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Abstract

Background Obstructive sleep apnea—hypopnea syndrome (OSAHS) is a prevalent respiratory disorder characterized
by intermittent hypoxia (IH), which promotes pulmonary complications. However, the cellular and molecular
mechanisms underlying IH-induced lung remodeling remain poorly understood.

Methods We performed comprehensive single-cell RNA sequencing (scRNA-seq) analysis of lung tissue from
IH-exposed mice (GSE145435). Computational approaches were used to characterize cellular heterogeneity,
transcriptional programs, and cell-cell interactions. Key findings were validated using intervention studies with the
SP1 inhibitor plicamycin.

Results Our analysis revealed the following: IH induced: (1) the expansion of four distinct fibroblast subsets; (2)
polarization of proinflammatory Me1 (IL-18 high) with activated PPAR signaling; (3) altered T-cell dynamics featuring
CD4* T-cell accumulation and reduced memory T cells; (4) endothelial remodeling (endo2 subtype dominance)
mediated by Ccl6-Ccr2 interactions. Moreover, SP1 inhibition attenuated IH-induced pathology, reducing collagen
deposition and inflammatory markers.

Conclusions This study identifies SP1 as a master regulator of IH-induced pulmonary remodeling through
coordinated control of fibrotic, inflammatory, and vascular pathways. These findings provide mechanistic insights into
OSAHS-related complications and highlight SP1 inhibition as a potential therapeutic strategy for hypoxia-induced
lung injury.
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Introduction

Obstructive sleep apnea—hypopnea syndrome (OSAHS)
is a common sleep-related breathing disorder character-
ized by intermittent hypoxia (IH) and sleep fragmenta-
tion caused by airway stenosis or collapse during sleep
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events occurring at night in healthy elderly individuals is
usually higher than in middle-aged people, peaking after
approximately age 65; these events are more common in
men [3]. Over recent decades, understanding of OSAHS-
related pathophysiology has progressed relatively slowly
due to limitations in obtaining disease samples and devel-
oping disease models. However, many studies have con-
firmed the negative effects of OSAHS on various organs
and systems throughout the body. Numerous observa-
tional studies have shown that OSAHS is associated with
cardiovascular diseases and is a risk factor for hyperten-
sion, poor blood pressure control, stroke, myocardial
infarction, heart failure, arrhythmia, sudden cardiac
death, and all-cause mortality [4, 5]. In the liver, IH has
been shown to cause insulin resistance, dysfunction of
key steps in lipid metabolism, atherosclerosis, mitochon-
drial dysfunction, inflammation, and liver steatosis and
fibrosis [6, 7]. Substantial changes in the gut microbiota
have also been observed in both animal models of IH and
samples from humans with OSAHS [8, 9]. In addition,
recent studies have explored associations between IH and
neurotoxicity, cancer progression, kidney dysfunction,
and reproductive abnormalities [10-12].

PR

The organ most directly affected by IH is the lungs.
Despite advances in understanding the pathology of IH
in various types of lung disease and dysfunction, the cel-
lular characteristics of lungs exposed to IH remain largely
unknown and obscure. While more research has focused
on changes in the function of individual cells, the com-
plex network of cell-cell interactions in the microenvi-
ronment has been largely neglected due to the difficulty
of studying it[13].

The aim of this study was to establish a high-resolution
single-cell landscape of different cell types by analyz-
ing single-cell RNA sequencing (scRNA-seq) data from
IH-exposed mouse lung tissue to fully understand the
response of major cells in the lung to IH. The cellular
and molecular features identified in this study not only
enhance our understanding of the mechanisms driving
chronic lung pathology in patients with OSAHS but also
provide preliminary evidence supporting the therapeu-
tic potential of targeting key regulatory factors, thereby
informing future treatment strategies for OSAHS.
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Materials and methods

Acquisition, dimensionality reduction and cellular
annotation of scRNA-seq data

Six scRNA-seq datasets of mouse lung tissue were
retrieved from the Gene Expression Omnibus (GEO, ht
tp://www.ncbi.nlm.nih.gov/geo/) database, specifically
under accession number GSE145435 (details in Supple-
mentary Table 1) [14]. These datasets were generated on
the Illumina HiSeq 2500 platform, achieving a sequencing
depth of 10 X coverage. Initial data processing was con-
ducted using the Seurat package to ensure the selection
of high-quality cells. The following quality control criteria
were stringently applied: (1) each gene must be detected
in a minimum of three cells; (2) a cell must exhibit at least
50 detected genes; (3) the mitochondrial gene content
must not exceed 10% of the total detected genes; and (4)
the number of transcripts per cell must range between
200 and 4000. Data normalization was performed using
the log-normalization method, followed by the identi-
fication of 1,500 highly variable genes using the default
‘vst’ parameter, setting the stage for subsequent cell type
classification [15]. Principal component analysis (PCA)
was employed for initial linear dimensionality reduction,
with the first 15 principal components (PCs) selected for
further analysis [16]. Batch effects were mitigated using
the Harmony algorithm, and the t-distributed stochas-
tic neighbor embedding (t-SNE) algorithm facilitated
clustering through nonlinear dimensionality reduction
[17]. Marker genes for each cluster were identified using
the FindAllMarkers function, with an adjusted P value
threshold of < 0.05 and an absolute log,-fold change (FC)
greater than 1 serving as selection criteria. Cell types
were manually annotated for each cluster based on the
expression of these marker genes. Finally, the Monocle
algorithm was utilized to construct pseudotime trajecto-
ries, providing insights into the dynamic processes of cel-
lular differentiation or gene expression patterns [18].

Animal models and therapeutic methods

Considering that OSAHS predominantly affects male
patients, we used male C57BL/6] mice in this study.
Male C57BL/6] mice aged 6-8 weeks were obtained
from Wuhan SHULAIBAO Biotechnology Co., Ltd. All
animals were housed under specific pathogen-free con-
ditions with controlled temperature and humidity, a
12-hour light/dark cycle, and free access to sterilized
chow and drinking water. All animal procedures were
approved by the Animal Care and Use Committee of
Tongji Hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology. IH exposure was car-
ried out using a programmable hypoxia chamber. Mice in
the IH groups were exposed to IH for 8 h daily (from 8:00
a.m. to 4:00 p.m.) for 42 consecutive days. Each 4-minute
cycle consisted of 150 s of hypoxia (5% O,) followed by 90
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s of normoxia (21% O,), continuously repeated through-
out the 8-hour exposure period [19, 20]. Control mice
were maintained under normoxic room air conditions for
the same duration. All mice were euthanized, and lung
tissues were harvested 12 h after the final IH exposure on
day 42.

Two independent experiments were conducted. In the
first experiment, 12 mice were randomly divided into two
groups (n=6 per group): control and IH. In the second
experiment, 24 mice were randomly assigned into four
groups (n=6 per group): control, IH, plicamycin, and
IH + plicamycin. Plicamycin (HY-A0122, MCE), an SP1
inhibitor, was dissolved in a vehicle solution consisting of
10% DMSO, 40% PEG300, 5% Tween-80, and 45% saline,
and administered intraperitoneally at a dose of 0.4 mg/kg
in a final volume of 100 pL. Drug administration began
on day 2 of IH exposure and was given every other day
for a total of 21 injections. Each dose was administered
approximately 30 min before the start of the daily IH ses-
sion. In the IH + plicamycin group, mice were sacrificed
12 h after the final IH exposure and drug injection.

Histopathology analysis

After mice were anesthetized, lung tissues were fixed in
4% paraformaldehyde (PFA) at 4°C for 24 h. After dehy-
dration, the left lower lung was embedded in paraffin
and cut into 4 um-thick sections. Hematoxylin and eosin
(H&E) staining was performed for pathological analy-
sis. Peribronchial inflammation was semi-quantitatively
scored by two blinded observers according to the follow-
ing criteria: 0, no inflammatory cells; 1, a small number
of inflammatory cells; 2, a single layer of inflammatory
cells; 3, 2—4 layers of inflammatory cells; and 4, more
than 4 layers of inflammatory cells surrounding the bron-
chi. For each section, three to five randomly selected,
non-overlapping high-power fields were evaluated, and
the mean score was calculated to represent the result for
each animal. Periodic Acid—Schiff (PAS) staining, which
detects polysaccharides such as glycogen and mucosub-
stances, was performed to assess goblet cell prolifera-
tion. PAS-positive (PAS+) goblet cells were counted in
three to five randomly selected, non-overlapping high-
power fields (HPFs, 400x magnification) per section, and
the number of PAS +cells per 100 pm length in the air-
way was counted for each animal. Masson’s staining was
conducted to evaluate collagen deposition in the lungs.
For each section, three to five randomly selected fields
were analyzed, and collagen-positive areas were quanti-
fied using Image] software by calculating the percentage
of blue-stained area relative to the total tissue area. The
mean percentage across the selected fields was recorded
as the result for each animal. Images were obtained using
an optical microscope (Olympus/DP70, Tokyo, Japan).
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Immunohistochemistry (IHC)

The paraffin-embedded sections of mouse lung tissue
were dewaxed by sequential immersion in the following
solutions: xylene I for 30 min, xylene II for 30 min, abso-
lute ethanol I for 10 min, absolute ethanol II for 10 min,
95% ethanol for 5 min, 90% ethanol for 5 min, 80% etha-
nol for 5 min, 70% ethanol for 5 min, and finally rinsed
in distilled water. Subsequently, the sections were placed
in a container filled with EDTA antigen retrieval buffer
(pH 8.0) and subjected to heat-induced epitope retrieval
in a microwave oven. The antigen retrieval protocol
involved heating at high power until the buffer boiled
(approximately 3 min), then switching off the microwave
and allowing the sections to incubate for 10 min at room
temperature, followed by reheating at low power (sim-
mer) for an additional 3 min. After natural cooling to
room temperature, the sections were rinsed three times
in phosphate-buffered saline (PBS, pH 7.4) on a shaker
for 5 min each to remove residual buffer. After cooling to
room temperature, the sections were incubated with 5%
bovine serum albumin (BSA) for 30 min to block non-
specific antibody binding. Following blocking, the tissue
sections were incubated overnight at 4°C with primary
antibodies against Cd11b (ab133357, 1:4000, Abcam),
Mpo (ab208670, 1:1000, Abcam), CD68 (ab955, 1:3000,
Abcam), and CD31 (ab28364, 1:40, Abcam). After pri-
mary antibody incubation, sections were washed three
times with phosphate-buffered saline (PBS) to remove
unbound antibodies. Subsequently, the sections were
incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temper-
ature for 1 h. After washing with PBS, antigen-antibody
complexes were visualized using 3,3’-diaminobenzidine
(DAB) chromogen, resulting in a brown precipitate at
the antigen sites. The sections were then counterstained
with hematoxylin for nuclear visualization. Following
staining, sections were dehydrated through graded etha-
nol series (70%, 85%, 95%, and 100%), cleared in xylene,
and mounted with a resinous mounting medium. Finally,
stained sections were examined under a light micro-
scope, and images were captured for analysis.

Immunofluorescence (IF) staining

The dewaxing, rehydration, and antigen retrieval steps
were performed as described for immunohistochemis-
try (see IHC section above). Briefly, paraffin-embedded
mouse lung tissue sections were dewaxed in xylene and
rehydrated through a graded ethanol series, followed by
antigen retrieval in EDTA buffer (pH 8.0) using a micro-
wave oven. After natural cooling and PBS washes, the
sections were blocked with bovine serum albumin (BSA).
Following blocking with BSA, the SP1 antibody (21962-
1-AP, 1:200, Proteintech) was diluted in PBS, and 50 pL
of the monoclonal antibody was added to each section.
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The sections were incubated overnight at 4 °C. Next, the
sections were incubated for 1 h with a CoraLite® 594-con-
jugated goat anti-rabbit IgG secondary antibody. Finally,
DAPI staining was performed, and each section was cov-
ered with an appropriate amount of antifade reagent.
After sealing, the sections were observed under a fluores-
cence microscope. Phalloidin staining was performed to
visualize F-actin microfilaments for both qualitative and
quantitative assessment. Fluorescence intensity of F-actin
was measured using Image]. For each section, three to
five randomly selected, non-overlapping HPFs were ana-
lyzed, and the mean fluorescence intensity across these
fields was calculated to represent the value for each
animal.

Western blot (WB)

Total protein was isolated from cultured cells and subcu-
taneous tumor tissues using RIPA buffer supplemented
with protease inhibitors. Protein samples were separated
by SDS—-PAGE and then transferred onto PVDF mem-
branes. After blocking, the membranes were incubated
sequentially with the primary antibody against SP1 (Cat.
No. 21962-1-AP, 1:1000, Proteintech, Wuhan, China) and
an HRP-conjugated secondary antibody (Cat. No. AS014,
Abclonal, Wuhan, China). Signal detection was per-
formed using an enhanced chemiluminescence system,
and band intensities were quantified with Image Lab soft-
ware (Bio-Rad, Hercules, CA, USA).

Determination of lung hydroxyproline level

At the end of the modeling period, mice were sacrificed
and their lungs were excised. The middle and lower
lobes of the right lung were collected, and the collagen
content of the left lung was determined by measuring
hydroxyproline levels. Quantification was performed
using a commercial Hydroxyproline Assay Kit (Cat. No.
A030-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) in accordance with the manufacturer’s
instructions.

Quantitative real-time PCR

TRIzol reagent (Takara, Japan) was used to extract RNA
from cells or lung tissues. RNA purity and concentration
were measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, USA). mRNA expression was
quantified by real-time PCR (Prism 7500, ABI, USA) with
a commercial RNA reverse transcription kit and real-
time PCR kit (Takara). The primer sequences utilized
were as follows: Ym1: 5-CAAAGAACAGTAGATCCTG
GCAA-3 (forward), and 5-ATACCGTGTCCAGACCT
TGGT-3’ (reverse); a-Sma: 5-GTCCCAGACATCAGG
GAGTAA-3 (forward), and 5-TCGGATACTTCAGCG
TCAGGA-3’ (reverse); Ccl2: 5-ATTCTGTGACCATCC
CCTCAT-3 (forward), and 5-TGTATGTGCCTCTGAA
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CCCAC-3 (reverse); Ccl7: 5-GCTGCTTTCAGCATCC
AAGTG-3’ (forward), and 5-CCAGGGACACCGACTA
CTG-3 (reverse); Inos: 5-GAGACAGGGAAGTCTGA
AGCAC-3 (forward), and 5-CAGCAGTGTTGCTCCT
CTTC-3 (reverse); Fizzl: 5-AAGCCTACACTGTGTT
TCCTTTT-3 (forward), and 5-GCTTCCTTGATCCTT
TGATCCAC-3’ (reverse); 116: 5-TACCACTTCACAAGT
CGGAGGC-3’ (forward), and 5-CTGCAAGTGCATCA
TCGTTGTT-3’ (reverse); Cd68: 5-TGTCTGATCTTGC
TAGGACCG-3’ (forward), and 5-GAGAGTAACGGCC
TTTTTGTGA-3 (reverse); Cd80: 5-CTCAAGTTTCCA
TGTCCAAGGC-3 (forward), and 5-GAGGAGAGTTG
TAACGGCAAGG-3’ (reverse); and Collal: 5-GCTCCT
CTTAGGGGCCACT-3’ (forward), and 5-CCACGTCT
CACCATTGGGG-3 (reverse). Custom-designed prim-
ers were developed and synthesized by Sangon Biotech
(Shanghai, China). Data were analyzed using the 2724t
method, with pB-actin as the internal control.

Statistical analysis and data visualization

Statistical analysis and data visualization were performed
using R software (version 4.0.4) and Perl software (ver-
sion 5.28.1.0). The R packages used for data analysis and
visualization included ggplot2, limma, and edgeR. All
other statistical analyses were performed using Prism
8.0 software (GraphPad). For the first animal experi-
ment comparing two groups, differences were analysed
using Student’s t tests. For the second animal experiment
involving multiple groups, one-way analysis of variance
(ANOVA) was conducted followed by Tukey’s multiple
comparisons test as the post hoc analysis. Differences
were considered statistically significant when p <0.05.

Results

IH exacerbates lung remodelling in mice

We exposed C57BL/6] mice to either IH or normoxia for
6 weeks to investigate the effects of IH on lung tissue.
After the exposure period, lung tissues were collected
for histopathological staining and analysis. Compared
with control mice, those exposed to IH exhibited sig-
nificant increases in pulmonary inflammation, mucus
staining, and collagen deposition (Fig. 1A-D). Phalloidin
staining revealed enhanced cytoskeletal organization
and increased stress fiber formation, which may reflect
actin remodeling associated with both structural cells
and infiltrating inflammatory cells in the lungs of IH-
exposed mice (Fig. 1A, E). Additionally, histochemical
staining revealed increased expression of Cd1l1lb, Mpo,
and Cd68 in the lungs of IH-exposed mice, indicating
that IH exposure promoted infiltration of immune cells.
The upregulation of Cd31 expression in lung tissue fur-
ther confirmed that IH exposure stimulated remodeling
of pulmonary blood vessels (Fig. 1F-G). In summary, IH
exposure induced pronounced inflammatory infiltration
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and structural alterations, contributing to extensive pul-
monary tissue and vascular remodeling in mice.

Construction of a single-cell transcriptome map of
IH-exposed mouse lungs

Next, we retrieved scRNA-seq data from the GEO data-
base, including lung tissue samples from both IH model
mice (n = 3) and healthy control mice (n = 3), to gain a
comprehensive understanding of the cellular landscape in
the lung tissue of IH model mice (Supplementary Table
1). After rigorous quality control and filtering, a total of
48,272 cells were retained from the scRNA-seq data for
downstream analysis (Supplementary Fig. 1 and Supple-
mentary Table 1). In the scRNA-seq dataset, the median
number of unique molecular identifiers (UMIs) per cell
was 1978, and the median number of genes detected per
cell was 996. After PCA-mediated reduction of these
high-quality data, the first 15 PCs were included in the
follow-up analysis (Supplementary Fig. 1). We applied
the Harmony algorithm to each dataset again to mini-
mize batch effects between different scRNA-seq datasets.
Subsequently, we adopted a clustering method based on
t-SNE to initially identify 12 clusters according to typical
markers of different cell types. These cell types include
type 1 alveolar epithelial cells (AT1), type 2 alveolar
epithelial cells (AT2), macrophages/monocytes, mega-
karyocytes, B cells, T cells, fibroblasts, endothelial cells,
eosinophils, natural killer (NK) cells, neutrophils, and
erythroid cells (Fig. 2A-B, Supplementary Table 2). These
cells were present in each sample (Fig. 2E and Supple-
mentary Fig. 1). The specific number of cells identified
in each sample is provided in Supplementary Table 2. A
total of 195 cells in Clusters 19 and 21 carried markers of
two cell types whose expression differed significantly at
the same time. We conducted a secondary analysis and
divided these 195 cells into three clusters to exclude the
possibility of insufficient dimensionality reduction (Fig.
2C). A total of 154 cells in Clusters 0 and 2 expressed
endothelial cell and B-cell markers simultaneously. Forty-
one cells in Cluster 1 expressed both B-cell and T-cell
markers (Fig. 2D-F). We decided not to include these
double-positive cells in subsequent analyses to ensure
the accuracy and reliability of our results. The calcula-
tion of the cell proportion for each cell type indicated sig-
nificant changes (Fig. 2G). Among all the cells collected,
endothelial cells accounted for the largest proportion and
exhibited the most obvious increase, and macrophages
presented the greatest change among immune cells. Con-
sistent with previous reports, IH exposure increased the
number of type 1 alveolar epithelial cells [21]. Notably,
IH also promoted the aggregation of fibroblasts in the
lung (Fig. 2H) [22, 23].
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Characterization of fibroblasts in IH-exposed mouse lungs

Fibroblast heterogeneity was analyzed in scRNA-seq data
from six samples (Fig. 3A). Reclustering revealed four
fibroblast subtypes (F1-F4) with distinct gene expression
profiles (Fig. 3B-C). Acta2" fibroblasts (F1) expressed
high levels of smooth muscle contraction genes such as
Actcl and Myhl1 (Fig. 3E), consistent with myoid fibro-
blasts described previously [24]. GO analysis showed
enrichment in actomyosin and muscle system processes
for F1 (Fig. 3D). Tcf21" fibroblasts (F2) highly expressed
vascular development genes (Fig. 3E), with GO terms
related to blood vessel morphogenesis (Fig. 3D). Dcn*

fibroblasts (F4) expressed extracellular matrix (ECM)
genes (Collal, Col3al) and were enriched in ECM orga-
nization pathways (Fig. 3D-E). A proliferative fibroblast
cluster (F3) was identified by high ribosomal gene expres-
sion and low apoptosis gene expression (Fig. 3E).
Compared to controls, all four fibroblast subtypes
expanded after IH exposure, with the most significant
increases seen in F1 and F2 cells (Fig. 3F-G). Through
transcription factor target analysis, we characterized
the predominant regulatory networks in each fibroblast
subtype. In F2 and F4 cells, Spl—a transcription factor
involved in transcriptional activation—was predicted to
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Fig. 2 A single-cell landscape of IH-exposed mouse lungs. (A) t-SNE dimensionality reduction analysis of all lung parenchymal cells. (B) Bubble maps
showing marker genes of different cell clusters. The colour depth of the dots indicates the level of gene expression, and the size of the dots indicates the
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Distribution of different cell clusters in different samples. (F) Manual annotation of the cell types to which different cell clusters belong. Different colours
indicate different cell types. (G) Proportions and specific numbers of different types of cells in different samples. (H) Proportions of different types of im-
mune cells in different samples. t-SNE, t-distributed stochastic neighbour embedding; AT1, alveolar type 1 cell

regulate numerous target genes. F1 cells were predomi-
nantly regulated by serum response factor (Srf), a well-
known transcription factor implicated in the contractile
phenotype of vascular smooth muscle cells (Fig. 3H) [25].
In F3 cells, Erg was identified as a key regulator, consis-
tent with its known role in fibroblast activation [26].
Gene set scoring revealed F1 fibroblasts had the high-
est contractility score, F4 fibroblasts the highest ECM
score, and F3 the lowest apoptosis score (Fig. 3I). Gly-
colytic activity scores did not differ significantly among
the subtypes. During disease progression, significant pro-
portional changes in fibroblast subtypes were observed.
Trajectory analysis showed that F1 and F2 cells were
evenly distributed along the developmental timeline,
while F4 cells were mainly present during the intermedi-
ate stages, and F3 cells were predominantly enriched at
the late stages. These trends may explain the greater inci-
dence of hypertension and pulmonary fibrosis in OSAHS

patients than in the general population(Fig. 3]-K, Supple-
mentary Fig. 2) [27, 28].

Characterization of monocytes and macrophages in
IH-exposed mouse lungs
The t-SNE analysis grouped monocytes and macro-
phages into 14 clusters based on 2,000 highly variable
genes (Fig. 4A, Supplementary Fig. 3). Clusters 0, 5, and 8
were annotated as macrophage subtype 1 (M¢1), marked
by Wifdc21, Earl, and Pletl. Clusters 2, 10, 11, and 12
formed monocyte subtype 1 (M1), expressing Treml4
and Cx3crl, corresponding to nonclassical monocytes.
Clusters 3, 4, 6, 7, and 13 were macrophage subtype 2
(M¢2), marked by Cd209a, H2-Dmb1, Klrd1, and Ccndl.
Clusters 1 and 9 were monocyte subtype 2 (M2), express-
ing Ly6c2 and Ccr2, corresponding to classical mono-
cytes (Fig. 4B-C).

Compared to controls, the proportion of M1 cells
decreased while M@l cells increased significantly.
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Pseudotime analysis indicated that monocytes pro-
gressed from M1 to M2, then to M¢2 and ultimately
M¢1, supporting enhanced monocyte-to-macrophage
transition in the lungs under IH exposure (Fig. 4F, Sup-
plementary Fig. 4). Functional scoring revealed that M¢1

exhibited the highest fatty acid oxidation and lowest
inflammation levels among the four subtypes, while M2
showed the strongest chemotaxis, likely due to recruit-
ment by inflammatory signals. Both macrophage sub-
types had lower glycolysis levels than monocytes, and
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(See figure on previous page.)

Fig. 4 Characterization of different subtypes of monocytes and macrophages in IH-exposed mouse lungs. (A) t-SNE diagram of monocyte and macro-
phage redimensionality reduction. (B) Correlation analysis of different cell clusters. (C) Bubble map showing the marker genes of different cell subtypes.
The colour depth of the dots indicates the level of gene expression, and the size of the dots indicates the percentage of cells expressing the corre-
sponding gene. (D) Curves showing changes in the distributions of different subtypes of monocytes and macrophages over time. (E) Bubble maps of
the expression levels of apoptosis-related genes in different subtypes of monocytes and macrophages. (F) Violin plot of characteristic scores among
different monocyte and macrophage subtypes. (G) Bubble map of the amount of Sp1 expressed in different samples. (H) Bubble map of Sp1 expression
in monocytes and macrophages. The colour depth of the dots indicates the level of gene expression, and the size of the dots indicates the percentage
of cells expressing the corresponding gene. (I) Bubble map showing the number of predicted transcription factors regulating signature target genes
of monocytes and macrophages. (J) Cytokine expression levels in different subtypes of macrophages. GSEA (K) of M@1 characteristic genes. Dark blue
represents an FDR <0.05, and light blue represents an FDR>0.05 but p<0.05. Venn diagram (L) and KEGG enrichment analysis (M) of the intersections
between M1 signature genes and significantly upregulated genes in lactate-stimulated macrophages. (N) Analysis of the developmental trajectory of
genes related to the Ppar signalling pathway. t-SNE, t-distributed stochastic neighbour embedding; M1, monocyte subtype 1; M1, macrophage subtype

1, M2, monocyte subtype 2; M2, macrophage subtype 2

M¢1 displayed disordered apoptosis-related gene expres-
sion, suggesting terminal differentiation (Fig. 4E-F).
Transcription factor analysis indicated that Sp1 predomi-
nantly regulated M¢1-related genes, with higher expres-
sion in the IH group (Fig. 4G-I). GO enrichment showed
that M1 was associated with innate immune responses,
M2 with immune regulation, M¢2 with lymphocyte acti-
vation, and M¢1 with lipid metabolism and endocytosis
(Supplementary Fig. 4H-K).

Additionally, we analyzed cytokine expression in M¢1
and M¢2 from the lungs of IH-exposed mice. The results
showed that M¢1 is characterized by a high expression
level of 1118, whereas M¢2 displayed higher levels of Ccl5,
Ccr2, and Cd68, indicative of a classical pro-inflamma-
tory phenotype (Fig. 4]). GSEA of M¢1 signature genes
linked them to processes such as monovalent inorganic
cation homeostasis, cell adhesion, and carbohydrate
metabolism (Fig. 4K), indicating roles in ion balance and
metabolic regulation. KEGG analysis showed significant
enrichment of PPAR-related pathways in M¢1 (Supple-
mentary Fig. 4L), highlighting PPAR’s role in metabolism
and immune function. Using lactate-treated macrophage
data (GSE115354), we found 43 overlapping upregulated
genes enriched in PPAR pathways (Fig. 4L-M), confirm-
ing PPAR’s involvement in IH-induced M¢1l changes.
Expression of key PPAR pathway genes (Acaala, Acaalb,
Acoxl1, Cptla, Lpl, Nfe2l2, Pparg) increased over pseudo-
time (Fig. 4N), indicating enhanced fatty acid oxidation
and lipid metabolism in macrophages after IH exposure.

Characterization of T cells in IH-exposed mouse lungs

The t-SNE analysis of scRNA-seq data from six samples
revealed the heterogeneity of T cells and identified nine
distinct subtypes through clustering (Fig. 5A and B). By
calculating the similarity between cell clusters (Fig. 5C),
we further classified these clusters into five major sub-
types (Fig. 5D). Subtype T1 (Cluster 6) corresponds to
exhausted CD8" T cells, characterized by markers of
chronic antigen stimulation and functional exhaustion.
Subtype T2 (Clusters 0, 1, 2, 3) represents memory CD8*
T cells with high Cd8a and Ccr7 expression, involved in
antigen recognition and immune surveillance. Subtype

T3 (Clusters 7, 8) is marked by elevated Gata3, Ccr2, and
Cxcr6, consistent with CD4" Th2 cells that regulate aller-
gic inflammation. Subtype T4 (Cluster 4) shows effector
memory features, with Ccl5, Cd8a, and Cxcr3 expres-
sion indicating strong migratory and antiviral capacity.
Subtype T5 (Clusters 5, 9) comprises regulatory T cells
(Tregs), characterized by Foxp3, Ctla4, and Lcos expres-
sion, crucial for immune tolerance and suppressing
excessive immune responses.

After IH exposure, the proportion of memory T cells
(T2) decreased significantly, while CD4* Th2 cells (T3)
increased (Fig. 5F-G). Notably, SP1, a transcriptional
regulator linked to T3 signature genes, was significantly
upregulated in the IH group, suggesting its role in T3
cell regulation (Fig. 5H). KEGG and GO analyses of T3
highly expressed genes showed enrichment in pathways
related to CD4-positive, alpha-beta T-cell differentiation
and activation, including Th17 and Th1/Th2 differentia-
tion (Fig. 5I-]). Trajectory analysis showed that T1 and
T2 cells were evenly distributed along the developmen-
tal timeline, while T4 cells were mainly enriched during
the intermediate-to-late stages, and T3 cells were pre-
dominantly present at the late stage (Fig. 5L). T3 cells
exhibited the highest inflammation score, indicating that
their activation and cytokine secretion may exacerbate
pulmonary inflammation in late-stage IH (Fig. 5K). Fatty
acid oxidation was similar across subtypes, while T1 cells
displayed markedly lower glycolysis, consistent with an
exhausted phenotype. These findings demonstrate that
IH reshapes T-cell composition and function, promoting
Th2-skewed inflammation and T-cell exhaustion.

Characterization of endothelial cells in IH-exposed mouse
lungs

We analyzed endothelial cells from six samples using
scRNA-seq data. t-SNE analysis identified nine clusters
(Fig. 6A), which were grouped into five subtypes based
on cluster similarity (Fig. 6B): endol (Clusters 1 and 5),
endo2 (Clusters 1, 3, and 4), endo3 (Clusters 6, 7, and
9), endo4 (Cluster 0), and endo5 (Cluster 8). The dis-
tribution of these subtypes across samples is shown in
Fig. 6C and D. Marker gene analysis revealed distinct
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profiles: Cyb5r3 and Rps29 for endol; Cldn5 and Foxfl
for endo2; Emp2 and Cdh5 for endo3; Vwf and Cytll
for endo4, consistent with venous endothelial cells [29];
and Ccl21a and Mmrnl for endo5, matching lymphatic
endothelial cell signatures (Fig. 6E) [29]. Among these,
endo2 was the most abundant, while endo5 was the least
prevalent. Notably, IH exposure increased the propor-
tions of endol to endo3 cells (Fig. 6F). Pseudotime trajec-
tory analysis revealed a dynamic transition of endothelial
subtypes over time: endo2 and endo5 predominated in
the early stages, endo3 was evenly distributed through-
out the trajectory, and endol and endo4 became domi-
nant at the terminal stage (Fig. 6G, Supplementary Fig.
5). KEGG enrichment analysis demonstrated subtype-
specific functional programs: endol was enriched in
“ribosome” and “oxidative phosphorylation”; endo2 in

“antigen processing and presentation” and “fluid shear
stress and atherosclerosis”; endo3 in “IL-4/IL-13 signal-
ing” and “apoptosis”; endo4 in “TGF-beta signaling” and
“stem cell pluripotency”; and endo5 in “ferroptosis” and
“autophagy” (Fig. 6H). These findings suggest that during
IH exposure, endothelial cells undergo functional repro-
gramming from immune and stress responses toward a
more reparative and metabolically active phenotype.

Analysis of interactions between monocytes/macrophages
and other altered cell types

We analyzed receptor-ligand interactions between
monocytes/macrophages and other altered cell types
to further elucidate the cellular interactions within
lung tissue exposed to IH. The results revealed that
the interactions between the endo2 and other cell
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subtypes were particularly strong. Among these inter-
actions, endo2 cells exhibited similarly strong interac-
tions with both M¢1 and M2 , and these interactions
were markedly stronger than those observed with other
cell types (Fig. 7A and B). Additionally, interactions
between Tgfbl—(Tgfbrl + Tgfbr2), Ccl6—Ccr2, Sema3a—
(Nrpl+Plxna2), and Sema3c—(Nrpl + Plxna2) are highly
probable within the network of monocytes/macrophages
and other altered cell types, with Ccl6—Ccr2 showing the
strongest potential for interaction. Notably, the recep-
tor for Ccl6, Ccr2, was expressed in multiple cell sub-
types, with prominent expression in endothelial cells
and macrophage/monocyte-related subtypes (Fig. 7E).
We performed immunohistochemistry to investigate this
phenomenon further, and the results confirmed that Ccr2
expression was indeed upregulated in the lung tissue of
the IH-exposed group (Fig. 7F), suggesting that Ccr2 may
play a significant role in the pathophysiology of IH.
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Effect of the SP1 intervention on the lung tissue of
IH-Exposed mice

In this study, we first confirmed that SP1 expression was
significantly upregulated in the lungs of mice exposed
to IH, as evidenced by both immunofluorescence stain-
ing and western blot analysis (Fig. 8A-D). Based on this
observation, we established an IH mouse model com-
bined with the SP1 inhibitor plicamycin to further inves-
tigate its therapeutic potential. Western blot analysis
and immunofluorescence analysis (Fig. 8E-F and H-I)
showed that plicamycin treatment partially reversed the
IH-induced upregulation of SP1 in lung tissue. Similarly,
measurement of lung hydroxyproline levels suggested a
modest reduction following plicamycin treatment com-
pared with IH alone (Fig. 8G). Subsequently, histopath-
ological evaluation revealed that plicamycin tended to
attenuate IH-induced pulmonary inflammation, mucus
secretion, and collagen deposition (Fig. 8H and J-L),
indicating that SP1 plays a central role in mediating lung
injury under IH exposure. Additionally, phalloidin stain-
ing revealed increased F-actin remodeling and stress fiber
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Fig.8 SP1 expression and the effect of plicamycin on lung tissue in mice exposed to intermittent hypoxia (n=6). (A) Immunofluorescence staining of SP1
(red) and nuclei (blue, DAPI) in lung tissues from Control and IH groups. (B) Quantification of mean fluorescence intensity of SP1 in (A). (C) Western blot
analysis of SP1 protein expression in lung tissues from Control and IH groups, with 3-actin as a loading control. (D) Quantitative analysis of relative SP1
protein expression in (C). (E) Western blot analysis of SP1 protein expression in lung tissues from Control + PBS, IH+PBS, Plicamycin, and IH+ Plicamycin
groups, with 3-actin as a loading control. (F) Quantitative analysis of relative SP1 protein expression in (E). (G) Measurement of hydroxyproline content
in lung tissues from different groups. (H) Representative images showing SP1 expression (immunofluorescence, SP1 in red, DAPI in blue), HE staining,
PAS staining, Masson'’s trichrome staining (10x objective, others 20x objective), and phalloidin staining (phalloidin in green, DAPI in blue) in lung tissues
from four groups (Control+PBS, IH+PBS, Plicamycin, IH+ Plicamycin) (objective magnifications: 10x or 20x, as indicated). (I) Quantification of mean
fluorescence intensity of SP1 in (H). (J) Airway inflammation score based on HE staining. (K) Collagen deposition ratio assessed by Masson's trichrome
staining. (L) Number of PAS* cells in the airways. (M) Average fluorescence intensity of F-actin (phalloidin staining) in lung tissue. IH, intermittent hypoxia;
HE, haematoxylin and eosin; PAS, periodic acid-Schiff; The data are presented as the mean + SD. Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey's multiple comparisons test as post hoc analysis. *p < 0.05, **p <0.01, ***p <0.001, ***p <0.0001
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formation in the lungs of IH-exposed mice, which was
partially alleviated by plicamycin treatment (Fig. 8H and
M). Furthermore, PCR analysis revealed that plicamy-
cin effectively reduced the expression of genes involved
in inflammation and fibrosis, including Fizz1l, Ym]l, 116,
a-Sma, Cd68, Ccl2, Cd80, Ccl7, Collal, and iNOS (Sup-
plementary Fig. 6 A), further suggesting that SP1 plays a
key role in pulmonary inflammation and fibrosis induced
by IH exposure. In conclusion, the SP1 inhibitor plicamy-
cin significantly suppresses the inflammatory response,
cytoskeletal remodeling, and fibrosis in the lung tissue of
IH-exposed mice.

Discussion

IH, a hallmark of OSAHS, has profound effects on various
pulmonary diseases, particularly in promoting lung tissue
remodeling. For example, previous studies have shown
that IH can promote airway remodeling in asthma [20].
Additionally, chronic IH has been linked to pulmonary
inflammation and small artery remodeling, potentially
due to oxidative stress [13]. In this study, we performed
a comprehensive single-cell transcriptome analysis of
lung tissue from mice exposed to IH, revealing significant
changes in key cell types and pathways. In addition, our
study confirmed that IH exposure significantly exacer-
bated lung tissue remodeling, with increased inflamma-
tion, mucus production, and collagen deposition.

First, we performed a high-resolution scRNA-seq
analysis to better understand the cellular landscape of
IH-induced lung remodeling. One interesting finding
was that the myoid fibroblast and vascular fibroblast
populations, which are involved in vascular and smooth
muscle remodeling [24, 30], showed particularly signifi-
cant expansion in response to IH, suggesting that IH may
drive fibroblasts to transition into distinct functional
states, contributing to fibrosis and vascular remodeling.
Further analysis revealed that the differentiation of these
fibroblast subtypes was closely linked to the enrichment
of specific transcription factors and transcriptional acti-
vators, particularly Sp1 and Srf, in the vascular fibroblast
and persistent fibroblast subtypes. Spl is a well-studied
transcription factor that is known to play crucial roles
in cell proliferation, differentiation, and fibrosis [31-33].
Srf is a key regulator of vascular smooth muscle cell
(VSMC) contractility and plays an important role in vas-
cular remodeling and fibrosis [25, 34—36]. These findings
suggest that IH-induced lung remodeling may be driven
by the modulation of fibroblast differentiation and the
expression of key genes involved in fibrosis and vascular
remodeling.

Moreover, the scRNA-seq analysis revealed that IH
exposure accelerated the transition of monocytes and
macrophages, resulting in the accumulation of M¢1 cells
(characterized by high IL-18 expression) in the lung.
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These findings align with previous studies showing that
IH promotes proinflammatory macrophage polariza-
tion, leading to chronic inflammatory diseases [37—39].
Additionally, the analysis of regulatory genes identified
Spl as a key transcription factor enriched in M¢1 cells,
and we observed significant activation of the PPAR sig-
naling pathway upon IH exposure. These results further
highlight the central role of Spl in IH-induced patho-
logical processes, and the PPAR pathway may serve as a
potential therapeutic target for IH-induced pulmonary
diseases.

We also analyzed the T-cell populations in IH-exposed
mouse lungs. We found that IH exposure decreased the
proportion of memory T cells (T2) and increased the
proportion of CD4* T cells (T3), which shifted towards
a more proinflammatory phenotype. The increase in the
number of CD4* T cells is consistent with several studies
showing IH-induced alterations in T-cell populations [40,
41]. Interestingly, the analysis of apoptosis-related genes
revealed that T3 cells exhibited lower apoptotic activity
than T1 cells, which exhibited increased apoptosis in the
later stages of IH exposure. These findings suggest that
T3 cells play a role in immune regulation and tolerance,
whereas T1 cells are more involved in aggressive cyto-
toxic immune responses, possibly due to increased turn-
over and apoptosis. Some studies have suggested that
IH exposure suppresses the cytotoxic activity of CD8* T
cells [42], and in tumor environments, IH exposure can
lead to a reduction in the number of CD8" T cells that
release cytolytic enzymes (e.g., granzyme B)[43]. These
findings reflect the functional changes in T cells induced
by IH. However, further analysis of CD8" T-cell function
and the underlying mechanisms is needed in the future.

We also analyzed the endothelial cell response to
IH exposure, identifying five distinct subtypes (endol,
endo2, endo3, endo4, and endo5) with dynamic changes
upon IH exposure, with endo2 being the most abundant.
Additionally, analysis of receptor-ligand interactions in
IH-exposed lung tissue revealed significant interactions,
particularly between the endo2 endothelial cell subtype
and monocytes/macrophages. These findings suggest that
endothelial cells and monocytes/macrophages play key
roles in the inflammatory response to IH, contributing
to tissue remodeling and fibrosis. We also identified that
Tgtb1—(Tgfbrl + Tgfbr2), Ccl6—Ccr2, Sema3a—(Nrpl +
Plxna2), and Sema3c—(Nrpl + Plxna2) interactions are
central to the interaction network between various cell
subtypes, with Ccl6—Ccr2 exerting the most significant
influence. Ccr2, the receptor for Ccl6, is expressed in
nearly all circulating monocytes and plays a crucial role
in their chemotaxis to inflamed sites, and Ccr2 expres-
sion is upregulated after IH exposure [44, 45]. Our results
also showed that Ccr2 was upregulated in all cell subsets
in IH-exposed lung tissue, further suggesting that Ccr2
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signaling may play a key role in the pathophysiology of
IH.

Finally, we investigated the role of SP1 in IH-induced
lung injury in mice. SP1 expression was significantly
upregulated in the lungs of IH-exposed mice, as shown
by immunofluorescence and Western blot analyses.
Treatment with the SP1 inhibitor plicamycin reduced
SP1 expression and attenuated IH-induced lung inflam-
mation, mucus secretion, and collagen deposition, as
indicated by hydroxyproline measurements. Plicamycin
also alleviated cytoskeletal remodeling and decreased the
expression of inflammation- and fibrosis-related genes,
including 116 and Collal. These results indicate that SP1
is a key mediator of IH-induced lung injury and that its
inhibition may represent a potential therapeutic strategy
for IH-related pulmonary diseases.

Despite the valuable insights gained from this study,
several limitations should be considered. First, while we
used a mouse model to study the effects of IH exposure
on lung tissue, species differences may limit the direct
translation of these findings to human diseases. Second,
although single-cell RNA sequencing captures transcrip-
tional changes, it cannot fully reflect post-transcriptional
or protein-level modifications. Future studies should
incorporate proteomics and in vivo validation to confirm
whether these transcriptional changes correspond to bio-
logical functions or pathological alterations. Third, while
our study identified SP1-related transcriptional altera-
tions in multiple cell types, functional validation was
only performed at the whole-lung level using pharmaco-
logical intervention. Further lineage-specific functional
studies (e.g., fibroblasts, macrophages, endothelial cells)
are needed to dissect the precise cellular mechanisms
by which SP1 contributes to IH-induced remodeling.
Finally, although plicamycin was used as a pharmacologi-
cal inhibitor of SP1 and has been reported to block SP1
binding to GC-rich promoter regions, it may also exert
off-target effects on other GC-binding transcription fac-
tors. As such, future studies employing SP1-targeted
genetic approaches are warranted to confirm its mecha-
nistic role in IH-induced pulmonary remodeling and to
better evaluate its therapeutic potential.

Conclusions

This study utilized single-cell RNA sequencing to analyze
lung tissue from mice exposed to IH, revealing significant
changes in key cell types and pathways. IH exposure led
to fibroblast differentiation linked to fibrosis and vas-
cular remodeling, monocyte/macrophage polarization
to a proinflammatory phenotype, and T-cell alterations,
particularly involving the SP1 transcription factor. These
findings improve our understanding of the mechanisms
underlying OSAHS and other IH-related pulmonary
diseases. This study also identified potential therapeutic
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targets, such as the SP1 and PPAR pathways, to address
IH-induced lung injury. Despite certain limitations, this
research provides valuable insights into the cellular and
molecular effects of IH exposure, laying the groundwork
for future therapeutic interventions.
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