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Abstract
Acute lung injury (ALI) is an acute and devastating disease caused by systemic inflammation e.g. patients infected with bac-
teria and viruses such as SARS-CoV-2 have an unacceptably high mortality rate. It has been well documented that endothelial 
cell damage and repair play a central role in the pathogenesis of ALI because of its barrier function. Nevertheless, the leading 
compounds that effectively accelerate endothelial cell repair and improve barrier dysfunction in ALI are largely unknown. In 
the present study, we found that diosmetin had promising characteristics to inhibit the inflammatory response and accelerate 
the repair of endothelial cells. Our results indicated that diosmetin accelerated wound healing and barrier repair by improv-
ing the expression of the barrier-related proteins, including zonula occludens-l (ZO-1) and occludin, in human umbilical 
vein endothelial cells (HUVECs) treated with lipopolysaccharide (LPS). Meanwhile, diosmetin administration significantly 
inhibited inflammatory response by decreasing the content of TNFα and IL-6 in the serum, alleviated lung injury by reduc-
ing lung wet/dry (W/D) ratio and histologic score, improved endothelial hyperpermeability by decreasing protein levels and 
neutrophil infiltration in the bronchoalveolar lavage fluid (BALF) and increasing ZO-1 and occludin expression in the lung 
tissues of LPS-treated mice. Mechanistically, diosmetin also mediated the expression of Rho A and ROCK1/2 in HUVECs 
treated with LPS, and fasudil, a Rho A inhibitor remarkably inhibited the role of diosmetin in ZO-1 and occludin proteins. 
All these findings of this study revealed that diosmetin can be an effective protector of lung injury and the Rho A/ROCK1/2 
signal pathway plays a pivotal role in diosmetin accelerating barrier repair in ALI.
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Abbreviations
ALI	� Acute lung injury
ARDS	� Acute respiratory distress syndrome

BALF	� Bronchoalveolar lavage fluid
BHT	� Butylated hydroxytoluene
DMEM	� Dulbecco’s modified Eagle’s medium
FBS	� Fetal bovine serum
iNOS	� Inducible nitric oxide synthase
LPS	� Lipopolysaccharide
NF-κB	� Nuclear factor kappa B
NO	� Nitric oxide
TEAC	� Trolox-equivalent antioxidant capacity
TEER	� Transepithelial electrical resistance
ZO-1	� Zonula occludens-l

Introduction

The global pandemic caused by the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has caused more 
than 625,938,000 cases, including more than 6,567,000 
deaths at the time of writing. Clinical histopathological evi-
dence indicates that patients with SARS-CoV-2 pneumonia 
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present with severe acute lung injury (ALI) and its more 
severe form, acute respiratory distress syndrome (ARDS) 
(Habashi et al. 2021). Currently, according to the pathologi-
cal and physiological characteristics of ALI/ARDA, corti-
costeroids, pharmaconutrients, antioxidants, protease inhibi-
tors, ketoconazole, ibuprofen and drugs affecting ventilation, 
diffusion or perfusion have been used extensively, but the 
therapeutic effect remains unsatisfactory (Long et al. 2022). 
Therefore, the development of new drugs for the treatment 
of ALI/ARDS is in high demand, which could also be useful 
for the treatment of patients with acute lung injury infected 
with bacteria and viruses such as SARS-CoV-2.

It has been well documented that most of the patients 
infected with SARS-CoV-2 showed extensive diffuse alve-
olar damage and impaired pulmonary perfusion mainly 
caused by loss of endothelial barrier, lung tissue collapse, 
severe epithelial injury, and renin-angiotensin system dys-
function (Rello et al. 2020; Beasley 2022). Substantial evi-
dence shows that the increased permeability of the lung 
microvascular endothelium plays a crucial role in initiating 
ALI, and the disruption of vascular-endothelial integrity is 
the major cause of accumulation of protein-rich fluid and 
neutrophil hyperpermeability in the alveoli. Thus, targeting 
alveolar endothelial repair may be beneficial to ALI caused 
by SARS-CoV-2 (Degauque et al. 2021; Jones and Minshall 
2022).

In this study, we evaluated the anti-inflammatory activity 
of diosmetin in a cell model of inflammation treated with 
lipopolysaccharide (LPS) by determination of nitric oxide 
(NO) content and determined the influence of diosmetin 
on the repair and barrier integrity in LPS-treated-human 
umbilical vein endothelial cells (HUVECs). Meanwhile, 
we also determined the effects of diosmetin and the Rho 
A/ROCK1/2 signal pathway on protein expression closely 
associated with tight junction, including zonula occludens1 
(ZO-1) and occludin. In addition, the influence of diosmetin 
administration in vivo was also evaluated using ALI mice 
induced by LPS inhalation.

Materials and methods

Materials

ZO-1 (21773-1), Occludin (66378-1), RhoA (10749-1), 
ROCK1 (21850-1), ROCK2 (21645-1) and β-actin (20536-1) 
primary antibodies were bought from Proteintech (Wuhan, 
China). Specific anti-mouse (SC-2386) and anti-rabbit 
(SC-2374) horseradish peroxidase (HRP)-conjugated sec-
ond antibodies were obtained from Santa Cruz Biotechnol-
ogy (Texas, CA, USA). Both mouse TNFα (920) and IL-6 
(14206) (ELISA kits were purchased at Huijia Biotechnol-
ogy (Xiamen, China). Diosmetin (S31450, the purify is over 

98%) was bought from Shanghai Yuanye Bio-Technology 
Co., Ltd (Shanghai, China). Lipopolysaccharides (LPS, 
ST1470), fluorescein isothiocyanate-dextran (FITC-dextran, 
60842-46-8) was obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Fasudil (Fas, HA-1077) was obtained from Med 
Chem Express (NJ, USA). GoScript™ Reverse Transcrip-
tion kit (A2790) and GoTaq qPCR Master Mix (A2800) were 
purchased from Promega (Madison, WI, USA). ABTS kit 
(S0121), RIPA buffers (P0013C), BCA protein assay kits 
(P0012S), the other chemicals were purchased from Beyo-
time (Shanghai, China).

Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) and 
mouse-derived RAW264.7 macrophages were obtained from 
the China Center for Type Culture Collection, (CCTCC, 
Wuhan, China) and routinely maintained in high glucose 
(25 mM) Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), and 1% 
penicillin/streptomycin (P/S) at 37 °C in a humidified incu-
bator with 5% CO2 atmosphere.

Evaluation of the anti‑oxidant ability of diosmetin

Anti-oxidative activity of diosmetin was determined by 
trolox-equivalent antioxidant capacity (TEAC) assay as 
described before (Usta et al. 2023). Briefly, HUVECs were 
replaced at 3 × 104/well in 24-well plates and cultured over-
night, the cells were pre-incubated with 5, 10, or 20 μM 
diosmetin or 5 μM butylated hydroxytoluene (BHT, which 
was a common antioxidant and used as a positive control 
in this experiment) for 2 h, and then exposed to 500 nM 
rotenone for 24 h. The cell lysates were collected to assess 
the antioxidant activity with commercial ABTS kits (S0121, 
Beyotime, China) in accordance with the suggestions of 
supplier.

Evaluation of the anti‑inflammatory activity 
of diosmetin

The anti-inflammatory activity of diosmetin was evaluated 
by determining the nitric oxide (NO) content of the super-
natant from LPS-treated macrophages as previously intro-
duced (Liu et al. 2016). Generally, RAW264.7 cells were 
replaced into 24-well plates (1 × 105 cells/well) and cultured 
overnight, the cells were pre-treated with indicated concen-
trations of diosmetin or the same volume of PBS for 2 h, 
and then exposure to 1 μg/mL LPS for 24 h, the media were 
gathered to determine NO content using NO test kit from 
Beyotime (S0021S, Shanghai, China A) in accordance with 
the suggestions from supplier.
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Wound healing test

HUVECs were replaced into 6-well plate at 2 × 105 cells/
well and culturing overnight, the monolayer was verti-
cally scratched with a p20 pipette tip, washed with PBS to 
remove floating cells, and exposed to diosmetin and LPS. 
The cells were photographed at 0, 24 and 48 h respec-
tively. The invasion index was calculated as the ratio of the 
closure area to the initial wound as previously described 
(Zhang et  al. 2016): Wound area (%) = (A0 – An)/
A0 × 100, where A0 represents the area of original wound 
area and An represents the remaining area of wound at the 
point of measurement.

Transendothelial electrical resistance (TEER) 
measurements

HUVECs were seeded on top of transwell filter chambers 
on 24-well plates (0.4 μm pore size; Corning, USA), and 
the medium was refreshed every 2 days. Starting on day 
10, the integrity of the cell monolayer was monitored 
from its TEER as measured using a Millicell® ERS-2 m 
(Millipore, United States). Typically, when TEER of the 
monolayers is stable, 5, 10 or 20 μM of diosmetin was 
added, subsequently, the cells were exposed to 20 μg/mL 
of LPS for 24 h, and TEER was measured as a function 
of time at three different locations and calculated using: 
TEERlayer = (Rmeasured − Rmembrane) × membrane area, which, 
TEERlayer (Ω cm2) is the TEER of a cell layer after subtrac-
tion of the TEER of the membrane without a cellular layer, 
Rmeasured (Ω) is the resistance measured of the membrane 
with a cellular layer and Rmembrane is the resistance of the 
membrane measured in absence of a cellular layer.

Measurement of FITC‑dextran permeability

To determine the influence of diosmetin on the barrier dys-
function, HUVECs were seeded on top of transwell filter 
chambers on 24-well plates (0.4 μm pore size; Corning, 
USA) as previously described (Felix et al. 2021). After 
reaching the confluence, the cells were preincubated with 
5, 10 or 20 μM of diosmetin for 2 h, then 20 μg/mL of LPS 
was added and continued to incubate for 24 h, the cells 
were rinsed with PBS and incubated with fresh FBS-free 
DMEM containing 1 mg/ml FITC-dextran (Sigma-Aldrich, 
St. Louis, MO, USA) for 45 min. Paracellular flux was 
assessed by taking 100 μl aliquots from the outer cham-
ber. Fluorescence was measured with a microplate reader 
(Multiskan FC, Thermo Fisher Scientific, MA, USA) with 
excitation and emission wavelength at 488 nm and 525 nm, 
respectively.

Protein extraction and western blot analysis

Mouse lung tissues were homogenized with RIPA lysis 
buffer (Beyotime) and protease inhibitor cocktail (Sigma). 
Samples were subjected to 13,000 g 10 min centrifugation 
at 4 °C. The supernatants were gathered, and the protein 
concentrations in lysates were measured using the BCA 
protein assay kit (Beyotime, Shanghai, China). The west-
ern blot procedure has been described before (Zhao et al. 
2022). In general, equal amounts of protein (20–30 μg 
each) were separated on a 10% SDS-PAGE and transferred 
to a PVDF membrane (Immobilon P; Millipore, MA, 
USA). The blots were blocked for 1 h at room tempera-
ture with 5% skimmed milk powder in TBST (20 mM Tris, 
150 mM NaCl, 2.7 mM KCl, 0.1% Tween 20, pH 7.4). 
The membranes were then immunoblotted with ZO-1 and 
occludin primary antibodies (Proteintech, Wuhan, China) 
at dilutions of 1:2000 for overnight at 4 °C. Subsequently, 
blots were washed with TBST three times and incubated 
for one hour with a HRP-conjugated secondary antibody at 
1:10,000 dilution with 5% skimmed milk powder in TBST. 
Excess antibodies were washed off with TBST, and immu-
noreactivity was detected using the enhanced chemilumi-
nescence (ECL) western blotting reagent (Millipore). The 
signal bands have been quantified by densitometry analysis 
using the Image J software (available from NIH at http://​
imagej.​nih.​gov/​ij/) after scanning the blotted membrane.

Animal experiments

Male C57BL/6 mice (8–10  weeks) were bought from 
Tengxin Biotechnology Co. (Chongqing, China), which 
were allowed ad libitum access to food and water, and 
rooms were maintained at 25 °C and 50% humidity on a 
12-h light/dark cycle. Sixty mice were randomly assigned 
to six groups: Control, LPS only (10 mg/kg, dissolved in 
saline), diosmetin (DIO, 5, 10 or 20 mg/kg) + LPS, and 
dexamethasone (DEX, 5 mg/kg dissolved in saline, which 
was used as a positive control) + LPS. In brief, diosmetin 
(5, 10 or 20 mg/kg) and DEX (5 mg/kg) were given intra-
gastrically. Two hours later, 10 mg/kg LPS was adminis-
tered with intratracheal installation to induce ALI. After 
48 h of LPS administration, the animals were euthanized 
by CO2 inhalation, and samples of lung tissue, serum, and 
the broncho-alveolar lavage fluid (BALF) were collected 
and used for the following experiments. The animal exper-
iments were approved by the Institutional Animal Care 
and Use Committee at Chongqing Science and Technology 
Committee (Registration number: 202103) and carried out 
in accordance with the principles and guidelines of the 
Chinese Council Animal Care.

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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Histologic evaluation

Histological examination was conducted using 20 randomly 
selected fields according to a previously introduced scor-
ing system in a blinded manner (Matute-Bello et al. 2011). 
Generally, the lung tissues were fixed in freshly prepared 4% 
polyoxymethylene, dehydrated with ethanol, then embedded 
in paraffin and cut into 4 μm sections. The sections were 
stained with haematoxylin and eosin (H&E) double staining, 
pathological changes based on proteinaceous debris filling 
the airspace, neutrophils in the alveolar space and the inter-
stitial space, or alveolar septal thickening have been evalu-
ated in LPS-induced ALI mice.

Statistical analysis

Statistical analysis was performed by analysis of variance 
(ANOVA) and Student t test, if applicable, using Graph 
Pad software (GraphPad Software, La Jolla, CA). The data 
was presented as means ± SD for a range of experiments. P 
value < 0.05 was considered to be significant.

Results

Anti‑inflammatory and antioxidant activity 
of diosmetin

At present, we firstly determined the cytotoxicity of dios-
metin (the chemical structure of diosmetin was shown in 
Fig. 1a) in RAW264.7 macrophages, MTT assay indicated 
that diosmetin showed obvious cytotoxicity when the con-
centrations of diosmetin was over 20 μM (p < 0.01, Fig. 1b), 
but pre-treatment with 5 μM diosmetin slightly increased 
the cell viability in LPS-treated RAW264.7 macrophages 
(p < 0.05, Fig. 1c).

To assess the anti-inflammatory activity of diosmetin, we 
determined the NO content in the supernatant of the LPS-
treated RAW264.7 macrophages in the presence or absence 
of diosmetin, the results showed that LPS induced a sig-
nificant increase of NO content (p < 0.01), but diosmetin 
inhibited the NO content in RAW264.7 macrophages treated 
with LPS in a dose-dependent manner (Fig. 1d). At the same 
time, diosmetin dose-dependently decreased the contents of 
TNF-α (Fig. 1e) and IL-1β (Fig. 1f) in RAW264.7 mac-
rophages challenged by LPS.

In the meantime, we also determined the anti-oxidant 
ability of diosmetin in rotenone-treated HUVECs with an 
ABTS assay. Data indicated that incubation with 500 nM for 
24 h induced a significant decrease in the total antioxidant 
capacity of HUVECs, but similar to BHT, a common anti-
oxidant, diosmetin distinctly improved the total antioxidant 
activity of HUVECs treated with rotenone (Fig. 1g–i).

Diosmetin accelerated the repair of endothelial cells 
induced by LPS

A large amount of evidence highlights that the lung has 
a significant capacity to repair and replace damaged cells 
when confronted with inflammation, and endothelial cells 
are the primary effectors in initiating tissue repair and the 
return to homeostasis (Zhao et al. 2017). In this study, the 
role of diosmetin in tissue repair was evaluated using a 
scratch wound-healing assay. As shown in Fig. 2a and b, 
in the presence of 20 μg/mL LPS, the wound healing was 
obviously inhibited, but diosmetin significantly reduced the 
wound area compared with control, suggesting that diosme-
tin may increase the cell spreading in monolayers treated 
with LPS. We also investigated the effect of diosmetin on 
barrier dysfunction induced by LPS, after HUVECs were 
exposed to 20 μg/mL LPS in the presence or absence of 
diosmetin, TEER and FITC-dextran permeability were 
measured for the assessment of real-time barrier function. 
The results showed that diosmetin significantly prevented 
the decrease of TEER and the increase in FITC-dextran per-
meability in a dose-dependent manner (Fig. 2c and d). At 
the same time, data from western blot showed that, although 
diosmetin treatment had no significant role in the expression 
of occludin, but was similar to dexamethasone (DEX, which 
was used as positive control in this study), diosmetin clearly 
prevented the decrease of ZO-1 protein induced by LPS in 
HUVECs compared to the control (Fig. 2e–g).

Diosmetin improves barrier dysfunction 
of endothelial cells via the Rho A/ROCK1 signal 
pathway

To explore the mechanisms involved in diosmetin improv-
ing barrier dysfunction in endothelial cells, we first deter-
mined the effect of diosmetin on the expression of Rho A 
and ROCK1/2 in LPS-treated C57BL/6 mice. The results 
indicated that LPS clearly caused an increase in Rho A 
and ROCK1/2, administration of 10 mg/kg LPS for 48 h 
increased the Rho A, ROCK1, and ROCK2 protein levels 
approximately 1.7-, 1.3-, and 1.5-folds, respectively, but, 
pre-treatment with diosmetin greatly reduced the roles of 
LPS in Rho A and ROCK1/2 proteins in a dose-dependent 
manner (Fig. 3a and b).

Meanwhile, we found that Rho A and Rock1 were signifi-
cantly increased and ZO-1 was obviously decreased in LPS-
induced HUVECs, but in the presence of 20 μM diosmetin, 
the roles of LPS in the expression of RhoA, ROCK1 and 
ZO-1 was distinctly inhibited. In addition, fasudil (FAS), 
a Rho A kinase inhibitor did not only prevented the role of 
diosmetin in RhoA and ROCK1/2 expression (Fig. 3e–f), 
but remarkably attenuated the effects of diosmetin on the 
expression of barrier-related proteins, including ZO-1 and 
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occludin (Fig. 3g and h), suggested that the Rho A/ROCK 
signal pathway could be involved in diosmetin improving 
barrier dysfunction in LPS-treated HUVECs.

Diosmetin alleviates ALI in mice induced by LPS

As shown in Fig. 4a, LPS induced evidently pathological 
changes by increasing accumulation of inflammatory cells 
and alveolar hemorrhage, but similar to dexamethasone 

(DEX), pre-treatment with diosmetin significantly reduced 
the effects of LPS in C57BL/6 mice, which was confirmed 
by the lung injury score (Fig. 4b). Furthermore, diosme-
tin also attenuated the pulmonary edema by decreasing 
the W/D ratio in the lung tissues of mice treated with LPS 
(Fig. 4c). In addition, to assess the anti-inflammatory activ-
ity of diosmetin in vivo, serum levels of TNFα and IL-6 
were determined using ELISA kits. Our data indicated that 
pre-treatment with diosmetin substantially decreased the 

Fig. 1   Anti-inflammatory activity of diosmetin. a The chemical struc-
ture of diosmetin. b-c The cytotoxicity of diosmetin and its effect 
on cell viability induced by LPS. d-f RAW264.7 macrophages were 
pre-incubated with 0.2, 1 or 5  μM diosmetin (DIO) or 5  μM dexa-
methasone (DEX) for 2 h and exposed to 1 μg/mL LPS for 24 h. NO 
content in supernatant, and TNF-α and IL-1β in cell lysates were 
detected with commercial kits in accordance with the suggestions 
of supplier. g The total antioxidant activity of HUVECs treated with 

rotenone (ROT) in the presence or absence of diosmetin (DIO) with 
ABTS kits in accordance with the suggestions from supplier. h–i 
The cells were imaged with fluorescence microscopy (Nikon, Tokyo, 
Japan), and the fluorescence intensity was determined with a micro-
plate reader (Tecan, Sunrise, USA) with excitation at 485  nm and 
emission at 530  nm. The data are presented as mean ± SD (n = 4), 
*p < 0.05, **p < 0.01 vs. control, &p < 0.05, &&p < 0.01 vs. The 
group of LPS alone
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Fig. 2   Diosmetin accelerated endothelial repair in HUEVC treated 
with LPS. a and b Microscope images to evaluate wound healing 
in the scratch assay using a confluent monolayer of HUVECs. Cell 
migration through the artificial wound was observed after the wound-
ing at 0, 24 and 48  h. Scale bar = 500  μm. c and d HUVECs were 
incubated with 20 μg/mL LPS in the presence or absence of indicated 
concentrations of diosmetin (DIO), and then TEER (c) and FITC-

dextran infiltration (d) were evaluated as introduced in the Methods. 
e–g HUVECs were pre-treated with 5, 10 or 20 μM diosmetin (DIO) 
for 2 h and exposed to 20 μg/mL LPS for 24 h, the content of ZO-1 
and occludin proteins were determined with western blot. The data 
are presented as mean ± SD (n = 6 for TEER and FITC-dextran assay 
and n = 3 for western blot), *p < 0.05, **p < 0.01 vs. control, and 
&p < 0.05, &&p < 0.01 vs. The group of LPS alone
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levels of TNFα (Fig. 4d) and IL-6 (Fig. 4e) in the serum of 
LPS-treated mice.

Diosmetin ameliorates barrier dysfunction 
in LPS‑treated mice

To evaluate the effect of LPS and diosmetin on alveolar bar-
rier permeability, we measured the exuded protein, the total 
number of cells, the WBC, and the NEUT in the BALF, 
the results showed that LPS induced an evident barrier 

dysfunction by increasing the content of the exuded protein 
(Fig. 5a), the WBC (Fig. 5b), the NEUT (Fig. 5c) and the 
total number of cells (Fig. 5d) in the BALF, whereas pre-
treatment with diosmetin has significantly prevented protein 
permeability and the increase of these cells induced by LPS.

To further investigate the mechanisms involved in dios-
metin improving alveolar barrier permeability, we deter-
mined the proteins associated with barrier function, includ-
ing ZO-1 and occludin in the lungs of ALI mice. Western 
blot results indicated that diosmetin clearly prevented the 

Fig. 3   Diosmetin regulated ZO-1 and occludin expression via the 
Rho A/ROCK1/2 signal pathway. a–b The mice were pre-treated with 
5, 10, or 20 mg/kg diosmetin (DIO) for 2 h before LPS was intratra-
cheally instilled, after 48 h of exposure to LPS (10 mg/kg), the mice 
were euthanized, the and lung tissues were collected. The protein 
levels of Rho A, Rock1, ROCK2, occludin, ZO-1, and β-actin were 
detected by western blot. c–h After HUVECs were replaced into 

6-well/plate and cultured overnight, the cells were preincubated with 
5 μM fasduil (FAS) for 1 h, and then exposed to 5, 10 or 10 μM of 
diosmetin (DIO) for 24 h with 20 μg/mL LPS, the protein levels of 
Rho A, Rock1, ROCK2, occludin, ZO-1, and β-actin were detected by 
western blot. The data are presented as mean ± SD (n = 3). *p < 0.05, 
**p < 0.01 vs. control, and &p < 0.05, &&p < 0.01 vs. the group of 
LPS alone, and ##p < 0.01 vs. The group of LPS plus diosmetin
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Fig. 4   Diosmetin alleviated ALI in C57BL/6 mice induced by LPS. 
The mice were pre-treated intragastrically with 5, 10, or 20  mg/kg 
diosmetin (DIO) for 2  h before 10  mg/kg LPS was intratracheally 
instilled in order to establish an ALI model, after 48 h of LPS admin-
istration, the animals were euthanized by CO2 inhalation, and lung 
tissue samples were collected and evaluated with H&E staining (a), 

Lung W/D ratio was measured (b), lung injury score was assessed 
(c), and the inflammatory cytokines, including TNFα (d) and IL-6 
(e) were determined using ELISA kits. The data are presented as 
mean ± SD (n = 4 for ELISA and n = 10 for histological evaluation), 
*p < 0.05, **p < 0.01 vs. control, and &p < 0.05, &&p < 0.01 vs. The 
group of LPS alone
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Fig. 5   Diosmetin improved lung barrier dysfunction in LPS-induced 
ALI mice. The total cell count (a), WBC (b), and NEUT(c) in BALF 
were determined with a hemocytometer, the protein content in the 
BALF (d) was determined with BCA kits. Meanwhile, the protein 

levels of ZO-1 and occludin were detected with western blot (e–g). 
The data are expressed as mean ± SD (n = 3 for western blot, and 
n = 10 for cell count and protein content). **p < 0.01 vs. control, and 
&p < 0.05, &&p < 0.01 vs. The group of LPS alone
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reduction of ZO-1 and occludin proteins in the lung tissues 
of mice induced by LPS (Fig. 5e–g).

Discussion

It has been well documented that viral infection and the fol-
lowing adaptive and innate host response lead to a severely 
damaged alveolar epi/endothelial barrier, and the re-epithe-
lialization and re-sealing of endothelial cells is considered as 
a critical step in restoring normal conditions of gas exchange 
in the lung (Matthay et al. 1993; Herrero et al. 2018). Cur-
rently, diosmetin was examined to demonstrate significant 
anti-inflammatory activity, accelerate wound healing, and 
improve endothelial resistance and FITC-dextran permeabil-
ity by increasing ZO-1 expression, one of the key molecules 
associated with barrier function, suggesting that diosmetin 
may be a promising compound that is useful in improving 
barrier dysfunction of ALI.

The accumulation of evidence highlights that ALI is 
characterized by extensive neutrophil infiltration, inflamma-
tory cytokine release, increased capillary permeability, and 
edema (Gorovoy et al. 2009). Here, diosmetin was found to 
reduce the content of inflammatory factors, including TNFα 
and IL-6 in serum, to reduce lung injury and pulmonary 
edema in LPS-induced C57BL/6 mice. In addition, dios-
metin administration distinctly prevented the rise of lung 
W/D ratio, the infiltration of proteins and neutrophils in 
LPS-induced ALI. In parallel, diosmetin also increased the 
expression of barrier-related proteins in the lung tissue of 
mice treated with LPS. All these results indicate that dios-
metin may be beneficial in reducing pulmonary permeability 
in ALI.

A growing body of evidence indicates that RhoA plays 
a crucial role in inducing contraction-driven endothelial 
hyperpermeability by stimulating cell progression, migration 
and invasion, and by acting through ROCK1 and ROCK2 
effecting proteins (Carbajal and Schaeffer 1999). And, sev-
eral studies had addressed the role of RhoA in endothelial 
barrier function, which could be activated by thrombin and 
vascular endothelial growth factor (VEGF) and caused a dis-
rupted barrier due to the activation of ROCK1/2 (van Nieuw 
Amerongen et al. 2003, 2008; Wang et al. 2010). In this 
study, we found that in addition to increasing the content of 
protein-related barrier, diosmetin considerably reduced the 
roles of LPS in the expression of Rho A and ROCK1/2, but 
in the presence of fasudil, an inhibitor of Rho A, the effects 
of diosmetin on the expression of ZO-1 and occludin were 
obviously inhibited, suggesting that the Rho A/ROCK signal 
pathway played an important role in diosmetin regulating the 
levels of ZO-1 and occludin proteins.

Diosmetin is abundant in citrus fruits and has long been 
noticed due to its favorable pharmacological activities 

including antibacterial, antioxidative stress, and anti-inflam-
matory property (Shen et al. 2016; Lee et al. 2020). The tra-
ditional advantages of citrus fruits attributed to their content 
of flavonoids and polyphenols are its actions on the improve-
ment of glycolipid metabolic disorders (Sharma et al. 2019). 
But recently, diosmetin has been shown to inhibit the acti-
vation of NLRP3 inflammasome in LPS-induced ALI (Liu 
et al. 2018), and prevent acute hepatic failure in endotoxin-
induced mice and cerulenin-induced acute pancreatitis by 
attenuating the secretion of TNFα, IL-1β and IL-6, the acti-
vation of nuclear factor kappa B (NF-κB), and the expres-
sion of inducible nitric oxide synthase (iNOS) (Yu et al. 
2014; Yang et al. 2017). All these data suggest that diosme-
tin has extensive activities.

Overall, although a variety of natural products including 
diosmetin have been studied to treat ALI as regards their 
anti-inflammatory and lung protective effects (He et al. 
2021), but the role of diosmetin in the barrier dysfunction of 
ALI remains uncertain. Accumulating evidence suggests that 
a severe endothelial injury appears at an early stage of dif-
fuse alveolar damage, which is characterized by endothelial 
dysfunction and loss of pulmonary perfusion caused by the 
endothelial barrier (Jones and Minshall 2022). The results 
of this study demonstrated that diosmetin was effectively 
in protecting ALI by regulating the expression of protein-
related barrier in vitro and in vivo, which provided valuable 
evidence for the potential application of diosmetin in the 
treatment of ALI.
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