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Abstract

Chronic intermittent hypoxia (CIH), a hallmark feature of obstructive sleep

apnea (OSA), is strongly implicated in the development of hepatic injury.

However, the cellular mechanisms underlying CIH-induced liver dysfunction

remain poorly understood. This study aimed to systematically characterize

hepatic cellular responses to CIH at single-nucleus resolution. A rodent model of

CIH was established and subjected to histological and transcriptomic analyses.

Single-nucleus RNA sequencing (snRNA-seq) was performed to delineate

transcriptional alterations across liver cell populations. Differentially expressed

genes (DEGs) and pathway enrichment analyses were conducted to identify key

biological processes and signaling networks affected by CIH exposure. CIH

exposure resulted in marked hepatic injury characterized by spotty necrosis and

prominent infiltration of inflammatory cells. SnRNA-seq identified ten major liver

cell types with stable composition but revealed extensive transcriptional

reprogramming across multiple hepatic subpopulations. CIH suppressed PPAR

signaling and fatty acid metabolism in hepatocytes and hepatic stellate cells and

activated AMPK and PI3K-Akt pathways related to stress response and

fibrogenic processes. Mononuclear phagocytes showed upregulation of NF-kB

signaling and complement/coagulation cascades. Endothelial cells exhibited

changes in genes associated with cytoskeletal organization and tight junctions. T

cell subpopulations displayed altered expression of genes involved in metabolic

regulation and endoplasmic reticulum stress. This study provides the first



single-nucleus transcriptomic atlas of the liver under CIH, revealing cell type-

specific molecular remodeling across hepatocytes, stromal, and immune cells.

These findings elucidate the complex cellular interplay associated with

CIH-induced hepatic injury and offer novel insights into potential therapeutic

targets for OSA-related liver dysfunction.

Keywords: obstructive sleep apnea; chronic intermittent hypoxia; hepatic injury;

single-nucleus RNA sequencing



Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder characterized by
recurrent episodes of complete or partial upper airway obstruction during sleep,
leading to chronic intermittent hypoxia (CIH) and sleep fragmentation. OSA has
a worldwide prevalence of approximately 936 million people aged 30-69 years,
with approximately 425 million people suffering from moderate to severe OSAL.
Growing evidence suggests that OSA is associated with systemic complications,
such as liver damage, especially non-alcoholic fatty liver disease (NAFLD)%3. CIH
is a major feature of OSA. Although several studies have investigated the
mechanisms underlying OSA-related liver injury using CIH animal models*6, the
precise pathways remain poorly undersiood. In particular, the molecular and
cellular processes linking CIH to hepatic damage are still being elucidated.

Single-nucleus RNA sequencing (snRNA-seq) is a powerful technique that
enables transcriptomic profiling at single-nucleus resolution, allowing the
identification of cell type-specific gene expression patterns in both normal and
diseased tissues’. Compared with conventional bulk RNA sequencing, snRNA-seq
can capture cellular heterogeneity and rare cell populations, providing a more
comprehensive understanding of tissue complexity8°. Moreover, unlike
single-cell RNA sequencing (scRNA-seq), which requires viable whole cells,
snRNA-seq isolates nuclei rather than intact cells, making it particularly suitable
for frozen or fragile tissues where cell dissociation can lead to transcriptional

artifacts or cell loss!0. In recent years, snRNA-seq has been widely applied to



investigate the cellular and molecular mechanisms underlying various diseases,
including cancer!!, metabolic disorders!?, neurodegenerative diseases!3, and
liver pathologies!4. Despite these advances, snRNA-seq has not yet been utilized
to explore the cellular landscape and molecular alterations in OSA-related liver
injury.

In this study, we applied snRNA-seq to comprehensively characterize the
liver at single-nucleus resolution in a CIH-induced rodent model of liver injury.
Our aim was to uncover cell type-specific transcriptional alterations and
potential molecular pathways involved in OSA-related hepatic injury, providing
novel insights into the pathogenesis and identifyinig potential targets for
therapeutic intervention.

Methods
Animals and subgroups

All animal prccedures were approved by the Animal Ethics Committee of
Fujian Medical University (IACUC FJMU 2022-0031) and conducted in
accordance with institutional and national guidelines for the care and use of
laboratory animals, following the ARRIVE reporting standards. Twelve male
Sprague-Dawley rats (8 weeks old) were purchased from the Laboratory Animal
Center of Fujian Medical University. The rats were acclimatized for one week
under standard housing conditions (12:12 h light-dark cycle) with free access to
food and water. After acclimatization, the rats were allocated into two groups via

computer-based randomization: normoxia control (NC) and CIH, with n = 6 each



group.
Intermittent hypoxia (IH) exposure

The IH cycle consisted of four sequential phases, as previously described: a
120-second gradual decrease in oxygen concentration from 21% to 6%, followed
by a 30-second period of sustained hypoxia at 6% Oz, a rapid 10-second
reoxygenation back to 21%, and a 20-second normoxic phase!>. Rats in the CIH
group underwent daily 8-hour cyclic hypoxia, with the exposure scheduled from
08:00 to 16:00 during the light phase. Rats in the NC group were exposed to
room air under normoxic conditions for the same daily duration. After 12 weeks
of modeling, the animals were euthanized for liver sample collection via
intraperitoneal injection of pentobarbital sodium (50 mg/kg).
Hematoxylin-eosin (HE) staining

Samples were fixed in 10% neutral-buffered formalin for 24 hours at room
temperature, followed by dehydration through a graded ethanol series, clearing
in xylene, and embedding in paraffin. Paraffin-embedded liver blocks were
sectioned at 4 pm thickness using a microtome and mounted on glass slides.
Sections were deparaffinized in xylene, rehydrated through a descending ethanol
series to distilled water, and stained with hematoxylin for 5 minutes, followed by
eosin for 2 minutes. Stained sections were dehydrated, cleared, and coverslipped
with a mounting medium. Liver sections were examined under an Olympus BX50
optical microscope (Olympus, Tokyo, Japan) at 100x magnification, and

histological scoring was performed by a pathologist blinded to the rats’ group



assignments.

Nuclei Isolation and Sorting

From each group of six rats, three liver samples were randomly selected for

downstream sequencing. Liver tissues were harvested and we washed them in

pre-chilled PBSE (PBS with 2 mM EGTA) to remove blood and debris. We then

isolated nuclei following the manufacturer’s instructions for GEXSCOPE®

Nucleus Separation Solution (Singleron Biotechnologies, Nanjing, China). After

isolation, nuclei were resuspended in PBSE to a concentration of 10° nuclei per

400 pl, filtered through a 40 pm strainer, and enumerated using Trypan blue. To

evaluate nuclei quality, the enriched nuclei were stained with DAPI (1:1,000;

Thermo Fisher Scientific). Only nuclei with >80% integrity and <20%

non-nuclear debris, with a total count exceeding 50,000 per sample, were used

for downstream library preparation.

SnRNA-seq library preparation

The concentration of single-nucleus suspensions was set at 3-4 x 10°

nuclei/mL. in PBS and then loaded onto a microfluidic chip wusing the

GEXSCOPE® SnRNA-seq Kit (Singleron Biotechnologies, Nanjing, China)

according to the manufacturer’s instructions. Library preparation —

encompassing barcoding, reverse transcription, and amplification — was carried

out subsequently. The snRNA-seq libraries were sequenced on an Illumina

NovaSeq 6000 platform, generating 150 bp paired-end reads.

Primary analysis of raw read data



To generate gene expression profiles, raw reads were analyzed using
CeleScope v2.0.7 (Singleron Biotechnologies) under default settings. Barcodes
and UMIs were extracted and corrected from R1 reads, while adapter sequences
and poly-A tails were removed from R2 reads, which were then aligned to the
mRatBN7.2 (rattus ensembl 111) transcriptome using STARSolo in STAR
v2.7.11a. The key parameters for STARsolo included --outFilterMatchNmin 50,
whereas --outFilterMismatchNmax was kept at the default value of 10.
Successfully assigned reads with identical cell barcodes, UMIs, and genes were
combined to generate the gene expression matrix for subsequent analyses.
Quality control, dimension-reduction and clustering

For each sample dataset, cells and genes were filtered based on the
following thresholds: cells with <200 genes or in the top 2% of gene counts, cells
in the top 2% of UMI counts, cells with >10% mitochondrial content, and genes
expressed in fewer than 5 cells were excluded. After filtering, 71,831 cells
remained for subsequent analyses, averaging 3,285 genes and 1,409 UMIs per
cell. The raw counts were normalized per cell and log-transformed to produce
the normalized expression matrix. Using flavor = 'seurat’, the top 2,000 variable
genes were selected, and PCA was applied to the scaled matrix, with the top 20
components employed for clustering and dimensional reduction. Data integration
and batch effect correction were performed using the Harmony algorithm!6.
Using the Louvain algorithm with a resolution of 1.2, cells were partitioned into

22 clusters. We visualized cell clusters using UMAP, performing the final



visualization on the batch-corrected dataset to confirm that the observed
clustering represented genuine biological variation. Quality control,
dimensionality reduction, and clustering were performed using Scanpy v1.8.2.
Differentially expressed genes (DEGs) analysis

We defined genes as differentially expressed if they were expressed in more
than 10% of cells within a cluster and had an average log (Fold Change)
exceeding 0.25. For cell-type annotation, canonical marker genes among the
DEGs were cross-referenced with relevant literature. DEGs were identified using
the FindMarkers function in Seurat, applying the Wilcoxon rank-sum test with
default parameters. Doublet cells, characterized by the co-expression of markers
from multiple cell types, were manually identified and excluded from further
analysis.
Cell type annotation

Cell type identities for each cluster were determined by integrating the
expression of canonical marker genes identified among the DEGs with
information from the SynEcoSys database. The expression patterns of these
marker genes were visualized using heatmaps, dot plots, and violin plots
generated with the DoHeatmap, DotPlot, and VInPlot functions in Seurat v3.1.2.
Pathway enrichment analysis

We performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses!’19 using the clusterProfiler R package (v3.16.1) to

investigate the potential functions of the DEGs. All KEGG-related figures were



generated by the authors based on pathway annotation and enrichment results,

without reproducing KEGG pathway maps or original KEGG database images.

Pathways with p-adj < 0.05 were regarded as significantly enriched, and GO

gene sets were analyzed across MF, BP, and CC categories.

Statistical Analysis

Data are presented as mean *= standard deviation (SD). Comparisons

between two groups were performed using an unpaired Student’s t-test, with p <

0.05 considered statistically significant. Statistical analyses were conducted

using GraphPad Prism (version 8.0.1; GraphPad Software, San Diego, CA, USA;

https://www.graphpad.com).

Results

Effect of CIH on rat liver histologv

To investigate the effect of CIH on rat liver at both the cellular and

histological levels, we performed snRNA-seq and histological analysis. The

overall study workflow is illustrated in Figure 1A. Liver tissues were collected

from rats in the NC and CIH groups, and snRNA-seq was performed.

Downstream analyses included quality control, data normalization, feature

selection, cell annotation, dimensionality reduction, clustering to construct a

single-nucleus atlas, as well as differential expression and functional enrichment

analyses. HE staining revealed clear histological differences between the groups

(Figure 1B). In the NC group, liver architecture remained intact, with regularly

arranged hepatocytes and no evident inflammatory infiltration or structural



abnormalities. By contrast, livers from CIH-exposed rats exhibited marked

histological changes, including spotty necrosis within hepatic lobules (arrow,

lower-left panel) and prominent inflammatory cell infiltration mainly restricted to

portal tracts (arrow, lower-right panel). These results indicate that CIH induces

marked histological changes in rat liver.

Impact of CIH on the single-nucleus transcriptomic landscape of rat liver

After quality control filtering, we obtained 37,973 and 33,858 high-quality

single nuclei from the NC and CIH groups, respectively. We distinguished and

characterized ten liver cell populations by unsupervised clustering analysis,

including Hepatocytes, Endothelial cells (ECs), Fibroblasts, Mural cells

(predominantly hepatic stellate cells, HepSCs), Plasma cells, B cells, T and NK

cells, Neutrophils, Mononuclear phagocytes (MPs), Plasmacytoid dendritic cells

(pDCs) (Figure 2A-C). In Figure 2D and E, the top 10 and top 3 DEGs across all

cell types were displayed, highlighting the distinct transcriptomic features of the

ten cell types. Additionally, we analyzed the proportion changes in each hepatic

cell subpopulation between the two groups. The results demonstrated that the

main cell type in rat liver tissue remained proportionally stable, and the

proportions of other immune and stromal cells also didn't change (Figure 2F-G).

In addition to these major populations, a small epithelial subset expressing

cholangiocyte-associated markers (Cftr, Epcam, Krt7, Mmp7, and Sox9) was

observed and visualized by FeaturePlot analysis (Supplementary Figure S1).

Hepatocytes and HepSCs



Next, we investigated the impact of CIH on hepatocytes. Eight hepatocytes

subpopulations were identified, including Hepatocytes Cxcll,
Hepatocytes Cyp7al, Hepatocytes Igfbpl, Hepatocytes Mt - atp6,
Hepatocytes Obp3, Hepatocytes Pigr, Hepatocytes Slc27a2, and

Hepatocytes Slc7a2 (Figure 3A, B). After CIH treatment, the proportions of

Hepatocytes Mt - atp6, Hepatocytes Obp3, and Hepatocytes Pigr

subpopulations declined, while those of Hepatocytes Cxcll, Hepatocytes Cyp7al,

Hepatocytes Igfbpl, Hepatocytes Slc27a2, and Hepatocytes Slc7a2

subpopulations increased (Figure 3C). The most significant DEGs among

hepatocytes subpopulations were visually depicted in Figure 3D[JE. GO and KEGG

pathway analyses of these DEGs are presented in Figure 3F - I. The up-regulated

DEGs were primarily enriched in KEGG pathways involved in Complement and

coagulation cascades, glycine, serine and threonine metabolism, and AMPK

signaling pathway (Figure 3H). The down-regulated DEGs were mainly enriched

in KEGG pathways related to metabolic processes (e.g., insulin resistance, fatty

acid metabolism, and steroid hormone biosynthesis) and signaling/transduction

and stress responses (e.g., PPAR signaling pathway and chemical carcinogenesis)

(Figure 3I).

HepSCs were clustered into five main subgroups: HepSCs Itm2b,

HepSCs Mt-col, HepSCs Oca2, HepSCs Svepl, and HepSCs Thbsl (Figure 4A,

B). Differences in subpopulation distribution existed between the NC and CIH

groups (Figure 4C). The most representative DEGs in the HepSCs



subpopulations are visualized in Figure 4D, E. Furthermore, we performed an

enrichment analysis to explore the functional characteristics of HepSCs (Figure

4F - I). KEGG analysis showed that up-regulated DEGs in HepSCs subpopulations

were linked to PI3K - Akt and cGMP - PKG signaling pathways, focal adhesion,

and collagen - receptor interaction (Figure 4H)[Jwhile down-regulated DEGs were

associated with fatty acid metabolism, steroid hormone biosynthesis, the PPAR

signaling pathway, and chemical carcinogenesis-DNA adducts, etc (Figure 4I).

MPs and ECs

Cluster analysis of hepatic MPs revealed seven subpopulations: Kupffer cells

(KCs), Monocytes, cDC1, cDC2, (Figure 5A, B), with KCs constituting the

predominant component. This aligns with their role as the primary resident

macrophages in liver sinusoids. Differences in the clustering distribution

between the NC and CIH groups were observed (Figure 5C). Figure 5D and E

show the most significantly DEGs in the MPs subpopulations. Results of GO and

KEGG analyses are presented in Figure 5F - H. Up-regulated DEGs were

associated with the complement and coagulation cascades, NF-kappa B signaling

pathway and AMPK signaling pathway (Figure 5H).

Three distinct ECs subpopulations were identified: arterial ECs (AECs), liver

sinusoidal ECs (LSECs), and venous ECs (VECs) (Figure 6A, B). It was found that

the NC and CIH groups had different clustering distribution (Figure 6C). Figure

6D and E visually illustrate the most significant DEGs in ECs. Functional

enrichment analysis was performed to clarify the biological functions (Figure 6F



- I). Up-regulated DEGs were primarily enriched in Complement and coagulation

cascades, Primary bile acid biosynthesis, Fatty acid degradation, and cytochrome

P450, etc (Figure 6H). Down-regulated DEGs were primarily associated with the

KEGG pathways associated with leukocyte transendothelial migration, tight

junction, platelet activation, and Hippo signaling pathway, etc (Figure 6I).

T cell

Three distinct T cell subpopulations were identified, which showed different

proportional distributions (Figure 7A-C). The most significant DEGs in T cells are

shown in Figure 7D, E. The molecular functions, cellular components, biological

processes, and KEGG pathways of T cells are presented in Figure 7F-I. KEGG

pathway analysis indicated that up-regulated DEGs were enriched in pathways

such as complement and coagulation cascades, nicotinate and nicotinamide

metabolism and steroid hormone biosynthesis (Figure 7H), while down-regulated

DEGs were associated with Antigen processing and presentation, Estrogen

signaling pathway, and Protein processing in endoplasmic reticulum (Figure 71I).

Discussion

This study utilized snRNA-seq to comprehensively investigate the impact of

CIH on the liver in a rodent model. The results demonstrated significant

alterations in both pathological histology and the functional characteristics of the

liver microenvironment following CIH exposure. Histological analysis revealed

that CIH induced substantial liver injury, characterized by spotty necrosis

accompanied by prominent infiltration of inflammatory cells. Transcriptomic



profiling identified 10 distinct liver cell types; however, the composition of these
clusters showed no change under CIH conditions. This lack of shift may be
associated with the liver's robust metabolic adaptability and compensatory
mechanisms. Subpopulation analysis further unveiled cell-type-specific
transcriptional changes across various liver cell populations. Key findings
include: suppression of PPAR signaling pathway and fatty acid metabolism in
hepatocytes and HepSCs, inflammatory activation and enhanced oxidative stress
in KCs, disassembly of the endothelial cytoskeleton and disruption of cellular
junctions in ECs. These findings provide crucial insights into the complex
interplay between CIH and the liver microenvironment and identify potential
novel therapeutic targets.

A growing body of evidence indicates an association between OSA and liver
injury. Krolow et al. 20 demonsirated moderate-to-severe OSA is associated with
an increased risk of developing liver fibrosis, independent of obesity. A
retrospective study of 410 individuals revealed that OSA severity is a risk factor
for NAFLD and liver fibrosis?!. Furthermore, in our analysis of 19,362
participants, the presence of sleep apnea was significantly correlated with
elevated liver enzymes and liver steatosis, and a dose-response relationship was
observed between sleep apnea severity and these liver alterations22. These
results collectively demonstrate a robust and autonomous link between OSA and
deteriotation of liver function in populations.

Prior studies have established a link between CIH and hepatic injury in



animal models*523, In a study exposing rats to combined high-fat diet and CIH
conditions, CIH exposure for 9 weeks significantly increased serum
transaminases and myeloperoxidase levels compared to high-fat diet controls
without CIH. Histological analysis further revealed evidence of hepatic
inflammation and fibrosis23. Savransky V et al.> demonstrated that CIH induced
hepatocyte swelling, lobular spotty necrosis, and enhanced activity of hepatocyte
nuclear factor (NF)-xkB. Additionally, @CIH markedly exacerbated
acetaminophen-induced hepatotoxicity, leading to fulminant hepatocellular injury.
Another investigation indicated that CIH may provoke hepatic injury in rats
through oxidative stress, concomitant with activation of the pro-inflammatory
transcription factor NF-kB. Notably, the antioxidant tempol attenuated
CIH-induced liver damage by counteracting oxidative stressErrer! Reference source not
found. " Collectively, these findings implicate OSA and its associated CIH in the
pathogenesis of liver injury. Consistent with these reports, our study confirms
that CIH exposure induces hepatic injury characterized by hepatocyte necrosis
accompanied by prominent infiltration of inflammatory cells. Concomitantly,
through snRNA-seq, we dissected gene expression profiles at the individual cell
level across hepatic subpopulations. This approach enables more precise
delineation of the molecular mechanisms underlying CIH-induced hepatic
pathology.

Our study indicates that CIH exposure significantly affects hepatocytes and

HepSCs. CIH altered hepatocyte transcriptional profiles, promoting stress



response and energy regulation (complement/coagulation cascades, AMPK
signaling) while suppressing key metabolic functions (insulin resistance, fatty
acid metabolism, PPAR signaling), which may be involved in liver dysfunction
under CIH. Our finding that the AMPK signaling pathway is significantly
up-regulated in hepatocyte subpopulations after CIH exposure is consistent with
previous reports showing hypoxia-induced AMPK activation in multiple tissues
including liver?¢. Moreover, the observed enrichment of glycine, serine and
threonine metabolism pathways aligns with transcriptomic and metabolomic
evidence of amino acid metabolic disturbance in the liver under chronic
hypoxia2°. In addition, hypoxia has been shown to inhibit hepatic PPARa via ERK
signaling, leading to impaired fatty acid B-oxidation and promoting fatty liver26.
Our enrichment results showing up-regulation of PI3K-Akt, focal adhesion and
collagen-receptor interaction pathways in HepSC subpopulations align with prior
work on HepSC activation and liver fibrosis, where PI3K/Akt signaling is
essential for HepSCs proliferation and extracellular matrix (ECM) production. A
study found that inhibition of PI3K in HepSCs reduced collagen expression and
migration?’. Moreover, focal adhesion components such as FAK, vinculin and
talin are significantly increased during HepSCs activation, facilitating increased
cell-matrix interaction and ECM remodeling2829. Conversely, reduced fatty acid
metabolism and PPAR signaling observed in our data align with previous studies
linking impaired PPARa activity to hepatic lipid dysregulation and fibrogenesis,

suggesting a potential association between metabolic alterations in HepSCs and



disease progression3?. Taken together, these data support a model in which
HepSCs under fibrogenic stress shift from metabolic maintenance functions
toward pro-fibrotic, matrix-remodeling programs.

MPs exhibited abnormal activation of complement/coagulation cascades and
NF-kB signaling, suggesting a pro-inflammatory and pro-coagulant
transcriptional profile that may be associated with CIH-related liver injury and
fibrosis. Hepatic macrophage NF-kB activation was shown to induce liver
fibrosis3!.32, and macrophage AMPK signaling has been linked to regulation of
macrophage metabolism and inflammation33. Up-regulated DEGs in liver
endothelial cells were enriched in fatty acid degradation and cytochrome P450
pathways, consistent with the unique metabolic and detoxification functions of
LSECs34. Down-regulated DEGs were associated with leukocyte transendothelial
migration, tight junction, and Hippo signaling pathways, reflecting alterations in
endothelial barrier function and signaling that may impact immune cell
trafficking and endothelial-mesenchymal transition during liver stress35.36 . Qur
observation that up-regulated DEGs in T cell subpopulations are enriched in
complement and coagulation cascades is in line with the established role of
complement in bridging innate and adaptive immunity3’. Meanwhile, the
down-regulation of genes in endoplasmic reticulum (ER) protein processing
pathways may reflect suppressed unfolded protein response (UPR) or ER stress
tolerance in T cells under stress, consistent with the literature showing that ER

stress modulates T cell activation and effector function38. Together, these results



suggest that these T cell subgroups might undergo both immune regulatory

shifts and metabolic/ER stress adaptations under experimental conditions.

To the best of our knowledge, this is the first study employing a

snRNA-seq-based transcriptomic approach to investigate the pathophysiological

mechanisms underlying CIH-induced liver injury. However, several limitations

should be noted. First, the experimental design and findings were based on a

rodent model of CIH, which may not fully capture the complexity of human OSA

and liver injury comorbidities. Second, the analysis focused on transcriptomic

data; further studies incorporating proteomic and metabolomic analyses are

necessary to fully elucidate the underlying mechanisms. Third, although

differentially expressed genes and related pathways were identified, our findings

are hypothesis-generating in nature, and functional and mechanistic studies will

be required to establish causal links between these transcriptional alterations

and CIH-associated hepatic dysfunction. Finally, given the limited number of

biological replicates, analyses of cell subpopulation proportions were intended to

provide descriptive insights rather than formal statistical inference.

In conclusion, this study established a snRNA-seq transcriptomic atlas of the

liver under CIH, systematically revealing dynamic remodeling features in

hepatocytes and immune cells. By precisely identifying injury patterns and

immune activation states in specific cell types during CIH exposure, it provides a

pivotal theoretical foundation for the molecular mechanisms underlying

OSA-associated liver injury. These discoveries not only offer deeper insights into



the pathological mechanisms of OSA-related liver damage at the cellular level

but also lay the scientific groundwork for developing targeted therapeutic

strategies to alleviate CIH-induced hepatic dysfunction.
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Legends

Figure 1. Effect of CIH on rat liver histology and single-nucleus transcriptomic

analysis. (A) Experimental design and workflow for snRNA-seq analysis in rat

liver, including group assignment, nuclei isolation, sequencing, quality control,

normalization, feature selection, dimensionality reduction, clustering, cell

annotation, and downstream analyses including differential gene expression and

functional enrichment. (B) Representative hematoxylin and eosin staining of liver

sections from NC and CIH groups. Scale bars = 50 ym.

Figure 2 Overview of the 71,831 single nuclei isolated from the liver of NC and

CIH rats (n=3). (A) UMAP plot of liver cell clusters colored by experimental

group (NC vs. CIH), illustrating the distribution of cells from each group. (B)

UMAP plot of liver cell clusters colored by each sample. (C) UMAP plot of liver

cell clusters colored by distinct cell types (D) Heatmap showing the expression

patterns of marker genes across different cell clusters. (E) Bubble plot of the top

3 DEGs among all cell types. (F)The proportion of cell subpopulations in the NC

and CIH groups (G) Comparisons of cell subpopulation proportions between NC

and CIH groups. Data are shown as the mean+SD. Statistical significance was

“« ”

determined using an unpaired two-tailed Student’s t-test. “ns” indicates no

significant difference.

Figure 3 Effects of CIH on hepatocyte subpopulations in rat liver (n=3). (A)

UMAP plot showing eight hepatocyte subpopulations identified from snRNA-seq

data: Hepatocytes Cxcll, Hepatocytes Cyp7al, Hepatocytes Igfbpl,



Hepatocytes Mt-atp6, Hepatocytes Obp3, Hepatocytes Pigr,

Hepatocytes Slc27a2, and Hepatocytes Slc7a2. (B) UMAP plot showing

hepatocytes derived from the NC and CIH groups. (C) Proportional distribution

of hepatocyte subpopulations between the NC and CIH groups. (D) Heatmap

showing the top DEGs across the eight hepatocyte subpopulations. (E) Violin plot

showing the expression of representative marker genes in each hepatocyte

subpopulation. (F) GO enrichment analysis of up-regulated DEGs in hepatocytes

between the CIH and NC groups. (G) GO enrichment analysis of down-regulated

DEGs in hepatocytes between the CIH and NC groups. (H) KEGG pathway

enrichment analysis of up-regulated DEGs in hepatocytes. (I) KEGG pathway

enrichment analysis of down-regulated DEGs in hepatocytes.

Figure 4 Effects of CIH on HepSC subpopulations in rat liver (n=3). (A) UMAP

plot of clusters representing HepSC subpopulations, including HepSCs Itm?2b,

HepSCs Mt-col, HepSCs Oca2, HepSCs Svepl, and HepSCs Thbsl. (B) UMAP

plot showing hepatic stellate cell derived from the NC and CIH groups. (C)

Proportional distribution of HepSC subpopulations between the NC and CIH

groups. (D) Heatmap showing the top DEGs across the HepSC subpopulations. (E)

Violin plot showing the expression of representative marker genes in each

HepSC subpopulations. (F) GO enrichment analysis of up-regulated DEGs in

HepSCs between the CIH and NC groups. (G) GO enrichment analysis of

down-regulated DEGs in HepSCs between the CIH and NC groups. (H) KEGG

pathway enrichment analysis of up-regulated DEGs in HepSCs. (I) KEGG



pathway enrichment analysis of down-regulated DEGs in HepSCs.

Figure 5 Effects of CIH on MP subpopulations in rat liver (n=3). (A) UMAP plot

of clusters representing MP subpopulations, including KCs, Monocytes, cDC1,

cDC2. (B) UMAP plot showing MPs derived from the NC and CIH groups. (C)

Proportional distribution of MP subpopulations between the NC and CIH groups.

(D) Heatmap showing the top DEGs across the MP subpopulations. (E) Violin plot

showing the expression of representative marker genes in each MP

subpopulations. (F) GO enrichment analysis of up-regulated DEGs in MPs

between the NC and CIH groups. (G) GO enrichment analysis of down-regulated

DEGs in MPs between the NC and CIH groups. (H) KEGG pathway enrichment

analysis of up-regulated DEGs in MPs.

Figure 6 Effects of CIH on EC subpopulations in rat liver (n=3). (A) UMAP plot of

clusters representing EC subpopulations, including AECs, LSECs, and VECs. (B)

UMAP plot showing ECs derived from the NC and CIH groups. (C) Proportional

distribution of EC subpopulations between the NC and CIH groups. (D) Heatmap

showing the top DEGs across the EC subpopulations. (E) Violin plot showing the

expression of representative marker genes in each EC subpopulations. (F) GO

enrichment analysis of up-regulated DEGs in ECs between the CIH and NC

groups. (G) GO enrichment analysis of down-regulated DEGs in ECs between the

CIH and NC groups. (H) KEGG pathway enrichment analysis of up-regulated

DEGs in ECs. (I) KEGG pathway enrichment analysis of down-regulated DEGs in

ECs.



Figure 7 Effects of CIH on T cell subpopulations in rat liver (n=3). (A) UMAP plot

of cells colored by cluster, identifying three T cell subpopulations: ProliferatingT,

CD8NaiveT, and CD8Teff. (B) UMAP plot showing T cell derived from the NC and

CIH groups. (C) Proportional distribution of T cell subpopulations between the

NC and CIH groups. (D) Heatmap showing the top DEGs across the T cell

subpopulations. (E) Violin plot showing the expression of representative marker

genes in each T cell subpopulation. (F) GO enrichment analysis of up-regulated

DEGs in T cell between the NC and CIH groups. (G) GO enrichment analysis of

down-regulated DEGs in T cell between the NC and CIH groups. (H) KEGG

pathway enrichment analysis of up-regulated DEGs in T cell. (I) KEGG pathway

enrichment analysis of down-regulated DEGs in T cell.
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oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, NAD(P)H as one donor, and incorporation of one atom of oxygen
pyridoxal phosphate binding -
monoorygenase actviy { N
witamin 86 bincing { NN
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Complement and coagulation cascades
Nicotinate and nicotinamide metabolism
Steroid hormone biosynthesis

Count
Glucagon signaling pathway { [N 175
é Arginine biosynthesis i:‘:
§ Chemical carcinogenesis - DNA adducts 100
FoxO signaling pathway - [ 75

Carbon metabolism - N 50

AMPK signaling pathway
Linoleic acid metabolism
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ysosomal membrane { N
ytic vacuole membrane { [ N
growth cone | I
protein folding chaperone { NG
unfolded protein binding{ NN
ubiquitin protein ligase binding { GG
ubiquitin-ike protein ligase binding{ N
peptide binding { I
GTP binding { NN
guanyl ribonucleotide binding { I
quanyl nucleotide binding { NN
amide binding { NN
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Estrogen signaling pathway 4.00
§‘ Protein processing in endoplasmic reticulum 375
'E Lipid and atherosclerosis 350
Chemical carcinogenesis - receptor activation 325
Endocytosis 300
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