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Abstract
Background  Ceramides are known for their harmful, cell-autonomous effects in cigarette smoke (CS)-triggered 
chronic obstructive pulmonary disease (COPD), yet their potential role as intercellular signals in COPD pathogenesis 
remains unclear. This study aims to investigate whether ceramides act as cell-nonautonomous mediators of 
COPD development by transmitting metabolic stress from pulmonary macrophages to endothelial cells (ECs), 
compromising endothelial function and thereby orchestrating the pulmonary inflammation.

Methods  We analyzed single-cell RNA sequencing data from human lung tissues and bulk RNA sequencing data 
from alveolar macrophages (AMs) in COPD patients to investigate the transcriptomic profiles of ceramide biosynthesis 
enzymes. The expression changes of several key enzymes were validated in human lung sections, AMs isolated from 
CS-exposed mice, and cigarette smoke extract (CSE)-treated macrophages. Ceramide levels in macrophages and 
their extracellular vesicles (EVs) were quantified using mass spectroscopy lipidomics. EVs were further characterized 
by transmission electron microscopy and nanoparticle tracking analysis. The uptake of macrophage-derived EVs by 
ECs and their effects on endothelial barriers were evaluated in vitro using a co-culture system and in vivo using a 
CS-exposed COPD mouse model.

Results  CS exposure upregulated enzymes involved in de novo ceramide biosynthesis in pulmonary macrophages, 
increasing levels of long- and very long-chain ceramides. These ceramides were packaged into EVs and delivered to 
ECs, where they disrupted gap junctions, increased endothelial permeability, and impaired EC migration. Silencing 
these enzymes involved in de novo ceramide biosynthesis in pulmonary macrophages could block this metabolic 
communication between macrophages and ECs mediated by EV-delivered ceramides, protecting EC function from 
CS exposure. When intratracheally administered to CS-exposed mice, these ceramide-rich macrophage-derived EVs 
exacerbated COPD by facilitating endothelial barrier disruption.
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Background
Sphingolipids are a distinct class of lipids, primarily 
located in plasma membranes, with ceramides serving as 
a central hub in sphingolipid metabolism. Composed of a 
sphingosine backbone and a fatty acid side chain, cerami-
des are classified by the length of their N-acyl chains 
into medium-chain (C12-C14), long-chain (C16-C18), 
very long-chain (C20-C24), and ultra-long-chain (≥ C26) 
ceramides [1]. There are three major pathways respon-
sible for ceramide biosynthesis, each regulated by specific 
enzymes: (1) the de novo synthesis pathway, starting with 
the condensation of serine and palmitoyl-CoA; (2) the 
sphingomyelinase pathway, which involves the hydroly-
sis of sphingomyelin; and (3) the salvage/recycling path-
way, which regenerates ceramides from the breakdown of 

complex sphingolipids [2]. In addition to forming part of 
the plasma membrane, ceramides, sphingosine, and their 
metabolites—ceramide-1-phosphate (C1P) and sphingo-
sine-1-phosphate (S1P)—constitute a “sphingolipid rheo-
stat” [3], regulating various biological processes such as 
cell death, proliferation, differentiation, autophagy, senes-
cence, migration, and efferocytosis [2]. Ceramides are 
also transported extracellularly via extracellular vesicles 
(EVs), which grants them a role as transcellular signals, 
facilitating metabolic communication between cells. 
This capacity for intercellular communication suggests 
that ceramides may contribute to disease development 
beyond their cell-autonomous effects [4, 5].

Cigarette smoking, the leading cause of chronic 
obstructive pulmonary disease (COPD), has been linked 

Conclusion  Our study uncovered a novel mechanism in COPD pathogenesis, where pulmonary macrophages 
propagate CS-induced metabolic stress to ECs via ceramide-laden EVs, leading to endothelial barrier dysfunction. This 
intercellular pathway represents a potential target for therapeutic intervention in COPD.

Plain English summary
Chronic obstructive pulmonary disease (COPD) is a condition caused by damage to the airways or other parts 
of the lung and is often triggered by smoking. This damage triggers inflammation and other changes that block 
airflow and make breathing difficult. While we know that ceramides, a type of fat molecule, can harm cells 
inside the lungs, it was unclear how they might affect different cells in the body. In this study, we explored how 
ceramides move between cells and how they might contribute to COPD. We found that cigarette smoke increases 
ceramide production in a type of lung immune cells called macrophages. These ceramides are then packaged into 
tiny particles called extracellular vesicles and released from macrophages, which travel to other cells, especially cells 
lining the blood vessels (endothelial cells). Upon entering endothelial cells, these ceramides disrupt the function 
of endothelial cells, making the lung’s blood vessels more leaky and damaging their ability to repair. This process 
worsens the condition of COPD. Our study suggests that ceramides could be a new target for treating COPD by 
blocking this harmful communication between cells.
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to sphingolipid metabolic reprogramming in both plasma 
[6] and lung tissue [7] from COPD patients. Elevated 
ceramides have been implicated in cigarette smoke (CS)-
induced injury of pulmonary endothelial and alveolar 
epithelial cells [8, 9], as well as the impairment of alveolar 
macrophage (AM) efferocytosis [10]. Although the intra-
cellular effects of increased ceramides, particularly in 
cell-autonomous lung damage and macrophage dysfunc-
tion, have been well-established, the intercellular role of 
ceramides as part of an extracellular signaling machin-
ery via EVs remains poorly understood in the context of 
COPD.

Recent transcriptomic studies of AMs from COPD 
patients and smokers have identified lipid metabolic 
dysregulation as a key driver of pulmonary pathol-
ogy [11–14]. Our previous single-cell RNA-sequencing 
(scRNA-seq) of lung tissues from control and COPD 
patients with different smoking histories identified mac-
rophages as the cells most affected by CS, with genes 
related to sphingolipid biosynthesis, vesicle-mediated 
transport, membrane organization, and mitochondrial 
gene expression being significantly altered [15]. Impor-
tantly, our in silico analysis further indicated that mac-
rophage-derived sphingolipid metabolites, potentially 
transported via EVs, may influence endothelial cell (EC) 
gap junctions and migration, especially in the context of 
smoking [15].

Given the established role of endothelial barrier dys-
function in the pathogenesis of COPD and emphysema 
[16–19] and inspired by our prior findings [15], here 
we further investigate the EV-dependent mechanism 
through which CS-induced macrophage sphingolipid 
metabolic reprogramming leads to endothelial bar-
rier disruption and ultimately contributes to COPD 
progression.

Methods
Ethics statement
This study was approved by the Ethics Committee at the 
First Affiliated Hospital of Nanjing Medical University 
(2021-SR-335). All animal experiments were approved 
by the Institutional Animal Care and Use Commit-
tee at Nanjing Medical University, carried out in accor-
dance with the U.K. Animals (Scientific Procedures) Act, 
1986 and associated guidelines as well as EU Directive 
2010/63/EU for animal experiments, and complied with 
the ARRIVE guidelines.

Data resource and analysis
Single cell RNA transcriptomics of 3 COPD patients (2 
smokers and 1 non-smoker) and 6 controls (2 smok-
ers and 4 non-smokers) were from our previous data-
set GSE171541 [15]. The BD Rhapsody analysis pipeline 
was used to process sequencing data and the reference 

genome was GENCODE v29. Expression matrix was 
processed with the Seurat (version 3·1·5). The cells were 
removed that had either fewer than 300 expressed genes 
or over 30% unique molecular identifiers (UMIs) origi-
nating from mitochondrial genes. UMI counts were 
normalized and were transformed to the log-trans-
formed. Visualization of transcriptomic profiles were 
conducted by uniform manifold approximation and 
projection (UMAP). We used the AddModuleScore() 
function in Seurat to calculate a module score for the 
gene set SPTLC1, SPTLC2, CERS2, and CERS5, reflect-
ing their average expression relative to a background 
set of control genes. Reanalysis was carried out of 
scRNA-seq datasets of human lung tissues (GSE173896, 
EGAS00001004244) as well as bulk RNA-seq datasets 
(GSE13896, GSE130928, and GSE183983) of AMs from 
smokers and COPD patients downloaded from Gene 
Expression Omnibus (GEO) (​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​​.​n​i​h​​.​g​​o​
v​/​g​e​o​/) and European Genome-phenome Archive (EGA) 
(https://ega-archive.org). RNA-seq data of mouse lung 
ECs after one and six months of exposure to whole body 
smoke compared to controls at room air (GSE140413) 
was obtained from GEO.

Mice and CS exposure
Male C57BL/6J mice of 8 weeks were purchased from the 
National Resource Center for Mutant Mice Model Ani-
mal Research Center of Nanjing University. Mice were 
randomly selected and exposed to cigarette smoke (CS) 
or room air (Air) for 6 months. CS exposures were per-
formed via the CSM-100 C inhalation exposure appara-
tus (TOW-int tech, Shanghai, China) using Huangshan 
Brand cigarettes (China Tobacco Anhui Industrial Co., 
Ltd, Bengbu, Anhui, China). During CS exposure, total 
particulate matter (TPM) was real-time monitored by 
Microdust Pro Real Time Dust Monitor (Casella, Ger-
may). Mice were exposed to an average TPM of 500 mg/
m3 and carbon monoxide (CO) concentration of 300 
parts per million (ppm) for 1 h at a time, twice per day, 
7 days a week for 6 months. Finally, mouse lung tissues 
were harvested for histopathological analysis to confirm 
the successful construction of CS-induced COPD mouse 
model.

Isolation and identification of primary mouse AMs
At the end of the exposure regimen, primary mouse AMs 
were isolated from bronchoalveolar lavage fluids (BALFs) 
as described previously [20]. Briefly, mice were anaesthe-
tized with avertin (Sigma Aldrich, Cat# T48402). After 
the mouse trachea was opened and cannulated with a 26 
G syringe needle (BD, Franklin Lakes, NJ, USA), the lung 
was lavaged with a total of 15 ml ice-cold PBS in 20 ali-
quots (0.75  ml per aliquot). The BALFs of every mouse 
were centrifuged at 300  g, 4 °C for 15  min. Cell pellets 
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were resuspended and cultured in RPMI 1640 (Ther-
moFisher, Gibco, Cat# 11875093) with 100 µg/ml strep-
tomycin, 100 U/ml penicillin, 10 mmol/l HEPES (Sigma 
Aldrich, Cat# H4034), and 50 µmol/l β-mercaptoethanol 
(Sigma Aldrich, Cat# M3148) at 37 °C in a humidified 5% 
CO2 atmosphere. After 1 h, other suspended blood cells 
were washed off by sterile PBS and the left adherent cells 
were pure primary mouse AMs. Mouse AMs were iden-
tified by flow cytometric analysis of mouse macrophage 
surface marker, F4/80. Briefly, AMs were collected and 
resuspended to a concentration of 1 × 106 cells/ml in 1% 
bovine serum albumin (BSA, dissolved in PBS) (Sigma 
Aldrich, Cat# A1933). Then, 0.1 ml of cell suspension was 
mixed and incubated with rat anti-F4/80 (1:50, Abcam, 
Cambridge, UK, Cat# ab6640) or anti-rat IgG (1:50, 
Abcam, Cat# ab37361) at room temperature for 30 min. 
After being washed by 1% BSA, cells were resuspended in 
0.1 ml of 1% BSA and incubated in dark with anti-rat IgG 
Alexa Fluor 488 (1:2000, Abcam, Cat# ab150165) at room 
temperature for 30  min. The stained cells were washed 
twice with 1% BSA and were captured using Beckman 
Coulter Gallios Flow Cytometer (Beckman Coulter, Inc. 
Brea, CA). Data were analyzed using Kaluza Analysis 
Software.

Preparation of CSE
Cigarettes used in this study were Huangshan Brand 
cigarettes, of which the tar, nicotine, and carbon monox-
ide contents were 10 mg/cigarette, 0.9 mg/cigarette, and 
11 mg/cigarette, respectively. CSE was prepared by bub-
bling smoke from 1 cigarette into 10 ml of RPMI 1640 or 
DMEM (ThermoFisher, Gibco, Cat# 11965092) at a rate 
of 1 cigarette per 2 min, as described previously [21]. The 
pH of CSE was adjusted to 7.2–7.4. After being filtered 
through a sterile 0.22 μm filter (Merck&Millipore, Darm-
stadt, Germany, Cat# SLGP033R), some CSE preparation 
was diluted 7 times with RPMI 1640 or DMEM and used 
to monitor the absorbance at 320 nm (optical density of 
0.67 ± 0.01). CSE was freshly prepared for each experi-
ment and diluted with culture media immediately before 
use. Meanwhile, control media was prepared by bubbling 
air through 10 ml of culture media, adjusting pH to 7.4, 
and sterile filtering as described for CSE preparation.

Cell culture and treatment
All the cell lines used in this study were purchased from 
Procell (Wuhan, China). The human monocyte cell line 
THP-1 cells (RRID: CVCL_0006) were grown in RPMI 
1640 medium containing 10% fetal bovine serum (FBS) 
(ThermoFisher, Gibco, Cat# 10100147 C) and 50 µmol/l 
β-mercaptoethanol. The human EC line human umbili-
cal vein ECs (HUVECs, RRID: CVCL_2959) were cul-
tured in RPMI 1640 medium containing 10% FBS. The 
human pulmonary EC line human lung microvascular 

endothelial cell line-5a (HULEC-5a cells) (RRID: 
CVCL_0A11) were cultured in MCDB131 (no L-Gluta-
mine) (ThermoFisher, Gibco, Cat# 10372019) containing 
10% FBS, 10ng/mL epidermal growth factor (EGF) (Ther-
moFisher, Gibco, Cat# AF-100-15), 1 mg/ml Hydrocor-
tisone (MedChemExpress, NJ, Cat# HY-N0583), 10 mM 
glutamine (ThermoFisher, Gibco, Cat# A2916801). The 
mouse AM cell line MH-S cells (RRID: CVCL_3855) were 
grown in Dulbecco’s Modification of Eagle’s Medium 
(DMEM) medium containing 10% FBS and 50 µmol/l 
β-mercaptoethanol. The mouse EC line bEnd.3 cells 
(CVCL_0170) were cultured in DMEM medium contain-
ing 10% FBS. All media were supplemented with 100 µg/
ml streptomycin, 100 U/ml penicillin, 0.25 µg/ml ampho-
tericin B, and 10 mmol/l HEPES. Cells were all cultured 
at 37 °C in a humidified 5% CO2 atmosphere. THP-1 cells 
were incubated with 100 ng/ml phorbol 12-myristate 
13-acetate (PMA) (Sigma Aldrich, Cat# P8139) for 48 h 
to differentiate into macrophages. Liposomes were pre-
pared for long- and very long-chain ceramide treatment 
as previously described [22]. Briefly, both C16-ceramide 
(Sigma Aldrich, Cat# 860516P) and C24-ceramide (Sigma 
Aldrich, Cat# 860524P) were solubilized in methanol 
at a concentration of 5 mM respectively and dried by 
nitrogen gas under vacuum to create the lipid film. To 
make ceramide solution, PBS supplemented with 0.3% 
(w/v) fatty-acid free BSA was preheated at 50  °C and 
then added to the lipid film, followed by vortexing and 
sonicating at 50 °C for 1 h. For ceramide treatment, C16-
ceramide and C24-ceramide stock solutions were diluted 
1:1 in serum-free RPMI 1640 or DMEM medium at dif-
ferent ratios for final concentrations ranging from 0.1 to 
100 µM. PMA-induced THP-1 cells (hereafter referred 
to as “TP cells”) were co-cultured with HUVECs or 
HULEC-5a cells and MH-S cells were co-cultured with 
bEnd.3 cells. Briefly, ECs (HUVECs, HULEC-5a cells, or 
bEnd.3 cells) were grown up to 80% confluence one day 
prior to being co-cultured into the lower chamber in 
a 24-well plate. Macrophages (TP cells or MH-S cells) 
were previously treated and then moved into the upper 
chamber of 24-well transwell inserts (0.4  μm pore size) 
(Merck&Millipore, Cat# PCHT24H48), which were 
transferred to the 24-well plate in normal hanging posi-
tion to culture with ECs.

Transient transfection
Small interfering RNAs (siRNAs) were designed and syn-
thesized by Ribobio (Guangzhou, Guangdong, China). 
The freeze-dried powders of siRNAs were dissolved in 
RNA-free water to make 20 µM storage solutions which 
were aliquoted and stored at -20  °C to avoid freeze/
thaw cycles. For transient transfection of siRNAs, Lipo-
fectamine RNAiMAX reagent (ThermoFisher, Invitrogen, 
Cat# 13778150) was mixed with siRNAs at a ratio of 8 µl: 
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7.5 µl mixed siRNAs storage solutions and Lipofectamine 
RNAiMAX reagent according to the manufacturer’s pro-
tocol. To separately silence SPTLC1, SPTLC2, CERS2, 
and CERS5, 3 different siRNAs against each gene were 
separately transfected into macrophages, 2 of which with 
the highest interference efficiency against each gene were 
mixed to form 2 different tetra-combinations. Macro-
phages were transfected with the 2 different tetra-com-
binations of siRNAs to simultaneously silence SPTLC1, 
SPTLC2, CERS2, and CERS5. Similarly, to silence GJA1, 
HUVECs and bEnd.3 cells were transfected with siRNAs 
against human GJA1 and mouse Gja1, respectively. Tar-
get sequences of all siRNAs against SPTLC1, SPTLC2, 
CERS2, CERS5, and GJA1 used in this study were pro-
vided in Table S1.

EVs purification
EVs were isolated from the conditioned culture media of 
macrophages in accordance with previously described 
methods and guideline recommendation [23]. Briefly, 
media from TP cells or MH-S cells with different treat-
ments were centrifuged at 2000 g, 4  °C for 20 min. The 
supernatant was centrifuged at 10,000 g, 4 °C for 30 min 
after being removed into new tubes. The supernatant was 
transferred to new tubes followed by ultracentrifugation 
at 100,000 g, 4 °C for 70 min. After the supernatant was 
removed, the EVs pellets were resuspended with ice-cold 
PBS. The resuspended pellets from the same cells were 
collected into a single centrifuge tube and were ultracen-
trifuged at 100,000 g, 4 °C for 70 min. After the superna-
tant was removed completely, the pellets were dissolved 
in 50 ul ice-cold PBS.

Lipidomics
For sample collection, cells and EVs should be counted 
to insure no less than 3 × 105 cells or 1 × 1010 particles for 
each sample. Cell samples and EV samples were normal-
ized by cell counts and particle counts, respectively. For 
each sample, 200 µl water was added to the sample. After 
being frozen and thawed with liquid nitrogen for 3 times, 
samples were sonicated for 10 min in ice-water bath. The 
480  µl extract solution (MTBE: MeOH = 5:1) contain-
ing internal standard was added to each sample. After 
being sonicated for another 10 min in ice-water and then 
incubated at -40 °C for 1 h, samples were centrifuged at 
900  g, 4 °C for 15  min. With 250  µl supernatant being 
transferred to a fresh tube, the rest of the sample was 
added with 250 µl MTBE and was sonicated, incubated, 
and centrifuged again. Therefore another 250  µl super-
natant was taken out. This step was repeated once more. 
A total of 750  µl combined supernatant was dried in a 
vacuum concentrator at 37 °C. Each of the dried samples 
was reconstituted in 100  µl resuspension buffer (DCM: 
MeOH: H2O = 60:30:4.5), followed by sonication in 

ice-water bath for 10 min. Samples were then centrifuged 
at 16,200 g, 4 °C for 15 min and 30 µl supernatant of each 
sample was transferred to a fresh glass vial for LC/MS 
analysis. The quality control (QC) sample was prepared 
by mixing an equal aliquot of the supernatants from all 
the samples. LC-MS/MS analyses were performed using 
an UHPLC system (Vanquish, Thermo Fisher Scientific, 
Waltham, MA, USA), equipped with a Kinetex C18 col-
umn (2.1 × 100 mm, 1.7 μm, Phenomenex, Torrance, CA, 
USA). Finally, Biobud-v2·1·4·1 Software was employed for 
the quantification of the target compounds. The absolute 
content of individual lipids corresponding to the internal 
standard (IS) was calculated on the basis of peaks area 
and actual concentration of the identical lipid class IS.

RNA extraction and RT-PCR assay
Total RNA was extracted from cells and mouse lung 
homogenates using Trizol reagent (ThermoFisher, Invit-
rogen, Cat# 15596018CN). RNA was reverse-transcribed 
into cDNA with HiScript II Q RT SuperMix for qPCR 
(Vazyme, Nanjing, Jiangsu, China, Cat# R222-01). Quan-
tification RT-PCR was performed using ChamQ Univer-
sal SYBR qPCR Master Mix (Vazyme, Cat# Q711-03) and 
Step One PlusTM Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). Primers were manufac-
tured by Genscript (Nanjing, Jiangsu, China). RPLP0 was 
used as internal standard for mRNAs. Primer sequences 
were designed to be intron-spanning and were shown in 
Table S2.

Western blot analysis
Western blotting was performed as previously described 
[24]. Individual immunoblots were probed with mouse 
anti-SPTLC1 mAb (Proteintech, Wuhan, Hubei, China, 
Cat# 66899-1-Ig) diluted 1:1000, rabbit anti-SPTLC2 pAb 
(Proteintech, Cat# 51012-2-AP) diluted 1:1000, mouse 
anti-CERS2 mAb (Novus Biologicals, Centennial, CO, 
USA, Cat# H00029956-M01A) diluted 1:1000, rabbit 
anti-CERS5 pAb (Novus Biologicals, Cat# NBP1-76964) 
diluted 1:1000, rabbit anti-GJA1 pAb (Proteintech, Cat# 
26980-1-AP) diluted 1:1000, rabbit anti-Calnexin pAb 
(Proteintech, Cat# 10427-2-AP) diluted 1:1000, rabbit 
anti-CD9 pAb (Proteintech, Cat# 20597-1-AP) diluted 
1:1000, rabbit anti-CD81 pAb (Proteintech, Cat# 27855-
1-AP) diluted 1:1000, rabbit anti-GAPDH pAb (Biogot, 
Nanjing, Jiangsu, China, Cat# AP0063) diluted 1:5000, 
mouse anti-α-Tubulin mAb (Sigma Aldrich, Cat# T5168) 
diluted 1:4000 in 5% (wt/vol.) non-fat dried milk in Tris-
buffered saline with Tween-20 (TBST) buffer.

Immunofluorescence staining
Immunofluorescence staining on human lung tissue 
sections, mouse lung tissue sections, HUVECs, and 
bEnd.3 cells was performed as described previously [24]. 
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Section  (4  μm) from paraffin-embedded human lung 
samples were deparaffinized and rehydrated, followed by 
heat-induced epitope retrieval using HIER citrate buf-
fer (pH 6.0). Incubation with 30% H2O2 was performed 
at room temperature to reduce the autofluorescence of 
human lung tissues. After being blocked with 7.5% BSA 
in 0.3% Triton X-100 (Sigma Aldrich, Cat# V900502) for 
1  h at room temperature, cells cultured on glass cover-
slips and lung tissue sections were incubated with pri-
mary antibody to CD68 (1:200, Abcam, Cat# ab955), SPT 
(1:200, Abcam, Cat# ab307432), CerS2 (1:200, Abcam, 
Cat# ab315452), CerS5 (1:200, ThermoFisher, Invitrogen, 
Cat# PA5-98731), GJA1 (1:100, Abcam, Cat# ab230537), 
CD31 (1:200, Novus Biologicals, Cat# NB600-562) over-
night at 4  °C. After being washed with PBS for three 
times, samples were incubated with the associated fluo-
rescein (FITC)- or Cy3-conjugated secondary antibod-
ies (1:200, Jackson ImmunoResearch, Cat# 111-165-003, 
115-095-003, 111-095-003, 115-165-003) for 1 h at room 
temperature in the dark. Cytoskeletons were stained 
with FITC-Phalloidin (YEASEN, Shanghai, China, Cat# 
40735ES75) for 30 min at room temperature and nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(Sigma Aldrich, Cat# D9542) for 5 min at room tempera-
ture. Stained sections were imaged using OLYMPUS 
automated fluorescence microscope BX63 (OLYMPUS, 
Shinjuku, Tokyo, Japan) and Zeiss LSM 710 confocal 
microscope (Zeiss, Oberkochen, Germany). Quantifi-
cation of SPT, CerS2, and CerS5 in pulmonary macro-
phages as well as GJA1 in ECs in lung tissues was carried 
out by using cellSens softwere (OLYMPUS). Briefly, 
for each sample, at least 100 pulmonary macrophages 
marked by CD68 were counted to quantify the fluores-
cence intensity of SPT, CerS2, and CerS5 in pulmonary 
macrophages. And for each section, at least 10 randomly 
fields were selected for quantification of GJA1 fluores-
cence intensity in ECs labeled by CD31.

Enzyme-linked-immunosorbent serologic assay (ELISA)
The concentrations of TNF-α, IL-6, MMP9 (MULTI-
SCIENCES, Hangzhou, Zhejiang, China, Cat# EK282, 
EK206, EK2M09), and SOD (Jingmei Biotech Co. Ltd., 
Shenzhen, China, Cat# JM-02672M1) in both mouse lung 
homogenates and serums were measured with ELISA 
Kits according to the manufacturers’ instructions.

Histopathological analysis
Fresh human and mouse lung samples were fixed in 30% 
formalin and embedded in paraffin before sectioning 
(4 μm) and staining. Hematoxylin and eosin (H&E) stain-
ing was used to determine the inflammatory and emphy-
sematous changes and Masson’s trichrome staining was 
used to determine the severity of pulmonary fibrosis. All 
stained sections were scanned using Leica ScanScope 

CS2 (Leica Microsystems, Deerfield, IL) with its software. 
For quantitation of emphysema-like changes, airspace 
enlargement was quantified by measuring the mean lin-
ear intercept (MLI) and the destruction of alveolar walls 
was quantified by the destructive index (DI) as described 
earlier [25]. Specifically, 10 fields at a magnification of 
×400 were captured for each mouse lung and were coved 
with a 580 μm×340 μm-grid. The total length of each line 
of the grid divided by the number of alveolar intercepts 
was defined as the MLI. A graticule with 42 points was 
superimposed on the lung tissue field. Points falling on 
alveolar and/or alveolar duct spaces were counted and 
structures underlying these points were classified as nor-
mal (N) and destroyed (D). If alveolar spaces and alveolar 
duct spaces were surrounded by intact walls opened in 
only one place, they were considered as normal. When an 
alveolar wall was disrupted in 2 or more places, when an 
alveolar duct space contained 2 or more islands of lung 
parenchyma within its lumen, or when there were more 
than 2 disruptions of contiguous alveoli that opened into 
a single duct space, D was counted. A total of 420 points 
were evaluated per tissue and the DI was calculated: 
DI = D / (N + D) × 100%. The experimenters conduct-
ing the histopathological analysis were blind to group 
allocation.

Apoptosis assay of alveolar septum cells
Terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL) was performed to label the 
DNA-damaged cells in situ in frozen sections of mouse 
lung tissues using TUNEL BrightGreen Apoptosis Detec-
tion Kit (Vazyme, Cat# A112) following the manufac-
turer’s instructions. Labeled sections were imaged using 
OLYMPUS automated fluorescence microscope BX63 
(OLYMPUS). For each mouse, no less than 5000 cells 
were counted according to nuclei stained by DAPI and 
the apoptotic index (AI) was calculated as the percentage 
of TUNEL-positive nuclei.

Measurement of pulmonary endothelial and epithelial 
permeability
To measure the relative impact of injury on pulmonary 
endothelial and epithelial barriers in vivo, Evans Blue 
(EB) dye extravasation assay [26] was carried out, which 
enabled the accumulation of Evans Blue in the airspace 
and interstitial compartments to be simultaneously 
determined. Briefly, a total of 100  µl 2% EB (YEASEN, 
Cat# 60528ES08) saline solution was slowly injected 
into the tail vein of the mouse. Mice were anesthetized 
and sacrificed 1  h after injection. Blood was collected 
from the left ventricle, followed by 1  ml BALF collec-
tion through trachea. A total of 10 ml ice-cold saline was 
slowly injected into the right ventricle, with the aorta 
below the diaphragm snipped, to remove the blood from 
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the perfused lung. Lung tissue was carefully dissected out 
from the thoracic cavity, weighted, and placed in a cen-
trifuge tube containing 250  µl formamide (LEAGENE, 
Beijing, China, Cat# BZ1210) for further incubation at 
55  °C for another 48  h. To measure the concentrations 
of EB in serum, BALF, and lung tissue, samples of blood, 
BALFs, and lung tissues in formamide were all centri-
fuged at 3000 g for 15 min at 4 °C and the supernatants 
were collected for further measurement. Aliquot 100 µl/
well of EB standards made from EB saline solution (for 
serum and BALF) or formamide solution (for lung tis-
sue extracts), samples from serum (diluted 1:10 in saline), 
undiluted samples of BALF, and undiluted samples of 
lung tissue extract in a 96-well plate. Measure absorbance 
of samples and EB standards at 620 nm and 740 nm using 
a microplate reader (Synergy 2, BioTEK instruments, 
Agilent, CA). The A620 readings were corrected by using 
the correction factor y = 1.193 × A740 + 0.007 as y × A620. 
Use standards to get absolute EB concentrations in µg/
ml. Lung tissue EB concentration, a reflection of injury 
on pulmonary endothelial barriers, was normalized by 
lung weight. BALF EB concentration, representing injury 
on both pulmonary endothelial and epithelial barriers, 
was divided by serum EB concentration to normalize and 
account for variability in the tail vein injections.

Cell migration assays
To assess the migratory ability of EC lines, 20,000 cells 
of each group were seeded in 400 µl serum-free medium 
onto an 8 μm 24-well transwell insert (Merck&Millipore, 
Cat# PCEP24H48) and cell migration was performed in 
the presence of 600 µl 10% FBS complete medium in the 
lower chamber of 24-well plate. After 24  h, media were 
removed and the polycarbonate filters with the migrated 
cells were fixed and stained with crystal violet (Beyotime, 
Shanghai, China, Cat# C0121). The migrated cells of each 
sample were counted in ten randomly selected fields.

FITC-dextran transwell permeability assay
To assess the endothelial permeability, HUVECs or 
bEnd.3 cells of each group were seeded onto the top of 
the filter membrane in a 0.4  μm 24-well tranwell insert 
(Merck&Millipore, Cat# PCHT24H48). After the mono-
layers of cells formed, media in both upper and lower 
chambers was replenished by fresh complete media with 
FITC-dextran (Sigma Aldrich) being added only into the 
medium of upper chambers additionally to reach a final 
concentration of 50  µg/ml. Fluorescence of the media 
in the lower chambers was measured by Synergy™ 2 
multi-mode microplate readers (BioTek, Vineland, NJ, 
USA) with excitation at 485 nm and emission at 535 nm 
24  h after incubation. The endothelial permeability is 
reflected by the fluorescence value of media from lower 

chamber due to the trans-monolayer of ECs permeation 
of FITC-dextran.

Sample Preparation for transmission electron microscopy 
(TEM) imaging
For cells, no less than 106 cells were freshly collected in 
a tube and centrifuged at 1500 rpm, 4 °C for 5 min. Cell 
pellets were fixed with 2.5% glutaraldehyde and then 
washed thrice with phosphate buffer. Samples were post-
fixed in 1% osmic acid at 4 °C for 2 h followed by deion-
ized water rinsing thrice. After being stained in 1% uranyl 
acetate for 2 h, samples were serially dehydrated in 50%, 
70%, 90%, 100% ethyl alcohol and 100% acetone. After 
dehydration, samples were embedded in EPON 812 resin. 
Embedded samples were put in thermotank at 37  °C, 
45  °C, and 60  °C for 12  h, 12  h, and 48  h, respectively. 
For EVs, 20 µl freshly purified EVs sample was loaded on 
copper electron microscopy grids. All the samples were 
negatively labeled with uranyl acetate solution for 2 min. 
After being washed thrice with PBS, the grids were put 
on filter paper under a semi-dry conditions. Both cell 
samples and EVs samples were imaged using FEI Tecnai 
G2 TEM (FEI, Hillsboro, Victoria, OR, USA).

Nanoparticle tracking analysis (NTA)
NTA was carried out to measure the size distribution and 
concentration of EVs with ZetaView PMX 110 (Particle 
Metrix, Meerbusch, Germany). Isolated EV samples were 
appropriately diluted using PBS. NTA measurement was 
recorded and analyzed at 11 positions. The ZetaView sys-
tem was calibrated using 110  nm polystyrene particles. 
Temperature was maintained around 22 °C.

PKH26 staining and tracing
Both macrophages and EVs were labeled with the PKH26 
fluorescent cell linker (Sigma Aldrich, Cat# MINI26) 
at ambient temperature (20 °C-25 °C) according to the 
manufacturer’s protocol. Briefly, for macrophages, a total 
of 2 × 107 cells were collected and washed once using 
medium without serum followed by centrifugation at 
400 g for 5 min. The cell pellet was resuspended by 1 ml 
Diluent C and rapidly mixed with 1 ml 4 µM PKH26 solu-
tion. After incubating for 5 min, the staining was stopped 
by 2 ml FBS. Cells were centrifuged at 400 g for 10 min 
and resuspend as well as transferred to a fresh tube in 
10  ml complete medium. After centrifugation at 400  g 
for 5  min, cells pellet was washed 2 more times with 
10 ml complete medium to ensure removal of unbound 
dye. Finally, stained macrophages were resuspended in 
complete medium and co-cultured with ECs. To trac-
ing PKH26-stained EVs derived from macrophages as 
well as EVs derived from PKH26-stained macrophages in 
ECs, both HUVECs and bEnd.3 cells were directly fixed, 
stained with DAPI and analyzed under microscopy. For 
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EVs, no less then 2 × 1011 EVs were collected and resus-
pended by 1 ml Diluent C and rapidly mixed with 1 ml 
4 µM PKH26 solution. After incubating for 5  min, the 
staining was stopped by 1% BSA. In in vitro experiments, 
EVs were centrifuged at 100,000 g for 70 min at 4 °C and 
resuspend in conditioned culture media for HUVECs 
and bEnd.3 cells for incubation with these cells. In in 
vivo experiments, EVs were centrifuged at 100,000 g for 
70  min at 4  °C and resuspend in normal saline (NS) to 
produce a final concentration of 5 × 108 EVs/µl. The EVs 
or NS were intratracheally injected to mouse (1 × 109 
EVs/g). After 24 h and 48 h, harvested lung tissues were 
successively fixed in 4% paraformaldehyde, embedded 
in OCT, cut into 4  μm thick sections, and stained with 
DAPI for further assessment under microscopy.

Animal study
MH-S cells were treated with or without 5% CSE for 24 h, 
of which the conditioned media were collected and cen-
trifuged to isolate EVs (MH-S-Ctrl-EVs or MH-S-CSE-
EVs). Male C57BL/6J mice of 8 weeks were randomly 
divided into 3 groups and intratracheally injected with 
normal saline (NS), MH-S-Ctrl-EVs or MH-S-CSE-EVs 
(1 × 109 EVs/g), respectively. Half mice of every group 
were exposed to CS and the other half to room air (Air) 
for 1  h per day on day 1 and day 2 after EVs adminis-
tration. After 6 cycles, CS/Air-exposure time for each 
mouse was extended to 2 h per day. Mouse lung tissues 
were harvested another 14 days later for histopathologi-
cal analysis and further experiments. The size of every 
group of mice was decided based on the 3R principle 
(Reduction, Replacement, Refinement). For each experi-
mental group, there were no exclusions. The experiment-
ers conducting the injection and CS exposure were all 
blind to these 3 injection groups.

Statistical analysis
Statistical analyses were performed using Prism Graph-
Pad 9.0 Software. Quantitative data are presented as 
mean ± standard deviation (SD). Normality of data dis-
tribution was assessed using the Shapiro-Wilk test. For 
comparisons between two groups, a Student’s t-test was 
use. Comparisons among three or more groups were 
performed using one-way ANOVA for parametric data, 
followed by Bonferroni’s multiple comparisons test. 
For non-parametric data, the Kruskal-Wallis test was 
used, followed by Dunn’s multiple comparisons test. 
A P-value of < 0.05 was considered statistically signifi-
cant. All results are based on at least three independent 
experiments.

Results
CS influences the expression of enzymes involved in 
ceramide biosynthesis in macrophages
Our previous human lung tissues scRNA-seq dataset 
(GSE171541) [15] showed that genes encoding enzymes 
involved in de novo synthesis of ceramides were gen-
erally upregulated in pulmonary macrophages from 
smokers and COPD patients (Fig. S1A). Heatmap analy-
sis revealed that a distinct subset of macrophages from 
smokers exhibited a general increase in these genes, 
which was particularly pronounced in COPD lungs 
(Fig. 1A and B). The UMAP plots of pulmonary macro-
phages (Fig. S1B-S1D) further illustrated that the high 
expression of SPTLC1, SPTLC2, CERS2, and CERS5 was 
more pronounced in macrophages from smokers, sug-
gesting a potential link between ceramide biosynthesis 
and smoking. Reanalysis of other scRNA-seq datasets 
of human lung tissues (GSE173896, EGAS00001004244) 
and bulk RNA-seq datasets of human AMs (GSE13896, 
GSE130928, GSE183983) revealed that the expression of 
ceramide biosynthesis enzymes tended to be higher in 
smokers and COPD patients compared to non-smokers, 
although these differences did not always reach statistical 
significance (Fig. S2A-S2C). In addition, we confirmed 
this sphingolipid metabolic reprogramming in AMs from 
CS-exposed mice and CSE-treated human macrophages 
(differentiated from THP-1 monocytes, hereafter referred 
to as TP cells) as well as mouse AM cell line MH-S cells 
by qPCR (Fig. 1C and D, Fig. S2D-S2F). Immunofluores-
cence staining of lung sections from smokers and COPD 
patients showed increased expression of both enzymes 
SPT and CerS (including CerS2 and CerS5) in pulmonary 
macrophages marked by CD68 (Fig. 1E). Furthermore, in 
CSE-treated macrophages, these enzymes were upregu-
lated in a dose-dependent manner at both the mRNA 
(Fig. 1D) and protein levels (Fig. 1F and G). Interestingly, 
this upregulation persisted even after CSE removal, indi-
cating a sustained metabolic reprogramming in macro-
phages, similar to what was observed in ex-smokers (Fig. 
S2B).

CS-induced enzymes upregulation increases ceramide de 
novo synthesis in macrophages
To assess whether this enzymes upregulation translates 
into increased ceramide production, we performed lipi-
domic analysis on TP and MH-S cells. The composition 
of ceramide species was similar between the two cell 
types, with C24-ceramide being the most abundant, fol-
lowed by C16-ceramide (Fig.  2A). In response to CSE 
treatment, total ceramide content significantly increased 
in a dose-dependent manner, accompanied by elevated 
levels of triglycerides (TAGs) and fatty acids (FAs) that 
give rise to fatty acyl CoAs, essential substrates for de 
novo ceramide synthesis (Fig. S3A and S3B). Notably, 
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Fig. 1 (See legend on next page.)
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both C24- and C16-ceramides, the most abundant spe-
cies, showed the greatest elevation after CSE exposure 
(Fig. 2B and C).

Next, we used siRNA-mediated silencing of SPTLC1, 
SPTLC2, CERS2, and CERS5 (Fig. S3C and S3D) to con-
firm their role in ceramide production stimulated by CS. 
Simultaneously silencing these four genes significantly 
reduced both mRNA and protein levels of the targeted 
enzymes upregulated by CS (Fig.  2D and E). Conse-
quently, the total ceramide levels, particularly C24- and 
C16-ceramides, together with C14- and C22-ceramides, 
were markedly decreased (Fig.  2F and G), which corre-
sponded well to the preferential catalytic action of CerS2 
and CerS5 in the biosynthesis of C22-C24-ceramides 
and C14- as well as C16-ceramides, respectively [10, 
27]. These results confirmed that CS-induced ceramide 
synthesis in macrophages relies on the upregulation of 
SPTLC1, SPTLC2, CERS2, and CERS5.

Metabolic communication between macrophages and ECs 
reduces GJA1 expression in ECs
Building on our previous findings that sphingolipid 
metabolic reprogramming in macrophages is linked to 
endothelial dysfunction, with gap junction of endothe-
lial cell (EC) being a predicted target [15], we examined 
the effects of macrophage-derived ceramides on GJA1 
expression in ECs. GJA1 that encodes connexin43 (Cx43), 
a key component of gap junctions in pulmonary endothe-
lial barriers, was significantly downregulated in ECs from 
smokers and COPD patients, based on scRNA-seq data 
and immunostaining of human lung sections (Fig. 3A and 
C and Fig. S4A-S4C). This suggests that GJA1 expression 
is sensitive to smoking-induced metabolic alterations.

In a co-culture system of macrophages (TP or MH-S 
cells) and ECs (HUVECs, HULEC-5a or bEnd.3 cells) 
(Fig. 3D), we found that CSE-treated macrophages dose-
dependently reduced GJA1 expression in ECs, even after 
CSE was removed (Fig.  3E and F, and Fig. S4D-S4F), 
which was consistent with the sustained upregulation of 

SPTLC1, SPTLC2, CERS2, and CERS5 in macrophages 
after CSE being withdrawn (Fig. 1F and G). Interestingly, 
CSE alone did not directly affect GJA1 expression in ECs, 
nor did it stimulate ceramide synthesis in ECs through 
de novo pathway (Fig. S4G-S4I). However, treating ECs 
with a mixture of C16- and C24-ceramides in the range 
of concentrations that did not affect EC viability (Fig. S4J) 
recapitulated the effect of co-culturing with CSE-treated 
macrophages, reducing GJA1 expression in a dose-
dependent manner (Fig.  3G and H, Fig. S4K, and S4L). 
Furthermore, SPTLC1, SPTLC2, CERS2, and CERS5 
silencing in macrophages reversed the CSE-induced 
reduction of GJA1 in co-cultured ECs (Fig. 3I and J, and 
Fig. S4M-S4O), supporting the hypothesis that ceramides 
from macrophages mediate the metabolic communica-
tion leading to reduced GJA1 expression in ECs.

Ceramide-mediated metabolic communication impairs EC 
barrier integrity and migration
Considering the role of GJA1 in maintaining the struc-
tural and functional integrity of endothelium [28], we 
next investigated the effects of ceramide-mediated 
metabolic communication on EC function. When co-
cultured with CSE-treated macrophages, ECs exhibited 
significantly increased permeability and impaired migra-
tion compared to those that co-cultured with control 
macrophages (Fig. 4A and B, Fig. S5A, and S5B). Direct 
treatment of ECs with CSE (Fig. 4C and D) or ceramides 
(Fig.  4E and F, Fig. S5C, and S5D) alone also increased 
permeability and inhibited migration, although the effects 
were less pronounced than in the co-culture system, indi-
cating that the indirect effects of macrophage-derived 
ceramides play a major role in exacerbating endothe-
lial dysfunction. When SPTLC1, SPTLC2, CERS2, and 
CERS5 were silenced in CSE-treated macrophages, the 
hyperpermeability and impaired migration of co-cultured 
ECs were partially reversed (Fig. 4G and H, Fig. S5E, and 
S5F), further supporting the role of ceramide-mediated 
metabolic communication. Furthermore, silencing GJA1 

(See figure on previous page.)
Fig. 1  CS influences the expression of enzymes involved in ceramide biosynthesis in macrophages. (A) Schematic depiction of the de novo synthe-
sis pathway of ceramides (left). SPT, serine palmitoyltransferase; KDHR, 3-ketodihydrosphingosine reductase; CerS, ceramide synthase; DES, dihydrocer-
amide desaturase. Heatmap showing the expression levels of genes encoding enzymes implicated in the de novo synthesis pathway of ceramides in 
macrophages from our previous scRNA-seq dataset of human lung tissues (GSE171541) (right). (B) Violin plots showing the expression distributions of 
genes that encode enzymes involved in the de novo synthesis of ceramides in pulmonary macrophages among non-smokers and smokers in dataset 
GSE171541. ***P < 2.2e-12 vs. non-smoker. (C) Eight-week-old C57BL/6 mice were exposed to cigarette smoke (CS) or room air (Air) for 6 months. n = 7. 
The mRNA levels of Sptlc1, Sptlc2, Kdsr, Cers2, Cers5, Cers6, Sgpp1, Smpd1, Smpd4, Asah1, and Cerk were measured by qPCR in the AMs isolated from each 
mouse. *P < 0.05 and **P < 0.01 vs. Air. (D) Macrophages differentiated from THP-1 (TP cells, up) and mouse AMs cell line, MH-S cells (bottom) were treated 
with or without different doses of CSE for 24 h, when the mRNA levels of SPTLC1, SPTLC2, KDSR, CERS2, CERS5, CERS6, SGPP1, SMPD1, SMPD4, ASAH1, and 
CERK of both cells were measured by qPCR. n = 4. *P < 0.05 vs. Ctrl, **P < 0.01 vs. Ctrl. (E) Immunofluorescence staining of lung sections from non-smokers 
and smokers with or without COPD. CD68 (green) marks macrophages, while SPT and CerS (red) indicate the expression of ceramide biosynthesis en-
zymes. The secondary antibody control shows nonspecific fluorescence, mainly from erythrocytes, which was excluded during quantification. Scale 
bars = 100 μm (for enlarged areas in white solid boxes, Scale bars = 10 μm). n = 5. **P < 0.01 vs. non-COPD non-smoker. (F, G) TP cells (F) and MH-S cells (G) 
were treated with or without different doses of CSE for 24 h (24 h) or 48 h (48 h), and a part of macrophages treated with CSE for 24 h were cultured in 
normal medium for another 24 h (24 h + 24 h) or 48 h (24 h + 48 h). The protein levels of SPTLC1, SPTLC2, CERS2, and CERS5 in all these cells were measured 
by western blotting. n = 3. *P < 0.05 and **P < 0.01 vs. Ctrl at the same time point
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Fig. 2  CS-induced enzymes upregulation increases ceramide de novo synthesis in macrophages. (A-C) TP cells and MH-S cells were treated with or 
without different doses of CSE for 24 h when quantitative lipidomic analysis were performed. (A) The pie charts showing the composition of ceramides 
in control TP cells (up) and control MH-S cells (bottom). The dot plots and the bar plots showing the concentrations of total ceramides (B) and the rela-
tive concentrations of each species of ceramides (C) respectively in TP cells (up) and MH-S cells (bottom) treated with or without different doses of CSE 
for 24 h. n = 3. *P < 0.05 and **P < 0.01 vs. Ctrl. (D-G) Both TP cells (up) and MH-S cells (bottom) were transfected with or without 2 different mixtures of 
siRNAs against SPTLC1, SPTLC2, CERS2, and CERS5 for 48 h and then treated with or without 5% CSE. After another 24 h, the mRNA levels of SPTLC1, SPTLC2, 
CERS2, and CERS5 in TP cells and MH-S cells were measured by qPCR (D), meanwhile quantitative lipidomic analysis was performed, and after another 
48 h, western blot was carried out to measure the protein levels of SPTLC1, SPTLC2, CERS2, and CERS5 in TP cells and MH-S cells (E). The dot plots and the 
bar plots showing the concentrations of total ceramides (F) and the relative concentrations of each species of ceramides (G) respectively in TP cells and 
MH-S cells of each group. n = 3. *P < 0.05 and **P < 0.01 vs. siNC without CSE, #P < 0.05 and ##P < 0.01 vs. siNC with CSE
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Fig. 3 (See legend on next page.)
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in ECs alone was sufficient to induce hyperpermeability 
and migration inhibition (Fig. 4I and K), indicating that 
ceramide-mediated GJA1 downregulation is a key mech-
anism underlying the observed endothelial dysfunction.

Macrophage-derived EVs deliver ceramides to ECs
Next, we sought to determine whether EVs facilitate the 
transfer of ceramides from macrophages to ECs. Display-
ing cup-like shape under transmission electron micros-
copy (TEM) (Fig. 5A) with typical EVs markers (CD9 and 
CD81) (Fig.  5B), macrophage-derived EVs were larger 
and more numerous in response to CSE treatment as 
characterized by nanoparticle tracking analysis (NTA) 
(Fig.  5C), suggesting enhanced EV production under 
CSE stimulation. Further examination by TEM revealed 
the presence of early endosome- and MVB-like ultra-
structures related to EVs synthesis and secretion [29] in 
CSE-treated TP cells (Fig. S6A-S6D). They also harbored 
more lipid droplets than control cells (Fig. S6E) and large 
aggregates of enlarged and swollen mitochondria with 
abnormal cristae and reduced electron density (Fig. S6F). 
Lipidomic analysis showed that EV ceramide composi-
tion closely matched that of their parent macrophages, 
with C16- and C24-ceramides being the most abundant 
species (Fig.  5D). CSE treatment significantly enhanced 
the total ceramide content in EVs, with pronounced 
increases in C14-, C16-, C22-, and C24-ceramides, which 
were largely abrogated by silencing SPTLC1, SPTLC2, 
CERS2, and CERS5 in macrophages (Fig. 5E and F).

To determine whether EVs from macrophages could be 
taken up by ECs, we labeled both macrophage-derived 
EVs and macrophages with PKH26, a fluorescent dye, 
and co-cultured them with unlabeled ECs, respectively. 
The red fluorescence signal observed in ECs confirmed 
that macrophage-derived EVs were internalized by ECs 
(Fig.  5G, Fig. S6G, and S6H).When unlabeled ECs was 
co-cultured with labeled macrophages under the condi-
tion of CSE treatment (Fig. 5H, Fig. S6I, and S6J), this EV 

uptake was dose-dependent on CSE exposure and per-
sisted even after the removal of CSE (Fig. 5I and Fig. S6K-
S6M), suggesting a sustained potential for intercellular 
ceramide transfer.

When assessing the effects of macrophage-derived 
EVs on EC function, we found that ECs incubated with 
EVs isolated from CSE-treated macrophages exhibited 
a decline in GJA1 expression, with increased perme-
ability and decreased migration, all of which were par-
tially reversed by reduced the ceramide load in EVs via 
silencing SPTLC1, SPTLC2, CERS2, and CERS5 in mac-
rophages (Fig. 6A and D, and Fig. S7A). Additionally, to 
confirm that the observed effects were due to cerami-
des carried by EVs rather than potential CSE residue, 
we ultracentrifuged conditioned media containing CSE 
alone (without macrophages), which had no impact on 
GJA1 expression or EC function (Fig. S7B-S7E). Together, 
these findings establish that CSE-stimulated macro-
phage-derived EVs deliver ceramides to ECs, highlighting 
a crucial pathway of metabolic communication that links 
macrophage lipid metabolism to endothelial dysfunction 
in COPD.

Macrophage-derived EVs exacerbate CS-triggered COPD 
in vivo
To investigate the role of macrophage-derived EVs in 
vivo, we administered PKH26-labeled EVs from CSE-
treated MH-S cells to CS-exposed mice. EVs were read-
ily taken up by pulmonary ECs (Fig. 7A and B, and Fig. 
S8A). CS exposure alone reduced GJA1 expression in 
pulmonary ECs, and this effect was amplified when mice 
were injected with CSE-treated macrophage-derived EVs 
(MH-S-CSE-EVs) (Fig.  7C and D). Histological analysis 
revealed that CS-exposed mice receiving MH-S-CSE-
EVs exhibited severe emphysema-like changes, includ-
ing airspace enlargement, alveolar wall destruction, and 
increased cell apoptosis (Fig. 7E and I). In line with these 
findings, the permeability of pulmonary endothelial 

(See figure on previous page.)
Fig. 3  Metabolic communication between macrophages and ECs reduces GJA1 expression in ECs. (A) Split violin plot showing the expression distribu-
tions of GJA1 in pulmonary endothelial cells among control and COPD patients with different smoking histories in dataset GSE171541. (B) The protein lev-
els of CD31 (red) and GJA1 (green) in cigarette smoke (CS)- or room air (Air)-exposed C57BL/6 mice for 6 months were measured by immunofluorescence 
staining (Scale bars = 500 μm, for enlarged areas in white dotted boxes, Scale bars = 50 μm). n = 7. **P < 0.01 vs. Air. (C) The protein levels of CD31 (green) 
and GJA1 (red) in human lung tissues from non-smoker without COPD and smokers with or without COPD were measured by immunofluorescence 
staining. The secondary antibody only control was displayed in the white solid box at bottom left corner of the first image. Scale bars = 100 μm. n = 5. 
**P < 0.01 vs. non-COPD non-smoker. (D) Schematic of the macrophages-endothelial cells co-culture system. Human macrophages (TP cells) were seeded 
in the upper chamber of 0.4 μm pore-sized transwell inserts and co-cultured with human ECs (HUVECs or HULEC-5a cells) grown in the lower chambers 
of the plate. Similarly, mouse macrophages (MH-S cells) were co-cultured with mouse ECs (bEnd.3 cells) using the same transwell system. (E-H) TP cells 
and MH-S cells treated with or without different doses of CSE for 24 h were co-cultured with HUVECs and bEnd.3 cells respectively in the presence (24 
h–48 h) or absence (24 h + 24 h–24 h + 48 h) of CSE for another 24 h–48 h. The mRNA (E, n = 6) and protein (F, n = 3) levels of GJA1 in HUVECs and bEnd.3 
cells were measured. *P < 0.05 and **P < 0.01 vs. TP/MH-S-Ctrl at the same time point. HUVECs and bEnd.3 cells were treated with or without mixtures 
of C16- and C24-ceramides in equal proportions at different concentrations for 24–48 h. The mRNA (G, n = 5) and protein (H, n = 3) levels of GJA1 were 
measured. *P < 0.05 and **P < 0.01 vs. Ctrl at the same time point. (I, J) Both TP cells and MH-S cells transfected with or without 2 different mixtures of 
siRNAs against SPTLC1, SPTLC2, CERS2, and CERS5 for 48 h were treated with or without 5% CSE for another 24 h, and then co-cultured with HUVECs and 
bEnd.3 cells for 24 h, respectively. The mRNA (I, n = 4 of HUVECs, n = 3 of bEnd.3 cells) and protein (J, n = 3) levels of GJA1 in HUVECs and bEnd.3 cells were 
measured. *P < 0.05 and **P < 0.01 vs. TP/MH-S-siNC without CSE, #P < 0.05 and ##P < 0.01 vs. TP/MH-S-siNC with CSE
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barriers, measured by Evans Blue (EB) dye retention in 
lung tissue, was significantly higher in mice receiving 
MH-S-CSE-EVs (Fig.  7J). This was accompanied by ele-
vated EB and protein concentrations in BALFs (Fig.  7K 
and L), further indicating epithelial barrier damage. 
Moreover, pulmonary inflammation, tissue remodeling, 
and oxidative stress were exacerbated in mice receiving 
MH-S-CSE-EVs (Fig. S8B-S8D). Collectively, EVs derived 
from CSE-treated macrophages facilitate COPD develop-
ment in mice triggered by CS.

Discussion
Here, we identified a mechanism by which CS disrupts 
the pulmonary endothelial barrier through EVs-medi-
ated metabolic communication between pulmonary 
macrophages and ECs. CS exposure drives sphingolipid 
metabolic reprogramming in pulmonary macrophages, 
resulting in the de novo synthesis of long- and very 
long-chain ceramides. These ceramides are packaged 
into EVs and delivered to ECs, where they impair endo-
thelial integrity and function, contributing to COPD 
development.

Although ceramide elevation in CS-exposed lungs has 
been widely documented, the mechanisms underlying 
this increase across different cell types remain debated [8, 
10, 30–32]. In this study, we used enzyme expression as a 
proxy for metabolic flux and found that CS exposure led 
to a robust and general upregulation of high-abundance 
enzymes responsible for de novo ceramide synthesis in 
pulmonary macrophages, which strongly suggests that 
CS enhances ceramide biosynthesis through this pathway 
in macrophages. Supporting this, simultaneous silencing 
of SPTLC1, SPTLC2, CERS2, and CERS5 counteracted 
CSE-induced ceramide increases, particularly in C16-, 
C22-, and C24-ceramides—species preferentially cata-
lyzed by CerS2 and CerS5 [27]. These findings clarify that 
CS promotes de novo synthesis of long- and very long-
chain ceramides in pulmonary macrophages primarily 
by upregulating these key enzymes. Several transcrip-
tomic studies have linked sphingolipid metabolic repro-
gramming with mitochondrial function in AMs [11, 12, 

15], and our observation of morphologically abnormal 
mitochondria in CSE-treated macrophages supports 
this association. Given the central role of mitochon-
dria in metabolic sensing and regulation [33, 34], future 
investigations exploring mitochondrial involvement in 
CS-induced sphingolipid metabolic reprogramming in 
macrophages may offer deeper insights into metabolic 
regulation in the immunopathogenesis of COPD.

In our study, labeled EVs administered intratracheally 
were found to target ECs, supporting their role in endo-
thelial barrier disruption mediated by ceramides. How-
ever, it is important to note that pulmonary macrophages 
are not restricted to the alveolar spaces. Macrophages 
residing in the pulmonary mesenchyme and vascula-
ture may deliver EVs directly to ECs [35, 36], thereby 
bypassing the alveolar epithelium and providing a more 
direct route for EV-mediated communication. To some 
extent, our in vivo experiment more closely simulated 
the physiological conditions under which AM-derived 
EVs interact with ECs in the lung. However, the precise 
mechanisms by which EVs from AMs reach ECs in the 
lung are still not fully understood. One possible route is 
transcellular transport [37–39], where EVs are internal-
ized by epithelial cells through endocytosis and subse-
quently released on the basolateral side via exocytosis 
to reach adjacent cells or even tissues. Another potential 
route is paracellular transport [38, 40], which is more 
likely to occur during COPD development due to CS-
induced damage that disrupts integrity of alveolar epithe-
lium [41]. This increased permeability could allow EVs to 
move between cells, facilitating their passage from AMs 
to the endothelium.

The effects of increased ceramides vary across different 
cell types in the lung. While causing apoptosis of alveolar 
epithelial cells and ECs [30, 31], ceramides dampen AM 
efferocytosis [10], which in turn aggravates pulmonary 
inflammation resulting from accumulation of apoptotic 
cells. Although the ceramides detected in human plasma 
[6, 42], BALFs [10], and lung tissues [42] are predomi-
nantly long-, very long-, and ultra-long-chain ceramides, 
most studies have not thoroughly examined the distinct 

(See figure on previous page.)
Fig. 4  Ceramide-mediated metabolic communication impairs EC barrier integrity and migration. (A, B) TP cells and MH-S cells treated with or without 
different doses of CSE for 24 h were co-cultured with HUVECs and bEnd.3 cells respectively in the presence (24 h) or absence (24 h + 24 h) of CSE for an-
other 24 h. (A) The permeability of HUVECs and bEnd.3 cells were assessed by FITC-dextran transwell permeability assay. n = 5. **P < 0.01 vs. TP/MH-S-Ctrl 
at the same time point. (B) Meanwhile, the migration of co-cultured HUVECs and bEnd.3 cells in the presence of CSE for another 24 h were analyzed by 
transwell assay. Scale bars = 100 μm. n = 7 of HUVECs, n = 5 of bEnd.3 cells. **P < 0.01 vs. TP/MH-S-Ctrl at the same time point. (C-F) HUVECs and bEnd.3 
cells were treated with or without different doses of CSE (C, D) or mixtures of C16- and C24-ceramides in equal proportions at different concentrations (E, 
F) for 24 h when permeability (C, En = 5) and migration (D, Scale bars = 100 μm, n = 8; F, Scale bars = 50 μm, n = 10 of HUVECs, n = 9 of bEnd.3 cells) were 
assessed. *P < 0.05 and **P < 0.01 vs. Ctrl. (G, H) HUVECs and bEnd.3 cells were co-cultured with 5%CSE-treated SPTLC1, SPTLC2, CERS2, and CERS5-silenced 
TP cells and MH-S cells that were treated with or without 5%CSE for another 24 h. After 24 h, permeability (G, n = 5) and migration (H, for HUVECs, Scale 
bars = 50 μm; for bEnd.3 cells, Scale bars = 100 μm; n = 8 of HUVECs, n = 6 of bEnd.3 cells) were assessed. **P < 0.01 vs. TP/MH-S-siNC without CSE, ##P < 0.01 
vs. TP/MH-S-siNC with CSE. (I) HUVECs and bEnd.3 cells were transfected with or without 3 different pieces of siRNAs against GJA1 for 48 h, when the 
mRNA and protein levels of GJA1 in HUVECs and bEnd.3 cells were measured. n = 3. **P < 0.01 vs. siNC. (J, K) HUVECs and bEnd.3 cells were transfected 
with or without the 2 pieces of siRNAs against GJA1 with the highest interference efficiency for 48 h, when the permeability (J, n = 7) and migration (K, 
Scale bars = 100 μm; n = 11) were assessed. **P < 0.01 vs. siNC
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Fig. 5  Macrophage-derived EVs deliver ceramides to ECs. (A) TEM images of the EVs obtained from the conditioned medium of control and CSE-treated 
TP cells and MH-S cells. Scale bars = 200 nm. (B) Western blot analysis of EVs markers (CD9, CD81), endoplasmic reticulum marker (Calnexin), and GAPDH in 
EVs and cell lysates of TP cells and MH-S cells treated with or without 5% CSE. (C) The size distributions of the EVs from TP cells and MH-S cells treated with 
(red line) or without (blue line) 5% CSE were measured by NTA. Quantitative lipidomic analysis of the EVs derived from SPTLC1, SPTLC2, CERS2, and CERS5-
silecned TP cells and MH-S cells that were treated with or without 5% CSE for another 24 h. (D) The pie charts showing the composition of ceramides in 
the EVs from control TP cells (up) and MH-S cells (bottom). (E, F) The dot plots and the bar plots showing the concentrations of total ceramides (E) and 
the relative concentrations of each species of ceramides (F) respectively in EVs from TP cells (up) and MH-S cells (bottom) of each group. n = 3. *P < 0.05 
and **P < 0.01 vs. siNC without CSE, #P < 0.05 and ##P < 0.01 vs. siNC with CSE. (G) PKH26-labeled EVs (red) derived from 5% CSE-treated TP cells and MH-S 
cells (TP/MH-S-EVs) were incubated with HUVECs (left) and bEnd.3 cells (right) for 12 h, respectively, whereas those incubated with EVs-depleted PHK26 
solution served as the negative control (NC). The areas circled by white boxes in the top confocal micrographs were enlarged and displayed below, with 
the cytoskeletons being labeled by FITC-Phalloidin (green). Scale bars = 10 μm. (H, I) Both TP cells and MH-S cells were marked with PKH26 followed by 
incubation with or without 5% CSE. Some TP cells and MH-S cells were directly fixed and analyzed under microscopy (H, Scale bars = 10 μm), whereas the 
rest TP cells were co-cultured with unlabeled HUVECs and the rest MH-S cells were co-cultured with bEnd.3 cells for another 24 h, respectively. Afterwards, 
both HUVECs and bEnd.3 cells were fixed and analyzed under microscopy (I, Scale bars = 10 μm)
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effects of different ceramide species on various lung cell 
types. Generally, the longer the acyl chains, the stronger 
the hydrophobicity of the ceramides [43] and the greater 
reliance of their transport on vesicles [27]. In our study, 
C16- and C24-ceramides, the most significantly elevated 
ceramide species in CSE-treated pulmonary macro-
phages and their EVs, were shown to disrupt pulmonary 
endothelial barriers. This finding highlights a paracrine 
mechanism through which ceramides act as transcellu-
lar signals, mediating metabolic communication between 
macrophages and ECs. Our data aligns with previous 

reports documenting elevated EV levels in BALFs from 
smokers [44] and CS-exposed macrophages [45] suggest-
ing that ceramide-mediated inward budding of MVBs 
and the subsequent release of ceramide-enriched EVs [4, 
5] may play a critical role in this process.

Emerging evidence points to the ceramide/protein 
phosphatase 2  A (PP2A) axis [46, 47], which has been 
shown to inhibit GJA1 expression and impair gap junc-
tions in other tissues [48], raising the possibility that this 
pathway may also contribute to GJA1 downregulation in 
the pulmonary endothelium during COPD development. 

Fig. 6  EV-delivered ceramides reduce GJA1 expression and impair EC function. (A-D) Both TP cells and MH-S cells transfected with or without 2 different 
mixtures of siRNAs against SPTLC1, SPTLC2, CERS2, and CERS5 for 48 h were treated with or without 5% CSE for another 24 h, followed by EVs isolation. 
HUVECs (up) and bEnd.3 cells (bottom) were incubated with the EVs from different groups of TP cells and MH-S cells for 24 h, respectively, when the mRNA 
(A, n = 5) as well as protein (B, n = 3) levels of GJA1, the permeability (C, n = 5), and migration (D, Scale bars = 100 μm; n = 6 of HUVECs, n = 7 of bEnd.3 cells) 
of HUVECs and bEnd.3 cells were measured. **P < 0.01 vs. TP/MH-S-siNC without CSE, ##P < 0.01 vs. TP/MH-S-siNC with CSE
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Fig. 7 (See legend on next page.)

 



Page 19 of 22Huang et al. Cell Communication and Signaling          (2025) 23:124 

Future studies are needed to explore this potential axis 
and its impact on endothelial function. Here, we found 
that GJA1-silenced ECs exhibited hyperpermeability and 
impaired migration, suggesting the downregulation of 
GJA1, which encodes connexin43 (Cx43), may mediate 
the damaging effects of ceramides on ECs. As essential 
components of gap junctions that enable adjacent cells to 
communicate both electrically and chemically, connexins 
have been found to regulate vascular remodeling [49], 
function [50], and interaction with immune cells [51, 
52] in both channel-dependent and -independent man-
ners. Cx43 has been reported to maintain the endothe-
lial barrier function [53] and promote EC migration [54] 
via interactions with tight junction proteins and tyrosine 
phosphatase, respectively. In HeLa cells, Cx43 was found 
to interact with p21-activated protein kinase 1 (PAK1) 
and thus activate the p38 MAP kinase responsible for 
cytoskeletal actin dynamic, underpinning the role of 
Cx43 in the control of migratory activity by filopodia for-
mation [55]. Additionally, given the modulatory effect of 
Cx43 on angiogenic factors vascular endothelial growth 
factor (VEGF) production [56], downregulation of GJA1 
may weaken the regenerative capacity of ECs in COPD 
pathogenesis. Together, these mechanisms underscore 
the multifaceted role of GJA1 in endothelial homeostasis 
and highlight it as a potential target in therapeutic strate-
gies for COPD.

The metabolic communication between pulmonary 
macrophages and ECs, mediated by the intercellular 
delivery of ceramides via EVs, reflects the metabolic 
plasticity of macrophages. This may represent a survival 
strategy for pulmonary macrophages, enabling them 
to offload the lipotoxicity of accumulated triglycerides 
(TAGs) and fatty acids (FAs) in response to CS, however, 
at the cost of propagating proinflammatory ceramides 
[57] and hence the aggravation of pulmonary inflamma-
tion. Notably, consistent with the persistent inhibition of 
AM efferocytosis and the increase in ceramides reported 
by Petrusca et al. even 24 h after removal of AMs from 
the CS-containing media [10], our findings show that EV-
delivered ceramides continue to exert damaging effects 

on ECs even after CSE withdrawal. This persistent impact 
may be a possible reason for the disease progression in 
some COPD patients after smoking cessation [58]. There-
fore, targeting the ceramide synthesis pathway or the 
transport of long- and very long-chain ceramides through 
EVs may offer novel strategies to help restore pulmonary 
endothelial barrier integrity and reduce systemic inflam-
mation. Future studies should explore the development 
of inhibitors that either suppress ceramide biosynthesis 
in macrophages or prevent the release of ceramide-laden 
EVs, offering potential for both disease modification and 
COPD prevention.

There are several limitations in our present study. 
First, due to the high cell quantity required for existing 
EVs extraction and measurement techniques, we were 
unable to perform in vitro experiments using EVs directly 
derived from primary human pulmonary macrophages. 
The use of cell lines, while informative, may not fully rep-
licate the behavior of primary macrophages in vivo, and 
future studies should validate these findings in primary 
cells. Second, while we demonstrated that ceramide-
laden EVs disrupt endothelial barrier function, we did 
not directly measure intracellular ceramide concentra-
tions in ECs after treatment. Quantifying intracellular 
levels of C16- and C24-ceramides using mass spectrom-
etry-based lipidomics would provide more direct evi-
dence of ceramide uptake and its correlation with the 
observed biological effects. Additionally, based on the 
method for preparation of ceramide: cholPC described 
in a recent study [57], future studies should explore the 
use of ceramide: cholPC (cholesterol-phosphatidylcho-
line) mixtures to further enhance ceramide solubility 
and cellular uptake in future experiments. Third, while 
GW4869 is widely used as an EV inhibitor by blocking 
ceramide-mediated MVB formation as a noncompeti-
tive neutral sphingomyelinase (N-SMase) inhibitor [59], 
we opted to silence key enzymes in the de novo ceramide 
biosynthesis pathway instead of using GW4869 for fear 
of its potential impact on ceramides synthesized via 
sphingomyelinase pathway. The third limitation lies in 
the choice of EVs from CSE-treated wild-type MH-S 

(See figure on previous page.)
Fig. 7  Macrophage-derived EVs stimulated by CSE exacerbate CS-triggered COPD in mice. (A) Eight-week-old mice were intratracheally injected with 
1 × 109 particles/g PKH26 (red)-labeled EVs isolated from conditioned culture media of MH-S cells. Lung tissues were dissected 24 h (up) and 48 h (bot-
tom) after injection (n = 3 for each time point) and stained with DAPI (blue) and CD31 (green) (Scale bars = 100 μm). (B-I) Eight-week-old C57BL/6 mice 
intratracheally injected with normal saline (NS) or EVs isolated from conditioned culture media of control MH-S cells (MH-S-Ctrl-EVs) or 5% CSE-treated 
MH-S cells (MH-S-CSE-EVs) were exposed to room air (Air) or cigarette smoke (CS) as diagramed in the schematic protocol. n = 7 (B). (C) The protein levels 
of CD31 (red) and GJA1 (green) in these mice lungs were measured by immunofluorescence staining (Scale bars = 500 μm; for enlarged areas in the white 
solid boxes, Scale bars = 50 μm). (D) The expression levels of GJA1 in ECs were quantified as the integrated density of GJA1 fluorescence in CD31 marked 
cells. (E) The representative Haematoxylin and Eosin (H&E) staining images of mice lung tissues from every group were displayed (Scale bars = 60 μm; for 
the full-scan of each lung tissue in the black solid box, Scale bars = 2 mm). Mean linear intercept (MLI) (F) and destructive index (DI) (G) were measured to 
assess the alveolar space and destruction of alveolar walls of mice lung tissues from every group. (H) The representative in situ TUNEL (green) staining im-
ages with all cell nuclei being stained with DAPI (blue) of mice lung tissues from every group were displayed (Scale bars = 100 μm). (I) For each mouse, no 
less than 5000 cells were counted to calculate the apoptotic index (AI) as the percentage of TUNEL-positive nuclei. *P < 0.05 and **P < 0.01. (J-L) Another 
set of mice (n = 5) were subjected to the same treatments as described in (B). Lung extravasation of Evans blue (EB) dye were assessed (J). BALFs were 
collected for assessment of BALF EB dye concentration (K) and protein concentration (L). *P < 0.05 and **P < 0.01
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cells for in vivo experiments, rather than using EVs from 
ceramide synthesis enzymes-silenced MH-S cells treated 
with CSE. Although EVs with reduced ceramide levels 
would provide a more direct validation of this metabolic 
communication in vivo, they might still contain other 
pro-inflammatory factors induced by CSE exposure, 
complicating the interpretation of results. Given that our 
in vitro findings have already confirmed that ceramide-
enriched EVs from CSE-treated macrophages can dam-
age ECs, the use of EVs from CSE-treated wild-type 
macrophages in vivo could partially implicate the detri-
mental role of ceramides delivered by EVs in exacerbating 
lung injury and endothelial barrier dysfunction. Future 
studies should attempt to refine this approach by selec-
tively targeting ceramide synthesis while minimizing the 
confounding influence of other CSE-induced factors in 
EVs. Lastly, while our study focused on the direct impact 
of ceramide-loaded EVs on endothelial barrier function, 
future investigations should explore the potential influ-
ence of this metabolic communication on the immuno-
modulatory properties of ECs [60] as well as the systemic 
effects of these EVs on other pulmonary cell types to fully 
elucidate their contribution to COPD pathogenesis.

Conclusions
In summary, we establish a mechanistic model of COPD 
pathogenesis from the perspective of immunometabo-
lism and intercellular communication, revealing how 
ceramide-laden EVs arise from sphingolipid metabolic 
reprogramming in pulmonary macrophages and shuttle 
as proinflammatory signals to disrupt the endothelial 
barrier. Our findings thus highlight promising new direc-
tions for COPD therapeutic intervention focused on 
maintaining pulmonary endothelial barrier homeostasis 
by targeting key enzymes, metabolites, and EVs to block 
aberrant metabolic communication in disease.
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