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lipopolysaccharide-induced acute respiratory distress syndrome in rats by 
regulating haptoglobin
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ABSTRACT
Special electromagnetic field-treated water (SEW) and far-infrared radiation (FIR) can reduce acute 
respiratory distress syndrome (ARDS) in rats inflicted by lipopolysaccharides (LPSs). However, little 
is known about its underlying molecular mechanism. Differentially expressed proteins (DEPs) of 
SEW and FIR interventions were obtained from a proteomics database. A total of 89 DEPs were 
identified. Enrichment analysis of DEPs was performed using the Database for Annotation, 
Visualization, and Integrated Discovery. These DEPs were associated with the responses to LPSs, 
acute inflammation, extracellular exosomes, glucocorticoids, and electrical stimuli. The protein- 
protein interaction network was set up using the STRING database. Modular analysis was per-
formed using MCODE in the Cytoscape software. Proteins Haptoglobin, Apolipoprotein B, 
Transthyretin, and Fatty acid binding protein 1 were among the core networks. A tail vein 
injection of LPS was used to establish the rat model with ARDS. Parallel reaction monitoring 
confirmed Hp protein expression. Inflammatory pathway factors were detected using an enzyme- 
linked immunosorbent assay. This indicates that SEW and FIR can be considered as potential 
clinical treatment methods for ARDS treatment and that their functional mechanisms are related 
to the ability of alleviating lung inflammation through Hp protein adjustment.
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1 Introduction
Acute respiratory distress syndrome (ARDS) 
occurs due to a combination of multiple intrapul-
monary and extrapulmonary causes with respira-
tory distress and progressive hypoxemia as the 
main clinical manifestations [1], which have 
attracted substantial attention due to its high mor-
tality rate. The mortality rate of patients with 
severe ARDS is as high as 40% or more [2]. The 
coronavirus disease 2019 pandemic has caused an 
increase in ARDS and highlighted challenges asso-
ciated with this syndrome [3]. Scientists are con-
stantly trying new ways to explore the 
pathogenesis of ARDS, such as consensus analysis 
via weighted gene co-expression network analysis, 
revealing genes participating in the early phase of 
sepsis-induced ARDS [4]. Several researchers have 

confirmed that it is an excessive inflammatory 
reaction mediated by cells and body fluids on the 
alveolar capillaries, and its development process 
can be summarized as the migration and aggrega-
tion of inflammatory cells and excessive release of 
inflammatory mediators, which in turn leads to an 
increase in alveolar permeability [5]. In the United 
States, approximately 200,000 patients suffer 
ARDS each year, causing nearly 75,000 deaths, 
which have exceeded breast cancer or human 
immunodeficiency virus infection [6].

Special electromagnetic field-treated water (SEW) 
is a type of functional water treated using an ultra-
low-frequency magnetic field, that is, the physical 
and chemical characteristics of ordinary drinking 
water have been changed, such as smaller water 
molecular clusters and higher dielectric constants 
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[7]. The safety evaluation experiment on SEW found 
that SEW is safe and nontoxic and can improve the 
body’s immunity [8]. As a type of physical therapy, 
far-infrared radiation (FIR) can improve local blood 
circulation, strengthen tissue metabolism, promote 
swelling subsidence, and treat inflammatory diseases 
[9]. FIR may promote wound site healing by stimu-
lating transforming growth factor-beta secretion or 
fibroblast activation [10]. Previously, we demon-
strated that SEW and FIR can significantly alleviate 
lung and tissue damage by decreasing inflammatory 
cell infiltration [11]. Experiments revealed that the 
protective effect of SEW and FIR on endotoxin- 
induced ARDS may result from their role in redu-
cing the levels of interleukin (IL)-1β and IL-6 in 
serum and the expression level of nuclear factor 
kappa-B (NF-κB) signaling pathways in lung tissue 
[12]. Other studies have reported that SEW and FIR 
have protective effects on lipopolysaccharide (LPS)- 
induced ARDS in rats, which may be related to the 
increased expression of IL-4 in serum [13]. As 
a physical intervention method, SEW and FIR can 
interfere with biochemical mechanisms in vivo in 
many ways. To comprehensively analyze the thera-
peutic mechanism of SEW and FIR, we used proteo-
mic methods to screen the different proteins among 
groups, enrich and analyze the different biological 
functions, and explore the potential effects of SEW 
and FIR, followed by validation of key proteins with 
significantly different biological functions to further 
clarify some of the mechanisms underlying SEW and 
FIR. Generally, we used proteomics data combined 
with in vivo experiments to verify the mechanism of 
SEW and FIR in preventing and treating LPS- 
induced ARDS in rats (Figure 1).

2 Materials and methods

2.1 Data preparation and processing

The proteomics data file was downloaded from the 
proteomics database website (www.iprox.cn) using 
the data ID: IPX0002375000. The lung tissue was 
cleaved into peptides, which were further purified 
and quantified. 8 standard reagent was used for dark 
incubation at marked room temperature. Finally, 
one-dimensional LC-MS analysis was performed 
on the vacuum dried samples as previous published 
[14]. Data used in this study were the proteomic 

expression data of the lung tissues of the sham, 
model, and SEW and FIR groups (6 rats in each 
group). R Studio version 3.6.2 was used to calculate 
the differential proteins and to draw the figures. The 
fold change that meets the model/sham group 
<0.833, SEW and FIR/model group >1.1, or model/ 
sham group >1.2, and SEW and FIR/model group 
<0.909 are differentially expressed proteins (DEPs).

2.2 Gene Ontology (GO) analysis and 
protein-protein interaction (PPI) network module 
analysis

The Database for Annotation, Visualization and 
Integrated Discovery (DAVID) (https://david. 
ncifcrf.gov/) was used for gene function enrich-
ment and pathway analysis of differential proteins, 
and P value scoring was performed according to 
the degree of correlation between differential pro-
teins and biological functions or pathways, with 
R language for graphic display. The PPI network 
of DEPs was constructed using the STRING 11.0 
(http://string-db.org/) tool, and the core of the 
protein network was analyzed using the MCODE 
function of Cytoscape 3.5.1.

2.3 Experimental animals

In total, 18 6-week-old male Sprague-Dawley rats 
with an average weight of 180 ± 10 g were provided 
by Beijing Huafukang Biotechnology Co., Ltd., with 
license no. SCXK (Beijing) 2019–0008. The rats were 
maintained at the Barrier Laboratory of the 
Experimental Animal Center of Dongzhimen 
Hospital of Beijing University of Chinese Medicine. 
During the experiment, the laboratory temperature 
was set between 22°C and 24°C, and the humidity 
was fixed between 50% and 70%, whereas the same 
standard of ordinary pellet feed was given to the rats 
while feeding in separate cages. All animal experi-
ments in this study were conducted in accordance 
with the relevant guidelines and regulations and 
were approved by the Experimental Animal 
Welfare and Ethics Committee of Dongzhimen 
Hospital of Beijing University of Chinese Medicine 
(ID: 19–54). Moreover, all experimental animals 
were used and treated to minimize pain.
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2.4 Main reagents and instruments

The following reagents were used: Escherichia coli 
LPS (Sigma L6511), rat haptoglobin (HP) ELISA 
Kit (Jiangsu Proteome Biotech Co., Ltd., MB- 
1920A), rat IL-1β ELISA kit (Jiangsu Proteome 

Biotech Co., Ltd., MB-1588A), and rat IL-6 
ELISA Kit (Jiangsu Proteome Biotech Co., Ltd., 
MB-1731A). A BH2 biological microscope 
(Olympus, Tokyo, Japan) and LTQ Orbitrap 
Fusion Lumos and Easy-n LC 1000 upgraded 

Figure 1. The workflow of the study.
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liquid chromatography (Thermo Scientific, USA) 
were utilized. The preparation instrument for SEW 
was Junfeng BFS water treatment and healthcare 
device JF-118B, whereas that for FIR is Junfeng 
BFS treatment & healthcare device JF-802.

2.5 Experimental animal grouping

The experimental animals were randomly divided 
into three groups with six animals in each group: 
the sham, model, and SEW and FIR groups, which 
were weighed and recorded daily. The sham and 
model groups were administered with distilled 
water at a daily volume of 1 mL/100 g, whereas 
the SEW and FIR group was administered with 
SEW at a daily volume of 1 mL/100 g and irra-
diated with FIR for 30 min. On day 7 after 6 h of 
intragastric administration, the sham group was 
injected with 2 mg/kg normal saline, whereas the 
model and SEW and FIR groups were injected 
with 2 mg/kg LPS solution through the tail vein. 
After 16 h, the rats in all three groups were 
allowed to fast for 8 h and dissected under 
anesthesia. The animals were euthanized by an 
intraperitoneal injection of 50 mg/kg pentobarbital 
sodium. The ARDS animal model was adminis-
tered with LPS through a single intravenous injec-
tion to induce a systemic inflammatory response, 
which is the most common cause of ARDS. The 
phenotype of this animal model is consistent with 
the pathological features of ARDS lung tissue, and 
the modeling method is stable [14].

2.6 Pathological observation of lung tissue

Hematoxylin-eosin (HE) staining of the right 
lower lung was performed, and the following 
indices were observed under a light microscope: 
changes in the alveolar septum of the rats, degree 
of inflammatory cell infiltration, congestion and 
edema of pulmonary capillaries, and other histo-
morphological changes. The pathological condi-
tions of lung tissues in each group were observed 
under a microscope through tissue section, con-
ventional dewaxing, hematoxylin staining, color 
separation, dehydration, and film sealing. 
Pathological sections of lung tissue and HE stain-
ing were performed at the Pathology Department 

of Dongzhimen Hospital of Beijing University of 
Chinese Medicine.

2.7 Parallel reaction monitoring (PRM) analysis

The right lung accessory lobe of rats in each group 
was subjected to trypsin enzymolysis. The poly-
peptide concentration was determined using the 
bicinchoninic acid method. Differential proteins 
were selected and screened for PRM polypeptides 
using Skyline 3.6 software. Eighteen samples were 
verified separately, and each was analyzed with the 
schedule mode for the polypeptide to be verified. 
Independent retention time standard peptide ana-
lysis was added to each sample, and technical 
replicates were performed twice for each sample. 
Different groups of samples were mixed and inter-
spersed with mass spectrometry to reduce sys-
tematic errors. In the Skyline software, the 
correct peak was manually selected, polypeptide 
results of all samples were derived, and then quan-
titative analysis was conducted.

2.8 Inflammatory pathway factors were detected 
by enzyme-linked immunosorbent assay (ELISA)

After centrifugation at 3,000 rpm for 20 min, the 
supernatant of the bronchoalveolar lavage fluid 
(BALF) was collected and stored in a − 80°C 
refrigerator. As detected by ELISA according to 
instruction, the coated microbodies, which were 
previously coated with protein antibodies, were 
sequentially added with specimens, standards, 
and labeled detection antibodies, and then they 
were incubated and thoroughly washed. The 
absorbance was measured at 450 nm using a micro-
plate reader to determine the sample 
concentration.

2.9 Statistical analysis

Data are presented as mean ± standard error or 
standard deviation, as indicated in the legends. 
Data processing was performed using the SPSS 
20.0 statistical software package. Statistical differ-
ences were determined by one-way analysis of 
variance or Mann-Whitney U-test using SPSS ver-
sion 22. Differences were considered significant at 
P < 0.05.
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3 Results

SEW is a type of functional water treated by an 
ultralow-frequency magnetic field, which is safe 
and nontoxic and can improve the body’s immu-
nity. As a type of physical therapy, FIR can 
improve local blood circulation, strengthen tissue 
metabolism, promote swelling subsidence, and 
treat inflammatory diseases. Our results reveal 
that SEW and FIR can reduce ARDS in rats 
inflicted with LPS. Therefore, to comprehensively 
analyze the action of SEW and FIR treatment, we 
used proteomics data combined with in vivo 
experiments to verify the mechanism of SEW and 
FIR in preventing and treating LPS-induced ARDS 
in rats. DEPs from the SEW and FIR intervention 
were obtained from a proteomics database. 
Enrichment analysis of DEPs was performed 
using DAVID. The PPI network was set up using 
the STRING database. Modular analysis was per-
formed using MCODE from the Cytoscape soft-
ware. Tail vein injection of LPS was used to 
establish the ARDS rat model. PRM confirmed 
the associated candidate proteins. Moreover, the 
protein expression of related pathways of biomar-
kers was detected by ELISA.

3.1 SEW and FIR affected protein expression in 
lung tissue of rats with ARDS

A total of 2,786 credible proteins were identified 
and quantified by two repeated tandem mass tag 
labeling experiments. Cluster thermogram results 
showed that no significant differences in protein 
expression were observed in the same groups, 
but a significant difference was observed 
between the groups (Figure 2). Among them, 
35 proteins decreased in the model group com-
pared with that in the sham group (model/sham 
<0.833) and increased in the SEW and FIR 
group compared with that in the model group 
(SEW and FIR/model >1.1), and 54 proteins 
increased in the model group compared with 
that in the sham group (model/sham >1.2) and 
increased in the SEW and FIR group compared 
with that in the model group (SEW and FIR/ 
model <0.909), whereas a total of 89 DEPs, 
recovered by SEW and FIR, were changed sig-
nificantly in the model group compared with 

that in the sham group (Figure 3). To clearly 
identify the names of the DEPs, TBtools were 
used to display a circle heat map [15].

3.2 GO enrichment analysis of DEPs

GO function annotation and enrichment (Biological 
process (BP), Cellular component (CC), Molecular 
function (MF)) analysis of DEPs in lung tissues of 
rats in SEW and FIR group and model group 
revealed that the differential proteins were involved 
in 38 biological functions (P < 0.05) and 23 biologi-
cal processes (P < 0.05), including: wound healing, 
response to LPS, acute inflammatory response, sig-
nal transduction, sarcomere organization, response 
to inorganic substance, positive regulation of pha-
gocytosis, regulation of cell shape, response to glu-
cocorticoids, and response to electrical stimulus. 12 
cell components were enriched (P < 0.05), that is, 
the cytosol, polymerase II transcription factor com-
plex, endoplasmic reticulum membrane,, extracellu-
lar exosome, insulin-like growth factor ternary 
complex, cytoskeleton, cytoplasm, stress fiber, and 
ruffle membrane (Figure 4). The main functions can 
be summarized as wound healing, inflammatory 
response, sarcomere tissue function, phagocytosis 
and enzyme activity.

3.3 PPI construction and core protein selection 
of DEPs

We analyzed 89 DEPs in the STRING database, 
set medium confidence to 0.4, hide disconnected 
nodes in the network, analyzed PPI using 
MCODE in Cytoscape across the entire network, 
set the degree cutoff to 2, and obtained the core 
network structure with the highest score. The 
following were obtained: score 3.333, nodes 4, 
edges 5, and core proteins Hp, Apob, Ttr, and 
Fabp1 (Figure 5).

3.4 SEW and FIR alleviated pathological injury 
of lung tissue in rats with ARDS

Compared with the sham group, rats in the 
model group had edema in the alveoli and 
pulmonary interstitium, with a large number 
of inflammatory cell infiltrations, thickening of 
alveolar walls, reduction and deformation of 

6812 C. LUO ET AL.



alveolar cavity, partial alveolar collapse, and 
a large amount of secretions in the bronchial 
and alveolar cavities, including red blood cells, 
congestion, and edema of pulmonary capil-
laries. The pathological changes in the lung 
tissue of rats in the SEW and FIR group were 
less severe than those in the model group, 
showing a small amount of inflammatory cell 
infiltration, less alveolar collapse, less bleeding, 
exudation, etc. (Figure 6).

3.5 SEW and FIR interfered with Hp-mediated 
acute inflammation

Based on the results of proteomics, enrichment 
analysis and PPI, Haptoglobin (Hp) was selected 
for verification. PRM analysis showed that. Hp 
increased in model group compared with Sham 
group, and recovered after SEW&FIR interven-
tion (Figure 6a). In the GO enrichment analysis, 
Hp mainly involved gene functions such as 
responses to LPS, acute inflammation, 

Figure 2. A cluster heat map of each protein identified by two repeated tandem mass tag labeling.
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extracellular exosome, glucocorticoid, electrical 
stimulus, starvation, and heat (Figure S1). 
ELISA results also showed that compared with 
the sham group, the expression level of Hp in 
BALF in the model group was significantly 
increased (P < 0.01). Compared with the model 
group, the expression level of Hp in the SEW 
and FIR group was significantly decreased 
(P < 0.01) (Figure 7). Compared with the sham 
group, the expression level of IL-1β in BALF was 
significantly increased in the model group 
(P < 0.01). Compared with the model group, 
the expression level of IL-1β in the SEW and 
FIR group was significantly decreased (P < 0.01) 
(Figure 6c). Compared with the sham group, the 
expression level of IL-6 in BALF was signifi-
cantly increased in the model group (P < 0.01). 
Compared with the model group, the expression 
level of IL-6 in the SEW and FIR group was 
significantly decreased (P < 0.05) (Figure 6d).

4 Discussion

ARDS is mainly treated with protective mechan-
ical ventilation and restrictive fluid management 
to support the treatment and control the primary 
disease. There are no special treatment methods or 
drugs to regulate excessive immune responses 
(inhibit uncontrolled activation of macrophages 
and neutrophils) and protect and reduce extensive 
endothelial barrier damage. Some drugs used in 
clinics, such as glucocorticoids, have uncertain 
prognoses due to differences in the timing, dosage, 
and target [16]. The curative effect and prognosis 
of extracorporeal membrane oxygenation are also 
unstable, and the treatment risks and costs are 
extremely high [17,18]. Stem cells can reduce 
lung injury and enhance lung tissue repair with 
certain therapeutic potential, but effective clinical 
evidence is still lacking [19,20]. Drugs such as 
β2-agonists, statins, and keratinocyte growth fac-
tors have achieved certain therapeutic effects in 

Figure 3. Upregulation (red) and downregulation (blue) of protein expression in the circle heat map of 89 DEPs.
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animal experiments, but they have not achieved 
satisfactory effects in clinical applications and have 
serious clinical side effects [21–23]. A study on 
transcriptome analysis predicts drug candidates 
for sepsis-induced ARDS; doxorubicin could be 
a potential therapeutic for sepsis-induced ARDS 
by targeting TOP2A. However, this is only 
a statistical analysis and requires further investiga-
tion and validation [24]. Therefore, a safe and 

effective treatment method based on an in-depth 
discussion of the pathogenesis of ARDS is urgently 
needed.

SEW and FIR, as a physical intervention factor, 
can reduce the pathological damage of lung tissue 
in LPS-induced ARDS in model rats and reduce 
the expression of inflammatory cytokines in serum 
and inflammatory pathway proteins in the lung 
tissue. SEW is a small molecular water, which 

Figure 4. The 23 biological processes, 12 cell components, and three molecular functions. The size of the dot represents the number 
of genes contained in the GO function; the color represents the P value. The redder the color, the smaller the P value, and the 
greener the color, the larger the P value.
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has the capacity to change its chemical properties, 
such as the pH value and ions. Many chemical 
reactions in the human body occur when water is 
used as a solvent, and as infrared intervention 
matches the human body frequency, the thermal 
and electromagnetic effects of FIR also affect the 
properties of proteins in the human body, which is 
a multitarget regulation. FIR is a form of thermal 
radiation that may have beneficial effects on car-
diovascular health. Animal studies have shown 
that far-infrared mechanisms include the activa-
tion of oxidative stress and heat shock proteins. 
Clinical studies have shown that FIR may have 
therapeutic effects on heart failure and myocardial 
ischemia and may improve the flow rate and sur-
vival rate of arteriovenous fistulas [25], implying 

that FIR may have a certain recovery effect on 
inflammation injury in living organisms. 
Proteomics research methods were adopted to 
further explain the mechanism of the SEW and 
FIR intervention.

Experimental data showed that after the SEW 
and FIR intervention in model rats, there were 89 
DEPs, of which 54 were upregulated and 39 were 
downregulated. The enrichment analysis of the 
functional annotation of GO proteins differentially 
expressed in lung tissues of rats in the SEW and 
FIR and model groups revealed 38 biological func-
tions, including 23 biological processes, 12 cellular 
components, and three molecular functions. The 
main functions include wound healing, inflamma-
tory response, sarcomere tissue function, 

Figure 5. Topological screening for the PPI network.

Figure 6. Lung tissues subjected to HE staining and observed under a light microscope at 200× and 400× magnifications. 
Representative images of each group are shown at scale bars of 100 μm and 50 μm. Sham indicates the sham group, model as 
the ARDS rat model control, and special electromagnetic field-treated water (SEW) and far-infrared radiation (FIR) as the SEW and FIR 
group.
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phagocytosis, and enzyme activity. This echoes 
previous research. Bioceramic is a type of FIR 
that can launch high-performance materials and 
has been shown to have certain biological effects 
in vivo and in vitro, including amphibian move-
ment in muscle cells against oxidative stress and 
prevention of the anti-inflammatory analgesic 
mechanism of skeletal muscle fatigue. Positron 
emission tomography monitoring under LPS 
injection has been used in rabbits with inflamma-
tory arthritis [26]. Infrared rays have a stimulatory 
effect on skin wound healing [27]. Among the 
various proteins, the network nodes that have 
core functions have been screened out, verifying 
the main function of the Hp gene. Hp is 
a conservative protein synthesized mainly in the 
liver and lungs and is a potential biomarker of 
many diseases [28]. Hp, as an antioxidant, has 
antibacterial properties and plays multiple roles 
in modulating the acute phase response. Hp is 
a rich hemoglobin-binding protein present in the 
plasma. It primarily determines the fate of hemo-
globin after intravascular or extravascular 

hemolysis of red blood cells [29]. Furthermore, 
Hp is related to the development of several dis-
eases, like cardiovascular disease, psoriasis, chronic 
pancreatitis, Parkinson, and myelofibrosis [30–34].

Hp participates in the enrichment of differential 
proteins, including LPS and acute inflammatory 
response, which indicates that SEW and FIR can 
alleviate the systemic inflammatory response caused 
by LPS, especially in the lungs, by regulating Hp 
reduction. In summary, LPS activated immune cyto-
kines (IL-1B, IL6), induced the expression of HP, 
and further induced acute inflammatory response, 
and then caused the Acute respiratory distress syn-
drome. SEW & FIR could reduced the expression 
and immune cytokines (IL-1B, IL6) and HP, and 
alleviate systemic inflammatory response caused by 
LPS (Figure 8). Additionally, SEW and FIR may also 
play a role in regulating biological functions such as 
responses to extracellular exosome, electrical stimu-
lus, and heat through Hp. Although physical factors 
cannot be used as drugs to directly combine with the 
target protein of the disease, they can change the 
occurrence of chemical reactions by changing the 

Figure 7. (a) The result of PRM verification. Compared with the model group, the expression of Hp was restored after treatment with 
SEW and FIR, n = 6. (B, C, and D) The result of ELISA. Compared with the sham group, the expression level of Hp, IL-6, and IL-1β in 
BALF in the model group was significantly increased (P < 0.01). Compared with the model group, the expression level of Hp, IL-6, 
and IL-1β in the SEW and FIR group was significantly decreased.
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properties of solvents and changes in temperature 
and magnetic fields; thus, they can change the 
expression of related proteins to play a role in inter-
vening diseases. Our results suggest that SEW and 
FIR are potential treatments for ARDS. Current stu-
dies show that the therapeutic effect of SEW and FIR 
is mainly to reduce the inflammatory response, pos-
sibly through the regulation of the Hp protein. The 
effect of SEW and FIR and the differential analysis of 
lung tissue protein expression were verified only by 
animal experiments at the lung tissue level, and its 
mechanism of action could be further explored 
through cell experiments.

5 Conclusion

In conclusion, SEW and FIR can improve patho-
logical hemorrhage and edema in the lung tissue of 
rats with ARDS induced by LPS and reduce 
inflammatory cell exudation. We speculate that 
the protective effect of SEW and FIR on endo-
toxin-induced ARDS may result from their role 

in regulating the Hp proteins, which are associated 
with the acute inflammatory response.
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