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Exposure to paraquat leads to acute lung injury and oxidative stress is widely accepted as a contributor to paraquat-induced
acute lung injury. Recent studies have reported that consumption of water with dissolved molecular hydrogen to a saturated level
(hydrogen water) prevents oxidative stress-induced diseases. Here, we investigated whether consumption of saturated hydrogen
saline protects rats against paraquat-induced acute lung injury. Adult male Sprague-Dawley (SD) rats were randomly divided into
four groups: Control group; hydrogen water-only group (HW group); paraquat-only group (PQ group); paraquat and hydrogen
water group (PQ + HW group). The rats in control group and HW group drank pure water or hydrogen water; the rats in PQ
group and PQ + HW group were intraperitonealy injected with paraquat (35 mg/kg) and then provided pure water or hydrogen
water. Both biochemical and histological lung alterations were measured. The results showed that hydrogen water ameliorated these
alterations, demonstrating that hydrogen water alleviated paraquat-induced acute lung injury possibly by inhibition of oxidative

damage.

1. Introduction

Paraquat (1,1-dimethyl-4,4-bipyridilium dichloride, PQ) is
a widely used contact and nonselective quaternary nitrogen
herbicide. It was first introduced in agriculture in 1962 and
has caused thousands of human deaths, either by accidental
or voluntary ingestion. The toxicity of paraquat is based on
its induction of redox cycling which leads to oxidative stress-
related cell death and inflammation. Because of selective
accumulation in the lungs, it causes severe lung injury
manifested by edema, hemorrhage, interstitial inflammation,
and progressive fibrosis [1, 2]. Many studies have suggested
that the mechanisms of paraquat-induced injury are mainly
associated with oxidative stress [3-5]. Paraquat-induced
redox cycling can generate superoxide anions, NO and
other free radicals, leading to oxidative damage [2, 6, 7].
Of all these free radicals, hydroxyl radicals and oxidant
peroxynitrite might be the most toxic ones, as they react
with biological macromolecules including DNA, proteins,

and lipids, leading to DNA breakage, lipid peroxidation
and protein inactivation. Hydroxyl radical is produced by
superoxide anion and H, O, respectively, through the Haber-
Weiss reaction and Fenton reaction [8, 9], while peroxynitrite
is possibly induced by NO’s rapid reaction with superoxide
anion [10, 11].

Hydrogen, a colorless, tasteless, odorless, nonirritating,
and highly flammable diatomic gas, was generally regarded
as a physiologic inert gas in hyperbaric medicine. In 1975
and 2001, Dole et al. and Gharib et al., respectively, reported
that hydrogen under a high pressure might be a therapeutic
gas for cancer and parasite-induced liver inflammation
by eliminating toxic ROS [12, 13]. In 2007, Ohsawa et
al. found that 2% hydrogen inhalation exhibited antiox-
idant and antiapoptotic activities by selectively reducing
hydroxyl radical and peroxynitrite [14]. The importance of
hydrogen immediately drew widespread attention. Various
ways to administrate hydrogen, such as H, inhalation,
oral administration of hydrogen water, intraperitoneal, and
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intravenous injection of hydrogen-saturated saline, have
been proved to be effective for many ROS-induced dis-
eases, including hepatic and cardiac hypoxia-ischemia injury,
neonatal hypoxia-ischemia injury, human type II diabetes,
nephrotoxicity induced by cisplatin and Parkinson’s disease
[15-20]. Particularly, lung injuries of various models can
be also prevented by hydrogen [21-23]. Considering that
oxidative stress, especially hydroxyl radical and peroxynitrite,
contributes to paraquat-induced lung injury, we investigated
the effect of oral administration of hydrogen on paraquat-
induced inflammatory reaction, oxidative stress, and related
damage of lungs, assessed by histological and biochemical
parameters.

2. Methods and Materials

2.1. Animals. Forty adult male Sprague-Dawley rats weigh-
ing 250 + 10g were used for this study. All experimental
procedures were conducted in accordance with the Guiding
Principle in the Care and Use of Animals approved by the
Institutional Animal Care and Use Committee of Secondary
Military Medical University, ROC.

2.2. Hydrogen Water Preparation. For the saturated hydrogen
water preparation, purified H, was dissolved into pure
water for two hours under 0.6 MPa. The saturated hydrogen
water was stored under atmospheric pressure at 4°C in an
aluminum bag with no dead volume. Hydrogen water was
freshly prepared every week, which maintained a continuous
concentration. The hydrogen content was confirmed with
a hydrogen electrode. Each day, hydrogen water from the
aluminum bag was placed in a closed glass vessel, which
ensured that the hydrogen concentration was greater than
0.4mM after one day. Hydrogen water degassed by gentle
stirring was used for paraquat group; the complete removal
of hydrogen gas was confirmed with a hydrogen electrode,
similar to that of Ohsawa et al. [24].

2.3. Experimental Protocol. Paraquat was obtained from
Sigma (St. Louis, MO, USA). Rats were randomly divided
into four groups as follows: control group (n = 10);
hydrogen water-only group (HW group, n = 10); paraquat
group (PQ group, n = 10); paraquat and hydrogen water
group (HW + PQ group, n = 10). The rats in control group
and HW group drank pure water or hydrogen water. The
rats in PQ group and PQ + HW group were intraperitonealy
injected with paraquat (35mg/kg) and then administered
pure water or hydrogen water ad libitum for 72h, respec-
tively. To ensure the hydrogen concentration was greater than
0.4 mM, fresh hydrogen water was given every 12 h. The con-
centration of H, in blood after oral hydrogen water adminis-
tration has been measured by Nagata et al., which was about
5uM [25]. At the end of 72 h, animals were exsanguinated by
abdominal aorta and followed by later procedures.

2.4. Measurement of Pleural Effusion and Lung Wet/Dry
Weight Ratio. Immediately after abdominal aorta exsan-
guination, the pleural effusion was collected by inserting an
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18-gauge needle and a 10-mL syringe through the diaphragm
and withdrawing all fluid present in the pleural cavity. Then
lungs were excised en bloc and dissected away from the heart
and thymus. The middle lobe of right lung was immediately
weighed and then placed in a drying oven at 60°C for 96 h to
stabilize dry weight. The ratio of wet/dry weight was used to
quantify lung water content.

2.5. BALF Collection. BALF was performed on the left
lung with 4 mL phosphate-balanced saline solution in 2.5-
mL aliquots after cannulation of the left trachea. The
collected BALF was centrifuged at 1000 g for 10 minutes; the
supernatant was collected and stored at —20°C and —80°C
for later protein assays and LDH activity.

2.6. Total Cell Count, Total Protein, and Lactate Dehydro-
genase (LDH) Activity in BALF. The total cell count was
determined on a fresh fluid specimen using a hemocytome-
ter. Total protein content in BALF was measured by the
BCA protein assay reagents using BSA as a standard (Pierce,
Rockford, IL, USA). The activity of LDH, an indicator for
cellular oxidative damage, was measured at 490 nm using
an LDH determination kit according to the manufacturer’s
instructions (Roche Molecular Biochemicals, Mannheim,
Germany). LDH activity was expressed as U/L, using an LDH
standard.

2.7. Lung Malondialdehyde (MDA) Measurement. Lung
MDA levels were determined using an MDA Assay kit
according to the operation manual (Beyotime, Haimen,
China). Briefly, frozen lung tissues were homogenized. After
centrifugation, free MDA in the supernatant was converted
to a stable carbocyanin dye by the chemical reaction
with N-methyl-2-phenylindole. Protein concentration was
determined by the BCA Protein Assay (Pierce, Rockford, IL,
USA) using BSA as a standard. MDA levels were normalized
against protein (pmol/mg).

2.8. H&E and TUNEL Staining. After animals were exsan-
guinated by abdominal aorta, the lower lobe of right lungs
was removed and then transferred to 4% formaldehyde
for 48 h. The lungs were paraffin embedded, and butterfly-
shaped sections of 5-mm thickness were cut and placed on
glass microscope slides stained with hematoxylin and eosin
(H&E) for histopathological analysis. Apoptosis was detected
by DNA strand breaks using terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL) according to the procedure of the manufacturer
(Bipec Biopharma, Massachusetts, MA). Average percentage
of apoptotic cells was calculated in 10 randomly selected high
power fields. Data were expressed as the ratio of TUNEL
positive cells to total cells. Values are given as mean + SEM
(n =10).

2.9. Statistical Analysis. All values are presented as
mean + SEM. Differences between groups were determined
with one-way ANOVA followed by Student-Newman-Keuls
test. A level of P < .01 was considered statistically significant.
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FiGurek 1: Effects of hydrogen water on pleural effusion. The rats
in PQ group exhibited an increase in the volume of pleural effusion
at the end of 72 h, whereas in PQ + HW group this increase was
significantly smaller (*P < .01 compared to control; 2P < .01
compared to PQ group).
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Ficure 2: Effect of hydrogen water on lung edema. The lung
wet/dry weight ratio of rats in PQ group was significantly higher
than that of the control group (P < .01). Compared to the
PQ group, wet/dry weight ratio of rats in PQ + HW group was
significantly decreased (*P < .01 compared to control; P < .01
compared to PQ group).

3. Results

3.1. Effects of Hydrogen Water on Pleural Effusion. At 72
hours after paraquat injection both rats in PQ and PQ + HW
groups had pleural effusions. However, the volume of
effusions was significantly greater in PQ group (8.0 mL) than
in PQ + HW group (2.8 mL, P < .01) (Figure 1).

3.2. Effect of Hydrogen Water on Lung Edema. The wet/dry
weight ratio of rats was significantly higher in PQ group (8.5)
than in the control group (4.8, P < .01). In the PQ + HW
group, the lung wet/dry weight ratio also increased (5.6)
but it was significantly less than that in PQ group (Figure 2)
(P <.01).
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FiGure 3: MDA in lung tissue. Our results demonstrated that
paraquat increased lung MDA levels. In contrast, MDA levels were
lesser in PQ + HW group (*P < .01 compared to control; #P < .01
compared to PQ group).

TaBLE 1: Effects of saturated hydrogen saline on LDH, total cells,
and protein concentration in BALE Rats exposed to paraquat
exhibited significant increase in the LDH level in BAL fluid
compared to rats in the control group, whereas a significant rather
less of increase of LDH in BAL fluid was observed in PQ + HW
group compared to those in PQ group. Total cells and protein
concentration in the BAL fluid were determined as an indicator of
lung hyperpermeability induced by paraquat. Our results showed
that total cells and protein in BALF in PQ group were significantly
increased compared to control group (P < .01). In contrast, rats in
PQ + HW group demonstrated a significant lesser increase in total
cells and protein (*P < .01 compared to control; 2P < .01 compared

to PQ group).

Total cells Protein
Groups LDH (U/mL) 4 concentration
(1 x 10*/mL)
(ug/mlL)
Control 7.53 = 0.99 15.65 = 1.29 28.66 + 4.97
HW 7.67 = 0.56 15.96 + 1.98 27.33 + 5.28
PQ 70.38 + 2.14*  53.05 + 5.69* 80.33 + 3.88*

PQ + HW 37.03 + 3.58*2 30.13 + 6.60*% 39.67 + 4.19%%

3.3. Effects of Saturated Hydrogen Saline on LDH, Total
Cells, and Protein Concentration in BALF. Rats exposed to
paraquat exhibited significant increase in the LDH level in
BAL fluid compared to rats in the control groups (P <
.01). However, the increase was significantly larger in PQ
(70.38U/mL) than in PQ + HW group (30.13U/mL, P <
.01). Similarly, total cells and protein in BALF were increased
in both paraquat groups compared to control group (P <
.01), but the increases were significantly larger in PQ than in
PQ + HW (P <.01) (Table 1).

3.4. MDA in Lung Tissue. Lung MDA levels increased both in
PQ group (34.9 ymol/g) and PQ + HW group (20.7 ymol/g)
in comparison to control and HW groups (10.9 umol/g,
9.1 ymol/g, P < .01). The increase, however, was significantly
larger in PQ than in PQ + HW group (Figure 3).
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Ficure 4: Histopathological examination by H&E staining. Striking differences were observed in lung histology between the two
experimental groups. Marked lung hemorrhage, edema, alveolar septal thickening, influx of inflammatory cells, and fibrin deposition were
observed in rats injected with paraquat alone. In contrast, in PQ + HW group, the lung damage was alleviated, suggesting hydrogen water

protected paraquat-induced acute lung injury.

3.5. Histopathological Examination by H&E Staining. Find-
ings of histopathological analyses in lung slices prepared
from rat in the three groups are shown in Figure 4. Striking
differences were observed in lung histology between the
two experimental groups. Marked lung hemorrhage, edema,
alveolar septal thickening, influx of inflammatory cells,
and fibrin deposition were observed in rats injected with
paraquat alone. In contrast, in PQ + HW group, similar
changes were found but in lesser degree, suggesting an
alleviation of the lung damage.

3.6. Effects of Saturated Hydrogen Saline on Cell Apoptosis.
Rats in the PQ group exhibited a significant increase in
the lung apoptotic index (14.3%) compared with that in
control group (2.2%, P < .01). The apoptotic index was also
increased in rats in PQ + HW group (6.9%) but the increase
was significantly less than in the PQ group (Figure 5).

4. Discussion

As there is no antidote for paraquat up to now, the
treatment of paraquat poisoning consists mainly of attempts

to decrease its absorption or enhance its elimination [26].
Since oxidative damage is known as the key issue in
paraquat toxicity, several antioxidants have been studied to
ameliorate paraquat-induced lung injuries. It is suggested
that corticosteroids and cyclophosphamide may be effective
in paraquat poisoning [27, 28]. However, the effectiveness
is still not agreed by others [29]. The protective effects on
oxidative lung injury by other antioxidant were also studied,
but the results turned out to be quite disappointing. GSH is
ineffective in the protection of oxidant-induced lung injury
as it is quickly cleared from the lung [30-32]. The effects
of superoxide dismutase and catalase are limited due to
their inability to cross biological membranes [26, 30, 33—
36]. Some other antioxidants, such as a-tocopherol, provide
limited protection because of their extreme insolubility [37].
Thus a quest for a suitable and effective treatment for
paraquat-induced lung injury is still going on.

The present work was undertaken to determine the
putative protective effect of hydrogen water on paraquat-
induced lung injury. As hydrogen gas is explosive, the
clinical application of it might be dangerous; we choose
the oral administration of hydrogen water for treatment,
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FIGURE 5: Effects of saturated hydrogen saline on cell apoptosis. Rats
in the PQ group exhibit a significant induction in the lung apoptotic
index compared with that in control group. Oppositely, the rats
in PQ + HW group demonstrate a significant decrease in the lung
apoptotic index compared with that in the PQ group, almost to the
normal level (*P < .01 compared to control; 2P < .01 compared to
PQ group).

the effectiveness of which has been validated previously
(24, 25, 38, 39]. Both the results of the biochemical assays
and the histopathological findings of our study demonstrate
that consumption of hydrogen water reduces the severity of
paraquat-induced lung injury and oxidative stress in rats.

The rats in PQ + HW group exhibited significantly lesser
degree of lung injury, as manifested by smaller pleural
effusion volume, lesser protein accumulation and total cell
count in the airways, and less morphologic abnormalities,
when compared to PQ group. Lung W/d ratio in PQ + HW
group was also significantly lower than that in the PQ group,
demonstrating an ameliorated lung edema. The levels of
LDH in BALF and MDA in lung tissue, known to be pro-
duced by peroxidation of cellular lipid and reliable indicators
of oxidative damage [15, 22], were less in rats treated with
hydrogen water, suggesting that hydrogen alleviates oxidative
damage. The prevention of oxidative damage is the probable
mechanism of the protection of lungs in rats exposed to
paraquat and treated by hydrogen water.

Previous studies have shown that lung cell apoptosis is
an important event in paraquat-induced lung injury [40].
The antiapoptotic effect of hydrogen was shown in neonatal
hypoxia-ischemia rat model [17]. To determine whether
hydrogen water exhibits the same inhibition of apoptosis in
paraquat induced rat lungs injury, we examined lung cells
apoptosis by TUNEL staining. We found a significant inhibi-
tion of cell apoptosis, consistent with previous findings.

Compared to traditional antioxidants, hydrogen, the
newly explored antioxidant, offers a number of advantages.
First, due to its small molecular weight, hydrogen can easily
penetrate biomembranes and diffuse into the cytosol, mito-
chondria, and nucleus [15]. Second, as hydrogen selectively
reacts with hydroxyl radical and peroxynitrite, other impor-
tant ROS (e.g., H,O, and O,7) involved in cell signaling
are not decreased, so the metabolic oxidation-reduction

reactions are not disturbed. Third, the tissue compatibility of
hydrogen is greater than many other antioxidants. In lung,
the application of H, has unique benefits. On one hand,
H, has been applied as inhalation gas for many years in
diving and has been proved to be safe to lungs [15]. On the
other hand, as pulmonary blood flow is large and lung is
the metabolism organ for H,, it can reach the lungs easily
either after oral administration or injection of hydrogen-rich
fluid. All of these properties of hydrogen make consumption
of hydrogen water a promising treatment for a developing
paraquat-induced lung injury.

5. Conclusion

To conclude, our study confirmed that hydrogen water
reduces the paraquat-induced lung injury. Following these
encouraging results, further studies should be performed
to clarify these protective effects and to elucidate the exact
mechanisms of this protection.
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