post-hoc test. M, N are the same 
as in panel i (k) A bar plot of changes in APtraction before and after each flow condition. *: p<0.05 tested with 1-
sample t-test. Error bars: s.e.m. #: p < 0.05 tested with one-way ANOVA with Tukey’s post-hoc test. M and N 
are the same as in panel i. M represents the number of flow experiments and N represents the number of regions 
of interest observed in each experiment. 
 

Traction alignment functionally causes cell alignment under direct high FSS and 60-min low FSS 

To interpret the traction orientation phenotypes in relation to established flow-dependent 
endothelial behaviors, we evaluated EC cell orientation, as alignment with the flow direction is a 
known endothelial response to high FSS16,27,49,64-66. For this purpose, we employed a U-Net-based 
neural network, Cellpose 2.058 for cell segmentation from DIC images, followed by analyzing their 
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orientation (Materials and Methods, Fig. 4a). The analysis of cell orientation both before and after 
applying different flow profiles revealed clear distinctions. Direct application of high FSS resulted in 
significant alignment of cells along the flow direction over time (Fig. 4b,f). Ramped high FSS also 
led to cell alignment towards the flow, though the alignment was less pronounced (Fig. 4c,g). 
Conversely, when introducing low FSS for 30 and 60 minutes, there was a noticeable shift in 
alignment perpendicular to the flow direction (Fig. 4d,e,h,i). Notably, these patterns of cell alignment 
were similar to the observed distributions in traction orientation (Fig. 3e-f). 

To determine the temporal relationship between cell vs. traction alignment, we analyzed the 
time-series of the APs of both cells and traction fields, APtraction and APcell, in a fine time scale. As 
expected, APcell increased over time under the conditions of the direct high FSS and the ramped high 
FSS with more distinct change observed in the direct high FSS (Fig. 4j,k). A similar trend was 
observed for APtraction: it increased over time in both direct high and ramped high FSS conditions, with 
larger increase for the direct-high FSS condition (Fig. 4j,k), which is consistent with the analysis in 
Fig. 3k. In contrary, both APtraction and APcell decreased under the flow conditions started with low 30-
min and 60-min FSS (Fig. 4l,m). The Pearson correlation between the pairs of the time series showed 
a strong positive correlation for the direct high FSS both for short-term and long-term (Fig. 4n). The 
conditions started with a ramped high FSS, 30-min low FSS and 60 min low FSS showed weaker but 
significant correlation except for short-term ramped high FSS (Fig. 4n), suggesting a tight coupling 
between traction alignment and cell alignment for nearly all flow conditions. A wide variance in the 
correlation coefficient for the short-term 30-min low FSS and both short- and long-term 60 min low 
FSS included some low coefficient values. However, the analysis with harmonic mean p-value (see 
Statistical Analysis section) yielded a significance.  

To determine the functional causality between traction alignment and cell alignment, we 
performed Granger Causality (GC) test, a statistical hypothesis test used to determine if one time 
series can predict another62. This GC method, traditionally used in finance67,68 and neuroimaging69, 
has been adapted to a prediction in cell biology recently70. According to this test, if a time series X 
Granger-causes (GCs) Y, then changes in X will systematically occur before changes in Y. The test of 
each causal direction, i.e., ‘APcell granger-causes (GCs) APtraction’, and, ‘APtraction GCs APcell’, produces 
a significance of causality as p-values. The p-values collected by several experiments per flow 
condition (Figs. S6-S9) were combined to determine the global representative significance of each 
causal direction with Harmonic Mean P (HMP)61. We calculated these p-values for AP time-series 
recorded in short-term (first 90, 90, 120 and 150 min for direct high FSS, ramped high FSS, with 30 
min low FSS and 60 min low FSS after flow application, respectively, Fig. 4o) and in long-term (up 
to 24 hours, Fig. 4p). We separated the analyses because the two imaging modes had different time 
intervals, e.g., 1.5 min for short-term, and 10 min for long-term imaging. From the GC analysis with a 
short-term imaging, the combined p-value for the causal direction, APtraction GCs APcell, was not 
significant. However, the p-values were significantly smaller than p-values for the other direction 
(Fig. 4o). All other flow conditions in the short-term imaging did not show a significant difference 
between directions or in terms of the combined p-value. From the GC analysis with a long-term 
imaging, consistently, p-values for the causal direction, APtraction GCs APcell, were significantly lower 
than ones for the other causal direction, APcell GCs APtraction, (Fig. 4p), consistent with findings from 
the short-term response. Furthermore, the combined p-value for this direction, APtraction GCs APcell, 
was absolutely significant for direct high FSS (Fig. 4p). Similarly, in the 60 min low FSS condition, 
the combined p-value for the same direction, APtraction GCs APcell, was very significant. (Fig. 4p). The 
p-value of the Mann-Whitney test, testing the difference between the two sets of GC p-values in 60 
min low FSS condition, was not significant but relatively small (0.1111). These results suggest that as 
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long as the alignment becomes strongly along the flow (in case of direct high FSS) or perpendicular 
to the flow (in case of 60 min low FSS), traction alignment functionally causes cell alignment in a 
manner that is protective from, or prone to, the atherosclerosis. Taken together, these data suggest that 
traction alignment and cell alignment have a strong correlation and traction alignment is functionally 
responsible for cell alignment of HUVECs under direct high or 60-min low FSS introduction.   

 

Figure 4. Traction alignment functionally causes cell alignment of HUVECs under direct high FSS or 
long-term 60-min low FSS. (a) Our cell orientation analysis framework consisting of Cellpose 2.0 neural 
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network that uses a standard U-net backbone, which down-sample and upsample the feature maps along with 
skip connection between layers, with a human-in-loop procedure for manual training and correction. The output 
image after segmentation prediction was analyzed for orientation in custom developed python code for alignment 
parameter with angular distribution of the segmentation. (b-e) Predicted segmentation and ellipse fitting for 
direct high FSS (b), high FSS with ramp (c), 30-min low FSS (d), 60-min low FSS (e), conditions with angular 
color map showing the segmented cells with respective angular distribution color coding in the field of view for 
time t= -0.5 hr, 0 hr, 2 hr, 12 hr, 24 hr. (f-i) Polar histograms of cell orientations at t=0 hr (pink), at t=2 hr (green) 
and at t=24 hr (blue) for each condition with respect to flow direction. (j-m) Time-series plot of APcell (gray) and 
APtraction (red) as a function of time from each representative time-lapse images recorded for direct high FSS (j, 
APtraction), High FSS with ramp (k, APtraction), 30-min low FSS (l, APtraction), and 60- min low FSS (m, APtraction). 
APtraction for missing timepoints in panel j was calculated using non-linear curve fitting by gaussian amp function- 
R2=0.98404. Error bars: S.E.M. (n) A boxplot of Pearson correlation coefficients for short-term (orange) and 
long-term data (purple) for four FSS conditions. *: p < 0.05 tested with HMP-combined p-values of a robust test 
for zero-correlation60. (o-p) Boxplots of p-values from Granger Causality tests for short-term and long-term 
imaging for all conditions with causal direction that ‘APcell GCs APtraction’ (green) and ‘APtraction GCs APcell’ 
(blue). #: p < 0.05 tested with HMP-combined GC p-values, *: p < 0.05 tested with Mann-Whitney U-test 
between the two-direction GC test p-values. Sample sizes for each condition are N=4, 4, 6, 5, for direct high 
FSS, High FSS with ramp 30-min low FSS, 60-min low FSS, respectively.  

Discussion 

Utilizing a versatile flow system capable of tracking traction dynamics across multiple time 
scales, we have uncovered intriguing insights into the responses of ECs to varying FSS conditions. 
Our findings reveal that transient exposure to low FSS triggers an immediate short-term increase in 
traction, followed by a sustained traction rise when subjected to high FSS. In stark contrast, the 
application of direct or ramped high FSS initially provokes an increase in traction but subsequently 
leads to a marked decline in traction over the long term. Moreover, we observed that initial exposure 
to low FSS induces a distinctive traction field orientation, aligning more perpendicular to the flow 
direction, persisting even after the subsequent return to high FSS conditions. In contrast, direct or 
ramped high FSS prompts traction alignment parallel to the flow direction. 

The short-term traction response to low FSS aligns with previous research that has demonstrated 
an immediate surge and subsequent decrease in traction upon the onset and cessation of low FSS, 
respectively26. This immediate traction response is believed to arise from the activation of FSS-
triggered mechanotransduction and inflammatory signaling pathways. Notably, low FSS is known to 
canonically activate pathways such as NF-kB71, Smad2/318 and the inflammatory mediator TNF-α17 
while simultaneously reducing endothelial nitric oxide synthase (eNOS) production72 and 
ArhGap1848. A previous study has reported an increased traction with the introduction of TNF-α 
under 1.5 Pa of FSS42. Additionally, signaling mediated by Notch1, a well-established shear 
mechanosensor73, triggers RhoA signaling, subsequently activating myosin light chain and, 
consequently, myosin contractility and traction40,74. However, it is worth noting that some 
conventional low FSS-triggered transcriptional responses do not appear to be the direct cause of 
elevated traction but rather a consequence of it. For instance, research involving lipopolysaccharide 
(LPS)-based stimulation has shown that RhoA signaling operates upstream of NF-kB 
phosphorylation75. Furthermore, the Yap/Taz pathway, activated under low, oscillatory FSS76 via 
α5β1 integrin and tyrosine protein kinase ABL1 activation77, is known to be regulated by RhoA 
signaling78, potentially through cytoskeletal tension-mediated nuclear pore complex opening, 
facilitating Yap nuclear translocation79. Consequently, the rise in traction induced by low FSS may be 
attributed to molecular sensors activating pathways like Notch1 or TNF-α, which, in turn, activate 
RhoA, ultimately influencing NF-kB or Yap signaling. Further experimental investigations will be 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


essential to unravel the intricate molecular circuitry underlying the sensing of low FSS by endothelial 
cells. 

The occurrence of secondary or tertiary traction peaks observed predominantly in HUVECs 
subjected to low FSS pre-treatment bears a resemblance to the secondary peak documented in the 
activation of JNK2 signaling under high FSS conditions24. The JNK signal pathway operates 
downstream of TNF-α and upstream of key players such as c-JUN and NF-kB80. Notably, JNK 
activation is also modulated by factors downstream of integrin24 and RhoA activation81. Thus, the 
JNK2’s secondary peaks could be outcome of the secondary force peaks. Consequently, the 
secondary peaks observed in JNK2 activation may be a consequential response to secondary force 
peaks induced by high FSS. However, the precise upstream regulators responsible for generating 
these traction peaks remain elusive. Moreover, it remains unclear whether JNK2 exhibits similar 
secondary peaks in response to low FSS, and intriguingly, why such secondary peaks were not 
observed in our high FSS scenario. Our data reveals that the initial traction increase in response to 
low FSS is significantly less than half of the initial rise observed under direct high FSS conditions. 
This discrepancy leads us to speculate that the initial traction surge could potentially serve as a crucial 
signal triggering the initiation of an extensive remodeling program within the endothelial cells. 
Further investigations are warranted to unravel the intricate mechanisms governing these traction 
peaks and their potential roles in mechanotransduction processes.  

The short-term initial exposure to low FSS has shown perpendicular alignment of the traction and 
cell to the flow direction even after 24 additional hours of high FSS. These results partially align with 
the study that shows perpendicular alignment of actin filaments to long-term low-FSS, disturbed 
flow23,82,83 where perpendicularly aligned ECs express high proinflammatory NF-kB49. Given the tight 
relationship between traction and cell alignment45, our results suggest that cytoskeletal remodeling 
initiated by gene reprogramming might have already begun with a short time exposure to low FSS. 
One such gene reprogramming in response to short-term low FSS could involve endothelial-to-
mesenchymal transition (EndMT)84-86. EndMT leads to physiological changes like EC polarity and 
adherens junction (AJ) disruption. It will be worth investigating the possibility of EndMT, e.g., by 
monitoring a EndMT-representing transcriptional factor, SNAIL87, with a range of time duration with 
low FSS before high FSS.  

Reorientation of HUVEC traction and cell perpendicular to the flow after temporary low FSS 
exposure could be attempted to be explained by the set point theory21,88,89. The theory states that ECs 
have a preferred level of FSS and any deviation from the set point is compensated by vasoconstriction 
and dilation to maintain the set level of FSS90. According to this theory, it is possible that HUVECS 
set up their set-point FSS to be very low during the initial exposure to low FSS. The 1-Pa high FSS 
that is followed after the low FSS would be recognized as a too much FSS, more than a 
physiologically healthy level, which could result in EC alignment perpendicular to the flow, which 
has been shown to occur ECs under very high FSS21. Further experiments are needed to evaluate this 
interpretation. 

In the context of ECs’ response to high laminar fluid shear stress (FSS), our findings reveal a 
dual-phase pattern: an initial short-term increase in traction followed by a long-term decrease. It's 
important to note that these results do not serve to definitively reconcile the previously contradictory 
findings in the literature regarding endothelial traction responses15,25,39,40,45. Instead, they align with 
the established understanding of ECs' shear-dependent behavior, wherein an initial immune response 
is succeeded by a long-term relaxation phase47. The variability in the current and previous shear-TFM 
results may be attributed to differences in the selection of cell types, flow conditions, ECM proteins, 
and the stiffness of the substrate. For instance, an BAEC monolayer on FN-coated surface has shown 
an increase in traction under 1.2 Pa FSS25 whereas on collagen-coated surface, HUVECs have shown 
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a decrease in traction in a long-term45. Indeed, ECs on collagen-coated substrate have shown 
attenuated focal adhesion growth and cytoskeletal dynamics compared to ECs on fibronectin91. 
Moreover, ECs on collagen have shown transient activation of RhoA as compared to prolonged RhoA 
activation on fibronectin92. Thus, while the reasons for the inconsistent traction results is still 
undecisive, this ECM-dependence suggests that our finding of initial short-term traction rise is 
attributed to fibronectin’s synergistic integrin-activating function and associated RhoA activation, but 
it can still trigger, or be followed by, a long-term relaxation. It is also worth mentioning that all 
previous methods have measured traction at discrete time-points with at least one-minute interval, 
making it difficult to compare the remodeling response for the duration of FSS exposure whereas our 
results are from imaging done in a fine time-scale. 

In conclusion, our data demonstrate unexpected shear-dependent traction modulation that 
temporary exposure to low FSS has a long-term effect featured by secondary rise in traction and 
reorientation of traction field perpendicular to the flow. While leaving many potential mechanistic 
possibilities in interpretation, these data suggest that traction itself might act as an important signal 
for endothelial pathophysiology in response to low shear stress. 

 

Acknowledgment 

We thank Dr. Feng Zhao (Texas A&M University) for sharing early-passage HUVECs and helping us 
with HUVECs culture protocols. We thank M. A. Schwartz (Yale University) and Paul Evans 
(Imperial College London, UK) for their helpful discussion. We also thank Kathleen Pakenas in the 
lab for assisting the gel-fabrication process. This work was supported by NIH R15GM135806 grant. 
We also thank Health research institute (HRI) at Michigan Technological University for the graduate 
student fellowship.  

 

References 
 

1. Abe J-i, Berk BC. Novel mechanisms of endothelial mechanotransduction. Arteriosclerosis, 
thrombosis, and vascular biology. 2014;34:2378-2386.  

2. Stevens T, Garcia JG, Shasby DM, Bhattacharya J, Malik AB. Mechanisms regulating endothelial 
cell barrier function. American Journal of Physiology-Lung Cellular and Molecular Physiology. 
2000;279:L419-L422.  

3. Stevens T, Garcia JGN, Shasby DM, Bhattacharya J, Malik AB. Mechanisms regulating endothelial 
cell barrier function. American Journal of Physiology-Lung Cellular and Molecular Physiology. 
2000;279:L419-L422. doi: 10.1152/ajplung.2000.279.3.L419 

4. Buchanan CF, Verbridge SS, Vlachos PP, Rylander MN. Flow shear stress regulates endothelial 
barrier function and expression of angiogenic factors in a 3D microfluidic tumor vascular model. 
Cell Adhesion & Migration. 2014;8:517-524. doi: 10.4161/19336918.2014.970001 

5. Sandoo A, Veldhuijzen van Zanten JJ, Metsios GS, Carroll D, Kitas GD. The endothelium and its 
role in regulating vascular tone. The open cardiovascular medicine journal. 2010;4.  

6. Meng F, Cheng H, Qian J, Dai X, Huang Y, Fan Y. In vitro fluidic systems: Applying shear stress 
on endothelial cells. Medicine in Novel Technology and Devices. 2022:100143.  

7. Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, Sakthisekaran D, Sethi G, Nishigaki I. The 
vascular endothelium and human diseases. Int J Biol Sci. 2013;9:1057-1069. doi: 10.7150/ijbs.7502 

8. Ghimire K, Zaric J, Alday-Parejo B, Seebach J, Bousquenaud M, Stalin J, Bieler G, Schnittler H-J, 
Rüegg C. MAGI1 Mediates eNOS Activation and NO Production in Endothelial Cells in Response 
to Fluid Shear Stress. Cells. 2019;8:388.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


9. Berk BC. Atheroprotective Signaling Mechanisms Activated by Steady Laminar Flow in 
Endothelial Cells. Circulation. 2008;117:1082-1089. doi: 
doi:10.1161/CIRCULATIONAHA.107.720730 

10. Brooks AR, Lelkes PI, Rubanyi GM. Gene expression profiling of human aortic endothelial cells 
exposed to disturbed flow and steady laminar flow. Physiological Genomics. 2002;9:27-41. doi: 
10.1152/physiolgenomics.00075.2001 

11. Lefer AM, Lefer DJ. The role of nitric oxide and cell adhesion molecules on the microcirculation in 
ischaemia-reperfusion. Cardiovascular research. 1996;32:743-751.  

12. Chien S. Effects of Disturbed Flow on Endothelial Cells. Annals of Biomedical Engineering. 
2008;36:554-562. doi: 10.1007/s10439-007-9426-3 

13. Xie X, Wang F, Zhu L, Yang H, Pan D, Liu Y, Qu X, Gu Y, Li X, Chen S. Low shear stress 
induces endothelial cell apoptosis and monocyte adhesion by upregulating PECAM‑1 expression. 
Mol Med Rep. 2020;21:2580-2588. doi: 10.3892/mmr.2020.11060 

14. Fisher AB, Chien S, Barakat AI, Nerem RM. Endothelial cellular response to altered shear stress. 
American Journal of Physiology-Lung Cellular and Molecular Physiology. 2001;281:L529-L533. 
doi: 10.1152/ajplung.2001.281.3.L529 

15. Conway Daniel E, Breckenridge Mark T, Hinde E, Gratton E, Chen Christopher S, Schwartz 
Martin A. Fluid Shear Stress on Endothelial Cells Modulates Mechanical Tension across VE-
Cadherin and PECAM-1. Current Biology. 2013;23:1024-1030. doi: 
https://doi.org/10.1016/j.cub.2013.04.049 

16. Tzima E, del Pozo MA, Shattil SJ, Chien S, Schwartz MA. Activation of integrins in endothelial 
cells by fluid shear stress mediates Rho-dependent cytoskeletal alignment. The EMBO Journal. 
2001;20:4639-4647. doi: https://doi.org/10.1093/emboj/20.17.4639 

17. Mohan S, Koyoma K, Thangasamy A, Nakano H, Glickman RD, Mohan N. Low shear stress 
preferentially enhances IKK activity through selective sources of ROS for persistent activation of 
NF-κB in endothelial cells. American Journal of Physiology-Cell Physiology. 2007;292:C362-
C371. doi: 10.1152/ajpcell.00535.2005 

18. Deng H, Min E, Baeyens N, Coon BG, Hu R, Zhuang ZW, Chen M, Huang B, Afolabi T, Zarkada 
G, et al. Activation of Smad2/3 signaling by low fluid shear stress mediates artery inward 
remodeling. Proceedings of the National Academy of Sciences. 2021;118:e2105339118. doi: 
doi:10.1073/pnas.2105339118 

19. Seebach J, Dieterich P, Luo F, Schillers H, Vestweber D, Oberleithner H, Galla H-J, Schnittler H-J. 
Endothelial Barrier Function under Laminar Fluid Shear Stress. Laboratory Investigation. 
2000;80:1819-1831. doi: 10.1038/labinvest.3780193 

20. Phelps JE, DePaola N. Spatial variations in endothelial barrier function in disturbed flows in vitro. 
American Journal of Physiology-Heart and Circulatory Physiology. 2000;278:H469-H476. doi: 
10.1152/ajpheart.2000.278.2.H469 

21. Baeyens N, Nicoli S, Coon BG, Ross TD, Van den Dries K, Han J, Lauridsen HM, Mejean CO, 
Eichmann A, Thomas J-L, et al. Vascular remodeling is governed by a VEGFR3-dependent fluid 
shear stress set point. eLife. 2015;4:e04645. doi: 10.7554/eLife.04645 

22. Chistiakov DA, Orekhov AN, Bobryshev YV. Effects of shear stress on endothelial cells: go with 
the flow. Acta Physiologica. 2017;219:382-408. doi: https://doi.org/10.1111/apha.12725 

23. Choublier N, Taghi M, Menet M-C, Le Gall M, Bruce J, Chafey P, Guillonneau F, Moreau A, 
Denizot C, Parmentier Y, et al. Exposure of human cerebral microvascular endothelial cells 
hCMEC/D3 to laminar shear stress induces vascular protective responses. Fluids and Barriers of 
the CNS. 2022;19:41. doi: 10.1186/s12987-022-00344-w 

24. Hahn C, Wang C, Orr AW, Coon BG, Schwartz MA. JNK2 Promotes Endothelial Cell Alignment 
under Flow. PLOS ONE. 2011;6:e24338. doi: 10.1371/journal.pone.0024338 

25. Hur SS, Del Alamo JC, Park JS, Li Y-S, Nguyen HA, Teng D, Wang K-C, Flores L, Alonso-
Latorre B, Lasheras JC. Roles of cell confluency and fluid shear in 3-dimensional intracellular 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1016/j.cub.2013.04.049
https://doi.org/10.1093/emboj/20.17.4639
https://doi.org/10.1111/apha.12725
https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


forces in endothelial cells. Proceedings of the National Academy of Sciences. 2012;109:11110-
11115.  

26. Perrault CM, Brugues A, Bazellieres E, Ricco P, Lacroix D, Trepat X. Traction forces of 
endothelial cells under slow shear flow. Biophysical journal. 2015;109:1533-1536.  

27. Ting LH, Jahn JR, Sniadecki NJ. Flow mechanotransduction regulates traction forces, intercellular 
forces, and adherens junctions. Biophysical Journal. 2012;102:220a.  

28. Lee J, Packard RR, Hsiai TK. Blood flow modulation of vascular dynamics. Curr Opin Lipidol. 
2015;26:376-383. doi: 10.1097/mol.0000000000000218 

29. Davies PF. Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. 
Nature Clinical Practice Cardiovascular Medicine. 2009;6:16-26. doi: 10.1038/ncpcardio1397 

30. Macario DK, Entersz I, Paul Abboud J, Nackman GB. Inhibition of Apoptosis Prevents Shear-
Induced Detachment of Endothelial Cells. Journal of Surgical Research. 2008;147:282-289. doi: 
https://doi.org/10.1016/j.jss.2007.09.007 

31. Inoguchi H, Tanaka T, Maehara Y, Matsuda T. The effect of gradually graded shear stress on the 
morphological integrity of a huvec-seeded compliant small-diameter vascular graft. Biomaterials. 
2007;28:486-495. doi: https://doi.org/10.1016/j.biomaterials.2006.09.020 

32. Hein DI. Introduction to Cell Culture Under Flow, Shear Stress, and Flow Patterns. Ibidi -cells in 
focus. https://ibidi.com/content/415-introduction-to-cell-culture-under-flow. July 1, 2020.  

33. Wong AK, Llanos P, Boroda N, Rosenberg SR, Rabbany SY. A Parallel-Plate Flow Chamber for 
Mechanical Characterization of Endothelial Cells Exposed to Laminar Shear Stress. Cellular and 
Molecular Bioengineering. 2016;9:127-138. doi: 10.1007/s12195-015-0424-5 

34. Levesque M, Nerem R. The elongation and orientation of cultured endothelial cells in response to 
shear stress. 1985.  

35. Chiu J-J, Chen L-J, Lee P-L, Lee C-I, Lo L-W, Usami S, Chien S. Shear stress inhibits adhesion 
molecule expression in vascular endothelial cells induced by coculture with smooth muscle cells. 
Blood. 2003;101:2667-2674. doi: 10.1182/blood-2002-08-2560 

36. Melchior B, Frangos JA. Distinctive Subcellular Akt‐1 Responses to Shear Stress in Endothelial 
Cells. Journal of cellular biochemistry. 2014;115:121-129.  

37. Han SJ, Oak Y, Groisman A, Danuser G. Traction microscopy to identify force modulation in 
subresolution adhesions. Nature Methods. 2015;12:653-656. doi: 10.1038/nmeth.3430 

38. Baeriswyl DC, Prionisti I, Peach T, Tsolkas G, Chooi KY, Vardakis J, Morel S, Diagbouga MR, 
Bijlenga P, Cuhlmann S, et al. Disturbed flow induces a sustained, stochastic NF-κB activation 
which may support intracranial aneurysm growth in vivo. Scientific Reports. 2019;9:4738. doi: 
10.1038/s41598-019-40959-y 

39. Ting LH, Jahn JR, Jung JI, Shuman BR, Feghhi S, Han SJ, Rodriguez ML, Sniadecki NJ. Flow 
mechanotransduction regulates traction forces, intercellular forces, and adherens junctions. 
American Journal of Physiology-Heart and Circulatory Physiology. 2012;302:H2220-H2229.  

40. Shiu Y-T, Li S, Marganski WA, Usami S, Schwartz MA, Wang Y-L, Dembo M, Chien S. Rho 
mediates the shear-enhancement of endothelial cell migration and traction force generation. 
Biophysical journal. 2004;86:2558-2565.  

41. Xu S, Koroleva M, Yin M, Jin ZG. Atheroprotective laminar flow inhibits Hippo pathway effector 
YAP in endothelial cells. Translational Research. 2016;176:18-28.e12. doi: 
https://doi.org/10.1016/j.trsl.2016.05.003 

42. Brandt M, Gerke V, Betz T. Human endothelial cells display a rapid tensional stress increase in 
response to tumor necrosis factor-α. PLOS ONE. 2022;17:e0270197. doi: 
10.1371/journal.pone.0270197 

43. Pober JS, Cotran RS. The role of endothelial cells in inflammation. Transplantation. 1990;50:537-
544.  

44. Valent ET, van Nieuw Amerongen GP, van Hinsbergh VWM, Hordijk PL. Traction force dynamics 
predict gap formation in activated endothelium. Experimental Cell Research. 2016;347:161-170. 
doi: https://doi.org/10.1016/j.yexcr.2016.07.029 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1016/j.jss.2007.09.007
https://doi.org/10.1016/j.biomaterials.2006.09.020
https://ibidi.com/content/415-introduction-to-cell-culture-under-flow
https://doi.org/10.1016/j.trsl.2016.05.003
https://doi.org/10.1016/j.yexcr.2016.07.029
https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


45. Steward Jr R, Tambe D, Hardin CC, Krishnan R, Fredberg JJ. Fluid shear, intercellular stress, and 
endothelial cell alignment. American Journal of Physiology-Cell Physiology. 2015;308:C657-
C664.  

46. Chien S. Mechanotransduction and endothelial cell homeostasis: the wisdom of the cell. American 
Journal of Physiology-Heart and Circulatory Physiology. 2007;292:H1209-H1224.  

47. Hahn C, Schwartz MA. Mechanotransduction in vascular physiology and atherogenesis. Nature 
Reviews Molecular Cell Biology. 2009;10:53-62. doi: 10.1038/nrm2596 

48. Lay AJ, Coleman PR, Formaz‐Preston A, Ting KK, Roediger B, Weninger W, Schwartz MA, 
Vadas MA, Gamble JR. ARHGAP18: A Flow‐Responsive Gene That Regulates Endothelial Cell 
Alignment and Protects Against Atherosclerosis. Journal of the American Heart Association. 
2019;8:e010057. doi: doi:10.1161/JAHA.118.010057 

49. Wang C, Baker BM, Chen CS, Schwartz MA. Endothelial Cell Sensing of Flow Direction. 
Arteriosclerosis, Thrombosis, and Vascular Biology. 2013;33:2130-2136. doi: 
doi:10.1161/ATVBAHA.113.301826 

50. Nerem RM, Levesque MJ, Cornhill J. Vascular endothelial morphology as an indicator of the 
pattern of blood flow. 1981.  

51. Davies PF. Flow-mediated endothelial mechanotransduction. Physiological reviews. 1995;75:519-
560.  

52. Vartanian KB, Berny MA, McCarty OJ, Hanson SR, Hinds MT. Cytoskeletal structure regulates 
endothelial cell immunogenicity independent of fluid shear stress. American Journal of Physiology-
Cell Physiology. 2010;298:C333-C341.  

53. Granger CWJ. Investigating Causal Relations by Econometric Models and Cross-Spectral Methods. 
Econometrica. 1969;37:414-&.  

54. Mittal N, Michels E, Pakenas K, Royer S, Han S. Polymerizing actin regulates myosin-independent 
mechanosensing by modulating actin elasticity and flow fluctuation. 2023.  

55. Au - Lane WO, Au - Jantzen AE, Au - Carlon TA, Au - Jamiolkowski RM, Au - Grenet JE, Au - 
Ley MM, Au - Haseltine JM, Au - Galinat LJ, Au - Lin F-H, Au - Allen JD, et al. Parallel-plate 
Flow Chamber and Continuous Flow Circuit to Evaluate Endothelial Progenitor Cells under 
Laminar Flow Shear Stress. JoVE. 2012:e3349. doi: doi:10.3791/3349 

56. Haarman SE, Kim SY, Isogai T, Dean KM, Han SJ. Particle retracking algorithm capable of 
quantifying large, local matrix deformation for traction force microscopy. PloS one. 
2022;17:e0268614.  

57. Sabass B, Gardel ML, Waterman CM, Schwarz US. High Resolution Traction Force Microscopy 
Based on Experimental and Computational Advances. Biophysical Journal. 2008;94:207-220. doi: 
10.1529/biophysj.107.113670 

58. Pachitariu M, Stringer C. Cellpose 2.0: how to train your own model. Nature Methods. 
2022;19:1634-1641. doi: 10.1038/s41592-022-01663-4 

59. Stringer C, Wang T, Michaelos M, Pachitariu M. Cellpose: a generalist algorithm for cellular 
segmentation. Nature Methods. 2021;18:100-106. doi: 10.1038/s41592-020-01018-x 

60. Dalla V, Giraitis L, Phillips PCB. ROBUST TESTS FOR WHITE NOISE AND CROSS-
CORRELATION. Econometric Theory. 2022;38:913-941. doi: 10.1017/S0266466620000341 

61. Wilson DJ. The harmonic mean p-value for combining dependent tests. Proc Natl Acad Sci U S A. 
2019;116:1195-1200. doi: 10.1073/pnas.1814092116 

62. Granger CW. Investigating causal relations by econometric models and cross-spectral methods. 
Econometrica: journal of the Econometric Society. 1969:424-438.  

63. Mann HB, Whitney DR. On a Test of Whether one of Two Random Variables is Stochastically 
Larger than the Other. The Annals of Mathematical Statistics. 1947;18:50-60. doi: 
10.1214/aoms/1177730491 

64. Malek AM, Izumo S. Mechanism of endothelial cell shape change and cytoskeletal remodeling in 
response to fluid shear stress. Journal of Cell Science. 1996;109:713-726. doi: 
10.1242/jcs.109.4.713 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


65. Tzima E. Role of small GTPases in endothelial cytoskeletal dynamics and the shear stress response. 
Circulation research. 2006;98:176-185. doi: 10.1161/01.RES.0000200162.94463.d7 

66. Tzima E, Del Pozo MA, Kiosses WB, Mohamed SA, Li S, Chien S, Schwartz MA. Activation of 
Rac1 by shear stress in endothelial cells mediates both cytoskeletal reorganization and effects on 
gene expression. EMBO J. 2002;21:6791-6800. doi: 10.1093/emboj/cdf688 

67. Andersen TG, Davis RA, Kreiss JP, Mikosch TV. Handbook of Financial Time Series, (eds T. G. 
Andersenet al.). Berlin: Springer-Verlag. Berlin: Springer; 2009. 

68. Tsay RS. Analysis of Financial Time Series. Hoboken, NJ: John Wiley & Sons 2010. 
69. Bressler SL, Seth AK. Wiener-Granger causality: a well established methodology. Neuroimage. 

2011;58:323-329. doi: 10.1016/j.neuroimage.2010.02.059 
70. Noh J, Isogai T, Chi J, Bhatt K, Danuser G. Granger-causal inference of the lamellipodial actin 

regulator hierarchy by live cell imaging without perturbation. Cell systems. 2022;13:471-487 e478. 
doi: 10.1016/j.cels.2022.05.003 

71. Sweet DT, Chen Z, Givens CS, Owens III AP, Rojas M, Tzima E. Endothelial Shc regulates 
arteriogenesis through dual control of arterial specification and inflammation via the notch and 
nuclear factor-κ–light-chain-enhancer of activated B-cell pathways. Circulation research. 
2013;113:32-39.  

72. Rochette L, Lorin J, Zeller M, Guilland J-C, Lorgis L, Cottin Y, Vergely C. Nitric oxide synthase 
inhibition and oxidative stress in cardiovascular diseases: possible therapeutic targets? 
Pharmacology & therapeutics. 2013;140:239-257.  

73. Mack JJ, Mosqueiro TS, Archer BJ, Jones WM, Sunshine H, Faas GC, Briot A, Aragón RL, Su T, 
Romay MC, et al. NOTCH1 is a mechanosensor in adult arteries. Nat Commun. 2017;8:1620. doi: 
10.1038/s41467-017-01741-8 

74. Venkatesh D, Fredette N, Rostama B, Tang Y, Vary CPH, Liaw L, Urs S. RhoA-Mediated 
Signaling in Notch-Induced Senescence-Like Growth Arrest and Endothelial Barrier Dysfunction. 
Arteriosclerosis, Thrombosis, and Vascular Biology. 2011;31:876-882. doi: 
doi:10.1161/ATVBAHA.110.221945 

75. Guo F, Tang J, Zhou Z, Dou Y, Van Lonkhuyzen D, Gao C, Huan J. GEF-H1-RhoA signaling 
pathway mediates LPS-induced NF-κB transactivation and IL-8 synthesis in endothelial cells. 
Molecular Immunology. 2012;50:98-107. doi: https://doi.org/10.1016/j.molimm.2011.12.009 

76. Wang L, Luo J-Y, Li B, Tian XY, Chen L-J, Huang Y, Liu J, Deng D, Lau CW, Wan S, et al. 
Integrin-YAP/TAZ-JNK cascade mediates atheroprotective effect of unidirectional shear flow. 
Nature. 2016;540:579-582. doi: 10.1038/nature20602 

77. Li B, He J, Lv H, Liu Y, Lv X, Zhang C, Zhu Y, Ai D. c-Abl regulates YAPY357 phosphorylation 
to activate endothelial atherogenic responses to disturbed flow. The Journal of Clinical 
Investigation. 2019;129:1167-1179. doi: 10.1172/JCI122440 

78. Jiang M-c, Ding H-y, Huang Y-h, Cheng CK, Lau CW, Xia Y, Yao X-q, Wang L, Huang Y. 
Thioridazine protects against disturbed flow-induced atherosclerosis by inhibiting RhoA/YAP-
mediated endothelial inflammation. Acta Pharmacologica Sinica. 2023. doi: 10.1038/s41401-023-
01102-w 

79. Elosegui-Artola A, Andreu I, Beedle AE, Lezamiz A, Uroz M, Kosmalska AJ, Oria R, Kechagia 
JZ, Rico-Lastres P, Le Roux A-L. Force triggers YAP nuclear entry by regulating transport across 
nuclear pores. Cell. 2017;171:1397-1410. e1314.  

80. Keegan PM, Surapaneni S, Platt MO. Sickle cell disease activates peripheral blood mononuclear 
cells to induce cathepsins k and v activity in endothelial cells. Anemia. 2012;2012.  

81. Mong PY, Petrulio C, Kaufman HL, Wang Q. Activation of Rho Kinase by TNF-α Is Required for 
JNK Activation in Human Pulmonary Microvascular Endothelial Cells1. The Journal of 
Immunology. 2008;180:550-558. doi: 10.4049/jimmunol.180.1.550 

82. Tovar-Lopez F, Thurgood P, Gilliam C, Nguyen N, Pirogova E, Khoshmanesh K, Baratchi S. A 
microfluidic system for studying the effects of disturbed flow on endothelial cells. Frontiers in 
bioengineering and biotechnology. 2019;7:81.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1016/j.molimm.2011.12.009
https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


83. Tovar-Lopez F, Thurgood P, Gilliam C, Nguyen N, Pirogova E, Khoshmanesh K, Baratchi S. A 
Microfluidic System for Studying the Effects of Disturbed Flow on Endothelial Cells. Frontiers in 
Bioengineering and Biotechnology. 2019;7. doi: 10.3389/fbioe.2019.00081 

84. Chen P-Y, Qin L, Baeyens N, Li G, Afolabi T, Budatha M, Tellides G, Schwartz MA, Simons M. 
Endothelial-to-mesenchymal transition drives atherosclerosis progression. The Journal of clinical 
investigation. 2015;125:4514-4528.  

85. Moonen J-RA, Lee ES, Schmidt M, Maleszewska M, Koerts JA, Brouwer LA, Van Kooten TG, 
Van Luyn MJ, Zeebregts CJ, Krenning G. Endothelial-to-mesenchymal transition contributes to 
fibro-proliferative vascular disease and is modulated by fluid shear stress. Cardiovascular 
research. 2015;108:377-386.  

86. Mahmoud MM, Kim HR, Xing R, Hsiao S, Mammoto A, Chen J, Serbanovic-Canic J, Feng S, 
Bowden NP, Maguire R. TWIST1 integrates endothelial responses to flow in vascular dysfunction 
and atherosclerosis. Circulation research. 2016;119:450-462.  

87. Mahmoud MM, Serbanovic-Canic J, Feng S, Souilhol C, Xing R, Hsiao S, Mammoto A, Chen J, 
Ariaans M, Francis SE, et al. Shear stress induces endothelial-to-mesenchymal transition via the 
transcription factor Snail. Scientific Reports. 2017;7:3375. doi: 10.1038/s41598-017-03532-z 

88. Rodbard S. Vascular caliber. Cardiology. 1975;60:4-49.  
89. Ambrosi D, Quarteroni A, Rozza G. Modeling of physiological flows. Springer Science & Business 

Media; 2012. 
90. Ward MR, Pasterkamp G, Yeung AC, Borst C. Arterial remodeling: mechanisms and clinical 

implications. Circulation. 2000;102:1186-1191.  
91. Givens C, Tzima E. Endothelial Mechanosignaling: Does One Sensor Fit All? Antioxidants & 

Redox Signaling. 2016;25:373-388. doi: 10.1089/ars.2015.6493 
92. Collins C, Osborne LD, Guilluy C, Chen Z, O’Brien ET, Reader JS, Burridge K, Superfine R, 

Tzima E. Haemodynamic and extracellular matrix cues regulate the mechanical phenotype and 
stiffness of aortic endothelial cells. Nature Communications. 2014;5:3984. doi: 
10.1038/ncomms4984 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental Figures 

 

 

Figure S1. Traction fluctuation under long term static condition. Average traction magnitude generated 
by HUVECs monolayer under static condition with respect to time (N=2, M=8). Error bars: S.E.M. Here, 
N represents the number of flow experiments and M represents the number of regions of interest observed 
in each experiment. 

 

 

Figure S2. Average traction magnitude as a function of time for each individual region of interest, co-
plotted with FSS profiles on ECs for direct 1 Pa FSS. (a) Short-term traction response (M=3, N=14). (b) 
Long-term traction response (M=2, N=9). Here, M represents the number of flow experiments and N 
represents the number of regions of interest observed in each experiment. 
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Figure S3. Average traction magnitude as a function of time for each individual region of interests, co-
plotted with FSS profiles on ECs for 1 Pa FSS with 30 min ramp. (a) Short-term traction response (M=2, 
M=11). (b) Long-term traction response (M=2, N=11). M represents the number of flow experiments and 
N represents the number of regions of interest observed in each experiment. 

 

 

Figure S4. Average traction magnitude as a function of time for each individual region of interests, co-
plotted with FSS profiles on ECs with 0.1 Pa FSS 30-min ramp. (a) Short-term traction response (M=4, 
N=38). (b) Long-term traction response (M=3, N=17). Here, M represents the number of flow 
experiments and N represents the number of regions of interest observed in each experiment. 
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Figure S5. Average traction magnitude as a function of time for each individual region of interests, co-
plotted with FSS profiles on ECs with 60-min 0.1 Pa shear. (a) Short-term traction response (M=4, 
N=24). (b) Long-term traction response (M=2, N=11). M represents the number of flow experiments and 
N represents the number of regions of interest observed in each experiment. 
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Figure S6. Predicted segmentation for direct high FSS for short-term and long-term with angular color 
map showing the segmented cells with respective angular distribution color coding in the field of view. 
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Figure S7. Predicted segmentation for high FSS with ramp for short-term and long-term with angular 
color map showing the segmented cells with respective angular distribution color coding in the field of 
view. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 1, 2024. ; https://doi.org/10.1101/2023.09.20.558732doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.20.558732
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure S8. Predicted segmentation for 30-min low FSS for short-term and long-term with angular color 
map showing the segmented cells with respective angular distribution color coding in the field of view. 
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Figure S9. Predicted segmentation for 60-min low FSS for short-term and long-term with angular color 
map showing the segmented cells with respective angular distribution color coding in the field of view. 
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Supplemental Video Legends 

 

Video S1. Time-lapse DIC images of a region of a HUVECs monolayer on 2.6 kPa, bead-coated gel 
under direct high FSS. The time interval between consecutive frames: 90 seconds. Playing speed: 7 
frames/sec. Total movie play time: 11 seconds. Duration of the movie: 90 minutes. Scale bar: 50 μm. 

 

Video S2. Time-lapse color-coded traction vector field overlaid on DIC images of a region of a HUVECs 
monolayer on 2.6 kPa gel under direct high FSS. Time interval between consecutive frames: 90 seconds. 
Playing speed: 7 frames/sec. Total movie play time: 11 seconds. Duration of the movie: 90 minutes. Scale 
bar: 50 μm. 

 

Video S1_BF-Direct 1 Pa FSS.mp4 Video S1_BF-Direct 1 Pa FSS.mp4

Video S2_Traction vector-Direct 1 Pa FSS.mp4 Video S2_Traction vector-Direct 1 Pa FSS.mp4
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