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Abstract: The mechanical properties of living cells are known to be promising
biomarkers when investigating the health and functions of the human body.
Ionizing irradiation results in vascular injury due to endothelial damage. Thus,
the current study objective was to evaluate the influence of continuous radiation
doses on the mechanical properties of human umbilical vein endothelial cells
(HUVECsS), and to identify Young’s modulus (E) and viscoelastic behavior.
Single-dose (0, 2, 4, 6, and 8 Gy) radiation was applied to HUVECs using a
Cobalt-60 treatment machine in the current vitro irradiation study. Thereafter, a
micropipette-aspiration technique was used to measure the elastic modulus of the
HUVEC:s in control and radiation-induced samples. Confocal imaging was then
performed for following of the cytoskeletal reorganization of the HUVECs in
response to the different radiation doses. Significant enhanced adhesion of the
elastic modulus of the HUVECs was observed. The dose value was seen to
increase from 0 Gy to 8 Gy. A linear relationship was observed between the 0 Gy
and 8 Gy doses following an examination of the dose-response curve for elastic
modulus after irradiation. The correlation coefficient was found to be 0.955 and
the sensitivity of the dose-elastic modulus to be 7.69 Pa..Gy-1 following analysis
of the linear portion of the response curve. Also, a significant increment in
stiffness accompanied with the considerable drop in creep compliance curve was
detected in radiation-induced groups. Biomechanics-based analysis can provide a
platform from which to assess the response of the endothelium to radiation when
studying vascular system behavior during the cancer therapy process.

Keywords: Endothelial cells; ionizing radiation; micropipette aspiration; elastic
modulus; cytoskeletal remodeling

1 Introduction

The “vascular endothelium” is a thin monolayer of cells that acts as an interface between the interior
surface of the vascular system and blood within the vessel. The endothelium is known to be a highly
dynamic organ system that provides a barrier to the blood-vessel wall mass transportation of materials.
The endothelial layer also responds to changes in the extracellular environment in order to preserve
normal vascular system functioning [1-3]. The growth and behavior of the endothelium is strongly
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influenced by the mechanical properties of the endothelial cells [4]. The endothelial cells are known to
produce various kinds of cytokines and vasoactive compounds, including endothelium-derived relaxing
factor, endothelium-derived contractile factors, and prostacyclin; the latter which controls vascular tone,
the internal diameter of the vessels, and blood flow. The mechanical behavior of the endothelial cells is
also closely related to blood-vascular wall mass transport phenomena [5,6]. Bischof et al. [7,8] described
how the mechanical properties of cells are affected by their physiological activity, including motility,
proliferation, adhesion, and differentiation. It was demonstrated in previous studies that the mechanical
properties of endothelial cells are dependent on environmental and chemical stimuli [5,6].

Damage to the normal tissue surrounding the tumor, including the large vessels, is a major limiting
factor of radiation therapy treatment [9]. The radiobiological effects of ionizing radiation, such as
atherosclerosis, radiation-induced stenosis, vascular blowout, and incensement of the common carotid
intima-media thickness of the vessel wall, have been reported irn vivo studies [10-12].

Vascular injuries are known to be the result of an increase in the permeability of the endothelial cells.
Monocytes differentiate into macrophages in the vessel wall. Oxidized low-density lipoproteins in the
endothelial cells are scavenged and passed into the sub-endothelial area where bottom cells are formed.
Platelets collect at the injury space and release different growth factors that cause the smooth muscle cells
to migrate to the interface between the vessel wall and the blood. Deposition of the extracellular matrix
leads to vascular injuries [12-14].

Recently, the focus in many studies has been on determining how vessel endothelial cells respond to
ionizing radiation as the cells at risk in diverse biological models [9,15-19]. Previously, it has been
described that fractionated radiotherapy affects the mechanical behavior of endothelial cells [20].
Moreover, it has been proved that differences in the elastic parameter of endothelial cells provide a
quantitative description of radiobiological effects for assessing the dose-response relationship in the linear
region of the sigmoid curve as a biological dosimetry procedure in fractionated radiotherapy [21]. In
stereotactic radiotherapy methods that known as the modern radiotherapy procedures, a high dose fraction
is used to treat the lesions [22]. To the best of our knowledge, a comparison of the mechanical properties
of endothelial cells after single exposure with those of non-irradiated cells as a biological dosimeter has
not been evaluated in any study to date.

Zheng et al. [23] utilized atomic force microscopy (AFM) to investigate the stiffness of tongue
squamous cell carcinoma (TSCC) in response to ionizing radiation doses. It was demonstrated that the
Young’s modulus of irradiated TSSC decreased with increasing dose exposure (from 0 Gy to 4 Gy) and
was associated with a decrease in the signal intensity of stained F-actin fibers. AFM is often employed to
assess the elastic behavior of materials [24-28]. It has been proposed as the most suitable method for the
accurate localized measurement of cell elasticity [14,19]. Beside AFM, micropipette aspiration (MA) is
usually utilized to assess the mechanical characterization of cells, including the elastic and viscoelastic
properties of individual living cells [6,29-31]. As opposed to AFM, suitable for measuring the local
properties of a cell, the use of MA is more appropriate when evaluating the whole biomechanical
properties of a living cell [6]. Compared to AFM, MA seems to be a more valuable technique to
characterize the capability of a cell to flow in response to an instantaneous application of constant
pressure and to compare the creep behavior of the cells among the treatments [32].

Thus, the objective of the current study was to investigate the effects of ionizing irradiation on the
elastic modulus and the time-dependent mechanical behavior of endothelial cells using MA. The
efficiency of this method and the sensitivity of the endothelial cells were determined for a range of
absorbed doses through the examination of the dose-response curve of the elastic modulus. Moreover, the
alterations of the creep compliance curve in response to different ionizing doses were quantified by using
the standard three-element linear viscoelastic solid model. Cytoskeletal remodeling of the endothelial
cells in response to different ionizing doses, as a main contributor to the cellular adaptive reaction to
environmental stimuli, was also performed using confocal microscopy imaging.
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2 Materials and Methods

Human umbilical vein endothelial cells (HUVECS) acquired from the National Cell Bank of Iran at
the Pasteur Institute of Iran, Tehran, Iran, were cultured in a T-flask in Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12-containing medium (1:1) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Sigma-Aldrich, Germany). The cells were kept in a humidified
incubator at 37°C with 5% CO,. The cell culture medium was changed twice weekly. The HUVECs used
in the radiobiological experiments were between passages 4 and 7. In the last passage stage, the cells were
prepared in 6-well tissue culture plates (Sigma, Germany) for the irradiation process, actin cytoskeleton
staining, and MA.

The cells grown in the 6-well plates were irradiated with 1.25 MeV of energy, using a Cobalt-60
machine (Cobalt teletherapy unit, Theratron 780 C, AECL, Ottawa, Canada). The cells for each individual
dose were irradiated according to the absorbed dose range of 0-8 Gy in 2 Gy steps. Cell irradiation was
performed in a vertical direction, taking into account the required build-up thickness of the culture
medium at room temperature in the absence of CO,. The non-irradiated cells (0 Gy) were considered to be
the control group. In the preparation stages, 3 cm of polystyrene phantom was placed beneath the dishes
to prevent backscatter radiation. Irradiation was performed at constant conditions [a field size of 30 x 30
cm?, a source surface distance of 80 cm, and a build-up depth of 0.5 ¢cm (dmax)]. Thereafter, the
radiation-induced HUVECs were incubated at 37°C and experimental investigations were performed for
24 hours following irradiation.

Visualization of the cytoskeleton of the HUVECs was performed with confocal microscopy using a
Leica TCS SP5 Confocal® microscope (Leica Microsystems, Buffalo Grove, USA). The coverslips were
placed over the well to perform confocal imaging of each group. The cells seeded therein were prepared
using a protocol which was similar to that adapted for the radiobiological studies that were described in
previous work [16]. Prior to confocal imaging, the cells placed on the coverslips were washed three times
with phosphate-buffered saline. The actin filaments were labeled for an hour at room temperature using
Alexa Fluor® 488 Phalloidin® (Thermo Fisher Scientific Waltham, USA). Then, the perimeter around
the multiple cells membrane of each group was countered with Image J software for assessing the cell
area and cell perimeter. Observation of the nuclei structure of the cells was carried out using DAPI®
(4',6-diamidino-2-phenylindole) staining (Thermo Fisher Scientific) and imaging with a fluorescent
microscope (100 x magnification), as described in previous study [2]. Then, the area and perimeter of
nuclei were quantified in multiple cells of each group by countering the nuclear body with Image J
software. In the next step, shape index of each subject was defined as (4nxcell area)/(cell perimeter). As
the shape index approaches 0, the subject assumes a linear, elongated morphology. As the shape index
approaches 1, the subject spreads out and becomes more circular [33].

Micropipette

o "

Figure 1: A schematic depiction of micropipette aspiration, showing how a suspended cell was aspirated
in the micropipette needle following the exertion of specific negative suction pressure during monitoring
of the cell aspiration process (AP: negative pressure, L: aspirated length of the cell)

The advantages and disadvantages of measuring single-cell mechanical properties using MA have
previously been discussed [6,29]. With MA, the biomechanical properties of a cell are measured with high
reproducibility. Briefly, micropipette needles with an internal diameter ranging from 5.5-10.0 pm were used
to perform the aspiration tests for cells with various sizes. Before each experiment, the micropipettes were
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coated with Sigmacote®, a siliconizing reagent (Sigma-Aldrich, Germany), to prevent adhesion of the
HUVEC:s to the inner wall of the needle. It should be noted that based on the Maxwell model, the diameter
of selected cell was greater than 2.5 X internal diameter of micropipette. Thereafter, the cells were detached
from their substrate using trypsinization in > 4 minutes to avoid cell disruption and thrombosis formation
which might have affected the biomechanical properties of the cells at room temperature. A suspended cell
was aspirated in the micropipette needle through the exertion of specific negative suction pressure for each
experiment. The cell aspiration process was monitored continuously (Fig. 1).

Aspiration of the cells during the elastic behavior determination process was recorded using a video
camera and the aspiration length of each cell was measured using AxioVision® software 4:8. Prior to each
aspiration, an equilibrium pressure of 10 Pa was applied to the suspended cells for 60 s to allow them to
reach a stable condition. Once equilibrium had been achieved, increasing negative pressure (60-520 Pa) was
exerted on five occasions on the aspirated samples in order to evaluate the Young’s modulus (E) and to
measure the elastic modulus of each cell. Sixty seconds was considered to be a reasonable resting period for
the cells to achieve a new balance. At the end of each resting period, the aspirated length of the cell inside
the needle was measured. Using a method of analysis applied in a previous study [3], the value of the
Young’s modulus was calculated from the slope of the applied pressure (Ap). The normalized aspirated
length of the cell (L/a) was determined using the following equation, based on linear regression:

2 L
Ap=TEZ¢ (1)

where E is the Young’s modulus of the cell, Ap and L represent the suction pressure and the aspirated
length of the cell, a indicates the internal radius of the micropipette and ¢ describes the wall function. A
typical value of ¢ is equal to 2.1, based on the punch model.

The cells were irradiated in the absorbed dose range of 0, 2, 4, 6, and 8 Gy. The response of the
HUVEC:s to the application of stepwise suction pressure during micropipette aspiration was recorded to
evaluated the elastic properties of a control cell (without an absorbed dose) (Fig. 2(a)) and in an irradiated
cell (a dose of 8 Gy) (Fig. 2(b)).

Figure 2: The response of a human umbilical vein endothelial cell to the application of stepwise suction
pressure in micropipette aspiration to determine the elastic properties of individual cell for a) a control
cell without an absorbed dose and b) an irradiated cell. The cell was irradiated at an absorbed dose of 2
Gy. The scale bar indicates 10 pm
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The linear regression function and correlation of the coefficient between the suction pressure (Pa)
and normalized aspiration length (L/a) was calculated for the control group and the exposed HUVECs (at
absorbed doses of 2, 4, 6, and 8 Gy). The Young’s modulus was calculated from the slope of the applied
pressure (Ap). The normalized aspirated length of the cell (L/a) was based on the linear regression
function before and after irradiation with 0-8 Gy absorbed doses in 2 Gy steps. The dose-response curve
for the Young’s modulus for the range of absorbed doses was the plotted.

In living cells, compliance refers to the ability of a cell membrane to distend and increase its volume
with increasing pressure, thereby resisting a return to its original dimensions on the application of a
distending or compressing force [4,5]. The compliance of the single cells (C) was calculated from the
induced maximal pressure [Ap(kPa)] and displacement of the cell membrane [L(um)] using the following
equation [34]:

L
C=5 2

In this study, compliance parameter was calculated to compare the capacity of radiation-induced

HUVEC: at different radiation doses for cytoskeletal reorganization.

For assessing of creep response of a cell, we employ a generalized model of Maxwell model consist
of a spring (k1) that provides the restoring force necessary to recover the initial shape after the release of
the stress, arranged in parallel with another spring (k2) in series with an apparent viscosity (u). To
determine the creep behavior of each HUVEC, a constant critical pressure ranging in 205-500 Pa was

applied to aspirate the cell and the aspiration trend was recorded for ranged in 140-280 s. In the following,
aspiration length as a function of time

Ap

the Creep compliance (J(t) = ) was extracted from the following

equation [20,32]:

1 _t e T
J(©) = k—1(1 —eT7)+ . 3)
where 1 is the time constant of the creep behavior. k1 and k2 are as the non-linear elastic coefficients are
related to the equilibrium and instantaneous characteristics of cell stiffening, respectively. The procedure
of assessing the spring constants k; and k; is to fitting a proper curve (f(x)=a.e->*+c) to the time-
dependent length of cells creep into the micropipette based on the previous publications [31,32].

For assessing the elastic modulus of radiation-induced HUVECs, the sample size for each
experiment group was N = 8. Also, assessing the Young’s modulus of cells, the sample size for each
experiment group was N = 5. Each experiment was performed at least five times and the resultant
parameters were presented as the mean + standard deviation (SD). The Pearson correlation coefficient (r)
and linear regression function were calculated in relation to applied sequential pressure (Pa) and
normalized aspiration length. A p < 0.050 was considered to be statistically significant. Analysis of
variance (ANOVA) analysis was carried out to compare the results obtained for the control group and for
each irradiation-induced sample, given that a p < 0.050 was considered to be statistically significant. All
of the statistical analysis was performed using SPSS® software version 16.

3 Results

All of the individual cells exhibited a linear increase in aspiration length in response to the stepwise
MA pressure-exerting process that was applied to evaluate cell elasticity (Pearson’s correlation coefficient
of > 0.98). The elastic behavior of the HUVECs: in the different treatment groups was determined (Fig. 3).
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Figure 3: A depiction of the elastic behavior of human umbilical vein endothelial cells exposed to
different ionizing radiation doses. The effective Young’s modulus of each group is indicated by the
relevant line pertaining to the slope

The linear regression function and correlation of the coefficients with suction pressure (Pa) and
normalized aspiration length (L/a) were determined for the control group and exposed HUVECs (at
absorbed doses of 2, 4, 6, and 8 Gy) (Fig. 4) (p < 0.05). The results show that with each increase in the
absorbed dose, the slope of the curve from 0-8 Gy correspondingly increased when compared to the
control group (15%, 24%, 83%, and 90%, respectively).

The Young’s modulus of the HUVECsS increased along with the increase in the absorbed dose.
Values of 29.87 + 1.04 Pa, 34.99 + 0.85 Pa, 37.30 = 0.95 Pa, 55.82 + 1.44 Pa, and 57.99 + 1.76 Pa were
reported for the absorbed doses of 0, 2, 4, 6, and 8 Gy, respectively. The difference in the Young’s
modulus of the cells with each increase in the absorbed dose was statistically significant (p < 0.01).
Significant differences between the Young’s modulus (Pa) of the exposed HUVEC:s (at absorbed doses of
0,2, 4,6, and 8 Gy) (p < 0.05) was demonstrated using Fisher’s least significant difference test. The dose-
response curve for Young’s modulus (Pa) of the absorbed doses (0-8 Gy) in 2 Gy steps was calculated
(Fig. 4).

60
55 32.42 -58.2 =
E E (D)=58.2+ ——1+( D )9_[85
= 50 4.684
E 2
] R =0.9801
T 45
S
=4
-1
£ 40
e
o~
35 I
30 [
25 1 1 1
0 2 4 6 8

Absorbed dose (Gy)

Figure 4: The dose-response curve for Young’s modulus (Pa) of the absorbed doses (0-8 Gy) in 2 Gy
steps was calculated for human umbilical vein endothelial cells. E(D) represents a fitted curve of elastic
curve behavior as a function of absorbed doses

In the current study, a fourth-order sigmoidal curve was fitted to the dose response using the
previously mentioned dose value range (0, 2, 4, 6, and 8 Gy). The coefficient variation for the parameters
at any dose was less than 4%. Following analysis of the linear portion of the response curve (Fig. 4), the
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correlation coefficient for the linear range of the curve was found to be 0.955 and the sensitivity of
Young’s modulus curve in relation to the doses was 7.69 Pa..Gy-1.

The compliance (kPa/um) properties of the endothelial cells in response to the radiation therapy doses is
shown in Tab. 1. A considerable downward shift in the compliance curve, when compared to that for the
control group, was demonstrated in relation to the HUVEC:s irradiated by ionizing photons. A significant fall
in the level of compliance was also observed after completion of the ionizing radiation (Tab. 1).

Table 1: Compliance parameter of endothelial cells irradiated to single ionizing radiation doses

Control 2 Gy 4 Gy 6 Gy 8 Gy p-value *

Compliance

62.88+17.32 43.17+1.06 45.00£1.16 27.44+0.70 37.43+16.14 0.001
(um/Pa)

A p-value of 0.05 describes significant change in results in ANOVA.

These results correlated with the elastic behavior of the radiation-induced cells. It is clear that all of
the aforementioned parameters for HUVECS irradiated by ionizing photons were significantly different
from those in the baseline group. However, the decrease in compliance observed between the samples
irradiated by 2 Gy and those irradiated with the 4, 6, and 8 Gy doses was not statistically significant. In
addition, the compliance of cells irradiated by 6 Gy was not significantly different from those exposed to
the 8 Gy radiation dose (p > 0.05). However, compliance, as a parameter, was not seen as one that could
approach statistical significance in this study.

In order to evaluation of the viscoelastic behavior, upon applying specific suction pressure on
HUVECs through the micropipette, aspirated length into the needle exhibited immediate jump and then
the aspiration rate uniformly decreased and finally stabilized its balance length. In the micropipette
aspiration tests, all of the HUVECs display a typical monotonic viscoelastic behavior and the correlation
coefficients of R2 > 0.95 were revealed. Our experimental data exhibited that the normalized aspiration
length (L/a) for non-irradiated samples is greater than 4. In contrary, values of this parameter in irradiated
HUVECs are obviously less than that in control cells (i.e., L/a ratio values for HUVECs irradiated by &
Gy radiation dose are < 3). Also, the mean value of time constant parameter in non-irradiated group is 2.5
times more than that of radiation-induced cells. While, the time constant did not show any significant
change during treatment by different ionizing doses. The necessary time to achieve the equilibrium
aspiration length for non-irradiated and radiation-induced HUVEC:s is about 150 and 50 s, respectively.

|~ Comtrol  -%. 2 Gy -2- 4Gy - 6Gy -+ 8 Gy|
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Figure 5: Alteration in creep compliance curves of HUVECs exposed to different ionizing radiation doses
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As shown in Fig. 5, HUVECs: irradiated by ionizing photons have a considerable downward shift in
creep compliance curve compared to the baseline group. These outcomes correlated with elastic behavior
of radiation-induced cells.

The actin cytoskeleton of the HUVECs was analyzed using confocal imaging of each group (Fig. 6).

(c) (d)

Figure 6: The absorbed doses caused the formation of actin filament remodeling in the human umbilical
vein endothelial cells. The cells were irradiated with a) 0 Gy, b) 2 Gy, ¢) 4 Gy and d) 8 Gy, fixed within
24 hours of irradiation and stained for F-actins. The scale bars indicate 50 um

As cytoskeletal changes are known to be a biomarker of change to the mechanical properties of cells,
the influence of ionizing radiation doses on the HUVEC cytoskeleton was analyzed, in conjunction with
the use of MA. It is likely that the accumulation of stress fibers in the cortex occurred in response to
ionizing irradiation in HUVECs. Moreover, an increase in the size of the nuclei in the radiated HUVECs
was observed to be accompanied by the cell stiffening (Fig. 7).
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Figure 7: An increase in the ionizing radiation dose value led to a correspondlng increase in the nuclei
size of the human umbilical vein endothelial cells. The cells were irradiated with a) 0 Gy, b) 2 Gy, ¢) 4
Gy and d) 8 Gy, fixed within 24 hours of irradiation and stained for cell nucleus. The scale bars indicate
50 um

The area of HUVECs in 0, 2, 4 and 8 Gy treatment situations were obtained as 1290.15 + 282.81
um?, 1728.93 + 1024.14 um?, 1567.42 + 914.01 um?, and 2597.60 + 388.13 um?, respectively. Moreover,
the area of HUVECs nuclei in 0, 2, 4 and 8 Gy treatment positions were obtained as 188.87 + 49.69 um?,
217.22 £ 25.71 pm?, 256.90 + 32.33 um?, and 348.71 + 38.14 um?, respectively. It is noteworthy that the
increase in the ionizing radiation dose led to a corresponding increase in the size of the HUVECs. It
seems that the increase in nuclei size was a consequence of the creation of disorder in the radiation-
induced cells.

Moreover, the perimeter around the membrane and nuclei of each cell were measured to assess the
cell shape index and nuclei shape index of HUVECsS after radiotherapy process, respectively (Tab. 2). The
findings illustrate that increasing the single irradiation dose from 0 to 8 Gy led to a significant decrease of
cell shape index (approximately 56%) and a significant increase of nuclei shape index (approximately
85%). These changes can support the mechanism of cytoskeletal changes.
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Table 2: Shape index parameters of whole body and nuclei of endothelial cells irradiated to single
ionizing radiation doses

Shape index Control 2 Gy 4 Gy 8 Gy p-value *
Membrane 0.73 £0.06 0.60£0.13 0.45+0.13 0.32+0.09 <0.001
Nuclei 0.49+0.14 0.88+0.03 0.90 £0.03 0.91 £0.02 <0.001

*A p-value of 0.05 describes significant change in results in ANOVA.

4 Discussions

Radiation therapy is usually considered to be an effective treatment for various types of cancers.
However, ionizing irradiation results in adverse effects, such as cardiovascular disease, by damaging the
monolayer cells of the endothelium surrounding the target area [9]. It has been reported that high doses of
ionizing radiation (> 8 Gy) cause substantial damage to the endothelial cell membrane, significantly
increasing the rate of cell death [17].

Thus, the mechanical behavior of HUVECs in control and irradiated samples (ionizing radiation
doses up to 8 Gy) as evaluated in the current study. The trend of elastic behavior in radiation-induced
endothelial cells follows the sigmoidal curve and is similar to a basic radiobiological dose response.

Our results indicate that ionizing radiation did not perceptibly alter the cytoskeletal structure of the
HUVECs immediately after exposure (unpublished data). These findings are confirmed by those in a
previous published study in which the radiation effects on the cytoskeleton of the endothelial cells were
investigated. It was found that radiation caused the rapid formation of stress fibers in the dermal
microvascular endothelial cells, but not in the HUVECs [16]. We observed that with the passing of an
adequate length of time, following the exposure of cells to radiation, the cytoskeletal microfilament of the
HUVECs underwent considerable changes in terms of their organization. Confocal images (Fig. 6)
illustrated that 24 hours after ionization, the number of F-actin fibers increased in comparison with that in
the untreated samples. In addition, there was a reduction in fiber length. Moreover, HUVECs lose the
circular shape by increasing the absorbed dose and turn into linear shape (Tab. 2).

We observed that the increase in the nuclei size in the HUVECs was affected by ionizing radiation
24 hours after exposure (Fig. 7). In addition, nuclei of radiation-induced HUVECs turn into a circular
form (Tab. 2). This is a consequence of DNA damages such as double-strand breaks [19]. Similar changes
in the size of the nuclei (of 5 Gy) in the radiation-induced HUVECs were reported in another study [2].
An increase in the size of the nuclei in the radiated HUVECs was correspondingly accompanied by a
decrease in the cortex thickness in the cells (Fig. 7). Thus, the probability of a cross-link formation
between the fibers increased. It is well-known that cytoskeletal remodeling has an influence on the
mechanical behavior of cells. Accordingly, anticipated changes were found with respect to the mechanical
properties of the radiation-induced HUVECs, through cell stiffening (evidenced by a significantly
enhanced Young’s modulus) and a decrease in the compliance parameter, when compared to that reported
for the untreated samples (Tab. 1).

Interestingly, the ionizing radiation doses induced appreciable differences in the localization of the
F-actins and cytoskeleton proteins, i.e., in the tight junction-associated proteins (VE-cadherin) and
platelet endothelial cell adhesion molecules [1]. In addition, the expression of vascular cell adhesion
molecule 1 gene was found to be remarkably decreased in the radiation-exposed HUVECs [9]. Moreover,
the expression levels of several genes are remarkably increased in radiation-induced endothelial cells as
reported in previous study [1]. It has been proved that the genetic changes induce signals that reorganized
the cytoskeleton [14]. An increment in endothelial cell permeability, in response to ionizing photon
irradiation, was reported 24 hours after dissipation of the ionizing dose [1,13,19]. An interesting outcome
of the present study was changes to the adhesion and permeability of the radiation-induced endothelial
cells, also reported in previous studies, and considered to be a sign of vascular damage. The consequences
of this were cytoskeletal changes, along with an obvious variation in the mechanical behavior of the cells,
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when compared with corresponding parameters in the control group.

5 Conclusion

It is concluded that because of endothelial properties variations after single dose radiation therapy,
the vascular injuries was occurred in the long term. In the other word, endothelial cells are suggested as
the regulators of extracellular matrix in response to ionizing radiation and changes of their mechanical
properties will lead to vascular damages such as lumen stenosis and atherosclerosis. This study illustrated
that cancer treatment using gamma irradiation leads to a significant change in mechanical behavior of
vascular endothelial cells. Therefore, we suggest that the function of main vessels for patients that
receives radiation therapy doses will have been considered more than ever by oncologists and
radiotherapists. It was established in the current study that long-term vascular injuries resulted from
variations to the endothelial properties following radiation therapy. This suggests that the endothelial cells
are regulators of the extracellular matrix in response to ionizing radiation and that changes to their
mechanical properties lead to vascular damage, such as lumen stenosis and atherosclerosis.

It was illustrated in this study that cancer treatment with gamma irradiation led to a significant
change in the mechanical behavior of the vascular endothelial cells. Therefore, it is suggested that the
function of the major blood vessels in patients receiving radiation therapy needs to be further investigated
by oncologists and radiotherapists in future studies.
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