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Abstract

Objectives: Acute Lung Injury (ALI) is an acute pneumonia caused by various factors. Current treatments have issues with 
efficacy and side effects. Morin, a dietary bioflavonoid, exhibits robust anti-inflammatory and antioxidant characteristics. 
Specifically, it has been observed to exert anti-inflammatory effects on macrophage cells. This study aimed to explore the 
protective mechanism of Morin on Acute Lung Injury (ALI). 

Methods: Broncho Alveolar Lavage (BAL) samples were collected from patients, analyzed by RNA-sequencing and flow 
cytometry. Additionally, a LPS induced ALI mouse tumor model was constructed. The effects of Morin on the pyroptosis and 
inflammation of macrophages were evaluated using Immunofluorescence, western blotting, and q-PCR. Macrophage were 
isolated in vitro to clarify the protective role of Morin. Additional vectors for knockdown of DUSP5 (dual specificity phosphatase 
5) gene were established in H9c2 macrophage cell line. 

Results: In the Broncho Alveolar Lavage (BAL) samples of patients, the number of macrophages was elevated prior to 
treatment initiation. Within the pretherapy group, the NLRP3 inflammasome, IL-1β, and IL-18 levels in the BAL of ALI patients 
exhibited a significant increase. Transcriptomic analysis of BAL samples from patients identified a marked upregulation of DUSP5 
in ALI cases, which was subsequently confirmed through q-PCR and western blot analysis. Findings from an ALI mouse model 
revealed that Morin notably suppressed alveolar injury, reduced the expression of pyroptosis markers NLRP3 and N-GSDMD, 
enhanced the presence of M2 macrophages, lowered levels of IL-1β and IL-18, and downregulated the DUSP5, ERK1/2, and 
JNK signaling pathways, thereby mitigating LPS-induced ALI-associated cell apoptosis. In vivo experimentation on macrophages 
further demonstrated that Morin inhibited macrophage pyroptosis and decreased cellular inflammation. Comparatively, levels 
of IL-1β and IL-18, the ERK1/2 and JNK signaling pathways, pyroptosis markers NLRP3 and N-GSDMD, as well as macrophage 
apoptosis, were notably reduced in the siRNA-DUSP5 group when contrasted with the control group. In addition, after adding 
Morin to cell lines with DUSP5 knocked down, the function of Morin could not be performed. CO-IP experiments found that 
DUSP5 can interact with the GSDMD. It is speculated that Morin can affect the pyroptosis of macrophages by regulating DUSP5. 

Conclusion: Morin improves LPS-induced acute lung injury by regulating DUSP5 to inhibit macrophage pyroptosis and 
inflammatory response.
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Introduction

Acute Lung Injury (ALI) is a debilitating clinical syndrome 
with a consistently high mortality rate, attributed to its intricate 
pathophysiology and limited treatment options [1,2]. Apopto-
sis has long been considered one of the potential underlying 
mechanisms of ALI [3,4]. However, apoptosis is characterized by 
intact cell membrane structures and a lack of associated inflam-
matory responses, which do not entirely elucidate the marked 
inflammatory reaction observed in ALI [5]. In contrast, pyrop-
tosis represents a form of orchestrated cellular demise that is 
orchestrated by the activation of caspase-1 within the inflam-
masome, a complex composed of multiple proteins [6]. This 
process leads to the cleavage and polymerization of Gasdermin 
D (GSDMD), resulting in the disruption of cellular membrane 
integrity. The activation of caspases, GSDMD, cellular disinte-
gration, and the substantial release of inflammatory factors are 
distinctive features that set pyroptosis apart from other pro-
grammed cell death pathways [7]. Macrophages, constituting 
approximately 95% of the lung’s leukocytes, assume a pivotal 
role in ALI, responding to both infectious and non-infectious 
stimuli by fostering the synthesis and secretion of pro-inflam-
matory cytokines [8]. Dysregulation of macrophage function 
contributes to tissue damage and amplifies the inflammatory 
response in ALI [9].

Recent research has unveiled Morin, a natural compound 
found in plants belonging to the Moraceae family, as a potential 
therapeutic target due to its versatile biological and pharma-
cological properties [10]. Morin, as a dietary bioflavonoid, ex-
hibits robust anti-inflammatory and antioxidant characteristics 
[10,11]. Specifically, it has been observed to exert anti-inflam-
matory effects on macrophage cells [11], potentially regulating 
the inflammatory response in ALI. Nonetheless, the precise role 
and underlying mechanisms by which Morin modulates macro-
phages in ALI remain largely unexplored.

To investigate the changes occurring in macrophages and 
the role played by Morin in ALI, we conducted RNA-Seq analysis 
and observed an upregulation of the dual-specificity phospha-
tase 5 (DUSP5) enzyme in macrophages. In a murine model of 
ALI, we further observed that Morin can modulate the activity 
of DUSP5, consequently inhibiting macrophage pyroptosis and 
ameliorating the inflammatory response in ALI. Our study high-
lights the potential of a therapeutic approach utilizing Morin in 
the treatment of ALI, with the aim of contributing to the devel-
opment of effective strategies for managing ALI and its accom-
panying complications.

Materials and methods

Patients

To investigate inflammation and macrophage alterations in 
ALI, 24 patients with ALI were enrolled at the Second Hospital 
of Hebei Medical University between September 2018 and Sep-
tember 2022. The median age of ALI patients was 57.6 years 
(range, 46–67 years). ALI clinical responses to treatment were 
determined according to established guidelines.

To explore the effects of on ALI macrophages, we collected 
Broncho Alveolar Lavage (BAL) samples before and at least 1 
weeks after treatment (for pretherapy evaluation) and at least 

2 months after treatment (for posttreatment evaluation). Sam-
ples were immediately centrifuged and macrophages were 
harvested for further experiments, including flow cytometry, 
ELISA, RNA-seq, q-PCR and Western blot. All patients’ samples 
were collected in compliance with ethical requirements, and 
patients’ informed consent had been obtained.

Mice

The acute lung injury mouse model induced by LPS was 
established using male C57BL/6J mice (8 weeks old, weighing 
20–22 g) obtained from Second Department of Respiratory and 
Critical Care Medicine Animal Care. The animals were housed 
in specific pathogen-free conditions with a 12-hour light-dark 
cycle, appropriate temperature, and humidity. 

Mice were exposed to LPS in an acrylic chamber. A 0.5 mg/
mL solution of LPS (L2880, Sigma-Aldrich, MO, USA) was pre-
pared in saline. The aerosolized LPS was delivered into the 
acrylic chamber (29 cm × 24 cm × 16 cm) using an air pump and 
regulated with a manometer to achieve a specific flow rate (1 
mL/min) for 30 min. After atomization for 30 min, the interval 
was 2 h, then atomized for 30 min again, and the experiment 
endpoint was in 4 h. Mice were randomly divided with eight 
mice per group.

Cells and reagents

Human interleukin-1β (IL-1β) ELISA Kit: (Lot: HM10206, Bein-
lai Biotechnology, Hubei, China); Human interleukin-18 (IL-18) 
ELISA Kit: (Lot: HM10337, Beinle Biotechnology, Hubei, China); 
Mouse interleukin-1β (IL-1β) ELISA Kit: (Lot: HM20206, Bein-
lai Biotechnology, Hubei, China); Mouse interleukin-18 (IL-18) 
ELISA Kit: (Lot: HM21337, Beinle Biotechnology, Hubei, China); 
TUNEL Cell Apoptosis Detection kit-Cy3 ((Lot: MK1012, Beinle 
Biotechnology, Hubei, China).

Immunofluorescence

After mice were sacrificed, lung tissues were excised. The 
lung tissues were fixed in 4% paraformaldehyde at room tem-
perature and then embedded in paraffin. Sections (5 μm) were 
cut. Histopathological evaluation was observed by two indepen-
dent investigators blinded to the experimental conditions. For 
immunohistochemistry, tissue sections were blocked with 10% 
normal horse serum and incubated overnight at 4°C in a humid-
ified environment with Arg1 mAb (Lot: ab239731, Abcam, Cam-
bridge, MA, UK), iNOS mAb (Lot: ab178945, Abcam, Cambridge, 
MA, UK), NLRP3 mAb (Lot: ab283819, Abcam, Cambridge, MA, 
UK) and N-GSDMD antibody (Lot: DF13758, Ambion, Austin, TX, 
USA). Primary labeling was detected using biotinylated horse 
anti-rabbit IgG secondary antibody (Lot: ab328919, Abcam, 
Cambridge, MA, UK). All images were captured using a Leica TCS 
SPS microscope (LX23, Leica, Wetzlar, Germany).

Hematoxylin and Eosin (HE) staining

Sections affixed to glass slides, placed in a 42°C oven over-
night, and baked at 60°C for 1 hour. Deparaffinization and re-
hydration were performed using a gradient of alcohol. After 
deparaffinization, the sections were soaked in distilled water, 
to wash off the alcohol. Hematoxylin staining of cell nuclei was 
performed by staining with hematoxylin solution for 2 minutes. 
After differentiation with 1% hydrochloric acid alcohol, eosin 
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staining was performed for 3 minutes. Dehydration and seal-
ing of the sections were carried out by sequentially placing the 
sections in 70%, 80%, 95% ethanol solutions, absolute ethanol, 
a 1:1 mixture of ethanol and xylene, and xylene, followed by air-
drying and sealing with neutral gum. Microscopic observation 
and photography were conducted.

Immunohistochemical staining

The process of deparaffinization of paraffin sections is the 
same as that of HE staining. Antigen retrieval: Place the sections 
in citric acid retrieval solution and heat in a microwave on high 
for 5 minutes. Quickly transfer the repaired tissue sections to 
preheated distilled water. 3% H2O2 is dripped onto the sections, 
and the reaction is carried out in a dark box to remove endog-
enous peroxidase. Add 0.1% Triton X-100 for membrane per-
meabilization. Block with goat serum at room temperature for 
1 hour. Incubation with primary antibody: Add NLRP3 primary 
antibody (Lot: ab283819, Abcam, Cambridge, MA, UK, 1:100), 
N-GSDMD primary antibody (Lot: DF13758, Ambion, Austin, TX, 
USA, 1:100) to the sections. Incubation with secondary anti-
body: Add HRP-labeled goat anti-rabbit IgG secondary antibody 
(Lot: ab6721, Abcam, Cambridge, MA, UK, 1:200), HRP-labeled 
goat anti-mouse IgG secondary antibody (Lot: ab209715, Ab-
cam, Cambridge, MA, UK, 1:200) to the sections, and incubate 
in the dark at room temperature for 60 minutes. Use a micro-
scope for observation and photography. Subsequently, the im-
munohistochemical staining intensity is quantified.

TUNEL staining

Cells were stained with TUNEL working solution, washed 
with PBS, and then stained with DAPI to label the cell nuclei. 
Anti-fade mounting medium was added to fix the cells, which 
were then air-dried at room temperature and observed under 
a fluorescence microscope to assess apoptosis. The TUNEL-
positive cells were marked by green fluorescence, representing 
apoptotic cells, while the cell nuclei were marked by blue fluo-
rescence. Six random fields were selected for cell counting, and 
the ratio of TUNEL-positive cells to total cells was recorded as 
the TUNEL-positive cell ratio.

Flow cytometry

BAL samples were analyzed using Anti-NLRP3 antibody (Lot: 
ab263899, Abcam, Cambridge, MA, UK), Goat anti rabbit IgG 
(Alexa Fluor 488) (Lot: ab150077, Abcam, Cambridge, MA, UK) 
was used as an indirect labeling reagent for biotinylated anti-
bodies. Dead cells were excluded by DAPI labeling (Lot: 5079, 
Sigma-Aldrich, St. Louis, MO, USA).

Macrophage bulk RNA-Seq

Total RNA was extracted from isolated human macrophages 
using a RNeasy Micro Kit (Lot: 14043, QIAGEN, Duesseldorf, 
Germany). Sequencing libraries were generated using a NEB-
Next Ultra RNA Library PrepKit for Illumina following the manu-
facturer’s recommendations. After quantification and quality 
assessment, mRNA was purified with oligo-dT magnetic beads 
for library preparation. First-strand cDNA was synthesized using 
a random hexamer primer and M-MuLV Reverse Transcriptase. 
Second-strand cDNA synthesis was subsequently performed us-
ing DNA Polymerase I and RNase H. After the synthesis of both 
strands and adenylation of the 3′ ends of the DNA fragments, 
the NEBNext Adaptor with a hairpin loop structure was ligated 
to prepare the samples for hybridization. The library fragments 
were purified using an AMPure XP system. Next, PCR amplifi-

cation was performed using Phusion High-Fidelity DNA poly-
merase, universal PCR primers, and an index (X) primer. The 
PCR products were purified using the AMPure XP system. The 
index-coded samples were clustered using a TruSeq Cluster Kit 
v3-cBot-HS, and library preparations were sequenced on an Il-
lumina NovaSeq platform. Differential expression analysis was 
performed using the DESeq2 R package. Genes with an adjusted 
P value of less than 0.05, found by DESeq2, were assigned as 
differentially expressed.

RNA isolation and qPCR

RNA was extracted from isolated macrophages using a RNeasy 
Mini Kit (Lot: 241343, QIAGEN, Duesseldorf, Germany) and then 
reverse transcribed into cDNA with the Reverse Transcription 
System. qPCR was conducted using SYBR Green PCR Master 
Mix. The housekeeping gene GAPDH served as a positive quan-
titative control, and the relative quantitation of raw data was 
based on the ΔΔCt method. The primers used in this study were 
as follows: murine Gapdh, F-5′-AAGTTCATCTGCACCACCG-3′ and 
R-5′-TGCTCAGGTAGTGGTTGTCG-3′; DUSP5: F-5′-GTGCCTACTGC 
ACATTCCCT-3′ and R-5′-TCCCGAGAACCTACCCTGAG-3′.

Western blotting

Western blotting was performed as described previously 
[12]. In brief, total proteins were extracted from cells and re-
suspended in 5×SDS-PAGE loading buffer. The boiled protein 
samples were then subjected to SDS-PAGE followed by immu-
noblotting with DUSP5 antibody (Lot: ab200708, Abcam, Cam-
bridge, MA, UK), GAPDH antibody (Lot: ab8227, Abcam, Cam-
bridge, MA, UK), p-ERK1/2 antibody (Lot: ab278538, Abcam, 
Cambridge, MA, UK), ERK1/2 antibody (Lot: ab184699, Abcam, 
Cambridge, MA, UK), p-JNK antibody (Lot: ab124956, Abcam, 
Cambridge, MA, UK), JNK antibody (Lot: ab179461, Abcam, 
Cambridge, MA, UK) and HRP labeled sheep anti-Rabbit IgG 
secondary antibody (Lot: ab7090, Abcam, Cambridge, MA, UK).

RNA interference and In Vitro transcribed mRNA of DUSP5

Preparation and microinjection of in vitro-transcribed mRNA 
were performed. In brief, plasmids containing DUSP5–green 
fluorescent protein were linearized and used as templates for in 
vitro transcription using the T7 Message Machine kit (Lot:7651, 
Ambion, Austin, TX, USA). RNAi-negative control HiGC was used 
as a control siRNA. The sequence was synthesized by GeneChem 
Co., Ltd. The sense strand is 5’- AGCTTCCCTGGCTAACGGTCTG-
GCGCTGGCTGTTGCTGACTGCTTGTTGTCCGCGCTGGATACTGA-3’, 
and the antisense strand is 5’-CAACGGTTAACTTGTCGACTCT-
GAACGGTGTGCTGTTGTGGTGCGCTGGGTTTTGTGAG-3’. Synthe-
sized RNA was polyadenylated further using poly(A) polymerase 
(Lot:3124, American Research Products, Grandville, MI, USA) 
and dissolved in 150 mM KCl at a final concentration of ∼100 
ng/μl. Diluted RNA was filtered, heated at 90°C for 1 min and 
cooled on ice. Macrophage cell line H9c2 were transfected with 
DUSP5 siRNA or control siRNA mixed with the transfection re-
agent (Lot:113158, Eppendorf, Hamburg, Germany; final con-
centration: 100 nM).

Statistics

Flow Cytometry Standard (FCS) files were analyzed using 
FlowJo software. Data are represented as the mean ± SEM. 
At least 3 independent replicates were included for all experi-
ments. One-way ANOVA followed by an unpaired, 2-tailed t test 
was used to test for statistical differences. Multiple-testing cor-
rection was performed by the Holm-Bonferroni method. A P 
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value of less than 0.05 was considered statistically significant. 
All calculations were performed using SPSS version 20 (IBM) 
and R version 3.6.1 (R Foundation for Statistical Computing) 
software programs.

Results

Elevated activation of pyroptotic biomarkers in patients 
with acute lung injury from clinical study

We aimed to validate the inflammation profile in different 
groups by analyzing clinical samples. We compared ALI patients 
before (pretherapy) and after therapy (posttreatment) (Figure 
1). BAL were collected in different time points. We found that 
compared with pretherapy, macrophage decreased dramati-
cally after the treatment, which means macrophage may play 
a role in ALI (p<0.001). Before treatment, the number of mac-
rophages were 1250 x 106 in average, while after treatment 
macrophage in BAL were decreased into 813 x 106 in average 
(p<0.001) (Figure 1B). The aberrant activation of macrophages 
may contribute to tissue damage and exacerbate the inflamma-
tory response in ALI. 

With activation of macrophages, inflammasome formation 
is also present in ALI. Macrophage pyroptosis, induced by the 
activation of the specific NLRP3 inflammasome, considered to 
be a significant contributor to injury and fibrosis [5]. In addi-
tion, the levels of proteins associated with pyroptosis, includ-
ing GSDMD-N, IL-1b, and IL-18 have been reported that are 
related to the production of NLRP3 inflammasome [13]. There-
fore, we next examined NLRP3 inflammasome in BAL from ALI 
patients before and after therapy and found that the relative 
fluorescence intensity of NLRP3 was significantly increased in 
pretherapy group compared with their posttherapy (0.95% vs. 
0.21%, respectively; p<0.001, Figure 1C). Notably, pretherapy 
group had a stronger effect on inflammation progression than 
posttreatment. As the BAL in pretherapy group contained a 
high level of IL-1β and IL-18 (p<0.001, Figure 1D and 1E). The 
imbalance of M1/M2 macrophage polarization is a key factor 
in the pathogenesis of ALI. M2 macrophages polarization were 
induced after treatment (p<0.001, Figures 1F and 1G). Further 
analysis of macrophage, we found that macrophage pyroptosis 
occurs, characterized by the cleavage of GSDMD, with subse-
quent activation of caspase-1 and caspase-4 (Figure 1H and 1I). 
We thus conclude that during ALI macrophages are activated 
with increased pyroptosis.

RNA-Seq revealed DUSP5 disruption in patients of ALI

To dissect the alterations in patients of ALI, we collected BAL 
from control and ALI patients, isolated macrophages and ana-
lyzed by RNA-Seq. Cluster analysis revealed significant differenc-
es between the transcriptome of macrophages between control 
and ALI patients (Figure 2A). RNA-Seq analysis resulted in the 
identification of 423 up-regulated genes and 452 down-regulat-
ed genes. Heatmap showed that pyroptosis related genes were 
obviously activated (Figure 2B). GO data also showed that NOD, 
caspase-1, TNF and other signaling pathways were activated 
when ALI occurred, which proved the occurrence of pyropto-
sis (Figure 2D). Notably, DUSP5 (dual specificity phosphatase 
5) gene exhibited significant higher expression in ALI patients 
(Figure 2C). As expected, various genes involved in activation 
of macrophages (Figure 2C) were upregulated during ALI ver-
sus in control. DUSP5 acts as an anti-inflammatory regulator 
by inhibiting the ERK and NF-κB signaling pathways induced by 
LPS in macrophages. According to the prediction protein inter-

action analysis of the bioinformatics database, DUSP5 interacts 
with GSDMD through genes such as MAPK9 and CASP4, which 
is speculated to be the signaling pathway of DUSP5 participat-
ing in cell pyrodeath (Figure 2E). Thus, we detected DUSP5 ex-
pression level though q-PCR and western, our results revealed a 
significant upregulation of DUSP5 mRNA (p<0.001) and protein 
(p<0.05) in ALI patients (Figures 2F and 2G). These findings sug-
gest that DUSP5 may be involved in macrophage activation and 
pyroptosis during ALI.

Morin improves LPS-induced acute lung injury in mouse 
model

Morin, a natural compound found in plants belonging to the 
Moraceae family, exhibits robust anti-inflammatory and antioxi-
dant characteristics. Specifically, it has been observed to exert 
anti-inflammatory effects on macrophage cells. Thus, we hy-
pothesized that Morin potentially regulating the inflammatory 
response in ALI. 

To elucidate the role of Morin in ALI, we established a mouse 
model of ALI. Prior to aerosolized LPS, mice exhibited no sig-
nificant differences. By performing HE staining, we confirmed 
the pathological characteristics and successful establishment 
of the model. In the Control group, the alveolar structure was 
intact without obvious pathological changes. However, in LPS-
stimulated ALI group, alveolar septum thickening, alveolar cav-
ity narrowing, alveolar edema and congestion were observed. 
In ALI group with Morin treatment, the degree of inflammatory 
cell infiltration was reduced (Figure 3A). 

Apart from that, though lung tissue immunohistochemical 
staining, there was lower levels of NLRP3 (Figure 3B) and N-GS-
DMD (Figure 3C) in ALI group with Morin treatment compared 
with ALI. All these results indicate that Morin has a protective 
effect on LPS-induced lung injury, and may modulate macro-
phage pyroptosis and inflammatory response.

To further clarify the role of Morin in ALI, we use markers 
of classically activated and alternative activated macrophages, 
iNOS and Arg1, to identify M1/M2 type macrophages. We ob-
served lower iNOS and higher Arg1 after Morin treatment in ALI 
(Figure 3D), represent Morin promoted the conversion of M1 
to M2 macrophages in ALI. Additionally, there was a significant 
reduction in the level of IL-1β and IL-18 after Morin treatment 
in lung tissue (p<0.001) (Fig. 3E-F). DUSP5 was decreased af-
ter Morin treatment (p<0.01) (Figure 3G and 3H). Furthermore, 
the levels of apoptosis in each group were confirmed through 
Tunel staining, revealing a significant increase in apoptosis in 
ALI, while after Morin treatment apoptotic cells were decreased 
(Figure 3I), which consistently indicate that Morin improves 
LPS-induced ALI in cell apoptosis. Meanwhile, ERK1/2 and JNK 
signaling pathway were activated in ALI, and Morin treatment 
suppressed these signaling (Figure 3J). These results indicated 
that Morin improves LPS-induced ALI by regulating DUSP5.

Morin inhibit macrophage pyroptosis and reduce cellular 
inflammation In Vitro

To corroborate the role of Morin in macrophage, we isolated 
macrophage from wild type mouse, and using LPS stimulate in 
vitro during cell culture. Meanwhile, we added Morin into cell 
culture medium, to further clarify the exact role of Morin in 
macrophage.

We assessed IL-1β and IL-18 levels in macrophage using Elisa. 
Our results revealed a significant upregulation of IL-1β and IL-18 
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after LPS stimulation (p<0.001), and downregulation in LPS with 
Morin group (Figure 4A and 4B). Apart from that, there was 
lower levels of NLRP3 (Figure 4C) and N-GSDMD (Figure 4D) in 
macrophage of Morin treatment compared with LPS. This sup-
ports the notion that Morin modulate macrophage pyroptosis 
and inflammatory response.

To further clarify the mechanism of Morin, we found that 
DUSP5 in macrophage was decreased after Morin treatment 
(Figure 4E and 4F). Furthermore, Tunel staining revealing a 
significant increase in macrophage apoptosis in LPS stimula-
tion, while after Morin treatment apoptotic macrophages were 
decreased (Figure 4G). Meanwhile, ERK1/2 and JNK signaling 
pathway were activated after LPS stimulation, and Morin treat-
ment suppressed these signaling (Figure 4H). These pathologi-
cal changes mirror the manifestations of ALI in vivo, and further 
validating Morin inhibit macrophage pyroptosis and reduce cel-
lular inflammation by regulating DUSP5.

Suppression of DUSP5 exert inhibitory effects on 
macrophage pyroptosis and attenuate cellular inflammation. 

The results in Figure 3G and 4F demonstrate that the expres-
sion of DUSP5 in ALI tissues is higher than control, while after 
Morin treatment DUSP5 in macrophage were decreased. This 
suggests that DUSP5 may play a promoting role in macrophage 
during ALI.

To understand the role of DUSP5 in macrophage, we used 
transfection siRNA of DUSP5 in H9c2 macrophage cell line, and 
results indicate that expression of IL-1β and IL-18 in siRNA-
DUSP5 group is lower than in the siRNA-NC group (Figure 5A 
and 5B). Meanwhile, ERK1/2 and JNK signaling pathway were 
downregulated in siRNA-DUSP5 group (Figure 5C), indicating 
that suppression of DUSP5 attenuate cellular inflammation. As 
Morin may affect the pyroptosis of macrophage, we tested the 
expression of NLRP3 and N-GSDMD in siRNA-DUSP5 and siRNA-
NC group, and the expression of NLRP3 (Figure 5D) and N-GSD-
MD (Figure 5E) in the siRNA-DUSP5 group is lower than in the 
siRNA-NC group, further confirming that suppression of DUSP5 
exert inhibitory effects on macrophage pyroptosis (Figure 5E). 
Tunel staining assays were conducted to assess the apoptosis of 
macrophage. The apoptotic macrophage transfected with siR-
NA-DUSP5 was lower than that of the control group (Figure 5F). 

In addition, in order to verify the molecular function of Mo-
rin, we added Morin to cell lines with DUSP5 knocked down, 
and found that the function of Morin could not be performed 
after knocking down. We found that there was no significant 
difference in the expression of IL-1A and IL-18 when DUSP5 was 
knocked down and morin was added (Figure 5G). In addition, 
NLRP3, GSDMD and Tunel showed no specific changes in pyrop-
tosis indicators after DUSP5 was knocked down, compared with 
DUSP5 alone (Figure 5H and 5J). We further analyzed the ERK/
JNK signaling pathway and found that the addition of morin af-
ter knocking down DUSP5 has no effect on activation of ERK/JNK 
signaling (Figure 5K). These data all proved that morin could not 
play a role after blocking DUSP5. To further clarify the mecha-
nism, we conducted CO-IP experiments and found that DUSP5 
can interact with the GSDMD of pyroptosis related signals (Fig-
ure 5L). It is speculated that Morin can affect the pyroptosis of 
macrophages by regulating DUSP5. All these data indicated that 
inhibition of DUSP5 reduces the pyroptosis of macrophage and 
attenuate cellular inflammation.

Figure 1: Elevated Activation of Pyroptotic Biomarkers in 
Patients with Acute Lung Injury from Clinical Study. (A) Comparison 
of CD3+T, CD4+T, CD8+T cells, CD19+B cell and macrophage level 
between pretherapy and posttreatment in ALI patients (x+s). (B) 
Changes in the number of macrophages in the alveolar lavage fluid 
of each group. (C) Flow cytometry analysis of the macrophage 
pyroptosis marker protein NLRP3 in BAL (bronchoalveolar lavage) 
of each group. (D) ELISA for IL-1β. (E) ELISA for IL-18. (F) Flow 
analysis. ***p<0.001. Pretherapy and posttreatment patients with 
ALI: n=14; n=14 independent replicates.

Figure 2: RNA-Seq revealed DUSP5 disruption in patients of 
ALI. (A) Heatmap of differentially expressed genes. (B) Heatmap of 
selected pyroptosis genes. (C) Differentially expressed genes. (D) 
GO term of differentially expressed genes. (E) Protein interaction 
network between DUSP5 and GSDMD. (F) q-PCR validation of 
differential DUSP5. (G) WB validation of differential DUSP5. 
*p<0.05, ***p<0.001. Pretherapy and posttreatment patients with 
ALI: n=14; n=14 independent replicates.
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Figure 3: Morin improves LPS-induced acute lung injury in 
mouse model. (A) HE staining of pathological structure in each 
group. (B) Immunohistochemistry of pyroptosis marker proteins 
NLRP3. (C) Immunohistochemistry of pyroptosis marker proteins 
N-GSDMD. (D) Immunofluorescence staining in macrophage 
polarization marked by of iNOS and Arg1. (E) Elisa of IL-1β in lung 
tissues. (F) Elisa of IL-18 in lung tissues. (G) qPCR of differential 
DUSP5 in lung tissues. (H) WB of differential DUSP5 in lung 
tissues. (I) Tunel staining in the lung tissues. (J) WB analysis of the 
regulation of signaling pathway proteins P-ERK1/2, ERK1/2, P-JNK, 
JNK. *p<0.05, **p<0.01, ***p<0.001. each group n=6 independent 
replicates.

Figure 4: Morin inhibit macrophage pyroptosis and reduce 
cellular inflammation in vitro. (A) Elisa of IL-1β in each group of cells. 
(B) Elisa of IL-18 in each group of cells. (C) Immunohistochemistry 
of pyroptosis marker proteins NLRP3. (D) Immunohistochemistry 
of pyroptosis marker proteins N-GSDMD. (E) qPCR of differential 
DUSP5 in macrophage. (F) WB of differential DUSP5 in macrophage. 
(G) Tunel staining of macrophage. (H) WB analysis of the regulation 
of signaling pathway proteins P-ERK1/2, ERK1/2, P-JNK, JNK. 
*p<0.05, **p<0.01, ***p<0.001. each group n=6 independent 
replicates.

Figure 5: Suppression of DUSP5 exert inhibitory effects on 
macrophage pyroptosis and attenuate cellular inflammation. (A) 
Elisa of IL-1β in each group of cells. (B) Elisa of IL-18 in each group 
of cells. (C) WB analysis of the regulation of signaling pathway 
proteins P-ERK1/2, ERK1/2, P-JNK, JNK. (D) Immunohistochemistry 
of pyroptosis marker proteins NLRP3. (E) Immunohistochemistry 
of pyroptosis marker proteins N-GSDMD. (F) Tunel staining 
of macrophage. (G) Elisa of IL-1β and IL-18 in each group of 
cells. (H) Immunohistochemistry of pyroptosis marker proteins 
NLRP3. (I) Immunohistochemistry of pyroptosis marker proteins 
N-GSDMD. (J) Immunohistochemistry of Tunel. (K) WB analysis of 
the regulation of signaling pathway proteins P-ERK1/2, ERK1/2, 
P-JNK, JNK. (L) CO-IP of DUSP5 and GSDMD. *p<0.05, **p<0.01, 
***p<0.001. each group n=6 independent replicates.

Discussion

Acute Lung Injury (ALI) is a severe pneumonia condition 
caused by various factors, and its current treatment options 
have limited efficacy and significant side effects [14]. Therefore, 
there is a pressing need to explore new and effective drugs for 
ALI treatment. Morin, a dietary bioflavonoid, has shown prom-
ising anti-inflammatory and antioxidant properties [15]. Specifi-
cally, it has been observed to have anti-inflammatory effects on 
macrophage cells [16]. This study aimed to investigate the pro-
tective mechanism of Morin in ALI.

Analysis of BAL samples from ALI patients revealed higher 
numbers of macrophages prior to treatment. In the prethera-
py group, NLRP3 inflammasome, IL-1β, and IL-18 levels in BAL 
were significantly increased. RNA-sequencing of BAL samples 
identified a significant upregulation of the DUSP5 gene in ALI 
patients, which was further confirmed by q-PCR and Western 
blot analysis. In the ALI mouse model, Morin treatment sig-
nificantly reduced alveolar injury, decreased pyroptosis mark-
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ers NLRP3 and N-GSDMD, enhanced the presence of M2 mac-
rophages, reduced IL-1β and IL-18 levels, and downregulated 
the DUSP5, ERK1/2, and JNK signaling pathways. Morin treat-
ment also attenuated LPS-induced ALI cell apoptosis. In an in 
vitro experiment with macrophages, Morin was found to inhibit 
macrophage pyroptosis and reduce cellular inflammation, as in-
dicated by lower levels of IL-1β and IL-18, decreased activation 
of the ERK1/2 and JNK signaling pathways, reduced expression 
of pyroptosis markers (NLRP3 and N-GSDMD), and decreased 
macrophage apoptosis in the siRNA-DUSP5 group compared to 
the control group.

One limitation of the study is the relatively limited methods 
used for detecting pyroptosis. Pyroptosis is a complex form of 
cell death with distinct molecular characteristics, and relying on 
a single detection method may not capture the full complexity 
of this process [17]. To gain a more comprehensive understand-
ing of pyroptosis and its modulation by Morin, future research 
should consider employing a wide range of techniques, such 
as live-cell imaging, multiplex assays, or functional assays tar-
geting specific molecular markers associated with pyroptosis. 
Expanding the repertoire of detection methods can provide a 
more detailed and nuanced insight into the role of pyroptosis 
in acute lung injury and the potential therapeutic effects of Mo-
rin. Furthermore, while the research emphasized Morin’s role 
in inhibiting macrophage pyroptosis through DUSP5 regulation, 
a more detailed mechanistic understanding is needed. Future 
studies should explore additional detection techniques and 
delve deeper into the molecular pathways involved to enhance 
comprehension of Morin’s therapeutic efficacy in Acute Lung 
Injury (ALI).

Conclusion

Morin exerts a protective effect against LPS-induced ALI by 
regulating the DUSP5 gene to inhibit macrophage pyroptosis 
and inflammatory response. This study sheds light on the po-
tential use of Morin as a therapeutic agent for ALI treatment 
and provides valuable insights into the underlying protective 
mechanism. Further research is warranted to explore the clini-
cal applications of Morin in ALI management.
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