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Objectives: This study aimed to evaluate the effects of low-dose X-ray on the intracellular
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Low-dose X-rays, human peripheral of human peripheral blood mononuclear cells (PBMCs).

blood mononuclear cell, reactive oxygen

species, lipid peroxidation, membrane Materials and methods: Cells were irradiated using an X-ray generator at the radiation
fluidity, malondialdehyde energy of 120 kVp to obtain the absorption dose of 0.05, 0.1 and 0.2 Gy. Fluorescent

probe 2'7'-dichlorofluorescein diacetate (DCFH-DA) was used to evaluate intracellular
reactive oxygen species of PBMCs. Thiobarbituric acid reactive substances assay
(TBARS) was applied to determine malondialdehyde (MDA) level which is an indicative
of lipid peroxidation. Membrane fluidity was also determined by fluorescence
anisotropy of the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH). Finally,
cell viability was determined by resazurin assay.

Results: The instant effects of low-dose X-rays show a significant decrease in ROS
level at 0.1 and 0.2 Gy. MDA level per cell of non-irradiated PBMCs was 6.12+1.67 (SD)
fmole per cell. There are no significant alteration of MDA level and membrane
fluidity from the effects of X-ray at doses up to 0.2 Gy. The cell viability at 72 hours
after irradiation at 0.2 Gy shows a significant decreased.

Conclusion: Low-dose of X-rays on human peripheral blood mononuclear cells
(PBMCs) shows a significant decrease in the intracellular reactive oxygen species
(ROS) (0.1 and 0.2 Gy) and cell dead (0.2 Gy).

Introduction direct energy transfer and by free radicals from water
radiolysis. High linear energy transfer (LET) radiation can
directly damage DNA, while the low LET radiations (i.e. y-rays,
X-rays) can cause damage by oxidative production.’® LET
value of diagnostic X-ray is about 3 keV.um™’ lonizing radiation is
the most important physical stimulus that causes intracellular
reactive oxygen species (ROS) formation. In radiation therapy,
ROS induces cancer cell death by biochemical changes not

Due to risk of biological effects from low-dose ionizing
radiation used in medical imaging, radiation effects at the
subcellular level need to be better evaluated. Intracellular
biochemical changes such as damage of DNA, lipids, and
proteins can be provoked from ionizing radiation due to
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that causes cell damage can be determined.® High dose
radiation also induces lipid peroxidation and increases
the membrane fluidity at the interface between proteins
and lipids in cell membranes. The lipid peroxidation can
be acquired from unsaturated fatty acid interactions with
reactive oxygen species to produce lipid hydroperoxides
(LOOH), which then form secondary products such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE).
MDA can induce cellular damage or tissue injury.> ° A study
done on high dose radiation (up to 50 Gy) revealed the death
of PBMC cells and the increase of membrane fluidity.!* 2
Despite the fact that radiation induces oxidative stress
leading to lipid peroxidation, at very low-doses radiation
(0.1 m@Gy), is contradictory effects on MDA values of different
tissues, For example, there are decreases in brain tissue, but
increases in lung tissue in experiments done using mice
models.®* Diagnostic radiation doses for general procedures
are in range of 0.001-1.5 mGy, while, more special procedures
reach up to 10 mGy. Radiation dose of the organ in the beam
during CT scanning ranges from 10-100 mGy.* In fact, late
effects of low-dose radiation of y-rays were studied by our
team in animal models which showed that the effect on
genomic instability depended on radiation dose, duration
after irradiation and animal type. Our previous data showed no
evidence of genomic instability being induced by low-doses.’>*’
DNA is considered to be a principle cellular target for stochastic
effects of radiation on cells that occur either directly or
indirectly. During irradiation, free radicals are always generated
and act as an indirect effect on cellular targets. While DNA
damage leads to chromosomal aberrations, gene mutations,
and then cell death, defects in other organelles or cellular
mechanisms such as mitochondria, endoplasmic reticulum,
or plasma membrane can occur, as well. Additionally,
reactive oxygen species can also cause cell malfunction.'®2
Indeed, the interaction of radiation with cell organelles is
not a selected target. Aside from DNA, other intracellular
targets for determining the early responses to radiation
effects should be investigated. Among cellular organelles,
plasma membrane is a cellular frontier that involves many
cellular mechanisms such as transport controllers, cellular
identified markers, immune responses, etc. Therefore, damage
to plasma membrane should be a major concern. To clarify
effects of radiation in diagnostic procedures, this work
focuses on the instant effects occurring at the cellular level of
low-dose X-ray (up to 0.2 Gy) that induce reactive oxygen species,
lipid peroxidation, membrane fluidity, and cell viability of
human peripheral blood mononuclear cells (PBMCs).

Materials and methods

Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were
collected from buffy coat of healthy donors (age 20-30 years
old, blood group O) who had no record of thalassemia and
glucose-6-phosphate dehydrogenase deficiency. PBMCs were
separated by a gradient density centrifugation technique
using ficoll hypaque solution (Lymphoprep™, Norway).'
Cells were cultivated in an RPMIF1640 medium (Capricorn-scientific,
German) supplemented with 10% fetal bovine serum
(Capricorn-scientific, German) and 1% penicillin-streptomycin

(Capricorn-scientific, German) and they were incubated at
37°C humidified with 5% CO; until time of irradiation.
This study was approved by the Ethical Committee
of the Faculty of Associated Medical Sciences, Chiang Mai
University (Reference number: AMSEC -62EM-007).

Radiation exposure

Accuracy and linearity of radiation output of X-ray
machine (Shimadzu, Collimator type R-20J, Japan) were
evaluated first, using a Scintillation detector (Radcal,
AGMS-D+, USA). For irradiation, an appropriate amount of
PBMCs for each experiment was collected from a culture
medium and kept in a volume of 100 uL of phosphate buffer
solution (PBS) pH 7.4, then was exposed at 120 kVp and
320 mA.

Measurement of intracellular reactive oxygen species levels

Intracellular reactive oxygen species level in PBMCs
was determined by using 2’,7'-dichlorofluorescin diacetate
(DCFH-DA; Sigma-Aldrich, USA) as a molecular probe.
Irradiated PBMCs (1x10° cells) were incubated in 900 pL PBS
containing 2 uM of DCFH-DA for 30 minutes. Dichlorofluo-
rescein (DCF) fluorescence intensity representing reactive
oxygen species level was measured using a spectrofluorometer
(Perkin Elmer, model LS55, USA) at 523 nm when excited at
502 nm.?

Measurement of lipid peroxidation

Lipid peroxidation level was measured by using
thiobarbituric acid reactive substances assay (TBARS). This
method directly measures malondialdehyde (MDA) that is
a degradation product of fats as lipid peroxidation. Irradiated
PBMCs (4x10° cells) were incubated at 80°C for 1 hrin a
solution containing 400 pL PBS and 500 uL of working reagent
consisting of 2 mg.mL? of 2-thiobarbituric acid (TBA;
Sigma-Aldrich, Japan) solubilized in a mixture of 50 mM
NaOH (RCl labscan, Thailand) and glacial acetic acid (Fisher
Scientific, UK) with a ratio of 1:1. Next, this solution was
completed by cooling down at 25 °C for 10 minutes. An
absorption spectrum of MDA-TBA reaction product was
determined by spectrophotometer (Agilent, model 8453,
China).?> 2 MDA standard curve was generated using an
MDA standard range of 1 to 100 uM.

Membrane fluidity

Membrane fluidity of PBMCs was observed using
fluorescence probe 1,6-diphenyl-1,3,5-hexatriene (DPH;
Sigma-Aldrich, Japan). Irradiated cells (5x10° cells) in 100 uL of
PBS were added into 0.1 uM DPH solution (1,900 pL), and
incubated for 10 minutes. Next, the fluorescence intensity
at 430 nm (when excited at 350 nm) was determined using a
spectrofluorometer. Fluorescence anisotropy (r) value was
calculated as follows:?> 26
_ Ly = G.lyy
T Iy +2G. Iy

Where lyy : fluorescence intensity of components for
vertical/vertical (parallel),

lyy : fluorescence intensity of components for vertical/
horizontal (perpendicular),

Correction factor G : ratio of lqy/Inn

r
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Cell viability

Cell viability was determined by fluorescent resazurin
sodium salt (Sigma-Aldrich, Japan). Irradiated PBMCs
(5%x10% cells) were cultivated in a 900 uL RPMI-1640
medium supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin at 37 °C humidified with 5% CO,
for 72 hrs. To investigate cell viability, 100 pL of resazurin
solution (0.1 mg.mL?) was added and cells were incubated
at37°C and humidified with 5% CO; for 4 hrs. Resazurin
fluorescence intensity at 590 nm (exited at 570 nm) that is an
indicator of living cells was measured on a spectrofluorometer
using well-plate reader.?” Cell viability was quantified by
resazurin fluorescence intensity of samples in terms of the
percentage of control.

Statistical analysis

Descriptive data were informed as meantstandard
error (SE). Statistical analysis was performed by OrigingPro8
Software. All obtained parameters from a variety of radiation
doses were analyzed by One Way ANOVA (Tukey procedure).
Significance level was denoted at the alpha value of 0.05.

Results

X-rays output showed a good quality either accuracy
or linearity with a dose rate of 11.5 Gy.min™* at 120 kVp
and 320 mA. The PBMCs for each experiment was exposed
at 0.05, 0.1, and 0.2 Gy. All studies were operated in parallel
comparison with the non-irradiated group.

The intracellular reactive oxygen species of PBMCs

The fluorescence intensity levles of DCF revealing
intracellular reactive oxygen species (ROS) of irradiated PBMCs
at 0.05, 0.1, and 0.2 Gy were evaluated and the percentage
of non-irradiated cells was reported. The results showed a
significant decrease in ROS level at 0.1 and 0.2 Gy. (Figure 1)
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Figure 1. Percentage of intracellular reactive oxygen species level (ROS)
of PBMCs (meanzSE) after irradiation to X-rays dose of 0.05, 0.1
and 0.2 Gy (*p<0.05).

Lipid peroxidation of PBMCs

Lipid peroxidation of PBMCs was quantitatively
measured from optical density of MDA-TBA production at
532 nm. The results demonstrated that intrinsic MDA levels
of non-irradiated PBMCs was equal to 6.12+1.67 (SD) fmole per
cell. Lipid peroxidation of PBMCs was slightly diminished
by the effects of low-dose X-rays, but this was not a significant
difference. (Table 1).

Table 1 Malondialdehyde (MDA) levels of PBMCs after the
irradiation to X-rays dose of 0.05, 0.1 and 0.2 Gy.

X-ray (Gy) Mean of MDA (fmole per cell) SE
0 6.12 0.48
0.05 5.85 0.35
0.1 5.92 0.33
0.2 5.90 0.40

Membrane fluidity of PBMCs

Membrane fluidity of PBMCs taken as an indicator
of mobility of membrane lipids was explored by measuring
fluorescence anisotropy at 37 °C. Our results showed that
anisotropy value at a dose of 0.2 Gy was not significantly
altered after irradiation. (Figure 2)
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Figure 2. Fluorescence anisotropy (r) of PBMCs determined at 37 °C after
irradiation to X-rays dose of 0.05, 0.1, and 0.2 Gy.

Cell viability

Effect of low-dose X-rays on cell viability was assessed
at 72 hrs after irradiation. Data showed a significant decrease
as a function of the increasing absorbed dose. (Figure 3)
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Figure 3. Percentage of cell viability of PBMCs after irradiation to X-rays
dose of 0.05, 0.1, and 0.2 Gy (*p<0.05).

Discussion

In this work, normal human peripheral mononuclear
cells were used as the cellular model. Intracellular reactive
oxygen species (ROS), lipid peroxidation in terms of malon-
dialdehyde (MDA), and membrane fluidity of peripheral
blood mononuclear cells (PBMCs) were instantly explored
after irradiation by X-ray at 0.05, 0.1, and 0.2 Gy, whereas
the cell viability was examined at 72 hours after irradiation.
The results indicated a significant decrease in ROS and
cell viability and no detectable effect on lipid peroxidation
which is also consistent with the absence of influence on
membrane fluidity in PBMCs exposed to low-dose X-rays.
In normal condition, malondialdehyde is the main lipid
peroxidation production that causes free radical such as
superoxide radical (O,") and hydrogen peroxide (H,05).
Superoxide radical (O,") is catalyzed by superoxide dismutase
(SOD) to be hydrogen peroxide (H,05). Then hydrogen
peroxide is further catalyzed to produce H,0.%® ?° Effects of
radiation on oxidant state in living beings is spontaneously
regulated depending on the oxidant species, antioxidant
mechanism, tissue types, and time. In animal models,
superoxide dismutase (SOD) regulate by decreasing its activity
at very low-dose of 100 puGy, but continuously increases
activity several hours after radiation at doses ranging from
0.05 Gy to 0.2 Gy. This is consistent with our observation in
PBMCs and suggests that under low dose X-rays irradiation
conditions either the activity or cell concentration of
superoxide dismutase increases in order to decrease
percentage of cellular irradiation-generated ROS. Alternative
mechanisms of cell protection against ROS might be involved
since apart from an increase of SOD activity, contradictory
results were found in MDA levels.’ 3° DCFH-DA is a free
radical probe that mainly interacts with hydrogen peroxide
species (H,0,) in intact cell, thus a diminishing of intracellular
reactive oxygen species occurs after irradiation which might
explain the consequent effects of SOD activity.?* Similar
effects were also observed on normal human lung epithelial
cells (HBE135-E6E7) treated with irradiation doses in the
range 0.02-0.1 Gy. Moreover, it was observed that X-rays
stimulated cell proliferation before appearance of growth
inhibition at higher doses of 0.2-3 Gy.3> Concerning the
membrane fluidity, fluorescence anisotropy (r) is observed

by fluorescent probe (DPH) that is embedded in the lipophilic
part of lipid bilayer. In this work, membrane fluidity did not
significantly change from the effects of X-ray at doses up
to 0.2 Gy which is in agreement with the results obtained
at the same physiological temperature on a previous medical
diagnostic X-rays study.?® The effects of radiation might
involve either lipids or membrane proteins that causes
membrane rigidity through lipid-protein or protein-protein
crosslink.3* 34 Absence of significant effect on lipid peroxi-
dation under our irradiation conditions is then correlated
with the absence of detectable effect on membrane fluidity.
This study showed at X-rays doses of 0.05-0.2 Gy no
detectable deleterious effects could be observed on cellular
membranes. Our results suggest that under the irradiation
conditions described the integrity of cellular membranes
of PBMCs was conserved.

Conclusion

In summary, low-dose X-ray (0.05-0.2 Gy) lead to
decreases in the intracellular reactive oxygen species (ROS)
and cell viability in human peripheral blood mononuclear
cells (PBMCs). However, radiation doses at 0.05 and 0.1 Gy
altered PBMCs by insignificantly diminishing lipid peroxidation
(MDA) and increased membrane fluidity. At 0.2 Gy, contradictory
evidence was observed. This might be caused by the regulation
of cellular antioxidant mechanism.

Conflicts of interest statement

The authors declare none of conflict of interest.

Acknowledgment

The authors would like to thank the Department
of Radiologic Technology, Faculty of Associated Medical
Sciences Chiang Mai University, for all facillity support.



S. Pochano et al. Journal of Associated Medical Sciences 2019; 52(3): 193-198 197

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

Azzam El, Jay-Gerin J-P, Pain D. lonizing radiation-in-
duced metabolic oxidative stress and prolonged
cell injury. Cancer Letters. 2012; 327(1): 48-60.

Barrera G. Oxidative stress and lipid peroxidation
products in cancer progression and therapy. ISRN
oncology. 2012;2012:137289.

Bishayee A, Rao DV, Bouchet LG, Bolch WE, How-
ell RW. Protection by DMSO against cell death
caused by intracellularly localized iodine-125,
iodine-131 and polonium-210. Radiation Research.
2000; 153(4): 416-27.

Hofer KG, Bao S-P. Low-LET and High-LET Radiation
Action of125 | Decays in DNA: Effect of Cysteamine
on Micronucleus Formation and Cell Killing. Radiation
Research. 1995; 141(2): 183-92.

Kawamura K, Qi F, Kobayashi J. Potential relationship
between the biological effects of low-dose irradiation
and mitochondrial ROS production. Journal of
radiation research. 2018;59(suppl_2):ii91-ii7.

Runge R, Oehme L, Kotzerke J, Freudenberg R. The
effect of dimethyl sulfoxide on the induction of
DNA strand breaks in plasmid DNA and colony
formation of PC CI3 mammalian cells by alpha-, beta-,
and Auger electron emitters (223)Ra, (188)Re, and
(99m)Tc. EINMMI Res. 2016; 6(1): 48.

Bushong SC. Radiologic Science for Technologists
- E-Book: Physics, Biology, and Protection: Elsevier
Health Sciences; 2016 2016/11/10/. 688 p.

Higuchi Y, Matsukawa S. Appearance of 1~2 Mbp
Giant DNA Fragments as an Early Common
Response Leading to Cell Death Induced by Various
Substances That Cause Oxidative Stress. Free Radical
Biology and Medicine. 1997; 23(1): 90-9.

Antonio A, F. MM, Sandro A. Lipid Peroxidation:
Production, Metabolism, and Signaling Mechanisms
of Malondialdehyde and 4-Hydroxy-2-Nonenal.
Oxidative Medicine and Cellular Longevity.
2014; 2014: 31.

Kolling A, Maldonado C, Ojeda F, Diehl HA. Membrane
fluidity of microsomal and thymocyte membranes
after X-ray and UV irradiation. Radiat Environ Biophys.
1994; 33(4): 303-13.

Nowak K, Krokosz A, Rodacka A, Puchala M. Study
on the effect of polyhydroxylated fullerene, C60(OH)36,
on X-ray irradiated human peripheral blood mono-
nuclear cells. Radiation Physics and Chemistry.
2014; 97: 325-31.

Wei Y-Q, Cen X-N, Liu H-H, Sun Y-H, Shi Y-J, Liu W,
et al. Irradiation of peripheral blood mononuclear
cells with 7.5 Gy X-rays prior to donor lymphocyte
infusion inhibits proliferation while preserving
cytotoxicity, and improves the effectiveness of HSCT
in patients with hematological malignancies. Oncol
Lett. 2017; 13(6): 4101-8.

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

Mohamed M, Amran K, Zakaria M, Ghazali N,
Mazriazie M, Abdul Razak HR, et al. Induction
of Oxidative Stress Following Low Dose lonizing
Radiation in ICR Mice. World Journal of Medical
Sciences. 2014; 10(2): 198-203.

Mettler FA, Jr., Huda W, Yoshizumi TT, Mahesh M.
Effective doses in radiology and diagnostic nuclear
medicine: a catalog. Radiology. 2008; 248(1): 254-63.

Jangiam W, Udomtanakunchai C, Reungpatthanaphong
P, Tungjai M, Honikel L, Gordon CR, et al. Late Effects of
Low-Dose Radiation on the Bone Marrow, Lung,
and Testis Collected From the Same Exposed
BALB/cJ Mice. Dose-response : a publication
of International Hormesis Society. 2018; 16(4):
1559325818815031.

Rithidech KN, Udomtanakunchai C, Honikel LM,
Whorton EB. No evidence for the in vivo induction of
genomic instability by low doses of 137Cs gamma rays
in bone marrow cells of BALB/cJ and C57BL/6J
MICE. Dose-Response. 2012; 10(1): 11-36.

Rithidech KN, Udomtanakunchai C, Honikel LM,
Whorton EB. Lack of Genomic Instability in Bone
Marrow Cells of SCID Mice Exposed Whole-Body
to Low-Dose Radiation. International Journal
of Environmental Research and Public Health.
2013;10:1356-77.

Desouky O, Ding N, Zhou G. Targeted and
non-targeted effects of ionizing radiation. Journal of
Radiation Research and Applied Sciences. 2015;
8(2): 247-54.

Han W, Yu KN. Response of cells to ionizing radiation.
Advances in Biomedical Sciences and Engineering:
Bentham Science Publishers Ltd.; 2009. p. 204-62.

Somosy Z. Radiation response of cell organelles.
Micron. 2000; 31(2): 165-81.

Wang J-S, Wang H-J, Qian H-L. Biological effects
of radiation on cancer cells. Military Medical
Research. 2018; 5(1): 1-10.

Supawat B, Thammathikornchai P, Sutinkat Y,
Tima S, Udomtanakunchai C, Kothan S, et al.
Influence of short-term iodinated radiographic
contrast media exposure on reactive oxygen species
levels in K562 cancer cells. Journal of Associated
Medical Sciences. 2019; 52(2): 96-102.

da Silva JK, Cazarin CBB, Batista AG, Mardstica M.
Effects of passion fruit (Passiflora edulis) byproduct
intake in antioxidant status of Wistar rats tissues.
LWT - Food Science and Technology. 2014; 59(2,
Part 2): 1213-9.

Draper HH, Hadley M. [43] Malondialdehyde
determination as index of lipid Peroxidation. Oxygen
Radicals in Biological Systems Part B: Oxygen Radicals
and Antioxidants. Methods in Enzymology. 186:
Academic Press; 1990. p. 421-31.



198

[25]

(26]

(27]

(28]

[29]

(30]

S. Pochano et al. Journal of Associated Medical Sciences 2019; 52(3): 193-198

Gidwani A, Holowka D, Baird B. Fluorescence
anisotropy measurements of lipid order in plasma
membranes and lipid rafts from RBL-2H3 mast
cells. Biochemistry. 2001; 40(41): 12422-9.

Tungjai M, Phathakanon N, Ketnuam P, Tinlapat J,
Kothan S. Determination of hemolysis, osmotic
fragility and fluorescence anisotropy on irradiated
red blood cells as a function of kV of medical
diagnostic X-rays. International Journal of Radiation
Research. 2018; 16(1): 123-7.

Czekanska EM. Assessment of cell proliferation
with resazurin-based fluorescent dye. Methods
Mol Biol. 2011; 740: 27-32.

Mc Cord JM. Superoxide dismutase, lipid perox-
idation, and bell-shaped dose response curves.
Dose-response : a publication of International
Hormesis Society. 2008; 6(3): 223-38.

Siddique YH, Ara G, Afzal M. Estimation of lipid
peroxidation induced by hydrogen peroxide in
cultured human lymphocytes. Dose-response
: a publication of International Hormesis Society.
2011; 10(1): 1-10.

Yamaoka K, Edamatsu R, Mori A. Increased SOD
activities and decreased lipid peroxide levels
induced by low dose X irradiation in rat organs. Free
Radical Biology and Medicine. 1991; 11(3): 299-306.

(31]

(32]

(33]

(34]

Loetchutinat C, Kothan S, Dechsupa S, Meesun-
gnoen J, Jay-Gerin J-P, Mankhetkorn S. Spectro-
fluorometric determination of intracellular levels
of reactive oxygen species in drug-sensitive and
drug-resistant cancer cells using the 2',7'-dichlo-
rofluorescein diacetate assay. Radiation Physics
and Chemistry. 2005; 72(2-3): 323-31.

Yang G, Yu D, Li W, Zhao Y, Wen X, Liang X, et al.
Distinct biological effects of low-dose radiation on
normal and cancerous human lung cells are
mediated by ATM signaling. Oncotarget. 2016;
7(44): 71856-72.

Benderitter M, Vincent-Genod L, Berroud A, Muller
S, Donner M, Voisin P. Radio-induced structural
membrane modifications: A potential bioindicator
of ionizing radiation exposure? 1999; 75: 1043-53.
Benderitter M, Vincent-Genod L, Pouget J-P, Voisin P.
The Cell Membrane as a Biosensor of Oxidative
Stress Induced by Radiation Exposure: A Multipa-
rameter Investigation. 2003; 159: 471-83.



