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Background: Adenomyosis is a chronic gynecological disorder characterized by

the invasion of endometrial tissues into the myometrium of the uterus, with

pathophysiology linked to chronic inflammation and metabolic dysregulation.

However, the understanding of the molecular mechanisms and underlying

pathologies remains limited. This study aims to elucidate the metabolic

reprogramming and immune dysregulation within the eutopic endometrium

from patients diagnosed with adenomyosis, and identify potential therapeutic

targets or diagnostic indicators.

Methods: We analyzed publicly available microarray (GSE78851), bulk RNA-seq

(GSE193928) and single-cell RNA-seq (Human Endometrial Cell Atlas) datasets to

explore the microenvironment of eutopic endometrium from adenomyosis

patients. Transcriptomic differences were assessed in GSE78851 (3 adenomyosis

versus 5 controls), followed by immune composition and metabolic flux analysis.

Findings on immune infiltration and metabolic changes were further validated in

GSE193928 (6 adenomyosis versus 15 controls after quality control). Metabolic flux

analysis was further extended to single-cell RNA sequencing data derived from

endometrial samples of 63 donors. Key genes involved in keratan sulfate

biosynthesis were further validated by RT-qPCR and immunofluorescence

staining on endometrial biopsy samples.

Results: Our study revealed widespread reprogramming in eutopic adenomyosis

endometrium, characterized by enhanced immune-related pathways, reductionofM2

macrophage abundance, and disrupted metabolic processes. Further investigation of

scRNA-seq data highlighted the cell type-specific metabolic profiles and immune-

metabolic interplay within the endometrial microenvironment. Notably, the

dysfunction of keratan sulfate biosynthesis, coupled with reduced M2 macrophage

level, emerged as a consistent feature. Importantly, four key genes involved in keratan

sulfate biosynthesis, including CHST1, CHST6, B4GALT1, and B3GNT2, were

upregulated in eutopic endometrium compared to controls, suggesting their

potential role in the pathophysiology of the disease.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2025.1602814/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1602814/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1602814/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1602814/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2025.1602814&domain=pdf&date_stamp=2025-11-20
mailto:syun163@163.com
mailto:hugo.vankelecom@kuleuven.be
https://doi.org/10.3389/fendo.2025.1602814
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2025.1602814
https://www.frontiersin.org/journals/endocrinology


Bian et al. 10.3389/fendo.2025.1602814

Frontiers in Endocrinology
Conclusions: This study identifies dysregulation of keratan sulfate biosynthesis as a

central feature of adenomyosis and links it to reducedM2macrophage abundance

and immune-metabolic imbalance. Validation of four keratan sulfate related genes

strengthens their potential as biomarkers or therapeutic targets, providing novel

mechanistic insight into the pathogenesis of adenomyosis.
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1 Introduction

Adenomyosis is a common benign gynecological disease and a

serious global health burden, characterized by the growth of

endometrial tissue within the muscular layer of the uterus (1).

Women with adenomyosis suffer from a series of symptoms, such as

dysmenorrhea and abnormal uterine bleeding, and are at increased

risk of infertility (2). The initiation and progression of adenomyosis

constitute a series of complex biological processes involving

multiple molecular dysregulations. It has long been hypothesized

that adenomyosis is a composite result of intrinsic factors (such as

retrograde menstruation and coelomic metaplasia) and external

injuries (3).

Recently, adenomyosis has been increasingly recognized as a

disease with disordered immune balance at both systemic and local

levels (4). The dysregulated immune cells exert their effect by direct

cell-cell interactions and the secretion of cytokines and growth

factors. This altered immune landscape significantly impacts the

behavior of adjacent cells, driving the processes such as

angiogenesis (5), and epithelial-mesenchymal transition (EMT) (6).

Interaction of macrophages and endometrial cells induces epithelial-

mesenchymal transition-like processes in adenomyosis (6), fibrosis

formation (7), and ultimately creates a cycle of tissue damage and

repair. While most studies focus on immune alteration within eutopic

endometrium, the findings remain inconsistent and inconclusive. For

instance, some studies reported variations in the number of natural

killer cells within eutopic adenomyosis endometrium, while others

indicated no significant changes (8–10). However, functional studies

on the specific immune cell subtypes often yielded conflicting results

and a systemic characterization of the uterine immune

microenvironment underlying disease pathology is lacking.

Additionally, conflicting evidence also exists regarding cytokine

profiles, where both pro-inflammatory and anti-inflammatory

cytokines were found at increased levels within eutopic or ectopic

endometrium (11–13). This paradoxical evidence underscores the

intricate and dynamic nature of the local immune environment in

adenomyosis, which can vary depending on the genetic differences

and disease stages. On the other hand, these discrepancies are also
02
likely attributable to the inaccuracy of traditional methods, such as

quantitative reverse transcription polymerase chain reaction (qRT-

PCR) and immunohistochemistry (IHC), which rely on the

measurement of a limited number of immune cell marker genes.

These approaches often fail to provide a comprehensive and reliable

assessment of the immune landscape in adenomyosis. To address

this gap, advanced high-throughput sequencing technologies, such

as transcriptomics, are needed to investigate the molecular

variations and immune alterations within adenomyosis.

Notably, recent emerging studies have revealed significant

alterations in metabolic processes within uterine diseases, such as

cervical cancer and endometriosis, offering new insights into the

underlying pathogenesis (14, 15). However, the application of

metabolomics to explore global metabolic variations associated with

adenomyosis remains limited. One study assessing the serummetabolic

profiles observed a distinct metabolic signature in individuals

diagnosed with adenomyosis, characterized by lower concentrations

of 3-hydroxybutyrate, glutamate and serine compared with controls

(16). Another study identified numerous altered metabolites related to

oxidative stress, inflammation, cell proliferation and energy production

within the myometrium of women with adenomyosis, by gas

chromatography coupled with mass spectrometry (GC-MS) and

ultra-high performance liquid chromatography coupled with mass

spectrometry (UHPLC-MS) (17).

Despite the fact that immune and metabolic dysregulation in

adenomyosis has been studied individually, there is still a notable

lack of research focus on the interplay between these two systems

within eutopic adenomyosis endometrium. How metabolic changes

influence immune responses—or vice versa—has yet to be fully

elucidated. In oncology research, however, the interplay between

immune system and metabolism have been well-documented (18).

For instance, Leone et al. demonstrated that the blockade of

glutamine could reshape cancer cell metabolic programs, thereby

enhancing anti-tumor response (19). Similarly, Yan et al. showed

that cholesterol deficiency can lead to T cell exhaustion and

dysfunction in the cancer context, thus contributing to the

progression of disease (20). Considering the insights from the

tumor field and the central role of both immune and metabolic
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alterations, it is valuable to investigate the immune-metabolic

crosstalk within the context of adenomyosis, a topic which is still

under-explored.

In this study, we aimed to elucidate the disrupted immune

landscape and metabolic microenvironment in the eutopic

endometrium of adenomyosis, as well as the interplay between the

two components. To achieve this goal, we analyzed microarray, bulk

RNA-sequencing and single-cell RNA sequencing data using both in

silico approaches and experimental validation. We specifically

focused on M2 macrophages, keratan sulfate biosynthesis, and the

key genes involved in this pathway. The current study provides novel

insights into the immune-metabolic crosstalk in adenomyosis,

highlighting potential molecular targets for therapeutic intervention.
2 Methods

2.1 Acquisition and processing of
microarray and bulk RNA-seq data

The overall workflow of this study is depicted in Figure 1. The

microarray dataset GSE78851 in CEL format was downloaded from

GEO (https://www.ncbi.nlm.nih.gov/geo/). The microarray dataset

comprises 3 eutopic endometrium biopsies (endometrium

obtained from patients diagnosed with adenomyosis) and 5

normal endometrium biopsies (endometrium obtained from

healthy women without adenomyosis). Raw CEL files were

imported into the R and processed with the “oligo” (version

1.68.2) package, which supports various Affymetrix platforms.

Background correction, normalization, and probe summarization

was carried out using the Robust Multichip Average (RMA)

method. The probe was annotated using the package

“hugene10sttranscriptcluster.db” (version 8.8.0) to ensure accurate

mapping to gene identifiers. Principal Component Analysis (PCA)

was performed using the package “FactoMineR” (version 2.11), and

visualized with “factoextra” (version 1.0.7). The RNA-seq data in

fastq format of GSE193928 was downloaded from European

Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home),

fol lowed by quantifying against the human reference

transcriptome ENSEMBL v87 using Salmon (21). From the

original dataset, only adenomyosis and control samples were

included. Following quality control, four outliers were excluded,

yielding a final dataset of 6 adenomyosis samples and 15

control samples.
2.2 Identification of DEGs and functional
enrichment analysis

Differential expression analysis was performed with the

“limma” (version 3.60.4) package, incorporating empirical Bayes

moderation to enhance statistical robustness. Genes meeting

criteria of |Fold Change| > 1.5 and p-value < 0.05 (Benjamini-

Hochberg correction) were considered significant. To analyze the

enriched pathways, we used the R package “clusterProfiler” (version
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4.8.2) (22). For gene set enrichment analysis (GSEA), all detected

genes were ranked according to Log2Fold Change in descending

order and subsequently used as input. Pathway databases utilized

included KEGG (23) and WikiPathways (24). Pathways with a

p-value < 0.05 were regarded as significantly enriched.
2.3 Immune decomposition analysis

For CIBERSORT analysis, the R package “CIBERSORT” (version

0.1.0) was used to calculate the estimated immune cell proportion (25).

The gene expression data was used as input with the LM22 signature

matrix applied for cell-type deconvolution. For xCell analysis, the

website tool xCell (https://comphealth.ucsf.edu/app/xcell) was used

to deconvolute the immune and stromal cell composition of the

endometrial samples based on gene expression data (26).
2.4 Gene set variation analysis

Gene Set Variation Analysis (GSVA) was performed to assess

the variation in pathway activity across samples in the microarray

data. The analysis was conducted using the R package “GSVA”

(version 1.52.3) (27). KEGG pathway gene sets were retrieved using

the KEGGREST (version 1.44.1) package, focusing on all human

pathways with particular emphasis on metabolism pathways.

Statistical comparisons between adenomyosis and control groups

were conducted using Student’s t-tests for individual pathways.

Statistical significance was defined as p < 0.05.
2.5 Acquisition and processing of single
cell RNA-seq data

We obtained the annotated and precomputed (UMAP)

endometrial scRNA-seq dataset from the web portal of

Reproductive Cell Atlas (https://www.reproductivecellatlas.org/

endometrium_reference.html), which contains about 314,000 cells

from 63 donors (28). Then, we conducted quality control of the

dataset, excluded the cells derived from the patients after taking

hormones, irrelevant cell types (e.g., cells derived from the cervix,

red blood cells). As a result, we got a dataset with a total of 238,211

cells and 17,736 genes. Further downstream analysis and

visualization were conducted with Seurat workflow. Specifically,

we visualized the dataset using the R package “dittoSeq” (version

1.14.3) and “scCustomize” (version 3.0.0).
2.6 METAFlux analysis

METAFlux analysis was conducted according to the standard

pipeline using the R package “METAFlux” (version 0.0.0.9000) (29).

Firstly, we calculate themetabolic reaction activity score for each sample,

which was subsequently used as the input for flux calculation. The

calculation of flux was conducted using human blood as the medium,

providing a physiologically relevant environment for the metabolic
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reactions under investigation. For the single cell RNA-sequencing data,

average expression level was calculated for each distinct cell type, and

then used as input for determining metabolic reaction activity score.

Relative changes in metabolic pathway activity were calculated, with

pathways showing differences > 0.1 classified as upregulated and those

with differences < -0.1 classified as downregulated.
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2.7 RNA extraction and RT-qPCR

Endometrial biopsy samples from patients diagnosed with

adenomyosis and healthy controls were collected using a Pipelle

device after obtaining written informed consent from all participants.

The study protocol was approved by the Ethics Committee of Ren Ji
FIGURE 1

Schematic representation of this study. GSEA, gene set enrichment analysis; GSVA, gene set variation analysis.
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Hospital, Shanghai Jiao Tong University School of Medicine

(Approval No. KY2021-211-B).

Total RNAwas isolated from collected endometrial tissue biopsies

using the FastPure Complex Tissue/Cell Total RNA Isolation Kit

(Vazyme), following the manufacturer’s instructions. Complementary

DNA (cDNA) was synthesized using the PrimeScript™ RT Master

Mix (Takara). RT-qPCR was carried out using the Taq Pro Universal

SYBR qPCR Master Mix (Vazyme) on Applied Biosystems

QuantStudio™ 7 Flex. Forward and reverse primer sequences used

for amplification are provided in Supplementary Table 1. b-actin
(ACTB) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

were selected as endogenous reference genes. Relative expression

levels were quantified using the 2^–DDCt method.
2.8 Immunofluorescence staining analysis

Human endometrium tissue biopsies were fixed in 4%

paraformaldehyde (Sangon Biotech), embedded in paraffin and

sectioned for immunofluorescence staining. Briefly, sections were

deparaffinized, rehydrated, and subjected to antigen retrieval in

Tris/EDTA buffer (pH 9.0). After blocking with 5% goat serum,

tissue sections were incubated overnight at 4°C with primary

antibodies, including anti-CD163 (ab182422, Abcam; 1:500), and

anti-B4GALT3 (11041-1-AP, Proteintech; 1:200). Following washes

in PBST, HRP-conjugated secondary antibodies were applied.

Fluorescence signal amplification was achieved using TSA

reagents for 3 minutes, followed by PBST washes. Nuclei were

counterstained with DAPI for 10 minutes. Sections were imaged

using a 3DHISTECH Pannoramic 250 FLASH scanner.
2.9 Statistical analysis and scientific
plotting

Data visualization, including volcano plots, PCA plots, boxplots

and correlation plots, was generated using the “ggplot2” (version 3.5.1)

packages. Heatmaps were created by “pheatmap” (version 1.0.12).

GSEA plots were generated by the package “enrichplot” (version

1.24.2). Venn diagrams were constructed by the online tool (https://

bioinformatics.psb.ugent.be/webtools/Venn/). The workflow

and schematic diagram were created with BioRender.com.

Bioinformatic analyses were performed in R version 4.4.0.

RT-qPCR analysis was performed using Prism (v10.1.2).

Statistical analyses were conducted using a two-tailed Student’s t-

test to evaluate significant differences between two groups. One-way

ANOVA was employed to assess differences among multiple

groups. Statistical significance was defined as p < 0.05.

3 Results

3.1 Transcriptional changes in adenomyosis
compared to normal control

To investigate the transcriptional differences between the

endometrium from patients diagnosed with adenomyosis and that of
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normal controls, we analyzed the dataset GSE78851 retrieved from

GEO (30). This dataset comprises eight endometrial samples, including

5 samples from healthy controls and 3 from patients diagnosed with

adenomyosis. Our analysis began with an exploratory principal

component analysis (PCA) to assess the overall transcriptional

landscape of the samples. The PCA results revealed clear distinctions

between the transcriptional profiles from eutopic endometrial samples

and those from the normal endometrium samples (Supplementary

Figure 1A). This separation underscores significant variances in gene

expression pattern between the two groups, indicating the presence of

disease-specific molecular signatures in adenomyosis.

To further investigate the transcriptional alterations associated with

adenomyosis, we conducted comprehensive transcriptomic analysis.

The genes meeting the criteria of |FoldChange| > 1.5 and p-value < 0.05

were identified as differentially expressed genes (DEGs). Specifically, we

identified a total of 7,293 DEGs, including 3,452 upregulated genes and

3,841downregulated genes in adenomyosis group compared to the

control group (Figure 2A, Supplementary Table 2). These findings

demonstrate global transcriptional reprogramming associated with

adenomyosis, reflecting profound molecular disruptions potentially

linked to the pathology of the disease.

To validate the observed gene expression variances, we performed

PCA analysis using only the identified DEGs. The refined analysis

emphasized on the separation between adenomyosis and control

samples, suggesting that these DEGs are key contributors to the

distinct transcriptional landscape of adenomyosis (Supplementary

Figure 1B). Subsequently, we carried out hierarchical clustering

analysis of the DEGs to offer an additional layer of validation. This

analysis confirmed the transcriptional divergence, with adenomyosis

and control samples forming two distinct and non-overlapping

clusters (Figure 2B).
3.2 Activated immune-related pathways in
the eutopic endometrium of adenomyosis

To further explore the functional pathways potentially

contributing to the pathogenesis of adenomyosis, we performed

GSEA to evaluate the enrichment of predefined signaling pathways

based on all detected genes (Figure 2C, Supplementary Figure 1C,

Supplementary Tables 3, 4). The results demonstrated strong

positive enrichment of the pathway arachidonic acid metabolism

in the adenomyosis group (Figure 2D). This signaling pathway has

been recognized as a potent mediator of inflammation. It plays an

essential role in the synthesis of downstream prostaglandins, which

are key inflammatory factors causing, among others, the chronic

symptoms of other endometrial diseases like endometriosis (31).

These findings emphasize the critical role of immune-related

processes in the pathophysiology of adenomyosis, consistent with

the known inflammatory microenvironment of the disease.

Additionally, we also uncovered novel pathways associated with

immune response, including autoimmune thyroid disease (Figure 2E),

overview of proinflammatory and profibrotic mediators

(Supplementary Figure 1D), eicosanoid synthesis (Supplementary

Figure 1E). Actually, eicosanoid synthesis is a pathway in the

downstream of arachidonic acid metabolism, where the enzyme
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cyclooxygenase converts arachidonic acid into various bioactive lipid

molecules called eicosanoids (32), including prostaglandins. This

outcome thus provides more details about the downstream signaling

of the identified pathway arachidonic acid metabolism, indicating
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eicosanoids might be the potential contributing factors of

adenomyosis. Moreover, the enrichment of profibrotic mediators

could be an explanation of the excessive fibrosis found within the

eutopic endometrium, which has been recognized as a feature of
FIGURE 2

Transcriptomic alterations distinguish adenomyosis from normal control. (A) Volcano plot showing the differentially expressed genes between the
eutopic and control endometrium from dataset GSE78851. A cut-off value of |Fold Change| > 1.5 and p-value < 0.05 was used as the threshold. Red
and blue dots stand for the significantly upregulated and downregulated genes respectively, while the gray dots indicate non-significant genes.
(B) Heatmap displaying the scaled expression level of the DEGs between eutopic and control endometrium. Each row stands for a DEG, and each
column stands for a sample. (C) The bidirectional barplot showing GSEA results based on the KEGG database. The x-axis represents the normalized
enrichment scores (NES). The positive value indicates that the pathways are enriched in the adenomyosis group, while the negative value indicates
that the pathways are enriched in the control group. For all terms, p-value < 0.05. (D, E) GSEA plots displaying the enrichment of arachidonic acid
metabolism (D), and autoimmune thyroid disease (E). The enrichment score indicates the pathway activity in the adenomyosis versus control.
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adenomyosis (33). Together, these results highlight immune

dysregulation as a key molecular hallmark of adenomyosis.
3.3 Disrupted immune microenvironment
in adenomyosis

To comprehensively explore the immune status of the eutopic

endometrium, we applied comparative analysis of immune

infiltration in eutopic versus healthy endometrium, based on

CIBERSORT (25) and xCell (26). Compared with normal controls,

the adenomyosis group exhibited a distinct immune signature,

suggesting an altered immune landscape within the endometrium

from patients diagnosed with adenomyosis (Figure 3A).

Significant changes were manifested in specific immune cell

subsets between the adenomyosis and control groups (Figure 3B).

Notably, M2 macrophages, known for their anti-inflammatory and

tissue-remodeling roles (34), showed a marked decrease in

adenomyosis samples, indicating an overall inflammatory shift

within eutopic endometrium. Immune cell deconvolution with xCell

revealed a significantly decreased infiltration score of macrophages in

eutopic endometrium, which might result from the reduced number

of M2 macrophages (Supplementary Figure 2A). To strengthen the

reliability of the findings, we extended the CIBERSORT analysis to an

independent dataset GSE193928 (Supplementary Figure 2B). The

result consistently demonstrated a significant reduction of M2

macrophage abundance in the adenomyosis group, reinforcing the

notion that the disrupted M2 macrophage is a key feature of this

disease. This finding aligns with our previous functional enrichment

analysis, which pointed to signaling pathways associated

with inflammation as potential contributors of adenomyosis.

This disordered immune profile, characterized by heightened

inflammatory status, may drive abnormal cell proliferation and

invasion of eutopic endometrial tissue and the persistence of

chronic pain caused by adenomyotic lesion.

Interestingly, we also observed a marked downregulation of key

pathways involved in promoting M2 macrophage polarization in the

adenomyosis group compared to the control group (Figures 3C, D).

Specifically, the TGF beta signaling pathway and macrophage

stimulating protein (MSP) signaling were significantly suppressed in

the adenomyosis group. Both TGF beta and macrophage stimulating

protein are critical regulators for M2-like macrophage polarization and

play essential roles in fostering the anti-inflammatory phenotype

characteristic of M2 macrophages (35, 36). The reduced activity of

these pathways may contribute to the diminished presence of M2

macrophages observed in the adenomyosis group, further reinforcing

the inflammatory shift observed in eutopic endometrium.
3.4 Metabolic reprogramming in
adenomyosis revealed by GSVA and
METAFlux analysis

To investigate the molecular alterations underlying adenomyosis

while taking patients variability into consideration, we performed
Frontiers in Endocrinology 07
GSVA based on KEGG database and attempted to find commonly

activated pathways across different adenomyosis datasets. Unlike

GSEA and over-representation analysis (ORA), GSVA provides

sample-level enrichment scores, allowing us to capture pathway

activity variations across individuals (27). Using this approach, we

identified 50 pathways upregulated in GSE78851 and 54 in

GSE193928, with 14 pathways commonly activated in both datasets

(Figure 4A). This supports the existence of divergent pathways

activation pattern that might contribute to the heterogeneity of the

disease in addition to the shared biological processes.

Given the central role of metabolism in cellular physiology and its

emerging relevance in benign gynecological disorders, we examined

metabolism-associated pathways. Of the identified pathways, 18 were

unique to GSE193928 and 15 unique to GSE78851, while 7 were

shared between both datasets (Figure 4B). Notably, half of the 14

shared pathways were metabolism-related (Figures 4B, C), including

nitrogen metabolism, taurine and hypotaurine metabolism,

glycosphingolipid biosynthesis - ganglio series, mucin type O-

glycan biosynthesis, vitamin B6 metabolism, caffeine metabolism,

histidine metabolism. Several of these metabolic processes have been

previously reported as disrupted in gynecological conditions. For

example, nitrogen metabolism is significantly altered in the

endometrium of nonhuman primates with endometriosis (37), and

taurine deficiency impairs uterine receptivity and embryo

implantation in mice (38), underscoring their potential relevance to

endometrial microenvironment.

To further dissect the shared metabolic alterations, we mapped the

seven commonly enriched metabolism-related pathways and their

constituent genes (Figure 4D). Interestingly, the pathways were

composed of distinct gene sets without apparent overlap, indicating

adenomyosis is associated with broad and multifaceted metabolic

perturbations, rather than being driven by a single core metabolic

axis. Such separation underscores the complexity of the disease, where

multiple distinct metabolic programs are simultaneously

reprogrammed. Furthermore, pathway activity ranking demonstrated

that nearly two-thirds of the most highly activated pathways were

metabolism-related (Figure 4E). This predominance highlights the

central role of metabolic alterations in shaping the pathogenesis of

adenomyosis and suggests that alterations in diverse metabolic

processes may collectively shape its pathogenesis.

Despite the promising preliminary findings based on gene

expression data, the specific metabolic landscape within eutopic

endometrium remains poorly defined due to the inherent

discrepancies between gene expression levels and actual metabolite

production. These limitations partly arise from intricate post-

transcriptional and post-translational regulations (39), which can

significantly affect the activity of enzymes, thereby altering the

efficiency of metabolic reactions. To overcome this limitation and

address the gap in knowledge, we utilized METAFlux to characterize

the metabolic shifts in adenomyosis that may contribute to the disease

pathogenesis. METAFlux analysis was carried out according to the

standard workflow outlined in the Methods section. Through

clustering of metabolic reaction activity scores, we were able to

distinguish two clusters of endometrium samples (i.e. control and
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adenomyosis; Figure 5A). This finding further confirmed the metabolic

divergence between adenomyosis and control group and underscored

the metabolic reprogramming in the pathogenesis of adenomyosis. To

identify the most disrupted metabolic pathways, we quantified the

differences in metabolic pathway activities. Specifically, the pathways
Frontiers in Endocrinology 08
exhibiting a difference > 0.1 were considered as upregulated, while

those with a difference < -0.1 were recognized as downregulated. In

total, we identified 47 upregulated and 13 downregulated pathways

(Figure 5B, Supplementary Table 5), shedding light on the key

metabolic alterations associated with adenomyosis. The distribution
FIGURE 3

Transcriptomic analyses characterize immune infiltration patterns in adenomyosis. (A) Stacked bar plot showing the estimated proportions of 22
immune cells calculated by CIRBERSORT in eutopic and control endometrium samples based on dataset GSE78851. (B) Boxplot comparing the
immune cell proportions between eutopic and control endometrium based on CIBERSORT analysis. Student’s t-test was used to calculate the
significant changes between groups, with double asterisks (**) indicating p-value < 0.01 and “ns” standing for no significant difference between two
groups. (C, D) GSEA plots showing the downregulation of TGF-beta signaling pathway (C) and Macrophage Stimulating Protein (MSP) signaling
pathway (D) in the adenomyosis group.
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FIGURE 4

GSVA analysis identifies dysregulated metabolic pathways in adenomyosis across independent datasets. (A) Venn diagram showing the overlap of
upregulated pathways identified by GSVA in GSE78851 (n = 50) and GSE193928 (n = 54), with 14 pathways commonly enriched in both datasets.
(B) Upset plot illustrating dataset-specific and shared metabolism-related pathways, with 18 unique to GSE193928, 15 unique to GSE78851, and 7
commonly enriched in both datasets. (C) Heatmap showing GSVA enrichment scores of the seven commonly enriched metabolism-related
pathways across individual endometrial samples from datasets GSE78851 and GSE193928. Color intensity represents scaled GSVA scores, with each
row corresponding to a pathway and each column representing a sample. (D) Visual representation of seven significantly altered metabolism-related
pathways and their constituent genes. Nodes represent pathways, with edges indicating pathway-gene associations. Node size corresponds to the
number of connections, and color intensity reflects the fold change difference between the eutopic endometrium relative to the healthy control
endometrium. (E) Proportion of metabolism-related pathways among all activated pathways. Pathways were ranked in descending order based on
GSVA enrichment scores and divided into four quartiles (Q1–Q4). The x-axis represents the quartiles, and the y-axis shows the proportion of
metabolism-related pathways within each quartile.
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of pathway activity differences further highlighted key metabolic shifts,

with some pathways significantly altered within eutopic

endometrium (Figure 5C).

Among the altered pathways detected by METAFlux, histidine

metabolism (Supplementary Figure 3A) was also identified at the

transcriptomic level, consistent with GSVA results (Figure 4C),

reinforcing its potential role in the context of eutopic endometrium.

Additionally, we also identified a series of metabolic disorders which

cannot be obtained from the gene expression level (Figure 5C,

Supplementary Figures 3B–F), such as hippurate metabolism, fatty

acid biosynthesis, ubiquinone synthesis and propanoate metabolism,
Frontiers in Endocrinology 10
and riboflavin metabolism. These findings underscore the importance

of integrating METAFlux analysis with gene expression profiling to

gain a more comprehensive understanding of metabolic landscape and

disease mechanisms.
3.5 Crosstalk between immune infiltration
and altered metabolic processes

To further decipher the complex relationship between immune

dynamics and metabolic processes at single cell level, we extended
FIGURE 5

Flux analysis reveals metabolic reprogramming underlying adenomyosis. (A) PCA plot showing distinct clustering of endometrial samples based on
metabolic reaction activity score between control (green) and adenomyosis (orange) group. (B) Barplot illustrating the number of metabolic pathways
identified as downregulated, upregulated, or stable between adenomyosis and control samples. (C) Waterfall plot of differentially regulated metabolic
pathways. Pathways with increased activity in adenomyosis compared to controls are shown in red, and those with decreased activity are shown in blue.
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our analysis to a single cell RNA-seq dataset to explore the cell type-

specific metabolic features within endometrium. In order to obtain

a more comprehensive understanding of both the healthy and the

diseased states of endometrium, we employed a dataset comprising

endometrial biopsies from women with or without benign

gynecological diseases (28). Following rigorous quality control

procedures, we excluded unwanted cells, including those derived

from hormone-treated patients, cells derived from the cervix, as

well as irrelevant cell types (e.g., red blood cells), resulting in a

dataset of 238,211 cells and 17,736 genes. The endometrial cells

were subsequently clustered into four major subtypes, including

epithelial cells (glandular, luminal, ciliated and SOX9+ epithelial

cells), endothelial cells, mesenchymal cells (stromal cells, smooth

muscle cells, perivascular cells), and immune cells (M1, M2, mast

cells, monocytes, dendritic cells, natural killer cells, CD8+ T cells,

CD4+ T cells, Treg, B cells, other lymphocytes) (Figure 6A). Feature

plots illustrating the expression of canonical marker genes

defining these identities are provided (Supplementary Figure 4).

Importantly, a cell composition variance was observed among

samples from different patients, reflecting individual variability

within the endometrial tissue (Figure 6B). This heterogeneity

underlines the complexity of the endometrial environment, which

requires precise regulation of both immune responses and

metabolic processes.

To explore the metabolic heterogeneity of the identified cell

types, we conducted METAFlux analysis to infer the metabolic

activity of predefined processes at a cell type-specific resolution. The

bar plot summarizes the metabolic activity of various cell types, as

assessed using the top 5% of metabolic reactions with the highest or

lowest flux score (Figure 6C). M2 macrophages, DC and M1

macrophages display the highest number of highly active

reactions, indicating their heightened metabolic activity compared

to other cell types. This finding again underscores the essential role

of M2 macrophages in maintaining the metabolic homeostasis

within endometrial microenvironment. To delve deeper into the

metabolic characteristics of M2 and their metabolic interplay with

other cell types, we selected and visualized the most active reactions

identified in M2 macrophages. The heatmap reveals that M2 share

complementary metabolic activity with stromal cells and glandular

epithelial cells in some key reactions (Figure 6D), suggesting

coordinated metabolic interactions essential for maintaining

endometrial homeostasis.

Given the active and central role of M2 macrophages in the

endometrial microenvironment, where they play a dual role in

immune and metabolic homeostasis, we further investigated the

relationship between metabolic activity and M2 abundance

(Supplementary Table 6). Among all metabolic pathways, 52

showed a positive correlation with M2 abundance, potentially

playing a critical role in promoting M2 polarization or proliferation

(Figure 6E). Of these, six pathways were predominantly associated

with healthy controls, highlighting their importance in maintaining

normal endometrial function. Conversely, M2 infiltration was

negatively correlated with 14 metabolic pathways, four of which

were highly expressed in the eutopic endometrium, implicating these
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pathways in disease pathogenesis and their possible role in

suppressing M2 macrophages (Figure 6F).

Among these, keratan sulfate biosynthesis emerged as

significantly associated with M2 macrophages. Pathway activity

analysis revealed an inverse correlation between keratan sulfate

biosynthesis activity and M2 macrophage abundance (Figure 7A),

raising the possibility that excessive keratan sulfate impairs M2

polarization or proliferation. As a key component of extracellular

matrix, keratan sulfate plays a critical role in maintaining the normal

function of the endometrium (40). Dysregulation of its biosynthetic

pathway may therefore disrupt the delicate balance between

extracellular matrix remodeling and immune cell regulation.

Further analysis revealed striking cell type-specific differences in

keratan sulfate biosynthesis, with the highest activity in glandular

epithelial cells (Figure 7B). A closer examination of the individual

enzymatic reactions involved in this biological process revealed that

each reaction exhibited maximal activity in glandular epithelial cells

(Supplementary Figure 5). This consistency across both pathway-

level and reaction-level analyses highlights the central role of

glandular epithelial cells as the predominant source of keratan

sulfate within the endometrial microenvironment, which may act

as potential regulators of macrophages in the endometrial niche.

To further validate these observations at the experimental level,

we performed RT-qPCR analysis on key genes involved in

keratan sulfate biosynthesis, including B4GALT1 (beta-1,4-

galactosyltransferase 1), B3GNT2 (UDP-GlcNAc:betaGal beta-1,3-

N-acetylglucosaminyltransferase 2), CHST1 (carbohydrate

sulfotransferase 1), and CHST6 (carbohydrate sulfotransferase 6),

respectively. All four genes were significantly upregulated in eutopic

endometrial biopsies from adenomyosis patients compared to

healthy controls (Figure 7C), confirming the computationally

predicted activation of keratan sulfate biosynthesis in disease tissue.

Furthermore, to strengthen the findings, we conducted

immunofluorescence co-staining for CD163 (a marker of M2

macrophages) and B4GALT3 (beta-1,4-galactosyltransferase 3, one of

the enzymes critical for keratan sulfate chain elongation). Notably,

B4GALT3 was robustly expressed in the eutopic endometrium of

adenomyosis patients but was almost undetectable in healthy

endometrium (Figure 7D). Moreover, M2 macrophages were

frequently localized around the glandular structures, where

B4GALT3 expression was enriched, suggesting a potential spatial

relationship between epithelial keratan sulfate production and M2

macrophage abundance.

Considering the fact that keratan sulfate homeostasis is regulated

by both biosynthesis and degradation processes, we further investigate

the degradation process within the endometrium. Unlike the

biosynthesis process, degradation is not directly associated with M2

abundance (Supplementary Figure 6A), suggesting that other

regulatory mechanisms may influence this process. However, keratan

sulfate degradation exhibits a distinct cell type-specific pattern, with

endometrial stromal cells, M2 macrophages, CD4+ and CD8+ T cells

exhibiting a relatively high activity (Supplementary Figures 6B, C).

Further analysis of metabolite flux confirmed the complementary roles

of different cell types: epithelial cells and stromal cells actively release
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FIGURE 6

Crosstalk between immune infiltration and altered metabolic processes. (A) UMAP visualizing different cell types identified in the single cell RNA-
sequencing dataset. (B) Stacked barplot showing the proportional composition of various cell types across individual samples involved in the single
cell RNA-sequencing dataset. The colors correspond to the cell types identified in (A). (C) Barplot summarizing the number of metabolic reactions of
different cell types based on the top 5% of metabolic reactions with the highest or lowest flux scores. The color intensity indicates the number of
reactions. (D) Heatmap depicting the activity of the most active metabolic reactions in the M2 macrophages across different cell types. The color
intensity indicating the scaled flux score calculated by METAFlux analysis. (E) Venn diagram depicting overlap between signatures of endometrium
from healthy donors and M2-high. (F) Venn diagram depicting overlap between signatures of endometrium from donors with adenomyosis and
M2-low.
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keratan sulfate I and II, while M2, mast cells and T cells predominantly

uptake and degrade these products (Supplementary Figure 6D). These

results collectively suggest that keratan sulfate homeostasis, maintained

through the coordinated synthesis and degradation by various cell

types, plays a critical role in modulating the endometrial

microenvironment and is closely linked to the function of

M2 macrophages.
4 Discussion

Adenomyosis is a challenging gynecological disorder with the

outgrowth of endometrium tissue into the muscular layer of the

uterus. Despite its prevalence in women of reproductive age, it has

been under-explored for decades. Although significant advance has

been made to decipher the hormonal imbalance underlying this

condition, less is known about the molecular mechanisms that

contributing to disease pathogenesis, particularly with respect to

dysregulated immune system and altered metabolic pathways. In

our study, we combined transcriptomic profiling with metabolic

flux analysis, and uncovered distinct alterations in immune and

metabolic pathways within the eutopic endometrium. Our key

computational findings were further supported by experimental

validation, underscoring the potential involvement of keratan

sulfate biosynthesis and suggesting potential therapeutic targets

for intervention.

Through comprehensive analysis, we revealed an imbalanced

immune microenvironment within the eutopic endometrium,

including enhanced immune-related signaling and altered immune

cell abundance. Previous researches have proposed that the eutopic

endometrium skewed to be an immune dysregulated status, with

altered immune cell populations and imbalanced pro-inflammatory

and anti-proinflammatory cytokines (4). Notably, our findings further

demonstrated activation of arachidonic acid metabolism and

upregulation of pro-inflammatory and pro-fibrotic mediators within

the eutopic endometrium, suggesting indicating enhanced cellular

activation that may be potentially involved in this condition. The

main route of arachidonic acid metabolism is COX (cyclooxygenase)

pathway, leading to the synthesis of various bioactive prostanoids,

including prostaglandins (PGs), thromboxanes (TXs), and prostacyclin

(PGI2) (41). These metabolites play a critical role in inflammatory

response, which has been identified within the ectopic endometrium of

endometriosis (31). Our evidence indicates that arachidonic acid

metabolism and its downstream metabolites might be a contributor

for the inflammatory status of adenomyosis. Importantly, its

involvement indicates the shared etiological and pathological

mechanisms between adenomyosis and endometriosis, both of which

have been characterized by excessive inflammatory responses.

Previous studies declared variations of macrophage abundance in

the eutopic and ectopic endometrium compared to the normal

endometrium, as indicated by the expression level of the marker

genes such as CD68 or CD163 (6, 9, 42). Our comparative analysis

of immune landscape further revealed a significant decrease of

M2 macrophages within the eutopic endometrium when compared
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to healthy endometrium. M2 macrophage is known for its

anti-inflammatory role (43, 44), and its reduction provide extra

explanation for the inflammatory shift observed within eutopic

endometrium. The reduction in immune regulatory cells like M2

and the simultaneous increase in pro-inflammatory mediators

work together to create a persistent chronic inflammatory

microenvironment of adenomyosis. Notably, we find that the

reduction in M2 macrophage abundance may be attributed to the

suppression of key signaling pathways involved in M2 polarization,

such as the TGF-beta signaling pathway and macrophage-stimulating

protein (MSP) signaling. Both TGF-b and MSP play essential roles in

activating macrophages, controlling their inflammatory response and

promoting the production of cytokines (45, 46). Our findings provide

novel insights into the dysregulated immunemicroenvironment within

eutopic endometrium.

In addition to dysregulated immune system, our study uniquely

shed light on the metabolic reprogramming that occurs in the eutopic

endometrium. While the close interplay between metabolic

regulation and immune cell function has been well-documented in

the tumor microenvironment, where metabolic disturbances can

profoundly influence macrophage function, polarization, and tumor

progression (47), similar investigations in adenomyosis remain

limited. To date, gene expression-based metabolic analysis has been

widely applied to decipher the metabolic landscape, including the

methods like GSEA (48), GSVA (27). However, these methods

become particularly unstable in metabolic reactions governed by a

small number of genes, typically fewer than ten (48). Meanwhile, this

technique is also limited to enzymatic reactions. Thus, we utilized a

more advanced tool METAFlux to comprehensively decipher the

metabolic features within endometrium. METAFlux provides an in

situ high-throughput measurement of metabolites and can estimate

the metabolic flux from both bulk and single cell RNA-seq data (29).

In addition to the gene expression-based metabolic shifts, we also

detected extra metabolic disruptions which cannot be captured at the

transcriptomic level. These findings underscore the importance of

utilizing complementary techniques to build a more comprehensive

conception of the metabolic landscape within eutopic endometrium.

Moreover, we stress that metabolic reprogramming is an integral

component of adenomyosis pathogenesis.

One of the most important findings of our study is the discovery of

a potential crosstalk between immune dynamics and metabolic

processes in the endometrium. Our combined analysis of single-cell

RNA-seq data and METAFlux revealed complementary metabolic flux

between different cell types within the endometrium, particularly

between M2 macrophages and other non-immune cells, including

stromal cells, glandular epithelial cells, indicative of metabolic crosstalk

among these cells. Although distinct metabolic signature has been

mentioned in some uterine disease at a gene expression level through

single cell RNA-sequencing, such as endometriosis (49), recurrent

implantation failure (50), few researches have explored the dynamic

metabolic flux among difference cell types. Our findings underscore the

importance of cell-cell interaction through metabolic flux in sustaining

a normal microenvironment, highlight a novel aspect of cellular

communication that has not been extensively studied.
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FIGURE 7

Activation of keratan sulfate biosynthesis in endometrial glandular epithelial cells from adenomyosis patients. (A) Correlation between the activity of
keratan sulfate biosynthesis and M2 macrophage percentage calculated by Spearman correlation analysis. The y-axis represents the pathway score
calculated by METAFlux, and the x-axis indicates the proportion of M2 macrophages among total macrophages. The correlation coefficient (R) and
p-value are shown on the plot. (B) Boxplot illustrating the activity of keratan sulfate biosynthesis across different cell types. The y-axis represents
pathway score, and the x-axis denotes the cell types. Statistical significance was assessed using one-way ANOVA. (C) Relative expression levels of
B4GALT1, B3GNT2, CHST1, and CHST6 in endometrium biopsies from adenomyosis patients and healthy controls, with GAPDH and ACTB as the
reference genes. Intergroup comparisons were performed using a Student’s t-test. Data are presented as mean ± SD (n = 6 per group), with
significance indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (D) Representative immunofluorescence images of CD163
and B4GALT3 co-staining in endometrial tissue from healthy controls (top) and adenomyosis patients (bottom). Scale bar: 100 µM. The blue color
stands for DAPI (nuclei), red represents CD163, and green represents B4GALT3. The merged image shows the overlay of all three channels.
Frontiers in Endocrinology frontiersin.org14

https://doi.org/10.3389/fendo.2025.1602814
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Bian et al. 10.3389/fendo.2025.1602814
Further investigation into the metabolic pathways associated with

M2 macrophage revealed an inverse correlation between keratan

sulfate biosynthesis and the abundance of M2 macrophages,

suggesting a novel mechanism by which metabolic remodeling may

modulate the endometrial immune microenvironment in

adenomyosis. Keratan sulfate, a major component of the extracellular

matrix, plays a critical role in maintaining endometrial structure and

function (51, 52). In the eutopic endometrium from adenomyosis

patients, we observed a metabolic imbalance characterized by increased

keratan sulfate biosynthesis and reduced degradation, which may

compromise ECM integrity and hinder effective immune cell activity,

particularly that of M2 macrophages. The close spatial relationship

between M2 macrophages and epithelial regions enriched for keratan

sulfate related gene expression further supports the concept of localized

immune-metabolic crosstalk.

At the molecular level, several enzymes involved in keratan

sulfate biosynthesis were consistently upregulated in eutopic

endometrium from adenomyosis patients, including B4GALT1,

B3GNT2, CHST1, and CHST6. These findings implicate not only

pathway-level disruption of ECM metabolism but also specific

molecular drivers that could serve as therapeutic targets. For

instance, B4GALT1 has been shown to enhances N-linked

glycosylation of PD-L1, thereby stabilizing PD-L1 and promoting

immune evasion in lung adenocarcinoma (53), suggesting similar

glycan-mediated immunomodulation in adenomyosis. Likewise,

B3GNT2 has been shown to impair cell-cell interaction and reduce

T cell activation in tumor (54), raising the possibility of a potential

role in dampening immune surveillance in adenomyosis. CHST1,

another enzyme elevated in our cohort, has been demonstrated to

promote immunosuppressive signaling by enhancing Siglec binding

to sialoglycans (55). The CHST6 gene, known for its role in keratan

sulfate sulfation, has been implicated in immune regulation through

its involvement in pyroptosis, a form of inflammatory cell death (56).

Its dysregulation may contribute to heightened inflammatory

responses, suggesting a potential link to immune dysfunction in

adenomyosis. These insights into the immune-metabolic crosstalk

within the endometrial microenvironment offer novel ideas for the

pathogenesis of adenomyosis and suggest potential therapeutic

avenues for restoring homeostasis and halting disease progression.

Our study offers several advantages in advancing our

understanding of adenomyosis. First, the utilization of METAFlux

analysis allowed for the in-depth investigation of metabolic

reprogramming within the endometrial tissue, which sketches the

dynamic flow of metabolites through various metabolic pathways

instead of a static snap shot of the traditional transcriptomic or

proteomic analysis. Second, the parallel analysis of metabolic activity

and immune landscape added a novel perspective on the pathogenesis

of adenomyosis, a field that has remained largely under-explored for

decades. Third, combined analysis of microarray, bulk RNA-seq and

single-cell RNA-seq data provides both a general and a high-resolution

view of the microenvironment of endometrium, identifying specific

immune subset involved in disease pathophysiology. Finally, we

strengthened the robustness of our findings through experimental

validation, including RT-qPCR and immunofluorescence staining,

which confirmed key molecular alterations at the tissue level.
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There are several limitations to this study. For example, the

relatively small sample size of the microarray dataset GSE78851

(3 adenomyosis versus 5 control samples) may introduce bias from

inter-individual variability and limit statistical robustness. Currently,

no large datasets are available to address this limitation. This dataset

includes only samples collected during the proliferative phase of the

menstrual cycle, thereby minimizing variability related to cycle stage,

potentially enhancing the generalizability of our results. Moreover, the

clear separation observed between the adenomyosis and control groups

demonstrates the reliability and robustness of the dataset. Additionally,

while traditional transcriptomic analysis provides valuable insights into

gene expression levels, it has limitations in fully capturing themetabolic

processes occur within the tissue due to the influences of post-

transcriptional and post-translational regulation. By combining

transcriptomic analysis with METAFlux analysis, we ensure a more

accurate and comprehensive picture of the metabolic processes within

the endometrium tissue. Finally, while our study identifies promising

therapeutic targets related to keratan sulfate dysregulation through

both in silico and experimental approaches, further mechanistic studies

are required to elucidate the precise molecular pathways and their

functional impact, which is essential for translating these findings into

feasible clinical applications for patients with adenomyosis.
5 Conclusions

In general, our study provides a comprehensive characterization

of the immune and metabolic alterations in the eutopic endometrium

of adenomyosis patients. By combining transcriptomic profiling with

metabolic flux analysis, we identified an imbalanced immune

microenvironment, and altered keratan sulfate biosynthesis,

highlighting novel immune-metabolic crosstalk. Experimental

validation further confirmed key molecular changes, reinforcing the

robustness of our findings. Targeting this imbalance, for example by

inhibiting keratan sulfate synthesis through B4GALT1, B3GNT2,

CHST1, and CHST6, could potentially help modulate the metabolic

crosstalk and the immune response within the eutopic endometrium.
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SUPPLEMENTARY FIGURE 1

(A) Principal component analysis of the microarray dataset GSE78851 based

on all detected genes. (B) Principal component analysis of the microarrary
dataset GSE78851 based on the identified DEGs. (C) The bidirectional barplot

showing GSEA results based on the Wikipathways database. The x-axis
represents the normalized enrichment scores (NES). The positive value

indicates that the pathways are enriched in the adenomyosis group, while

the negative value indicates that the pathways are enriched in the control
group. (D, E) GSEA plots displaying the enrichment of overview of

proinflammatory and profibrotic mediators (D), eicosanoid synthesis (E).
The enrichment score indicates the pathway activity in the adenomyosis

versus control.

SUPPLEMENTARY FIGURE 2

(A) Boxplot comparing the immune cell infiltration score between eutopic
and control endometrium using xCell analysis based on the dataset

GSE78851. Student’s t-test was used to calculate the significant changes

between groups, with one asterisk (*) indicating p-value < 0.05 and “ns”
standing for no significant difference between two groups. (B) Boxplot

comparing the immune cell proportions between eutopic and control
endometrium using CIBERSORT analysis based on the dataset GSE193928.

Student’s t-test was used to calculate the significant changes between
groups, with one asterisk (*) indicating p-value < 0.05, double asterisks (**)

indicating p-value < 0.01 and “ns” standing for no significant difference

between two groups.

SUPPLEMENTARY FIGURE 3

(A–F) Boxplot illustrating the distinct activity of metabolic pathways in the
eutopic endometrium and the controls. The y-axis stands for the pathway

scores calculated by METAFlux analysis. The significance changes were
calculated with Student’s t-test, with a single asterisk (*) indicating p-value

< 0.05 and double asterisks (**) indicating p-value < 0.01.

SUPPLEMENTARY FIGURE 4

The UMAP plots displaying the expression of selected marker genes across
endometrial cell clusters. Each dot represents a single cell, and the color

intensity corresponds to the expression level of the respective gene.

SUPPLEMENTARY FIGURE 5

Heatmap showing the activity of reactions involved in keratan sulfate

biosynthesis across different cell type. Each row stands for one cell type,
and each column stands for one reaction. The intensity of the color reflects

the scaled flux score of different reactions, with red indicating higher activity
and blue indicating lower activity.

SUPPLEMENTARY FIGURE 6

(A) Correlation between the activity of keratan sulfate degradation and the

proportion of M2 calculated by Spearman correlation analysis. The y-axis
represents the pathway score calculated by METAFlux, and the x-axis

indicates the proportion of M2 macrophages among total macrophages.

The correlation coefficient (R) and p-value are shown on the plot. (B) Boxplot
illustrating the activity of keratan sulfate degradation across different cell

types. Statistical significance was assessed using one-way ANOVA. (C)
Heatmap showing the activity of reactions involved in keratan sulfate

degradation across different cell type. Each row stands for one cell type,
and each column stands for one reaction. The intensity of the color reflects

the scaled flux score of different reactions, with red indicating higher activity

and blue indicating lower activity. (D) Heatmap displaying the flux of keratan
sulfate (products) across different cell type. Color represents the direction of

flux, with red representing release and blue indicating uptake. The intensity of
the color reflects the scaled flux score of different products.
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