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pharmacology and biological verification
to reveal the mechanisms of Nauclea officinalis
treatment of LPS-induced acute lung injury
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Abstract

Background: Acute lung injury (ALl) is a severe inflammatory disease, underscoring the urgent need for novel treat-
ments. Nauclea officinalis Pierre ex Pitard (Danmu in Chinese, DM) is effective in treating inflammatory respiratory
diseases. However, there is still no evidence of its protective effect against ALI.

Methods: Metabolomics was applied to identify the potential biomarkers and pathways in AL treated with DM.
Further, network pharmacology was introduced to predict the key targets of DM against ALl Then, the potential path-
ways and key targets were further verified by immunohistochemistry and western blot assays.

Results: DM significantly improved lung histopathological characteristics and inflammatory response in LPS-induced
ALl Metabolomics analysis showed that 16 and 19 differential metabolites were identified in plasma and lung tissue,
respectively, and most of these metabolites tended to recover after DM treatment. Network pharmacology analysis
revealed that the PI3K/Akt pathway may be the main signaling pathway of DM against ALl The integrated analysis of
metabolomics and network pharmacology identified 10 key genes. These genes are closely related to inflammatory
response and cell apoptosis of lipopolysaccharide (LPS)-induced ALl in mice. Furthermore, immunohistochemistry
and western blot verified that DM could regulate inflammatory response and cell apoptosis by affecting the PI3K/Akt
pathway, and expression changes in Bax and Bcl-2 were also triggered.

Conclusion: This study first integrated metabolomics, network pharmacology and biological verification to investi-
gate the potential mechanism of DM in treating AL, which is related to the regulation of inflammatory response and
cell apoptosis. And the integrated analysis can provide new strategies and ideas for the study of traditional Chinese
medicines in the treatment of ALI.
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Background proliferation [9]. Our previous study also demonstrated

Acute lung injury (ALI) is a critical disease with a com-
plex pathology that is mainly characterized by inflamma-
tory dysregulation, disruption of pulmonary endothelial
and epithelial barriers, and gas exchange disorders [1, 2].
At present, the common treatments for ALI are reducing
pulmonary inflammatory damage and relieving respira-
tory failure, and conventional treatment drugs include
steroids, statins, and glucocorticoids. However, these
drugs can only relieve clinical symptoms and are unable
to reduce mortality from ALI [3, 4]. The mortality rate of
ALI is 40% and above [5]. Therefore, it is urgent to dis-
cover effective therapeutic strategies for the treatment of
ALL

Numerous Chinese medicines have shown favora-
ble therapeutic effects on ALI in clinical practice [6,
7]. Nauclea officinalis Pierre ex Pitard (Danmu in Chi-
nese, DM) is a Li-folk Chinese medicine that has been
used to treat inflammatory and infectious diseases for
over 40 years in Hainan Province [8]. A variety of phar-
macological activity studies have been conducted to
determine the internal mechanism of DM. The results
show that DM has comprehensive biological activi-
ties such as anti-inflammatory, antibacterial, antiviral,
antioxidant, immune regulation, and promotion of cell

that DM extract could inhibit the release of inflam-
matory cytokines in RAW264.7 cells and reduce the
expression of NO, TNF-a, IL-1p and IL-6 [10]. Further
studies have shown that DM may repair the endothe-
lial cell barrier of lung injury by inhibiting the inflam-
matory response, improving intercellular connections,
and promoting angiogenesis [11]. These studies partly
explain the excellent effects of DM on inflammatory
diseases. However, the protective effects of DM on ALI
and its underlying mechanisms remain unclear. There-
fore, the study of the mechanisms of DM on ALI may
be helpful in providing more options for ALI treatment.

Given the complexity of ALI pathogenesis, it is dif-
ficult to reveal the mechanisms of DM on ALI using
traditional pharmacological methods. By monitoring
the overall dynamic changes in metabolites in response
to drug treatment, metabolomics can comprehensively
reflect the development of disease and is a powerful
tool for the diagnosis and treatment of complex dis-
eases [12, 13]. Therefore, metabolomics is very suitable
for revealing the mechanism of Chinese medicine in
the treatment of ALI [14, 15]. However, metabolomics
only reflect the changes in endogenous small molecule
metabolites. The mechanism of metabolite changes
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remains unclear [16]. Therefore, metabolomics alone
has difficulty revealing the complete therapeutic mech-
anism of DM on ALL

In recent years, network pharmacology has developed
rapidly in the speculation of the mechanisms of Chinese
medicine [17]. Network pharmacology is frequently used
to predict the targets of Chinese medicine, identify bio-
markers of disease, and then speculate on the regulatory
mechanisms of Chinese medicine [18, 19]. In previous lit-
erature, network pharmacology was employed to explore
the therapeutic effect and potential mechanism of gin-
seng on ALIL The results revealed that ginseng could
inhibit the PI3K/Akt and MAPK signaling pathways
by downregulating the expression of STAT3, VEGFA,
FGF2, PIK3CA, MAPKI1 and IL2, which provides a good
example of network pharmacology applied to ALI [20].
However, network pharmacology relies on public data-
bases, and database updates seriously affect the reliabil-
ity of network pharmacology results. Moreover, network
pharmacology could predict potential targets and related
pathways, but it is still unclear whether the predicted
results are accurate. Therefore, the results also need to be
verified with other methods [21].

Therefore, in this study, we integrated metabolomics,
network pharmacology, and biological experimental
methods of verification to reveal the influences of DM
on ALI and the underlying mechanisms. First, untargeted
metabolomics was applied to determine the effects of
DM on ALI and candidate metabolites and related meta-
bolic pathways were screened. Subsequently, network
pharmacology was used to predict the targets of DM
active components in ALI and the pathways involved, and
the regulatory metabolite-related proteins and responses
were further integrated and analyzed to predict the pri-
mary mechanism of DM treatment in ALIL Finally, bio-
logical experiments were used to verify the accuracy of
the predictions. In brief, this comprehensive strategy
compensates for the individual defects of network phar-
macology and metabolomics. This study helps us better
understand the therapeutic principles of DM in the pre-
vention and treatment of ALIL

Materials and methods

Reagents

LPS was obtained from Solarbio (China). Methanol, ace-
tonitrile, and formic acid (chromatography pure) were
obtained from Merck (Germany). PI3K mouse mono-
clonal antibody, p-PI3K rabbit monoclonal antibody, Akt
rabbit polyclonal antibody, p-Akt mouse monoclonal
antibody, Bcl-2 mouse monoclonal antibody, Bax mouse
monoclonal antibody, GAPDH rabbit monoclonal anti-
body, HRP-conjugated AffiniPure goat anti-mouse IgG
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(H+L) and goat anti-rabbit IgG (H+L) were obtained
from Proteintech Biotechnology (China).

Source and preparation of DM

Nauclea officinalis Pierre ex Pitard stems were col-
lected from Wuzhishan City, Hainan Province, in Sep-
tember 2019 and were identified by Dr. Yong-hui Li,
Hainan Medical University. The voucher specimen (No.
DM-20190920) was deposited at Hainan Provincial Key
Lab of Research and Development on Tropic Herbs. The
5 kg DM stems were ground and extracted with water
(1/10, w/v) for 2 h each time. The solutions were com-
bined and concentrated to obtain 159 g of DM extract.
The extracts were stored at 4 °C for further study.

Animals and the lipopolysaccharide (LPS) model
Male C57BL/6] mice weighing 22-25 g were purchased
from Changsha Tianqgin Biotechnology Co., Ltd (Certifi-
cate number: SCXK Xiang 2022-0015). The mice were
fed a standard diet and provided with water ad libitum.
The animal experiment project was conducted in strict
accordance with the guidelines for the care and use of
laboratory animals and approved by the Ethics Commit-
tee of Hainan Medical University (No. HYLL-2022-019).
After acclimatization feeding, 90 mice were ran-
domly divided into 5 groups (n=18 per group): con-
trol group, LPS group, low-dose treatment group
(LPS+DM-L, 100 mg/kg), medium-dose treatment
group (LPS+DM-M, 200 mg/kg), and high-dose treat-
ment group (LPS+DM-H, 400 mg/kg). The ALI model
was induced by intratracheal instillation of 50 pl of LPS
(5 mg/kg). The control group received normal saline. The
LPS group received LPS stimulation, and the LPS+DM
groups received LPS stimulation and DM treatment.
After treatment for 6 h, six mice in each group were anes-
thetized using 3% isoflurane, and bronchoalveolar lav-
age fluid (BALF) was collected. After treatment for 24 h,
twelve mice in each group were anesthetized, and plasma
and lung tissues were collected and stored at — 80 °C for
further study.

Lung histopathology

Mouse lung tissues were immersed in 4% paraformalde-
hyde. The lung tissues were then dehydrated, embedded
in paraffin, sliced into 4 um sections, and stained with
hematoxylin—eosin (H and E). Finally, the sections were
imaged under a light microscope.

Cytokines analysis

The levels of tumor necrosis factor-a (TNF-a), interleu-
kin-6 (IL-6) and interleukin-1p (IL-1PB) in BALF were
detected using ELISA kits from Jiancheng Bioengineering
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Institute (Nanjing, China), according to the manufactur-
er’s instructions.

Plasma and lung tissue sample preparation

Blood samples were collected in heparin-coated Eppen-
dorf tubes, held for 2 h and then centrifuged at 4 °C and
3000 rpm for 10 min to retain the supernatants as plasma
samples. Lung tissue samples were homogenized in a ten-
fold volume of saline.

One hundred microliters of serum or 1 ml of lung tis-
sue homogenate were diluted with a threefold volume of
methanol: acetonitrile (1:1). The mixture was vortexed
for 5 min, centrifuged at 4 °C and 12,000 rpm for 15 min
to obtain the supernatant, and then dried at 30 °C with
N,. Finally, the samples were reconstituted with 120 pl
of 50% acetonitrile, vortexed for 5 min and centrifuged
(12,000 rpm at 4 °C for 10 min) to obtain the superna-
tant for injection. A quality control (QC) sample was pre-
pared from 10 pL of each test sample.

UPLC-Q-TOF/MS analysis

The metabolomic analysis of ALI mouse plasma and
lung tissue was performed using a UHPLC system (Agi-
lent 1290, USA) coupled with a high-resolution mass
spectrometer (AB Sciex Triple TOF 4600) in positive
and negative ion modes. The chromatographic col-
umns were Phenomenex Kinetex 1.7 um XB-C18 (100A,
2.1 mm x 50 mm) and Waters Acquity UPLC BEH C18
(1.7 pm, 2.1 mm x 100 mm).

For chromatography, the mobile phase was composed
of acetonitrile (A) and 0.1% formic acid (B). The gradient
elution conditions for plasma were as follows: 0—1 min,
5-30% A; 1-3 min, 30-40% A; 3-5 min, 40-60% A;
5-11 min, 60-70% A; 11-13 min, 70-95% A; 13—16 min,
95% A; 16—16.1 min, 95-5% A; 16.1-20 min, 5% A. For
lung tissue, the conditions were 0—-1 min, 5-15% A;
1-9 min, 15-40% A; 9-10 min, 40-50% A; 10—24 min,
50-75% A; 24-25 min, 75-95% A; 25-27 min, 95% A;
27-27.1 min, 95-5% A; 27.1-32 min, 5% A. The column
temperature was set at 40 °C, the flow rate was 0.3 ml/
min, and the injection volume was 3 pl.

The MS parameters were as follows: the positive and
negative ion modes were detected by an ESI ion source,
the mass range was m/z 100—-1000 Da, the ion spray volt-
age was-+5500/— 4500 V, and the source temperature
was 550 °C. The declustering potential (DP) was+80 V,
and the collision energy was &35 eV; ion source gas 1 and
ion source gas 2 were set at 50 psi, and the curtain gas
was set at 30 psi.

Data processing and analysis
The raw MS data were preprocessed with Markerview
1.3.1 (AB Sciex), including peak identification, peak
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extraction, and peak area normalization [22]. The pre-
processed data were then imported into SIMCA-P14.0
(Umetrics, Umea, Sweden) for multivariate statistical
analysis and based on two parameters, R*Y and Q? to
evaluate the model truth and predictive ability. Variables
were identified as differential metabolites when they sat-
isfied the criteria VIP >1, P<0.05, FC >1.2, or FC <0.8
[23]. Subsequently, the secondary mass spectra of the
potential metabolites were screened with Peakview 1.2.1
software and then identified by HMDB (http://www.
hmdb.ca/) and KEGG (http://www.kegg.ca/). Finally, the
differential metabolites were imported into MetaboAna-
lyst 5.0 (http://www.metaboanalyst.ca/) for metabolic
pathway enrichment analysis [14].

Network pharmacology analysis

First, all the chemical compounds of DM were obtained
from the TCMSP (http://tcmspw.com/tcmsp.php) and
literature review [15]. The compounds with OB >25%
were selected as the active compounds of DM for fur-
ther analysis. Next, the component targets were collected
from BATMAN-TCM (http://bionet.ncpsb.org/batman-
tem/) [24], DrugBank (https://www.drugbank.ca/) and
Swiss Target Prediction (http://www.swisstargetpred
iction.ch/) databases [25]. The SMILES of each com-
pound was searched in PubChem (https://pubchem.ncbi.
nlm.nih.gov/) and imported into Swiss Target Prediction
(http://www.swisstargetprediction.ch/) to acquire the
related targets. Moreover, DrugBank (https://www.drugb
ank.ca/), Gene Cards (https://www.genecards.org/),
OMIM (https://omim.org/) and TTD (http://db.idrblab.
net/ttd/) [26] were used to search for genes associated
with ALL

Second, the shared targets of DM active ingredients
and ALI were selected, which were considered potential
therapeutic targets of DM against ALIL The shared targets
were imported into the STRING (https://cn.string-db.
org/) database to construct a protein—protein interaction
(PPI) network, and the hub genes were screened.

Finally, The Cytoscape 3.9.1 was then used to con-
struct the “DM-active component-target-ALI” network.
The target genes were then all subjected to the Database
for Annotation, Visualization, and Integrated Discovery
(DAVID, https://david.ncifcrf.gov/) to carry out GO and
KEGG enrichment for functional enrichment analysis.
P-values were derived from the DAVID database and set
to below 0.05 [27].

Comprehensive analysis of metabolomics and network
pharmacology

The differential metabolites identified in metabolomics
were imported into MetScape 3.1.3 to construct a
“Metabolite-Reaction-Enzyme-Gene” network [28]. The
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related genes of metabolites were then combined with
the target genes and metabolic pathways screened by net-
work pharmacology to identify key metabolic pathways
and core targets.

Immunohistochemistry assay

The lung tissue sections were dewaxed and then soaked
sequentially in xylene for 15 min, followed by 5 min each
in different concentration of EtOH (95%, 80%, 70%, and
50%). The tissue sections were then subjected to antigen
retrieval for 24 min and incubated by adding the corre-
sponding primary and secondary antibodies. Finally, the
washed sections were observed under a microscope after
adding DAB chromogenic solution.

Western blot assay

Fifty milligrams of lung tissue were homogenized with
RIPA lysis buffer (containing phosphatase inhibitor). The
protein content of lung tissue was quantified, and then
the separation gel and concentrated gel were prepared
based on the molecular weight, and a suitable sample
was taken for loading. Subsequently, electrophoresis and
membrane transfer were performed. The PVDF mem-
brane was removed and blocked with 5% skim milk for
2 h, combined with the primary antibody overnight at
4 °C, and incubated with the secondary antibody for 2 h.
The membrane was washed 3 times with TBST for 5 min
each time and the immunoreactivity bands were detected
by ChemiDoc XRS + chemiluminescence imaging system
(Bio-Rad, USA).

Statistical analysis

All data were analyzed by GraphPad Prism and presented
as Mean=+SD. The different groups were evaluated by
one-way ANOVA tests followed by Tukey’s multiple com-
parisons. P<0.05 was accepted as statistically significant.

Results

Effects of DM on histological changes in ALI mice

To observe the effect of DM on the structural integrity of
lung tissue in ALI mice, hematoxylin—eosin (H&E) stain-
ing was applied to evaluate the histological characteristics
of mouse lungs. As shown in Fig. 1A, the alveolar walls
of mice in the LPS group were extensively thickened, the
alveolar sizes varied, the capillaries in the alveolar walls
were congested (red arrow), and there was massive infil-
tration of inflammatory cells (blue arrow). However, lung
injury was significantly improved after DM treatment. It
was revealed that DM has a therapeutic effect on LPS-
induced lung injury.
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DM inhibits inflammatory response in LPS-induced ALI
Pro-inflammatory TNF-a, IL-6, and IL-1B can expe-
ditiously involve in the early phase of inflammatory
response and they play a key role in the progression and
pathogenesis of ALIL. Therefore, their levels were quan-
tified in BALF by ELISA (Fig. 1B-D). The levels of TNE-
a, IL-6, and IL-1f in the DM groups were dramatically
decreased after drug treatment compared with those in
the LPS model group (P<0.01). The results showed that
DM could improve the inflammatory response in LPS-
induced ALL

Plasma and lung tissue metabolic profiling

When testing samples, a QC sample was inserted for
every eight test samples in the injection batches to
check the stability and repeatability of the instrument
and method. Additional file 2: Fig. S3A-D shows the
total ion chromatograms (TICs) of plasma and lung
tissue in positive and negative ion modes. The overlap
between each QC sample indicated that the system
was stable and the operating error was small. After
PCA of the QC samples, all QC samples in plasma and
lung tissue showed obvious clusters (Additional file 2:
Fig. S3E, F). As shown in Additional file 2: Fig. S3G, H,
88.92% and 80.14% of metabolites had an RSD% < 30%
in plasma and lung tissue, respectively. These results
revealed that the detection system was stable and the
data were reliable.

Additional file 2: Fig. S4 shows the TICs of plasma and
lung tissue samples in positive and negative ion modes.
To investigate the separation among the control, LPS and
DM groups, we performed PCA (Fig. 2A-D) and PLS-
DA (Additional file 2: Fig. SSA-D). The samples of dif-
ferent groups of plasma and lung tissue of mice were well
separated under the two modes, and the R? and Q? of the
PLS-DA analysis were greater than 0.5 (Additional file 2:
Table S1), which further indicated that DM had an excel-
lent regulatory effect on the metabolism of ALI mice.

To further investigate the metabolic differences in ALI
mice, the plasma and lung tissues from mice in the Con
and LPS groups were analyzed by OPLS-DA. As shown
in Fig. 3A—H, the samples of the Con and LPS groups
were significantly separated in the positive and negative
ion modes, indicating that the metabolism of the plasma
and lung tissue of ALI mice was abnormal, the R%Y in the
model was close to 1, and the Q* was greater than 0.5,
indicating that the model predictions were accurate and
that the data were faithful (Additional file 2: Table S1).
The permutation test showed that the models were no
overfitting and reliable. Furthermore, the red dots in the
S-plot away from the center might represent potential
differential metabolites (Additional file 2: Fig. S6A-D).
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Identification of potential biomarkers

with the Con group (Fig. 4A). Compared with the LPS

Based on a VIP >1, p<0.05 FC >1.2 or FC <0.8, in  group, there were 25 upregulated and 36 downregulated
mouse plasma samples, 36 metabolites were upregulated = metabolites in the LPS+DM-M group (Fig. 4B) and 27
and 59 were downregulated in the LPS group compared  upregulated and 39 downregulated metabolites in the
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Fig. 2 PCA analysis of plasma and lung tissue in mice. A Plasma
positive ion mode PCA diagram; B plasma negative ion mode PCA
diagram; C lung tissue positive ion mode PCA diagram; D lung tissue
negative ion mode PCA diagram

LPS+ DM-H group (Fig. 4C). The Venn diagram showed
that there were 32 differential metabolites in the 4 groups
of samples (Fig. 4D). In mouse lung tissue samples, 178
metabolites were upregulated, and 150 were downregu-
lated in the LPS group compared with the control group
(Fig. 4E). Compared with the LPS group, there were 37
upregulated and 140 downregulated metabolites in the
LPS+DM-M group (Fig. 4F) and 68 upregulated and
217 downregulated metabolites in the LPS+DM-H
group (Fig. 4G). The Venn diagram showed 79 differential
metabolites in the 4 groups of samples (Fig. 4H).
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The differential metabolites were identified by HMDB,
and 32 metabolites in the plasma (Table 1) and 26 metab-
olites in the lung tissues (Table 2) were screened. To
observe the expression of differential metabolites in the
four groups of samples, the differential metabolites were
visualized with a heatmap analysis (Fig. 5A, B), in which
the metabolites changed significantly between the con-
trol and LPS groups, and most of these were reversed in
the DM treatment group.

A total of 16 potential metabolites in mouse
plasma samples were identified (Fig. 6A-D). Com-
pared with the control group, phytosphingosine,
pyrimethamine, sulfamethazine, pantothenic acid,
dTDP, linoleic acid, PC(14:0/20:2(11Z,14Z)), LysoPE
(0:0/22:4(77,10Z,137,16Z)), arachidonic acid and oleic
acid were significantly upregulated in the LPS group,
whereas sphinganine, Choloyl-CoA, PI(20:0/16:0),
PE(14:1(9Z)/18:3(6Z,9Z,127)),  PC(22:5(4Z,7Z,10Z,13
Z,16Z)/P-16:0), and LysoPC (O-18:0/0:0) were down-
regulated. Moreover, as shown in Fig. 7A-D, a total of
19 potential metabolites in the lung tissues were identi-
fied in which ergothioneine, (+)-gallocatechin, oxidized
glutathione, inosinic acid, guanosine monophosphate,
S-adenosylhomocysteine, all-trans-5,6-epoxyretinoic
acid, creatine, lysoPC(17:0/0:0), pyridoxamine, spermi-
dine, L-proline, spermine, 4-hydroxyphenylpyruvic acid,
and diaminopimelic acid were upregulated in the LPS
group compared with those in the control group, and
lysoPC (P-16:0/0:0), leukotriene C4, cholic acid and pros-
taglandin A2 were downregulated. After treatment with
DM, the levels of these potential metabolites returned to
normal, which indicated that DM treatment could effec-
tively improve the metabolic disorder of ALI mice.

Metabolic pathway analysis

The candidate metabolites were imported into the
MetaboAnalyst database for metabolic pathway enrich-
ment analysis, and 12 metabolic pathways were found in
plasma and 15 were found in lung tissue, among which
glycerophospholipid metabolism, arachidonic acid
metabolism, and primary bile acid biosynthesis were
shared in mouse plasma and lung tissue (Additional file 2:
Table S2). Based on a pathway impact> 0.1, linoleic acid
metabolism, arachidonic acid metabolism, glycerophos-
pholipid metabolism, sphingolipid metabolism, and ether
lipid metabolism were significantly affected in the plasma
(Fig. 8A). Moreover, ubiquinone and other terpenoid qui-
none biosynthesis, purine metabolism, and arginine and
proline metabolism were notably affected in the lung tis-
sue (Fig. 8B).
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Fig. 3 OPLS-DA and permutation test analysis of mouse plasma and lung tissue. A Plasma positive ion mode OPLS-DA diagram; B plasma positive
ion mode permutation test diagram; C plasma negative ion mode OPLS-DA diagram; D plasma negative ion mode permutation test diagram;
E positive lung tissue ion mode OPLS-DA diagram; F lung tissue positive ion mode permutation test diagram; G lung tissue negative ion mode

A OPLS-DA-Plasma-(+) @ Con
. mLPS
800 ™ )
600 Y / \\\
400
= 2004
5o ! u :
2
S 2009 ( ™)
-400 )
\ T /
6003 d
-800] ’
-1000 . - . :
-1500 -1000 -500 0 500 1000
1.00137 * t[1]
C OPLS-DA-Plasma-(-) @Con
L mLPS
400
< -
= 200 y N\
50
2
g ol
~ 200 .. )
[}
400
00 . - - }
-600 -400 -200 0 200 400
1.00516 * t[1]
E OPLS-DA-Lung-(+) @ Con
S mLPS
1000 @
Y
= 500 // =
g 8 [
) 0
] l
= -500- ™1 /
-1000
-1500 - - - A T T T
-1000 -800 -600 -400 -200 0 200 400 600 800
1.00017 * (1]
OPLS-DA-Lung-(-) @ Con
mLPS
1000-] T
= 5004 y AN
g / L L
s P
8 ] \
& \. ' =
— -5007
-1000- e 1
=150 T T T T T T
-800 -600 -400 -200 0 200 400 600
1.00262 * t[1]
OPLS-DA diagram; H lung tissue negative ion mode permutation test diagram

B Permutation test-Plasma-(+) OR2
mQ

D Permutation test-Plasma-(-) or2
HQ

F Permutation test-Lung-(+) Or2
mQ

H Permutation test-Lung-(-) Or
[_[e2]

Network pharmacology analysis

To further explore the mechanism of DM against ALI,
we performed a network pharmacology analysis. First,
we searched the literature for 166 chemical constituents
in DM, mainly alkaloids, phenolic acids, glycosides, ter-
penoids, flavonoids, and other compounds (Additional
file 3: Table S3). Next, 467 targets related to 31 active
components of DM were collected from BATMAN-
TCM, DrugBank and Swiss Target Prediction. Subse-
quently, 6811 related targets of ALI were obtained from
the DrugBank, DisGeNET, OMIM, and TTD data-
bases. Ultimately, 401 targets related to DM and ALI

were identified as potential targets of DM to treat ALI
(Fig. 9A).

To obtain the protein—protein interaction relation-
ship between DM active components and ALI tar-
gets, the 401 targets were imported into the STRING
database for PPI network analysis, and the top 20 core
genes were screened (Fig. 9B). The common targets of
DM active components and ALI were imported into
Cytoscape 3.9.1 software to construct the “DM-active
ingredient-target-ALI” network. Figure 9C shows the
31 active components and 401 potential targets of
DM in the treatment of ALI, and the importance of
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active components was evaluated by degree, between-
ness, and closeness in the network (Additional file 3:
Table S4).

To predict the therapeutic mechanism of DM on
ALI we carried out GO and KEGG enrichment anal-
yses, in which the GO enrichment analysis included
biological processes (BP), cellular components (CC)
and molecular functions (MF), which explained the
biological function of genes at different levels. Bio-
logical processes mainly included cellular response to
nitrogen compounds, the MAPK cascade, response to
oxidative stress, etc. (Fig. 10A). Molecular functions
mainly included phosphotransferase activity, the alco-
hol group as acceptor, oxidoreductase activity, nuclear
receptor activity, etc. (Fig. 10B). The cell components
mainly included the membrane raft, receptor com-
plex, cell body, etc. (Fig. 10C). According to the KEGG
enrichment analysis, 20 pathways were significantly
affected, including the PI3K-Akt signaling pathway,
MAPK signaling pathway, HIF-1 signaling pathway,
and apoptosis, of which PI3K/Akt was identified as a
potential pathway for DM to treat ALI (Fig. 10D).

Comprehensive analysis of metabolomics and network
pharmacology

Metabolomics and network pharmacology were inte-
grated to construct an interaction network. First, we

introduced candidate metabolites from plasma and lung
tissues into MetScape to construct a “Metabolite-Reac-
tion-Enzyme-Gene” network (Fig. 11). Additionally, we
matched the genes associated with the candidate metab-
olites with the potential targets of network pharmacology
and found 10 key targets, including PTGS2, PLA2G1B,
CYP1A2, ALOX15, PTGS1, ALOX5, ALOX12, CYP1Al,
CYP1B1, and CYP19A1 (Additional file 5: Fig. S7). The
affected pathways were arachidonic acid metabolism, lin-
oleic acid metabolism, and glycerophospholipid metabo-
lism. These pathways may be involved in inflammation
and cell apoptosis.

Biological experimental verification

To evaluate the accuracy of the method and results of the
integrated analysis of network pharmacology and metab-
olomics, we used immunohistochemistry and western
blot methods to determine the proteins (PI3K/Akt and
Bax/Bcl-2) associated with inflammation and cell apop-
tosis as validation.

Immunohistochemistry was used to investigate the
effect of DM on LPS-induced ALI mouse lung tissue
apoptosis. As shown in Fig. 12A-C, the expression of
Bcl-2 was downregulated, and Bax was upregulated
after LPS stimulation. However, after DM treatment, the
expression of Bcl-2 was promoted, and Bax was inhib-
ited, indicating that DM may have an antiapoptotic effect
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Fig. 5 The expression of differential metabolites in mouse plasma (A) and lung tissue (B)

on LPS-induced ALI mice. The PI3K/Akt pathway regu-
lates cell proliferation, apoptosis, and the release of anti-
inflammatory cytokines. Therefore, we also examined
the phosphorylation levels of PI3K and Akt in the lung
tissue of ALI mice, which were downregulated after LPS
induction but were significantly reversed by DM treat-
ment (Fig. 12D-F). It was suggested that DM might have
a therapeutic effect on ALI by activating PI3K/Akt.

To further verify whether DM could regulate apopto-
sis in LPS-induced ALI mice, we detected the levels of
Bcl-2 and Bax in the lung tissue of ALI mice by western
blotting. After LPS stimulation, the expression of Bcl-2
was downregulated, and Bax was significantly upregu-
lated. After DM treatment, the level of Bcl-2 was sig-
nificantly increased, and Bax was significantly decreased
(Fig. 13A—-C). The results revealed that DM could inhibit
LPS-induced apoptosis. Furthermore, we also detected
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the expression of PI3K/Akt in lung tissue. LPS caused a
decrease in the phosphorylation levels of PI3K and Akt,
whereas DM treatment significantly increased their
expression (Fig. 13D-F). These data confirm that DM
could effectively ameliorate LPS-induced ALI by activat-
ing PI3K/Akt.

Discussion

Nauclea officinalis is involved in the regulation of the
inflammatory response, oxidative stress, immune regu-
lation, and cell proliferation [29]. These activities are
closely related to the occurrence and development of
ALL Previous studies have demonstrated that DM could
inhibit LPS-induced secretion of NO, TNF-a, IL-1f, and
IL-6 and inhibit the phosphorylation levels of NF-x B,
p38, ERK, and JNK, showing outstanding anti-inflamma-
tory activity [30]. In this study, we found that DM could
maintain the structural integrity of lung tissue in ALI
mice, specifically by inhibiting the infiltration of inflam-
matory cells and improving alveolar wall thickening,
alveolar collapse, and hemorrhagic characteristics. These
results reveal that DM could effectively improve lung
injury.

In the metabolomic analysis, samples of diseased
organs are typically collected for subsequent analysis.
From a physiological point of view, the lung is the main
diseased organ, and the blood is rich in small molecule
metabolites. Changes in blood components can reflect
the physiological and pathological changes of the organ.
When the body is diseased, the inflammatory media-
tors in the blood are transferred to the lungs and attack
lung tissue. Hence, this experiment chose blood and
lung tissues as ideal specimens for metabolic analysis.
We employed UPLC-QTOF-MS/MS to characterize and
analyze endogenous metabolites in a DM-treated mouse
model of LPS-induced ALI and found 16 candidate
metabolites in plasma and 19 candidate metabolites in
lung tissue. These metabolites are mainly related to meta-
bolic pathways such as linoleic acid metabolism, arachi-
donic acid metabolism, glycerophospholipid metabolism,
sphingolipid metabolism, purine metabolism, and argi-
nine and proline metabolism.

Fatty acid metabolism is an essential component of
biofilms and can supply energy for the body and play a
prominent role in inhibiting inflammation, resisting bac-
terial and viral infections, and immune regulation [31].
Linoleic acid (LA) cannot be synthesized in the body
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and is an essential fatty acid. Moreover, LA produces
arachidonic acid (AA), which can produce prostaglan-
dins (PGs) and leukotrienes (LTs) under the action of
cyclooxygenase (COX). Studies have shown that increas-
ing LA intake may decrease the risk of pneumonia [32].
Moreover, AA has activity against bacteria, fungi, and
influenza viruses, whereas alveolar macrophages can
release AA and other unsaturated fatty acids into alveolar
fluid, thereby exerting their antibacterial impact and pro-
tecting the lungs from various microbial infections [33].
The content of unsaturated fatty acids in ALI may change
with the pathological state. One study found that in the
LPS-induced ALI mouse model, LA had different trend
changes in serum, lung, BALF and spleen [14]. Similarly,
our study also demonstrated that the contents of LA and
AA in the plasma of the ALI model group were increased,
whereas the contents of PGA2 and LTC4 in the lung tis-
sues were decreased. The conversion of excess LA to AA
indicated that ALI mice were in an inflammatory state,

and downregulation of PGA2 and LTC4 in lung tissues
may be associated with changes in COX activity in dis-
ease states. Although PGs are proinflammatory factors,
they have both pro- and anti-inflammatory effects. PGs
may trigger the inflammatory process in the early stage
of the disease. However, when the concentration of PGs
reaches a sufficient level and the inflammatory process is
at an optimal level, the anti-inflammatory process is ini-
tiated by increasing the synthesis of active anti-inflam-
matory lipids [34, 35]. In addition, other fatty acids,
such as pantothenic acid and oleic acid, were observed
to have increased in the mouse plasma samples of the
model group. Pantothenic acid has anti-lipid peroxida-
tion effects [36], whereas oleic acid plays a role in the
inflammatory response [37]. According to reports, fatty
acids can protect the body from disease by regulating
various inflammatory cells, and cytokines can promote
the production of fatty acids [38]. Some fatty acids can
also inhibit apoptosis and reduce oxidative stress [39].
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Additionally, we also found that the specific amount and
type of glycerophospholipid changes in LPS-induced ALI
mice differed in plasma and lung tissue samples [15]. Dis-
turbances in glycerophospholipid metabolism are mainly
affected by the activity of phospholipase A2, which in
turn is associated with inflammation [40].

Sphingomyelin is involved in numerous biological pro-
cesses such as cell growth and differentiation, regula-
tion of membrane stability, apoptosis, and angiogenesis.
Furthermore, studies have indicated that sphingomyelin
degradation products are involved in the pathophysi-
ological process of ALI [41]. Sphingomyelin regulates
PI3K/Akt to improve vascular endothelial permeabil-
ity, reduce vascular inflammation, and maintain vascu-
lar endothelial integrity [42]. Sphingosine is an essential
mediator of pulmonary edema and alveolar damage, and
it maintains alveolar stability by altering lung-damaging
surfactants [31]. Our results showed that the levels of
sphingosine in ALI mouse plasma were decreased, but
the sphingosine levels were reversed after DM treatment.
These data suggested that DM could activate sphingosine
in LPS-induced ALI. Furthermore, arginine is involved
in tissue repair, inflammation, and the secretion of vari-
ous hormones [43]. It is a precursor for synthesizing
nitric oxide, urea, polyamines, proline, glutamate, and
creatine [44]. Elevation of proline in LPS-induced ALI
results in increased neutrophil recruitment and pro-
tein leakage, suggesting that it mediates lung inflamma-
tion in ALI [45]. In our study, the L-proline levels in ALI
mouse lung tissue were increased, and the expression
was downregulated after treatment with DM, indicating

that DM could alleviate ALI by inhibiting the increase in
neutrophil recruitment and protein leakage during lung
inflammation.

Our study identified 31 potentially active components
of DM against ALI using network pharmacology analysis,
among which strictosamide is the most abundant indole
alkaloid in DM [8]. Strictosamide has excellent anti-
inflammatory and analgesic activities, and its anti-inflam-
matory effect is related to the inhibition of the NF-x B
and MAPK signaling pathways [46]. Our previous study
also indicated that strictosamide has favorable prolifera-
tion activity and angiogenesis effects on HUVECs. In this
study, we found 20 core genes for DM treatment of AL,
which were mainly involved in cell growth, proliferation,
differentiation and apoptosis; angiogenesis; and inflam-
matory responses. STAT3 can stimulate various growth
factors, such as IFN, EGF, IL5, and IL6, and play a role
in cell growth and apoptosis. However, this gene is also
involved in coronavirus biology, immune response, and
antiviral activity. Previous studies have shown that LPS-
induced ALI can be improved by regulating the MAPK
and IL-6/STAT3 signaling pathways [47, 48]. The MAPK
kinase family is involved in various cellular processes
such as cell proliferation, differentiation, and cell cycle
progression. Studies have also shown that regulation of
caspase-3, Bax/Bcl-2 and MAPK signaling could attenu-
ate microvascular endothelial cell injury and alleviate
inflammation and pulmonary edema in ALI mice while
maintaining the integrity of alveolar structures [49].
Moreover, PI3K/Akt is involved in multifarious biological
processes, including the regulation of cell proliferation,
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apoptosis, and the release of anti-inflammatory cytokines
[50]. Our preceding studies have also confirmed that DM
might repair the endothelial cell barrier of lung injury
by activating the PI3K/Akt signaling pathway, inhibiting
the inflammatory response, improving intercellular con-
nections, and promoting angiogenesis. Therefore, it was
determined that PI3K/Akt is the main influencing path-
way of DM in the treatment of ALL

The integrated analysis of metabolomics and network
pharmacology found 10 key targets (PTGS2, PLA2G1B,

CYP1A2, ALOX15, PTGS1, ALOX5, ALOX12, CYP1Al,
CYP1B1, and CYP19A1) and 3 related pathways (ara-
chidonic acid metabolism, linoleic acid metabolism, and
glycerophospholipid metabolism). This analytical strat-
egy is also suitable for screening metabolites and tar-
gets in other natural compounds. PTGS2, also known
as cyclooxygenase, can catalyze AA to generate PGs,
which are mainly involved in inflammation, cell pro-
liferation and apoptosis. In addition, PTGS1 can regu-
late angiogenesis in endothelial cells [51]. PLA2GI1B is
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a phospholipase A2 that catalyzes membrane glycer-
ophospholipids to release AA and Lys phospholipids,
which are involved in cell contraction and proliferation.
The hydrolysis of surfactant phospholipids (PL) by phos-
pholipase A2 results in surfactant damage in ALI/ARDS
[52]. ALOX15, ALOX5, and ALOX12 are all members of
the lipoxygenase protein family that can act on AA and
LA and affect inflammation, immunity, cell proliferation,
apoptosis, and angiogenesis [53]. CYP1Al, CYP1A2,
CYP1B1, and CYP19A1 are members of the cytochrome
P450 family and have a therapeutic effect on hyperoxia-
induced lung injury [54]. After LPS stimulation, the lev-
els of the AA-related genes CBR2, CYP4F18 and CYP2E1
were downregulated, whereas ALOX12, PTGES and
PTGES2 were upregulated. Studies have shown that LPS-
induced ALI can be alleviated by regulating AA, anti-
apoptotic and anti-inflammatory effects [33]. In brief,

integrated network pharmacology and metabolomic
studies revealed that the effect of DM on reversing ALI is
mainly mediated by regulating arachidonic acid metabo-
lism, linoleic acid metabolism, and glycerophospholipid
metabolism. Furthermore, these actions might be closely
related to the regulation of the inflammatory response,
cell proliferation and apoptosis.

Apoptosis of lung cells plays a pivotal role in ALI/
ARDS development [55, 56]. Therefore, it is urgent to
solve the problem of apoptosis in ALI/ARDS. Apop-
tosis of lung endothelial and epithelial cells might
initiate or contribute to the progression of many lung
diseases [57]. The balance of survival and death of lung
endothelial cells is essential for angiogenesis, degener-
ation, and barrier function. Lung endothelial cells can
be damaged by hypoxia or LPS stimulation. However,
VEGF is abundant in endothelial cells and can promote
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endothelial cell survival and maintain normal alveolar
structure. [1]. Our previous study also demonstrated
that DM could promote the expression of VEGF in
lung tissue, thereby protecting lung endothelial cells
from apoptosis. The Bcl-2 protein family is an essen-
tial regulator of apoptotic cells [58, 59]. Bax is a cru-
cial executor of mitochondrial regulation of cell death,
and its dysregulation guides abnormal cell death [60].
PI3K/Akt plays a vital role in regulating anti-inflam-
matory cytokines, immune regulation, extracellular
matrix degradation, proliferation, and apoptosis [61].
Studies have confirmed that the alleviation of lung
injury is related to activation of the PI3K/Akt pathway,

downregulation of proinflammatory cytokines, and
regulation of apoptosis-related proteins (downregu-
lation of caspase-3, caspase-9 and Bax and upregula-
tion of Bcl-2) [62]. In our study, DM preconditioning
also downregulated Bax, upregulated Bcl-2 and acti-
vated the PI3K/Akt signaling pathway. Therefore, it
was revealed that DM could significantly alleviate lung
injury by activating PI3K/Akt, promoting proliferation
and regulating apoptosis. These findings lay the foun-
dation for further in-depth exploration of the patho-
logical mechanisms of and interventional strategies for
lung injury.
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Conclusion

In this study, we first investigated the possible mecha-
nism of DM in treating ALI through a comprehensive
strategy combining metabolomics, network pharmacol-
ogy and molecular biology experiments. The integrated
analysis of metabolomics and network pharmacology
predicted that DM could treat ALI mainly by improv-
ing the inflammatory response and regulating cell apop-
tosis. The accuracy of the strategy and predictive results
were preliminarily validated by biological experiments.
The results confirmed that integrated metabolomics and

network pharmacology analysis to predict the potential
mechanism of DM treatment of ALI is accurate and feasi-
ble. This comprehensive strategy provides a more precise
direction for exploring the treatment of ALI with natural
medicines.
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