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Abstract: Objectives: This study investigated the effects and mechanism of high-fat diet on the epithelial-mesenchy-
mal transition (EMT) of respiratory tract and the intervention of saturated hydrogen on it. Methods: 80 five-week-old 
C57BL6/J male mice were randomly divided into normal control group, H2 group, high-fat (HF) group and HF+H2 
group, making 20 mice in each group. The weights of the mice were measured on weekly basis. Six mice from each 
group were executed at every second week. Blood samples were collected for lipid testing. Lung tissues were col-
lected for 16S rRNA gene sequencing, HE staining, immunofluorescence and quantitative real-time PCR (qPCR). 
Results: Compared with the control group, the mice in the HF group showed increased inflammatory cell infiltration, 
decreased expression of e-cadherin (E-cad) and increased expression of Twist. There were significant differences in 
the composition of bacteria in the lung, and the expression of isocitrate lyase (ICL) genes in Pseudomonas aerugi-
nosa, Staphylococcus aureus and Acinetobacter baumannii, which were significantly associated with asthma were 
seen with a significant increasing trend. After the treatment of saturated hydrogen, the changes in lung microbial 
population, lung tissue infiltration of inflammatory cells and the transformation of epithelial stroma caused by high-
fat diet were moderately alleviated. Conclusion: High-fat diet can promote inflammation and EMT in the lung by 
enlarging the growth of glyoxylic acid cycle-dependent bacteria, and the pathological process are partly alleviated 
by saturated hydrogen. 
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Introduction

High-fat diet is not only associated with type 2 
diabetes (T2DM), hypertension and other meta-
bolic diseases, but is also studied to be corre-
lating significantly with asthma and other respi-
ratory diseases. Based on the previous studies, 
the incidence of asthma and asthmatic diseas-
es in children with high-fat diet is significantly 
higher than children without high-fat diet [1, 2], 
however, the pathogenicity underpinning high-
fat diet with asthma is still in the mystery. 
Asthma is a chronic airway inflammatory dis-
ease, which often occurs with airway remodel-
ing [3, 4]. Airway remodeling is based on  
chronic airway inflammation, which leads to  
the irreversible changes of airway structure. 
Subepithelial fibrosis is one of the core charac-

teristics of airway remodeling, which is associ-
ated with the severity of asthma and one of the 
main causes of death in patients with severe 
asthma [5, 6]. Airway epithelial mesenchymal 
transition (EMT) is a cell biological process in 
which epithelial cells are transformed into stro-
mal phenotypes through a specific process, 
which plays an important role in airway remod-
eling of asthma [7]. Early prevention and treat-
ment of airway remodeling and reduction of 
fibrosis in asthmatic patients is an intervention 
that do not only control the level of asthma but 
also enhance the prognosis. 

Modern science is blessed with 16S rRNA gene 
sequencing technology that enhanced microbi-
al characterization and ascertained more than 
30 bacterial species planted in the lungs [8]. 
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Going by the published studies, the diversity of 
microbes in the lung is biological imperative in 
maintaining the normal airway function, and in 
addition to bacterial, fungi and viruses consti-
tute the intrapulmonary microecology. Studies 
based on common respiratory diseases, altera-
tion or changes in the diversity of microbes are 
associated with asthma and pulmonary fibrosis 
[9-11]. A number of studies meet a consensus 
that in respiratory diseases such as asthma 
and chronic obstructive pulmonary diseases 
(COPD), abnormal increase in abundance of 
species such as Pseudomonas aeruginosa, Ac- 
inetobacter baumannii, Staphylococcus aure-
us, Klebsiella pneumoniae, and Haemophilus 
influenzae was found [12, 13].

The glyoxylic acid cycle is a metabolic pathway 
in prokaryotes, lower eukaryotes, and plants, 
and it is essential for the energy metabolism. 
Studies have shown that the glyoxylate cycle 
mostly exists in many opportunistic pathogens. 
These opportunistic pathogens use the host’s 
fatty acid degradation products to synthesize 
substances required for their normal growth 
and reproduction, split macrophages from the 
inside, and then expand in abundance in the 
host [14]. Fatty acids are decomposed into  
acetyl-CoA by beta-oxidation, which form citric 
acid with oxaloacetate produced from two ace-
tates through the glyoxylic cycle. Under the 
action of aconitase, citric acid produces isoci-
trate, which is broken by isocitrate lyase (ICL)  
to produce glyoxylic acid and succinic acid. 
Next, glyoxylic acid and acetyl-CoA produce 
malic acid under the catalysis of malic acid syn-
thetase and malic acid is dehydrogenated to 
oxaloacetic acid under the catalysis of malic 
acid dehydrogenase. The succinic acid pro-
duced in this cycle can be used to synthesize 
sugars and other cellular components, which 
defined ICL as the most critical enzyme in the 
glyoxylic acid cycle [15]. 

Number of studies have shown that viral infec-
tion and high-fat diet can lead to the accumula-
tion of fatty acids in cells. Therefore, we specu-
late that the high-fat airway microenvironment 
caused by high-fat diet leads to an imbalance 
of airway microecology through the promotion 
of the glyoxylate cycles of opportunistic patho-
gens. And the abnormal increase of opportunis-
tic pathogens mediates chronic airway inflam-
mation, thus promoting the occurrence of 
asthma and airway remodeling. 

Hydrogen (H2) has anti-oxidant, anti-inflamma-
tory, and anti-apoptotic properties and is the 
most abundant chemical element in the world 
[16]. In 2007, Ohsawa et al [17] confirmed that 
inhaling 2% hydrogen could lead to selective 
scavenging of hydroxyl radicals (OH) and per-
oxynitrite anions (ONOO-), which significantly 
enhance cerebral ischemia-reperfusion injury 
in rats. After long-term drinking of hydrogen-
rich water by obese mice with T2DM, liver malo-
ndialdehyde level, fat content, blood sugar, and 
blood total glyceride (TG) levels all decreased 
[18, 19], suggesting that H2 could improve met-
abolic disorders of lipids and glucose, as well 
as the metabolic syndrome. Therefore, we use 
saturated hydrogen as a treatment factor to 
explore whether it can improve the EMT indu- 
ced by high-fat diet through regulating intrapul-
monary microecology. 

Materials and methods

Animal grouping

A litter of five-week-old C57BL6/J male mice 
weighing 16-20 g (purchased from Hunan 
Tianqin Biological Technology Co., Ltd.) were 
acclimatized for a week during 12 hrs of a light/
dark cycle at a constant temperature of 25°C 
and supplied with sterile water (once a day). 
The mice were randomized into the control, H2, 
HF and HF+H2 groups (n = 20 each). The mice in 
the Control and H2 groups were fed with sterile 
water and low-fat control feed, while HF and 
H2+HF group animals were given sterile water 
and 60% high-fat model feed (purchased from 
Nantong Trophy Feed Technology Co., Ltd.). 
Additionally, mice in the control and HF groups 
were given 0.5 ml of saline intragastrically once 
a day, and those in the H2 and HF+H2 groups 
were given 0.5 ml of saturated hydrogen saline 
once a day. Saturated hydrogen saline was pre-
pared at the Center of Modern Analysis and 
Detection of Central South University by dis-
solving molecular hydrogen into normal saline 
at high pressure (13.5 Mpa). The formulated 
saturated hydrogen solution was freshly pre-
pared once every week and stored in aluminum 
packaging to ensure the hydrogen concentra-
tion remained > 0.6 mmol/L. The weights of the 
mice were taken once in a week. Six mice from 
each group were sacrificed in the 2nd, 4th, and 
6th weeks from the onset of the experiment. 
Blood, and lung tissues were collected for sub-
sequent analyses. All mice were fed and the 
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samples were collected in sterile condition. 
This study was conducted according to the 
Declaration of Helsinki and approved by the 
Medical Ethical Committee of the Xiangya 
School of Medicine. The same experiments 
were repeated 3 times.

Body weights and blood lipid concentrations in 
peripheral blood

Mice were weighed on day 0, 7, 14, 21, 28, 35, 
and 42, and the figures in kilogram were record-
ed appropriately. Blood samples were collected 
from veins using the eyeball extraction method; 
35 µl of blood was collected from each mouse 
for blood lipid tests according to the specific 
operation steps of blood lipid tester and blood 
lipid test card (Aikang Biotechnology Co., Ltd., 
Hangzhou, China).

Hematoxylin-eosin (HE) staining

After anesthetizing mice with ether, lung tis-
sues were excised and rinsed with a 0.9% sodi-
um chloride solution. The resected lung tissues 
were fixed in a 10% formaldehyde solution for 
48 hrs, embedded in paraffin, and cut into 4 
µm-thick sections. The tissue sections were 
then heated to 60°C for 2 hrs, dewaxed with 
xylene (twice, 15 min each), and dehydrated 
using an increasing alcohol gradient (75%, 
95%, and 100%) for 5 min each. HE staining 
was performed, and the specimens were 
observed for pathological morphology under an 
optical microscope.

Real-time quantitative PCR (qPCR)

Primers were designed using the Primer 
Premier 5.0 program (Supplementary Table 1) 
and synthesized by Dingguochangsheng Bio- 
technology Co., Ltd., Beijing, China. Lung tis-
sues were collected from each mouse of 4 
groups and total RNAs were extracted with 
trizol. RNA purities were analyzed using a nu- 
cleic acid analyzer. cDNA was synthesized by 
reverse transcription and amplified using a 
qPCR kit (TansGen Biotech Technology Co., 
Ltd., Beijing, China) according to the manufac-
turer’s instructions. The reaction mixture con-
sisted of 1.5 µl cDNA, 12.5 µl SYBR Green 
qPCR Master Mix, 1.5 µl each of the forward 
and reverse primers, and diethylpyrocarbonate 
(DEPC) water, making a total volume of 25 µl. 
qPCR cycling conditions were: 94°C for 3 min, 

and 35 cycles of [94°C for 45 s, 51°C for 45 s, 
and 72°C for 45 s], and the relative mRNA 
expression was calculated using the 2-ΔΔCt 
method [20].

Immunofluorescence

Excised lung tissue sections were processed  
as described above and boiled with 0.01 M 
citrate buffer for antigen retrieval. The tissues 
were then washed twice with PBS (3 min each), 
fixed with 4% paraformaldehyde for 5 min, 
washed with phosphate buffered solution (PBS) 
again (same condition as the first wash), 
blocked with normal goat serum for 20 min, 
and incubated overnight with 5 µl of E-cad (bs-
10009R, Beijing Bioss Biological Technology 
Co., Ltd.) or Twist (bs-2441R, Beijing Bioss 
Biological Technology Co., Ltd.) rabbit anti-
mouse primary antibody in a wet box at 4°C. On 
the following day, the tissue sections were 
washed thrice with PBS, incubated with a CY3-
conjugated goat anti-rabbit secondary antibody 
(GB21303, Wuhan Seville Biotechnology Co., 
Ltd.) at room temperature for 1 h, washed three 
times with PBS, and counterstained with 
4’6-diamidino-2-phenylindole (DAPI) (100 ng/
ml) for 10 min. After removing moisture from 
the tissues, the slides were sealed with an anti-
fluorescence quenching agent.

16S rRNA gene sequencing technology

DNA was extracted from lung tissues of the 
mice. The extraction qualities of DNA were 
detected by 0.8% agarose gel electrophoresis, 
and the DNA was quantified by ultraviolet spec-
trophotometer. Primers were designed with 
microbial ribosomal RNA as the target and 
according to the conserved region in the 
sequence. Sample specific Barcode sequences 
were added to further PCR amplification of 
rRNA gene variable regions (single or consecu-
tive multiple) or specific gene fragments. PCR 
amplification was performed by NEB’s Q5 high-
fidelity DNA polymerase, and the number of 
cycles was strictly controlled to keep the num-
ber of cycles as low as possible while ensuring 
the same amplification conditions for the same 
batch of samples. PCR amplification products 
were detected by 2% agarose gel electrophore-
sis, and the target fragments were gelled and 
recovered using AXYGEN gel recovery kit. 
Based on the preliminary quantitative results  
of electrophoresis, fluorescence quantification 
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was performed for the PCR amplification of the 
recovered products. The fluorescent reagent 
was the Quant-ITTM PicoGreen dsDNA Assay Kit 
and the quantitative instrument was the 
Microplate reader (BioTek, FLx800). According 
to the fluorescence quantitative results and the 
sequencing quantity demand of each sample, 
the samples were mixed according to the cor-
responding proportion. Illumina MiSeq sequ- 
encing was used as an example to prepare a 
sequencing Library using Illumina’s TruSeq 
Nano DNA LT Library Prep Kit, and then high-
throughput sequencing was performed on the 
machine (Detected in Shanghai paisenno 
Biotechnology Co., Ltd.).

Statistical analysis

The SPSS21.0 software was used for statistical 
analysis, and the data were expressed as mean 
± standard deviation. The t-test was used for 
comparisons between two groups, variance 
analysis was used for comparisons among mul-
tiple groups, and the least significant differ-
ence (LSD) was used for comparisons between 
intra-group differences. P-value < 0.05 was 
considered statistically significant.

Results

HF diet induced increased body weights and 
dyslipidemia, which were alleviated by satu-
rated hydrogen

As shown in Figure 1A, the average weights of 
the mice in the HF+H2 group on the 42nd day 
was 34.05 ± 2.15 g, 20% higher than that of 
mice in the Control group (27.45 ± 1.15 g), 
meaning that the average weight of mice in the 
HF+H2 group met the weight standard of obese 
mice. The average weights of mice in the H2 and 
HF+H2 groups decreased when compared with 
those in the corresponding Control and HF 
groups, as shown in Figure 1B, indicating that 
saturated hydrogen inhibited the increases in 
body weights of mice.

On day 28, total cholesterol (TC) and low-densi-
ty lipoprotein (LDL) in the HF group increased 
significantly compared with those in the Control 
group, and LDL in the HF+H2 group decreased 
considerably compared with the HF group 
(Figure 1C, 1E). On day 42, TG, TC, and LDL in 
the HF group increased markedly compared 
with those in the Control group, which 
decreased substantially after saturated hydro-

gen treatment (Figure 1C-E). At the same time, 
high-density lipoprotein (HDL) in the HF group 
decreased remarkably compared with the 
Control group, and it increased dramatically 
after saturated hydrogen treatment (Figure 1F), 
suggesting that saturated hydrogen reduces 
the levels of TC, TG, and LDL and increases the 
level of HDL in the peripheral blood of obese 
mice.

HF diet promotes inflammation and EMT, 
which were partly alleviated by saturated 
hydrogen

It can be seen from the HE staining results of 
the lung histopathological sections (Figure 2A) 
that, on day 42, the infiltration degree of inflam-
matory cells around the bronchus in HF group 
increased compared with that of the Control 
group, with a small amount of inflammatory 
cells infiltrating in the lumens and a little shed-
ding of bronchial cilia. Compared with the HF 
group, the pathological changes were decre- 
ased in the HF+H2 group. The results of qPCR 
showed that the expression of E-cadherin was 
significantly decreased, and twist was signifi-
cantly increased in the HF group compared with 
those in the Control group. Compared with the 
HF group, the expression of E-cadherin incre- 
ased, and twist decreased in the HF+H2 group, 
but there was no significant statistical differ-
ence (Figure 2B). The results of immunofluores-
cence were in consistent with the results of 
qPCR (Figure 2C, 2D). These results have 
shown that HF diet can lead to inflammation of 
lung tissue and accelerate the process of EMT 
of respiratory tract. Saturated hydrogen can 
alleviate the inflammation and slow down the 
process of EMT in lung tissue induced by high-
fat diet. 

The diversity and difference of microflora in 
the lungs

The length distribution of 16S rRNA sequencing 
was shown in Supplementary Figure 1. The rar-
efaction sparse curve (Chao1), Specaccum spe- 
cies accumulation curve and rank abundance 
curve in alpha diversity analysis tend to be gen-
tle, indicating that the sequencing depth is 
enough to reflect the diversity and richness of 
the microbial community and the total number 
of OTUs in the community will no longer increase 
significantly with the addition of new samples 
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(Figure 3A). According to the alpha diversity 
index (Chao1, ACE, Shannon, Simpson) (Figure 
3B), we found the Shannon and Simpson index-
es in the HF group were significantly higher 
than those of the Control group. But there were 
no significant differences of these indexes 
between HF+H2 and HF group.

Discriminant analysis by PLS-DA partial least 
squares and beta diversity based on weighted 

UniFrac NMDS UPGMA cluster analysis chart  
of UniFrac distance matrix (Figure 3C) show- 
ed that there were obvious differences in the 
structure of microbial community between the 
HF group and the Control group, and also slight 
differences between the hydrogen treatment 
groups and the non-hydrogen treatment gro- 
ups, however, the differences within the same 
group were small. The results showed that the 
animal classification model was effective. 

Figure 1. HF diet induced increased body weights and dyslipidemia, which were alleviated by saturated hydrogen (n 
= 6). A. Changes of weight with time. B. Weight of mice on day 42. C-F. Represented the changes of TC, TG, LDL and 
HDL in peripheral blood of mice with time. (*P < 0.05, **P < 0.01 and ***P < 0.001 vs. Control; +P < 0.05, ++P < 
0.01 and +++P < 0.001 vs. Control; #P < 0.05 and ##P < 0.01 vs. HF).
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Identification of key microbes with significant 
difference among 4 groups

The number of OTU at different taxonomic level 
was shown in Supplementary Figure 2. Using R 
software, cluster analysis and heat map (Figure 
4A) were made for the first 50 genera of abun-
dance, which showed that there were signifi-
cant differences among different groups. 
Compared with the Control group, the abun-
dance of the common opportunistic pathogens 
Acinetobacter, Pseudomonas, Corynebacteri- 
um, Strepcoccus, Clostridium, Haemophilus 
and Porphyromonas increased significantly in 
the HF group, among which, Acinetobacter, 
Clostridium and Porphyromonas decreased sig-
nificantly after H2 treatment. There was also a 
significant decrease in Bifidobacterium in the 
HF group compared with that of the Control 
group (Figure 4B, 4C). These results showed 
that HF diet significantly alters the diversity of 

microbes in the lungs, inducing opportunistic 
pathogens increased while probiotic microbes 
decreased. Saturated hydrogen can inhibit the 
increases of Acinetobacter, Clostridium and 
Porphyromonas induced by high-fat diet.

Functional prediction of bacterial metabolism

Next, the bacterial metabolism was predicted 
in KEGG, COG and rfam3 functional spectrum 
databases by PICRUSt functional prediction 
analysis. The predicted functional spectrum 
data were clustered according to the abun-
dance distribution of functional groups or the 
similarity between samples, and the functional 
groups and samples were sorted according to 
the clustering results. Using R software, the 
functional groups in the top 50 of the ab- 
undance were clustered and analyzed, and a 
heat map (Figure 5A) was drawn, showing sig-
nificant differences between the HF group and 

Figure 2. HF diet promotes inflammation and EMT, which were partly alleviated by saturated hydrogen (n = 6). A. HE 
staining of lung tissues (400×). B. Showed the expression of E-cad, N-cad, twist, snail and slug mRNA in lung tissues 
on day 42 using qPCR. C. Immunofluorescence of E-cad protein in lung tissues (400×). D. Immunofluorescence of 
twist protein in lung tissues (400×) (*P < 0.05 vs. Control).
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the Control group. R software was used to cal-
culate the number of common functional gr- 
oups of each sample, and the proportion of 
common and unique functional groups of each 
sample were visualized through Venn diagram. 
The results showed that the number of func-
tional groups in the HF group was significantly 
increased compared with the Control group, 
which was decreased after saturated hydrogen 
treatment (Figure 5B). 

Violin diagram was drawn to show the abun-
dance distribution of the predicted functional 
groups in each sample (Figure 5C). The results 
showed that the abundance of bacteria invol- 
ved in cell motility, cell growth and death in HF 
group was increased significantly compared 
with the Control group, while there was no sig-
nificant difference between HF and HF+H2 
group; The abundance of bacteria involved in 
the transcription of genetic information pro-
cessing in HF group was decreased significant-
ly compared with the Control group, while there 
was no significant difference between HF and 
HF+H2 group; The abundance of bacteria in- 
volved in neurodegenerative diseases in HF 
group was increased significantly compared 
with the Control group, while it was significant- 
ly decreased after H2 treatment; The abun-
dance of bacteria involved in lipid metabolism, 
energy metabolism, amino acid metabolism, 
metabolism of terpenoids and polyketides in 
HF group was significantly increased compared 
with the Control group, while the glycan biosyn-
thesis and metabolism, glucose metabolism in 
HF group were decreased compared with the 
Control group. There was no significant differ-
ence between HF and HF+H2 group in these 
changes. The abundance of bacteria involved 
in the body’s immune system in HF group was 
decreased significantly and the endocrine sys-
tem and circulatory system was increased sig-
nificantly compared with the Control group. 
There was no significant difference between  
HF and HF+H2 group in these changes. These 
results suggest that HF leads to significant 
changes in the metabolism of bacterial flora in 

the lungs and saturated hydrogen may play a 
role especially in the decrease of the abun-
dance of bacteria involved in neurodegenera-
tive diseases.

HF promoted the increases of glyoxylic acid 
cycle-dependent bacteria

To investigate whether changes in microbes in 
the lungs of mice on a high-fat diet were due to 
the increases of glyoxylic acid cycle-dependent 
bacteria, we designed primers using the ICL 
sequences, a key enzyme in the glyoxylic acid 
cycle, to detect the expression of ICL genes in 
representative pathogens significantly associ-
ated with the development of asthma. The 
results of qPCR (Figure 6) showed that the ICL 
gene expression in P. aeruginosa, S. aureus 
and A. baumandii in the HF group was signifi-
cantly increased compared with those of the 
Control group, and P. aeruginosa in the HF 
group was significantly decreased after hydro-
gen treatment. These results suggest that HF 
may promote the growth of glyoxylic acid cycle-
dependent bacteria in the lung, while H2 had 
moderate protective effects. However, K. pneu-
moniae, C. albicans and X. maltophilia showed 
no significant changes. 

Discussion

Hyperlipidemia is a significant risk factor asso-
ciated with airway hyperresponsive diseases 
(AHD), but the mechanism remains unclear. In 
the present study, the results obtained from 
qPCR and immunofluorescence showed that 
HF diet induced significant airway inflammation 
and EMT with a significant reduction in the 
expression of E-cad and increase in the expres-
sion of twist, indicating that HF diet may affect 
the occurrence and development of AHD 
through inflammation and EMT. Molecular iden-
tification techniques have shown the presence 
of bacteria in the lower respiratory tract of 
healthy subjects, which is imperative to main-
taining the normal airway function. And chang-
es in airway microflora may trigger many vari-
ous respiratory diseases [21]. Therefore, we 

Figure 3. Sequencing quality and microecological diversity analysis of lung in each group. A. Rarefaction sparse 
curve, Specaccum species accumulation curve and abundance rank curve for Alpha diversity analysis are pre-
sented. B. There are Alpha diversity index (microbial diversity index) Chao1, ACE, Shannon and Simpson statistical 
charts in order. C. It is the principal component analysis graph (PCA), multidimensional scale analysis graph (MDS) 
and sample clustering analysis graph (UPGMA) of Beta diversity analysis. (**P < 0.01 and ****P < 0.0001 vs. 
Control; ++P < 0.01 and ++++P < 0.0001 vs. Control).
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intensively related to respiratory diseases. The 
results showed that the ICL genes of P. aerugi-
nosa, S. aureus and A. baumannii in the lungs 
of mice fed with HF diet had abnormal high 
expression, indicating the HF diet activated  
the glyoxylic acid cycle of these opportunistic 
pathogens. However, we did not find any signifi-
cant changes in ICL genes of fungi, and we 
speculated that this may be associated with 
the antagonistic effect of bacteria on fungi. 

In addition, our results showed that saturated 
hydrogen treatment could alleviate the inflam-
mation and slow down the process of EMT in 
lung tissue induced by HF diet. Moreover, satu-
rated hydrogen could inhibit the growth and 
expansion of Acinetobacter, Clostridium, Por- 
phyromonas and decrease the abundance of 
bacteria involved in neurodegenerative diseas-
es, indicating that saturated hydrogen can in- 
fluence the bacteria and its metabolism in the 
lung. Especially, hydrogen saturation can inhi- 
bit the increase of ICL gene expression of P. 
aeruginosa in the lung induced by HF diet. But 
how does hydrogen regulate the Microbiota in 
the lungs? Studies have shown that H2 can reg-
ulate the level of oxidative stress markers, 
reduce the level of malondialdehyde (MDA), 
4-hydroxynonenal (4-HNE), 8-hydroxy-2 deoxy-
guanosine (8-OHdG), myeloperoxidase (MPO) 
and other lipid peroxidation products, and 
increase the levels of superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase 
(GSH PX) and other antioxidant enzymes. Thus, 
it can selectively neutralize the hydroxyl radi-
cals (OH) and peroxynitrite anions (ONOO-) in 
the body to play an antioxidant role [31-34]. In 
addition, hydrogen can act as a gas signal mol-
ecule and exert anti-inflammatory effect by 
inhibiting MAPK, NF-κB and other signaling 
pathways [35, 36]. Is it indirect act on Micro- 
biota through reducing the pulmonary oxidative 
response or as a messenger molecule to regu-

Figure 4. The difference analysis of microflora in the lung of each group and the identification of key microbes. A. At 
the genus level, cluster analysis of the top 50 bacteria in each sample. Red represents the genus with higher abun-
dance in the corresponding sample, while green represents the genus with lower abundance. B. Cluster analysis 
diagram of taxa with significant differences among groups. From the inner circle to the outer circle are phylum, class, 
order, family, and genus. The fan area represents the abundance of bacteria. C. The abundance of the first 20 taxa 
with the most significant differences in each group. In the figure, the abscissa is the first 20 taxon with the most 
significant difference, and the ordinate is the sequence quantity of each taxon in various groups. The “fat and thin” 
of “violin” reflects the density of sample data distribution, and the wider the width, the more samples correspond-
ing to this sequence quantity. The border of the boxplot represents the Interquartile range (IQR), the horizontal line 
represents the median value, the upper and lower tentacles represent the IQR range of 1.5 times beyond the upper 
and lower quartile, and the symbol “•” represents the extreme value beyond the range.

further identified whether the inflammation and 
EMT were induced by the changes of pulmo-
nary flora and its metabolism. Our results 
showed that HF diet can change the number 
and microbial species in the lung, leading to 
significant increases of some opportunistic 
pathogens such as Acinetobacter, Pseudo- 
monas, Corynebacterium, Strepcoccus, Clost- 
ridium, Haemophilus and Porphyromonas. Th- 
ese increased opportunistic pathogens are 
believed to mediate the occurrence of chronic 
airway inflammation, airway hyperresponsive-
ness and other pathological changes [22].  
After treatment with saturated hydrogen, Ac- 
inetobacter, Clostridium and Porphyromonas 
was significantly reduced. Moreover, the abun-
dance of bacteria involved in cell motility, cell 
growth and death, neurodegenerative diseas-
es, lipid metabolism, energy metabolism, am- 
ino acid metabolism, metabolism of terpenoids 
and polyketides in HF group was increased sig-
nificantly compared with the Control group, 
while the transcription of genetic information 
processing, glycan biosynthesis and metabo-
lism, glucose metabolism and the body’s im- 
mune system in HF group was decreased sig-
nificantly compared with the Control group.  
The increased lipid metabolism and decreased 
body’s immune system may be closely related 
to the occurrence of AHR [23, 24].

Many opportunistic pathogens, which exist gly-
oxylates, can synthesize their own pathogenic 
substances through glyoxylate cycle by using 
the fatty acids in the body, and then amplify  
in the host [25-30]. Number of studies have 
shown that high-fat diet can lead to the accu-
mulation of fatty acids in cells. Therefore, in 
order to investigate whether the imbalance of 
airway microecology during HF diet is caused 
by promoting the glyoxylic acid cycle of opportu-
nistic pathogens, we detected the expression 
of ICL gene of several opportunistic pathogens 
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Figure 5. Prediction of microbial metabolism. A. The heat map of clustering analysis of functional groups in the first 50 abundances. Red represents the functional 
group with higher abundance in the corresponding sample, while green represents the functional group with lower abundance. B. Venn diagram. Each ellipse rep-
resents a set of samples. The overlapping regions between the ellipses indicate the common functional groups among each group, and the number of each block 
indicates the number of common or unique functional groups contained in the block. C. Analysis diagram of KEGG database for prediction of microbial metabolism 
function. In the figure, the abscissa is the second functional group of KEGG, and the ordinate is the relative abundance of each functional group in each group. The 
“fat and thin” of the “violin” reflects the density of the distribution of sample data. The wider the width, the more samples there are under this abundance. The bor-
der of the boxplot represents the Interquartile range (IQR), the horizontal line represents the median value, the upper and lower tentacles represent the IQR range 
of 1.5 times beyond the upper and lower quartile, and the symbol “•” represents the extreme value beyond the range.
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late the body’s immune system or direct act? 
We recommend further in vitro and in vivo stud-
ies to reveal the exact mechanism.

In conclusion, this study found that the HF diet 
can promote the growth of opportunistic patho-
gens via glyoxylic acid cycle, thus inducing 
inflammation and EMT of airway. We report 
here for the first time that saturated hydrogen 
has a significant effect on the growth and 
metabolism of bacteria in the lung, which may 
provide new ideas and research basis as a new 
therapeutic approach.
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Supplementary Table 1. Primers for quantitative polymerase chain reaction
Gene Forward primers (5’-3’) Reverse primers (5’-3’) Product (bp)
nodal ACCATGCCTACATCCAGAGCC CCTGCCATTGTCCACATAAAGC 116
slug AGAAGCCCAACTACAGCGAACT AGCTGCCGACGATGTCCATA 149
snail TTGTAACAAGGAGTACCTCAGCC AGCCAGACTCTTGGTGCTTGT 302
e-cad CGACCGGAAGTGACTCGAAAT TCAGAACCACTGCCCTCGTAAT 188
twist1 CCCACCCCACTTTTTGACGA CAGTGGCTGATTGGCAAGAC 82
n-cad CAATGGAGACTGCACGGACG TCCCGCCGTTTCATCCATAC 135
Candida albicans CATCATCTCAACAAGCCGACAA TGAGCAACGTGGATTGGGTCTA 106
Pseudomonas aeruginosa TCCTGGACTGCATCACCTCG GCTTGGCGTTCGGAATCAC 126
klebsiella pneumonia TGGGCGGTAAAGTGCTGGTT TCCGGTTTCGACGTTTCACA 289
Acinetobacter baumannii AGACGGCGTTATCGTTGCTC CAGAAGCTAAACGAGTTGGACGA 203
Xanthomonas maltophlia GAAGGCATCCAGCGCAACT GGTGTTGTTGATGCGCTTGAC 312
Staphylococcus aureus AAGGGGAATCAGCGGGAGA TTGTCCGCCTTTACCACTGTG 248
β-actin GTGACGTTGACATCCGTAAAGA GTAACAGTCCGCCTAGAAGCAC 287

Supplementary Figure 1. Distribution of sequence length. The abscissa is the length distribution of all sample se-
quences, and the ordinate is the total number of sequences corresponding to each length value.
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Supplementary Figure 2. Statistical results of OTU in each group. A-F was the number of OTU of each group at each 
taxonomic level. (*P < 0.05 and **P < 0.01 vs. Control).


