
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhai et al. Respiratory Research          (2025) 26:119 
https://doi.org/10.1186/s12931-025-03196-8

Respiratory Research

*Correspondence:
Guang Liang
wzmcliangguang@163.com
Xiaohui Zheng
zhengxh@wmu.edu.cn

Full list of author information is available at the end of the article

Abstract
Background  Acute lung injury (ALI) is a life-threatening inflammatory lung disease that lacks safe and effective 
treatment strategies. Harmine, an alkaloid derived from Peganum harmala L plants, exhibits anti-inflammatory activity. 
However, the protective effect of harmine against ALI and its underlying mechanism remain unknown. This study 
aimed to elucidate the therapeutic effects and molecular mechanisms of harmine against ALI.

Methods  The therapeutic effects of harmine were assessed in LPS-induced ALI mice. Serum, bronchoalveolar 
lavage fluid (BALF), lung tissues were routinely analyzed to evaluated disease severity. The anti-inflammatory 
mechanism was elucidated in LPS-simulated RAW264.7 cells using a series assays, including RNA-seq, gene silencing, 
immunofluorescence, western blotting, co-immunoprecipitation and bioinformatic analysis. The biological safety of 
harmine was determined both in vitro and in vivo through cytotoxicity test, long-term cell proliferation test, acute 
toxicity test in mice, and assessments of liver and kidney function and structural changes.

Results  The results showed that harmine inhibited the expression and secretion of LPS-induced inflammatory factors 
(IL-6, IL-1β and TNF-α) and reduced inflammatory cell infiltration in the lungs, resulting in alleviated LPS-induced 
histopathological changes and injury in mice. Mechanically, the findings revealed that harmine does not disrupt the 
TLR4-MD2 interaction but instead attenuates inflammation by suppressing CSF3 transcription and expression, leading 
to the inhibition of the MAPK/NF-κB signaling pathway activation induced by LPS stimulation. Additionally, both in 
vitro and in vivo studies demonstrated that harmine administration does not exhibit obvious cytotoxicity or long-
term cell proliferation inhibition, nor does it cause functional or organic lesions the liver and kidney in mice, or other 
acute toxic effects.

Conclusions  These findings elucidated that the anti-inflammatory activity of harmine was achieved through 
the CSF3-mediated inactivation of the MAPK/NF-κB signaling pathway, suggesting that harmine could serve as a 
promising therapeutic drug for ALI and other inflammatory diseases.
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Background
Acute lung injury (ALI) is a life-threatening inflam-
matory lung disease caused by damage to alveolar epi-
thelial cells and capillary endothelial cells [1, 2]. Up to 
50% of ALI patients with severe infection will develop 
acute respiratory distress syndrome (ARDS), result-
ing in a mortality rate of up to 46% even with standard 
treatment [3–5]. The pathogenesis of ALI is complex 
and systemic inflammation leads to serious complica-
tions, making clinical treatment challenging even in 
advanced medical settings [6]. Mechanical ventilation, 
fluid management and drug therapy based supportive 
treatments, remain the main clinical strategies for ALI 
[7]. However, these treatments often fail to meet clini-
cal expectations due to drawbacks such as inducing 
pulmonary edema and barotrauma, immunosuppres-
sion, and drug resistance, even multiple drug resis-
tance. Although some new treatments are available 
for ALI patients [2, 8], these newly developed strate-
gies, such as extracorporeal membrane oxygenation 
(ECMO), are expensive and complicated to adminis-
ter [9]. Consequently, supportive therapy is still gen-
erally adopted to relieve patients suffering from ALI, 
although has limited positive effect on survival. There-
fore, development of new targets, potential therapeutic 
drugs, and treatment strategies for ALI is urgent.

MAPK and NF-κB signaling pathways, which inter-
act synergistically to regulate the extent and duration 
of the inflammatory response, play a critical role in the 
inflammatory storm in ALI [10, 11]. Currently, anti-
inflammatory treatment of ALI has achieved expected 
therapeutic effect mainly by regulating these pathways 
[12–14]. CSF3, also known as Granulocyte Colony-
Stimulating Factor (G-CSF), is a cytokine that plays an 
important role in the regulation of inflammation and 
immune response [15–17]. It had been demonstrated 
that CSF3 regulates the MAPK and/or NF-κB signal-
ing pathways [18–20]. For instance, CSF3 alleviated 
diabetes-induced cerebral vascular defects by acti-
vating the MAPK signaling pathway [21], improves 
depression-like behaviors by inhibiting the MAPK 
signaling pathways [22], and inhibits MAPK activities 
in CSF3-dependent neutrophil differentiation [23]. 
Additionally, CSF3 promotes neuronal cell autophagy 
by inhibiting the NF-κB signal pathway in an acute 
spinal cord injury mice model [24], and exhibits a 
positive correlation with NF-κB protein levels in the 
hippocampi of mice [25]. Overall, previous studies 
demonstrate a close regulatory association between 
CSF3 and the MAPK or NF-κB signaling pathways in 

non-inflammatory diseases. Moreover, CSF3 also act 
as a potential inflammatory mediator in BALF and 
serum [26], and can induce ALI in rats [27, 28]. Thus, 
CSF3 might be a valuable new target in ALI treat-
ment, and although not yet reported, warrants further 
exploration.

Harmine (PubChem CID: 5280953, Fig.  1A), an 
alkaloid derived from the natural plant Peganum har-
mala L, possesses multiple pharmacological activities, 
including anti-inflammatory, antibacterial, antitumor 
effects [29–31]. Evidence shows that harmine can 
inhibit the M1 phenotype polarization of macrophage 
RAW 264.7 and reduce the inflammatory response by 
inhibiting the activation of the STAT1/3, NF-κB and 
MAPK signaling pathways [32]. Additionally, har-
mine increases the level of anti-inflammatory fac-
tors by facilitating the polarization of macrophages 
from the M1 to the M2 phenotype, which plays a key 
role in the late stage of inflammation and expresses 
inhibitory inflammatory factors [33]. Moreover, stud-
ies suggest that harmine alleviates LPS-induced acute 
kidney injury in mice by inhibiting the TLR4-NF-κB/
NLRP3 inflammasome signaling pathway [34]. Collec-
tively, previous studies suggest that harmine may have 
a potential therapeutic effect on ALI by modulating 
inflammatory processes. Therefore, to explore har-
mine as a potential therapeutic agent for ALI and fur-
ther enrich its pharmacological profile, its therapeutic 
effect and underlying mechanism were investigated 
in an LPS-induced ALI mouse model and RAW 264.7 
cells. The results indicate that harmine alleviates LPS-
induced ALI in mice by inhibiting the MAPK/NF-κB 
pathway through suppressing the transcription and 
expression of CSF3.

Materials and methods
Reagents and antibodies
Harmine (Cat. No. 442-51-3) was sourced from Tar-
getMol (Shanghai, China). LPS (Cat. No. 325D031) 
was obtained from Solarbio. Antibodies against 
β-Actin (Cat. No. 13E5), P38 (Cat. No. 9212 S), phos-
phorylated P38 (p-P38) (Cat. No. 9211 S), c-Jun N-ter-
minal kinase (JNK; Cat. No. 9252 S), p-JNK (Cat. No. 
4668  S), extracellular signal-regulated kinase (ERK; 
Cat. No. 4695  S), p-ERK (Cat. No. 4695  S), NF-κB 
P65 (Cat. No. D14E12), p-P65 (Cat. No. 3033 S), IκBα 
(Cat. No. 4812  S), p-IκBα (Cat. No. 2859  S), Lamin 
B1 (Cat. No. 13435 S), anti-rabbit IgG (No. 7074) and 
anti-mouse IgG (No. 7076) were from Cell Signaling 
Technology (Danvers, MA). Antibodies against TLR4 
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Fig. 1  Harmine inhibited LPS-induced inflammation. (A) Venn diagram of the cross target between the therapeutic target of harmine and ALI. (B) PPI 
network with 85 overlapping targets, colored circular nodes represent inflammation related targets. (C) KEGG enrichment analysis of the 85 overlapping 
genes. (D) The cell viability of harmine against RAW264.7 cells at the indicated dose. (E) qPCR assay determined the IL-6, IL-1β and TNF-α mRNA levels 
in RAW264.7 cells. Before used, cells were pretreated with the indicated dose of harmine for 30 min, followed by exposing to LPS (0.5 µg/mL) for 6 h. (F) 
ELISA assay determined the secretion of IL-6, IL-1β and TNF-α protein. The cells were treated the same as (E), except LPS stimulated for 12 h. (G and H) 
ELISA assay determined the cytokine content in BALF and serum of LPS-induced ALI mice. (I) Representative images of immunohistochemical staining 
in lung tissue. Scale bar, 50 μm. (J-L) The transcription of IL-6, IL-1β and TNF-α in lung were determined by qPCR. The LPS-induced ALI mouse model was 
established by administering LPS (5 mg/kg intratracheally) to C57BL/6 mice (n = 6) with or without pretreated with harmine at the indicated dose. Lung 
tissues, BALF and serum were collected 6 h after modeling. Values represent the mean ± SD of at least three independent experiments. ns, no significance; 
*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001, vs. LPS group. ####p < 0.0001, vs. control group
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(Cat. No. sc-293072), MD2 (Cat. No. sc-80183), mac-
rophage markers Ly-6G (Cat. No. sc-53515) and F4/80 
(Cat. No. sc-377009) were purchased from Santa Cruz 
Biotechnology (Dallas, TX). The IL-6 antibody (Cat. 
No. 26404-1-AP), TNF-α (Cat. No. 26405-1-AP) and 
IL-1β (Cat. No. 26048-1-AP) were obtained from Pro-
teintech (Wuhan, China). Mouse TNF-α ELISA Kit 
(88-7324-86), Mouse IL-1β ELISA Kit (88–7013 A-88) 
and Mouse IL-6 ELISA Kit (88-7064-86) were pro-
cured from Thermo Fisher Scientific (USA). The 
DyLight 488-conjugated anti-Rabbit (No. SA00013-2), 
for immunofluorescence assays, was purchased from 
Proteintech (Wuhan, China). BeyoClick™ EdU Cell 
Proliferation Kit with Alexa Fluor 555 (No. C0075L) 
was obtained from Beyotime (Shanghai, China). The 
Annexin V-FITC Apoptosis Assay Kit (No. 556547) 
was purchased from BD Biosciences (USA). Alanine 
aminotransferase (ALT) Assay Kit (C009-2-1), Aspar-
tate aminotransferase (AST) Assay Kit (C010-1-1), and 
Creatinine (Cr) Assay kit (C011-2-1) were purchased 
from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China).

Drug administration
In the in vitro experiments, harmine was initially pre-
pared as a 10 mM solution in DMSO and then diluted 
to the indicated concentrations using DMEM or 
MEM. The control group received a medium contain-
ing 0.1% DMSO. In the in vivo experiments, harmine 
was directly dissolved in a mixed solvent composed of 
anhydrous ethanol, TWEEN 80, and saline in a ratio 
of 1:1:6. The control group was administered an equal 
volume of the mixed solvent.

Animals and cells
Male C57BL/6 mice (18–22  g, 6–8 weeks old) were 
obtained from Charles River Laboratories (Beijing, 
China). All animal studies and experimental proce-
dures were approved by Wenzhou Medical University 
Animal Policy and Welfare Committee (Approval Doc-
ument No. xmsq2021-0043) in accordance with the 
National Institutes of Health (USA) guidelines.

RAW264.7 macrophage cells were obtained from the 
China Center for Type Culture Collection (Wuhan, 
China). Human normal lung cell lines (BEAS-2B and 
MRC-5) were purchased from the Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sci-
ences (China). BEAS-2B and RAW264.7 cells were 
cultured in DMEM (Gibco, USA), MRC-5 cells were 
cultured in MEM (Gibco, USA), and all cells were 
maintained at 37  °C with 5% CO2. The media for all 
cells was supplemented with 10% fetal calf serum 
(Gibco, USA), 100 U/mL penicillin and streptomycin 
(Hyclone, Logan, UT).

Construction of acute lung injury mouse model
The mice were acclimated for a week and provided 
with ad libitum access to food and water. Mice were 
randomly assigned to five groups, (n = 6 per group): 
control group (Control), ALI group (LPS, intratra-
cheal instillation of LPS at 5  mg/kg), ALI + harmine 
treatment groups (LPS + harmine: LPS + Har 2.5  mg/
kg, LPS + Har 5  mg/kg, and LPS + Har 10  mg/kg). For 
preventive study: the mice in each group were admin-
istered harmine or mixed solvent via intraperitoneal 
injection (i.p.) 24, 12 and 1  h before modeling. For 
therapeutic study: mice were intraperitoneally injected 
with harmine (2.5  mg/kg, 5  mg/kg or 10  mg/kg) one 
hour after intratracheal instillation of 5  mg/kg LPS. 
6  h after intratracheal infusion of LPS stimulation, 
the mice were sacrificed, then serum, bronchoalveolar 
lavage fluid (BALF), and tissue samples were collected 
and stored at -80 ℃ for future use.

Cell viability assay
The cell viability assay was conducted following pre-
viously described methods [35]. Additional details are 
provided in the Supplementary Information.

Colony formation assay
The colony formation assay was conducted following 
previously described methods [35]. Additional details 
are provided in the Supplementary Information.

EdU staining assay
The EdU staining assay was conducted following pre-
viously described methods [36]. Additional details are 
provided in the Supplementary Information.

Annexin V/PI apoptosis assay
The Annexin V/PI apoptosis assay was conducted fol-
lowing previously described methods [35]. Additional 
details are provided in the Supplementary Information.

Lung wet/dry ratio
Lung wet/dry ratio was determined following previ-
ously described methods [37]. Additional details are 
provided in the Supplementary Information.

BALF analysis
BALF analysis was determined following previously 
described methods [37]. Additional details are pro-
vided in the Supplementary Information.

Hematoxylin-eosin (H&E) and immunohistochemical (IHC) 
staining
H&E and IHC staining assays were conducted follow-
ing previously described methods [38]. Additional 
details are provided in the Supplementary Information.
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Lung pathological score
Lung impairment was evaluated using a lung injury 
score ranging from 0 (normal) to 3 (severe) in four 
categories [39]: inflammatory cell infiltration, alveo-
lar hemorrhage, alveolar edema, pulmonary interstitial 
edema. The lung pathological changes were assessed 
in a blinded manner, and the lung injury score was cal-
culated by the sum of these four aspects.

ELISA determination of cytokines
The levels of IL-6, IL-1β and TNF-α in cells, serum, 
and BALF were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits. Specifically, the Mouse 
TNF-α ELISA Kit (88-7324-86, Invitrogen, USA), 
Mouse IL-1β ELISA Kit (88–7013  A-88, Invitrogen, 
USA), and Mouse IL-6 ELISA Kit (88-7064-86, Invit-
rogen, USA) were utilized according to the manufac-
turer’s instructions.

Real-time quantitative PCR
Real-time quantitative PCR assay was described pre-
viously [37]. Details can be found in the Supplemen-
tary information. The sequence of primers is shown in 
Table S1.

RNA library construction and sequencing assay
Cells were pretreated with 10 µM harmine for 30 min, 
followed by exposure to LPS (0.5 µg/mL) for 6 h. Total 
RNA was extracted using TRIzol reagent (Thermo 
Fisher), and paired-end sequencing was conducted 
on an Illumina HiSeq 4000 at LC-BIO Technologies 
(Hangzhou), following the vendor’s recommended 
protocol.

Transfection analysis
Transfection studies were conducted following pre-
viously described methods [36]. Additional details 
are provided in the Supplementary Information. The 
sequence of small interfering RNA is shown in Table 
S2.

Western blot assay
The western blot assay was conducted following pre-
viously described methods [35]. Additional details are 
provided in the Supplementary Information.

Immunofluorescence (IF) assay
The IF assay was conducted following previously 
described methods [35]. Additional details are pro-
vided in the Supplementary Information.

Co-immunoprecipitation (Co-IP) assay
The Co-IP assay was conducted following previously 
described methods [37]. Additional details are pro-
vided in the Supplementary Information.

Toxicity evaluation of harmine in vivo
C57BL/6J mice were randomly divided into 4 groups 
(n = 6 per group): control group (Control) and har-
mine (10, 30, 90  mg/kg) group. After different con-
centrations of harmine and mixed solvent were orally 
separately, the body weight was recorded daily for 
7 days. On day 7, blood samples were collected. The 
heart, kidney, liver, and lung tissues were collected and 
weighed. Levels of serum alanine transaminase (ALT), 
aspartate aminotransferase (AST) and creatinine (Cr) 
activities were measured by kit. The pathological dam-
age of each tissue was demonstrated by H&E staining.

Protein targets prediction of Harmine against ALI
The 2D chemical structure of harmine (CID:5280953) 
was downloaded from the PubChem public database 
(​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​​i​.​n​l​​m​.​​n​i​h​.​g​o​v​/), and submit-
ted to the PharmMapper database, with the target 
protein species parameter set to human and all other 
parameters left as default. Potential protein targets 
were reverse-predicted based on structural similarity 
principle. Concurrently, harmine’s SMILE expression 
was submitted to the SwissTarget Prediction dataset, 
also with species set to human and other parameters 
as default. By intersecting the predicted targets from 
both databases, 104 candidate protein targets were 
identified for further analysis. Additionally, 8,957 
ALI disease targets were retrieved from GeneCards, 
OMIM, and the Therapeutic Target Database (TTD). 
Finally, by intersecting the 104 harmine targets with 
the 8,957 ALI genes, 85 candidate protein targets were 
identified.

Potential targets protein-protein interaction (PPI) and 
pathway enrichment analysis
A protein-protein interaction (PPI) network was con-
structed using the STRING database. The KEGG 
pathway analysis of candidate proteins followed a 
structured process: first, the candidate targets were 
submitted to the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) with species 
set to human. Next, KEGG-pathway, GOTERM_BP_
DIRECT(BP), GOTERM_CC_DIRECT(CC), and 
GOTERM_MF_DIRECT(MF) categories were selected 
for Gene Ontology (GO) and KEGG enrichment analy-
sis of the overlapping genes. The resulting pathways 
were used to generate GO histograms and KEGG 
enrichment bubble charts via ​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​​m​a​t​
i​​c​s​​.​c​o​m​.​c​n​/.

https://pubchem.ncbi.nlm.nih.gov/
http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/
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Statistical analysis
All data were analyzed using GraphPad Prism 9.5. 
A two-tailed unpaired Student’s t-test or one-way 
ANOVA was used to compare the means of two 
or more groups. All values are expressed as the 
mean ± standard deviation (SD) of at least three inde-
pendent experiments. A significance level of p < 0.05 
was defined as statistically significant.

Results
Harmine suppresses LPS-induced inflammation in a dose-
dependent manner
To evaluate the potential preventive and therapeu-
tic effect of harmine on ALI, 104 protein targets were 
identified using the SwissTarget database by incorpo-
rating harmine’s chemical information from the Pub-
Chem database. The results indicated that these 104 
potential targets overlapped with 85 of the 8957 ALI 
disease genes (Fig.  1A). A protein-protein interaction 
(PPI) network, constructed using the STRING data-
base, revealed that these 85 overlapping targets are 
primarily involved in inflammation and its-related 
signaling pathways (Fig.  1B). Consistently, KEGG 
pathway enrichment analysis showed that the 85 over-
lapping target proteins are closely associated with the 

MAPK/NF-KB signaling pathway (Fig.  1C). These 
findings from network pharmacology indicated that 
harmine might exert a protective effect against ALI by 
inhibiting inflammatory responses.

First, the MTT assay was used to determine the non-
toxic dose of harmine in RAW264.7 cells, both with 
and without LPS exposure (Fig.  1D and S1). Subse-
quently, LPS-stimulated RAW264.7 cells were treated 
with harmine at this non-cytotoxic dose to evaluate 
its anti-inflammatory activity. The results indicated 
that, compared to the control group, LPS stimulation 
significantly increased the transcription and secre-
tion of IL-6, IL-1β and TNF-α in a dose-dependent 
manner (Fig.  1E-F). Similarly, harmine pretreatment 
showed comparable trends in BALF, serum, and lung 
tissues of LPS-induced ALI mice. Data from qPCR and 
ELISA assays demonstrated that harmine significantly 
decreased LPS-induced IL-6, IL-1β, and TNF-α pro-
tein levels in both BALF and serum (Fig.  1G-H). IHC 
staining indicated that LPS stimulation increased IL-6, 
IL-1β, and TNF-α immunoreactivity, but harmine pre-
treatment significantly reduced this increase (Fig. 1I), 
suggesting harmine inhibited LPS-induced recruit-
ment of infiltrating cells. Consistent with this, qPCR 
analysis showed that the LPS-increased mRNA levels 

Fig. 2  Harmine inhibited LPS-induced MAPK and NF-κB signaling pathway activation in RAW264.7 cells. (A and E) The abundance of p-JNK, JNK, p-ERK, 
ERK, p-P38, P38, p-IκBα, IκBα, p-P65 and P65 proteins were measured using a western blot assay with β-actin serving as the loading control (n = 3). (B-D 
and F-G) Quantitative analyses of (A) and (E), respectively. (H) The translocation of P65 from the cytoplasm to the nucleus was examined using IF staining 
assay. Scale bar, 20 μm. (I) The NF-κB P65 subunit in the nucleus was measured by western blot assay, with Lamin B1 used as the loading control (n = 3). 
(J) Quantitative analysis of (I). Values represent as the mean ± SD of at least three independent experiments. ns, no significance; **p < 0.01; ***p < 0.001, 
****p < 0.0001, vs. LPS group. ####p < 0.0001, vs. control group
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of IL-6, IL-1β, and TNF-α in lung tissues were reduced 
by pretreatment with harmine (Fig. 1J-L). These find-
ings showed that harmine significantly alleviates LPS-
induced inflammation both in vitro and in vivo.

Harmine inhibits LPS-induced MAPK/NF-κB signaling 
pathway activation
Further investigation was conducted to evaluate the 
effects of harmine on LPS-induced inflammatory 
response downstream signaling, specifically MAPKs 
and NF-κB activation. The results showed that har-
mine reversed the elevated levels of ERK, JNK, and 
P38 phosphorylation induced by LPS stimulation in 
RAW264.7 cells (Fig. 2A), demonstrating that harmine 
inhibited LPS-induced MAPK signaling pathway acti-
vation. Quantitative analysis indicated that harmine 
decreased the abundance of p-ERK, p-JNK, and p-P38 
in a dose-dependent manner (Fig. 2B-D). Additionally, 
the LPS-activated NF-κB signaling pathway, illustrated 
by increased p-P65 and p-IκBα protein levels, was 
markedly reduced by harmine pretreatment (Fig.  2E-
G). Moreover, IF staining showed that LPS stimulation 
promoted the translocation of P65 from the cytoplasm 
to the nucleus in RAW264.7 cells, which was blocked 

by harmine in a dose-dependent manner (Fig.  2H). 
Consistent with the IF assay, the western blot assay 
indicated that harmine pretreatment significantly 
inhibited the LPS-induced increase of the NF-κB P65 
subunit in the nucleus in a dose-dependent manner 
(Fig. 2I-J).

Similarly, compared to the control group, LPS-
induced ALI lung tissues exhibited increased levels of 
p-ERK, p-JNK, and p-P38, while harmine pretreatment 
reduced the LPS-induced phosphorylation of these 
MAPKs (Fig.  3A-D). Additionally, lung tissues from 
LPS-induced ALI mice showed high expression of both 
p-P65 and p-IκBα, whereas in harmine pretreated ALI 
mice, the levels of p-P65 and p-IκBα were effectively 
reduced (Fig.  3E-G). Taken together, these results 
suggested that harmine reduces LPS-induced inflam-
matory response by inhibiting the MAPK/NF-κB sig-
naling pathway.

Harmine alleviates LPS-induced ALI in mice through 
reduced infiltration
These findings promoted us to evaluate the preventive 
and therapeutic effect of harmine against LPS-induced 
ALI. The results showed that, compared to the control 

Fig. 3  Harmine inhibited the activation of MAPK and NF-κB signaling pathways in LPS-induced ALI mice. (A and E) The levels of p-JNK, JNK, p-ERK, ERK, 
p-P38, P38, p-IκBα, IκBα, p-P65 and P65 proteins were measured using a western blot assay (n = 3). (B-D and F-G) Quantification of (A) and (E), respectively. 
The LPS-induced ALI mouse model was established by administering LPS (5 mg/kg intratracheally) to C57BL/6 mice (n = 6) with or without pretreated 
with Harmine at the indicated dose. Lung tissues were collected 6 h after modeling. Values represent the mean ± SD of at least three independent experi-
ments. **p < 0.01; ***p < 0.001, vs. LPS group. ##p < 0.01; ###p < 0.001, ####p < 0.0001, vs. control group
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group, LPS stimulation significantly increased the pro-
tein concentration and cell number in the BALF, along 
with the dry-wet weight ratio and lung injury score 
(Fig.  4A-D). However, harmine pretreatment reduced 
these increases (Fig.  4A-D). Histological analysis 
showed that LPS stimulation thickened the alveolar 

walls and increased infiltration of inflammatory cells 
and blood cells (Fig.  4E). Harmine reversed these 
LPS-induced histological changes, suggesting it alle-
viated LPS-induced ALI in mice (Fig.  4E). Moreover, 
the protective effect of harmine on LPS-induced ALI 

Fig. 4  Harmine pretreatment provided a protective effect on LPS-induced ALI mice. The LPS-induced ALI mouse model was established by administering 
LPS (5 mg/kg intratracheally) to C57BL/6 mice (n = 6) with or without pretreated with harmine at the indicated dose. BALF and lung tissues were collected 
6 h after modeling and evaluated as follows. (A) Protein concentration of BALF supernatant. (B) Total cell counts in BALF. (C) Wet-dry weight ratio of lung 
tissue. (D) Lung injury score. (E) Representative images of H&E staining of lung tissue. Scale bar, 50 μm. (F) Representative images of IHC staining using 
LY-6G and F4/80 in lung tissue. Scale bar, 50 μm. (G and H) Quantitative analysis of (F). (I) ICAM-1 and VCAM-1 transcription levels in ALI lung tissue were 
determined by qPCR. Values represent the mean ± SD of at least three independent experiments. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001, 
****p < 0.0001, vs. LPS group. ####p < 0.0001, vs. control group
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Fig. 5 (See legend on next page.)
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was dose-dependent, with the most pronounced effect 
observed at a dose of 10 mg/kg dose (Fig. 4E).

The abundance of inflammatory cytokines, primar-
ily secreted by neutrophils and macrophages, is a key 
clinical indicator of ALI severity [40]. Therefore, the 
infiltration of neutrophils and macrophages was deter-
mined by IHC staining using LY-6G and F4/80 anti-
body, respectively (Fig. 4F). The statistical data showed 
that, compared to the control group, LPS stimulation 
significantly increased neutrophil and macrophage 

infiltration in lung tissues (Fig.  4G-H). However, har-
mine pretreatment significantly reduced the infiltra-
tion of these inflammatory cells, almost returning to 
control levels at 10  mg/kg (Fig.  4G-H). In addition to 
neutrophils and macrophages, intercellular adhesion 
molecule 1 (ICAM-1) and vascular cell adhesion mol-
ecule 1 (VCAM-1) play a crucial role in the inflamma-
tory response of ALI [41]. As expected, qPCR results 
showed that both ICAM-1 and VCAM-1 mRNA tran-
scription levels significantly elevated in LPS-induced 

(See figure on previous page.)
Fig. 5  Harmine showed therapeutic effects in mice with LPS-induced ALI. C57BL/6 mice were intraperitoneally injected harmine at the indicated dose 
(2.5 mg/kg, 5 mg/kg or 10 mg/kg) 1 h after intratracheal injection of 5 mg/kg LPS. Lung tissues, BALF and serum were collected 6 h after LPS injection. 
(A) Representative H&E staining images of the lung. (B) Lung injury score as assessed by histological analysis of lung tissues. (C) The lung wet/dry weight 
ratio. (D) Total proteins in BALF. (E) Total cells in BALF. The levels of IL-6, IL-1β and TNF-α in BALF (F) and serum (G) from the experimental mice were deter-
mined with ELISA. (H) Representative images of immunohistochemical staining in lung tissue. Scale bar, 50 μm. (I) The transcription of IL-6, IL-1β and TNF-α 
in lung were determined by qPCR. Values represent the mean ± SD of at least three independent experiments. ns, no significance; *p < 0.05; **p < 0.01; 
***p < 0.001, ****p < 0.0001, vs. LPS group. ####p < 0.0001, vs. control group

Fig. 6  Harmine inhibited the transcription and expression of CSF3 in LPS-stimulated RAW264.7 cells and lung tissue of LPS-induced ALI mice. Cells were 
pre-treated with 10 µM harmine for 30 min, followed by exposure to LPS (0.5 µg/mL) for 6 h before being used in RNA-seq, qPCR and western blot as-
says. C57BL/6 mice were pretreated with 10 mg/kg harmine via intraperitoneal injection (i.p.) 24, 12 and 1 h before intratracheal instillation 5 mg/kg LPS, 
and lung samples were obtained 6 h later. (A) Heat maps of the top 40 up-regulated genes induced by LPS stimulation and down-regulated genes in 
harmine-pretreated, LPS-stimulated RAW264.7 cells. (B) The top 10 most differentially up-regulated and down-regulated genes as in (A). (C-F) GO and 
KEGG enrichment analysis of up-regulated and down-regulated genes. (G-I) Bivariate analysis showing that CSF3 was positively correlated with IL-6, IL-1B 
and TNF-α. (J) GEO database analysis demonstrated that CSF3 was overexpressed in ALI/ARDS. (K and L) qPCR assay determined the CSF3 transcription 
levels in RAW264.7 cells and lung tissue, respectively. (M and O) Protein levels of CSF3 in RAW264.7 cells and lung tissue measured by western blot, re-
spectively. β-actin as the loading control (n = 3). (N and P) Quantitative analysis of (M) and (O), respectively. Values represent as the mean ± SD of at least 
three independent experiments. *p < 0.05; ***p < 0.001, ****p < 0.0001, vs. LPS group. ####p < 0.0001, vs. control group
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ALI lung tissues compared to the control group 
(Fig. 4I), and these levels were reduced under harmine 
pretreatment (Fig.  4I). These results confirmed that 
harmine significantly alleviates LPS-induced ALI in 
mice by inhibiting inflammatory cell infiltration.

Typically, drugs should be administered after lung 
injury onset. We evaluated the therapeutic effects of 
harmine in mice with LPS-induced ALI. Similar to the 
pretreatment experiment, our data demonstrated that 
harmine significantly reduced LPS-induced pathologi-
cal injury of lung tissue (Fig. 5A-B), pulmonary edema 
(Fig.  5C), inflammatory cells infiltration in BALF 
(Fig. 5D-E), and elevated inflammatory cytokines IL-6, 
IL-1β and TNF-α levels in BALF, serum and lung tis-
sue (Fig.  5F-I and S2). These findings indicated that 
harmine is effective for both prevention and therapy of 
LPS-induced ALI in mice.

Harmine exerts protective effect against LPS-induced ALI 
by inhibiting CSF3 transcription
As the TLR4-MD2 signaling pathway plays a crucial 
role in LPS-induced MAPK/NF-κB signaling pathway 
activation [37], the interaction of harmine with the 

TLR4-MD2 complex was assessed in LPS-stimulated 
RAW264.7 cells by Co-IP assays. We immunoprecipi-
tated TLR4 and found no change in the levels of asso-
ciated MD2 proteins when cells were pretreated with 
harmine before LPS stimulation (Fig. S3). These data 
indicated that harmine did not affect the interaction 
between TLR4 and MD2 as well as their expression. 
To elucidate the molecular mechanisms by which har-
mine inhibits the LPS-activated MAPK/NF-κB signal-
ing pathway, RNA-seq analysis was conducted on 10 
µM harmine-pretreated and untreated LPS-induced 
RAW264.7 cells. The full sequence data have been 
uploaded to the Gene Expression Omnibus (GEO) 
database under accession number GSE267507. Among 
the control, LPS-stimulation, and harmine pretreat-
ment groups, the top 40 differentially expressed 
mRNAs and their abundances are presented in Fig. 6A. 
Among these genes, CSF3 was on the most signifi-
cantly hit (Fig. 6B). Both GO and KEGG analyses sug-
gested that these differentially expressed genes were 
mainly enriched in the MAPK/NF-κB signaling path-
way (Fig. 6C-F). Additionally, bivariate analysis showed 
that CSF3 positively correlated with IL-6, IL-1β, and 

Fig. 7  Harmine inhibited CSF3-mediated inflammation in LPS-induced RAW264.7 cells. Cells was transfected with siRNA for 8 h, then pre-treated with 
harmine for 30 min, followed by exposure to LPS (0.5 µg/mL) for 6 h before being used in the following assays. (A) qPCR examined the transcript inhibi-
tory efficacy of four candidate siRNAs. (B) Western blot determined the expression inhibitory efficacy of four candidate siRNAs (n = 3). (C) Quantitative 
analysis of (B). (D) The expression level of CSF3 protein was detected by western blot (n = 3). (E) Quantitative analysis of (D). (F-H) qPCR determined the 
IL-6, IL-1β and TNF-α mRNA transcription levels. (I-K) ELISA determined the expression levels of IL-6, IL-1β and TNF-α proteins in the supernatant. Values 
represent as the mean ± SD of at least three independent experiments. ns, no significance; *p < 0.05; **p < 0.01; ****p < 0.0001, vs. LPS group. ##p < 0.01; 
####p < 0.0001, vs. control group
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TNF-α (Fig. 6G-I). Furthermore, GEO database analy-
sis indicated that CSF3 is markedly overexpressed in 
ALI/ARDS (Fig. 6J).

The effect of harmine on CSF3 transcription and 
expression was further evaluated by qPCR and west-
ern blot assays in harmine-pretreated or untreated 
LPS-stimulated RAW264.7 cells or the lung tissue of 
LPS-induced ALI mice. The results suggested that LPS 
stimulation significantly increased CSF3 transcription 
and expression, while harmine pretreatment reduced 
LPS-enhanced CSF3 transcription and expression lev-
els in a dose-dependent manner both in RAW264.7 
cells and lung tissue of LPS-induced ALI mice (Fig. 6K-
P). Taken together, these findings strongly supported 
that harmine provides a protective effect against LPS-
indued ALI involving CSF3.

Harmine inhibits LPS-induced inflammation through CSF3-
mediated MAPK/NF-κB inactivation
To verify this hypothesis, CSF3 was knocked down 
by siRNA, and a series of assays were re-performed 
in LPS-stimulated RAW264.7 cells. Since si-2 siRNA 
exhibited the strongest CSF3 silencing efficiency 
(Fig.  7A-C), it was selected for subsequent assays. 
Western blot results indicated that LPS stimula-
tion did not enhance CSF3 expression in CSF3-
silenced RAW264.7 cells compared to CSF3-intact 
cells (Fig.  7D-E). qPCR results suggested that LPS 
stimulation failed to induce high levels of IL-6, IL-1β, 
and TNF-α mRNA transcription in CSF3-silenced 
RAW264.7 cells as it did in CSF3-intact cells (Fig. 7F-
H). Moreover, harmine exhibited a stronger inhibitory 
effect on IL-6, IL-1β, and TNF-α mRNA transcription 
in CSF3-silenced RAW264.7 cells than in CSF3-intact 
cells (Fig.  7F-H), suggesting a positive correlation 

Fig. 8  Harmine blocked the activation of MAPK/NF-κB signaling pathway by inhibiting CSF3 expression. Cells was transfected with siRNA for 8 h, then 
pre-treated with harmine for 30 min, followed by exposure to LPS (0.5 µg/mL) for 6 h before being used in western blot and IF assays. (A and E) Western 
blot detected the p-JNK, JNK, p-ERK, ERK, p-P38, P38, p-IκBα, IκBα, p-P65, P65 and nuclear P65 proteins levels. β-actin or Lamin B1 was used as the loading 
control (n = 3). (B-D and F-H) Quantitative analysis of (A) and (E), respectively. (I) IF staining assay examined the translocation of P65 from the cytoplasm 
to the nucleus. Values represent as the mean ± SD of at least three independent experiments. Scale bar, 20 μm. ns, no significance; *p < 0.05; **p < 0.01; 
***p < 0.001, ****p < 0.0001, vs. LPS group. ##p < 0.01; ###p < 0.001, vs. control group
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between CSF3 expression levels and inflammatory 
cytokines mRNA transcription levels. Similarly, ELISA 
assay indicated that LPS stimulation failed to enhance 
the secretion of inflammatory factors in CSF3-silenced 
RAW264.7 cells compared to CSF3-intact cells (Fig. 7I-
K), and harmine pretreatment resulted in lower levels 
of IL-6, IL-1β, and TNF-α protein in CSF3-silenced 
RAW264.7 cells than in CSF3-intact cells (Fig. 7I-K).

The regulatory effect of CSF3 on the MAPK/
NF-κB signaling pathway was explored. LPS stimula-
tion strongly enhanced the phosphorylation of JNK, 
ERK, and P38 in RAW264.7 cells, while it moderately 
enhanced the phosphorylation of these MAPKs in 
CSF3-silenced cells (Fig.  8A-D), indicating that LPS 
lost most of its ability to activate the MAPK signal-
ing pathway in CSF3-silenced cells. Additionally, LPS 
failed to enhance the phosphorylation of P65, nucleus 
P65, and IκBα in CSF3-silenced RAW264.7 cells as 
it did in CSF3-intact cells (Fig.  8E-H). Furthermore, 
harmine exhibited a stronger inhibitory effect on 
LPS-induced NF-κB signaling pathway activation in 
CSF3-silenced RAW264.7 cells than in CSF3-intact 

RAW264.7 cells (Fig.  8E-H), which was further sup-
ported by the IF assay (Fig.  8I). In conclusion, these 
results suggested that harmine inhibited LPS-induced 
inflammation in ALI by inactivating the CSF3-medi-
ated MAPK/NF-κB signaling pathway.

Harmine has high biological safety
The biological safety of harmine was evaluated in vitro 
and in vivo. Colony formation and EdU staining assays 
were conducted using normal human lung cells BEAS-
2B and MRC-5. The results showed that harmine had 
almost no inhibitory effect on the proliferation and 
DNA replication of BEAS-2B and MRC-5 (Fig.  9A-
E), demonstrating that harmine does not exhibit tox-
icity in normal lung cells. Consistently, results from 
MTT and FACS assays also indicated that harmine 
does not cause cytotoxicity or apoptosis in BEAS-
2B and MRC-5 (Figs. S4-S5). Drug-induced liver and 
kidney injury and dysfunction are among the main 
toxic side effects of natural products [42]. Thus, the 
effect of harmine on liver Cytochrome P450 (CYP) 
was assessed, and the results demonstrated that while 

Fig. 9  Harmine exhibited high biological safety both in vitro and in vivo. (A) Colony formation assay of human normal lung cell Beas-2B and MRC-5 cells. 
Cells were co-cultured with harmine at the indicated doses for 7 days before imaging. (B) Quantitative analysis of (A). (C) EdU staining assay assessed the 
DNA replication rate of Beas-2B and MRC-5 cells following a 24 h exposure to harmine at the indicated doses. Scale bar, 50 μm. (D and E) Quantitative 
analysis of (C). (F) Effect of harmine on liver drug enzyme activity. (G-I) Serum levels of ALT, AST and Cr in mice. (J) H&E staining of liver and kidney tissue. 
Scale bar, 50 μm. (K) Daily weight changes in mice during acute toxicity experiments. (L-P) Weight changes of the heart, liver, spleen, lung and kidney in 
mice after 7 days. Mice were administrated harmine orally at the indicated doses and continue feeding for 7 days before sacrifice. Values represent as the 
mean ± SD of at least three independent experiments. ns, no significance; **p < 0.01, vs. control group
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harmine significantly affected CYP2C19 activity, it 
had minimal impact on CYP2C8 and CYP2E1 activ-
ity (Fig.  9F). Moreover, the levels of AST, ALT, Cr in 
the serum of harmine-treated mice were comparable 
to those in control mice (Fig.  9G-I). These findings 
demonstrated that harmine had limited adverse effect 
on liver and kidney function. Additionally, histologi-
cal analysis indicated that harmine treatment did not 
cause organic lesions in the liver and kidney (Fig. 9J). 
Furthermore, there was no significant difference in the 
body weight of the mice and the organ weights of the 
heart, liver, spleen, lung, and kidney between control 
mice and harmine-treated mice (Fig.  9K-P). Overall, 
these results suggested that harmine has high biologi-
cal safety.

Discussion
ALI, which can progress into ARDS, presents a sig-
nificant clinical challenge due to its high incidence, 
high mortality, and lack of safe and effective treat-
ment options [1]. The development of novel therapeu-
tic drugs is imperative to address this unmet medical 
need [2]. This study aimed to investigate the thera-
peutic effects and molecular mechanisms of harmine 
against ALI. The findings demonstrated that harmine 
significantly inhibited LPS-induced inflammation in a 
dose-dependent manner by blocking CSF3-mediated 
MAPK/NF-κB signaling pathway activation in both 
LPS-induced RAW264.7 cells and ALI mice (Figs.  1, 
2, 3 and 8), leading to strong protective and therapy 
effects against LPS-induced lung injury in ALI mice 
(Figs.  4 and 5). Considering its high biological safety 
(Fig. 9), these findings indicated that harmine could be 
a potential ALI therapeutic drugs for ALI.

Macrophages and neutrophils, which generate exces-
sive proinflammatory cytokines [43], play a key role in 
the pathological progression of ALI [1]. Thus, reduc-
ing the recruitment and infiltration of macrophages 
and neutrophils is a feasible strategy for ALI therapy 
[44]. In this study, harmine pretreatment significantly 
inhibited LPS-induced infiltration of macrophages 
and neutrophils in lung tissues (Fig.  4F-H). Addition-
ally, harmine pretreatment significantly suppressed the 
LPS-induced gene expression of adhesion molecules 
ICAM-1 and VCAM-1 in lung tissues (Fig. 4I), which 
might partly contribute to the reduction of neutrophils 
infiltration. Moreover, harmine restored LPS-stimu-
lated increased permeability of the alveolar-capillary 
barrier (Figs.  4A-B and E and 5A and D-E), a typical 
characteristic of ALI [45], which might also contrib-
ute to the alleviation of immune cells infiltration and 
inflammatory response. Together, these findings sug-
gested that inhibiting the infiltration of immune cells 

contributed to the protective effect of harmine against 
LPS-induced lung injury in ALI mice.

TLR4-MD2 has been demonstrated as a classical 
immune regulatory complex for downstream MAPK/
NF-κB signaling pathway activation in LPS-induced 
ALI [46]. Surprisingly, harmine has no apparent effect 
on the LPS-induced enhanced binding interaction 
between TLR4 and MD2 (Fig. S3). In contrast, the find-
ings indicated that harmine pretreatment significantly 
inhibited LPS-induced inflammatory responses by 
suppressing the transcription and expression of CSF3 
(Fig. 6A-B and K-P), a cytokine critical to the immune 
response [17]. Previous studies have shown that CSF3 
regulates the MAPK/NF-κB signaling pathway in non-
inflammatory disease [20]. In this study, it was found 
that LPS failed to activate the MAPK/NF-κB signaling 
pathway in CSF3-silenced RAW264.7 cells as it did in 
CSF3-intact RAW264.7 cells (Fig.  8), resulting in sig-
nificantly inhibited expression and secretion of inflam-
matory factors under LPS stimulation (Fig.  7F-K). A 
key limitation of this study is the absence of estab-
lished pharmacological treatments for ALI, hindering 
the use of a positive control. This limitation highlights 
the unique potential of harmine as a groundbreaking 
therapy. Taken together, these findings suggested that 
CSF3 could serve as a novel potential target for ALI 
treatment, and that harmine alleviates LPS-induced 
inflammation by CSF3 inhibition-mediated MAPK/
NF-κB signaling pathway inactivation (Fig. 10).

Fig. 10  Mechanism illustration of the present study. Harmine inhibited 
inflammation by blocking CSF3-mediated MAPK/NF-κB signaling pathway 
activation, thereby reducing LPS-induced inflammatory factor storm and 
ultimately alleviating LPS-induced ALI in mice
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Conclusion
In conclusion, the findings elucidated that harmine 
protects against LPS-induced ALI by inhibiting the 
infiltration of immune cells and the CSF3-mediated 
inactivation of the MAPK/NF-κB signaling pathway, 
thereby reducing LPS-induced inflammation. This 
study provides important insights into the preventive 
and therapeutic potential of harmine for the treatment 
of ALI. Additionally, our cellular-level experiments 
and acute toxicity indicate that harmine does not 
cause significant adverse effects, suggesting a favor-
able biological safety profile. These findings supported 
the potential of harmine as a therapeutic agent for ALI 
and other inflammatory diseases.
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