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We studied the lung-protective effect and mechanisms of the anti-inflammatory and antioxi-
dant effects of ultra-short-wave diathermy (USWD) in a rat model of LPS-induced acute lung 
injury. Histological examination of the lung tissues was performed and the levels of oxidative 
stress-related factors and inflammatory cytokines were measured. It was shown that the lung 
injury score, the lung wet-to-dry weight ratio (W/D), oxidative stress-related factors malondi-
aldehyde and acyl-CoA synthetase long-chain family member 4 (ACSL4), and inflammatory 
cytokines were increased after LPS administration, while USWD treatment reduced these 
parameters. In addition, superoxide dismutase and glutathione peroxidase 4 were decreased in 
rats with LPS-induced acute lung injury, while USWD therapy up-regulated the expression of 
these enzymes. Thus, USWD could antagonize lung injury by inhibiting oxidative stress and 
inflammatory response in rats with acute lung injury. USWD can be a promising adjunctive 
treatment to counter oxidative stress and inflammation and a potential therapeutic candidate 
for the treatment of patients with this pathology.
Key Words: ultra-short wave diathermy therapy; acute lung injury; oxidative stress; in-
flammation
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Acute lung injury (ALI) leads to acute respiratory dis-
tress syndrome (ARDS) characterized by high mor-
bidity and mortality. The critical pathological charac-
teristics of ALI include accumulation of neutrophils, 
interstitial edema, and damage to the alveolar epithe-
lium of the lungs [9]. Despite great efforts to find new 
and/or more effective treatments for ALI and ARDS 
and discovery of pathological factors, mortality re-
mains high [8]. Ultra-short wave diathermy therapy 
(USWD) is one of the oldest forms of electrotherapeu-
tic modality traditionally used by physical therapists 
to treat various inflammatory diseases. Many studies 
have demonstrated that USWD is capable of relieving 
the inflammation and has been suggested as promising 
adjuvant to drug-based therapies [15]. The beneficial 

effects of USWD in ALI patients were also reported, 
however, the mechanisms underlying these effects are 
still largely unknown.

The physiological effects attributed to USWD in-
clude increased regional blood flow, decreased soft 
tissue pain and stiffness, reduced inflammation, re-
lieved edema, and healed wounds, which are probably 
a result of the ability of cells to absorb energy from 
oscillating electrical fields of defined frequencies and/
or amplitudes [11]. Due to anti-inflammatory property 
of USWD, its application for the treatment of ALI 
patients has increased dramatically in the last 20 years 
[15]. The pathophysiological process of ALI is rec-
ognized as an excessive, uncontrolled inflammatory 
response in the lungs. Oxidative stress followed by 
hyperinflammation described as the “cytokine storm” 
can cause the ALI and has been regarded as the trigger 
of lung injury [3]. Many clinical studies have verified 
the protective effects of USWD on the lungs in ALI 
patients (Zhang, et al., 2003). However, whether these 
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effects are related to the regulation of inflammation 
and oxidative stress in the lungs remains to be inves-
tigated.

This study aimed to ascertain whether USWD 
could antagonize the oxidative stress and inflammatory 
response in rats with LPS-induced ALI. To this end, 
oxidative stress-related factors superoxide dismutase 
(SOD) and malondialdehyde (MDA), LPO-related 
factors acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4) and glutathione peroxidase 4 (GPx4), 
inflammatory cytokines were measured and lung his-
topathology was studied.

MATERIALS AND METHODS

Animal model and experimental design. Male 
Sprague-Dawley rats (n=18, age 3 months, weight 
333-505 g) were purchased from Hunan Slack Jingda 
Experimental Animal Co., Ltd. The animals were ran-
domly divided into three groups (6 rats per group): 
control, ALI without treatment, and ALI+USWD treat-
ment. The rats were housed in cages under controlled 
conditions (55±5% relative humidity, 24±2°C, and a 
12/12 h light/dark cycle) with unrestricted access to 
water and food for at least 7 days before ALI model-
ing. ALI was modeled by intratracheal instillation of 
LPS (5 mg/kg, 5 mg LPS was dissolved in 5 ml PBS). 
Rats of the control group received an equal amount of 
PBS via the same route [3] (Chimenti, et al., 2017). 
In 24 h after instillation of LPS or PBS (control), the 
rats were sacrificed under chloral hydrate (300 mg/kg)  
anesthesia.

All experimental procedures and protocols were 
approved by the Ethics Committee of the First Affili-
ated Hospital of University of South China (Medical 
Experimental Animal Number: SCXK 2019-0004).

USWD therapy. USWD was performed for 
15 min immediately and 4 and 8 h after ALI modeling 
using an ultra-short wave diathermy device (Shanghai 
Electrical Device Company; frequency 40.68 MHz, 
intensity 50 mA, maximum output power 11.32 W). 
A pair of disc electrodes were placed bilaterally at a 
distance of 2 cm from the skin. All rats in LPS and 
ALI groups received fake USWD exposure.

Histopathology. After sacrifice, the lungs were 
isolated and immediately divided into lobes. The 
right upper lobe was weighed on a weighing disk 
(wet weight, W) and then dried in a constant tem-
perature oven at 60℃ for 48 h until constant weight 
(dry weight, D). The lung wet/dry weight ratio (W/D) 
was calculated to evaluate the severity of ALI. The left 
lower lobe was fixed in 4% paraformaldehyde and em-
bedded in paraffin. Then, the samples were sectioned, 
stained with hematoxylin and eosin, and examined 
under a GX53 light microscope (Olympus) at ×200. 

The lung injury was scored using a semiquantitative 
scoring system [14] by the following parameters:  
1) alveolar congestion, 2) hemorrhage, 3) infiltration 
or aggregation of neutrophils in airspace or vessel 
wall, and 4) thickness of alveolar wall/hyaline mem-
brane formation. Each parameter was given one of 
the following scores: 0, no injury or minimal injury; 
1, mild injury (<25%); 2, moderate injury (<50%); 3, 
severe injury (up to 75%); and 4, very severe injury 
(up to 100%). The lung injury score was a sum of four 
parameters (total score: 0-16).

Western blotting. The protein levels of ACSL4 
and GPx4 were assessed by Western blotting. Tissue 
samples of the right lower lobe of the lung were ho-
mogenized in RIPA lysis buffer (Beyotime). Protein 
concentration was measured using the BCA protein 
assay kit (Beyotime). The proteins in the cell lysates 
were separated by SDS-PAGE and transferred to PVDF 
membranes (Millipore). The primary antibodies were 
as follows: rabbit anti-ACSL4 (ab227256, Abcam), 
rabbit anti-GPx4 (ab125066, Abcam), and mouse an-
ti-β-actin (66009-1-Ig, Proteintech). Subsequently, 
the membranes were probed with horseradish peroxi-
dase-conjugated secondary antibodies (sc2357, Santa 
Cruz Biotechnology). The densities of the bands on 
the membranes were visualized by enhanced chemilu-
minescence (ChemiDoc XRS+, Bio-Rad), followed by 
exposure to X-ray film (RX-U, Fujifilm). The results 
were finally quantified using ImageJ software and ex-
pressed as a ratio to β-actin protein.

RNA extraction and real-time quantitative 
PCR (RT-qPCR) assay. We used RT-qPCR for eval-
uation of mRNA expression of ACSL4 and GPx4. The 
total RNA was extracted from the lung tissues of the 
right lower lobe using TRIzol reagent (Invitrogen). 
RT-qPCR was performed with a First-Strand cDNA 
Synthesis Kit (Fermentas) using an FTC-2000 Re-
al-Time PCR Machine (Funglyn). An equal amount 
of β-actin mRNA was used as an internal standard 
(Proteintech). Primers for ACSL4, GPx4, and β-actin 
genes (Table 1) were obtained from Proteintech. The 
relative expression of each gene was normalized to 
that of β-actin using the method of 2—ΔΔCt.

MDA content and SOD activity. MDA and SOD 
were detected in the lung tissues of the left upper lobe 
using appropriate kits (Jiancheng Bioengineering In-
stitute) in strict accordance with the manufacturer’s 
protocol.

ELISA. The blood (4 ml) was sampled from the 
orbit for measuring the levels of TNFα and IL-1β. Se-
rum levels of cytokines was assayed by ELISA using 
Proteintech kits.

Statistical analysis. SPSS 25.0 statistical software 
(IBM) was used to analyze the experimental data. The 
data were compared by one-way ANOVA followed by 
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TABLE 1. Primer Used for RT-qPCR

Gene Primer

β-actin F: ACATCCGTAAAGACCTCTATGCC

R: TACTCCTGCTTGCTGATCCAC

ACSL4 F: CCCTGTCCCGTTCTCATACCG

R: CAAACACCAAAAGGCAACAAGCA

GPx4 F: AATTCGCAGCCAAGGACATCG

R: ATTCGTAAACCACACTCGGCGTA

Bonferroni correction. The differences were significant 
at p<0.05. The results were presented as m±SEM.

RESULTS

Effects of USWD on lung histopathology and lung 
W/D ratio in rats with LPS-induced ALI. Histologi-
cal changes in the lung observed in 24 h after intratra-
cheal instillation of LPS or PBS and their total scores 
are presented in Figure 1, a. In the control group, we 
observed the normal pulmonary structures. In the ALI 
group, histopathological changes in the lung tissue 
included hyperemia and hemorrhage in the alveolar 
and interstitial space, neutrophil infiltration in air-
space and vessel wall, and thickness of the alveolar 
wall or hyaline membrane formation. In comparison 
with the control group, the lung injury score in ALI 
group was strikingly higher (p<0.001, Fig. 1, b), in-
dicating the successful modeling of ALI in rats. In 
the USWD group, the histopathological changes in 
the lungs were significantly attenuated, and the lung 
injury score was significantly lower than in the ALI 
group (p<0.001).

The W/D lung weight ratio in the ALI group was 
significantly higher than in the control group (p=0.01; 
Fig. 1, c); in the USWD group, this parameter showed 
a decreasing trend (p=0.544). These findings were con-
sistent with the histological results.

Effects of USWD on the expression of ACSL4 
and GPx4 and activities of MDA and SOD. The 
expression of ACSL4 protein and the corresponding 
mRNA in the ALI group were significantly higher 
than in the control group (p<0.001, Fig. 2, a), but 
USWD could partially block the upregulation of 
ACSL4 (p=0.008, p=0.004, Fig. 2, b, d). The expres-
sion of GPx4 protein and mRNA were significantly 
decreased in the ALI group compared to the control 
group (p<0.001; Fig. 2, c, e). In comparison with ALI 
group, USWD increased the level of GPx4 protein 
(p=0.007, Fig. 2, c). The level of GPx4 mRNA in the 
USWD group also showed an increasing trend in com-
parison with ALI group, but the difference was not 
significant (p=0.104).

Administration of LPS (ALI group) significantly 
increased MDA and decreased SOD in the lung tissues 
in comparison with the control group (p<0.001, Fig. 2, 
f, g). USWD treatment significantly decreased MDA 
content (p=0.026) and significantly increased SOD 
activity (p=0.046) in comparison with the ALI group.

Effects of USWD on serum levels of IL-1β and 
TNFα. In the ALI group, we observed a significant 
increase in the serum levels of inflammatory cytokines 
IL-1β (p=0.001; Fig. 3, a) and TNFα (p<0.001; Fig. 3, 
b) in comparison with the control group. USWD treat-
ment significantly reduced IL-1β and TNFα (p=0.036, 
p=0.009), which confirms anti-inflammatory effects of 
USWD in ALI.

In this study, we explored the mechanisms un-
derlying the anti-inflammatory and anti-oxidant ef-
fects of USWD in LPS-induced ALI. We found that 
USWD reduced the levels of inflammatory cytokines 
and relieved pathological changes in the lungs of rats 
with ALI. Moreover, USWD decreased the levels of 
MDA and ACSL4 and increased the levels of SOD 
and GPx4. These findings indicated that USWD could 
effectively alleviate LPS-induced ALI by inhibiting the 
inflammatory response and oxidative stress. To our 
knowledge, it is the first study to find the relationship 
between USWD and oxidative stress on a rat model 
of LPS-induced ALI.

It is known that ALI leads to severe sequelae and 
complications, and the incidence of ALI has increased 
greatly in recent years [6]. Since this disease has im-
portant social significance, it has been increasingly 
investigated by the medical community. Using animal 
model will be useful to reproduce the pathological 
state and pathophysiological processes of ALI in hu-
mans by stimulating lung tissue damage in rats. LPS, 
as a major bacterial wall component in gram-negative 
bacteria, is a well-known and established cause of 
pneumonia from the community or hospital patients. 
It has been demonstrated that LPS induces oxidative 
stress and inflammation both in vivo and in vitro. LPS 
stimulation is a standard animal model for inducing 
experimental ALI and ARDS [5].

Inflammation has been reported to play critical 
roles in ALI [6]. The anti-inflammatory properties of 
USWD allow using it for various inflammatory dis-
eases [10]. In this experiment, the elevated lung W/D 
ratio, serum inflammatory cytokines, and neutrophilic 
infiltration or aggregation in alveoli or vessel walls in 
the pathological foci in 24 h after LPS treatment can 
be considered as a successful inflammatory response. 
USWD reduced pulmonary edema (p=0.544) and de-
creased the lung injury score (p<0.001). Although the 
lung W/D ratio did not decrease significantly, this may 
be due to the fact that the lung tissues were dried at 
only 60°C (but not at 80°C as in other studies [13]). 
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We found that USWD decreased the serum levels of 
IL-1β and TNFα, which attested to the antagonistic 
role of USWD in local and systemic inflammation. 
Previous clinical studies have shown that USWD can 
accelerate resorption of lung exudates, inhibit activity 
of serum inflammatory cytokines, as well as short-
en the course of treatment [15]. A protocol from the 
China Association of Rehabilitation Medicine Expert 
Opinion recommended micro-heat USWD could be 
used to combat COVID-19 in 2020 [15]. Our results 
further support that USWD alleviates inflammation 
and has positive effects in ALI.

A number of evidence showed that oxidants and 
oxidative injury play an important role in the patho-
genesis of ALI [3]. Oxidative stress and the resulting 

inflammation are essential pathological processes in 
ALI [3]. In vitro and in vivo experiments showed that 
pathogen-derived and host-derived immune stimuli 
subsequently contributes to NF-κB phosphorylation, 
excessive ROS generation, and secretion of proinflam-
matory cytokines, which can be the main cause leading 
to lung injury in animal models [1]. Oxidative stress 
induces LPO and accumulation of MDA [14]. SOD 
is an essential anti-oxidant enzyme that converses 
O2

— into O2 and H2O2 to scavenge ROS. In the pre-
sent study, MDA content in the lung tissue increased 
and SOD activity decreased after LPS administra-
tion. USWD reduced the intensity of oxidative stress 
by up-regulating SOD and down-regulating MDA. 
ACSL4 is involved in the biosynthesis and remodeling 

Fig. 1. Effects of USWD on lung damage and lung edema in LPS-induced ALI rats. a) Lung tissue sections stained with hematoxylin 
and eosin, ×200 (upper row), ×600 (lower row). b) Lung injury score. c) Lung W/D weight ratio. **p<0.01, ***p<0.001 in comparison 
with the control group; +++p<0.001 in comparison with ALI group. Here and in Figs. 2 and 3: results are expressed as m±SEM (n=6).
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of polyunsaturated fatty acids (PUFAs) and phospho-
lipid hydroperoxides in cell membranes, impairs alve-
olar barrier by recruiting neutrophils and macrophages 
and disrupting the integrity of cell plasma membrane, 
and is indispensable for ferroptotic LPO in ALI [2]. 
Using glutathione as a cofactor, GPx4 may convert 
potentially toxic phospholipid hydroperoxides to 
non-toxic phospholipid alcohols in the cell membrane, 
which makes it a critical antioxidant enzyme [2]. The 
elevation of SOD often accompanies the increase of 
GPx4 [7]. Inhibition of ACSL4 mitigates lung damage 
by reducing accumulation of LPO substrates in the cell 
membrane and increasing glutathione and GPx4 levels 

[14]. By regulating activation of  NF-κB and oxidation 
of arachidonic acid, GPx4 activation rebalances glu-
tathione metabolism, decreases ROS level, then intri-
cately lessens inflammatory damages [5]. Low GPx4 
and SOD directly leads to an increase in ROS and 
acute or chronic lung injury [14]. Some studies have 
also reported that inhibition of ACSL4 or activation of 
GPx4 can reduce lung damage in ALI rats through pre-
venting hydroperoxide-induced ferroptosis, a form of 
regulated cell death caused by lethal accumulation of 
ROS upon iron-dependent lethal LPO in the cell mem-
brane [4]. In the present study, LPS increased ACSL4 
and MDA, decreased GPx4 and SOD, and exacerbated 

Fig. 2. Effects of USWD on the expression of lung ACSL4, GPx4, 
SOD, and MDA in rats with LPS-induced ALI. a) Expression of 
ACSL4, GPx4, and β-actin proteins (Western blotting). b, c) 
Relative expression of ACSL4 and GPx4 proteins normalized to 
β-actin. d, e) Relative mRNA expression for ACSL4 and GPx4. f, 
g) MDA content and SOD activity in the lung tissue. ***p<0.001 
in comparison with the control; +p<0.05, ++p<0.01 in comparison 
with ALI group.
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the inflammatory response in the lung, which is con-
sistent with the findings of previous studies [5].

Previous study has demonstrated that human um-
bilical cord mesenchymal stem cells combined with 
USWD therapy could improve motor function in rats 
with spinal cord injury by inhibiting NF-κB phosphor-
ylation and attenuating inflammatory microenvironment 
in spinal cord [12]. We found that USWD not only 
reduced IL-1β and TNFα, but also reversed changes in 
the content of oxidative stress-related factors after LPS 
treatment. We further found a dramatic reduction in 
lung injury score and lung W/D ratio in USWD-treat-
ed ALI rats. Therefore, it is reasonable to believe that 
USWD can attenuate lung injury by inhibiting inflam-
mation and oxidative stress. These evidences support 
the protective effects of USWD against ALI.

However, limitations still exist in this study. First, 
the micro-heat USWD might raise body temperature 
in rats, however we did not measure the temperature 
during exposure. Second, it should be explored whe-
ther anti-oxidant activity is not merely correlated, but 
is indeed necessary for the positive effects of USWD 
on ALI.

Clinical studies suggest that USWD may attenuate 
the lung injury, but the mechanisms are unclear. The 
biochemical and histopathological results of this study 
underscore the protective effect of USWD on the lungs 
through inhibition of inflammation and oxidative stress 
in LPS-induced ALI model.

USWD can inhibit inflammation and oxidative 
stress in the lung tissues in LPS-induced ALI rats. 
USWD can serve as a novel adjuvant therapy to coun ter 
inflammation and oxidative stress, and it is a potential 
therapeutic candidate for the treatment of ALI patients. 
Our findings have deepened into the mechanisms of 
USWD against lung injury in LPS-induced ALI rats.
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