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Hydroxyl radicals play an important role in ionizing radiation-induced cellular damage, while
hydrogen can selectively reduce hydroxyl radicals iz vitro. This study was designed to test the
hypothesis that hydrogen-rich PBS may be an effective radioprotective agent iz vitro. Com-
pared to cells pretreated without hydrogen, we demonstrated that treating cells with hydro-
gen-rich PBS before irradiation could significantly inhibit IR-induced apoptosis, increase vi-
ability of human intestinal crypt cells, significantly increase endogenous antioxidant, and
decrease malondialdehyde and 8-hydroxydeoxyguanosine concentrations of human lympho-
cyte AHH-1 cells. It is concluded that hydrogen has a potential as an effective and safe

radioprotective agent.
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INTRODUCTION

Hydrogen is the most abundant chemical ele-
ment. It is a colorless, odorless, non-metallic, taste-
less, highly flammable diatomic gas which was con-
sidered as a physiological inert gas. Hydrogen is
seldom regarded as an important agent in medical us-
age. Howerver, Ohsawa et al. [ 1] found that molecu-
lar hydrogen could selectively reduce cytotoxic reac-
tive oxygen species, such as «OH and ONOO-in vitro
and exert therapeutic antioxidant activity in a rat mid-
dle cerebral artery occlusion model.

Reactive oxygen species (ROS) or reactive ni-
trogen species (RNS), such as hydroxyl radical («OH),
superoxide anion (O,-), hydrogen dioxide (H,0,), ni-
tric oxide (NO), peroxynitrite (ONOO-), appear to
play a critical role in cerebral, myocardial and hepatic
ischemia-reperfusion injuries, transplantation inju-
ries, and other injuries [2-4]. It has also been demon-
strated that H, is effective in the prevention of these in-
juries. However, the potential effect of hydrogen gas
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on another damage type in which free radicals play an
important role is largely ignored. That type is the dam-
age induced by irradiation.

Approximately 65% of the DNA damage is
caused by the indirect effect of free radicals, such as
hydroxyl radicals («OH), that are formed from the
radiolysis of surrounding water molecules and that
successively attack DNA [5]. Lipid peroxidation
(LPO) is also considered as a critical event during ion-
izing radiation induced damage [6]. Apart from ge-
netic damage and lipid peroxidation, ROS can also al-
ter the balance of endogenous protective systems such
as glutathione and enzymic antioxidant defence sys-
tems [7] . The endogenous antioxidant defences are in-
adequate to reduce the radiation-induced free radical
changes. Appropriate antioxidant intervention seems
to inhibit or reduce free radical toxicity and thus offers
protection against radiation.

Therefore, we reasoned that hydrogen might be
protective against detrimental effects of radiation.
However, the application of H, gas inhalation is not
convenient and may be dangerous because the gas is
inflammable and explosive. On the other hand, H, gas
saturated PBS, which is called hydrogen-rich PBS, is
easy to apply and safe. In the current study, we demon-
strated that hydrogen-rich PBS treatment can protect
human cells from y-radiation in vitro.
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MATERIALS AND METHODS
Preparation of hydrogen-rich PBS

Hydrogen was being dissolved in PBS for 6
hours under high pressure (0.4 MPa) in order to reach a
supersaturated level by using hydrogen-rich wa-
ter-producing apparatus which was produced by our
department. The saturated hydrogen PBS was stored
under the atmospheric pressure at4 °C in an aluminum
bag with no dead volume. Hydrogen-rich PBS was
freshly prepared every week, which ensured that a
concentration of more than 0.6 mmol/L was main-
tained. Gas chromatography was used to confirm the
content of hydrogen in PBS by the method described
by Ohsawa, et al. [1].

Hydrogen treatment of cultured cells

Human lymphocyte AHH-1 cells and intestinal
crypt HIEC cells were maintained in RPMI 1640
(Invitrogen) with 10% fetal bovine serum and 1% pen-
icillin-streptomycin-glutamine at 37 °C in a 5% CO,
humidified chamber. For radioprotective studies, cells
were treated with different volume of hydrogen-rich
PBS and accordingly we added different volume of
PBS in order to obtain the desired concentration of H,
and make the final volume of the medium the same.
Then, the treated cells were immediately irradiated
with different doses of y-ray, depending on the re-
quirement of the present study.

Irradiation

Cobalt-60 gamma rays in irradiation center
(Faculty of Naval Medicine, Second Military Medical
University, China) were used for the irradiation pur-
pose. Cells (with or without hydrogen pre-treatment)
were exposed to different doses of radiation, depend-
ing on the requirement of the present study.

Clonogenic survival

Colony-forming assay was performed as previ-
ously described [8]. Briefly, calculated numbers of
cells were plated to enable normalization for plating
efficiencies. Pretreated cells were then irradiated with
0, 2, 4, 6, or 8 Gy. After incubating for 7 days, the
plates were fixed with 70 % EtOH and stained with 1%
methylene blue. Colonies consisting of >50 cells were
counted under microscope. The survival fractions
were calculated as (number of colonies / number of
cells plated) / (number of colonies for corresponding
control / number of cells plated).

Lactate dehydrogenase (LDH) leakage assay

LDH leakage assay was carried out using LDH
cytotoxicity detection kit (Nanjing KeyGen Biotech.
Co. Ltd.) according to the protocol in the user’s man-
ual. Cells were pretreated with hydrogen-rich PBS and
the final concentration of H, was maintained above
0.3 mmol/L. The cells were immediately exposed to
gamma radiation and then transported to an ice bucket.
After 4 hour time period we analysed the content of
LDH in cell suspension.

Apoptosis assays for cultured cells

Apoptosis was determined by Annexin V-APC
and propidium iodide staining using apoptosis detec-
tion kit (Bipec Biopharma). Treated cells were incu-
bated with Annexin V-APC for 15 minutes at 4 °C and
propidium iodide for 5 minutes at room temperature.
The cells were then analyzed by flow cytometry. Alter-
natively, apoptosis was determined by Hochest33258,
flourescein diacetate (FDA) and propidium iodide
staining. The treated cells were washed with PBS
twice, and then stained with 40 mg/L flourescein
diacetate, 20 mg/L Hoechst33258 at room temperature
for 15 minutes, and stained with 20 mg/L propidine io-
dine at room temperature for 5 minutes. The cellular
morphology was observed using Olympus BX60 fluo-
rescent microscope equipped with Retiga 2000R digital
camera. The average percentage of apoptotic cells was
calculated in 5-7 randomly selected high power fields
(HPF).

Determination of malondialdehyde (MDA)
superoxide (SOD) glutathione (GSH)

MDA is a breakdown product of the oxidative
degradation of cell membrane lipids and is generally
considered an indicator of lipid peroxidation. SOD is a
scavenger of superoxide, and GSH is an important cel-
lular non-enzymatic antioxidant. In the present study,
4 hours after transporting the irradiated cells to an ice
bucket, the concentrations of MDA, SOD, and GSH
were measured, respectively, by using the MDA,
SOD, GSH assay kit (Nanjing KeyGen Biotech. Co.
Ltd.) according to the protocols in the user’s manual.

Determination of 8-OHdG concentration

Half an hour after the irradiation, the 8-OHdG
concentration was measured by using human 8-OHdG
elisa kit (Nanjing KeyGen Biotech. Co. Ltd.) accord-
ing to the protocol in the user’s manual. Briefly after
that, the treated cells were lysed by a cell lysis buffer.
After the centrifuge, we added suspension to plate
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wells coated with human 8-OHdG antibody, and se-
quentially treated them with biotinylated anti-1gG and
streptavidin-HRP. After that, we added TMB substrate
solution, and TMB substrate changed color into blue at
HRP enzyme-catalyzed. At the effect of acid, the color
finally become yellow. The intensity of this colored
product is directly proportional to the concentration of
8-OHdG. Measuring the optical density (OD) at 450
nm with a microtiter plate reader, we calculated human
8-OHdG concentration by the standard curve.

STATISTICAL ANALYSIS

Data are expressed as means £S. E. M. (standard
error of the mean) for each experiment. The number of
samples is indicated in the description of each experi-
ment. Statistical analysis was performed by using one
way analysis of variance. Between groups, variance
was determined using the Student-Newman-Keuls post
hoc test. AP value of less than 0.05 was considered to be
statistically significant.

RESULTS

Hydrogen-rich PBS increases clonogenic
survival of irradiated HIEC cells

To study radioprotective effects of H, ina cell cul-
ture, we examined the viability of the irradiated human
intestinal crypt (HIEC) cells using a clonogenic sur-
vival assay. Pretreatment of HIEC cells with 0.1-0.4
mmol/L H, before irradiation significantly increased
cell survival as compared to the cells treated with radia-
tion alone at all examined doses (up to 8 Gy), fig. 1(a).

Hydrogen-rich PBS decrease cellular lactate
dehydrogenase (LDH) leakage of irradiated
HIEC cells

Beside the cell viability, we also determined
LDH activities to estimate cellular LDH leakage from
damaged cells. The result indicated that pretreatment
with 0.3 mM H, before irradiation significantly de-
creased LDH leakage of HIEC cells which were ex-
posed to different doses of y-radiation, fig. 1(b). This
result too was consistent with the result obtained by
cell viability observation.

Hydrogen-rich PBS attenuates apoptosis in
irradiated HIEC cells

To determine the radiation-induced apoptosis of
the irradiated HIEC cells, we analyzed the treated cells
by using Annexin V-APC and propidium iodide stain-
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Figure 1. The treated HIEC cells were irradiated with 0, 1,
2,4, and 8 Gy and plated for clonogenic survival assay and
for LDH leakage assay; the surviving fractions (a) and
changes in the levels of LDH in normal, y-irradiated and
H, pretreated lymphocytes from three experiments (b) are
shown; values are given as mean +S. E. M. *P <0.05

ing in flow cytometry assay. The early apoptotic cells
decreased when pretreated with hydrogen-rich PBS as
compared to the cells pretreated with PBS, fig. 2(a)
and (b), 10.2% vs. 21.5%, respectively). We further
evaluated the morphology of dying cells using
Hochest33258, flourescein diacetate and propidium
iodide staining. The irradiated HIEC cells pretreated
with hydrogen-rich PBS demonstrated a protective ef-
fect with the reduced number of apoptotic cells to
26.1% as compared to 49.3% in PBS-pretreated irradi-
ated cells, fig. 2(c) and (d). These data suggest that H,
can attenuate apoptosis in irradiated HIEC cells.

Treating AHH-1 cells with hydrogen before
irradiation could increase endogenous
antioxidant status

The levels of enzymatic antioxidants (SOD) and
the activities of non-enzymatic antioxidant (GSH) are
shown in fig. 3. Gamma irradiated lymphocytes showed
a significant decrease in the levels of both enzymatic
and non-enzymatic antioxidant status when compared
to hydrogen-rich PBS pretreated groups. The results in-
dicated that pretreatment with H, could restore the anti-
oxidant status.



26

L. Qian, et al.: Hydrogen-Rich PBS Protects Cultured Human Cells from ...

Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 1, pp. 23-29

10% 10% —
Pl Pl
10% [ 10%]
3 |
10% [ 10,
10! / 10’
1 0 /
ST o — NPT o |
10" 10" 107 10® 10t 10° 10' 107 10° 10
Annexin V H, Annexin V. PBS
10 10*
Pl PI [
10° ] 103‘
102{ 102 -
10", 10113
iy A i) F—— YY) | __.J__.. ST Py
107 10" 107 10° 10" T10® 10" 102 10° 10
Annexin V H2 +4Gy Annexin V. PBS + 4Gy

(a)

H: ()

(c)

(d)

Annexin V-positive cells [% of total]

(b)

60

50

40

30

20

25 -

20

H (+)
W H, (=)
0
Dose [Gy]
=
[ mH, ()
Hz (+)
0 4
Dose [Gy]

Figure 2. Hydrogen-rich PBS attenuates radiation-induced apoptosis in HIEC cells. The treated cells were collected 24
hours after the irradiation, stained with Annexin V-APC and propidium iodide and analyzed by flow cytometry. The rep-
resentative diagrams of distribution of the stained cells (a) and a bar graph of apoptotic cells expressed as a percent of total
cells are shown. Values are given as mean £S. E. M. (n =4); *P < 0.01 (b); cells were stained with FDA, Hoechst33258 and
PI 24 hours after irradiation and apoptotic cells were counted in multiple randomly selected fields. The representative mi-
crographs (c) and a bar graph of apoptotic cells expressed as a percent of total cells are shown; values are given as mean

+8. E. M. (n = 4); *P < 0.01 (d)

Hydrogen-rich PBS protects lipids and
nuclear DNA of AHH-1cells from
peroxidation induced by radiation

As shown in fig. 4(a), cellular MDA concentra-
tion at 4 hours after the irradiation in the H, group was
significantly lower than that of the control group. This
result indicated that H, could protect lipids from
peroxidation induced by radiation. As shown in fig.
4(b), H, comparably decreased the concentration of
8-OHdG relative to the control group, indicating that
H, can protect DNA from peroxidation induced by ra-
diation.

DISCUSSION

This study shows that hydrogen can signifi-
cantly protect human cells from ionizing radiation. In-
halation of H, was reported to protect cerebral [1],
myocardial [2], and hepatic [9] I/R injury in animal
models in several recent studies. Also, it is reported
that hydrogen inhalation ameliorates oxidative stress
in transplantation induced intestinal graft injury [3].

Since most of the ionizing radiation-induced cellu-
lar damage is caused by hydroxyl radicals, we speculate
that the radioprotective effect may result from its radical
oxygen species (ROS) scavenging effect. It was reported
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Figure 3. Changes in the activities of SOD and GSH in normal, y-irradiated, and H, pretreated lymphocytes; values are

given as mean S. E. M. (n = 4); *P < 0.01.
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Figure 4. Hydrogen-rich PBS significantly decreased the levels of MDA, a marker of oxidative stress (a), and oxidative
DNA damage assessed by 8-OHdG immunoreactivity. 8-OHdG concentration in normal, y-irradiated, and H, pretreated
groups (b) half an hour after the irradiation are shown; relative to the control group, H, significantly decreased the con-
centration of 8-OHdG; values are mean +S. E. M. (n = 6); *P < 0.01.

that the effect of free radical scavengers could ameliorate
the oxidative injuries due to ionizing radiation [10, 11].
The sulthydryl compound amifostine (WR-2721),
which is the only radioprotectant registered in use for hu-
mans, has shown good radioprotective effects [12].
However, when it was administered by injection, it
caused many negative effects such as vomiting, hyper-
tension, nausea, and other side effects caused by the tox-
icity [13, 14]. Some other radioprotectors, such as natural
antioxidants, vitamin E, flavonoids and others, have
fewer toxic side effects but also a lower degree of protec-
tion compared to thiol agents [13], and cytokines and
immunomodulators should be used with low radiation
doses or in combination with radical scavengers and anti-
oxidants [15]. However, it is physiologically safe for hu-
mans to inhale hydrogen at a relatively low concentra-
tion, because hydrogen is continuously produced by
colonic bacteria in the body and normally circulates in
the blood [16]. It is a highly diffusible gas which could
eliminate hydroxyl radical [17]. Dissolving H, in sol-

vents such as PBS makes this explosive gas more safe for
clinical use.

Radical oxygen species O, and H,0, are detox-
ified by antioxidant defense enzymes, unlike ¢OH and
ONOO', which so far could not be detoxified by any
antioxidant defense enzyme. Hydrogen gas selec-
tively reduces these two detrimental ROS [1]. A
hydroxyl radical is the most reactive product of reac-
tive oxygen species generated in cells. Cellular
macromolecules, such as DNA, proteins, and lipids,
can easily react with hydroxyl radicals to exert a
cytotoxic effect.

Antioxidant enzymes (SOD) are important in
providing protection from radiation exposure [ 18] and
glutathione (GSH) participates non-enzymatically in
protection against radiation damage [19]. Endogenous
antioxidants are a group of substances which could
significantly inhibit or delay oxidative processes [20].
A number of harms can result from a reduction of the
activity of these substances. DNA is one of the major
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targets of free radicals, and 8-OHdG is formed from
deoxyguanosine in DNA by hydroxyl free radicals
[21]. Also, membrane lipids are the major targets of
free radicals [22]. The increase in the levels of lipid
peroxidation products such as malondialdehyde and
TBARs is the indication of membrane lipid damage
[23]. In our study, we found that the pretreatment of
hydrogen-rich PBS prior to radiation exposure in-
creased the antioxidant status at both enzymic and
non-enzymic levels and decreased the levels of MDA
and 8-OHdG compared with the cells pretreated with-
out hydrogen-rich PBS. We may conclude that the in-
creases of the antioxidant status have further de-
creased the attack of free radicals on biomolecules
including DNA and membrane lipids and thereby de-
creased the deleterious effects of radiation on cells.

In conclusion, hydrogen-rich PBS could protect
human cells from radiation. This radioprotective ef-
fect may result from its radical oxygen species scav-
enging effect. Dissolving hydrogen in solution (PBS,
water, saline) makes it safer and more convenient to
use in clinic. We believe that hydrogen gas, especially
hydrogen-rich solution, may give us more hope for
greater protection from irradiation.
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Jupen REH, bannynr JIU, ®eu IHAO, Kyuenr XYAHT,
IMynaun JINY, BHeamunr HAU, @y F'AO

PBS OBOTA'REH BOJOHUKOM HTHUTU YOBEYMJE REINJE Y
KYITYPU O]1 3PAYEILEM HAHETHUX O3JIEJA

Boponnunu pajgukanu uMajy 3HauyajHy yJaOry y HMHAYKIUjU henujckux o37efia JejCTBOM
jonusyjyher 3paudewa. MosekyjgapHu BOJOHHUK MOXE CEJIEKTHBHO [la CMambHd KOHLEHTpalujy
XHUIPOKCUIIHUX pafiMKaa in vitro. Takee 0coOMHE YMHE ra NOTEHIUjAIHUM PaiuOIIPOTEKTOPOM. Y OBOM
pajly TecTHpaHa Cy pajuONpOTEKTUBHA CBOjCTBA BOJOHMKA in vitro Kopuirthewmem PBS oGorahenor
BofloHuKOM. TpeTtupame henuja ¢ PBS o6orahennM BOZOHHKOM, Npe O3paudBara, 3HAUajHO CMambyje
anonTo3y MHAYKOBaHY joHU3yjyhuMm 3pauewmeM, nmoBehaBa BUTANHOCT M MPEXKUBbABAHKE O3PAaYCHUX
kpuntnyHux henmja Tankor upesa (HIEC), nosehaBa KOHIEHTpalyjy €HAOTCHUX aHTHOKCHIAHATa M
cMamyje KOHIEHTpalujy S-XHMpOKCHAEOKCUTYaHO3MH-MaJloHnanexuga y smmdonutnma (AHH-1
hennje). M3 pobujeHnx pesynraTa MOXKe ce 3aKJ/bYUUTH f1a BOJOHMK MOCeNyje 3Ha4yajHy OCOOWHY
paguonpoTekTopa: epuKacaH je ¥ HeMa HeXKeJbLEHUX CBOjCTaBa.

Kmwyune peuu: 8000oHuk, joHusyjyhe apauere, 3auitiuitia 00 3paierba, ailoiillosda, peakiluHe
KUCeoHU4He epcitie



