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ABSTRACT

Background: The ability of vascular endothelium to sense and respond to the mechanical stimuli generated by blood
flow is pivotal in maintaining arterial homeostasis. A steady laminar flow tends to provide athero-protective effect via
regulating endothelial functions, vascular tone, and further remodeling process. As arterial aging appeared to be an
independent risk factor of cardiovascular diseases, it is critical to understand the effects of cell senescence on endothelial
dysfunction under dynamic mechanical stimuli.

Methods: In this study, we investigated the morphological responses of aortic endothelial cells toward laminar flow or
cyclic stretch. Automated image recognition methods were applied to analyze image data to avoid bias. Differential
patterns of morphological adaptations toward distinct mechanical stimuli were observed, and the shear-induced changes
were found to be more associated with cell passages than that of cyclic strain.

Results: Our results demonstrated that the cytoskeleton and nuclear structural adaptations in endothelial cells toward
laminar flow were altered over prolonged culture, suggesting that the failure of senescent endothelial cells to adapt to
the applied shear stress morphologically could be one of the contributors to endothelial dysfunctions during vascular
aging.

Conclusions: Results indicated that cells were able to adjust their cytoskeleton and nuclear alignment and nuclear
shapes in response to the applied mechanical stimuli, and that the shear-induced changes were more dependent on PD
levels, where cells with higher PDL were more responsive to external forces.
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INTRODUCTION

Cardiovascular diseases (CVD) have been the leading
cause of death in developed countries, contributed to 1 in
every 4 death in the United States.! Atherosclerosis is the
major cause of arterial diseases and was recognized as a
chronic inflammatory response to vascular injuries
initiated on dysfunctional endothelium.? Aging was known
to be an independent risk factor in promoting
atherosclerosis, however, the mechanism of how vascular
aging contributes to CVD is not fully understood yet.

Aging is accompanied with cellular or replicative
senescence. Notably, in vascular tissues, the extensive

endothelial cell senescence has been found to be present in
aged arteries or atherosclerotic plaques, which was
concomitant with the alternations in EC structures and
functions, such as expanded cell size, polygonal
cytoskeleton, increased cell permeability, increased
secretion of extracellular proteins and dysregulated
expression of vasodilators and adhesive molecules.3*
Increased arterial stiffness, cellular sensitivity to pro-
inflammatory signals, and vascular cell senescence due to
aging effects have all been found to play causative roles in
lesion development.>®  Atherosclerotic plaques
preferentially develop at arterial sites of geometric
transitions, such as bifurcations and curvatures.”® These
regions are characterized by altered shear pattern and
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cyclic strains and increased arterial stiffness.®!
Endothelial functions, such as proliferation and apoptosis
and production of regulatory molecules are all influenced
by the local mechanical environment.*2

In vivo studies have also suggested a correlation between
endothelial morphologies and the local mechanical
environment. EC orientation was found to coincide with
its local flow directions.'>** Endothelial nuclear
orientation also appeared less ordered at aorta regions with
non-uniform flow.!> It was proposed that these
remodelling processes due to mechanical stimuli provided
a feedback to maintain endothelial homeostasis, while
unstable disturbance can interfere with the balance and
make the local region atheroprone.'® Cells adapted with
structural change in response to the exerted forces that
trigger the corresponding mechanosensitive pathways, by
interacting with cytoskeleton-associated molecules.
Disturbance in nuclear mechanics due to mutations in
lamins proteins also led to substantial wvascular
impairment.l” The subsequent in vitro research revealed
that cultured ECs were also responsive to various
mechanical stimuli with morphological changes. With
cyclic stretch, ECs realigned their cytoskeleton toward the
direction with minimized substrate deformation through a
mechanism dependent on actin filaments.’® Most cells
reoriented perpendicular to the applied biaxial or uniaxial
stretch direction within few hours, and they formed a ‘tent-
like’ structure in response to biaxial stretch, probably
through the mechanism involving Ca?* stretch-activated
channels.'® These reorientations were reported to be more
affected by stretching magnitude than the rate, and the
observations of peripheral vacuoles and pseudopods under
high magnitude stretch indicated the role of stretch in EC
proliferation and permeability at athero-prone sites.?-2?

On another hand, EC morphological responses to shear
stress were more versatile and dependent on the applied
flow pattern considering the complexity of arterial flow
patterns. Under prolonged laminar or non-reversing shear
flow at high magnitude (above 12 dynes/cm?), both actin
and microtubules filaments tended to be aligned with the
flow direction over time, and an intact microtubules
network was required for cell shape change.? However,
ECs subjected to reversing or oscillatory flow, or laminar
flow at low amplitude (under 5 dynes/cm?) mostly
remained their polygonal shape.?*?®> These findings
demonstrate that ECs were able to discriminate flow
patterns through mechanisms differed from that of stretch.
And in reality, multiple forces can interact and affect EC
morphological changes simultaneously in vivo.?® Aged
human umbilical vein endothelial cells (HUVEC) showed
declined cell proliferation and viability under bisphenol
(an endocrine disruptor) over prolonged culture, and
distinctive changes in a-tubulin and nuclear morphology
were observed.?” Increased cell senescence in aged
endothelium induced changes in gene expression and
impairment in cellular structure and function, which
further modified cell phenotypes and accelerated
endothelial dysfunction and vascular inflammation.?

While it is important to evaluate cellular structural changes
under mechanical stimuli to better understand the changes
in cell and nuclear mechanics and their associated
pathways, these responses must also be evaluated with
respect to vascular and endothelium aging. In this study,
we addressed the effects of EC proliferative potential on
their morphological responses toward physiological cyclic
stretch or laminar shear forces. Our results suggest that the
shear-induced morphological changes in endothelial cells
were more sensitive to cell passage than the modifications
directed by stretch force. Overall, shear stress and cyclic
stretch have different effects on cell and nuclear
remodelling in a passage dependent manner. In addition,
we developed image analysis and quantitative tools that
can be used for future studies on endothelial functions and
nuclear mechanics.

METHODS
Cell culture

Bovine aortic endothelial cells (BAEC, Lonza Company)
with limited lifespan were grown in Dulbecco’s
Modification of Eagle’s Medium (DMEM, Corning)
containing 10% heat-inactivated fetal bovine serum (JR
Scientific), 1% of L-glutamine and 2% penicillin-
streptomycin (Cellgro). Cells were maintained in a
humidified incubator (37°C, 5% COy).

Population doubling level

Population doubling level (PDL) was utilized in our study
to estimate the total number of divisions that cells in the
population have undergone since their primary isolation in
vitro. PDL was calculated as log (final cell
population/initial cell population)/log 2. We chose to call
cell population that has PDL up to 13 after the first passage
as ‘low’, and ‘middle’ as to have PDL estimated at 45, and
‘high’ refers to cells with PDL estimated at 60.

Mechanical experiments

To generate laminar flow on the cell monolayer, a parallel
plate flow chamber was used as previously described.?® A
custom-made stretch device was designed alternatively to
exert uniaxial cyclic stretch on cells. Cells were initially
seeded on a silicone membrane pre-coated with fibronectin
at 8 pg/ml to assist cell attachment, and the membranes
were then transferred to the stretch device and immersed
in the culture media during the experiment. The applied
shear stress was measured as 2 or 15 dyne/cm?, and cyclic
stretch was applied at 1 Hz with 10% of magnitude. The
duration of both mechanical experiments was 6 hours.

Immunostaining

After treatment, cells were fixed in 4% (w/v)
paraformaldehyde (PFA) solution for 20 minutes and
permeabilized in 0.5% Triton X-100 solution for 15
minutes. Unspecific binding sites were blocked by
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incubating cell samples in 1% BSA for an hour. F-actin
was stained by Alexa 660 Phalloidin (1:375 dilution in 1%
BSA) for an hour, and Hoechst 33342 solution (1:1000
dilution in PBS) for 15 minutes. Fluorescent images were
acquired by Leica DMI 6000B fluorescent microscope.

Proliferation assay

Cell proliferation was accessed by using Click-iT EdU
Alexia Fluor 594 Imaging Kit (C10339, invitrogen). On
day 1, cells were plated on either glass slides or
fibronectin-coated silicone membranes, and after 24 hours,
cells were exposed to shear stress at low (2 dynes/cm?) or
arterial magnitude (15 dynes/cm?), or uniform cyclic
stretch at 1 Hz, 10% strain for 4 hours. After that, EdU (5-
ethynyl-2"-deoxyuridine) was added to the growth
medium at 10 uM with incubation time of 2 to 2.5 hours,
after which cell were fixed and permeabilized in 3.7% PFA
solution and 0.2% Triton X-100, respectively. Cells were
incubated in Click-it reaction cocktail for another 30
minutes according to the manufacturer instruction.

To visualize nuclei, cells were further stained by Hoechst
33342 solution for 15 minutes before proceeding to
imaging. 15-20 fields of view were randomly chosen for
analysis, where each field of view contains about 1000
number of cells, and a custom MATLAB program was
developed to recognize and count the number nuclei and
proliferating cells.

Finally, proliferation ratio was calculated as the fraction of
cells stained positive by Alexa Fluor 594 over total number
of cell nuclei stained by Hoechst solution.

Image analysis

Custom MATLAB programs were created to aid in
quantifying nuclear morphologies and actin alignment. To
identify nuclei, images were converted into greyscale and
smoothed with a Gaussian filter before being transformed
into black and white binary images.

Any recognized objects within a certain distance of the
border or below a size threshold were also removed to
avoid partial cells or non-cell objects.

Analysis of the cells began with finding the cell properties:
area, perimeter, centroid, major/minor axis length, and
orientation, by using MATLAB’s region props function.
Circularity was calculated as:

4m * area
perimeter?

Elongation was calculated by:

 * Feret'diameter

perimeter

Any elongation value greater than 1 indicates that it is the
ovoid shape but not increased protrusions that led to the
circularity change.®® Aspect ratio was presented by:

Major axis
Minor axis

To confirm cell’s elongation. Nuclei below circularity of
0.80 or out of the area range between 40.9 cm?to 292 cm?
were excluded from the data set to avoid overlapping cells
and cells undergoing mitosis. Nuclear orientation was
represented by the acute angle between Feret’s perimeter
of nuclei and the horizontal baseline (the direction at which
the force was applied). The images were placed such that
horizontal direction was parallel to the direction of shear
stress or cyclic stretch. As a result, the angle of 0° indicates
orientation along the shearing or cyclic stretch direction,
and the angle of 90° indicates realignment perpendicular to
the direction of applied force. Orientation angles ranged
from 0 to 180° in relation to the horizontal axis. To
facilitate statistical comparisons as well as presentation of
orientations by mean values, the degree of orientation
angle was projected from the range of 0 to 180° to the range
of 0 to 90°. In other words, angles in the second quadrants
are projected into the first quadrants to obtain a mean angle
of orientation relative to direction of applied force. For a
randomly distributed orientation, the mean angle would be
450,

The analysis method was adapted from Liu et al to quantify
actin filament orientations.®* Images were filtered and
modified in a manner similar to that of nuclei code, with
an addition of an edge identification component in order to
separate lines from other objects in the image. The selected
areas of each image were cropped into a 700-pixel square
section, and these new images were then split into 100
equal sub-images. In each sub-image, Hough transform
was performed to detect actin filaments, and orientation
values were averaged from the orientation of the detected
lines and contributed to the overall 100 averages of one
section.

Statistical analysis

Data points were presented as meantSEM. To
quantitatively show significant changes, unpaired t-test
was performed in two-group comparison, and one-way
ANOVA followed by Turkey multiple comparison
procedure was performed between groups.

A comparison with p value less than 0.05 was regarded as
significant.

RESULTS

PDL had an effect on actin realignment toward shear
force, but not cyclic strain

The effect of passage on nuclear and cytoskeleton
alignment under mechanical stress were assessed based on
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fluorescence image analysis. To obtain the orientation
information of the cytoskeleton, cells were fixed and
stained for actin filaments using phalloidin which binds to
F-actin. Nuclei were stained with Hoechst stain. Figure 1
shows representative images for static control and cells
that were sheared (Figure 1A) or stretched (Figure 1B) for
6 hours. Low and high PDL cells under static state or after
mechanical loadings are included as demonstration of
images that were used for quantitative analysis.

Using custom written MATLAB image analysis codes, we
quantified direction of orientation based on actin filaments
relative to the direction of shear or stretch. The
polarizations of stress fibers at each local area were
determined after averaging out the detected orientations
from the sub-images. The mean orientation angles of actin
filaments for static, sheared and stretched cells for low and
high PDL cells were presented in radar plots in Figure 2.

For low PDL cells, shear stress did not alter cytoskeleton
orientation at 6 hours (Figure 2A). For high PDL cells, 6
hours of shear stress induced a significant decrease in
orientation angle down to 41.2° (Figure 2B). Six-hour
shear exposure on endothelial cells did not cause
significant actin reorientation (0.5-degree decrease in
average) when cells were at low PDL. In other words, actin
orientation distributions between control and sheared
groups at early PDL were indistinguishable (Figure 2A).
However, for high PDL cells, the mean value was shifted
toward the shear direction by 6.9 degrees in the same case,
and the change was statistically significant (Figure 2B). In
addition, shear stress at low level (2 dynes/cm?), which is
typical of areas prone to developing atherosclerosis, did
not change actin alignment for middle PDL cells and
shifted 2.7 degrees away from the shear direction (Figures
2E and 2F). Interestingly, the ability of 6 hours stretch at
1 Hz with 10% magnitude, in inducing actin polarization
was independent of PDL level, with more than 9-degree
changes in both cases (Figures 2C and 2D). These
reorientations were oblique to the direction of uniaxial
stretch force, possibly in a way to minimize the substrate
deformation that strain can cause.*®

The effects of mechanical forces on nuclear orientation
mostly coincided with actin realignment

Considering the connections between cytoplasmic and
nuclear structure by LINC (linker of the nucleoskeleton
and cytoskeleton) complex, it is also worthwhile to
examine if the nuclei were reoriented under mechanical
forces, and how the potential changes differed from actin
realignment or depended on PDL levels.®? To help quantify
nuclear orientation, cells labeled by actin dye were co-
stained by Hoechst solution, and fluorescent images were
analyzed for nuclear orientation by recognizing the
direction of the Feret’s diameter through another custom
MATLAB program (Figure 3). Using similar analysis as
actin filament, orientation angle for static control was
measured as 45 degrees, shown as blue lines in each radar
plot of Figure 3. Under shear stress, the nuclei were

reoriented toward the direction of force by 9 degrees on
average for cells at high PDL (Figure 3B), similar to actin;
but the trend was not observed in low PDL cells (Figure
3A), with only 2-degree decrease in mean values.
However, under cyclic strain, low PDL cells showed 9.6-
degree deviation toward the oblique direction (Figure 3C),
while high PDL cells had a higher deviation with 13.6
degrees (Figure 3D). Again, shear stress at low level (2
dynes/cm?), did not alter nuclear alignment significantly
for low and middle PDL cells (Figure 3E and 3F).

Combined with results from actin filaments analysis, we
could conclude that physiological shear stress and stretch
force can have distinct impacts on cytoskeletal and nuclear
structure. As expected, shear stress and cyclic stretch had
the opposite effect in terms of orientation direction for both
actin and nucleus. The effect of shear stress was more
dependent on PDL level than cyclic stretch, with greater
alignment at higher PDL only. For cells under cyclic
stretch, the effect of PDL is more directly felt. These
observations may be related to declined proliferative
potential with increasing PDL (Figure 6).

Cyclic  strain  dramatically  modified nuclear
morphologies regardless of PDL, compared with shear
case

To describe nuclear morphologies more specifically, we
conducted the measurements of nuclear area, circularity,
elongation and aspect ratio, and we also included the
middle PDL group into the analysis for better
characterization. The nuclear area was reduced upon the
exposure to shear stress when cells were at low PDL, i.e.;
with higher proliferative potential. However, this
reduction became attenuated in middle PDL cells, and the
trend was finally reversed in cells with high PDL, even if
the nuclei kept expanding over serial subculture (Figure
4A). Interestingly, the low PDL group did not experience
area reduction when stretch force was applied, but as PDL
went up the area was shown to decrease (Figure 5A). The
smaller nuclear area fluctuations in cells seeded on
fibronectin-coated softer substrate over passages (Figure
5A) than that on uncoated glass slides may also suggest the
effects of ECM molecules or substrate stiffness on cell
morphologies. Except for discrete effects on nuclear area,
these two forces also gave rise to different changes in other
shape factors that were related to cell spreading events.
Cells at all PDL levels under cyclic strain showed less
circular and more elongated nuclei, which were
characterized by decreased circularity and increased aspect
ratio (Figure 5B and 5D).® Elongation parameter
confirmed the correlations between these two factors
(Figure 5C). However, cells experienced shear stress for
the same duration did not exert significant changes in
nuclear roundness or polarization, especially at lower PDL
stages (Figure 4B, 4C and 4D), which coincided with the
orientation data presented in Figure 2A and 3A. In high
PDL group, cells exhibited a significant drop in nuclear
circularity at rest state (Figure 4B), but its elevation
occurred after shear stress was applied without apparent
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change in elongation parameters (Figure 4C and 4D),
suggesting that the nuclear protrusions due to prolonged
passages can be rescued by applying the shear force. Taken
all the results together, we concluded that the exposure of
cyclic stretch at physiological levels (10% of magnitude at
1 Hz) can consistently realign cytoskeleton and modify
nuclear morphologies for cells at all PDL levels, while
applying shear stress at 15 dynes/cm? for the same duration
of time led to fewer changes in actin orientation and
nuclear shape, especially in low PDL group.

Cell proliferation decreases with PDL level, regardless of
mechanical stress

Finally, to relate cell’s PDL level with proliferative ability,
we conducted proliferation assay on low and middle PDL
BAEC to confirm decreasing proliferation potential with
increasing PDL.

Briefly, cells were exposed to shear stress at low
(2 dynes/cm? or normal arterial magnitude (15

A €— Shear Direction
Brightfield ~ F-Actin Nuclei  Overlay

LowPDL
Shear §

High PDL
Static

High PDL
Shear

dynes/cm?), or cyclic stretch (10% of magnitude at 1 Hz)
for 4 hours, and were incubated with EdU (5-ethynyl-2”-
deoxyuridine) for another 2 hours before fixation. Overall
cells with higher PDL showed reduced proliferation under
all conditions. With shear stress, proliferation ratio in
lower PDL cells appeared to be more sensitive to shear
stress than middle PDL. In low PDL cells, shear stress at
either level significantly reduced endothelial proliferation
compared to static. At either PDL, shear along reduced
proliferation ratio, and the reduction of proliferation is
directly related to magnitude of shear (Figure 6 A-C).

For stretched cells, middle PDL cells showed reduced
proliferation ratio, compared to low PDL cells. However,
adding stretch alone did not reduce proliferation ration
compared to static cells at either PDL (Figure 6 D-F).
These findings suggest that increasing PDL led to
decreased proliferation in endothelial cells; although shear
stress further suppressed proliferation in a magnitude
dependent matter, while cyclic stretch along did not reduce
proliferation.

€—> Stretch Direction
Brightfield ~ F-Actin Nuclei Overlay

: -.
Low PDL
Stretch

High PDL
Static

. ‘ /
High PDL
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Figure 1: Representative images of low and high PDL cells, labelled for F-actin, and nuclei, with or without the
application of laminar shear or cyclic strain (A) static control cells and cells exposed to 6 hours shear stress, from
left to right, were shown: in brightfield, stained for F-actin with Alexa 660 phalloidin, stained for nuclei with
Hoechst, and overlay of both stains; (B) static control cells and cells exposed to 6-hour cyclic stretch, sideways, were
shown: in brightfield, stained for F-actin with Alexa 660 phalloidin, stained for nuclei with Hoechst, and overlay of
both stains. Scale bar- 20 um.
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Figure 2: Actin alignments before and after cells were exposed to mechanical forces. Histogram of the angle
distribution for cells (A and C) at low; or (B and D) at high PDL was shown in the radial direction including the
averages (light blue line for static and yellow dotted line for sheared or stretched cells). Only high PDL group
showed realignment parallel to the shear direction (A p<0.001 compared with the control group); (C and D)
changes in the angular distribution of actin orientations in cells at low or high PDL after exposed to cyclic stretch
(10% at 1 Hz) were both significant; (E and F). In addition, actin alignment was also quantified for cells at low and
middle PDL after exposure to low level shear stress at 2 dynes/cm?. Orientation angle for static control was

measured as 45+3 degrees.

International Journal of Scientific Reports | July 2021 | Vol 7 | Issue 7 Page 332



Jiang Y et al. Int J Sci Rep. 2021 Jul;7(7):327-339

A Low PDL Group B High PDL Group (A)
0 75
01 60
Control Avg: 42.1° Control Avg: 48.3°
Shear Avg: 40.1° Shear Avg: 39.3°
[ |Control |Control
—— Control Avg ——— Control Avg
[Ishear 15 | Ishear
= — —ShearAvg — — —Shear Avg
0
C Low PDL Group (A) D High PDL Group (A)

Control Avg: 43.7°

Control Avg: 42.9°
Stretch Avg: 53.3° b o
Stretch Avg: 56.5°
|Control
——— Control Avg |Control
[Istretch / - Control Avg
— — —Strelch Avg / 15 [__Jstretch
t — = = Strelch Avg
E Low PDL Group F Middle PDL Group
90 90
75 . o 75 . o
0.1 60 Control Avg: 42.1 01 60 Control Avg: 45.2
Low Shear Avg: 42.8° 1 46.5°
0.08 45 ow Shear Avg 0.08 45 Low Shear Avg: 46.5
[ lcontrol [ IControl
30 |——Control Avg 30 ——— Control Avg
[_Ishear [ IShear
— — —Shear Avg — — —Shear Avg
15 15
0 0

Figure 3: Nuclear orientations before and after cells were exposed to mechanical forces. Similar to the trend
observed in for actin, (A) nuclear orientation in low PDL group was not observed after exposed to shear stress; (B)
while the average of the nuclear orientations in cells at high PDL was skewed toward the shear direction after the

experiment; (C and D) the nuclei in cells at low or high PDL were both observed to be realigned to the direction
oblique to cyclic stretch (10% at 1 Hz). (A p<0.001 compared with the corresponding control group); (E and F)
nuclear orientation was also quantified for cells at low and middle
PDL after exposure to low level shear stress at 2 dynes/cm?.
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Figure 4: Characteristics of nuclear morphology at different PDL levels before and after exposure to shear stress.
(A) Nuclear area (um2) of cells with varied PDL before and after shear. Cells at lower PDL showed reduced
nuclear area after exposed to shear stress (Ap<0.001, ¢ p<0.01 compared to static controls), while cells at high PDL
had area elevated after shear force was applied. High PDL cells also showed increased nuclear area compared with
low PDL cells (*p<0.05 compared to cell groups at low PDL); (B) nuclear circularity before and after shear.
Although nuclear circularity was largely compromised in high PDL groups (*p<0.05 compared to cell groups at low
PDL), the parameter was elevated after exposed to shear (¢ p< 0.01 compared to static control); (C) elongation of
nuclei with varied PDL before and after shear. Only the nuclei in middle PDL group were elongated after shear
(#p<0.05 compared with static group). The elongation was decreased in high PDL groups (*p<0.05 compared to cell
groups at low PDL); and (D) aspect ratio of nuclei before and after shear. No significance was observed in any
group after shear. However, the ratio was significantly decreased in middle PDL groups
(*p<0.05 compared to cell groups at low PDL).
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Figure 5: Characteristics of nuclear morphology at different PDL levels before and after exposure to cyclic strain.
(A) nuclear area (um?) of cells with varied PDL before and after shear. Cells at higher PDL showed reduced
nuclear area after exposed to stretch force (Ap<0.001 compared to static controls). Area changes between groups at
different PDL levels were not conclusive (*p<0.05 for low and middle PDL group after stretch, and middle and high
PDL group in static states); (B) nuclear circularity before and after stretch. All groups showed decreased
circularity after exposed to stretch force (Ap<0.001 and #p<0.001 compared to static groups), and high PDL cells
also showed decreased nuclear area compared with low PDL cells (*p< 0.05 compared to cell groups at low PDL);
(C) elongation of nuclei with varied PDL before and after shear. Similar as that of circularity, all groups showed
elongated nuclei after exposed to stretch force (Ap<0.001 compared to their corresponding static groups), and high
PDL cells were less elongated compared with low PDL cells (*p<0.05 compared to cell groups at low PDL); and (D)
aspect ratio of nuclei with varied PDL before and after stretch force. All groups showed increased ratio after
exposed to stretch force (Ap<0.001 compared to their corresponding static groups), and low PDL group had lower
aspect ratio than groups with higher PDL (*p<0.05 compared to groups at middle PDL).
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Figure 6: Proliferation ratio of Low and High PDL cells exposed to shear stress at low (2 dynes/cm?) “Low Shear”
or normal arterial magnitude (15 dynes/cm2) “Normal Shear”, or “Cyclic Stretch” (10% of magnitude at 1 Hz) for
4 hours. Static control and cells exposed to shear stress, were shown: in brightfield, channels stained for nuclei with

Hoechst and with EdU Alexia Fluor 594 for low PDL (A) and middle PDL (B). Based on these images, quantified

results of proliferation ratio were calculated for all groups (C). Static control and cells exposed to cyclic stretch,
were shown: in brightfield, channels stained for nuclei with Hoechst, and with EdU Alexia Fluor 594 for low PDL
(D), and middle PDL (E). Based on these images, quantified results of Proliferation Ratio were calculated for all
groups (F). Error bars indicate SEM. One-way ANOVA was performed, and ** P < 0.01, # P < 0.001, between the
indicated groups. Scale bar is 50 um.
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DISCUSSION

Our previous study has indicated that EC morphology was
sensitive to both fluid shear stress and cell passage,
however, the relative small data pool due to manually
selections compromised its application.3* Therefore, we
developed customized programs in this study to
encompass more data into analysis and to improve the
representativeness of the data set. Here, we mainly
investigated whether cell senescence had an impact on EC
morphological responses towards physiological-related
laminar shear stress or cyclic strain, by means of the serial
subculture of bovine aorta endothelial cells. The results
suggested that, under the same force duration, the
morphological modifications in stress fiber and nuclei by
10% cyclic strain at 1 Hz were more consistent over cell
passage than that of laminar shear stress at 12 dynes/cm?,
and that the late-passage ECs were more sensitive to
laminar shear than the early-passage cells in terms of their
morphological responses. Incidentally, low shear stress at
2 dynes/cm? had no distinguishable effect on cell or nuclei
re-orientation.

We primarily investigated how stress fiber and nuclei were
reorganized under the applied mechanical stresses, and if
these remodelling events were dependent on PDL. We
showed that cell’s proliferative ability decreased with PDL
level, independent of mechanical stress (Figure 6). Figure
2 and 3 provided information of the reorientations of actin
filaments and nucleus under shear stress or stretch force,
and we concluded that the realignments brought by shear
force were associated with cell passage, while the
responses towards cyclic strain were comparatively
independent upon PDL.

It is interesting that cells at early PDL subjected to shear
stress did not show significant realignment as in other
studies, and there might be multiple contributors. The cells
that had morphological modifications by shear stress
reported in the previous studies were subjected to flow for
24 hours or more, which allows for long-term adaptive
changes.?3%5% Alternatively, our image analysis omitted
the nuclei below the circularity value of 0.80 for the
purpose of eliminating non-cell objects or overlapping
nuclei, which also filtered out small number of true nuclei
with massive elongation under shear. Another important
finding of shear-induced changes lies in the trend of cell
realignment (Figure 2B and 3B) and nuclear shape
modifications under shear stress as PDL got high (Figure
4B). The increase in circularity may come from the
beneficial effect of laminar shear on rescuing nuclear
protrusions as cells underwent extensive proliferation in
vitro (Figure 4C), and this result combined with the
reorientations in stress fiber and nuclei toward shear
indicate that the associated functional changes may also be
uniquely induced in high PDL ECs by shear stress.*®

Comparatively, cell shape changes under uniaxial cyclic
strain were consistent over in vitro proliferation, and the
nuclei of cells at all PDL were elongated and realigned

oblique to the stretch direction (Figure 3 and 5), along with
the similar reorientation tendency of actin filaments
(Figure 2C and 2D) suggest the profound effect of cyclic
stretch on modifying cellular structures even when cells
were undergoing senescence. The nuclei of control groups
showed uniform distribution in orientation angle within all
degrees (Figure 3C and 3D), however, after the exposure
to 6-hour stretching, nuclei with low degree values, i.e. the
nuclei horizontal to the stretch direction dropped
significantly regardless of cell PDL, and the distribution
was skewed toward the side with larger degrees, with the
mean angles changed by 9.6 and 13.6 degrees for low and
high PDL groups, respectively.

The data set of actin alignment, on another hand, followed
a normal distribution when cells were at rest state, and that
was due to the applied analysis method that complied with
the Central Limit Theorem, where the orientation value for
a certain area was gained through averaging out the
orientation angles of sub-images.®” The mean angles were
elevated by 9.1 and 9.9 degrees after stretching experiment
in low and high PDL groups, respectively (Figure 2C and
2D). By comparing these actin and nuclear orientation
information for cells at the same PD level, we noticed that
the degree difference increased from 5.5% to 37.4% as
PDL got higher. This poses an indicative change in nucleo-
cytoskeletal coupling over aging process, considering the
interplay between actin and nuclear dynamics.34°

Except for the cell shape factors discussed above, the
nuclear size was also examined for different PDL groups
with or without mechanical stress, since it is indicative of
DNA content and compactness. The increase of nuclear
area over senescence observed in Figure 4A (with 24.6%
increase in high PDL cells compared with low PDL group
at static state) has been reported in previous studies, which
may be correlated with the expansion of cell size over
serial culture.** However, the cells seeded on less stiff
silicone membranes rather than glass slides did not show
similar tendency (Figure 5A), even if the visual
observation has suggested remarkable cell enlargement
through passages, where the ECs populations were
dominated by giant polygonal cells instead of spindle-like
cells over serial culture. The underlying mechanism could
be related to the ECM molecule applied to assist cell
attachment, or the change in substrate stiffness.? The
observed effect of restraining nuclear expansion against
cell enlargement over aging demonstrated cells’ ability to
sense their surroundings and transmit the signal into
nucleus in an aging-resist manner. Interestingly, the
nuclear size was also associated with the applied stretch or
shear in a PDL-dependent manner, and the two dissimilar
effects in Figure 4A and 5A also indicated distinct
mechanisms of the nuclear area changes under different
stresses, where aging process was also involved.

CONCLUSION

Overall, we examined how cell morphology was modified
under physiological-related cyclic strain or laminar flow,
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and if these changes were associated with cell age. Results
indicated that cells were able to adjust their cytoskeleton
and nuclear alignment and nuclear shapes in response to
the applied mechanical stimuli, and that the shear-induced
changes were more dependent on PD levels, where cells
with higher PDL were more responsive to external forces.
Our studies dissected the roles of replicative senescence
and external forces in reshaping cells, and provided
evidence that stress-induced changes were not always
consistent over prolonged passages, which addressed the
necessity of investigating the contribution of the responses
from senescence ECs in athero-susceptible sites.
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