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Abstract. High-dose ionizing radiation can cause harmful
effects on the cardiovascular system. Notably, endothe-
lial cells are critical targets in radiation-induced damage.
v radiation exerts its biological effects through the radiolysis
of water, which further generates ROS and induces lipid
peroxidation and DNA damage. The present study aimed to
evaluate the potential protective effects of celastrol against y
radiation-induced oxidative stress in human umbilical vein
endothelial cells (HUVECs). HUVECs were exposed to y
radiation at different doses with or without celastrol treat-
ment. Cell viability and cytotoxicity, migratory ability, ROS
production, lipid peroxidation, oxidative DNA damage and
antioxidative enzyme levels were evaluated in HUVECs at
24 h post-irradiation. It was observed that HUVECs exhibited
decreased cell viability, increased cytotoxicity and a decreased
migratory ability after exposure to 20-Gy vy radiation. Celastrol
treatment concentration-dependently reversed these effects.
v irradiation was also demonstrated to increase the produc-
tion of ROS, enhance lipid peroxidation and oxidative DNA
damage and decrease the levels of SOD, catalase, GST and
GPx in HUVECS. These detrimental effects were blocked by
treatment with celastrol for 24 h. These data suggested that
celastrol not only attenuated vy radiation-induced cytotoxicity,
but also effectively blocked oxidative stress in HUVECs. As
an antioxidant agent, celastrol may have potential protective
effects in HUVECs against vy irradiation-induced injury.

Introduction
Cardiovascular disease is considered to be one of the most

common non-cancer effects associated with high or medium
doses of ionizing radiation. Endothelial cells, which are
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critical targets in radiation-induced cardiovascular damage,
appear to serve a key role in the development of vascular
pathologies. Increasing evidence has indicated that radiation
exposure may induce premature senescence (1,2), endothelial
barrier damage or permeability changes (1,3), cytoskeleton
disruption (4) and angiogenic defects (5) in diverse endothelial
models. Searching for an effective pharmacological therapy
for radiation-induced cardiovascular damage has become an
urgent task (6).

Although certain medicines, including pravastatin, have
been proven to have the ability to reduce radiation-induced
damage (7), considerable attention has been devoted to
the development of radioprotectors from natural products
in recent years, due to their cost-effectiveness and safety.
Celastrol is a pentacyclic triterpenoid originally extracted
from the root of the traditional Chinese medicinal plant
Tripterygium wilfordii (also called Thunder god vine) (8,9).
Clinical trials have demonstrated the efficacy and safety
of Tripterygium wilfordii. Tripterygium wilfordii has been
applied in the treatment of rheumatoid arthritis (10,11) and
Crohn's disease (12,13). Celastrol has also been proven to be
effective in the treatment of asthma, chronic inflammation and
neurodegenerative disease (14-17). The biological activities
of celastrol include antioxidant (15), anti-inflammatory (18),
anticancer (8), anti-diabetic (19), obesity-controlling (20) and
insecticide (21) functions. To date, the function of celastrol in
radiation protection has seldom been investigated.

v rays, a type of high-frequency ionizing radiation, can
penetrate the body and cause the radiolysis of water. Human
tissues contain 70-80% water. The major damage caused by
v radiation results from free radicals, including ROS and
nitric oxide (22). ROS react with cellular molecules, resulting
in lipid peroxidation and DNA damage, and further causing
cellular dysfunction and mortality. Given its properties of
antioxidation, it was hypothesized that celastrol may exhibit
protective effects against y irradiation-induced injury in human
umbilical vein endothelial cells (HUVECs). The present study
not only examined the protective effects of celastrol against vy
irradiation-induced cell death in HUVECsS, but also explored
the possible underlying mechanisms via the inhibition of
oxidative stress. To the best of our knowledge, this is the first
study to investigate the radioprotective properties of celastrol
in endothelial cells.
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Materials and methods

Reagents. Celastrol, dimethyl sulfoxide (DMSO), Tris,
glycine, sodium dodecyl sulfate (SDS), bovine serum
albumin (BSA) and diphenyl-1-pyrenylphosphine (DPPP)
were purchased from J&K Scientific Ltd. (Beijing, China).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), nuclease P1, alkaline phosphatase, $-actin antibody,
dihydroethidium (DHE), a lipid peroxidation assay kit by
malondialdehyde (MDA), CelLytic™ lysis reagent and Bradford
reagents were obtained from Sigma-Aldrich Shanghai Trading
Co. Ltd. (Shanghai, China). The Pierce Lactate Dehydrogenase
(LDH) Cytotoxicity Assay kit was from Thermo Fisher
Scientific,Inc.(Waltham,MA,USA). The 2'7'-dichlorofluorescin
diacetate (DCFDA) cellular ROS detection assay kit, Alexa
Fluor® 647-conjugated anti-mouse antibody and Fluoroshield
mounting medium with DAPI were purchased from Abcam
Trade Ltd. (Shanghai, China). The genomic DNA purification
kit and Griess reagent were purchased from Promega Biotech
Co. Ltd. (Beijing China). EIA kits for 8-hydroxy-2-deoxy
Guanosine (8-OH-dG), and antioxidant enzyme assays including
superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx) and glutathione S-transferase (GST) were purchased
from Cayman Chemical Company (Ann Arbor, MI, USA).
Antibodies against SOD-1, SOD-2, catalase, GPx and GST,
and horseradish peroxidise (HRP)-conjugated goat anti-mouse
and anti-rabbit antibodies were purchased from Santa Cruz
Biotechnology Co. Ltd. (Shanghai, China). Anti-yH2AX
antibody was from CST Biological Reagents Company Ltd.
(Shanghai, China). The nitrocellulose membrane was obtained
from Shanghai Xingya Purify Material Ltd. (Shanghai, China).
Western blotting detection ECL Reagent was purchased from
GE Healthcare China Co. Ltd. (Beijing, China).

Cell culture. HUVECs were purchased from AllCells Biotech
Ltd. (Shanghai, China), and grown in endothelial cell growth
medium (Jiangsu Promocell Biotechnology Co. Ltd., China)
containing 2% FBS at 37°C in a 5% CO, humidified atmo-
sphere. Cells were passaged every three to four days. Cells at
the 3rd to 8th passage were used for the present study.

Irradiation procedure and drug treatment.For all experiments,
HUVECs were seeded in cell culture chamber slides, 96-well
plates, 100 mm? petri dishes or 75 cm? cell culture flasks,
and grown to confluence prior to being exposed to y radia-
tion in a Gammacell 40 Exactor (Best Theratronics, Kanata,
ON, Canada) using Cs-137 as a radioactive source. Different
radiation doses were applied to generate the dose-response
curve. The radiation dose rate was 2.8 Gy/min. Celastrol was
dissolved in DMSO, kept at a stock solution of 100 mM, and
further diluted in medium prior to administration. Following
exposure to vy irradiation, HUVECs were treated with celas-
trol at the designated concentrations for 24 h, harvested and
subjected to different assays.

Cell viability assay. The viability of HUVECs after vy irradia-
tion with or without celastrol treatment was tested using the
colorimetric MTT method. The assay is based on the cleavage
of the yellow tetrazolium salt MTT to purple formazan
crystals by metabolically active cells. The formazan crystals
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are solubilized, and then spectrophotometrically quantified.
Cells were seeded in 96-well plates, exposed to vy irradiation
at different doses, and then incubated in medium containing
different concentrations of celastrol. After 24 h of treatment,
MTT at a final concentration of 0.5 mg/ml was added to each
well and incubated at 37°C for 4 h. When the medium had been
removed, HUVECs were washed twice with PBS. DMSO was
added into the wells to solubilize the blue formazan dye and
the absorbance was read at 570 nm. Cells without vy irradia-
tion exposure and celastrol treatment were considered to be
controls. The cell viability of the treatment groups is expressed
as a percentage of the control.

Cell cytotoxicity assay. Cytotoxicity induced by v irradiation
was determined by LDH release. As a cytosolic enzyme present
in many different types of cells, LDH is released into the cell
culture medium when the plasma membrane is damaged. Cells
were seeded in 96-well plates and exposed to 20 Gy v irradia-
tion, followed by the treatment with 1.5 and 2 uM celastrol for
24 h. A volume of 50 ul medium was loaded into a 96-well flat
bottom plate in triplicate wells, and 50 pl reaction mixture was
added to each well. The plate was incubated at room temperature
for 30 min in the dark and 50 ul stop solution was added. The
absorbance at 490 nm was measured using a microplate reader
(Tecan Group, Ltd., Médnnedorf, Switzerland). The cytotoxicity
in each group was expressed as a percentage of the control.

Cell migration assay. Cells were seeded in Culture-Insert
2 wells in y-Dish 35 mm (cat. no. 81176; ibidi GmbH, Am
Klopferspitz, Planegg, Germany) with a defined 500 ym
cell-free gap. Following exposure to 20-Gy v irradiation, cell
medium was removed and cells were treated with 1.5 and 2 uM
celastrol dissolved in culture medium for 24 h. The silicone
inserts were carefully removed, and the dishes were monitored
under an inverted microscope (Olympus Corp., Tokyo, Japan).
The gap distances were measured at different time points.
The data at 6 h after the removal of the inserts was used for
comparison.

Measurement of ROS. The intracellular level of ROS was
measured using the fluorescent probe H,DCFDA and DHE.
DHE, upon reaction with superoxide anions, forms a red fluo-
rescent product, 2-hydroxyethidium. HUVECs were seeded
in black-walled and clear-bottom 96-well microplates (cat.
no. M33089) and Nunc™ Lab-Tek™ Chambered Coverglass (cat.
no. 155383; both Thermo Fisher Scientific, Inc.). After expo-
sure to 20-Gy v irradiation and treatment with 1.5 and 2 uM
celastrol, cells were washed with PBS and stained with 5 uM
DHE at 37°C for 30 min in the dark. Images of the coverglass
were captured under a Leica fluorescent microscope (Leica
Biosystems, Wetzlar, Germany). The fluorescence intensities
in the 96-well plate were measured using a fluorescent micro-
plate reader (Tecan Infinite F200 Pro; Tecan Group, Ltd.)
at excitation and emission wavelengths of 520 and 610 nm,
respectively.

ROS production was also examined by H,DCFDA staining.
As a cell-permeant and non-fluorescent probe, H,DCFDA is
converted to the highly fluorescent 2',7'-dichlorofluorescein
(DCF) upon cleavage of the acetate groups by intracellular
esterases and oxidation. Cells were treated as stated above and
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Figure 1. Chemical structure of celastrol, a pentacyclic triterpenoid.

stained with 25 yuM H,DCFDA at 37°C for 30 min in the dark.
The fluorescence intensities were measured at excitation and
emission wavelengths of 485 and 530 nm, respectively.

Lipid peroxidation assays. Lipid peroxidation was
examined using DPPP, a probe which turns to a fluorescent
diphenyl-1-pyrenylphosphine oxide (DPPP-O) when reacting
with hydroperoxides. HUVECs were seeded in 96-well plates,
treated as stated above, and incubated with 50 xM DPPP at
37°C for 60 min in the dark. The fluorescence intensities were
measured and analyzed at an excitation wavelength of 351 nm
and an emission wavelength of 380 nm using a fluorescent
microplate reader.

Lipid peroxidation was also evaluated according to the
levels of MDA. A total of 1x10° cells were homogenized on ice
in 300 ul MDA lysis buffer containing 3 ul butylated hydroxy-
toluene (BHT; 100X) and centrifuged at 13,000 x g for 10 min
to remove insoluble material. A total of 200 1 supernatant was
removed into a microcentrifuge tube. A total of 600 I thiobar-
bituric acid (TBA) solution was added into each tube containing
the standard and samples, and incubated at 95°C for 60 min.
Following cooling to room temperature, 200 ul from each
reaction mixture was pipetted to a 96-well plate for analysis.
The absorbance at 490 nm was measured with a microplate
reader. The concentration of TBA-MDA adduct was calculated
based upon the standard curve.

DNA oxidative damage assay using an 8-OH-dG EIA kit.
HUVECs were seeded in 100 mm? Petri dishes and treated as
stated above. Genomic DNA was isolated and purified with a
commercial kit. HUVECs were harvested by trypsinization,
and treated with RNase A, proteinase K and lysis buffer at
55°C for 10 min. The lysate was loaded into the separation
column. After the column was centrifuged and washed, the
eluted and purified DNA was collected.

An 8-OH-dG EIA kit was used to examine DNA oxidative
damage in cells according to the manufacturer's instructions.
Briefly, the aforementioned purified DNA was incubated with
alkaline phosphatase and nuclease P1 at 37°C for 30 min, and
then boiled for 10 min before being placed on ice. A total of
50 ul sample or standard, 50 pl antibodies and 50 ul Tracer
were added into the testing plate, which was then incubated
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at 4°C for 18 h. A total of 200 pl Ellman's reagent was added
into the plate following washing. The plate was shaken for
90-120 min in the dark for optimum development. The absor-
bance was measured using a microplate reader at a wavelength
of 420 nm. The reading was used to calculate the 8-OH-dG
concentration based upon the standard curve.

DNA double-strand break assay by immunofluorescence
staining. DNA double-strand breaks were studied using
anti-yH2AX immunofluorescence staining. Briefly, HUVECs
were grown on chamber slides and treated as described above.
Cells were fixed in cold methanol for 10 min, washed with
PBS three times, blocked using 1% BSA for 1 h at room
temperature and incubated with primary anti-yH2AX anti-
body (1:200 dilution) at 4°C overnight. Following washing,
cells were incubated with secondary Alexa Fluor 647-conju-
gated anti-mouse antibody (1:200 dilution) for 1 h at room
temperature. Following rinsing, the nuclei were fluorescently
labelled with DAPI in mounting medium. The images were
examined under a fluorescence microscope.

Antioxidant enzyme activity assay. HUVECs were treated,
harvested using a rubber policeman, and centrifuged at
2,000 x g for 10 min. The cell pellets were lysed in cold
lysis buffer, and the protein supernatants were collected by
centrifugation at 10,000 x g at 4°C for 15 min. The protein
concentration was evaluated using the Bradford method. Equal
amounts of samples and standards were loaded into the 96-well
plates provided with the commercial kits. The concentrations
and activities of SOD, catalase, GST and GPx were measured
according to the respective protocols from the manufacturer.
The absorbance was read using a microplate reader, and the
activities of SOD, catalase, GST and GPx were calculated
using the equations obtained from their respective standard
curves.

Immunoblot analysis. Cell lysates were separated on a
10% SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membranes were blocked using 5% BSA and
incubated with the respective primary antibodies (B-actin,
1:1,000 dilution; SOD-1, SOD-2, GPx, GST and catalase,
1:500 dilution) overnight at 4°C. Following washing, the
membrane was incubated with the respective HRP-conjugated
secondary antibodies (1:10,000 dilution) at room temperature
for 1 h, and visualized using the ECL method. Images were
captured and quantified using the Bio-Rad Laboratories, Inc.
Gel Doc system. Values were normalized to their respective
loading control. The results were calculated and expressed as
a fold change relative to control group.

Statistical analysis. Values which were normally distributed
are expressed as the mean +£ SEM. One-way analysis of variance
(ANOVA) was used to determine statistical significance
between groups, followed by Tukey's post-hoc test. P 0.05 was
considered to indicate a statistically significant difference.

Results

Effects of celastrol on cell viability and cytotoxicity in
HUVECs following y irradiation. The chemical structure of
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celastrol is presented in Fig. 1. HUVECs were exposed to y
irradiation at different doses. It was observed that 10-, 20- and
40-Gy v irradiation significantly decreased the cell viability at
24 h post-irradiation, indicative of a dose-dependent response
(Fig. 2A). Treatment of HUVECs with 1, 1.5 and 2 #M celastrol
for 24 h following 20-Gy vy radiation exposure significantly
reversed the decreased cell viability (Fig. 2B), while treatment
with celastrol at 0.5 M did not exert any effect.

The protective effect of celastrol against y irradia-
tion-induced cytotoxicity was also supported by the LDH
release assay (Fig. 2C). Compared with the control, 20-Gy
v irradiation significantly induced LDH release into the
medium, while treatment with 1.5 and 2 uM celastrol
significantly decreased LDH release to the level of the control
group. These results indicated that celastrol could reverse y
irradiation-induced cell death, indicating the radioprotective
ability of celastrol.

Effects of celastrol on the decreased migratory ability of
HUVECs following vy irradiation. A gap closure assay was
used to examine the effects of celastrol on the migratory
potential of HUVECs following v irradiation. It was observed
that 20-Gy v irradiation significantly inhibited the migratory
ability of HUVECs, indicated by the increased gap distance
when compared with the control (Fig. 2D and E). Cells
following treatment with celastrol at the concentrations of 1.5
and 2 uM exhibited a decreased gap distance, suggesting the
restored migratory ability of HUVECs (Fig. 2D and E).

Effects of celastrol on the increased free radical production
induced by vy irradiation. DHE staining illustrated elevated
red fluorescence intensity at 24 h post-exposure to 20-Gy vy
irradiation in HUVECs (Fig. 3A and B), indicating increased
ROS production. This increase was significantly blocked by
treatment with celastrol at 1.5 and 2 uM.

ROS production was also evaluated by H,DCFDA. Similar
results were observed, in terms of the enhanced ROS produc-
tion following y radiation exposure which was reversed by
celastrol treatment at 1.5 and 2 uM for 24 h (Fig. 3C). These
results suggested that the protective effects of celastrol against
v irradiation-induced injury in HUVECs are mediated by the
inhibition of oxidative stress.

Effects of celastrol on the increased lipid peroxidation induced
by y irradiation. ROS may induce the oxidative degradation
of lipids in cell membranes, resulting in cell damage. Lipid
peroxidation was observed to increase in HUVECs at 24 h
post-irradiation, indicated by a higher fluorescence intensity
of DPPP compared with the control (Fig. 3D), while treatment
with celastrol at 1.5 and 2 yM for 24 h significantly blocked
this increase. The ability of celastrol to protect the cells against
v irradiation-induced lipid peroxidation was also evaluated by
MDA assay (Fig. 3E). As the end-product of lipid peroxida-
tion, MDA is known to be a major bioactive marker of lipid
peroxidation. The TBS-MDA concentration was significantly
higher in HUVECs following exposure to 20-Gy vy irradia-
tion in comparison with the control. This enhancement was
blocked by treatment with celastrol at 1.5 and 2 yM for 24 h,
suggesting the protective effects of celastrol in HUVECs
against cell damage from lipid peroxidation.
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Effects of celastrol on the increased oxidative DNA damage
induced by y irradiation. 8-OH-dG is probably the most
representative product of oxidative modifications of DNA,
and thus is widely used as a non-invasive biomarker of
oxidative damage to DNA. Increased 8-OH-dG concentrations
were observed in HUVECs following exposure to 20-Gy
v irradiation, suggesting elevated oxidative DNA damage
(Fig. 4A). The enhancement was significantly blocked by 2 uM
celastrol treatment for 24 h. Treatment with 1.5 uM celastrol
in HUVEC: also decreased the 8-OH-dG concentration when
compared with that in the 20 Gy group; however, the difference
was not statistically significant (Fig. 4A).

Oxidative stress has also been proposed to be responsible
for the production of DNA strand breaks. YH2AX is widely
used as a marker of DNA double-strand breaks. Fig. 4B presents
fluorescence images of YH2AX in HUVECsS, and the number
of YH2AX foci in the cell nuclei is displayed in Fig. 4C. It was
demonstrated that compared with the control, the exposure to
20-Gy v irradiation significantly increased the frequency of
DNA double-strand breaks, while celastrol treatment at 1.5
and 2 uM for 24 h blocked this enhancement (Fig. 4B and C).
The above results indicated the protective activity of celastrol
against vy irradiation-induced oxidative DNA damage.

Effects of celastrol on the activity and protein expression of
antioxidant enzymes. The activities of antioxidant enzymes
are presented in Table I. 20-Gy vy irradiation significantly
decreased the activities of SOD, catalase, GPx and GST
compared with the control, while treatment with celastrol at
1.5 uM for 24 h significantly elevated the activities of these
antioxidant enzymes.

In order to validate the findings, we further investigated the
protein expression of SOD-1, SOD-2, catalase, GPx and GST
in HUVECs (Fig. 5). The expression levels of all antioxidant
enzymes decreased in HUVECs following exposure to 20-Gy
vy irradiation as compared to the control group. Treatment with
celastrol significantly increased the expression levels of these
antioxidant enzymes when compared to the 20 Gy group.
The expression of SOD-1, catalase and GPx was restored to
the levels of the control groups, but celastrol treatment only
partially enhanced the protein expression of SOD-2 and GST
(Fig. 5B). These western blot data were in line with the results
of the corresponding enzyme activity assays. Taken together,
these data indicated that celastrol may enhance the activities
of antioxidative systems in HUVECsS following vy irradiation.

Discussion

Humans are exposed to ionizing radiation from electronic
devices, air travel, diagnostic and therapeutic procedures,
and even nuclear accidents. The increased use of nuclear
energy has made the search for safe and effective radiopro-
tective agents a priority (23). Although previous studies
have examined the protective effects of certain synthetic
pharmaceutical agents, including atorvastatin and recilisib
sodium, against radiation induced injury (24,25), compounds
from natural sources have still become the potential targets
due to their pharmacological properties and decreased
toxicity (26). Podophyllum hexandrum (Himalayan mayapple)
was observed to exhibit radioprotective effects in lethally
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Figure 2. Cell viability, cytotoxicity and migratory ability of HUVECsS following exposure to y irradiation of different doses and celastrol treatment at different
concentrations. (A) HUVECs were exposed to vy irradiation of 5 to 40 Gy. Cell viability was evaluated by MTT after 24 h. (B) HUVECs were exposed to 20-Gy
v irradiation, followed by treatment with celastrol at various concentrations (0, 0.5, 1, 1.5 and 2 uM). Cell viability was evaluated by MTT after 24 h. (C) Cells
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the cell migration assay at 6 h after the removal of the inserts. The dishes were monitored under an inverted microscope (magnification, x40). (E) Statistical
results of the cell migration assay. The gap distances at 6 h after the removal of insert were used for comparison. All data are expressed as the mean + SEM.
ANOVA was used to determine statistical significance between groups followed by Tukey's post-hoc test. "P<0.05 vs. control; “P<0.05 vs. 20 Gy without
celastrol treatment group. HUVECs, human umbilical vein endothelial cells; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH,

Lactate Dehydrogenase; ANOVA, one-way analysis of variance.

irradiated mice (27,28). Its extracts, containing several active
components, have exhibited antioxidant activity as indicated
by the inhibition of nitric oxide production and the promotion
of DNA repair (29,30). Acorus calamus (sweet flag or calamus,
from the Acoraceae family) and its extracts were proven to
scavenge free radicals and enhance the activities of antioxidant
enzymes in mouse liver homogenates, and in mice exposed to
v irradiation (31,32). These studies suggested the radioprotec-
tive potential of natural products against radiation-induced
damages. However, the existence of multiple bioactive compo-
nents in these plant extracts impedes investigations into the
underlying molecular and biochemical mechanisms.
Therefore, celastrol was used in the present study, its poten-
tial efficacy in the protection against y irradiation-induced cell
injury was examined. To date, no study has been conducted on
the structure-activity association of celastrol in radioprotection,
to the best of our knowledge. The hydroxyl group at position
C-3 and the carboxylic group at position C-20 of celastrol are
believed to serve important roles in its activities (33). It was
demonstrated in the present study that y irradiation signifi-
cantly decreased cell viability and increased cytotoxicity in

HUVEC s, while this effect was reversed by treatment with
celastrol at 1 and 2 uM, indicative of a dose-dependent effect
of celastrol against vy irradiation-induced cell death. To date,
very little evidence has been published on the ability of celas-
trol to prevent y radiation-induced injury, although its effects
in controlling the growth of various cancer cells have been
recognized (34). It has been proven that celastrol is able to
inhibit the migration and invasion of ovarian cancer cells by
blocking the NF-kB pathway (35). Nevertheless, the present
study is the first to assess the protective activities of celastrol
on v radiation-induced damage in HUVECs.

Endothelial cells serve an important role in maintaining
endothelial integrity. Previous studies have suggested a causality
between high-dose radiation exposure and the development
of cardiovascular disease (36). Endothelial cells, as the most
sensitive cell type in the vasculature, are undoubtedly critical
targets in radiation-induced cardiovascular damage. In the
present study, the migratory ability of HUVECs was observed
to be inhibited by 20-Gy vy irradiation. The present results
were consistent with those from a study form Hwang er al (37),
who demonstrated that far-infrared radiation inhibited the
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Figure 3. Effects of celastrol on ROS production and lipid peroxidation in HUVECs. Cells were exposed to 20-Gy vy irradiation, followed by treatment with 1.5
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microscope (magnification, x400). (B) Statistical results of ROS production analysed by DHE. HUVECSs were stained with 5 M DHE at 37°C for 30 min in
the dark. The fluorescence intensities of DHE were viewed and measured an excitation and emission wavelength of 520 and 610 nm, respectively. (C) ROS
production in HUVECS assayed by 25 uM H,DCFDA. The fluorescence intensities of H,DCFDA were measured at an excitation and emission wavelength
of 485 and 530 nm, respectively. (D) Lipid peroxidation assayed by 50 M DPPP. The fluorescence intensities of DPPP fluorescence were measured at an
excitation wavelength of 351 nm and an emission wavelength of 380 nm. (E) Lipid peroxidation examined by MDA in HUVECs. The concentrations of the
TBA-MDA adduct were determined by the absorbance at 490 nm based upon the standard curve. All data are expressed as the mean + SEM. ANOVA was
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proliferation, migration and angiogenesis of HUVECs. The
attenuated migratory ability of HUVECs was restored by
treatment with celastrol. The application of effective agents
to prevent injury in endothelial cells may have substantial
radioprotective effects against cardiovascular disease.

It is accepted today that oxidative stress is a potent
pathogenic mechanism contributing to y radiation-induced
damage (18,38). Recent studies have proposed that y radiation
significantly increases intracellular ROS formation, and
intracellular MDA and LDH levels, and decreases the
production of the intracellular antioxidants glutathione (GSH)
and SOD in endothelial cells (39,40). Our results indicated
that 20-Gy vy radiation significantly elevated the production
of ROS and the induction of lipid peroxidation. It is believed
that ionizing irradiation exerts its biological effects by initially
generating ROS. ROS then react with unsaturated lipids, alter
membrane permeability and induce lipid peroxidation (38).
A study by Hu et al (41) demonstrated that acute vy radiation
dose-dependently increased intracellular ROS levels in

HUVECs at 24 h post-irradiation. ROS and MDA production
was found to be enhanced after UVB exposure in HUVECsS,
suggesting the oxidative effects of ionizing radiation on
membrane lipids. Single or fractionated irradiations with
low-dose X-rays were demonstrated to induce ROS generation
in HUVECs, even when these irradiations did not affect
cell viability and DNA repair (42). ROS may also cause the
progressive modification of cellular DNA. Such cumulative and
deleterious effects induced by ROS can lead to cell function
loss and cell death. Our study showed that vy irradiation not
only increases the concentration of 8-OH-dG in HUVECsS,
but also induces more DNA double strand breaks. This
finding was consistent with other literature. Olteanu et al (43)
demonstrated that UVB exposure induced DNA damage, as
indicated by the increased expression of y-H,AX in HUVECs,
accompanied by increased apoptosis and cell death. Chronic
low-dose ionizing radiation was also demonstrated to induce
DNA damage and oxidative stress in HUVECs (2). All
of this evidence not only supports our finding that 20-Gy
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Table I. Antioxidant enzyme activities in study groups.
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Superoxide dismutase Catalase Glutathione S-transferase Glutathione peroxidase
Group (U/mg) (nmol/min/mg) (nmol/min/mg) (nmol/min/mg)
Control 3.23+0.85 20.37+2.32 73.82+5.98 58.64+7.35
20 Gy 2.15+0.17* 13.26+2.24* 42.26+3.12° 30.23+4.12*
Celastrol+20 Gy 3.03£0.48° 21.25+£3.39° 65.56+6.01*° 46.26+3.54°

All data was expressed as mean + standard error of the mean. ANOVA was used to determine statistical significance between groups followed
by Tukey's post-hoc test. “P<0.05 vs. control; "P<0.05 vs. 20 Gy without celastrol treatment group. ANOVA, one-way analysis of variance.
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Figure 4. Effects of celastrol on DNA oxidative damage in HUVECs. Cells were exposed to 20-Gy v irradiation, followed by treatment with 1.5 M celastrol.
HUVECs without celastrol treatment and vy radiation served as the control. (A) Oxidative DNA damage was evaluated using an 8-OH-dG EIA kit. The absor-
bance at a wavelength of 420 nm was recorded and used to calculate the 8-OH-dG concentration based upon the standard curve. (B) Representative images of
YH2AX fluorescence staining. DNA double-strand breaks were stained using anti-yH2AX antibody, and the nuclei were stained with DAPI. The images were
examined under a fluorescence microscope (magnification, x400). (C) The number of YH2AX foci was counted and compared. All data are expressed as the
mean + SEM. ANOVA was used to determine statistical significance between groups followed by Tukey's post-hoc test. ‘P<0.05 vs. control; “P<0.05 vs. 20 Gy
without celastrol treatment group. HUVECs, human umbilical vein endothelial cells; 8-OH-dG, 8-hydroxy-2-deoxy Guanosine; ANOVA, one-way analysis

of variance.

v irradiation induced oxidative damage in HUVECs, but also
suggested that a suitable radioprotector should possess the
ability to ameliorate oxidative stress, prevent peroxidation and
restore the endogenous antioxidant system following radiation
exposure.

Celastrol treatment was observed to exhibit protective
effects in HUVECsS in the present study by inhibiting ROS
production, lipid peroxidation generation and oxidative DNA
damage, indicative of the antioxidative stress properties of
celastrol in radioprotection. Our results are in accordance
with a report from Stankova er al (9), which demonstrated

the antioxidative effects of celastrol in human peripheral
blood mononuclear cells exposed to vy radiation. The action of
celastrol in attenuating oxidative stress has been investigated
in cells and animal models of diabetes, colitis, atheroscle-
rosis and hypertension (18,44-46). Furthermore, celastrol
was demonstrated to be the most active compound among
eight sesquiterpene esters in inhibiting NF-«B activation
and NO production (47). The excessive production of NO in
LPS-stimulated microglial cells was also inhibited by celas-
trol treatment (48). The inhibitory effect of celastrol on lipid
peroxidation was demonstrated in rat mitochondria (49). The
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Figure 5. Effects of treatment with celastrol on the protein expression of antioxidant enzymes. Cells were exposed to 20-Gy v irradiation, followed by treat-
ment with 1.5 uM celastrol. HUVECSs without celastrol treatment and y radiation served as the control. (A) Representative images of western blot analysis
illustrating the intensities of SOD-1, SOD-2, catalase, GST, GPx and $-actin. (B) Densitometric analysis of band intensities of antioxidant enzymes. The image
was captured and quantified using the Bio-Rad Gel Doc system. Values were normalized to the respective loading control ($-actin). The results were calculated
and expressed as a fold change relative to the control groups. Data are expressed as the mean + SEM. ANOVA was used to determine statistical significance
between groups followed by Tukey's post-hoc test. “P<0.05 vs. control; “P<0.05 vs. 20 Gy without celastrol treatment group. HUVECSs, human umbilical vein
endothelial cells; SOD, superoxide dismutase; GPx, glutathione peroxidase; GST, glutathione S-transferase; ANOVA, one-way analysis of variance.

anti-peroxidative property of celastrol, together with its func-
tions in the inhibition of ROS and NO production, supports
our findings that celastrol suppressed vy irradiation-induced
oxidative stress in HUVECs.

ROS produced following vy irradiation may act via the
NADPH and xanthine oxidase pathways. NADPH oxidase is
the major source of superoxide production. NADPH oxidase
DUOX1 was reported to promote the long-term persistence
of oxidative stress in a human thyroid cell line and primary
thyrocytes after exposure to radiation (50). Xanthine oxidase
is a type of enzyme that generates ROS and nitric oxide. It was
demonstrated that exposure of rats to y radiation increased the
levels of NO and xanthine oxidase activity, and decreased the
GSH level, and SOD and CAT activity (51). Both pathways
contribute to the generation of ROS following vy radiation,
which may negatively impact antioxidant defence mechanisms,
reduce the intracellular concentrations of GSH and decrease the
activities of antioxidant enzymes including SOD, catalase, GST
and GPx. The imbalance in intracellular redox status will result
in oxidative injury and cell death. In our study, 20-Gy vy irradia-
tion was demonstrated to significantly decrease the activities of
antioxidant enzymes compared with the control. This decrease
may be due to the elevated utilisation of the antioxidant system
during the detoxification of y irradiation-induced free radi-
cals. The treatment with celastrol was observed to reverse the
decreased activities of antioxidant enzymes in HUVECS. The
ability of celastrol to increased antioxidant capacities was also
proven in pulmonary fibrosis and obesity (52,53). Furthermore,
HUVECs exhibited significantly decreased expression of
SOD-1, SOD-2, catalase, GST, and GPx after 20-Gy v irradia-
tion compared with the control. The treatment with celastrol
completely restored the expression of SOD-1, catalase and GPx
to the control levels, and partially recovered the protein levels
of SOD-2 and GST. These protein expression results further
support the antioxidative stress properties of celastrol in y
irradiation-induced cell damage in HUVECs.

In summary, celastrol protects HUVECs against
vy radiation-induced cell death and migratory ability loss by
decreasing ROS production and lipid peroxidation, mitigating
oxidative DNA damage, and restoring the activity and protein
expression of antioxidant enzymes. Given its antioxidative
efficacy, pharmaceutical properties and low toxicity, celastrol
may represent a potential novel agent in the protection against
vy irradiation-induced injury in endothelial cells.
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