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Spermidine Attenuates Sepsis-associated
Acute Lung Injury by Targeting Macrophage
Apoptosis via PI3K/Akt Signaling Axis

Pengcheng Shen!, Ying Lan? and Zhe Bai

Abstract

Background: Sepsis-associated acute lung injury (SALI) is characterized by an uncontrolled inflammatory response and cell
apoptosis, with macrophage apoptosis playing a key role in alveolar barrier disruption. Spermidine (SP), as a natural poly-
amine, has shown potential in anti-aging and immune regulation, but its intervention effect and mechanism on macrophage
apoptosis in SALI are not yet clear.

Obijectives: This study aimed to investigate the interventional effect of SP on macrophage apoptosis in SALI and to elucidate
its potential molecular mechanism.

Materials and Methods: A mouse SALI model was constructed by cecal ligation, and the intervention was performed by
intraperitoneal administration of SP. Observe the phenotype of lung injury in SALI mice and the release of pro-inflammatory
cytokines. Mechanistically, network pharmacology analysis was used to determine the potential mechanism of SP treatment
for SALI and conduct experimental validation.

Results: The results showed that SP treatment significantly reduced the wet-to-dry ratio of lung tissue and the amount of
protein exudation in bronchoalveolar lavage fluid, inhibiting the release of pro-inflammatory factors interleukin-1§ (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-o (TNF-a), and alleviating alveolar structural damage. Mechanistically, we
employed network pharmacology analysis to indicate that the key mechanism of SP’s therapeutic effect on SALI lies in its
anti-apoptotic properties. Immunoblot analysis further showed that SP treatment reduced the expression of pro-apoptotic
proteins cleaved-caspase 9/3, and Bax in lung tissue, while upregulating the anti-apoptotic protein Bcl-2.

Conclusion: This study elucidates for the first time the mechanism by which SP alleviates SALI by targeting the macrophage
apoptosis pathway, providing experimental evidence for the development of lung protection strategies based on immune
metabolism regulation.
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Introduction “hub” of the innate immune response, undergo abnormal
apoptosis, which not only exacerbates the breakdown of the

Sepsis-associated acute lung injury (SALI) is a critical condi-  alveolar barrier but also forms an “inflammation apoptosis”

tion characterized by an uncontrolled inflammatory response,
destruction of the alveolar-capillary barrier, and progressive
respiratory failure (Wu et al., 2024; Zhang et al., 2022). In
severe cases, it can progress to acute respiratory distress syn-
drome (ARDS) and become the main cause of death in sepsis
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patients (Qu et al., 2022). Pathogen-associated molecular pat-
terns (PAMPs), such as lipopolysaccharides (LPS) released
by Gram-negative bacteria, are the core factors triggering
SALI (Burdette et al., 2021). Despite the use of supportive
treatments such as mechanical ventilation, antibiotics, and
fluid resuscitation in clinical practice, the mortality rate of
SALI is still as high as 30%—-40% (Bellani et al., 2016; Nova
et al., 2023). Of particular note is that macrophages, as the
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vicious cycle by releasing damage-associated molecular pat-
terns (DAMPs) (Hao et al., 2017).

As a conserved endogenous polyamine in eukaryotes, sper-
midine (SP) plays multidimensional biological functions in
regulating cellular homeostasis (Chamoto et al., 2024). Its met-
abolic network contains dual sources: the endogenous pathway
uses arginine as a precursor, which is catalyzed by ornithine
decarboxylase (ODC) to produce putrescine and ultimately
synthesize spermine (Chamoto et al., 2024; Zou et al., 2022).
The exogenous pathway is absorbed through the enterohepatic
circulation through dietary supplementation (such as wheat
germ, soybeans, and so on) and gut microbiota metabolism
(such as Pseudomonas aeruginosa producing SP) (Felgner
et al., 2020; Madeo et al., 2018). At the molecular level, SP
participates in the regulation of life activities through the fol-
lowing mechanisms: (a) as an autophagy inducer, it activates
mitochondrial autophagy through acetylation modification
dependent pathways (Jang et al., 2024); (b) as a nucleic acid
structure stabilizer, it regulates chromatin condensation and
gene transcription (Zhao et al., 2023); (c) as a metabolic regu-
latory hub, it affects the mechanistic target of rapamycin
(mTOR) signaling pathway and polyamine metabolic cycle
(Fritsch et al., 2023; Hofer et al., 2024). These characteristics
endow SP with broad therapeutic potential, including the delay
of aging, improvement of cognitive impairment, inhibition of
tumor metastasis, and regulation of cardiovascular metabolism
(Chamoto et al., 2024; Eisenberg et al., 2016; Kang et al., 2021;
Nie et al., 2023; Zou et al., 2022). It is worth noting that
although SP exhibits cardioprotective effects in ischemia—
reperfusion injury and hypertension models (Lemay et al.,
2024; Liu et al., 2024), there are still key scientific blind spots
in its molecular mechanism in SALIL

Based on the known biological functions and protective
effects of SP in various physiological systems, it can be reason-
ably assumed that SP may play a therapeutic role in alleviating
SALIL In this case, it is necessary to further investigate the spe-
cific mechanism and role of SP, which may lead to the develop-
ment of new treatment strategies to alleviate SALI and improve
the overall quality of life of intensive care unit patients.

Materials and Methods

Reagents

SP (HY-B1776) and (LPS, HY-D1056) were obtained from
MedChemExpress. Enzyme-linked immunosorbent assay
(ELISA) kits for interleukin-1p (IL-1B, EK201B), interleu-
kin-6 (IL-6, EK206), and tumor necrosis factor-o. (TNF-a,
EK282HS)were sourced from Hangzhou Lianke Biotechnology
Co., Ltd., antibodies against PI3K (60225-1-Ig), AKT (10176-
2-AP), phosphorylated AKT (p-AKT, 66444-1-Ig), Bax
(50599-2-1g), Bcel-2 (26593-1-AP), caspase-9 (10380-1-AP),
caspase-3 (19677-1-AP), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (10494-1-AP) were purchased from
Wuhan Proteintech Biotechnology Co., Ltd. (Wuhan, China).

The phosphorylated PI3K (p-PI3K, #4228) antibody was
obtained from Cell Signaling Technology.

Animal

The establishment plan of the SALI mouse model refers to
relevant literature (Qu et al., 2022). Male C57BL/6
mice (6—8 weeks, 18-22 g) were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. Animals were
housed under standard conditions (22°C, 12/12 h light/dark
cycle, ventilation) with free access to food and water. Body
weight and food intake were monitored weekly.

Steps for Inducing SALI Model by Cecal Ligation
and Puncture (CLP) in Mice

After 6-8 h of fasting, mice underwent isoflurane anesthesia
(4% induction, 2% maintenance). The abdomen was shaved,
disinfected with iodine, and a midline incision (1.5 cm) was
made to expose the cecum. The distal half of the cecum was
ligated and punctured twice with a 21-G needle (1 mL vol-
ume). Gentle cecal compression allowed minimal intestinal
contents leakage into the peritoneal cavity. Sham-operated
mice received abdominal incisions without ligation or punc-
ture. Postoperative procedures included layered suturing,
iodine disinfection, and subcutaneous injection of 1 mL pre-
warmed saline to prevent dehydration. Animals were eutha-
nized 48 h post-surgery for model validation.

Animal Group

Mice were randomly divided into four experimental groups:

1. Sham-operated group: Received phosphate-buffered
saline (PBS) (intraperitoneal injection, i.p.) followed
by sham surgery;

2. SP control group: Administered SP (50 mg/kg, i.p.)
with sham surgery;

3. CLP group: Treated with PBS (i.p.) and was subjected
to CLP induction;

4. SP + CLP group: Received SP (50 mg/kg, i.p.) and
was subjected to CLP induction.

The SP dosing regimen was optimized based on empirical evi-
dence from preclinical studies, with intraperitoneal injection
selected over oral administration to ensure precise pharmacoki-
netic control (Eisenberg et al., 2016; Lifsey et al., 2020).

Lung and Serum Sample Collection

Blood samples (0.5 mL) were collected from the retro-orbital
plexus and centrifuged (300 x g, 20 min, 4°C) to isolate
serum. Mice were then euthanized, and lung tissues were har-
vested via thoracotomy under sterile conditions for down-
stream analyses.
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Histopathological Examinations

Lung tissues were fixed in 4% paraformaldehyde (24 h),
dehydrated through an ethanol gradient, paraffin-embedded,
and sectioned into 5 pum slices. Sections were stained with
hematoxylin and eosin (H&E) for 2 h according to the manu-
facturer’s protocol and analyzed under a light microscope.

Serum Biochemical Markers

Serum levels of IL-1B, IL-6, and TNF-a were quantified
using commercial ELISA kits according to the manufactur-
ers’ protocols, with absorbance measured at 450 nm using a
microplate reader.

Network Pharmacology
Potential Target Prediction of SP and SALI

Potential targets related to SP were identified through the fol-
lowing databases:

HIT (herbal ingredients’ targets, http://www.bad-cao.
net:2345/search), Search Tool for Interacting Chemicals
(STITCH) (http://stitch.embl.de/), GeneCards (https://www.
genecards.org/), Chemical Database of Bioactive Molecules
with Drug-like Properties (ChEMBL) (https://www.cebi.
ac.uk/chembl/), SEA (similarity ensemble approach,
https://sea.bkslab.org/).

For SALI or sepsis, targets were explored using:

GeneCards (https://www.genecards.org/), OMIM (Online
Mendelian Inheritance in Man, https://www.omim.org/),
DisGeNET (https://disgenet.com), ETCM (Encyclopedia of
Traditional Chinese Medicine, http://www.tcmip.cn/ETCM/),
TTD (Therapeutic Target Database, http://db.idrblab.net/ttd/).

Potential and Core Targets of SP Therapy for SALI

The core therapeutic targets for SP in SALI were identified by
intersecting SP-related targets with SALI-associated genes.
Gene interactions among overlapping targets were analyzed
via the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (https://cn.string-db.org/) to
construct a protein—protein interaction (PPI) network. Hub
targets were subsequently prioritized using Cytoscape
(v3.9.1) based on topological parameters such as degree cen-
trality and betweenness.

Molecular Docking

The ligand-target interaction profiling implemented a multi-
algorithmic docking workflow: (a) Molecular visualization
via PyMOL (v2.5.2), (b) automated docking simulations
using AutoDockTools (v1.5.7) with the Lamarckian genetic
algorithm, and (c) binding pose optimization through
OBGUT’s (v3.0) force field parameterization. Top-decile tar-
get complexes were quantitatively assessed using hybrid

scoring metrics incorporating binding free energy (AG, kcal/
mol), residue-specific interaction fingerprints, and hydrogen-
bonding topology matrices to establish a binding hierarchy.

Enrichment Analysis

Core targets underwent Kyoto Encyclopedia of Genes and
Genomes (KEGG), gene ontology (GO), and Metascape
(https://metascape.org/gp/) enrichment analyzes using
Database for Annotation, Visualization and Integrated
Discovery (DAVID) (https://david.ncifcrf.gov/). Functional
annotations and pathway associations were comprehensively
visualized via the bioinformatics platform (https://www.bio-
informatics.com.cn/) to elucidate biological mechanisms.

Western Blot

Cryopreserved lung specimens were mechanically disrupted in
phenylmethylsulfonyl fluoride (PMSF)-supplemented radioim-
munoprecipitation assay (RIPA) lysis buffer (4°C, 60 min).
Centrifugation-clarified lysates (12,000 rpm, 15 min, 4°C) were
subjected to a bicinchoninic acid (BCA) protein assay (Thermo
Fisher Scientific) prior to boiling in Laemmli buffer (10 min,
100°C). Electrophoretic separation employed 12% polyacryl-
amide gels under denaturing conditions, followed by semi-dry
transfer to polyvinylidene difluoride (PVDF) membranes. The
immunoblotting protocol included: 5% bovine serum albumin
(BSA) blocking, primary antibody incubation (16 h, 4°C), and
species-specific immunoglobulin G (IgG)-horseradish peroxi-
dase (HRP) probing (2 h, 22°C). Chemiluminescent signals
(BeyoECL Plus) were captured and quantified using a calibrated
imaging system (Bio-Rad Imagelab), normalized to the
GAPDH housekeeping protein.

Reverse Transcription—Quantitative Polymerase
Chain Reaction (RT-qPCR)

The molecular analysis pipeline comprised three phases:
(a) Total ribonucleic acid (RNA) isolation using TRIzol
reagent (Wuhan Saiweier Biotechnology), (b) complemen-
tary DNA (cDNA) synthesis with PrimeScript RT Kit
(Tahyperosidera Bio), and (¢) SYBR Green qPCR amplifica-
tion (Tahyperosidera Bio) under optimized cycling conditions
(95°C/10 min; 40 x [95°C/15 s — 60°C/30 s]). Relative mes-
senger RNA (mRNA) levels were determined by 2722€T nor-
malization to B-actin, using custom-designed primers (Sangon
Biotech) specified in Table 1.

Statistical Analysis

The data are displayed as mean + standard error of the mean
(SEM). Prior to conducting parametric analyzes, the data dis-
tribution normality and variance homogeneity were verified
using both one-way and two-way analysis of variance
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(ANOVA) frameworks. Significant between-group differ-
ences were subsequently analyzed through Tukey’s honestly
significant difference (HSD) procedure, with statistical sig-
nificance determined at p <.05.

Table I. Sequences of the Primers Used in the Polymerase Chain
Reaction (PCR) Measurement.

Gene Sense Sequence (5’ to 3')

TNFo  TNFa-FWD CCGATGGGTTGTACCTTGTC
TNFo-REV GGGCTGGGTAGAGAATGGAT

IL-Ip IL-IB-FWD CCAGCTTCAAATCTCACAGCAG
IL-1B-REV CTTCTTTGGGTATTGCTTGGGATC

IL-6 IL-6-FWD TCCTACCCCAATTTCCAATGC
IL-6-REV CATAACGCACTAGGTTTGCCG

B-actin  B-actin -FWD CCACTGCCGCATCCTCTTCCTC
B-actin-REV TCCTGCTTGCTGATCCACATCT

Source: All PCR primers
(Shanghai, China).

were synthesized by Sangen Biotechnology

Results

SP Ameliorates CLP-induced Pulmonary
Dysfunction in Mice

As illustrated in Figure 1, CLP surgery induced significant pul-
monary pathophysiology compared with the sham group.
Specifically, CLP-treated mice exhibited markedly elevated
airway resistance (Figure 1A) and lung compliance (Figure 1B),
accompanied by increased arterial carbon dioxide tension
(PaCO,, Figure 1E) and total carbon dioxide (TCO,, Figure 1F).
Conversely, pulmonary ventilation capacity (Figure 1C) and
arterial oxygen tension (PaO,, Figure 1D) were substantially
reduced in the CLP group. Notably, SP administration effec-
tively reversed these CLP-induced alterations, significantly
attenuating airway resistance, lung compliance, PaCO,, and
TCO, levels while restoring pulmonary ventilation and PaO, to
near-normal ranges (SP + CLP vs. CLP, Figure 1A-1F).
Importantly, SP monotherapy in sham-operated mice showed
no significant effects on any respiratory parameters (SP +
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Figure 1. Therapeutic Efficacy of Spermidine in SALI Mice Models. Multiparametric Evaluation Demonstrates: (A and B) Respiratory
Mechanics Improvement (Airway Resistance & Lung Compliance). (C) Pulmonary Ventilatory Function Recovery. (D-F) Blood Gas
Homeostasis Restoration (PaO,/PaCO,/TCO,), (G) Histopathological Attenuation (H&E). (H) Edema Reduction (Wet to Dry Ratio).

(I-K) Cytokine Storm Suppression (IL-1B/IL-6/TNF-a).
Note: *p < .05.
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Figure 2. Systems Pharmacology Interrogation of Spermidine’s Therapeutic Targets in SALI (A) Target Landscape of SALI Pathogenesis.
(B) Spermidine’s Pharmacodynamic Targets. (C) Venn Intersection Analysis Identifying 21 | Shared Targets. (D) Protein-protein
Interaction (PPl) Network of Consensus Targets (STRING). (E) Network Topology Interrogation Using CytoHubba Algorithms, Ranking
of (F) Potential Targets and (G) Core Targets. Node Size Correlates with Topological Significance.

Sham vs. Sham, Figure 1A—1F), confirming its therapeutic characterized by alveolar septal thickening, pronounced capil-

safety under non-pathological conditions.

lary congestion, perivascular inflammatory cell infiltration, and

Histopathological analysis further corroborated these find- increased dry-to-wet weight ratio of lung tissue (CLP vs. Sham).
ings (Figure 1G and 1H). CLP-induced lung injury was SP treatment substantially ameliorated these pathological
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alterations (SP + CLP vs. CLP), demonstrating preserved alveo-
lar architecture and reduced inflammatory markers in the SP +
CLP group. No discernible histopathological changes were
observed in SP-treated sham controls, consistent with the func-
tional parameter observations (SP + Sham vs. Sham).

SP Attenuates CLP-induced Systemic Inflammation in Mice

As demonstrated in Figure 11-1K, CLP surgery triggered
a pronounced systemic inflammatory response compared

to sham-operated controls. Serum levels of pro-inflam-
matory cytokines, IL-1p (Figure 1I), IL-6 (Figure 1J),
and TNF-a (Figure 1K), were significantly elevated in
CLP mice (CLP vs. Sham). Remarkably, SP administra-
tion markedly suppressed CLP-induced hyperinflamma-
tion, as evidenced by reduced serum concentrations of
IL-1B, IL-6, and TNF-a (SP + CLP vs. CLP, Figure
1I-1K). Importantly, SP monotherapy in sham-operated
mice did not alter baseline levels of these inflammatory
mediators (SP + Sham vs. Sham, Figure 1I-1K),

Figure 3. Details of Molecular Docking Between Spermidine and the Top Ten Core Targets. Visualization of Molecular Docking Between
Spermidine and the Top Ten Core Targets, Including TNF (5M2)), GAPDH (4WNC), IL-6 (I1ALU), ALB (7DJN), AKT1 (6EJN), TP53 (6VAS5),

INS (3140), SRC (2BDJ), TGFBI (IKLD), and MMP9 (6ESM).



1444

Pharmacognosy Magazine 22(4)

underscoring its selective anti-inflammatory efficacy
under pathological conditions.

Network Pharmacology Reveals SP’s Potential
Targets in SALI

To systematically investigate SP’s therapeutic mechanism
against SALI, we performed a comprehensive network
pharmacology analysis. As illustrated in Figure 2A, 2,136
SALl-related therapeutic targets were compiled from five
disease databases: ETCM (76 targets), DisGeNet (30),
GeneCards (1,626), OMIM (614), and TTD (24).
Concurrently, 867 SP-associated targets were identified
across five pharmacological databases (Figure 2B): SEA
(13), GeneCards (561), HIT (8), ChEMBL (302), and
STITCH (10). Intersection analysis revealed 211 overlap-
ping targets (Figure 2C), representing potential key media-
tors of SP’s therapeutic effects in SALI.

The target network was visualized using Cytoscape
(Figure 2D), followed by STRING database analysis to map PPI
among the 211 shared targets (Figure 2E). Target prioritization
was conducted via the CentiScaPe 2.2 plugin, with node dark-
ness proportional to topological importance (Figure 2F). Further
refinement identified the core therapeutic targets through cen-
trality analysis (Figure 2G), highlighting critical nodes in SP’s
SALI-modulatory network.

Molecular Docking Analysis Reveals SP’s
Interactions with Core SALI Targets

Molecular docking simulations were performed to evaluate
the binding interactions between SP and the top 10 prioritized
core targets identified in SALI pathogenesis. As illustrated in
Figure 3, SP exhibited stable binding conformations with all
targets, with binding affinities (docking scores) and hydrogen
bond interactions detailed in Table 2. Notably, SP demon-
strated strong binding to MMP9, TP53, and INS, suggesting
these as potential key mediators of its therapeutic effects.
Intermediate affinity was observed for TNF, GAPDH, and
SRC, while IL-6 exhibited the weakest interaction. ALB,
AKTI, and TGFBI displayed moderate binding with distinct
hydrogen bonding patterns.

Functional Enrichment Analysis Highlights SP’s
Mechanistic Pathways in SALI

To delineate the therapeutic mechanisms of SP in SALI,
functional enrichment analysis was performed on the 211
overlapping targets. GO analysis (Figure 4A) revealed
significant enrichment in biological processes critical to SALI
pathogenesis, notably “negative regulation of apoptosis” and
“inflammatory response,” underscoring SP’s dual role in
modulating cell survival and immune homeostasis. KEGG
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Table 2. Details of Molecular Docking Between Spermidine (SP) and the Top 10 Core Targets.

Drug Target PDB ID Binding Energy Hydrogen Bonds
TNF 5M2J -2.48 3

Spermidine GAPDH 4WNC —-2.68 3
IL-6 IALU -1.43 2
ALB 7DJN -1.96 |
AKTI 6EJN -24 |
TP53 6VAS -3.07 I
INS 3140 -2.82 3
SRC 2BDJ -2.29 3
TGFBI IKLD -291 I
MMP9 6ESM -3.31 3

Notes: The binding energy and number of hydrogen bonds between SP and the top 10 core targets. GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; IL-6: Interleukin-6; TNF: tumor necrosis factor.
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Note: *p < .05.
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pathway analysis (Figure 4B) prioritized the “PI3K/Akt
signaling pathway” and “apoptosis” as central pathways
modulated by SP, suggesting its potential to attenuate
hyperinflammatory cascades and apoptotic cell death in SALI.
Metascape analysis (Figure 4 C) further corroborated these
findings, identifying “inflammation response,” “regulation of
inflammatory response,” “response to LPS,” and “positive
regulation of programmed cell death” as robustly enriched
pathways, aligning with sepsis-driven lung injury mechanisms.

SP Modulates PI3K/Akt Signaling, Inflammation,
and Apoptosis in Macrophages During SALI

Guided by network pharmacology predictions implicating
apoptosis and inflammation as pivotal mechanisms, we inves-
tigated SP’s effects on macrophage pathophysiology in SALIL.
CLP surgery significantly upregulated pro-inflammatory
cytokine mRNA levels (IL-1f, IL-6, and TNF-a) in lung tis-
sue macrophages compared to sham controls (Figure SA-5C).
SP treatment robustly attenuated these CLP-induced inflam-
matory surges (SP+ CLP vs. CLP), restoring cytokine expres-
sion to near-baseline levels. CLP triggered hyperactivation of
the PI3K/Akt pathway (Figure SD) and elevated apoptotic
markers, including cleaved-caspase-9/3 ratios and the Bax/
Bcl-2 imbalance (Figure SE). SP administration suppressed
both PI3K/Akt signaling and apoptosis-related protein dys-
regulation (SP + CLP vs. CLP, Figure 5D), demonstrating its
dual regulatory capacity. Notably, SP monotherapy in sham-
operated mice exerted no significant effects on inflammatory
cytokines, PI3K/Akt activity, or apoptotic markers (SP +
Sham vs. Sham, Figure 5A-5SE), confirming its context-
dependent efficacy and safety in non-pathological states.

Discussion

The anti-inflammatory properties of SP observed here align
with prior reports of its immunomodulatory effects in aging
and metabolic disorders (Guarente et al., 2024; Zhang et al.,
2023). However, this study uniquely demonstrates its capacity
to disrupt the “inflammation-apoptosis” vicious cycle in
SALI By suppressing CLP-induced hyperactivation of PI3K/
Akt signaling, SP attenuated both macrophage apoptosis (via
Bax/Bcl-2 balance restoration and caspase-9/3 cleavage
inhibition) and the cytokine storms (IL-1pB, IL-6, TNF-a).
This dual mechanism is particularly significant, as PI3K/Akt
serves as a convergence point for survival signaling and
inflammatory crosstalk (Salvadori et al., 2021; Shen et al.,
2024). Our network pharmacology and molecular docking
analyzes further rationalize these effects, identifying high-
affinity interactions between SP and apoptosis- and
inflammation-regulating proteins (e.g., TP53, MMP9, TNF),
which may synergistically amplify its therapeutic impact. The
enrichment of “response to LPS” in Metascape analysis
underscores SP’s relevance to Gram-negative sepsis, the
primary SALI etiology (Kumar, 2020). By mitigating

LPS-driven TLR4 signaling downstream events (e.g.,
NETosis, cytokine release), SP may complement antibiotic
therapies that fail to address post-infectious immune
dysregulation (Espinoza-Culupu et al., 2020; Ma et al., 2020;
Xu et al., 2024). This positions SP as a potential adjuvant
therapy to break the “double-hit” paradigm of SALI-direct
pathogen toxicity followed by host-derived collateral damage.

Mechanistically, SP’s ability to stabilize Bcl-2 and sup-
press caspases may involve direct binding (as predicted by
docking) or indirect epigenetic regulation via chromatin mod-
ulation, a known polyamine function warranting further
exploration. But the regulation of the PI3K/AKT pathway by
SP is currently unclear. However, in this study, the molecular
docking binding energy between SP and Akt was low, sug-
gesting that the possibility of regulating the P13K/Akt path-
way through direct binding is unlikely. In addition, the
literature suggests that SP is closely related to epigenetic
reprogramming (histone hyperacetylation and deoxyribonu-
cleic acid (DNA) methylation switching) and the autophagy
feedback loop, and we have reason to suspect that this may be
its potential pathway of action (Guarente et al., 2024; Liang
et al., 2020). SP selectively regulates macrophage apoptosis
rather than other immune cells (such as neutrophils), and is
closely related to its unique autophagy induction function
(Liu et al., 2020; Pietrocola et al., 2015; Yuan et al., 2025;
Zhang et al., 2019). Our findings bridge critical knowledge
gaps in polyamine biology and sepsis immunopathology,
offering novel insights into SP’s role as a multitarget modula-
tor of immune cell fate and inflammatory homeostasis.

Limitations

Despite these advances, limitations exist. First, while CLP
models replicate human sepsis pathophysiology, interspecies
differences in polyamine metabolism (e.g., gut microbiota-
dependent SP synthesis) necessitate validation in human
macrophages or organoids. Second, the 50 mg/kg dosage—
though effective here—requires pharmacokinetic optimization
to balance efficacy with potential polyamine toxicity at
supraphysiological levels. Third, the precise hierarchy among
the 211 identified targets remains unclear; clustered regularly
interspaced short palindromic repeats (CRISPR)-based
screening could delineate indispensable nodes in SP’s SALI-
modulatory network. Through interdisciplinary technology
integration (nanotechnology + synthetic biology +
microbiology), a species universal SP delivery platform can
be constructed, providing breakthrough treatment options for
sepsis-related immune disorders such as acute lung injury.

Conclusion

In conclusion, this work establishes SP as a promising immu-
nometabolic therapeutic for SALI, leveraging its evolution-
arily conserved roles in stress adaptation. By decoupling
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inflammation from apoptosis in macrophages, SP offers a
blueprint for developing pathophysiology-responsive thera-
pies in critical care medicine.
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