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Abstract 
Modulation of endothelial traction is critical for the responses of endothelial cells to fluid shear 
stress (FSS), which has profound implications for vascular health and atherosclerosis. Previously, 
we demonstrated that under high FSS, endothelial cells rapidly increase traction forces, followed 
by relaxation, with traction aligning in the flow direction. In contrast, low shear preconditioning 
induces a modest short-term increase in traction (<30 min), followed by a secondary long-term 
(>14 hr) rise, with traction/cells aligning perpendicular to the flow. The upstream mechanosensors 
driving these responses, however, remain unknown. Here, we sought the roles of Piezo1 and 
TRPV4 ion channels in shear-induced traction modulation. We report that HUVECs with Piezo1 
silencing reduced the initial traction rise in half under high FSS compared to those by WT cells, 
while not affecting the traction modulation in response to low FSS or traction/cell alignment to the 
flow direction. Conversely, cells with siTRPV4 fully abrogated the initial traction rise, as well as 
alignment of traction and cells, in response to both high and low FSS conditions. Dual inhibition 
of Piezo1 and TRPV4 further impaired both initial and long-term traction under high FSS. 
Interestingly, dual-inhibited cells displayed larger initial traction responses to low FSS compared 
to control cells, suggesting the involvement of alternative calcium-independent pathways that 
become dominant when both ion channels are nonfunctional. Additionally, either ion channel 
inhibition led to secondary long-term traction increase even under high FSS condition. These 
findings suggest that while both Piezo1 and TRPV4 channels contribute to shear 
mechanotransduction, TRPV4 plays more dominant role than Piezo1 in mediating the initial 
traction rise and sustaining long-term relaxation under high or low shear stress, highlighting their 
critical and distinct contributions to endothelial mechanotransduction and remodeling. 

Key Words: Flow mechanotransduction, Endothelial Cells, Piezo1, TRPV4, Traction Force, Fluid 
shear stress, Focal Adhesion. 

 

Introduction 
Mechanotransduction in endothelial cells (ECs) in response to fluid shear stress (FSS) is critical 
in maintaining barrier functions, vascular integrity, and for regulating inflammation and disease 
progression1,2. FSS initiates a range of signaling and transcriptional pathways, from immediate 
responses to long-term adaptations3. Depending on the magnitude and pattern of FSS, ECs can 
adopt either protective or pathological phenotypes. High, steady FSS aligns with atheroprotective 
responses, promoting cell alignment in the direction of flow and maintaining vascular integrity4,5, 
while low or oscillatory FSS is often associated with atheroprone environments, leading to 
perpendicular cell alignment, increased inflammation, and compromised endothelial function. 
Understanding how ECs sense and respond to these mechanical cues is essential for uncovering 
the mechanistic basis of endothelial adaptation and maladaptation under varying shear conditions.  

 Piezo1, a mechanosensitive calcium ion channel, plays a fundamental role in the 
development and maintenance of the cardiovascular system and has been implicated in vascular 
biology and pathology, including atherosclerosis3,6-9. Located on the apical surface of endothelial 
cells (ECs), Piezo1 is activated by mechanical stimuli such as fluid shear stress (FSS), triggering 
calcium (Ca²⁺) influx10. This Ca²⁺ influx is associated with integrin activation3,11,12 and endothelial 
cell alignment in response to flow13,14. Accordingly, Piezo1 is critically involved in flow-induced 
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production of atheroprotective signaling protein KLF2/415 and nitric oxide (NO), which are 
essential for blood pressure regulation and vascular tone16. 

Similarly, transient receptor potential cation channel V4 (TRPV4), belonging to a transient 
receptor potential (TRP) family 17, is also linked with regulation of blood flow and by shear shear-
induced activation to control vasodilation and remodeling18,19. As in Piezo1, once activated by 
mechanical cues such as shear stress17, stretch20, temperature changes, and osmotic pressure, 
TRPV4 facilitates Ca²⁺ influx that initiates downstream signaling pathways including NO 
synthesis21, cytoskeletal dynamics, focal adhesion (FA) remodeling, and ultimately, traction force 
(TF) generation and alignment behaviors in ECs22. However, differential regulation of endothelial 
mechanotransduction from TRPV4 compared to Piezo1 has been unclear.  

TFs serve as a physical readout of endothelial mechanotransduction, providing direct 
insights into how cells sense and respond to shear stress. These forces arise from the dynamic 
interactions between the cytoskeleton, FAs, and the extracellular matrix, enabling ECs to modulate 
their shape, alignment, and function in response to mechanical stimuli. Our previous findings 
demonstrated that under high FSS, endothelial cells exhibit a rapid increase in traction forces 
followed by relaxation, with traction aligning in the direction of flow23. In contrast, low shear 
preconditioning induces a modest initial increase in traction, followed by a secondary long-term 
rise, with traction and cells aligning perpendicular to the flow23. This differential traction response 
suggests that distinct mechanosensitive pathways regulate endothelial adaptation to varying shear 
conditions. However, the upstream regulators responsible for modulating these forces remain 
unclear.  

Given the established roles of Piezo1 and TRPV4 in shear-induced calcium signaling, we 
sought to investigate their contributions to endothelial TF modulation and cell alignment under 
different shear stress conditions. Using siRNA to selectively inhibit Piezo1 and TRPV4 in human 
umbilical vein endothelial cells (HUVECs), we quantify TF generation and alignment dynamics 
under direct high FSS and low FSS preconditioning. Our results reveal that Piezo1 primarily 
regulates traction responses and cell alignment under high FSS, while TRPV4 controls the rapid 
initial traction response and alignment under both high and low FSS. Dual inhibition experiments 
suggest that these channels together contribute to the magnitude and direction of traction forces, 
with their inhibition leading to distinct alterations in traction and alignment based on the level of 
FSS applied. These findings provide new insights into the role of mechanosensitive ion channels 
as primary FSS sensors in endothelial cells and offer a mechanistic basis for understanding how 
ECs differentiate between atheroprotective and atheroprone shear environments. 

Material and Method 
Construction of a Flow System with Traction Microscopy 
A rectangular flow chamber was used as previously fabricated23. Briefly, the chamber has a 
dimension of 38´5´0.8mm for the chamber’s inner volume and was manufactured using 
polycarbonate via CNC machining. 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 (Fig. 1 A). Coating the 
cover glass with a silicone gel and coating the gel with fluorescent beads were done as previously 
done 24. The assembled flow chamber was integrated into the flow system that consists of a 
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peristaltic pump (model no. NE-9000; New Era Pump Systems, Inc.), a pulse dampener, and a 
reservoir (Fig. 1D). The pulse dampener was used to eliminate the pulsation in the flow due to the 
pump and 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 ºC and 5% CO2 throughout the experiments. 

Cell Culture, Silencing, and Seeding to the Flow Chamber 
The HUVEC cell line was purchased from Lonza (Cat. No. C2519A). The cells were used from 
passages 3–7 for the experiments and were cultured in endothelial cell growth medium-2 (EGM-
2) Bulletkit (Lonza Bioscience) on a pretreated tissue culture six-well plate (VWR international).  
For the flow experiments, 0.2x106 cells/mL were seeded on the soft gel-coated coverslip and stored 
in a CO2 incubator for 12 hours to reach 70-80% confluency (Fig. 1 B). The HUVECs were then 
transfected with siRNAs of Piezo1 (ON-TARGET plus Human Piezo1 siRNA, Catalog number: 
J-020870-09-0005, Dharmacon), and TRPV4 (ON-TARGET plus Human TRPV4 siRNA, Catalog 
number: J-004195-08-0005, Dharmacon), as per manufacturers protocol using lipofectamine 
RNAiMAX transfection reagent. The cells were allowed to form confluency and are incubated for 
at least 24 hours to achieve transfection efficiency as per manufacturers’ recommendation (Fig. 
1C). The cells were treated with CellTrackerTM Fluorescent dye (Catalog number: C7025, 
ThermoFisher scientific) 1 hour before the start of the experiment to observe cell confluency, 
orientation, and alignment. Functionalization of the gel with fibronectin for cell adhesion was 
performed as previously done25. 

mRNA Measurement Using Real-Time PCR  
qRT-PCR was performed to validate the knockdown results of the piezo1 and trpv4 genes in 
HUVECs. 2x105 HUVECs were seeded on each well of a 6-well plate. After 24 hours, cells were 
incubated with or without siRNA, ON-TARGETplus Non-targeting Control Pool (Catalog No. D-
001810-10-05), ON-TARGETplus Human PIEZO1 siRNA, ON-TARGETplus Human TRPV4 
siRNA. After 24 hours, the medium was replaced with fresh culture medium. Another 24 hours 
later, RNA was isolated using the Qiagen Micro kit (Catalog No. 74004). Then, between 200 and 
500 ng of RNA from each sample was used to perform reverse transcription using the iScript 
cDNA Synthesis Kit (Catalog No.1708890) to obtain cDNA. Subsequently, qPCR was performed 
using 20 ng of cDNA with the SYBR Green method. 

Shear Flow Experiments 
For the shear flow experiments, the calculations for FSS were performed using the Poiseuille law 
modified for parallel-plate flow channels26: 

𝑄 =	
𝜏𝑤ℎ!

6µ , 𝑜𝑟, 𝜏 = 	
6µ𝑄
𝑤ℎ! 

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, for example, the flow rate of 44.4 
mL/min was designed and applied. We have two different flow profiles: 1) direct high FSS, and 
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2) with 60-min low FSS (Fig. 1 F). For direct high FSS, the FSS of 1 Pa was directly applied with 
the onset of the flow from the static condition. Our selection of 1 Pa as the high FSS level was 
informed by the literature27-29 indicating that shear stress within the 1- to 2-Pa range is sufficient 
to induce atheroprotective gene expression and anti-inflammatory responses in vitro, paralleling 
physiological conditions in larger vessels. This level was also chosen for its practical compatibility 
with our experimental setup, balancing the need for physiological relevance with technical 
feasibility. 

For the flow with 60-min low FSS, the FSS started from 0 to 0.01 Pa and was ramped every 
minute with 0.0031 Pa to reach 0.1 Pa at t = 30 min. It was followed by a constant 0.1-Pa FSS for 
30 min until t= 60 min, after which the FSS was further increased from 0.1 to 1 Pa with a linear 
ramp until t= 90 min. For flow profiles, after reaching 1 Pa, the flow was maintained at 1 Pa until 
t= 24 h. For short-term imaging, which is 90, and 150 min, for direct high FSS, and 60-min low 
FSS, respectively, the time interval of 3 min was used. For a long-term imaging until 24 h, the 
time interval of 10 min was used. Justification for this time frame determination and the flow 
control using a programmable pump are described in30. 

Live Cell Imaging 
The beads in the flow chamber were imaged via a spinning-disk confocal microscope (Yokogawa 
CSU-X1, built on Nikon Ti-S) with 20 objective and 642-nm laser excitation before and after the 
flow application at every 180s (Fig. 1 E). At the same time, differential interference contrast (DIC) 
images and fluorescent cell images were taken to observe the cell shapes, confluency, and 
orientation (Fig. 1 G). 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 Laboratory) using a sealing putty to 
ensure stable imaging without drifting. For TM 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 (Fig. 1 E). 

Traction Reconstruction and Analysis 
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 using traction microscopy (TM) as described in our previous 
publications (Fig. 1 E,  I)31-34. Detailed TM parameters are described in reference30. After traction 
reconstruction, the magnitude of the traction was plotted over timescale to monitor the change in 
the traction before and after FSS (Fig. 1I). For visualization of the direction of 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(<cos2θtraction>-0.5), where θtraction 
represents the angle of a traction vector to the flow direction, which is an x-direction in our 
configuration (Fig. 1 H). The average of the distribution of angles for the force alignment was 
denoted using < >. For APtraction, only prominent traction vectors were used, by subsampling with 
Otsu thresholding, for the average calculation to avoid noise-like effect from small traction vectors.  
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Cell Segmentation, Training, and Orientation Analysis 
The Cellpose 2.035 was used with a human-in-loop model to predict cell segmentation. The training 
was done on the bright-field images or fluorescent dye cell 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 a batch size of 15, with a weight decay of 0.0001 
and a learning rate of 0.1. For all the segmentation predictions, images with less than five predicted 
cells were excluded for orientation calculation. The orientations of the segmented areas were 
determined by the major axes of ellipses fitted to each segmentation. The cell alignment to the 
flow direction was calculated using the alignment parameter, APcell = 2(<cos2θcell>0.5), where θcell 
represents the angle of the segment’s major axis to the flow direction (Fig. 1 G). For visual 
inspection of the orientations of traction vectors or cells’ major axes, the polar histogram was 
plotted using the MATLAB function, “polarhistogram” (Fig. 1 K, L). The time series analysis of 
the AP for cell and traction were plotted over a timescale of 24 hours (Fig. 1 M). 
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Figure 1. Flow system setup and traction microscopy (TM) workflow and analysis. (A) Flow 
channel and glass coverslip with TM gel and fluorescent beads for TM imaging. (B) HUVECs 
seeded in the flow channel coated with fibronectin and incubation for 12 hours to reach 70-80% 
confluency. (C) Transfection of cells using siRNA for piezo1, TRPV4 and both with further 
incubation for 24 hours. (D) Illustration of the flow system with peristaltic pump, pulse dampener, 
media bottle maintained at 5% CO2 and 37 ºC, the flow channel setup on microscope for live TM 
imaging and 20x objective. (E) Illustration of the TM gel with stressed and relaxed configurations 
along with representative bead images on the right. The bead tracking using particle tracking 
velocimetry between stressed and relaxed gel followed by measurement of displacement field and 
vectors. Traction field and vectors calculated using green’s function for known thickness of 24 µm 
and stiffness of the gel 2.6 kPa. (F) Flow profiles used for the FSS application (up) Direct high 
FSS, (down) With 60-min low FSS. (G) Cell orientation analysis framework consisting of Cellpose 
2.0 neural network that uses a standard U-net backbone, which down sample and up sample the 
feature maps along with skip connection between layers, with a human-in-loop procedure for 
manual training and correction. Output image after segmentation prediction was analyzed for 
orientation in custom developed python code for alignment parameter with angular distribution of 
the segmentation. (I) Change in traction magnitude plotted over a timescale for the applied FSS of 
Direct high and 60-min low FSS. (J) Polar-histogram distribution of force vectors at timepoints 0 
mins (pink) and 90 mins (blue). (K) Polar-histogram distribution of cell orientation at timepoints 
0 hours (pink), 2 hours (green), and 24 hours (blue). (L) Representation of time-series plot of 
alignment parameter, APcell (gray) and APtraction (red) as a function of time from each representative 
time-lapse image recorded for FSS.  

Statistical Analysis 
The data were obtained from three replicate experiments and five different positions in each 
experiment, unless stated otherwise. Error bars in all figures represent the standard error of the 
mean and the analysis was done using OriginLab. To determine a significant difference between 
groups, we used one-way ANOVA with Tukey’s post hoc test. To determine if the analyzed data, 
for example, change in traction or change in AP, are significantly more than zero, we used one 
sample Student’s t test per group. ANOVA with Tukey’s post hoc test and Student’s t test were 
done in JMP-pro software.  

The Granger causality (GC) test was performed to determine whether APtraction functionally causes 
APcell or vice versa as discussed in ref 30. Briefly, we analyzed the causality in both directions, that 
is, APcell GCs APtraction and APtraction GCs APcell, from which a significance of the causality, that is, 
P values, was produced. 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 of <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 
used the Mann–Whitney test. These P values are further combined using HMP. 
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Results 
Piezo1 modulates ECs traction response under direct high FSS but not under low FSS and 
involved in traction and cell alignment. 
Previously, using flow-TM experiments (as illustrated in Fig. 1), we have shown that, in wild-type 
(WT) HUVECs exposed to direct high FSS, traction exhibits a distinct temporal profile. In the 
short-term (Fig. 2A, gray curve), traction forces increase rapidly within the first few minutes of 
FSS application, reaching a peak within 5-10 minutes, followed by a steady phase over the next 
hour. This quick traction rise, and stabilization indicates an initial, robust mechanotransduction 
response to high FSS in WT ECs. In the long-term response (Fig. 2B, gray curve), traction, initially 
risen, rapidly decreases below the baseline, showing a relaxation phase that suggests adaptation to 
prolonged high FSS. When wild-type HUVECs undergo 60-minute low FSS preconditioning 
before high FSS application the traction increase is more gradual and modest compared to direct 
high FSS, with a slower rise and lower peak (Fig. 2C, gray curve), indicating that low shear 
preconditioning reduces the initial flow sensitivity of wild-type ECs. Over the long term, however, 
the traction force under this preconditioned regimen shows a huge secondary rise for over 10 hours 
before slowly declining (Fig. 2D, gray curve)30. These trends in wild-type cells provide a baseline 
for understanding the altered traction responses observed in Piezo1-inhibited cells. 

To determine the role of Piezo1 channel in regulation of flow-mediated traction (Fig. 1E), 
we measured the traction in HUVECs treated with Piezo1 siRNA under two conditions: direct high 
FSS and high FSS following 60 minutes of low FSS preconditioning (Fig. 1F, top and bottom, 
respectively). Knock-down efficiency of Piezo1 silencing (~89%) was confirmed by qPCR (Fig. 
S1). Upon exposure to direct high FSS, Piezo1-inhibited cells displayed a noticeable initial 
increase in traction within the first 5 minutes (Fig. 2A, Fig. S3A), where the increase in traction 
was significantly lower than that of control cells (Fig. 2A, E). This initial rise was followed by a 
more gradual increase. In the long term, Piezo1-inhibited cells exposed to direct high FSS showed 
a slower, steady increase in traction over several hours, eventually reaching a maximum traction 
level that was lower than the global maximum observed in wild-type cells (Fig. 2B). This was 
followed by a relaxation phase also slower than that of the control ECs (Fig. 2B, S3B), which was 
similar to the secondary rise shown in WT cells under 60-min low FSS.  

In contrast, in the condition with 60-minute low FSS preconditioning followed by high 
FSS, Piezo1-inhibited cells exhibited a similar trend to wild-type cells in the short-term response 
(Fig. 2C, E, S3C): i.e., traction initially rose within the first few minutes and then plateaued, 
showing no further significant change even as FSS increased. This finding suggests that Piezo1-
mediated traction is insensitive to low FSS in the short term. Over the long term, Piezo1-inhibited 
cells under this preconditioned regime showed a secondary increase in traction similar to wild-
type cells, but the maximum traction achieved was still lower than in control conditions (Fig. 2D, 
S3D). Additionally, the relaxation phase in Piezo1-inhibited cells occurred more rapidly, dropping 
below baseline traction levels within 24 hours, indicating a faster return to baseline compared to 
wild-type cells. 

 Our recent evidence has shown that traction alignment functionally causes cell alignment30 
To examine Piezo1’s role in the shear-induced traction alignment, we analyzed the angular 
distribution of traction vector fields (Fig. 2F, H, J). Before the onset of the FSS, the distribution of 
the traction vectors showed mostly isotropic distribution (Fig. 2F, H, pink). Under direct high FSS, 
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the vector orientation showed a shift towards the flow direction as a function of time (Fig. 2F, 
green and blue) whereas under 60-min low FSS condition, the traction field showed a slight shift 
toward both the direction parallel and perpendicular to the flow (Fig. 2H, green and blue). Analysis 
of the change in the alignment parameter (APtraction, as described in Fig. 1K) of all experiments 
confirmed a positive shift in the alignment of Piezo-inhibited HUVECs under direct high FSS 
condition after 24 hours with the magnitude of the change smaller than that of control (Fig. 2J).  
This suggests Piezo1’s partial effect in high FSS-triggered traction. In response to 60-min low FSS 
condition, however, HUVECs showed an insignificant shift in APtraction, which was different from 
the negative change in APtraction exhibited in WT cells under low FSS (Fig. 2J). Thus, Piezo1 
inhibition impairs traction’s perpendicular alignment to the flow under low FSS while despite 
traction magnitude reduction. 

The analysis of cell orientations and alignment parameters (APcell) using deep neural 
network (Fig. 1G, I, K, S4) in Piezo1-inhibited HUVECs under different shear conditions reveals 
key differences in their response to direct high FSS and 60-min low FSS preconditioning. Under 
direct high FSS, the angular distribution of cell orientations (Fig. 2G) shows significant alignment 
in the flow direction, albeit less prominently compared to wild-type cells. Conversely, after 60-
min low FSS preconditioning, no notable alignment was observed, with cell orientations remaining 
largely isotropic (Fig. 2I). Quantitative analysis of alignment parameters (ΔAP, Fig. 1L) further 
underscores these differences (Fig. 2K). Under direct high FSS, Piezo1-inhibited cells exhibit a 
significantly attenuated increase in both ΔAPcell and ΔAPtraction compared to those exhibited by WT 
cells, while after low FSS preconditioning, ΔAPcell and ΔAPtraction showed opposite and significant 
difference between Piezo1-inhibited and WT cells (Fig. 2K). These results suggest that Piezo1 
inhibition disrupts cells’ parallel alignment partially under high FSS and perpendicular alignment 
completely under low FSS.  

To investigate the temporal relationship between cell and traction alignment, time series 
analysis of APcell and APtraction was performed (Fig. 2L, M). Under direct high FSS (Fig. 2L), 
Piezo1-inhibited cells exhibited a steady but attenuated increase in APcell and APtraction over time. 
In contrast, after 60-min low FSS preconditioning (Fig. 2L), neither APcell nor APtraction shows any 
significant trend over time, in stark contrast to the AP behaviors under direct high FSS condition. 
To seek if there is a functional causality between traction alignment and cell alignment, we 
performed Granger causality (GC) test, a statistical test used to determine if one time series predicts 
another. The details about the test is explained in the ref.30. Briefly, the test focuses on each causal 
direction, if APcell granger-causes (GCs) APtraction or vice versa, produce a significance of causality 
as P values. To determine the global significance of each causal direction with harmonic mean P 
(HMP), the P value from several independent experiments per flow conditions were combined. 
We calculated the P values for pairs of AP timeseries under long-term 24 hours for direct high FSS 
and 60-min low FSS conditions for Piezo1 inhibited cells (Fig. 2N). The distribution of P values 
showed that in Piezo1 inhibited cells, the causal direction, ‘APtraction GCs APcell’ appeared to be 
more functional than the other causal direction for both direct high FSS and 60-min low FSS 
conditions (Fig. 2N). However, the Mann-Whitney test showed no significant difference between 
the directions. Thus, this analysis suggests that the inhibition of Piezo1 greatly attenuates not only 
the alignment behavior of the cells under flow but also the functional coupling between traction 
alignment and cell alignment. Together, these findings collectively suggest that Piezo1 partially 
mediates cell and traction alignment, coupling between cell and traction orientations, and traction 
magnitude under high FSS but largely uninfluential in translating low FSS to EC traction. 
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Figure 2. Piezo1 inhibition impairs early traction response to direct high FSS, prolonging 
long-term traction relaxation and also impairs alignment under high and low FSS. (A, B, C, 
D) Average traction of HUVECs silenced with Piezo1 siRNA (blue) for short-term (A, C) and 
long-term (B, D) under direct high FSS (A, B) and 60-min low FSS (C, D). Wildtype condition 
shown in (grey) and FSS in (red) (N=1, M=7-9). Error bar means ± SE. (E) A boxplot of early rise 
in traction within 30 min of FSS (N=3, M= 18-24). (F, H) Polar distribution of traction vectors at 
t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (G, I) Polar distribution of 
cell orientation at t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (J, K) Bar 
plot of changes in ΔAPtraction and ΔAPcell for wild-type (gray) and Piezo1siRNA (blue) under direct 
high FSS and 60-min low FSS conditions. (N=3, M= 18-24). (L, M) Time-series plot of alignment 
parameter, APcell (gray) and APtraction (red) as a function of time from each representative time-
lapse images recorded for direct high FSS (L), and 60-min low FSS (M). #P<0.05 tested with t-
test for the slope of the line, compared against null hypothesis that the true slope is zero. N 
represents the number of independent experiments and M represents the position observed. 
*P<0.05 tested with one-sample t test, that is, compared against zero. # P<0.05 tested with one-
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way ANOVA with Tukey’s post hoc test. (N) Boxplots of P values from Granger causality (GC) 
tests for 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, 10, 5, 10, for direct high FSS (WT), direct high FSS (Piezo1 siRNA), 
60-min low FSS (WT), 60-min low FSS (Piezo1 siRNA) respectively.  

TRPV4 governs endothelial rapid initial traction response to high and low FSS leading to slow 
traction relaxation and induced cell and traction alignment. 
To understand the role of TRPV4 in shear-mediated traction, we measured and analyzed the 
traction of HUVECs treated with TRPV4 siRNA in response to high FSS or 60-min low FSS 
preconditioning (Fig 3 A-D, S5 A-D). The knockdown efficiency was 89%, confirmed by qRCR 
(Fig. S2). In response to direct high FSS, TRPV4-inhibited HUVECs displayed a complete absence 
of the rapid traction increase seen in WT cells during the first 10 minutes (Fig. 3A, orange curve). 
Instead, a gradual, steady rise in traction began after 15 minutes and continued over time. This 
rising trend continued in the long term, reaching a global peak at ~6 hour, followed by a slower 
relaxation that returned near baseline levels at 24 hour. This long-term rise is reminiscent of the 
second rise exhibited in control ECs exposed to 60-min low FSS (Fig. 2D, gray) or Piezo1-
inhibited ECs exposed to direct FSS (Fig. 2B, blue), suggesting the idea of insufficient initial 
traction rise potentially associated with long-term traction elevation.  

Under 60-min low FSS preconditioning, unlike Piezo1 inhibition case, TRPV4 inhibition 
caused near two-fold reduction in the initial traction increase compared to WT cells (Fig. 3C, E). 
This was followed by slow, constant rise in traction, which continued until t= ~3 hours after which 
the traction decreased slowly (Fig. 3D). This relaxation is earlier and with lower maximum traction 
compared to WT cells, which suggests TRPV4’s role in sustained traction generation. 
Quantification of early traction changes within 30 minutes of FSS exposure revealed traction of 
TRPV4-inhibited cells reduced compared to Piezo1-inhibited cells as well for both flow conditions 
(Fig. 3E). These results demonstrate TRPV4’s critical role in early traction generation.  

The traction orientation of TRPV4-inhibited cells stayed isotropic before and after the 
onset of direct high FSS (Fig. 3F, pink and blue). Similarly, under low FSS preconditioning, 
traction orientation exhibited no distinct change (Fig. 3H, pink and blue), which is in contrast with 
WT HUVECs’ traction alignment perpendicular to the flow under low FSS. Cell orientation (Fig. 
S6), depicted in rose plots (Fig. 3G, I), also remained isotropic regardless of the FSS condition in 
TRPV4-inhibited cells, showing no distinct alignment patterns after 24 hours under both direct 
high FSS (Fig. 3G) and low FSS preconditioning (Fig. 3I). AP for both traction and cell of the 
TRPV4-inhibited HUVECs also showed only slight increase for direct high FSS and no change 
for 60-min low FSS, similar to that of Piezo-1 inhibited HUVECs (Fig. 3J, K). This trend was also 
shown in the time series analysis with only small fluctuations of APs (Fig. 3L, M). GC analysis 
showed no significant functional causality between APcell and APtraction (Fig. 3N). Together, these 
results suggest that TRPV4 mediates not only the immediate traction magnitude modulation upon 
the onset of FSS but also the coordination and coupling of alignment of the traction and the cells 
to the flow.   
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Figure 3. TRPV4 modulates endothelial traction response to onset of FSS. (A, B, C, D) 
Average traction of HUVECs silenced with TRPV4 siRNA (orange) for short-term (A, C) and 
long-term (B, D) under direct high FSS (A, B) and 60-min low FSS (C, D). Wildtype condition 
shown in (grey) and FSS in (red) (N=1, M=7-9). Error bar means ± SE. (E) A boxplot of early rise 
in traction within 30 min of FSS (N=3, M= 16-24). (F, H) Polar distribution of traction vectors at 
t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (G, I) Polar distribution of 
cell orientation at t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (J, K) Bar 
plot of changes in ΔAPtraction and ΔAPcell for wild-type (gray), Piezo1siRNA (blue) and 
TRPV4siRNA (orange) under direct high FSS and 60-min low FSS conditions. (N=3, M= 18-24). 
(L, M) Time-series plot of alignment parameter, APcell (gray) and APtraction (red) as a function of 
time from each representative time-lapse images recorded for direct high FSS (L), and 60-min low 
FSS (M). #P<0.05 tested with t-test for the slope of the line, compared against null hypothesis that 
the true slope is zero. N represents the number of independent experiments and M represents the 
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position observed. *P<0.05 tested with one-sample t test, that is, compared against zero. # P<0.05 
tested with one-way ANOVA with Tukey’s post hoc test. (N) Boxplots of P values from Granger 
causality (GC) tests for 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, 10,12, 5, 10, 12 for direct high FSS (WT), direct high 
FSS (Piezo1 siRNA), direct high FSS (TRPV4 siRNA), 60-min low FSS (WT), 60-min low FSS 
(Piezo1 siRNA), 60-min low FSS (TRPV4 siRNA) respectively. 

Dual inhibition of Piezo1 and TRPV4 disrupts short-term traction response and alignment 
more completely 
Studies with single ion channel inhibition revealed that neither Piezo1 nor TRPV4 alone could 
fully suppress shear-mediated traction forces. Piezo1 inhibition partially reduced the initial traction 
rise, while TRPV4 inhibition completely truncated the early traction response but allowed for a 
subsequent gradual increase during the short-term under direct high FSS (Figs. 2A and 3A). From 
these findings, we hypothesized that Piezo1 and TRPV4 may have complementary roles in 
mediating shear-induced traction. To test this hypothesis, we performed dual inhibition of both 
Piezo1 and TRPV4 and sought if this could more effectively downregulate shear-mediated traction 
in HUVECs (Fig. 4). In the dual knockdown group, the knockdown efficiency of Piezo1 was 
88.9% and TRPV4 was 85.4% (Fig. S1, S2). In response to direct high FSS, dual-inhibited cells 
exhibited a small initial increase in traction, after which it stayed constant at ~3 Pa for the first 90 
minutes (Fig. 4A, E, Fig. S7A). This finding suggests that Piezo1 and TRPV4 are key, 
complementary mechanosensitive ion channels responsible for generating the rapid traction forces 
necessary for ECs to respond to shear stress in the short-term.  

However, after a short-term, this low, steady phase was followed by a gradual increase in 
traction over the next several hours, eventually reaching a global peak at 12 hours (Fig. 4B, S7B) 
that exceeded the maximum observed in WT cells. The subsequent relaxation phase was slow, and 
traction did not return to baseline levels within 24 hours (Fig. 4B).  

Conversely, to our surprise, the average traction of dual-inhibited cells showed an increase 
1.5 times larger than that of WT cells in response to low FSS (Fig. 4C, E, S7 C). However, as FSS 
was ramped from 0.1 Pa to 1 Pa, traction began to decline, returning close to baseline levels shortly 
after the transition to high FSS. This immediate inverse behavior suggests that upon double-
inhibition, calcium-independent pathways become dominant and are more directly sensitive to the 
high FSS. In the long term, this reduced traction started to rise again (Fig. 4D, S7D), which is 
similar to the secondary elevation shown in WT cells.  

The traction orientation of dual-inhibited cells showed insignificant change over 24 hours 
under direct high FSS (Fig. 4F, J), so did traction under low FSS preconditioning (Fig. 4H, J). 
Likewise, the cell orientation distributions (Fig. S8) remained largely isotropic, with no significant 
changes under both direct high FSS (Fig. 4G, K) and low FSS preconditioning (Fig. 4I, K), which 
resembles to that of TRPV4-inhibited condition. AP time series also showed minimal changes over 
time (Fig. 4L, M) with no functional causality between APtraction and APcell (Fig. 4N), similar to 
Piezo1- and TRPV4- inhibited HUVECs. These results collectively suggest that dual inhibition of 
Piezo1 and TRPV4 mediates both immediate and sustained traction magnitude modulation under 
FSS and impairs the alignment of traction and cell to the flow.  
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Figure 4. Piezo1 and TRPV4 inhibition together more thoroughly inhibits the early traction 
response further leading to secondary traction rise in long-term in response to high FSS. (A, 
B, C, D) Average traction of HUVECs silenced with piezo1 and TRPV4 siRNA (purple) for short-
term (A, C) and long-term (B, D) under direct high FSS (A, B) and 60-min low FSS (C, D). 
Wildtype condition shown in (grey) (N=1, M=7-9). Error bar means ± SE. (E) A boxplot of early 
rise in traction within 30 min of FSS (N=3, M= 16-24). (F, H) Polar distribution of traction vectors 
at t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (G, I) Polar distribution 
of cell orientation at t=0 hr (magenta), t=2 hr (green) and t=24 hr (blue) for each condition. (J, K) 
Bar plot of changes in ΔAPtraction and ΔAPcell for wild-type (gray), Piezo1siRNA (blue), 
TRPV4siRNA (orange), and dualsiRNA (purple) under direct high FSS and 60-min low FSS 
conditions. (N=3, M= 18-24). (L, M) Time-series plot of alignment parameter, APcell (gray) and 
APtraction (red) as a function of time from each representative time-lapse images recorded for direct 
high FSS (L), and 60-min low FSS (M). #P<0.05 tested with t-test for the slope of the line, 
compared against null hypothesis that the true slope is zero. N represents the number of 
independent experiments and M represents the position observed. *P<0.05 tested with one-sample 
t test, that is, compared against zero. # P<0.05 tested with one-way ANOVA with Tukey’s post 
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hoc test. (N) Boxplots of P values from Granger causality (GC) tests for 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, 10, 
12, 10 5, 10, 12, 10 for direct high FSS (WT), direct high FSS (Piezo1 siRNA), direct high FSS 
(TRPV4 siRNA), direct high FSS (Dual siRNA), 60-min low FSS (WT), 60-min low FSS (Piezo1 
siRNA), 60-min low FSS (TRPV4 siRNA), 60-min low FSS (Dual siRNA) respectively. 

Integrin Signaling is Dispensable for Secondary Traction Rise, but May Modulate Short-Term 
TRPV4 Responses 

All FSS-TM experiments with ion channel inhibition under high or low FSS showed secondary 
traction rise in the long term where traction gradually increased over several hours, reaching a 
peak before slowly relaxing. This secondary rise was not shown only in WT HUVECs under direct 
high FSS. To test whether this secondary rise is from integrin signaling, we performed FSS-TM 
experiments with the inhibition of focal adhesion kinase (FAK), a key integrin signaling molecule. 
Upon inhibiting FAK, under direct high FSS, the short-term traction response exhibited a 
noticeable decrease in overall traction but was not completely eliminated (Fig. S9A, E). However, 
this was followed by the secondary rise in traction (Fig. S9B). Likewise, under 60-min low FSS, 
a secondary rise almost identical to those observed in WT cells was present (Fig. S9C, D). This 
data suggests that the secondary traction rise is independent of FAK signaling, indicating the 
involvement of an alternative pathway. Interestingly, the short-term traction behavior of FAK-
inhibited cells under direct high shear closely resembled that observed in TRPV4-inhibited cells 
(Fig. S9A vs. Fig. 3A). Moreover, the inverse relationship between increased FSS and decreased 
traction was also observed in FAK-inhibited cells (Fig. S9D). Thus, while our results suggest that 
the secondary traction rise is not mediated by FAK, we cannot rule out the possibility that calcium 
ion channels regulate traction through integrin activation. 

Discussion 
Our study highlights the essential roles of Piezo1 and TRPV4 mechanosensitive ion channels in 
EC responses to FSS, specifically in traction magnitude modulation and alignment under varying 
flow conditions. Overall, the inhibition of these ion channels resulted in reduced traction behavior 
when subjected to high FSS and transient low FSS in comparison to the WT condition. These 
initial reduced traction with the onset of the FSS leads to long-term traction elevation further 
affecting the traction relaxation behavior. Moreover, these early traction response from both direct 
high FSS and transient low FSS leads to isotropic distribution of the traction vectors further 
affecting the cell orientation toward no significant alignment to flow direction. The findings 
provide critical insights into how these ion channels function independently and collaboratively to 
regulate endothelial mechanotransduction.  

 Our study reveals that Piezo1 shows sensitivity to high FSS but not to transient low FSS. 
Under high FSS, traction rise was greatly diminished, whereas under transient low FSS, traction 
response was comparable to that of WT cells. This observation aligns with findings that Piezo1 is 
activated by high FSS and regulates calcium activity12,36. As calcium activity controls the focal 
adhesion assembly and disassembly11,37, the reduced traction responses under direct high FSS 
might be due to inhibited calcium-dependent FA remodeling. Particularly, we speculate that 
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reduced calcium entry by Piezo1 inhibition could have reduced FA assembly transiently then 
blocked the disassembly of FAs, which might be responsible for the secondary rise.  

Conversely, the indistinct traction response of Piezo-inhibited cells to transient low FSS 
compared to WT HUVECS may be attributed to specific ECM protein’s effect in FSS range 
sensing38. Piezo1-induced calcium influx has been shown to depend on the magnitude of the FSS 
and selectively activate specific integrin heterodimers12. Notably, under low FSS conditions, cells 
on collagen-coated substrates exhibited increased calcium signaling through Piezo1 activation, 
mediated by interactions with αv integrins. In contrast, cells on fibronectin-coated substrates 
showed a delayed and reduced calcium response, indicating that different extracellular matrix 
components modulate Piezo1 mechanosensitivity in an FSS magnitude-dependent manner12. This 
implies that under low FSS, Piezo1 plays a minimal role in the presence of fibronectin, and its 
inhibition does not significantly alter traction forces. Instead, the integrin-fibronectin interaction 
likely drives traction through Piezo1-independent pathways, explaining why Piezo1-inhibited cells 
exhibit similar traction responses to wild-type cells under low FSS conditions. 

Our data show that TRPV4 inhibition completely hampered the short-term traction increase 
against direct high FSS during the first 15 minutes. This observation is consistent with findings 
with the calcium influx suppression from TRPV4-inhibited ECs in response to FSS39. 
Additionally, TRPV4 inhibition not only suppresses calcium activity but also disrupts β-catenin-
dependent signaling pathways, as TRPV4 forms a complex with β-catenin40. These complexes 
reside both at cell-cell junctions and basal membrane in static culture, but the application of the 
flow separates TRPV4 from β-catenin and facilitate FAK and integrin signaling40. Therefore, 
TRPV4 inhibition may impair integrin activation, leading to reduced traction forces under high 
FSS. Similarly, the diminished traction response observed in TRPV4-inhibited HUVECs under 
low FSS preconditioning may be partially attributed to the disruption of TRPV4-β-catenin 
interactions and FAK signaling. Furthermore, TRPV4 inhibition may also affect Piezo1-mediated 
pathways. Studies suggest that TRPV4 activation occurs downstream of Piezo17, indicating that 
both channels may converge on shared mechanotransduction pathways.  

Interestingly, the slow and steady traction increase observed after 15 minutes under TRPV4 
inhibition may indicate compensatory activation of alternative mechanosensors, such as 
glycocalyx41, other ion channels42, and GPCRs43, followed by their downstream pathways. 
Alternative explanation could involve the side effect of integrin activity inhibition where FAK 
Y397 phosphorylation inhibition leads to inhibition of focal adhesion turnover and growth of 
FAs44. This compensation highlights the adaptability of ECs to sustain contractility in the absence 
of TRPV4. These findings suggest that TRPV4 plays a central role in early endothelial remodeling.  

Our dual inhibition against both Piezo1 and TRPV4 showed a nearly 5-fold decrease in 
overall traction compared to WT under direct high FSS. Piezo1 and TRPV4 together are critical 
for almost 80% of the traction response to direct high FSS. Piezo1 is known for elevating 
inflammation8, while TRPV4 leads to vasodilation19; thus, blocking both may suppress two 
independent calcium-dependent pathways45, reducing traction forces.  

On the contrary, our dual inhibition results show a one-fold increase in traction compared 
to WT conditions in response to low shear preconditioned flow. This traction increase may be 
attributed to calcium-independent mechanosensors such as Kir46 or GPCRs43, or calcium-
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independent pathways such as phospholipase C-β1 via GPCRs, protein kinases like PKC, and 
MAP kinases45, though their exact activation mechanisms and downstream pathways require 
further investigation. These pathways are associated with vasodilation by producing NO and PGI2, 
inflammation, and immune response by controlling adhesion molecules and cytokines47. It is 
possible that low shear activates a series of calcium-independent downstream pathways involved 
in vasodilation, inflammation, and immune response, resulting in increased traction. Mapping 
these pathways and their involvement in traction generation requires further exploration.  

In conclusion, our data demonstrate that TRPV4 and Piezo1 are critical mechanosensitive 
ion channels that regulate endothelial traction force generation, alignment, and adaptation, 
particularly under high FSS. TRPV4 emerges as the dominant regulator, orchestrating both the 
initial traction rise and long-term relaxation, whereas Piezo1 contributes primarily to the early 
response partially under high FSS. While many mechanistic details remain to be elucidated, our 
findings suggest that ion channels serve as the first line of FSS sensing, with TRPV4 playing a 
central role in translating shear stress magnitude into endothelial mechanotransduction. These 
insights provide a deeper understanding of endothelial adaptation to flow and its implications for 
vascular pathophysiology. 
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Fig S1. As shown in the figure, there was no change in the expression level of piezo1 in the control 
group compared to the scramble si-RNA negative control group. Compared to the control group, 
the expression levels of piezo1 in the piezo1 knockdown group and the dual knockdown group 
were significantly reduced, while the expression level of piezo1 in the trpv4 knockdown group 
remained unchanged. Similarly, compared to the scramble si-RNA negative control group, the 
expression levels of piezo1 in the piezo1 knockdown group and the dual knockdown group were 
significantly reduced, with no change observed in the piezo1 expression level in the trpv4 
knockdown group. 
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Fig S2. As shown in the figure, the expression of the TRPV4 gene in both the TRPV4 KD group 
and the Dual KD group is significantly reduced, confirming successful knockdown. For the 
TRPV4 KD group, the Ct values are 34.004, Undetermined, and Undetermined across the three 
wells. Similarly, in the Dual KD group, the Ct values are 33.927, Undetermined, and 35.402. The 
presence of high Ct values and several Undetermined wells in both groups suggests that the TRPV4 
gene expression was knocked down effectively by the TRPV4 siRNA, reducing the expression to 
levels that are near or below the detection threshold of the system. The original qPCR data is 
attached in the file. 

 

 

 

 

 

 

Fig S3. Average traction magnitude as a function of time for each individual region of interests, 
co-plotted with FSS profiles on Piezo1 inhibited ECs. (A, C) Short-term traction response for 
direct high FSS and 60-min low FSS (M=3, N=16-24). (B, D) Long-term traction response for 
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direct high FSS and 60-min low FSS (M=3, N=16-24). Here, M represents the number of flow 
experiments and N represents the number of regions of interest observed in each experiment. 

 

 

Fig S4. Predicted segmentation for direct high FSS (A) and 60-min low FSS (B) in Piezo1 inhibited 
ECs for time-points t= 0, 0.5, 6, 12, and 24 hours with angular color map showing the segmented 
cells with respective angular distribution color coding in the field of view. 
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Fig S5. Average traction magnitude as a function of time for each individual region of interests, 
co-plotted with FSS profiles on TRPV4 inhibited ECs. (A, C) Short-term traction response for 
direct high FSS and 60-min low FSS (M=3, N=16-24). (B, D) Long-term traction response for 
direct high FSS and 60-min low FSS (M=3, N=16-24). 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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Fig S6. Predicted segmentation for direct high FSS (A) and 60-min low FSS (B) in TRPV4 
inhibited ECs for time-points t= 0, 0.5, 6, 12, and 24 hours with angular color map showing the 
segmented cells with respective angular distribution color coding in the field of view. 
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Fig S7. Average traction magnitude as a function of time for each individual region of interests, 
co-plotted with FSS profiles on dual inhibited ECs. (A, C) Short-term traction response for direct 
high FSS and 60-min low FSS (M=3, N=16-24). (B, D) Long-term traction response for direct 
high FSS and 60-min low FSS (M=3, N=16-24). 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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Fig S8. Predicted segmentation for direct high FSS (A) and 60-min low FSS (B) in dual inhibited 
ECs for time-points t= 0, 0.5, 6, 12, and 24 hours with angular color map showing the segmented 
cells with respective angular distribution color coding in the field of view. 
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Fig S9. (A, B, C, D) Average traction of HUVECs silenced with FAK siRNA (violet) for short-
term (A, C) and long-term (B, D) under direct high FSS (A, B) and 60-min low FSS (C, D). 
Wildtype condition shown in (grey) (N=1, M=7-9). Error bar means ± SE. (E) A boxplot of early 
rise in traction within 30 min of FSS (N=3, M= 16-24). 
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