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Abstract
Background  The pulmonary immune system orchestrates lung homeostasis and protects against environmental 
insults through coordinated actions of immune and structural cells. Traditional Chinese medicine recognized the 
functional interaction between the lungs and the large intestine more than 2000 years ago, but direct evidence for 
this relationship in modern biomedical research remains limited. Although inhaled nanomaterials can induce lung 
fibrosis, the underlying immune mechanisms and their impact on large intestine remain poorly understood. Here, 
we integrated spatial transcriptomics, mRNA-seq, metabolomics, microbiome profiling, and validation in vitro to 
investigate how multi-walled carbon nanotubes (MWCNTs) exposure affects pulmonary immune responses and gut 
homeostasis in mice.

Results  MWCNTs were administered to mice via oropharyngeal aspiration. We integrated spatial transcriptomics, 
bulk RNA sequencing, serum metabolomics, 16S rRNA microbiome profiling, and macrophage experiments in vitro. 
This multi-omics approach mapped pulmonary cellular alterations, identified key cell–cell signaling pathways, and 
examined downstream metabolic and intestinal changes provoked by MWCNTs. The results suggested that inhaled 
MWCNTs induced distinct spatial reorganization of pulmonary cellular architecture, characterized by macrophage- 
and fibroblast-enriched clusters associated with localized immune activation. Furthermore, cell–cell communication 
analysis identified Slamf7–Slamf7 interactions as key drivers of macrophage superactivation evidenced by excessive 
pro-inflammatory cytokine release. Notably, knockdown of Slamf7 in alveolar macrophages in vitro effectively 
attenuated the superactivation. The macrophage superactivation altered serum metabolic profiles, particularly in 
pathways related to energy metabolism and inflammation. Finally, lung injury extended to the distal intestine, where 
rectal epithelial barrier integrity was compromised, resulting in microbial and metabolic imbalance.

Conclusion  These findings highlight the hazardous potential of inhaled MWCNTs based on macrophage 
superactivation induced by Slamf7 in the lung, providing mechanistic evidence for the lung–gut link described in 
traditional Chinese medicine. Together, our results identify molecular targets to mitigate nanomaterial immunotoxicity 
and inform the design and using of safer, surface-engineered MWCNTs.
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Introduction
The extraordinary mechanical, electrical, and ther-
mal properties of carbon nanotubes (CNTs) have led to 
their widespread application in various fields, includ-
ing composite materials, energy storage, medicine, and 
bioengineering [1]. Their exceptional tensile strength 
has particularly attracted attention for potential appli-
cations such as space elevator cables [2]. With global 
annual production exceeding 5000 tons, concerns regard-
ing occupational and environmental exposure have been 
greatly intensified [3, 4]. Among CNT variants, multi-
walled carbon nanotubes (MWCNTs) are particularly 
prevalent and have been implicated in adverse respira-
tory outcomes. Epidemiological and occupational studys 
have reported elevated oxidative stress markers, includ-
ing GPx, SOD, and lipid peroxidation products in blood, 
sputum, and exhaled breath condensate of CNT-exposed 
workers [5, 6]. Notably, CNTs were identified in the 
dust at the 9/11 disaster site, where long-term respond-
ers developed respiratory diseases such as pulmonary 
fibrosis, chronic bronchiolitis, and granulomatosis [7]. 

In recognition of these risks, the IARC has classified 
MWCNT-7 as possibly carcinogenic to humans (Group 
2B) [8].

The lung comprises a highly heterogeneous microen-
vironment, where epithelial, immune, and stromal cells 
interact dynamically to maintain pulmonary homeosta-
sis [9]. Inhaled MWCNTs can disrupt the pulmonary 
homeostasis, leading to immune activation and tissue 
remodeling [10]. Although accumulating evidence links 
MWCNT exposure to lung fibrosis, the underlying cel-
lular and molecular mechanisms remain poorly defined 
[11, 12]. Among pulmonary immune cells, macrophages 
act as early sentinels, recognizing foreign particles via 
scavenger receptors and initiating inflammatory cascades 
[13]. Upon activation, macrophages secrete pro-inflam-
matory cytokines that recruit additional immune cells 
and may exacerbate tissue injury [14]. Excessive or dys-
regulated macrophage responses are known contributors 
to fibrosis and have been associated with cytokine storm 
[15, 16]. However, most studies on MWCNT-induced 
pulmonary lesions have focused on limited pathways, 
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often overlooking spatial and cell-type-specific responses 
[17, 18]. To date, how MWCNTs reshape the pulmonary 
immune landscape and macrophage-driven fibrotic pro-
grams remains poorly defined.

The ancient Chinese recognized a special connection 
between the lungs and the intestines, constructing the 
theory of the “internal-external relationship between 
the lungs and large intestine” based on the principles 
of yin-yang and meridian [19]. From a modern biologi-
cal perspective, both the lung and the intestine originate 
from the endoderm [20], and this shared embryonic 
provenance accounts for their numerous structural 
and functional parallels. In modern immunology, the 
lung–gut axis has emerged as a critical regulatory path-
way through which local inflammation in one organ can 
influence immune responses and barrier function in 
the other [21–23]. Environmental toxicants are increas-
ingly recognized to disrupt host metabolic and immune 
homeostasis, partly through alterations in gut microbial 
composition and metabolite production [24–27]. How-
ever, the influence of inhaled MWCNT on the lung–gut 
axis, particularly its effects on intestinal barrier integrity, 
microbiota composition, and host metabolism, remains 
poorly understood.

Here, we applied spatial and bulk transcriptomic tech-
niques to delineate the spatial architecture and immune 
microenvironment of the lung following MWCNTs 
exposure, with particular focus on macrophage-mediated 
inflammatory and fibrotic responses. Integrated serum 
metabolomic profiling further identified characteristic 
metabolic signatures associated with pulmonary injury. 
Moreover, we investigated changes in gut microbiota 
composition and intestinal mucosal signaling, revealing 
the perturbations induced by mirror pulmonary immune 
activation. The results uncover a bidirectional interplay 
between the lung and gut under MWCNT challenge, and 
provide modern biological support for the traditional 
Chinese medicine concept of the “internal and external 
relationship between the lung and large intestine.” These 
insights lay a scientific foundation for safer surface-engi-
neering and targeted application strategies for CNTs in 
future biomedical or industrial use.

Materials and methods
Reagents and antibodies
10% F-68 solution was acquired from Gibco (Shanghai, 
China). MWCNTs of > 99.9 wt % purity, featuring a spe-
cific surface area greater than 70 m2/g, an outer diameter 
of 30–50  nm, and lengths under 10  μm, were procured 
from Chengdu Organic Chemicals Co., Ltd. (Chengdu, 
China). Morphological assessment of the MWCNTs was 
performed with a field-emission scanning electron micro-
scope (SU 8010, Hitachi, Japan). The aqueous dispersibil-
ity and surface charge of MWCNTs were characterized 

using a nanoparticle size and zeta potential analyzer 
(Malvern Panalytical, UK). Antibodies against CLDN1, 
PDPN, Arg1, and Slamf7 were purchased from ABclonal 
Biotechnology (Wuhan, China). Antibodies against TGF-
β1, Collagen I, α-SMA, TNF-α, Adgre1, iNOS, FN1, and 
IL-1β were purchased from Bioss Biotechnology (Beijing, 
China). Anti-FOXJ1 antibodies were purchased from 
BOSTER Biotechnology (Wuhan, China). Anti-GSDMD 
antibodies were purchased from Wanlei Biotechnology 
(Shenyang, China). An anti-occludin (OCLN) antibody 
was purchased from Proteintech (Rosemont, USA).

Animals and treatment
Specific pathogen-free C57BL/6 mice (male, 8–10 weeks 
old) were purchased from Changsheng Biotechnology 
(Shenyang, China). Mice were housed under standard 
conditions (12 h light/12 h dark cycle, 22 ± 2 °C, 55 ± 5%) 
with food and water provided ad libitum. All animal pro-
cedures were performed in accordance with institutional 
guidelines and approved by the Ethical Committee for 
Animal Experiments of Northeast Agricultural Univer-
sity (Grant Number: 202305001). The mice were ran-
domly assigned to two groups (n = 15 for each group), in 
terms of time, it is divided into 7 days group and 14 days 
group (Fig. S1). MWCNTs were sterilized and suspended 
in sterile phosphate-buffered saline (PBS) containing 
0.1% F-68. The mixture was sonicated using a Scientz-IID 
ultrasonic homogenizer (Ningbo Scientz Biotechnology 
Co., Ltd., Ningbo, China) to achieve a homogeneous sus-
pension. The mice were anesthetized with isoflurane. For 
the MWCNT-exposed group, each mouse received 40 µg 
of MWCNTs suspension (50 µL) via oropharyngeal aspi-
ration. Control mice received an equal volume of vehicle 
(PBS with 0.1% F-68). At 7 or 14 days post-exposure, 
mice were humanely euthanized. Blood was collected via 
cardiac puncture to isolate serum, and fecal pellets were 
harvested from the rectum. Lung and intestinal (rectum) 
tissues were excised for downstream analyses. Portions of 
each tissue were fixed in formalin for histology or snap-
frozen in liquid nitrogen for RNA extraction and other 
assays.

Histological and Immunofluorescence staining
Histopathological analysis was carried out essentially as 
described in former studies [28, 29]. Lung or rectum tis-
sues were fixed, dehydrated, embedded, cut into 4 μm 
paraffin sections and mounted on glass slides. Histologi-
cal slides were sequentially processed with hematoxylin 
and eosin (H&E), Masson’s trichrome, and Sirius Red 
stains, and the resulting micro-architecture was imaged 
on a Zeiss Primo Star light microscope (Zeiss, Germany) 
or an Olympus polarizing microscope (Japan). For immu-
nofluorescence, tissue sections were processed to detect 
specific protein markers. For antigen retrieval, slides were 
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heated in 10 mM citrate buffer (pH 6.0) or EDTA solu-
tion (pH 9.0) at 95 °C for 20 min and then cooled to room 
temperature. Sections were blocked with 5% goat serum 
in PBS for 1 h to prevent nonspecific binding. The target 
proteins were labeled using the nine-color fluorescence 
kit (Huilan Biological Technology, China) based on the 
tyramide signal amplification technology. Primary anti-
bodies against target proteins of interest were applied to 
the sections and incubated overnight at 4 °C in a humidi-
fied chamber. After washing with PBS, slides were incu-
bated with appropriate secondary antibodies (RCA054, 
Huilan Biological Technology, China) for 1 h at room 
temperature in the dark. Nuclei were counterstained with 
DAPI for 10 min, and slides were mounted with antifade 
mounting medium (Jiancheng Bioengineering Institute, 
China). In the cellular immunofluorescence experiment, 
antibody elution was carried out using the immunostain-
ing antibody eluent (Servicebio Technology, China), and 
other steps were conducted as described in the preceding 
immunofluorescence protocol. The Arg1 antibody was 
used at a 1:4000 dilution, while all other antibodies were 
diluted 1:500. The sections were imaged using an Fv3000 
confocal microscope system (Olympus, Japan). Co-local-
ization analysis was performed using ImageJ Fiji software 
by quantifying the overlap between the corresponding 
fluorescence channels within regions of interest.

Ultrastructural analysis
Lung specimens were diced into ≤ 1 mm³ fragments 
and immediately fixed in 2.5% glutaraldehyde at 4 °C 
overnight. The samples were then processed to prepare 
ultrathin sections according to standard protocols [30]. 
Following routine processing, ultrathin sections were 
prepared and examined with a Hitachi H-7650 transmis-
sion electron microscope (TEM; Hitachi, Japan).

10× visium Spatial transcriptome sequencing
Spatial transcriptome sequencing using the 10x Visium 
V2 platform was performed on paraffin-embedded lung 
tissue sections from control and MWCNTs-treated mice 
(sampled on day 14 of the experimental period). The 
analysis was conducted by Shanghai OE Biotech Co., Ltd. 
(Shanghai, China).

mRNA sequencing
RNA sequencing in lung tissues from Control and 
MWCNTs-treated mice (sampled on day 14 of the exper-
imental period) was performed by E-Gene Biotechnology 
Co., Ltd. (Shenzhen, China). The details are basically car-
ried out in the same way as previous studies [31].

Quantitative real-time PCR
Tissue or cell samples were cryogenically homogenized 
with a SCIENTZ-48 L high-flux grinder (Ningbo Scientz 

Biotechnology, China). Total RNA was isolated using 
TRIzol reagent, and RT-qPCR was conducted according 
to a previously published protocol [32, 33]. with gene-
specific primers listed in Table S1 (synthesized by Sangon 
Biotech, Shanghai, China). Transcript abundance was 
normalized to the reference gene and expressed using the 
2–ΔΔCt method.

16S rRNA gene sequencing
Library construction and Illumina sequencing were per-
formed by E-Gene Biotechnology Co., Ltd. (Shenzhen, 
China). Briefly, total DNA was extracted from the stool 
samples using the QIAamp DNA stool extraction kit 
(Qiagen, Germany). The genomic DNA was examined by 
1% agarose gel electrophoresis. All samples were quanti-
fied on a Qubit 2.0 Fluorometer (Thermo Fisher Scien-
tific, USA).

Serum and fecal metabolomic profiling
Metabolite detection was performed at E-Gene Biotech-
nology Co., Ltd. (Shenzhen, China) using the method 
described previously [28].

Cell culture
MH-S cells (Procell Life Science & Technology Co., Ltd., 
Wuhan) were cultured in RPMI-1640 (MA0215, Mei-
lun) medium supplemented with 10% FBS (AB-FBS0500, 
ABW) and 1% penicillin/streptomycin (P1400, Solarbi) 
under standard conditions (37 °C, 5% CO₂). Unless oth-
erwise specified, for MWCNTs stimulation experiments, 
cells were exposed to MWCNTs at a concentration of 80 
µg/mL for 24 h, after which cells or conditioned media 
were harvested. For MWCNTs under submerged condi-
tions, agglomeration and sedimentation mean that nomi-
nal concentrations may not equal the delivered cellular 
dose, which can represent only a fraction of the adminis-
tered dose [34].

Cell viability assay
In the cytotoxicity and proliferation assay, MH-S cells 
were treated with MWCNTs at a gradient of concentra-
tions (0, 50, 100, 150, 200, 250, 300, 350, 400, 500, 600, 
and 700 µg/mL) to evaluate dose-dependent effects. After 
treatment, 10 µL CCK-8 kit (Beyotime Biotechnology, 
China) reagent was added to each well and incubated for 
4 h. Finally, the plate reader (Molecular Devices, Shang-
hai, China) was used to measure the solution’s absor-
bance values at 450/630 nm. The optical density was 
represented the relative value of cell viability. Cell viabil-
ity was assessed using the Calcein-AM/PI Cell Viability/
Cytotoxicity Assay Kit (Beyotime Biotechnology, China). 
After experimental treatments, cells were gently washed 
with PBS and incubated with Calcein-AM/PI working 
solution at 37  °C for 30  min in the dark. Fluorescence 
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images were captured using a fluorescence microscope 
(Leica DMi8, Germany). Accordingly, 80 µg/mL (approx-
imately 25% of the IC₅₀) was used as the working con-
centration in the in vitro mechanistic assays to minimize 
confounding from overt cytotoxicity.

γ-H2AX Immunofluorescence assay
DNA double-strand-break formation was assessed with 
the DNA Damage Assay Kit (Beyotime Biotechnol-
ogy, China). Paraffin-embedded lung slices (3  μm) were 
dewaxed in xylene, re-hydrated through graded ethanol, 
and rinsed in PBS. MH-S cells were collected by cen-
trifugation and then fixed with the fixative in the kit for 
15  min. Cells or tissues were labelled sequentially with 
the γ-H2AX primary antibody (1 h, 25 °C) and FITC-con-
jugated secondary antibody (1 h). DAPI counter-staining 
and mounting were performed as described above. Flu-
orescence images were captured on a Fv3000 confocal 
microscope system (Olympus, Japan).

RNA oligonucleotide transfection
Cells were seeded in 6-well plates (1 × 106 cells/well) 
24  h prior to reach 60–70% confluence. siRNAs against 
Slamf7 (sense: 5′-​U​A​A​G​U​G​G​A​G​G​G​C​A​C​A​A​G​U​C​G​
T-3′; antisense: 5′-​C​G​A​C​U​U​G​U​G​C​C​C​U​C​A​C​U​U​A​T-3′) 
and scrambled negative control (NC) siRNA (Sangon 
Biotech, China) were complexed with RNATransMate 
(Sangon Biotech, China). Following 15 min incubation at 
room temperature, complexes were added to cells.

Cytokine and oxidative stress assays
The concentrations of TNF-α and IL-1β in mouse serum 
and macrophage culture supernatants were measured 
using ELISA kits (Biorbyt, Britain) following the manu-
facturer’s instructions. Malondialdehyde (MDA) and 
reactive oxygen species (ROS) were quantified using 
assay kits (Jiancheng Bioengineering Institute, China) fol-
lowing the manufacturer’s instructions. The details are 
basically carried out in the same way as previous studies 
[35].

PPI analysis
Protein–protein interaction (PPI) analysis of rela-
tively expressed genes was carried out according to the 
STRING database (version: 11.5, website link: ​h​t​t​p​s​:​/​/​c​n​.​
s​t​r​i​n​g​-​d​b​.​o​r​g​/​​​​​)​. We input the gene in the list and selected 
Mus musculus as the organism. We constructed net-
works for the species from the database according to the 
selected target gene.

Statistical analyses
Data are presented as mean ± SEM, unless other-
wise specified. For comparisons between two groups, 
an unpaired two-tailed Student’s t-test was used. For 

comparisons among multiple groups, one-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc test 
was applied. p < 0.05 was considered statistically signifi-
cant. Differential gene expression analysis was conducted 
using the DESeq2 package in R. Metabolomic and micro-
biome data were analyzed using multivariate statisti-
cal approaches including principal component analysis 
(PCA), partial least squares discriminant analysis (PLS-
DA), and linear discriminant analysis effect size (LEfSe). 
Correlation analyses were performed using Pearson’s cor-
relation coefficient.

Results
MWCNT exposure promotes lung inflammation and 
fibrosis in mice
Observation with scanning electron microscope veri-
fied the characteristic hollow, tubular morphology of 
the MWCNTs (Fig. 1A). Dynamic light scattering (DLS) 
showed an intensity-weighted Z-average hydrodynamic 
diameter of 316.6 ± 25.4  nm with a polydispersity index 
(PDI) of 0.365 ± 0.029 (Fig. S2A and B). Electrophoretic 
light scattering revealed a negative zeta potential of 
− 30.74 ± 1.18 mV (Fig. S2C). The specific test method 
is illustrated in Fig. 1B. H&E histology revealed marked 
pulmonary lesions in MWCNT-exposed mice, evidenced 
by vascular congestion, thickened alveolar septa, and 
dense inflammatory infiltrates within alveolar spaces and 
around blood vessels (Fig. 1C). Masson’s trichrome stain-
ing further indicated extensive collagen deposition in the 
lung tissues of MWCNT-exposed mice (Fig.  1D). Sirius 
Red histochemistry revealed pronounced lung fibro-
sis in MWCNT-treated mice, highlighted by substantial 
deposition of collagen type I (red) and type III (green) 
(Fig. 1E). Quantitative analysis of Sirius Red-stained sec-
tions revealed a more than three-fold increase in colla-
gen-positive areas of the lungs after 14 days of MWCNT 
exposure compared to controls (Fig.  1F). These results 
showed that 14 days after MWCNT exposure, mouse 
lungs exhibited significant inflammatory cell infiltration 
and fibrosis.

MWCNT exposure markedly up-regulates pro-
inflammatory signaling in mouse lungs
To bulk mRNA-sequencing and spatial transcriptomics 
convergently demonstrate that MWCNTs trigger a strik-
ing immune-driven reprogramming of lung tissue 14 
days after exposure. In bulk RNA-seq, 2454 differentially 
expressed genes (DEGs) (|log2FC| ≥ 1, adjusted p-value ≤ 
0.05) were detected, with a predominance of up-regula-
tion (1669 genes). Among the top ten DEGs, the expres-
sion levels of Cd68, Saa3, and Gpnmb were significantly 
upregulated (Fig. 2A). Cd68 and Mpeg1 are recognized 
as marker genes for macrophages [36, 37], while Saa3, 
Gpnmb, and Cybb are commonly linked to inflammatory 
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responses and oxidative stress [38–40]. These findings 
indicate that exposure to MWCNT activates the immune 
system, leading to inflammation and oxidative stress in 
the lungs. Additionally, the downregulation of Adamts5 
may contribute to impaired extracellular matrix deg-
radation, thereby promoting fibrotic deposition. The 

downregulation of antioxidant genes Sod3, Gpx3, and 
Gsta3 exacerbates oxidative stress (Fig. 2B). KEGG path-
way enrichment analysis further revealed that the top five 
pathways were mainly associated with phagosome forma-
tion, cytokine receptor interactions, and other immune 
response-related pathways (Fig. 2C). These results 

Fig. 1  MWCNT-induced pathological changes in mouse lung tissues. (A) Scanning electron microscope image showing the tubular structure of MW-
CNTs. (B) Test process. H&E (C), Masson (D) and Sirius Red staining (E) of mouse lungs. (F) Collagen-positive regions identified by Sirius Red staining were 
quantified and reported as mean ± SEM (n = 5)
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provide a foundation for further investigation into the 
molecular mechanisms underlying MWCNT-induced 
lung fibrosis.

Comparative analysis of cellular composition and gene 
expression in mouse lungs following MWCNT exposure
Understanding where each cell sits in the tissue is key to 
deciphering cell-to-cell communication in both normal 
and diseased lungs. Standard methods like immunohis-
tochemistry or fluorescence microscopy can show single 

proteins, yet they visualize only a few markers at a time 
and require targets to be chosen beforehand. Therefore, 
we used the 10x Visium spatial RNA sequencing platform 
to generate high-throughput transcriptome capture from 
the lungs of control and MWCNTs group mice on day 
14 after MWCNT exposure (Fig. 3A). Spatial transcrip-
tomic data were analyzed to explore the spatial organiza-
tion of the lung tissue. Unsupervised clustering of spots 
in all samples based on cell type composition identi-
fied nine clusters, which we defined as major cell type 

Fig. 2  Transcriptomic changes in mouse lungs following exposure to MWCNTs (n = 5). (A) Volcano plot depicting DEGs. (B) Changes in genes associated 
with lung inflammation and fibrosis after exposure to MWCNTs. (C) KEGG pathway enrichment analysis highlighting the five most significant pathways 
dysregulated by MWCNT exposure
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Fig. 3  Spatial transcriptomics of mouse lungs exposed to MWCNTs. (A) Spatial maps (10x Visium) showing cell-type distribution at day 14. (B, C) Unsu-
pervised clustering into nine dominant niches annotated by marker genes. (D) Marker-gene expression across clusters. KEGG pathway (E) and GO (F) 
enrichment analysis of lung spatial transcriptome differential genes. (G) Immunofluorescence staining of representative cell markers in MWCNT-exposed 
mouse lungs
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niches. Using established marker genes, we annotated 
each cluster to a dominant cell type (Fig.  3B), includ-
ing macrophages, fibroblasts, epithelial cells, plasma 
cells, endothelial cells, B cells, vascular smooth muscle 
cells, T cells and mesothelial cells. Because the Visium 
platform captures transcriptomes at ~ 55 μm per spot—
coarser than single-cell scale—each spot inevitably con-
tains transcripts from more than one cell. Consequently, 
spatial clusters show minor expression of markers from 
adjacent cell populations in addition to their defining 
signature genes. For instance, the fibroblast-dominated 
cluster most strongly expressed Dcn, yet many capture 
spots within this cluster also showed expression of Lrrn4, 
a gene associated with mesothelial cells. After exposure 
to MWCNTs, the area dominated by macrophages in the 
mouse lungs increased to 1.66-fold that of the control 
group, while the area dominated by fibroblasts increased 
to 1.75 times the original value (Fig.  3C). The distribu-
tion scores for each dominant cell type are presented in 
Fig.  3C, and the corresponding marker gene expression 
levels across clusters are shown in Fig. 3D. Furthermore, 
KEGG and GO enrichment analysis of DEGs within the 
spatial transcriptome showed that immune response, 
energy metabolism, signal receptor binding and other 
pathways were significantly affected by MWCNTs 
(Fig. 3E and F). Additionally, immunofluorescence stain-
ing was performed to identify representative markers 
of key cell types in the lung, including α-SMA (vascular 
area), FOXJ1 (bronchiolar area), FN1 (fibroblast area), 
Collagen I (myofibroblast area), Adgre1 (macrophage 
area), iNOS (M1 macrophage area), Arg1 (M2 macro-
phage area), and PDPN (alveolar area) (Fig.  3G). The 
results showed a significant increase in macrophages, 
particularly M1-type macrophages, in MWCNT-exposed 
lung tissue. Collagen I expression was elevated and coin-
cided with the FN1 expression region, suggesting that 
MWCNTs promotes the differentiation of fibroblasts 
into myofibroblasts, contributing to fibrosis progression. 
These findings provide critical spatial insights into the 
cellular remodeling and molecular dysregulation under-
lying MWCNT-induced lung fibrosis.

Respiratory burst of macrophages in mice lung exposed to 
MWCNTs
Transcriptome analysis of lung tissue revealed that Cybb, 
a critical subunit of the NADPH oxidase 2 (NOX2) com-
plex, was among the top 15 DEGs. NOX2 is responsible 
for transferring electrons from cytoplasmic NADPH 
across the phagosomal membrane to molecular oxygen, 
reducing it to superoxide anion [41]. This process leads 
to a rapid increase in oxygen consumption and initiates 
“respiratory burst” [42]. The high levels of ROS generated 
during the respiratory burst can cause extensive oxidative 
damage to cellular components, including DNA. Among 

the various forms of oxidative DNA damage—such as 
base modifications, abasic sites, DNA-protein crosslinks, 
and strand breaks—double-strand breaks are considered 
the most severe [43]. Consistent with these findings, we 
observed a significant upregulation of the NADPH oxi-
dase complex in alveolar macrophages from MWCNT-
exposed mice, as shown in Fig. 4A. To further investigate 
the molecular basis of macrophage activation, we con-
ducted PPI network analysis of key components of the 
NADPH oxidase complex, including Cyba, Cybb, Noxa1, 
Ncf1, Ncf2 and Ncf4. The PPI analysis revealed strong 
interactions among these proteins, suggesting a coor-
dinated upregulation of the NOX2 complex following 
MWCNT exposure (Fig. 4B). Consistently, heatmap anal-
ysis of transcriptomic data showed that the expression 
levels of these six genes were significantly elevated in the 
lungs of MWCNT-exposed mice compared to controls 
(Fig. 4C). Given the substantial ROS production induced 
by respiratory bursts, we next examined oxidative DNA 
damage. Immunofluorescence staining for γ-H2AX, a 
marker of DNA double-strand breaks, revealed a marked 
increase in γ-H2AX-positive signals in the lung tissues 
of MWCNT-exposed mice relative to controls (Fig. 4D), 
indicating the occurrence of severe DNA damage. When 
DNA double-strand breaks occur, γ-H2AX is rapidly and 
extensively phosphorylated, which serves as a marker of 
DNA damage [44]. The broken DNA double-strands are 
sensed by Aim2, which then triggers the Aim2 inflam-
masome pathway, leading to the activation of Casp1 
and the induction of pyroptosis (Fig. S3). TEM of lung 
tissues provided ultrastructural evidence of cell death. 
In MWCNT-exposed lungs, macrophages exhibited 
hallmark features of pyroptosis, including chromatin 
condensation (green arrows), endoplasmic reticulum 
swelling (red arrows), and plasma membrane rupture 
(yellow arrows) (Fig. 4E). Spatial transcriptomic analysis 
further demonstrated that pyroptosis-associated gene 
signatures were highly enriched in areas dominated by 
macrophages within the lung tissue (Fig. 4F). Notably, 
regions with high pyroptotic gene expression overlapped 
substantially with macrophage-enriched zones, suggest-
ing that macrophages are a primary cell type undergoing 
pyroptosis in response to MWCNT exposure.

Slamf7–Slamf7 promotes superactivation of macrophages 
following MWCNT exposure
Given the prominent inflammatory activation of macro-
phages observed after MWCNT exposure, we next inves-
tigated potential intercellular communication events 
driving this process. Macrophages were further classified 
into M1 type macrophages and M2 type macrophages 
(Fig. S4). Cell–cell communication analysis revealed that 
the Slamf7–Slamf7 interaction pair exhibited the highest 
number of interaction events among all ligand–receptor 
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Fig. 4  Respiratory burst, DNA damage, and pyroptosis in mouse lungs following MWCNT exposure. (A) Expression levels of NADPH oxidase complex 
components (Cyba, Cybb, Ncf1, Ncf2, Noxa1, and Ncf4) in alveolar macrophages. (B) PPI network analysis showing interactions among NADPH oxidase 
complex genes. (C) Heatmap of differentially expressed NADPH oxidase-related genes from bulk RNA sequencing. (D) Immunofluorescence staining for 
γ-H2AX in lung tissues, demonstrating increased DNA double-strand breaks after MWCNT exposure. (E) TEM images, including chromatin condensation 
(green arrows), endoplasmic reticulum swelling (red arrows), and plasma membrane rupture (yellow arrows). (F) Spatial distribution of pyroptosis-related 
gene signatures and macrophage-enriched regions in lung tissue sections based on spatial transcriptomics
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Fig. 5 (See legend on next page.)
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pairs in MWCNT-exposed lungs (Fig. 5A). Further 
analysis of Slamf7–Slamf7-specific interactions demon-
strated that this signaling axis was predominantly active 
between macrophages (Fig. 5B), suggesting that Slamf7–
Slamf7 signaling between macrophages may establish an 
autocrine/paracrine amplification loop that reinforces 
inflammatory superactivation. To validate these find-
ings, we assessed the spatial expression patterns of key 
inflammatory and fibrotic markers. Spatial transcrip-
tomics data showed significantly increased expression 
of Slamf7, Nos2, Tgfb1, Col1a2, Arg1, Il1b, Gsdmd, and 
Adgre1 in MWCNT-exposed lung tissues compared to 
controls (Fig. 5C). These trends were consistent with the 
results from bulk RNA sequencing (Fig. 5D). Immuno-
fluorescence staining further confirmed the localization 
of Slamf7 within areas enriched for M1-polarized macro-
phages, as indicated by strong co-expression with iNOS 
and Adgre1 (Fig. 5E, Fig. S5). These regions also exhibited 
elevated levels of pro-inflammatory factors, consistent 
with an activated macrophage phenotype. The activation 
state of macrophages is tightly regulated by environmen-
tal signals and receptor-mediated pathways [45, 46], with 
cytokines playing a major role in enhancing macrophage 
responsiveness. Previous studies have shown that Slamf7 
upregulation is associated with heightened macrophage 
activation in inflammatory diseases such as inflammatory 
bowel disease and COVID-19 pneumonia [47]. Slamf7 
engagement has been demonstrated to superactivate 
macrophages, driving robust inflammatory responses 
[47, 48]. Therefore, targeting Slamf7 or its downstream 
pathways may help mitigate macrophage-driven inflam-
mation and fibrosis caused by MWCNTs. Notably, this 
pro-inflammatory activation is not necessarily detrimen-
tal. In cancer therapy, where MWCNTs are also explored 
as drug carriers, Slamf7-mediated macrophage superacti-
vation may enhance anti-tumor immunity by promoting 
M1 polarization.

Validation of Slamf7-mediated pro-inflammatory 
superactivation in MWCNT-exposed macrophages in vitro
To further investigate the role of Slamf7 in MWCNT-
induced macrophage activation, we conducted a series of 
in vitro experiments using MH-S mouse alveolar macro-
phages. First, a cell viability assay was performed across 
a wide range of MWCNTs concentration (0–700  µg/
mL) to assess cytotoxicity. A dose-dependent decrease 
in cell viability was observed, and the calculated IC50 
value was 353.5 µg/mL (Fig. 6A). Based on these results, 

a sub-cytotoxic concentration of 80 µg/mL was selected 
for subsequent mechanistic studies. Upon exposure to 
MWCNTs, microscopic examination revealed progres-
sive uptake of MWCNTs by macrophages over time, 
indicated by accumulation of visible black granules in the 
cytoplasm (Fig.  6B). DNA damage in macrophages was 
confirmed by γ-H2AX immunofluorescence staining, 
which showed a significant increase in γ-H2AX-positive 
nuclei after MWCNTs treatment, suggesting the occur-
rence of DNA double-strand breaks (Fig.  6C). In addi-
tion, the number of dead cells increased after MWCNT 
exposure (Fig. S6). To assess macrophage polarization 
and activation status, we performed immunofluores-
cence staining for iNOS and Arg1, markers of M1 and 
M2 polarization, respectively. MWCNT exposure led 
to increased iNOS expression with minimal changes in 
Arg1, indicating M1-type polarization. Notably, surface 
expression of Slamf7 and GSDMD was also enhanced in 
MWCNT-treated cells, suggesting membrane pore for-
mation and pyroptotic potential (Fig.  6D). Additionally, 
elevated expression of Slamf7, TNF-α, and IL-1β was 
detected in MWCNTs-treated macrophages (Fig.  6E). 
To directly examine the role of Slamf7 in inflammatory 
signaling, we silenced its expression using siRNA. Knock-
down efficiency was validated at the gene level, showing a 
substantial reduction of Slamf7 expression in MWCNT-
treated macrophages transfected with si-Slamf7 (Fig. 6F). 
Furthermore, Tnf mRNA levels were significantly 
reduced in the si-Slamf7 group compared to the non-
silencing control following MWCNT exposure (Fig. 6G). 
Consistently, ELISA analysis revealed that the secretion 
levels of TNF-α and IL-1β were markedly increased after 
MWCNTs treatment, while siRNA-mediated silencing 
of Slamf7 attenuated this pro-inflammatory response 
(Fig. 6H, I). Thus, MWCNTs not only induce direct DNA 
double-strand break and cytotoxic stress in macrophages, 
but also drive their polarization toward a pro-inflamma-
tory M1 phenotype. The elevated expression of Slamf7 on 
the cell surface, along with increased levels of inflamma-
tory cytokines such as TNF-α and IL-1β, underscores the 
critical role of Slamf7 in amplifying macrophage activa-
tion. Importantly, silencing Slamf7 effectively attenuated 
the inflammatory response, indicating that Slamf7 acts as 
a key regulator of macrophage-mediated inflammation 
following MWCNT exposure.

(See figure on previous page.)
Fig. 5  Slamf7-Slamf7 interaction mediates macrophage superactivation following MWCNT exposure. (A) Cell–cell communication analysis based on 
spatial transcriptomics of MWCNT-exposed lung tissue. (B) Interaction network showing cell type-specific interactions involving the Slamf7-Slamf7 li-
gand–receptor pair. (C) Spatial transcriptomic expression maps of Slamf7, Nos2, Tgfb1, Col1a2, Arg1, Il1b, Gsdmd, and Adgre1 in lung sections from Control 
and MWCNT-exposed mice. (D) RNA-seq analysis showing consistent upregulation of these genes in MWCNT-exposed lungs. (E) Immunofluorescence 
staining of corresponding proteins in mouse lung tissues. A p value of less than 0.05 is considered significant (significance is denoted as *)
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Serum metabolomics revealed systemic metabolic 
dysregulation and spread of inflammation after MWCNT 
exposure
To investigate the systemic metabolic alterations induced 

by exposure to MWCNTs, we performed a comprehen-
sive serum metabolic profiling. The principal component 
analysis (PCA) of serum metabolites from mice exposed 
to MWCNTs (Fig. 7A) revealed a distinct separation 

Fig. 6  In vitro validation of macrophage responses to MWCNTs. (A) Cell viability of MH-S cells after treatment with increasing concentrations of MWCNTs 
for 24 h. (B) Internalization of MWCNTs by MH-S cells over time observed under microscopy. (C) Immunofluorescence staining of γ-H2AX in MH-S cells 
after MWCNT exposure. (D) Immunofluorescence detection of macrophage polarization markers (Adgre1, iNOS, Arg1) and inflammatory-related proteins 
(Slamf7, GSDMD). (E) Immunofluorescence staining of Slamf7, TNF-α, and IL-1β in MH-S cells. (F) Validation of Slamf7 knockdown efficiency by siRNA in 
MWCNT-treated MH-S cells. (G) Relative mRNA level of Tnf in cells with or without Slamf7 knockdown. ELISA measurement of TNF-α (H) and IL-1β (I) levels 
in the supernatant of MWCNT-treated MH-S cells with or without Slamf7 knockdown. A p value of less than 0.05 is considered significant (significance is 
denoted as *)
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Fig. 7  Serum metabolomics analysis of mice after MWCNT exposure. (A) Principal component analysis (PCA) of serum metabolite profiles from control 
and MWCNT-exposed mice. (B) KEGG pathway enrichment analysis of significantly altered metabolites. (C) Relative abundance of representative differen-
tial metabolites involved in oxidative stress and energy metabolism pathways
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between the control and MWCNTs groups, suggesting 
significant metabolic alterations induced by MWCNT 
exposure. A total of 76 metabolites with significant dif-
ferences (p < 0.05, VIP > 1) were identified, of which 40 
were upregulated and 36 were downregulated (Fig. S7A). 
KEGG pathway enrichment analysis of these differential 
metabolites (Fig. 7B) showed that they were primarily 
involved in amino acid metabolism and fatty acid metab-
olism pathways. Further analysis of metabolites with an 
|log2FC| > 1 (Fig. S7B) supported these findings. Several 
metabolites associated with oxidative stress, including 
γ-glutamylcysteine, sphingosine-1-phosphate (S1P), and 
6-ketoprostaglandin E1, were significantly elevated in the 
MWCNTs group. Notably, S1P, a bioactive lipid media-
tor, is known to activate inflammation-related signaling 
pathways and promote the release of pro-inflammatory 
cytokines, suggesting an enhanced systemic inflam-
matory state (Fig. 7C). In addition, metabolites related 
to glycolysis—such as fructose-1,6-bisphosphate and 
ribose-1,5-bisphosphate—were upregulated, whereas 
isocitric acid, a key intermediate of the tricarboxylic 
acid (TCA) cycle, was decreased. This metabolic shift 
may reflect increased energy demand driven by inflam-
mation-induced cellular activation (Fig. 7C). Disruption 
of glycolytic and TCA cycle pathways could alter cellular 

energy metabolism, while aberrant lipid metabolism 
may contribute to the persistence of inflammation and 
progression of lung injury [49, 50]. Therefore, following 
MWCNT exposure, dysregulation of oxidative-stress–
related metabolites in the bloodstream may exacerbate 
cellular and tissue damage.

Systemic inflammation and intestinal barrier disruption 
following MWCNT exposure
To further evaluate the systemic effects of MWCNT 
exposure, we assessed key inflammatory and oxidative 
stress markers in peripheral blood, as well as changes 
in the intestinal barrier. ELISA showed that the serum 
levels of pro-inflammatory cytokines TNF-α and IL-1β 
were markedly elevated, with an average increase of more 
than twofold in the MWCNT-exposed group compared 
to controls (Fig. 8A). In parallel, ROS and MDA levels in 
peripheral blood were significantly increased, indicating 
a systemic oxidative stress response (Fig. 8B). Consider-
ing the crosstalk between lung inflammation and gut 
homeostasis, we next evaluated the intestinal mucosa. 
Immunofluorescence staining of rectal tissues revealed 
increased expression of pro-inflammatory factors TGF-
β1 and IL-1β, accompanied by a noticeable decrease in 
tight junction proteins OCLN and CLDN1 (Fig.  8C). 

Fig. 8  Systemic inflammation and intestinal barrier impairment in mice after MWCNT exposure. (A) Serum levels of TNF-α and IL-1β in control and 
MWCNT-exposed mice (n = 7). (B) Relative levels of ROS and MDA in mouse serum. (C) Immunofluorescence staining of TGF-β1, IL-1β, OCLN, and CLDN1 
in rectal tissue sections
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These results suggest that MWCNT-induced pulmo-
nary inflammation may extend beyond the lung, and is 
accompanied by systemic inflammatory responses and 
impairment of intestinal barrier integrity, potentially via 
circulating inflammatory/metabolic mediators, although 
direct gastrointestinal exposure after mucociliary clear-
ance and swallowing cannot be excluded.

MWCNT exposure alters the composition of gut microbiota 
in mice
 16S rRNA sequencing was performed on fecal samples 
collected from control and MWCNT-treated mice. 
Alpha diversity analysis using the Shannon and Simp-
son indices revealed no significant changes in microbial 
diversity between the two groups (Fig. 9A), suggesting 
that MWCNT exposure did not markedly affect over-
all microbial richness or evenness. However, non-met-
ric multidimensional scaling (NMDS) analysis showed 

Fig. 9  Fecal microbiota composition analysis after MWCNT exposure. (A) Alpha diversity analysis using Shannon and Simpson indices. (B) NMDS plot 
based on Bray–Curtis distance showing distinct microbial community structures between the two groups. (C) Relative abundance of fecal microbiota at 
the phylum level. (D) Genus-level relative abundance showing changes in microbial composition. (E) Cladogram and (F) LDA score plot identifying taxa 
with differential abundance between groups. (G) Bar plot showing significant reduction in Muribaculaceae and Bifidobacterium, and increased abundance 
of Helicobacter in the MWCNTs group. A p value of less than 0.05 is considered significant (significance is denoted as *)
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a clear separation in microbial community structure 
between the two groups (Fig. 9B), indicating significant 
alterations in microbial composition. At the phylum level, 
relative abundance analysis showed a notable decrease 
in Bacteroidota and an increase in Firmicutes follow-
ing MWCNT exposure (Fig. 9C). At the genus level, the 
microbial community was significantly reshaped, as evi-
denced by changes in the abundance of key genera (Fig. 
9D). LEfSe analysis identified taxa that were significantly 
enriched in each group. Cladogram (Fig. 9E) and LDA 
score (Fig. 9F) highlighted Muribaculaceae, Helicobacter, 
and Bifidobacterium as key contributors to group-spe-
cific differences. We observed a reduction in the relative 
abundances of Muribaculaceae and Bifidobacterium, as 
well as an enrichment of Helicobacter, in the MWCNT-
exposed group compared to the Control group (Fig. 9G). 
Bifidobacterium, as a beneficial gut bacterium, can main-
tain an acidic environment in the gut by producing short-
chain fatty acids, inhibit the growth of harmful bacteria, 
and regulate the gut immune response [51]. A decrease 
in its quantity can disrupt the balance of the gut micro-
ecology [52]. The increase in Helicobacter can trigger an 
inflammatory response in the gut [53], releasing inflam-
matory factors that not only affect the health of the gut 
itself but may also exacerbate lung inflammation through 
the lung-gut axis. These results suggest that MWCNT 
exposure leads to gut dysbiosis, which may further exac-
erbate systemic inflammation and epithelial barrier 
dysfunction.

Correlation between fecal microbiota and metabolites 
suggests a lung–gut axis–mediated systemic disturbance
To further explore the relationship between gut micro-
biota and metabolic changes induced by MWCNT 
exposure, we conducted fecal metabolomic analysis com-
bined with microbial correlation assessment. Following 
MWCNT exposure, the fecal metabolite profiles of mice 
differed significantly from those of the Control group 
(Fig. S8). PLS-DA of the fecal metabolome identified 10 
key discriminatory metabolites that contributed most to 
group separation, including 2-phenylethanol, quinic acid, 
biochanin A, quercetin, 3,4-dihydroxymandelic acid, 
glucosamine, 2-heptanone, and creatinine (Fig. 10A). To 
explore potential microbe–metabolite links, Pearson cor-
relation analysis was performed between differentially 
abundant gut genera and fecal metabolites (Fig.  10C, 
Fig. S9). Muribaculaceae abundance was negatively cor-
related with dihydrouracil and dCMP; Helicobacter 
showed a positive correlation with dodecanedioic acid 
and a negative correlation with trans-cinnamoyl beta-D-
glucoside; Bifidobacterium was negatively correlated with 
cholesterol and positively correlated with phenyllactate. 
These metabolite–microbe associations highlight poten-
tial links between gut microbial shifts and host metabolic 

dysregulation after MWCNT exposure. A schematic 
illustration summarizes the systemic consequences of 
MWCNT-induced lung injury along the lung–gut axis 
(Fig.  10B). MWCNT exposure results in elevated circu-
lating inflammatory cytokines (IL-1β, TNF-α), increased 
oxidative stress markers (ROS, MDA), and altered 
metabolites such as S1P and amino acids. The ensuing 
gut inflammation and barrier disruption, characterized 
by reduced tight junction proteins and microbiota imbal-
ance, may further aggravate systemic injury through 
microbial and metabolic signaling across organ systems.

Discussion
MWCNTs have garnered significant attention due to 
their exceptional mechanical, electrical, and thermal 
properties, positioning them as promising materials in 
diverse fields such as electronics, energy storage, medi-
cine, and environmental monitoring [54–56]. However, 
the widespread use of nanomaterials has raised concerns 
about potential health risks [57–59]. In this study, our 
results suggest that MWCNTs induce Slamf7-Slamf7 sig-
nalling to rapidly superactivate lung macrophages, and 
precipitate early fibrosis and cascade inflammation–met-
abolic disruption along the lung–gut axis.

A growing body of evidence underscores the centrality 
of macrophages in mediating inflammatory responses to 
environmental pollutants [60]. In our spatial-transcrip-
tomic dataset, lung regions enriched in macrophages 
and fibroblasts expanded by 1.6–1.7-fold after MWCNT 
exposure. Consistent with this, long-term aspiration 
studies spanning 1–80 µg per mouse report dose-depen-
dent inflammation and fibrosis, with lower doses produc-
ing milder yet directionally consistent responses [61]. 
Slamf7 is a cell surface receptor that recognizes Slamf7 
expressed on adjacent cells, thereby promoting macro-
phage pro-inflammatory cytokine production by macro-
phages in rheumatoid arthritis [47]. Notably, emerging 
particle-toxicology evidence supports a mechanistic role 
for Slamf7 in inhaled particle–driven lung inflammation. 
For example, in a silica exposure model, Slamf7 regula-
tion was linked to macrophage autophagy dysfunction 
and pulmonary inflammatory outputs, and Slamf7 inhi-
bition mitigated these responses [62]. In our study, cell-
communication mapping pinpointed a Slamf7–Slamf7 
loop as the dominant signal within these niches. Using 
siRNA knockdown in vitro, we confirmed that Slamf7 
promotes the TNF-α/IL-1β burst, which leads to M1 
macrophage superactivation with MWCNTs exposure. 
Pro-inflammatory cytokines particularly TNF-α and 
IL-1β activate fibroblasts and accelerate extracellular-
matrix deposition, further driving the onset and progres-
sion of lung fibrosis [63]. Therefore, Slamf7 may serve as 
a promising target for therapeutic interventions aimed at 
mitigating MWCNTs-induced lung fibrosis.
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Upon external stimulation, NOX2 in macrophages rap-
idly triggers a respiratory burst that generates abundant 
ROS [64]. In this study, oxidative genotoxicity, acting in 
concert with Slamf7-driven macrophage superactiva-
tion, synergistically amplifies the downstream inflamma-
tory cascade. Our spatial transcriptomics data showed 
increased expression of Cybb and other NOX2 sub-
units in macrophage-rich regions of MWCNTs-exposed 
mouse lungs, which indicates sustained respiratory 
bursts and excessive ROS production. TNF-signalling 
plays a pivotal role in driving ROS production by alveolar 
macrophages [65]. In our study, large amounts of TNF-α 

from Slamf7-superactivated macrophages intensify the 
oxidative burst. The resulting oxidative stress caused 
DNA double-strand breaks (γ-H2AX positive), which 
were rapidly sensed by the Aim2 inflammasome, lead-
ing to caspase-1 activation and pyroptosis. Meanwhile, 
pyroptotic macrophages release mature IL-1β and IL-18, 
while ROS itself stabilizes NF-κB and HIF-1α signaling 
[66]. These signals together provide an additional wave 
of pro-fibrotic cues that reinforce TNF-α and IL-1β pro-
duction from the Slamf7 circuit. Our results suggest that 
the feedback between oxidative genotoxicity and Slamf7 
signaling increases cytokine production and fibroblast 

Fig. 10  Fecal metabolomic analysis and microbe–metabolite correlations after MWCNT exposure. (A) PLS-DA plot. (B) Schematic diagram illustrating 
the systemic effects of MWCNT exposure via the lung–gut axis. (C) Pearson correlation analysis between differentially abundant genera and associated 
fecal metabolites

 



Page 19 of 22Han et al. Journal of Nanobiotechnology          (2026) 24:338 

activation and accelerates MWCNTs-induced lung 
fibrosis.

Cell-intrinsic metabolic programs are increasingly rec-
ognized as pivotal regulators of innate-immune activation 
and effector functions [67, 68]. In our serum metabolo-
mic analysis, MWCNT exposure produced three tightly 
linked alterations. First, the bioactive sphingolipid S1P 
was significantly elevated in the serum of mice exposed 
to MWCNTs. Beyond activating NF-κB/Stat3 in macro-
phages, S1P engages S1PR2 on fibroblasts to potentiate 
TGF-β1-Smad and collagen synthesis, thereby providing 
a key signalling pathway from inflammation to fibrosis 
[69, 70]. Second, we observed an accumulation of the 
glycolytic intermediates fructose-1,6-bisphosphate and 
ribose-1,5-bisphosphate in serum with MWCNTs expo-
sure. Although these metabolites are normally confined 
to the cytosol, their appearance in the circulation may 
signal heightened glycolytic flux combined with cell turn-
over or active export from strongly stimulated immune 
cells [71]. Consistently, Pfkl, Pfkfb4 and Tkt transcripts 
were elevated in lung macrophages after MWCNTs 
exposure, which indicate a shift toward glycolysis and the 
pentose-phosphate pathway to meet the ATP demands 
of Slamf7-superactivated cells. Third, serine were down-
regulated in mice blood after MWCNT exposure. Under 
inflammatory conditions, reduced serine levels in the 
blood may cause abnormal cytokine expression in macro-
phages, resulting in increased pro-inflammatory factors 
[72]. Collectively, these lipid- and carbon-flux changes 
delineate an immunometabolic circuit that sustains the 
inflammatory program initiated by Slamf7 superactiva-
tion and simultaneously primes fibroblasts for extracellu-
lar-matrix deposition.

Together with the rise in circulating cytokines and 
oxidative mediators after MWCNT exposure, these 
serum-borne signals provide a plausible route by which 
lung inflammation could influence distal intestinal bar-
rier function even when particle translocation is limited 
[73, 74]. Emerging evidence from our study indicates 
that inflammatory insults originating in the lung propa-
gate distally to the large intestine after MWCNTs expo-
sure. Rectal immunofluorescence in MWCNTs-exposed 
mice revealed reduced OCLN and CLDN1, together 
with focal TGF-β1 and IL-1β up-regulation, indicating a 
breach of epithelial tight junctions. This pattern is com-
patible with cytokine-mediated barrier weakening, as 
IL-1β can directly impair tight-junction integrity in intes-
tinal epithelium, and systemic inflammation is increas-
ingly recognized as a key driver of epithelial vulnerability 
[74, 75]. In parallel, 16S rRNA profiling showed a com-
position shift in the fecal microbiota, pro-inflammatory 
Helicobacter expanded, and beneficial Bifidobacterium 
and Muribaculaceae contracted. Untargeted metabolo-
mics revealed a marked accumulation of ω-dicarboxylic 

acids alongside a pronounced depletion of phenyllactate 
in MWCNT-exposed mice. Notably, ω-dicarboxylic acids 
are peroxisomal β-oxidation products that potentiate 
NLRP3 inflammasome activation, whereas phenyllactate 
is an aryl-hydrocarbon-receptor ligand that normally 
restrains intestinal inflammation [76, 77]. Correlation 
analysis linked Helicobacter to ω-dicarboxylic acids and 
Bifidobacterium loss to phenyllactate depletion, sug-
gesting that dysbiosis exports bioactive metabolites 
that re-enter the circulation and reinforce the systemic 
cytokine–ROS milieu established in the lung. Simi-
lar lung-to-gut crosstalk has been reported for chronic 
cigarette-smoke exposure, which remodels the colonic 
microbiome and promotes colorectal carcinogenesis via 
metabolite-mediated immune modulation [78]. These 
observations provide modern mechanistic support for 
the traditional Chinese medicine axiom that the lung and 
large intestine are functionally interconnected, and they 
point to a potentially self-reinforcing lung–gut circuit 
after MWCNT exposure that warrants direct mechanis-
tic testing.

Notably, MWCNTs exert opposite effect on health 
under different physiological and pathological condi-
tions. In an orthotopic breast-cancer model, pulmonary 
delivery of pristine MWCNTs fostered metastatic seed-
ing by skewing macrophages toward an lncRNA-guided 
M2 phenotype [79]. In contrast, oxidized MWCNTs 
engineered to target VEGFR curtailed metastasis by dis-
rupting microtubules in tumour and stromal cells [80]. 
These findings underscore the context-dependent nature 
of MWCNTs’ biological effects, which are critically influ-
enced by factors such as exposure route, physicochemi-
cal properties, tissue microenvironment, and immune 
status. Hence, precise nanomaterial design, surface 
modification, and targeted delivery strategies to optimize 
therapeutic efficacy while minimizing potential risks, 
ultimately facilitating the rational and safe application of 
carbon nanomaterials in biomedicine.

Although our single-bolus aspiration model and sub-
merged exposure in vitro enable controlled mecha-
nistic interrogation, they do not fully capture chronic, 
low-dose inhalation scenarios or air–liquid interface 
deposition. Future studies should adopt dosimetry-
guided, inhalation-relevant regimens and acute lung 
injury based platforms across diverse MWCNT vari-
ants, together with Slamf7 perturbation in vivo to estab-
lish causality. Disentangling circulating mediators from 
potential gastrointestinal delivery routes, functionally 
validating microbiota–metabolite contributions, and rep-
licating these findings in female cohorts are key future 
research directions to strengthen generalisability for risk 
assessment.
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Conclusions
In conclusion, our results demonstrate that inhaled 
MWCNTs induced distinct spatial reorganization of pul-
monary cellular architecture, characterized by macro-
phage- and fibroblast-enriched clusters associated with 
localized immune activation, and the Slamf7-driven mac-
rophage superactivation appears to represent an impor-
tant regulatory node in this process. Mechanistically, 
our results suggest that macrophage superactivation 
mediated by Slamf7 ultimately leads to lung fibrosis in 
MWCNTs-exposed mice by rapidly activating the Aim2 
inflammasome, robustly releasing TNF-α/IL-1β, and 
accelerating collagen deposition. In addition, our study 
uncovers a pathological cycle in MWCNTs-exposed 
mice, whereby serum enriched with pro-inflammatory 
cytokines and bioactive metabolites may help propagate 
inflammatory and oxidative cues to the distal rectum, 
leading to barrier injury and local inflammation. Gut 
dysbiosis further exacerbates intestinal barrier damage 
and triggers the release of increased metabolites such 
as 5-HT from intestinal cells, which metabolites subse-
quently propagate through the bloodstream to sustain 
lung inflammation. This study provides mechanistic 
support for the traditional Chinese medicine concept 
of the connection between the lung and large intestine, 
and identifies Slamf7 signalling based on macrophage 
superactivation and microbiota modulation as action-
able intervention points for engineering safer MWCNT 
formulations.
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