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Ionizing radiation-induced cardiovascular diseases (CVDs) have been well documented. However, the mechanisms of CVD genesis
are still not fully understood. In this study, human umbilical vein endothelial cells (HUVECs) were exposed to gamma irradiation at
different doses ranging from 0.2Gy to 5Gy. Cell viability, migration ability, permeability, oxidative and nitrosative stresses,
inflammation, and nuclear factor kappa-light-chain-enhancer of activated B cell (NF-κB) pathway activation were evaluated
postirradiation. It was found that gamma irradiation at doses ranging from 0.5Gy to 5Gy inhibited the migration ability of
HUVECs without any significant effects on cell viability at 6 h and 24 h postirradiation. The decreased transendothelial electrical
resistance (TEER), increased permeability, and disruption of cellular junctions were observed in HUVECs after gamma
irradiation accompanied by the lower levels of junction-related proteins such as ZO-1, occludin, vascular endothelial- (VE-)
cadherin, and connexin 40. The enhanced oxidative and nitrosative stresses, e.g., ROS and NO2

- levels and inflammatory
cytokines IL-6 and TNF-α were demonstrated in HUVECs after gamma irradiation. Western blot results showed that protein
levels of mitogen-activated protein kinase (MAPK) pathway molecules p38, p53, p21, and p27 increased after gamma
irradiation, which further induced the activation of the NF-κB pathway. BAY 11-7085, an inhibitor of NF-κB activation, was
demonstrated to partially block the effects of gamma radiation in HUVECs examined by TEER and FITC-dextran permeability
assay. We therefore concluded that the gamma irradiation-induced disruption of cellular junctions in HUVECs was through the
inflammatory MAPK/NF-κB signaling pathway.

1. Introduction

Cardiovascular disease (CVD) has been considered as one of
the noncancer health risks associated with ionizing radiation.
Recent studies suggested a causality between the development
of cardiovascular disease and radiation exposure [1, 2]. Endo-
thelial cells, as the most sensitive cell type in the vascular
system, are the critical targets in cardiovascular damage
induced by radiation, which plays a key role in the develop-
ment of vascular pathologies, such as endothelial barrier
damage and permeability changes [3, 4], premature senes-

cence [5, 6], angiogenic defects [7], and the development of
atherosclerosis [8–10]. The endothelial integrity is closely
associatedwith the barrier functions of intercellular junctions.
An increased permeability in the vascular system is a common
consequence after radiation exposure and is believed to be an
important element in the development of radiation-induced
CVD complications [3].

Three major types of intercellular junctions exist in verte-
brates: tight junctions, adherens junctions, and gap junctions
[11]. Occludin and claudin-5 are the fundamental trans-
membrane proteins in the formation of tight junctions and
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connect to the cytoskeleton through the ZO family [12].
Adherens junctions are formed by cadherins linked to the
cytoskeleton by catenin family proteins, and vascular endo-
thelial- (VE-) cadherin is an endothelial specific adherens
junction protein [13]. Connexins compose the gap junction
channels [14], and connexin 40 was found highly expressed
in endothelial cells [15, 16]. There are increasing evidences
indicating the altered intercellular junction function induced
by gamma radiation exposure [11, 12, 17].

Gamma rays, as a kind of ionizing radiation, induce the
water radiolysis inside the body and produce the damage
through free radicals, including reactive oxygen species
(ROS) and nitric oxide (NO) [18, 19]. Oxidative and nitrosa-
tive stresses are potent pathogenic mechanisms in lipid
peroxidation, inflammation, DNA damage, and cellular dys-
function. Inflammation is a key factor in the development of
atherosclerosis [8]. Under pathological conditions, inflam-
matory mediators can compromise barrier function, which
is correlated with active cytoskeletal remodelling and gap
formation between adjacent endothelial cells [3, 20, 21].
Although it is well accepted that inflammatory and oxidative
and nitrosative stress pathways exert a detrimental effect on
endothelial barrier integrity and function [22], the underly-
ing molecular mechanisms remain unclear.

Gamma irradiation activated nuclear factor kappa-light-
chain-enhancer of activated B cell (NF-κB) signaling path-
ways by multiple mechanisms [19, 23–25]. The regulation
of the NF-κB pathway is involved in the survival and death
of cells exposed to gamma radiation. Our previous studies
indicated that gamma radiation exposure time- and dose-
dependently enhanced NF-κB DNA-binding activities in
HaCaT cells [18, 19]. The activation of the NF-κB pathway
was also observed in endothelial cells after exposure to
gamma radiation [26], X-ray [9], or UVB [27]. Therefore,
we hypothesized that gamma irradiation-induced inflamma-
tion and oxidative and nitrosative stresses might cause endo-
thelial barrier damage through the regulation of the NF-κB
signaling cascade. To test our hypothesis, we systematically
examined the effects of gamma irradiation with different
doses on the mobility and permeability of HUVECs and
explored the possible underlying molecular mechanisms
via the mitogen-activated protein kinase (MAPK)/NF-κB
pathway. The effects of the NF-κB activation inhibitor
were also investigated.

2. Methods

2.1. Reagents. The following reagents were obtained:
EGMTM-2 Endothelial Cell Growth Basal Medium-2 from
Lonza, Basel, Switzerland; 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), paraformaldehyde, Triton™ X-100, Tris, glycine,
sodium dodecyl sulfate (SDS), CelLytic™ mammalian cell
lysis/extraction reagent, bovine serum albumin (BSA), and
4 kDa FITC-dextran from Sigma-Aldrich (St. Louis, MO,
USA); rat tail collagen type I from Merck (Singapore); 2′,7′
-dichlorofluorescin diacetate (DCFDA) cellular ROS detec-
tion assay kit from Abcam (Cambridge, MA, USA); mouse
anti-occludin antibody, Superclonal™ goat anti-mouse IgG

(H+L) Alexa Fluor 488 and Alexa Fluor 555, and ProLong™
Gold Antifade Mountant with DAPI from Invitrogen (Carls-
bad, CA, USA); Griess Reagent Kit from Promega (Madison,
WI, USA); ELISA kits for interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-α) from R&D Systems (Minneap-
olis, MN, USA); antibodies against ZO-1, endothelial NOS
(eNOS), p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182),
p27, phospho-p65 (Ser 536), p65, and β-actin from Cell
Signaling Technology (Beverly, MA, USA); antibodies
against claudin-5 and connexin 40 (Cx40/GJA5) from
Abcam (Singapore); an inhibitor of NF-κB activation
BAY 11-7085, antibodies against VE-cadherin, p53, p21,
horseradish peroxidase- (HRP-) conjugated goat anti-
rabbit antibodies, and HRP-conjugated goat anti-mouse
antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); BCA assay kit and nitrocellulose membrane
from Bio-Rad (Hercules, CA, USA); and Amersham ECL
Prime Western Blotting Detection Reagent from GE Health-
care (Buckinghamshire, UK). The following kits were also
obtained: nuclear extract kit and TransAM™ NF-κB Tran-
scription Factor Assay kits from Active Motif (CA, USA);
Halt™ Protease and Phosphatase Inhibitor Cocktail
(100x), Maxima First Strand cDNA Synthesis Kit, and Max-
ima SYBR Green/ROX qPCR Master Mix from Thermo
Fisher Scientific (Singapore); and RNeasy Mini Kit from
QIAGEN (Singapore).

2.2. Cell Culture. HUVECs were purchased from Lonza
(Basel, Switzerland) and cultured in EBM™-2 medium con-
taining 2% fetal bovine serum (FBS), 1‰ ascorbic acid, basic
fibroblast growth factor (bFGF), vascular endothelial growth
factor (VEGF), epidermal growth factor (EGF), insulin-like
growth factor-1 (IGF-1), hydrocortisone, heparin, and gen-
tamicin sulfate amphotericin in a humidified atmosphere
with 5% CO2 at 37

°C. Cells were passaged every three to four
days, and HUVECs at the 4th to 8th passages were employed
this study.

2.3. Irradiation Procedure. For different experiments,
HUVECs were seeded in 96-well plates, Culture-Insert 2
wells, 8W10E+ arrays, cell culture chamber slides, Transwell
inserts, 75 cm2 cell culture flasks, or 60mm2 cell culture
dishes and grown to confluence before being irradiated with
the Irradiator BIOBEAM 8000 (Gamma-Service Medical
GmbH, Leipzig, Germany) with Cs-137 as radioactive
sources. Different radiation doses were applied for the dose-
response curve. Groups without any radiation exposure
served as the controls. HUVECs were harvested at 6 h or
24 h after irradiation and subjected to different assays.

2.4. Cell Viability Assay. The viability of HUVECs after
gamma irradiation was examined by colorimetric MTT
assay. The method was based on the cleavage of MTT, a yel-
low tetrazolium salt, to purple formazan crystals by metabol-
ically active cells. The formazan crystals were solubilized and
then quantified spectrophotometrically. Briefly, HUVECs
were seeded in 96-well plates, irradiated with different doses,
ranging from 0.2Gy to 5Gy, and then incubated for 6 or 24
hours. A final concentration of 0.5mg/ml MTT was added
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to each well and incubated at 37°C for 4 h. After the removal
of the medium, HUVECs were washed with PBS. 100 μl
DMSO was added into each well to solubilize the blue forma-
zan dye. Optical density (OD) at 570 nm was measured by
the Safire2™ microplate reader (Tecan). The cells without
irradiation exposure were used as the control. The cell viabil-
ity of the treatment groups was expressed as the percentage of
the control.

2.5. Cell Migration Assay. Cells were cultured in Culture-
Insert 2 wells in μ-Dish 35mm (Cat No: 81176, ibidi,
Germany) with a defined 500μm cell-free gap. The silicone
inserts were carefully removed at 24 h after radiation expo-
sure with doses ranging from 0.2Gy to 5Gy, and the dishes
were observed under an inverted microscope (Nikon Instru-
ments Inc., New York, USA). The images were taken with a
DS-Fi3 Microscopy Camera with DS-L4 Tablet Interface
(Nikon Instruments Inc., New York, USA). The gap distances
were recorded at different time points. At 6 h after the
removal of inserts, the results were used for comparison.

2.6. Immunofluorescence and Imaging of Cellular Junctions.
HUVECs were cultured on Nunc™ Lab-Tek™ Chambered
Coverglass (Cat No: 155383, Thermo Fisher Scientific,
USA), which was coated with 100 μl of 40μg/ml collagen
(diluted in sterile water) for 15min and washed with sterile
water for three times. 24 h after exposure to 5Gy gamma irra-
diation, the slides were fixed with 4% paraformaldehyde for
15min and then treated with 0.5% Triton X-100 for 5min
at room temperature. After 3 washes with PBS, the cells were
blocked with 1% bovine serum albumin (BSA) for 1 h and
followed by incubation in the mouse antibody against occlu-
din or VE-cadherin (1 : 200 in 1% BSA) overnight at 4°C.
Subsequently, cells were incubated with Alexa Fluor 488- or
Alexa Fluor 555-conjugated goat anti-mouse IgG in PBS
containing 1% BSA for 1 h at room temperature. The slides
were then applied with antifade mountant with DAPI, and
the images were captured under a Leica florescence micro-
scope (Leica Biosystems, Wetzlar, Germany).

2.7. Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR). Total RNA from HUVECs were
extracted using an RNeasy Mini Kit according to the
manufacturer’s instructions. cDNA was synthesized using a
Maxima First Strand cDNA Synthesis kit. 2 μg RNA was
mixed with 2μl Maxima Enzyme Mix, and the 4μl reaction

mix (5x) contains the remaining reaction components:
reaction buffer, dNTPs, oligo(dT)18, and random hexamer
primers, in total a 20μl reaction volume. cDNA synthesis
reaction was performed at 25°C for 10min, 50°C for 30min,
and 85°C for 5min. Real-time PCR was performed in
triplicate in the Applied Biosystems™ QuantStudio 6 Flex
Real-TimePCRSystem (ThermoFisher Scientific, Singapore).
A final 20 μl volume included 2μl cDNA; 10μl Maxima SYBR
Green/ROX qPCR Master Mix (2x) containing Maxima Hot
Start Taq DNA Polymerase, SYBR Green I, ROX passive
reference dye, and dNTPs (also dUTP) in an optimized
PCR buffer; and 1μM each of the respective forward and
reverse primers. Reactions were performed at 50°C for
2min and 95°C for 10min, 40 cycles of denaturation at
95°C for 15 s, and annealing and extension at 60°C for
30 s and 72°C for 30 s. The amount of the target gene
was normalized to GAPDH and was calculated by the
2−ΔΔCT method. Results were expressed as the fold change
to the control group. The primers used for real-time PCR
are listed in Table 1.

2.8. Immunoblotting Analysis. HUVECs were cultured and
harvested by scraping and centrifugation, washed twice with
ice-cold PBS, and lysed in CelLytic™ mammalian cell lysi-
s/extraction reagent containing protease and a phosphatase
inhibitor cocktail. After incubation in ice for 20 minutes with
agitation, supernatants were collected by centrifugation at
15,000 × g for 15min. Protein concentration was determined
using a BCA assay kit. Protein lysates were separated by gel
electrophoresis of 10%-12% SDS-PAGE and then transferred
to a nitrocellulose membrane. The membranes were blocked
by 5% BSA and incubated with the respective primary anti-
bodies (β-actin, p65, and p53 at 1 : 1000 dilution; ZO-1,
occludin, VE-cadherin, connexin 40, eNOS, p-p38, p38,
p21, p27, and p-p65 at 1 : 500 dilution) overnight at 4°C
and HRP-conjugated secondary antibodies (1 : 10,000 dilu-
tion) at room temperature for 1 h. Immunoreactive proteins
were then visualized by the ECL method, and the image
was captured and quantified by the Bio-Rad Gel Doc system.
β-Actin served as the loading control. Band densities from
different time points were measured by ImageJ and normal-
ized to the respective loading control. The fold change
relative to the control group was calculated.

2.9. Measurement of ROS. Fluorescent probe H2DCFDA was
used tomeasure the intracellular level of ROS. H2DCFDAwas

Table 1

Gene Forward Reverse

ZO-1 AGCCATTCCCGAAGGAGTTG GCAAAAGACCAACCGTCAGG

Occludin ACTTCAGGCAGCCTCGTTAC CCTGATCCAGTCCTCCTCCA

VE-cadherin ATGTAGGCAAGATCAAGTCAAG CCTCTCAATGGCGAACAC

Connexin 40 CCATGGAGGTGGGCTTCATT AGGCTAAGGAGGAGGGACAG

IL-6 AATGAGGAGACTTGCCTGGT GCAGGAACTGGATCAGGACT

TNF-α TCTTCTCGAACCCCGAGTGA TATCTCTCAGCTCCACGCCA

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
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a cell-permeant and nonfluorescent probe, which was con-
verted to the fluorescent 2′,7′-dichlorofluorescein (DCF)
when intracellular esterases and oxidation cleaved the acetate
groups. Briefly, HUVECs were seeded in 60mm2 cell culture
dishes. At 6 h after radiation exposure to different doses, cells
were stained with 25μMH2DCFDA in PBS at 37°C for 30min
in the dark and then harvested by trypsinization. HUVECs
were resuspended in PBS and subjected to flow cytometry
(BD LSRFortessa, BD Biosciences, USA) at excitation and
emission wavelengths of 485nm and 535nm, respectively.
The fluorescence intensities were used for comparison.

2.10. NO Production by the Griess Reagent System. NO2
-

concentration was measured by the Griess Reagent. HUVECs
were exposed to gamma irradiation at different doses. At 6 h
postirradiation, the supernatant medium was collected. 50 μl
sample or nitrite standard, 50μl sulfanilamide solution, and
50μl NED solution were added into a 96-well plate and incu-
bated for 5-10min at room temperature in the dark. After a
purple/magenta color formed, the absorbance at the 520 nm
wavelength was measured within 30min in a plate reader
(Tecan Infinite F200 Pro, Switzerland).

2.11. Levels of Inflammatory Factors IL-6 and TNF-α by
RT-qPCR and ELISA. mRNA expression of IL-6 and
TNF-α was measured by RT-qPCR as described above. The
protein levels of IL-6 and TNF-α in the HUVEC lysate were
measured using ELISA. 100 μl standard or sample solutions
were added to a 96-well plate, which was coated by the cap-
ture antibodies and blocked by 300μl Reagent Diluent. After
incubation for 2 h at room temperature, the plate was washed
and the detection antibody was added. A working solution of
streptavidin-HRP, substrate, and stop solution was added
sequentially. The optical density of each well was measured
at 450nm using a microplate reader (Tecan Infinite F200
Pro, Switzerland). IL-6 and TNF-α protein levels in different
irradiation groups were calculated according to the respective
standard curve.

2.12. The Activation of MAPK/NF-κB Pathways Evaluated by
Western Blot. The expression of MAPK/NF-κB pathway-
related proteins was evaluated by western blot as described
above.

2.13. Nuclear and Cytoplasmic Fraction Extraction. After
washing with ice-cold PBS with phosphatase inhibitors,
HUVECs were gently removed by scraping. After centrifuga-
tion at 500 rpm for 5min, the cell pellet was resuspended in
1x hypotonic buffer by pipetting up and down several times
and adding 25 μl detergent. The mixture was centrifuged at
14,000 × g for 30 s, and the cytoplasmic fraction in the super-
natant was collected and stored at -80°C. The nuclear pellet
was resuspended in complete lysis buffer, vortexed, and incu-
bated on ice for 30min. After centrifugation at 14,000 × g for
10min, the supernatant containing the nuclear fraction was
collected and stored at -80°C.

2.14. NF-κB DNA-Binding Activity by TransAM™ NF-κB
Transcription Factor Assay Kit. The TransAM™ NF-κB
Transcription Factor Assay kit was used to determine the

NF-κB DNA-binding activity according to the manufac-
turer’s instruction. Briefly, each well in the plate was added
with 30 μl complete binding buffer and 20μl sample diluted
in a complete lysis buffer. In the blank wells, sample solution
was replaced by 20μl complete lysis buffer. The reaction was
incubated with mild agitation (100 rpm) at room tempera-
ture for 1 h. After washing 3 times, 100μl diluted NF-κB anti-
body was added and incubated at room temperature for 1 h
without agitation. The plate was washed and then added by
HRP-conjugated antibody, substrate and stop solutions
sequentially. The absorbance was read at 450nm on a micro-
plate reader within 5min.

2.15. BAY 11-7085 Treatment on the Barrier Function
Examined by Electric Cell-Substrate Impedance Sensing
(ECIS) and FITC-Dextran Permeability Assay. BAY 11-7085
was dissolved in DMSO at the concentration of 10mM as
stock and diluted to the final concentration of 2.5 μM with
the cell medium before the experiments.

2.16. Barrier Function of Cell Monolayers Monitored Using
ECIS. An ECIS Zθ instrument (Applied BioPhysics, Troy,
NY, USA) was used in this study to measure transendothelial
electrical resistance (TEER) in HUVECs. These real-time
electrode arrays were performed to monitor electrical resis-
tance, impedance, and capacitance across cells. The ECIS
program was set to measure electrical resistance at a single
frequency of 4000Hz. 8W10E+ arrays were selected for our
experiments. This array had 8 wells. Each contained two sets
of 20 gold-film electrodes interdigitated for bioelectrical
measurements across cell layers. The array was coated with
collagen as described above and then 200 μl medium was
added for electrode stabilization. HUVECs were added to
two coated arrays, and the arrays were kept in a 5% CO2
humidified incubator at 37°C during the resistance measure-
ments. BAY 11-7085 was added to one 8W10E+ array one
hour before gamma irradiation with 5Gy, and the other
without irradiation was used as the control. TEER was
continuously measured.

2.17. FITC-Dextran Permeability Assay. 6.5mm Transwell
inserts with 0.4 μm pore polyester membrane placed in
24-well plates (Cat No: 3470, Corning, USA) were coated
with collagen as described above. HUVECs were seeded
and reached complete confluence, and then BAY 11-7085 at
designed concentrations was added into the inserts. One
hour later, the inserts were exposed to 5Gy gamma irradia-
tion. Nonirradiated inserts were used as the control. 24 h
postirradiation, 200μl FITC-dextran of 4 kDa at a final con-
centration of 1mg/ml was added into the upper inserts and
1ml medium was added into the lower chambers. The plate
was incubated at 37°C for 1 hour and 30minutes. Inserts were
removed and 100μl medium from the lower chamber was
collected and transferred into a 96-well plate with black walls
and bottoms. The florescence intensity was measured at exci-
tation and emission wavelengths of 492 nm and 518 nm,
respectively. Changes in fluorescence intensity were calcu-
lated and compared among different groups.
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2.18. Statistical Analysis. Values of the normal distribution
were expressed as the mean ± standard error of themean
(SEM). One-way analysis of variance (ANOVA) was used
to determine statistical significance between groups followed
by Tukey’s post hoc test. A probability value of p < 0 05 was
taken as a statistical significance.

3. Results

3.1. Gamma Irradiation Attenuated Migration Ability in
HUVECs but Not Cell Viability. The cell viability in HUVECs
was tested after radiation exposure ranging from 0.2 to 5Gy.
No significant decrease was observed at 6 h (Figure 1(a)) and
24 h (Figure 1(b)) postirradiation. However, the gap distance
was increased significantly after gamma radiation with doses
ranging from 0.5 to 5Gy (Figure 1(c)), indicating that gamma
irradiation attenuated the migration ability of HUVECs.

3.2. Gamma Irradiation Caused Cellular Junction Damage in
HUVECs. Immunocytochemical analysis showed cellular
junctions between adjacent cells characterized by bright
fluorescence (green for occludin and red for VE-cadherin).
The nucleus was stained by DAPI. HUVECs with 5Gy
radiation exposure exhibited the impaired and disconnected
intercellular junctions indicated by the visible disruption of
labeling (pointed by arrows) (Figure 2(a)). Western blot
results showed the decreased expression of junction-related

proteins such as ZO-1, occludin, VE-cadherin, and connexin
40 in HUVECs after gamma irradiation (Figure 2(c)),
although their mRNA expression did not change signifi-
cantly (Figure 2(b)).

3.3. Gamma Irradiation-Induced Oxidative and Nitrosative
Stress in HUVECs.Gamma irradiation with 5Gy significantly
increased ROS levels in HUVECs when compared with
the nonirradiated control (Figure 3(a)), while the NO2

-

concentration was higher in the HUVEC medium after radi-
ation exposure with doses ranging from 0.5Gy to 5Gy
(Figure 3(b)). This enhancement was accompanied by the
increased protein levels of eNOS in HUVECs after gamma
irradiation (Figure 3(c)).

3.4. Gamma Irradiation Promoted Gene and Protein
Expression of Inflammatory Cytokines in HUVECs. The
mRNA expression of inflammatory cytokines IL-6 and
TNF-α was increased in HUVECs after radiation exposure
with doses of 2Gy and 5Gy (Figures 4(a) and 4(c)). ELISA
results demonstrated that the IL-6 protein level was signifi-
cantly higher in HUVECs after radiation exposures with
doses ranging from 0.2Gy to 5Gy (Figure 4(b)) when com-
pared to the control, while the TNF-α protein level was
increased after gamma radiation with 2Gy and 5Gy
(Figure 4(d)).
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Figure 1: Cell viability and migration ability in HUVECs after gamma irradiation of different doses. Gamma irradiation with doses ranging
from 0.2Gy to 5Gy does not induce HUVEC viability changes when measured at 6 h (a) and 24 h (b) postirradiation by the MTT method.
However, it increased the gap distance when HUVECs were irradiated with radiation doses ranging from 0.5 to 5Gy (c). The cell viability
of the treatment groups is expressed as the percentage of the control; cell migration is measured by gap closure test. ∗A value of p < 0 05 is
taken as statistical significance.
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Figure 2: Cellular junction examination in HUVECs after exposure to gamma irradiation. Immunofluorescence examination indicates the
damage of the cellular barrier 24 h after irradiation with 5Gy (the impaired and disconnected junctions between two adjoined cells
pointed by arrows in the lower panels in (a)) (×400). Scale bar: 50 μm. While the gene expressions of junction-related molecules such as
ZO-1, occludin, VE-cadherin, and connexin 40 do not change significantly (b), there are obvious reductions of protein expressions
of ZO-1, occludin, VE-cadherin, and connexin 40 (c).
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shows increased eNOS after irradiation with doses from 0.2 to 5Gy (c). ∗A value of p < 0 05 is taken as statistical significance.
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Figure 4: Gamma irradiation induces gene and protein expressions of cytokines. Irradiation with 2 or 5Gy induces upregulation of the IL-6
gene 6 h after irradiation (a), but upregulation of the IL-6 protein is induced by irradiation with doses ranging from 0.2 to 5Gy (b). Both gene
(c) and protein (d) expressions of TNF-α are upregulated after irradiation with 2 or 5Gy. ∗A value of p < 0 05 is taken as statistical
significance.
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3.5. Gamma Irradiation Increased the Protein Levels of
MAPK Pathway Molecules and the Activation of the NF-κB
Pathway. Western blot results showed that the protein levels
of MAPK pathway molecules p-p38, p53, p21, and p27
increased in HUVECs after exposure to gamma irradiation
(Figure 5(a)). The enhancement further induced the
activation of the NF-κB pathway, indicated by the higher
protein levels of p-p65 (Figure 5(b)) and increased NF-κB
DNA-binding activity (Figure 5(c)).

3.6. BAY 11-7085 Treatment on the Barrier Function
Examined by ECIS and FITC-Dextran Permeability Assay.
The effect of 5Gy gamma radiation on the barrier function
of HUVECs was assessed by TEER measurements. A higher
resistance indicates a tighter membrane barrier. After the
postirradiation stabilization of arrays, we observed that irra-
diation with 5Gy significantly decreased the resistance in
HUVECs when compared with the nonirradiated group
(0Gy), indicating the barrier disruption in HUVECs after
gamma irradiation (Figure 6(a)). BAY 11-7085, as an inhibi-
tor of NF-κB activation and phosphorylation of IκBα, was
found to partially block the decrease of TEER in HUVECs
after 5Gy gamma irradiation. No significant influence on

TEER was observed when BAY 11-7085 was applied alone
at 2.5 μM in HUVECs without irradiation (Figure 6(a)).

It is believed that TEER is used to determine the ion per-
meability of cellular junctions, and fluorescently labelled
compounds of different sizes are suitable for monitoring the
paracellular permeability of hydrophilic tracers. In this study,
the fluoresce intensity of FITC-labelled dextrans (4 kDa) was
found significantly higher in the lower chamber medium
after 5Gy gamma irradiation, while the application of BAY
11-7085 partially inhibited this increase (Figure 6(b)).

4. Discussion

Endothelial cells play an important role in maintaining the
intercellular barrier, which controls the passage of macro-
molecules, proteins, and circulating cells between the inter-
stitial tissues and blood. The damage of the endothelial
barrier and its integrity is associated with the development
of CVD complications. An increase in vascular permeability
is an immediate cellular damage following radiation, which
further impairs vascular functions and enhances cardiovas-
cular risk [9, 28, 29]. Our study demonstrated that gamma
irradiation with doses ranging from 0.5 to 5Gy dose-
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Figure 5: Gamma irradiation activates MAPK/NF-κB pathways. (a) The activation of MAPK pathway molecules p-p38, p38, p53, p21, and
p27 in HUVECs after exposure to gamma irradiation was measured by western blot. (b) Protein levels of p-p65 and p65 were examined by
western blot. (c) NF-κB DNA-binding activity by TransAM™NF-κB Transcription Factor Assay kit. The absorbance at 450 nm was read on a
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significance between groups followed by Tukey’s post hoc test. ∗A value of p < 0 05 was taken as statistical significance.
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dependently inhibited the migratory ability of HUVECs
without cell viability change at 6 h and 24h post exposure.
Moreover, 5Gy irradiation exposure also caused the disrup-
tion of intercellular junctions, decreased TEER, and increased
permeability in HUVECs in this study. These results demon-
strated that gamma irradiation with the doses applied in our
study significantly influences the intercellular barrier func-
tion without changing the number of cells. Previous observa-
tion also showed that single and fractionated low-dose
irradiations could induce chronic vascular inflammation
and further stimulate the process of atherosclerosis but do
not influence cell viability and DNA repair [9]. Gabrys et al.
reported that radiation caused a rapid and persistent increase
in permeability as well as F-actin and VE-cadherin remodel-
ling in microvascular cells, but actin remodelling was not
observed in HUVECs though they are equally radiosensitive
[3]. This discrepancy might be due to the differences in
radiation sources between X-rays and gamma rays or the
endpoints between 30min to 6 h and 24 h postirradiation.
The permeability assay by dextran might be insufficiently
sensitive to detect the barrier function change. We did
demonstrate the resistance alteration at 6 h postirradiation
examined by ECIS. ECIS is a very sensitive technology to
record slight changes in TEER and has the potential to con-
tinuously detect radiation-induced barrier changes in
HUVECs. It has been demonstrated that after irradiation of
HUVECs to doses as low as 2Gy, TEER was reduced at 3 h,
indicating that gamma radiation induces an early disruption
in the endothelial barrier at lower doses than those required
for cytotoxic effects [11].

Several endpoints were selected in this study from 0.2Gy
to 5Gy gamma irradiation. The dose-dependent effects were
observed in migration ability, oxidative and nitrosative

stresses, inflammation, and NF-κB DNA-binding activity in
our results, but not in cell viability, mRNA and protein levels
of cellular junction-related genes, and MAPK/NF-κB path-
way molecules. Some epidemiological studies suggested a
linear dose-response relationship for radiation risks; e.g.,
one report showed statistically significant risks for leukaemia
in over 110,000 Chernobyl cleanup workers [30]. Even sev-
eral data points below 100mSv showed a linear risk increase
[30]. Other studies also supported the linear no-threshold
theory of radiation risks, e.g., the relationship of CT scans
in childhood and subsequent risk of leukaemia and brain
tumors [31] and the correlation of natural background radi-
ation and the incidence of childhood leukaemia and other
cancers [32]. However, much debate exists about the validity
of the linear no-threshold theory for radiation risks, espe-
cially for the effects of low-dose radiation less than 100mSv
[33–35]. It has been debated whether they are beneficial or
detrimental, and so far, there is still lack of consistency
among the available experimental data. Our results showed
no linear dose-response effects in most parameters in
HUVEC cell lines after exposure to gamma irradiation, but
it is hard to correlate radiation doses applied in in vitro
experiments with those in clinical applications. The defense
mechanisms, e.g., DNA repair or defenses against ROS,
should be considered in evaluating the dose-response effects.

Endothelial layer integrity depends on the intercellular
junctions including tight junctions, adherens junctions,
and gap junctions [36]. The components of a tight junction
include transmembrane and cytoplasmic proteins. The
transmembrane proteins, such as claudins, occludins, and
junctional adhesion molecules (JAMs), are linked to the
actin cytoskeleton through cytoplasmic components such as
ZO-1, ZO-2, and ZO-3 and a host of other associated
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Figure 6: BAY 11-7085 treatment on the barrier function examined by ECIS and FITC-dextran permeability assay. Irradiation with 5Gy
significantly reduces the resistance in HUVECs when compared to the nonirradiated (0Gy) group (a). The treatment with BAY 11-7085
at 2.5 μM partially blocked the decreased resistance in HUVECs caused by 5Gy gamma irradiation, while the treatment alone did not
have any significant effects in HUVECs without gamma radiation exposure (a). The fluoresce intensity of FITC-labelled dextrans (4 kDa)
was significantly higher after 5Gy gamma irradiation, and the treatment of BAY 11-7085 partially inhibited this increase (b). ∗p < 0 05 vs.
0Gy; #p < 0 05 vs. 5 Gy.
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signaling proteins [37]. The adherens junction is a cell junc-
tion in which the cytoplasmic face is linked to the actin cyto-
skeleton. VE-cadherin is an endothelial specific adherens
junction protein [13]. It associates with the actin cytoskel-
eton via α-, β-, and γ-catenins and with RhoGAP via the
p120-catenin [38]. Gap junctions form channels between
the cytoplasm of adjacent cells and allow the pass-
through of electrical impulses, various molecules, and ions.
The core proteins of these channels are connexins [14].
Under pathologic conditions, inflammatory mediators may
compromise the barrier function and induce active remodel-
ling of the cytoskeleton and formation of gaps between adja-
cent endothelial cells. Zorkina et al. demonstrated a decrease
in fluorescence intensity and mRNA expression of cellular
junction proteins ZO-1, β-catenin, and connexin 43 after
gamma radiation in HUVECs cocultured with allogeneic
astrocytes [12]. The decreased expression of Cx43 after
20Gy X-ray irradiation was also observed in human dermal
lymphatic endothelial cells accompanied by the increased
permeability [39]. Our study showed a decrease in the pro-
tein expression of ZO-1, occludin, VE-cadherin, and con-
nexin 40 after gamma irradiation, leading to the
impairment of the barrier function. However, no significant
differences in mRNA expression of these molecules were
observed. One study also indicated that exposure to ioniz-
ing radiation induced the barrier damage and increased
the permeability of the blood-brain barrier but without
massive modification of the tight junction proteins ZO-1,
ZO-2, claudin-5, and occludin [17].

Gap junction channels and connexin regulation are also
implicated in vascular disruption. The expression of connex-
ins has been proved to increase the resistance of a variety of
cells to cellular injuries including ionizing radiation. The
forced expression of connexin 40, connexin 43, and connexin
32 increased the resistance to injury of oxidative stress and
UV irradiation in C6 glioma [40]. Our results showed a
decrease of mRNA expression of connexin 40 after gamma
irradiation, though not statistically significant, accompanied
by a minor decrease in protein levels of connexin 40. No pre-
vious reports have been published regarding the contribution
of connexin 40 in HUVECs exposed to gamma irradiation.
One study indicated that 5Gy X-rays induced a significantly
elevated level of connexin 43 in mouse endothelial cell line
bEnd3 but downregulation of connexin 43 mRNA in human
hybrid endothelial cells (EA.hy926), indicating a cell line-
specific modulation of connexin 43 expression after exposure
to X-rays [41]. Further investigations are still needed to clar-
ify the function of gap junction channels and connexins
implicated in gamma radiation-induced barrier injury.

Oxidative and nitrosative stresses and inflammatory
response are all involved in radiation-induced pathogenesis
[18, 19, 42]. Reactive free radicals and water radiolysis induce
the structural and functional changes in cell junctions and
intercellular communication, which further influence the
endpoints of gamma radiation effects, e.g., cell death [43].
Ionizing irradiation exerts its biological effects via initially
generating ROS, which reacts with unsaturated lipids, alters
the membrane permeability, and induces the lipid peroxida-
tion and the production of proinflammatory cytokines, such

as TNF-α, IL-6, and IL-1β [19, 44]. It has been demonstrated
that gamma radiation increased intracellular ROS levels
and decreased antioxidant production in endothelial cells
[45, 46], especially dose-dependently increased intracellular
levels of ROS in HUVECs at 24 h postirradiation [47].
This is consistent with our observation showing elevated
levels of ROS, NO, and eNOS, accompanied by the higher
levels of diverse cytokines such as IL-6 and TNF-α. The
increased cytokines such as IL-6, IL-8, monocyte chemoat-
tractant protein 1 (MCP-1), granulocyte-colony stimulat-
ing factor (G-CSF), and other proinflammatory cytokines
were also demonstrated in other studies in HUVECs after
radiation exposure [48]. These results suggest that gamma
irradiation-induced oxidative and nitrosative stresses and
inflammatory cytokines in the endothelium are involved
in the genesis of different vascular diseases.

The initiation of endothelial cell injury in response to
radiation is concomitant with the activation of stress-
activated kinase cascades, e.g., MAPK/NF-κB [49]. MAPK
includes extracellular signal-regulated kinase 1/2 (Erk1/2),
c-Jun N-terminal kinase (JNK), and p38. Sustained activation
of JNK, Erk1/2, and/or p38 is responsible for the transduction
of a radiation damage signal. p38 MAPK was demonstrated
to predominantly mediate gamma irradiation-induced endo-
thelial cell apoptosis [49, 50]. p38 MAPK and NF-κB
activation was observed 24 h after 2Gy gamma irradiation
in HUVECs [51]. The modulation of the NF-κB pathway
has been believed to contribute to the survival of the irradi-
ated cells [52]. A study demonstrated that radiation-
induced apoptosis is mediated by NF-κВ signaling in primary
bovine aortic endothelial cells [53]. We observed the
increased expression of p-p38, p53, p27, p21, p-p65, and
NF-κB DNA-binding activities in HUVECs after gamma
irradiation. To further validate our hypothesis that gamma
irradiation-induced injury in the cellular barrier of HUVECs
was through the MAPK/NF-κB inflammatory pathway, BAY
11-7085, an inhibitor of NF-κB activation and phosphoryla-
tion of IκBα, was employed in this study. The treatment of
HUVECs with BAY 11-7085 partially blocked the decrease
of TEER and increased permeability after 5Gy gamma irradi-
ation. Our observation not only demonstrated the involve-
ment of the NF-κB inflammatory pathway in gamma
radiation-induced disruption of intercellular barriers but also
pointed to a possibility that other signaling pathways may
contribute to this damage too. One report indicated that
the activation of the STAT3 pathway was involved in
radiation-induced endothelial inflammation [54], and the
DNA-binding activity of STAT3 and the level of phospho-
Stat3 Tyr (705), but not phospho-Stat3 Ser (727), was
reduced in HUVECs after 3Gy irradiation [55]. The contri-
bution of the STAT3 pathway to the gamma radiation-
induced disruption of the cellular barrier is not investigated
in our experiments. This is the limitation and also the future
work of our study.

In summary, our results demonstrated that gamma
irradiation inhibited the migration ability, decreased TEER,
increased permeability, and induced disruption of cellular
junctions in HUVECs accompanied by the lower levels
of junction-related proteins such as ZO-1, occludin, VE-
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cadherin, and connexin 40. The enhanced oxidative and
nitrosative stresses, e.g., ROS and NO2- levels, inflamma-
tory cytokines IL-6 and TNF-α, and the activation of the
MAPK/NF-κB signaling pathway contributed to gamma
irradiation-induced damage, which was partially inhibited
by the treatment of the NF-κB activation inhibitor BAY
11-7085. We therefore concluded that the gamma
irradiation-induced disruption of cellular junctions in
HUVECs was through the inflammatory MAPK/NF-κB sig-
naling pathway.
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