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ARTICLE INFO ABSTRACT
Keywords: Background: Radiotherapy has become a standard treatment for chest tumors, but a common
Hydrogen complication of radiotherapy is radiation lung injury. Currently, there is still a lack of effective
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treatment for radiation lung injury.

Methods: A mouse model of radioactive lung injury (RILI) was constructed and then treated with
different cycles of hydrogen inhalation. Lung function tests were performed to detect changes in
lung function.HE staining was used to detect pathological changes in lung tissue. Immunofluo-
rescence staining was used to detect the polarization of macrophages in lung tissue. Immuno-
histochemistry was used to detect changes in cytokine expression in lung tissues. Western Blot
was used to detect the expression of proteins related to the NF-kB signalling pathway.

Results: Lung function test results showed that lung function decreased in the model group and
improved in the treatment group.HE staining showed that inflammatory response was evident in
the model group and decreased in the treatment group. Immunohistochemistry results showed
that the expression of pro-inflammatory factors was significantly higher in the model group, and
the expression of pro-inflammatory factors was significantly higher in the treatment group. The
expression of pro-inflammatory factors in the treatment group was significantly lower than that in
the model group, and the expression of anti-inflammatory factors in the treatment group was
higher than that in the model group. Immunofluorescence showed that the expression of M1
subtype macrophages was up-regulated in the model group and down-regulated in the treatment
group. The expression of M2 subtype macrophages was up-regulated in the treatment group
relative to the model group. Western Blot showed that P-NF-kB p65/NF-kB p65 was significantly
increased in the model group, and P-NF-kB p65/NF-kB p65 was decreased in the treatment group.
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Conclusion: Hydrogen therapy promotes macrophage polarization from M1 to M2 subtypes by
inhibiting the NF-kB signalling pathway, thereby attenuating the inflammatory response to ra-
diation lung injury.

1. Introduction

Radiation therapy has become a standard treatment in the clinical management of thoracic tumors, but radiotherapy can inevitably
lead to radiation lung injury (RILI) [1,2]. Macrophages are essential cells in the inflammatory response in the body. When stimulated,
macrophages undergo different differentiation in function and phenotype, called macrophage polarization. When radiation lung injury
occurs in the body, macrophages are usually polarised towards the M1 subtype and secrete pro-inflammatory factors such as tumour
necrosis factor-alpha (TNF-a) and interleukin 6 (IL-6) [3,4]. These pro-inflammatory factors induce the activation of M2 subtype
macrophages, which inhibit the inflammatory response and promote the role of tissue repair, express CD206, and produce
anti-inflammatory factors such as interleukin 10 (IL-10). Mild inflammatory reactions in lung tissue can dissipate on their own. In
contrast, severe inflammatory responses may lead to extensive lung fibrosis; therefore, radiation lung injury requires prompt treatment
[5]1.

There are more significant difficulties in treating RILI, and there is currently no U.S. Food and Drug Administration-approved
treatment for RILL. The drugs used in the clinic to treat radiological lung injury are mainly hormonal [1,6], and the commonly
used drugs include prednisone. Cases confirm that azathioprine and cyclosporine can treat radiological lung injury [7,8]. Amifostine is
the only radioprotective agent currently approved for clinical use. However, these drugs have many side effects and adverse reactions.
Relapse is possible following a response to hormones; Amifostine causes low blood pressure and severe nausea in patients. The above
drugs do not fully meet the clinical needs. Many studies have confirmed that hydrogen is an inflammation inhibitor and that the intake
of hydrogen molecules through various routes can significantly inhibit the inflammation response [9-11]. The exact mechanism still
needs to be elucidated. Therefore there is an urgent need to investigate the specific therapeutic mechanism of hydrogen in RILI and to
find an effective hydrogen treatment for RILI [12,13].

In this study, we established an animal model of radiation lung injury in mice. We administered different cycles of hydrogen
inhalation to investigate the role of hydrogen in reducing radiation lung injury and the specific mechanism from the perspective of
macrophage polarization.

2. Material and methods
2.1. Animal

A total of 40 healthy C57BL/6 mice with a weight of 18-22 g and an age of approximately 8 weeks were purchased from the Jinan
Pengyue Experimental Animal Technology Co. All animals were housed under standard conditions (22 + 2 °C, 55 + 10 % humidity,
12 h light/dark cycle) with free access to standard mouse chow and water. Forty C57BL/6 mice were randomly divided into 4 groups,
including the control group (no irradiation), model group (irradiation group only), the hydrogen treatment group 1(irradiation fol-
lowed by 2 weeks of hydrogen inhalation treatment), and the hydrogen treatment group 2 (irradiation followed by 5 weeks of
hydrogen inhalation treatment). All mice were necropsied after anesthesia in the fifth week after the experiment, and the lung tissues
were quickly removed. The left lung was snap frozen and stored for protein immunoblotting (Western blot); the right lung was fixed in
10 % formaldehyde solution and used for routine pathology, immunofluorescence, and immunohistochemistry. All animal experi-
ments were approved by the Experimental Animal Ethics Committee of Shandong First Medical University (W202311160312). All
methods were performed in accordance with the relevant guidelines and regulations.

2.2. Irradiation

The modelling method of radiation lung injury used in this study is based on the previously published literature of our research
group.In the preliminary experiments of our group, C57BL/6J mice were used as irradiation carriers, and different irradiation doses of
0Gy, 8Gy, 12Gy, 16Gy and 20Gy were used to establish a mouse model of RILI, and mice were dissected 5w, 6w and 7w after irra-
diation, respectively. Based on the pathological changes in the lung tissue, we finally used an irradiation dose of 20 Gy to establish a
mouse model of RILI and dissected the mice 5 weeks after irradiation [14].Mice were irradiated at Jinan Central Hospital Radiotherapy
Department. Before irradiation, mice were anesthetized by intraperitoneal injection of 2 % pentobarbital and placed on an irradiation
table with the thorax exposed to the irradiated area. All mice were arranged in rows, and the thorax was irradiated according to the
grouping requirements. X-rays of 6 MV were used at a dose rate of 2 Gy/min. The total dose to the lung tissue was 20 Gy. Control mice
were left untreated.

2.3. Intervention with hydrogen

Animals were treated with 4 % hydrogen inhalation for 4 h at the same time each day after irradiation using a homemade hydrogen
delivery device [13]. Hydrogen and air were supplied by a hydrogen generator (SPE-300, Jinan Haowei Experimental Instruments Co.,
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Ltd.) and an air generator (LCA-3, Shanghai Bonsey Instruments Technology Co., Ltd.), respectively, and the flow rate was adjusted by
a gas flow meter so that the volume fraction of mixed hydrogen was 4 %. The total gas flow rate was approximately 3 L/min. The
hydrogen concentration was confirmed using a hydrogen detector (XP-3140, New Cosmos, Japan).

2.4. Lung function

The EMKA lung function analysis system (EMKA,Montrichard-Val-de-Cher, France) was used to detect the lung function of mice.
Unconstrained whole-body volume tracing (WBP) has been used to detect changes in lung function in mice. The non-invasive whole-
body plethysmography (WBP) is a state-of-the-art device for measuring respiratory physiological indices and evaluating broncho-
constriction and other parameters in awake and free-ranging animals. Working Principle:Animals in the body plethysmograph, due to
the respiratory rhythm, produce pressure changes when the animal breathes: when air enters the animal from the room, — the pressure
of the box decreases (nasal airflow), the chest expands —, the pressure of the box rises (thoracic airflow) — the sensor detects the
combination of these two effects. (1) The sensor outside the body plethysmograph is connected to the body plethysmograph and the
mice are placed in a stable condition inside the closed body plethysmograph to start the test. (2) The chamber volume changes as the
animal’s thorax undulates, which is converted into an electrical signal by an amplifier and pressure transducer, then processed by the
computer, which displays the respiratory curve. (3) The software processes the curve to calculate peak inspiratory flow, expiratory
flow, tidal volume and respiratory parameters.

2.5. Hematoxylin-eosin (H&E) staining

The tissue on the sections was stained using H&E staining and analysed for structural and morphological features, such as the
degree of structural disruption and the extent of inflammatory cell infiltration. Tissue changes were observed using a light microscope
(Leica, Wetzlar, Germany). For these analyses, stained sections were observed using a 3D scanner (3DHISTECH, Budapest, Hungary).

2.6. Immunofluorescence

(1) The paraffin-embedded blocks containing tissues were sliced on a slicer with a slice thickness of 4 pm. (2) The prepared slices
were baked on a baking machine for 1h to melt the paraffin wax on the tissues; then the slices were sequentially put into two vats of
xylene to be dewaxed again; after dewaxing, they were immersed in an alcohol solution with concentrations ranging from high to low,
and finally put into double-distilled water. (3) A 3 % H505 solution (1.5 ml of 30 % H30- solution + 500 ml of distilled water) was
prepared, and the reaction was carried out under light for 20 min to eliminate endogenous peroxidase activity. After completion, the
sections were washed with distilled water for 5min x 2 times. (4) To expose the antigenic determinant clusters for better binding with
antibodies, the sections were placed in a pre-prepared citric acid repair solution, boiled at 100 °C for 20min, and left to cool naturally
to room temperature. Sections were taken out and washed using PBS for 5min x 3 times.(5) PBS was blotted around the tissues with
absorbent paper, and the sections were blocked in PBS containing 5 % goat serum at 37 °C for 1 h (6) PBS diluted primary antibody
CD206 (bsm-60761R, Bioss, China) ratio 1:300, CD86 (bsm-1035R, Bioss, China) ratio 1:300 and F/480 (bsm-34028 M, Bioss, China)
1:300 were added dropwise, and the sections were incubated in the refrigerator at 4 °C overnight. (7) On the next day, the sections
were taken out from the refrigerator, and after the sections were returned to room temperature, they were washed in PBS for 5 min x 3
times. (8) The sections with primary antibodies of CD86 and CD206 were added with fluorescent secondary antibody dilution of goat
anti-rabbit (1:100); the sections with primary antibody of F/480 were added with fluorescent secondary antibody dilution of goat anti-
mouse (1:300). (9) Incubate at 37 °C away from light for 1h, wash with PBS for 5min x 3 times, and then dropwise seal the sections
with DAPI-containing anti-quenching sealer. (10) A 3D scanner (3DHISTECH, Budapest, Hungary) was used for film scanning and
analysis. The CD86,/CD206 fluorescence levels in the tissues were quantified using the Image J software and normalized to the levels of
DAPI.

2.7. Immunohistochemistry

(1) The paraffin-embedded blocks containing tissues were sliced on a slicer with a slice thickness of 4 pm. (2) The prepared slices
were baked on a baking machine for 1h to melt the paraffin wax on the tissues; then the slices were sequentially put into two vats of
xylene to be dewaxed again; after dewaxing, they were immersed in an alcohol solution with concentrations ranging from high to low,
and finally put into double-distilled water. (3) A 3 % H50; solution (1.5 ml of 30 % H30- solution + 500 ml of distilled water) was
prepared, and the reaction was carried out under light for 20 min to eliminate endogenous peroxidase activity. After completion, the
sections were washed with distilled water for 5min x 2 times. (4) To expose the antigenic determinant clusters for better binding with
antibodies, the sections were placed in a pre-prepared citric acid repair solution, boiled at 100 °C for 20min, and left to cool naturally
to room temperature. Sections were taken out and washed using PBS for 5min x 3 times. (5) PBS was blotted around the tissues with
absorbent paper, and the sections were blocked in PBS containing 5 % goat serum at 37 °C for 1 h .(6) Dropwise add PBS diluted
primary antibody IL-6 (bs-0782R, Bioss, China) ratio 1:300, TNF-a (bs-10802R, Bioss, China) ratio 1:300, and IL-10 (bs-6761R, Bioss,
China) 1:300, and incubate at 4 °C in the refrigerator overnight. (7) On the next day, the sections were removed from the refrigerator
and washed with PBS for 5 min x 3 times after the section temperature was returned to room temperature. (8) Add HRP-labelled goat
anti-rabbit secondary antibody (1:200) dropwise on the sections, incubate for 1h at 37 °C in an incubator, and wash with PBS for S5min
x 3 times. (9) Prepare 3,3-diaminobenzimidazole (DAB) chromogenic solution (substrate solution: concentrate solution = 1000:50),
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mix well, add the DAB chromogenic solution dropwise onto the tissue, wait for 3-5min, and observe the colour development under the
microscope; at the end of the chromogenic development, stain the nuclei of the cells with hematoxylin for 2min. (10) Immerse the
sections into the alcoholic solution with the concentration ranging from low to high, and finally put into the xylene I, Xylene II for
10min each, neutral gum sealing, and observe the staining under the light microscope. (11) Sections were scanned and analysed using
a 3D scanner (3DHISTECH, Budapest, Hungary). (12)Staining score was determined as 0: 0-5% of staining cells, 1: 6-25 % of staining
cells, 2: 26-50 % of staining cells, 3: 51-75 % of staining cells, and 4: >75 % of staining cells. Staining intensity was scored as 0-1:
negative, 2-3: weak positive, 4-5: intermediate, and 6-7: strong positive. The sum of both extent and intensity score was defined as the
staining final score [15].

2.8. Western blotting analysis

(1) Steps for extracting lung tissue proteins: All operations were performed on ice. Weigh about 50-100 mg of fresh lung tissue in a
centrifuge tube, add pre-cooled saline, and shake the tissue up and down with tweezers to remove the blood on the surface of the lung
tissue. The tissue was put into 500-1000p1 of protein lysate (RIPA lysate: protease inhibitor PMSF = 100:1) prepared in advance. It was
broken at high speed on a tissue homogeniser for 2 min at 60HZ, and then the shocked tissue was put into a coagulator and mixed up
and down for 15 min so as to make it sufficiently lysed. The tissue was centrifuged at a low temperature of 4 °C and 12000r for 15 min,
and the supernatant was aspirated into a new centrifuge tube. The supernatant was transferred to a new centrifuge tube, and protein
gel electrophoresis buffer was added, mixed well, and then boiled in water at 100 °C for 10 min. After cooling, it was stored at —20 °C
for short-term storage and at —80 °C for long-term storage for the next step of the experiments. (2) Rinse the gel plate with single-
distilled and double-distilled water, and dry it for spare. (3) The prepared lower layer of gel (8 % separator gel) was quickly filled
into the gel plate, and the lower layer of gel was solidified after about 1h at room temperature; the prepared upper layer of gel
(concentrated gel) was quickly filled into the gel plate, and it was left at room temperature for 30min. (4) After the solidification of the
upper layer of concentrated gel, put the gel plate into the electrophoresis tank, fix it with a clamp, fill up the tank with electrophoresis
solution, and use a pipette gun to sample the samples with 30 ug/well aliquot. The marker volume of sampling is 2.5 pl (5) Carry out
electrophoresis, at first constant voltage 80V electrophoresis, about 40 min later, using 150V in the lower layer of gel electrophoresis.
(6) Half an hour before transferring the membrane, place the transfer solution at —20 °C for pre-cooling. Cut the PVDF membrane
according to the size of the electrophoretic adhesive, soak the PVDF membrane in methanol for 60 s, and mark the PVDF membrane by
cutting the corners. Assemble the transfer clamps according to the way of black side-sponge-filter paper-electrophoresis adhesive-
PVDF membrane-filter paper-sponge-transparent side. Add the membrane transfer clips and membrane transfer solution into the
membrane transfer tank. The membrane was transferred in constant pressure mode, 100 V, 90 min (7) The transferred PVDF mem-
brane was washed with TBST solution to remove the surface transfer solution. Subsequently, it was placed in 5 % closed milk for 90
min. At the end of the closure, the membrane was rinsed with TBST solution for 5 min x 3 times. (8) Primary antibodies were diluted
with primary antibody diluent: B-actin (66009-1-Ig, Proteintech, China) at 1:20,000, NF-kB p65 (66535-1-Ig, Proteintech, China) at
1:2,000, and Phospho-NF«B p65 (bs- 3485R, Bioss, China) at 1:200. The bands were cut according to the molecular weight of the
proteins and placed in the diluted primary antibody solution respectively, and incubated in the refrigerator at 4 °C overnight. (9) After
the primary antibody incubation, rinsed using TBST solution for 5 min x 3 times. The bands of primary antibody for p-actin and NF-xB
p65 were added to the secondary antibody dilution of goat anti-rabbit (SA00001-2, Proteintech, China) 1:5000. The bands of primary
antibody for Phospho-NFxB p65 were added to the secondary antibody dilution of goat anti-mouse (SA00001-1, Proteintech, China)
1:5000 secondary antibody dilution. The strips were incubated in the secondary antibody dilution at room temperature for 1 h (10) At
the end of the secondary antibody incubation, the strips were rinsed in TBST for 5 min x 3 times. The protein bands were observed
using ECL reagents (Millipore, USA). (11)The ratios of the protein band intensities relative to that of -Actin were calculated for each
sample using Image J.

2.9. Statistical analysis

Plotted and analysed using GraphPad Prism 8.0.1 software, and the measurement data were expressed as mean + standard de-
viation. Comparisons between multiple data groups were made by one-way classification ANOVA analysis, and comparisons between
two groups were made using the two independent samples t-test, with P < 0. 05 indicating that the differences were statistically
significant. Three biological replicates were performed for each experiment.

3. Results
3.1. Hydrogen therapy improves lung function in mice with radiation-induced lung injury

We investigated the changes in pulmonary ventilatory function in mice after 5 weeks of radiation injury to test whether our
modelling was successful and whether hydrogen improves lung function in mice.Lung function in mice was assessed using the EMKA
lung function analysis system (EMKA). The primary lung function indicators include (1) lung volume index: tidal volume (TVDb), the
volume of inhaled or exhaled gas during each breath. (2) Conductivity index: peak inspiratory flow (PIF), peak flow rate during
inspiration; peak expiratory flow (PEF), peak flow rate during expiration. (3) Airway obstruction index: expiratory flow 50 (EF50),
indicates the expiratory flow rate at 50 % of the exhaled tidal volume. (4) Ventilation index: minute volume (MVDb), the total amount of
gas inhaled or exhaled per minute.The results showed that compared with the control group, the lung function of mice in the model



X. Gao et al. Heliyon 10 (2024) 30902

group decreased, and TVb, MVb, PIFb, PEFb, and EF50 were all significantly lower; the lung function of mice in the treatment group
improved, and TVb, MVb, PIFb, PEFb, and EF50 were all higher; and the effect of the treatment group 2 was better than that of the
treatment group 1. Because the mice’s activity and mood affected the pulmonary function tests, there was a large bias in the pulmonary
function tests. Treatment group 1 showed a trend of remission relative to the model group, but it was not statistically significant, and
the recovery of the mice’s pulmonary function might be delayed relative to the pathological changes.These results indicate that
hydrogen can significantly improve lung function in mice (Table 1).

3.2. Hydrogen therapy alleviated pathological changes in lung tissue in mice with radiation lung injury

The pathology of radiation lung injury is characterised by diffuse alveolitis, pathological proliferation of fibroblasts, and deposition
of extracellular matrix in the interstitium and alveolar spaces. As demonstrated in previous experiments, inflammatory cell infiltration,
alveolar septal thickening, and capillary congestion were observed in the lung tissue of C57BL/6 mice after X-ray irradiation [14].
Histopathological changes in the lungs of the mice were observed using HE staining. The results showed that the model group (Fig. 1B)
had thickened alveolar septum, edema, dilated and congested blood vessels, and infiltrated inflammatory cells compared to the control
group(Fig. 1A). The above results demonstrate that we successfully constructed a mouse model of radiological lung injury. In contrast,
the lesions in the hydrogen treatment group (Fig. 1C-D)were significantly less than those in the model group, and the inflammatory
response was attenuated.

3.3. Hydrogen therapy can significantly promote macrophage polarization from the M1 subtype to the M2 subtype

Mouse-derived F4/80 is mainly expressed on the surface of macrophages and is used as a marker of mature macrophage tissue [16].
In this experiment, F4/80 was labelled with green fluorescence; activated M1 macrophages expressed cluster of differentiation 86
(CD86) on their membrane surface, and CD86 was labelled with red fluorescence in this experiment [17]. M2 macrophages highly
expressed mannose receptor (MR/CD206) [17], and CD206 was fluorescently labelled in red in this experiment.The results showed
that the expression of CD86, a molecular marker of the M1 subtype macrophage surface, was significantly increased in the lung tissue
of the model group compared with that of the control group(Fig. 2A-B); the expression of CD206, a molecular marker of the M2
subtype macrophage surface, was not significantly increased(Fig. 2C-D). The presentation of CD86, a molecular tag on the surface of
M1 subtype macrophages, was significantly reduced in the hydrogen-treated group compared with the model group(Fig. 2A-B). In
contrast, the expression of CD206, a molecular marker on the surface of M2 subtype macrophages, was significantly increased in
treatment group 2 compared with treatment group 1(Fig. 2C-D). These results indicate that hydrogen can substantially promote the
polarization of macrophages from the M1 subtype to the M2 subtype.

3.4. Hydrogen therapy can significantly inhibit the inflammatory response in radiation-induced lung injury

Immunohistochemistry showed that the expressions of inflammatory cytokines IL-6 and TNF-a in the model group were much
higher than those in the control group(Fig. 3A-D). The expression of IL-6 and TNF-a was much lower in the treatment group than in the
model group(Fig. 3A-D). The expression of IL-10 in the treatment group was higher than in the model group(Fig. 3E-F). These results
suggest that during the inflammatory response to radiation lung injury, M1 subtype macrophages may produce inflammatory mole-
cules, including IL-6 and TNF-a. Hydrogen therapy can significantly reduce the expression of these factors, promote the expression of
anti-inflammatory factors such as IL-10, and prevent the inflammatory response of radiation lung injury.

3.5. Hydrogen therapy can significantly inhibit the NF-xB signalling pathway of inflammatory response

An NF-«B signalling pathway is a classical anti-inflammatory pathway in which NF-«B, as a nuclear transcription factor, can induce
the expression of inflammatory factors in immune cells and is an essential driving factor for the pro-inflammatory function of mac-
rophages, which promotes the polarization of macrophages towards M1 subtype. Inhibition or activation of the NF-kB signalling
pathway significantly affects macrophage polarization. We examined the phosphorylation of NF-kB p65, a protein associated with the
NF-kB signalling pathway. The results of protein immunoblotting showed that P-NF-kB p65/NF-kB p65 increased significantly in the
model group compared with the control group (Fig. 4A-C). Compared with the model group, P-NF-kB p65/NF-kB p65 was reduced
considerably in the hydrogen treatment group (Fig. 4A-C). These results suggest that hydrogen therapy can significantly inhibit NF-xB

Table 1
Comparison of lung function parameters of C57BL/6 mice in each group.
Groups TVb MVb PIFb PEFb EF50
Control group 0.29 =+ 0.02° 138.13 + 17.87° 10 + 0.9* 6.07 + 0.77° 0.4 + 0.07°
Model group 0.24 + 0.02 107.61 +£16.3 8.09 + 0.87 4.95 £ 0.79 0.3 + 0.06
Treatment group 1 0.25 4 0.009 117.73 £ 4.17 8.8 +£0.44 5.6 £0.18 0.35 + 0.02
Treatment group 2 0.27 +£0.01° 137.72 + 8.62 ° 9.33 +£0.59° 6.2 + 0.69 * 0.42 +0.06 °
Note.

& Compared with Model group, P < 0.05.
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Fig. 1. Hydrogen therapy alleviated pathological changes in lung tissue in mice with radiation lung injury.A: HE staining of lung tissue in Control
group mice. In the left picture, the scale bar is 200 pm; the right picture is the enlargement of the left picture (in the blue box), the scale bar is 50 pm
B: HE staining of lung tissue of model group mice. In the left picture, the scale bar is 200 pm; the right picture is a magnification of the local area of
the left picture (in the blue box), and the scale bar is 50 pm C: HE staining of lung tissue from Treatment group 1 mice. In the left picture, the scale
bar is 200 pm; the right picture is a magnification of the local area of the left picture (in the blue box), and the scale bar is 50 pm.D: HE staining of
lung tissue of Treatment group 2 mice. In the left picture, the scale bar is 200 pm; the right picture is the enlargement of the left picture (in the blue
box), the scale bar is 50 pm.

signalling.
4. Discussion

In treating thoracic tumors, radiotherapy has become the primary therapeutic means for treating common thoracic tumors [18].
Radiotherapy often leads to radiation lung injury [1]. The pathological changes of radiation lung injury are mainly inflammatory
reactions, manifested by increased inflammatory cells such as monocytes and neutrophils at the injury site and the secretion of many
pro-inflammatory factors, IL-6 and TNF-a [19]. Radiation lung injury can lead to radiation-induced fibrosis months to years after initial
radiation exposure, closely related to oxidative stress [20]. The two mechanisms of oxidative stress and inflammation interact and
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Fig. 2. Hydrogen therapy can significantly promote macrophage polarization from the M1 subtype to the M2 subtype. A: Immunofluorescence
technique to observe the number of M1 subtype macrophages in mouse lung tissues, scale bar is 50 pm B: Histogram of the expression of M1 subtype
macrophages in mouse lung tissues detected by immunofluorescence. Data are expressed as mean + SD, n = 3.* Compared with the model group, P
< 0.05.# Compared with the treatment group 1, P < 0.05.C: Immunofluorescence technique to observe the number of M2 subtype macrophages in
mouse lung tissues, scale bar is 50 pm.D: Histogram of the expression of M2 subtype macrophages in mouse lung tissues detected by immuno-
fluorescence. Data are expressed as mean + SD, n = 3.* Compared with the model group, P < 0.05.# Compared with the treatment group 1, P
< 0.05.

regulate each other in the progression of radiation lung injury disease [21]. Although the drugs used to treat RILI have been increasing
in recent years, the complications caused by treatment are also inevitable [1,22]. Therefore, it is essential to seek better treatment for
radiation lung injury.

Hydrogen is a new type of antioxidant. Many current studies have confirmed that the intake of hydrogen molecules through various
ways can clear powerful oxygen free radicals, significantly inhibit inflammation, and reduce tissue and organ damage by reducing pro-
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inflammatory cytokines [23-25]. Molecular hydrogen significantly inhibits NF-kB activation to reduce inflammatory responses [26,
27]. It has been reported that hydrogen plays a specific therapeutic role in RILI [28], and hydrogen therapy has a protective effect on
acute and advanced radiation-induced lung injury in vivo. But the exact mechanism still needs to be clarified. Therefore, it is urgent to
study the particular therapeutic agent of hydrogen in RILI and find an effective hydrogen therapy for RILL

Macrophages play an essential role in the body’s immune defence. Macrophages can differentiate into specific functional phe-
notypes, and it is generally accepted that the M1 subtype is pro-inflammatory and is also known as pro-inflammatory macrophage.M1
subtype macrophages can kill pathogens and present their antigens to T lymphocytes to initiate an adaptive response. They produce
high levels of pro-inflammatory cytokines such as TNF-o, IL-6, etc. The activation of the transcription factor NF-kB and nuclear
translocation mainly controls the expression of these pro-inflammatory cytokines [17,29,30]. CD86 molecules can be expressed on the
surface of M1 subtype macrophages. The M2 subtype is anti-inflammatory and is also known as anti-inflammatory macrophages,
which express high levels of the mannose receptor (CD206) [29,30]. The M2 macrophage subtype is induced by immune cells’
secretion of IL-4, IL-10 or IL-13. The M2 subtype of The M2 subtype of macrophages can induce the receptor IL-1R as well as IL-1R
antagonists and produce pro-fibrotic factors such as transforming growth factor beta (TGF-f) and insulin-like growth factor 1
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Fig. 3. Hydrogen therapy can significantly inhibit the inflammatory response in radiation-induced lung injury. A: The inflammatory cytokines IL-6
in the lung tissue were detected by immunohistochemistry. scale bar, 200 pm. B: Histogram of the expression levels of cytokines IL-6 in lung tissue
by immunohistochemistry. Data are expressed as mean + SD, n = 3.*Compared with the model group, P < 0.05. #Compared with the treatment
groupl, P < 0.05. C: The inflammatory cytokines TNF-a in the lung tissue were detected by immunohistochemistry. scale bar, 200 pm. D: Histogram
of the expression levels of cytokines TNF-a in lung tissue by immunohistochemistry. Data are expressed as mean + SD, n = 3.*Compared with the
model group, P < 0.05. #Compared with the treatment groupl, P < 0.05. E: The inflammatory cytokines IL-10 in the lung tissue were detected by
immunohistochemistry. scale bar, 200 pm. F: Histogram of the expression levels of cytokines IL-10 in lung tissue by immunohistochemistry. Data are
expressed as mean + SD, n = 3.*Compared with the model group, P < 0.05. #Compared with the treatment groupl, P < 0.05.

(IGF-1), which actively suppress inflammation and promote repair [17,29].When the body is exposed to ionizing radiation in the early
stage, macrophages will be polarized toward the M1 subtype, generating inflammatory storms to promote the progression of radiation
pneumonia [31]. In the middle and late stages of RILI, macrophages will be polarized towards the M2 type, and M2 subtype mac-
rophages will promote the regression of inflammation and phagocytose apoptotic cells. An NF-kB signaling pathway is a classical
anti-inflammatory pathway in which NF-kB, as a nuclear transcription factor, can induce the expression of inflammatory factors in
immune cells and is an essential driving factor for macrophages to exert pro-inflammatory function, which promotes the polarization
of macrophages towards M1 subtype [32]. It has been documented that inhibition or activation of the NF-kB signaling pathway can
significantly affect the polarization state of macrophages [33,34].

The modelling method of radiation lung injury used in this study is based on the previously published literature of our research
group.In the preliminary experiments of our group, C57BL/6J mice were used as irradiation carriers, and different irradiation doses of
0Gy, 8Gy, 12Gy, 16Gy and 20Gy were used to establish a mouse model of RILI, and mice were dissected 5w, 6w and 7w after
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Fig. 3. (continued).
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Fig. 4. Hydrogen therapy can significantly inhibit the NF-xB signaling pathway of inflammatory response.A-B: Images of NF-kB p65 and P-NF-«xB
65 proteins detected by western blotting.C: Histogram of the Western blot grey values ratio of P-NF-kB p65 to NF-kB p65 proteins. Data are
expressed as mean + SD, n = 3.*Compared with the model group, P < 0.05.

irradiation, respectively. Based on the pathological changes in the lung tissue, we finally used an irradiation dose of 20 Gy to establish a
mouse model of RILI and dissected the mice 5 weeks after irradiation [14]. Therefore,In this study, 6 MV X-ray was used to perform
single chest irradiation on mice with a dose of 20Gy. Compared with the standard control group, the RILI model of mice was suc-
cessfully established through edema and thickening of the alveolar septum in lung tissue, vascular dilation and congestion, and in-
flammatory cell infiltration in the model group [4]. Hydrogen gas is an effective antioxidant and can penetrate the blood-brain barrier
through gaseous diffusion. Hydrogen gas is safe to use at concentrations between 2 and 5%, and inhalation of 3-4% H; gas does not
cause adverse effects [35,36]. Studies have confirmed that 3.3 % hydrogen inhalation can improve and reduce oxidative stress-related
endothelial cell damage after subarachnoid haemorrhage in rats and that 3.2 % hydrogen inhalation for 6 h per day for 21d can
suppress bleomycin-induced decline in respiratory physiology and increase in alveolar fibrosis [37,38].4 % hydrogen inhalation is
generally administered for 10 days [39]. Therefore, the present study used 4 % hydrogen inhalation, reducing the duration to 4h per
day, with a 2-week and 5-week cycle, respectively.The model group was treated with hydrogen inhalation, and lung function changes
were detected by lung function. The pathological changes in lung tissue were observed by HE staining. Macrophage polarization was
observed by immunofluorescence. The expression of inflammatory factors IL-6, TNF-a and IL-10 in lung tissues was detected by
immunohistochemistry. We verified that the lung lesions in the model group were significantly reduced after hydrogen therapy. The
results of immunofluorescence and immunohistochemistry showed that the expression of M1 subtype macrophages in the model group
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was up-regulated, and the major inflammatory cytokines IL-6 and TNF-a were produced. In the treatment group, the expression of M1
subtype macrophages was significantly down-regulated. In contrast, the expression of M2 subtype macrophages was up-regulated, the
inflammatory cytokines IL-6 and TNF-a were significantly reduced, and the expression of the anti-inflammatory factor IL-10 was
elevated.

Therefore, hydrogen therapy promoted the polarization of macrophages to the M2 subtype and alleviated the inflammatory
response of radiation lung injury. To further investigate the protective effects of hydrogen on macrophages and the mechanisms that
promote macrophage polarization, we used protein western blotting to detect the expression of inflammatory response-related sig-
nalling pathways in lung tissue proteins. Due to the presence of tissue proteins that are complex and depleting to extract, we only
validated NF-kB p65 and P-NF-«B p65 protein expression for the available tissue proteins. There was a significant increase in P-NF-xB
p65/NF-kB p65 in the model group compared with the control group. Compared with the model group, P-NF-kB p65/NF-kB p65 was
significantly reduced in the hydrogen treatment group. Hydrogen therapy can dramatically inhibit the activation of the NF-xB
signaling pathway. This experiment used two treatment cycles of 2 weeks and five weeks. Although both treatment cycles could
achieve the effect of alleviating lung injury, the impact was more evident after five weeks of treatment.

The mechanism of hydrogen inhalation to inhibit inflammation is initially explored in this paper, but most of the current studies
remain in the aspect of animal experiments, with fewer clinical trial studies. The study confirms that long-term hydrogen inhalation is
safe for healthy people [40,41]. However, the concentration and duration of hydrogen inhalation affect the therapeutic effect [42-44].
Low H2 concentrations can be used to treat inflammation locally in the eye and in the ear and nose [45], whereas high inhalation
concentrations do not necessarily improve therapeutic efficacy [46,47]. The signalling pathways involved in the treatment of
radiological lung injury are complex, and each pathway interacts with each other, and the specific mechanisms need to be sorted out.
Therefore, future studies need to further explore the mechanism of hydrogen inhalation in the treatment of radiological lung injury,
conduct more extensive clinical studies to verify its safety and efficacy, and provide more evidence for the development of new
anti-inflammatory drugs based on hydrogen inhalation in the future.The limitations of this study are that the hydrogen-regulated
NF-xB signalling pathway has not been fully validated, and the specific mechanisms of its induction have not been thoroughly
investigated.

5. Conclusion

In conclusion, the data in this study suggest that 4 % hydrogen inhalation for 4 h a day for a sustained period has a specific
therapeutic effect on radiological lung injury, and the effect is more pronounced after 5 weeks. We can preliminarily infer that
hydrogen can promote macrophage polarization from M1 to M2 subtypes by inhibiting the NF-«B signalling pathway, thereby reducing
the inflammatory response to radiation lung injury.
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