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Abstract

Background: Adipocytes are crucial regulators of cardiovascular health. However, not much 

is known about gene expression profiles of adipocytes residing in non-fat cardiovascular tissues, 

their genetic regulation and contribution to coronary artery disease (CAD). Here, we investigated 

for the first time whether and how the gene expression profiles of adipocytes in the subcutaneous 

adipose tissue differ from adipocytes residing in the heart.

Methods: We used single-nucleus RNA-sequencing datasets of subcutaneous adipose tissue and 

heart, and performed in-depth analysis of tissue-resident adipocytes and their cell-cell interactions.

Results: We first discovered tissue-specific features of tissue-resident adipocytes, identified 

functional pathways involved in their tissue specificity, and found genes with cell-type-specific 

expression enrichment in tissue-resident adipocytes. By following up these results, we discovered 

the propanoate metabolism pathway as a novel distinct characteristic of the heart-resident 

adipocytes, and found a significant enrichment of CAD GWAS risk variants among the right 

atrium -specific adipocyte marker genes. Our cell-cell communication analysis identified 22 

specific heart adipocyte-associated ligand-receptor pairs and signaling pathways, including THBS 

and EPHA, further supporting the distinct tissue-resident role of heart adipocytes. Our results 

also suggest chamber level coordination of heart adipocyte expression profiles as we observed 

a consistently larger number of adipocyte-associated ligand-receptor interactions and functional 

pathways in the atriums than ventricles.
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Conclusions: Overall, we introduce a new function and genetic link to CAD for the previously 

unexplored heart-resident adipocytes.

Graphical Abstract

Keywords

adipocytes; heart; subcutaneous adipose tissue; propanoate metabolism; single nucleus RNA-
sequencing

Introduction

Each human cell-type shows unique characteristics in its tissue environment. These tissue-

specific properties of cell-types are regulated by genetic, epigenetic, and environmental 

factors that make cell-types distinct, depending on the tissue they reside1. Alterations in 

gene regulatory mechanisms affect the cell-type characteristics and contribute to a variety of 

complex diseases2. Therefore, understanding the molecular mechanisms of complex diseases 

needs extensive cell-type level investigation of heterogeneous tissues.

Adipocytes, the vital players of metabolic regulation, originate from mesenchymal stem 

cells (MSCs) through two sequential phases. The first phase involves the commitment of 

MSCs to preadipocytes and the second phase the differentiation from preadipocytes to 

mature adipocytes3. Adipocytes have a critical role in energy homeostasis. In response to 

energy status, adipocytes are able to change in number and/or size and maintain whole-body 

Das et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



energy balance4. However, the unhealthy expansion of adipocytes (i.e., hypertrophy) in 

obesity may contribute to the dysregulation of adipocyte-derived cytokines and metabolites, 

ultimately leading to complex cardiovascular diseases (CVDs)5.

Although subcutaneous and visceral adipose tissue are the predominant fat depots of 

adipocytes, they can also be observed in other tissues, including the heart chambers i.e., 

left atrium (LA), left ventricle (LV), right atrium (RA), and right ventricle (RV)6. Previous 

studies have also reported that the epicardial fat, located between the visceral pericardium 

and myocardium, constitutes a significant proportion (~20%) of the total human heart mass7. 

Adipocytes in the human heart are involved in energy homeostasis and have cardioprotective 

properties8. However, it is unknown whether key characteristics of adipocytes remain the 

same or show tissue-specificity, depending on whether they reside in the adipose tissue or 

heart.

CVDs, such as coronary artery disease (CAD) and heart failure (HF), are the major causes 

of mortality and morbidity worldwide9. Epicardial fat has been suggested to be associated 

with CVDs8. Epicardial fat volume is associated with type 2 diabetes (T2D), HF, and 

atrial fibrillation10. It has also been reported that heart and coronary arteries are affected 

by epicardial adipose tissue through paracrine and vasocrine secretion of proinflammatory 

cytokines11. Epicardial adipose tissue obtained from patients with CAD shows increased 

expression of inflammatory cytokines12. In addition, this study also found inflammatory 

cells in the epicardial adipose tissue12. However, less is known about heart adipocytes, and 

in general, it is unknown how gene regulatory mechanisms and cell signaling pathways 

regulate adipocytes in the heart versus adipose tissue and whether they contribute to various 

CVDs.

Single nucleus RNA-seq (snRNA-seq) has emerged as a powerful and innovative method 

to study the gene expression profiles of various cell-types in solid tissues13. Several studies 

have focused on identifying cellular and transcriptional diversity in heterogeneous solid 

tissues, such as human heart14,6 and adipose tissue15,16. However, genetic regulation and 

gene expression profiles of adipocytes across tissues and the relevance of their potential 

tissue-specificity to the development of CVDs have remained elusive. Thus, it is not well 

understood whether heart adipocytes directly relate to CVDs. To address these knowledge 

gaps, we aimed to uncover the distinct, tissue-specific expression profiles of heart and 

adipose tissue resident adipocytes, pathways involved in their tissue-specificity, and their 

genetic links to CVDs.

Materials and Methods

Data availability

Access to the Finnish Twin17 and CRYO18,19 adipose snRNA-seq data are described in 

the original publications for each cohort. Access to the human heart snRNA-seq data6 

is available from Broad Institute’s Single Cell Portal (https://singlecell.broadinstitute.org/

single_cell) under study ID SCP498. GTEx eGenes data, for adipose subcutaneous, heart 

atrial appendage, and heart LV, are available in GTEx portal v.8. All data supporting the 
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findings of this study are available within this article and its accompanying files. Please see 

the Major Resources Table in the Supplemental Materials.

snRNA-seq cohort of human subcutaneous adipose tissue

To investigate the tissue-specific expression profile of adipocytes, we used previously 

generated snRNA-seq data from a human subcutaneous adipose tissue study sample, as 

described in detail earlier15. Briefly, the 15 participants included in this snRNA-seq study 

sample were recruited at the University of Helsinki, Finland. The individuals (nine females 

and six males) underwent subcutaneous adipose biopsies as part of the Finnish Twin study17 

(7 individuals) and CRYO study18,19 (8 individuals). The mean age and body mass index 

(BMI) of the participants are 32.70 ± 7.12 years and 31.45 ± 5.42 kg/m2, respectively. Both 

studies were approved by the Ethics Committee of the Hospital District of Helsinki and 

Uusimaa. All participants provided written informed consent to participate in these studies. 

All research was performed in alignment with the principles of the Helsinki Declaration. 

Isolation and processing (library construction and sequencing) of nuclei were described in 

detail in Pan et al15.

snRNA-seq cohort of adult human heart tissue

For cross-tissue comparisons of the gene expression profiles of adipocytes, we analyzed an 

adult human myocardial tissue cohort with snRNA-seq data6. In this previously published 

cohort, the myocardial tissue samples were collected from 7 deceased transplant donors 

(four females and three males) with a mean age of 51.71±7.2 years and BMI of 23.5±3.1 

kg/m2, respectively. None of the donors had any clinical evidence of cardiac dysfunction. 

Tissues were collected from the lateral aspect of the four heart chambers (RA, LA, RV, and 

LV). The human heart snRNA-seq study was approved by the institutional review boards 

at the Gift-of-Life Donor Program, the University of Pennsylvania, Massachusetts General 

Hospital, and the Broad Institute. Written informed consent for the heart snRNA-seq study 

was obtained from the next of kin of all donors. We downloaded the human heart snRNA-

seq data6 from Broad Institute Single Cell Portal. Of the two replicates, we used second 

replicate to reduce heterogeneity as the samples were processed differently in terms of the 

reverse transcription6.

Processing and analyzing the subcutaneous adipose snRNA-seq data

Alignment and quality control—We used STARsolo20 for read alignment and gene 

quantification of the subcutaneous adipose tissue snRNA-seq data. Data alignment was 

performed using the human reference genome GRCh38. For generating counts for both 

pre-mRNA and exonic RNA, “-soloFeatures GeneFull” command was employed. To remove 

empty and contaminated droplets, we applied the Debris Identification using Expectation 

Maximization (DIEM) approach21. To ensure that all barcodes correspond to true nuclei, 

we performed standard quality control (QC)15, and filtered the droplets based on three 

QC metrics using the following exclusion criteria: (a) the number of Unique Molecular 

Identifiers (UMIs) (UMI<200 and UMI>20,000); (b) the number of genes (genes<200); and 

(c) the percentage of reads mapped to the mitochondrial genome (mitochondrial counts>10).
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Normalization and integration—We normalized the data using the SCTransform 

function of the Seurat v4.0.322 and then applied the Seurat integration workflow for the 

normalized data. Briefly, we selected a set of 2,500 most variable features (genes) using 

SelectIntegrationFeature function and prepared the SCTransformed expression matrix for 

these selected genes using PrepSCTIntegration function. Finally, we performed integration 

using FindIntegrationAnchors and IntegrateData functions.

Dimensionality reduction and clustering—We performed principal component 

analysis (PCA) of the integrated data using the RunPCA function of the Seurat v4.0.322 and 

calculated the first 50 principal components. Clustering was performed using FindNeighbors 

function (based on k-nearest neighbor (KNN) graphs) and FindClusters function (Louvain 

algorithm) with dimensions 1–30. We applied a resolution of 0.7 to classify the nuclei 

into clusters. To represent the data in two-dimensional space, we performed nonlinear 

dimensional reduction using Uniform Manifold Approximation and Projection (UMAP)23.

Cell-type annotation—For cell-type assignment, we used the cell-type annotation tool 

SingleR v1.4.124. SingleR determines the cellular identity of each cluster based on the 

reference datasets of pure cell types sequenced by either RNA-seq or microarray technology. 

We used manually annotated human subcutaneous adipose snRNA-seq data15 (n=15) and 

an immune cell-type specific RNA-seq dataset, ‘Database for Immune Cell Expression’ 

(n=1,561), available in the SingleR package24 as reference data sets. Droplets with 

ambiguous assignments were removed separately.

Marker gene identification—We identified the marker genes for each cluster with 

FindAllMarkers function in Seurat v4.0.322. This function uses the Wilcoxon rank sum test 

(by default) with a log2 fold change threshold of 0.25. Genes that are detected in a minimum 

fraction of 25% nuclei (min.pct=0.25) were tested for marker gene identification. Bonferroni 

corrected p<0.05 was considered statistically significant.

Processing and analyzing the heart snRNA-seq data

Normalization and integration—For the processing of heart snRNA-seq data, we 

performed a similar workflow as described above for the subcutaneous adipose snRNA-seq 

data. Briefly, count data of each heart chamber (RA, LA, RV, and LV) was normalized using 

the SCTransform function of Seurat v4.0.322. Normalized dataset for each chamber was 

processed separately using Seurat22 functions SelectIntegrationFeature, PrepSCTIntegration, 

FindIntegrationAnchors, and IntegrateData.

Dimensionality reduction and clustering—Dataset for each heart chamber was 

then subjected to dimensionality reduction using PCA. Clustering was performed using 

FindNeighbors function (top 15 PCA vectors) and FindClusters function (resolution 0.5). 

Finally, UMAPs for all the chambers were created using RunUMAP function.

Cell-type annotation and marker gene identification—To annotate cell types for 

each chamber of the heart, we used the automated cell-type cluster annotation tool SingleR 

v1.4.124 with an independent human heart dataset25 as a reference while removing the 
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droplets with ambiguous assignments. After the cell type annotation, we identified the 

cell-type marker genes for each heart chamber using Seurat22, as described above for the 

subcutaneous adipose snRNA-seq. Noteworthy, using the single nucleus RNA-seq data we 

cannot directly identify adipose tissue per se in the heart, rather we identify adipocytes that 

is a unique cell-type of the adipose tissue.

Pathway enrichment analysis for adipocyte marker genes

We used a web-based tool WebGestalt26 to perform pathway enrichment analysis of the 

five sets of adipocyte marker genes (adipocyte marker genes for RA, LA, RV, LV, and 

subcutaneous adipose tissue). WebGestalt implements a hypergeometric test to identify an 

over-representation of a set of genes among all the genes in a specific KEGG pathway. Only 

the expressed genes were used as a reference gene set for each pathway enrichment analysis. 

KEGG pathway with adjusted p<0.05 was defined as statistically significant. We used the 

Seurat22 function DotPlot to compare the average expression of pathway genes across the 

cell-types in LA and RA using all available atrium samples (n=6 for LA and n=5 for RA)6. 

Visualization of the pathway genes within the KEGG pathway was performed using the 

pathview27 R package.

Module score analysis

To calculate the module scores for pathway-specific gene modules, we used 

AddModuleScore function in Seurat v4.0.328. This function estimates the module scores by 

calculating the difference between the average expression level of genes within the module 

compared to aggregated expression of control gene sets. Pathway-specific adipocyte marker 

genes were used as input. Based on the mean expression, genes of interest were binned into 

24 bins. Control gene sets were randomly selected from each bin. To further investigate the 

significance of the module score difference between adipocytes and non-adipocytes in both 

tissues, we first down-sampled the nuclei by a factor of 50 and then performed permutation 

tests one million times by preserving the proportion of adipocytes and non-adipocytes.

Transcription factor enrichment analysis

We performed transcription factor (TF) analysis using the Enrichr online tool29. Entrez gene 

symbols of five sets of genes (unique adipocyte marker genes for RA, LA, RV, LV, and 

subcutaneous adipose tissue) were used as input data to identify the TFs that regulate the 

expression of these genes. For enrichment analysis, we used Chip Enrichment Analysis 

(ChEA) database30. ChEA contains results of TF targets from published ChIP-seq studies. 

Enrichr computes p-values for each TF using the Fisher exact test. For correction of multiple 

testing, FDR<0.05 was applied.

Gene set enrichment analysis for diseases associations

Since the 7 heart snRNA-seq samples were taken from patients with no clinical evidence 

of cardiac dysfunction, we could not directly assess them for CAD or HF in our study. 

Therefore, we leveraged the identified heart adipocyte marker genes to determine the 

role of local variants of these marker genes for enriched associations with CAD and HF 

in the previous extensive CAD and HF genome-wide association studies (GWASs)31,32. 
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Accordingly, we used MAGENTA33 to identify whether local variants (see below) within 

each set of adipocyte marker genes are enriched for associations with CAD or HF. 

MAGENTA is a multivariate linear regression-based method that tests the enrichment of 

sets of functionally related genes with polygenic traits or diseases using summary statistics 

of GWAS. Briefly, MAGENTA (a) maps the chromosomal position and p-value of GWAS 

SNPs onto genes; (b) scores the genes based on local SNPs; (c) corrects gene scores for 

confounding factors such as SNP number, gene size, and linkage disequilibrium (LD); and 

(d) calculates enrichment p-value for each gene set of interest.

To test the association of chamber-specific adipocyte marker genes with CVDs, we used 

publicly available summary statistics of two GWAS studies. The first study is a CAD 

meta-analysis31, which consisted of 42,335 CAD patients and 78,240 control individuals (a 

total of 120,575 individuals) from 20 individual studies. Summary statistics for the CAD 

meta-analysis study31 was downloaded from the project website. The second study is the 

HF GWAS meta-analysis32, which was performed across 26 individual studies from the 

HERMES Consortium. This meta-analysis comprises of a total of 977,323 European descent 

individuals, including 47,309 HF patients and 930,014 healthy controls. Summary statistics 

of the HF GWAS were downloaded from the HERMES project website.

For enrichment analysis, we used gene boundaries of 500 kb upstream and 500 kb 

downstream of the transcription start site and end of the gene, respectively. Due to the 

high gene density and tight linkage disequilibrium (LD) in the HLA region, we removed the 

genes that reside in the HLA region (default settings). Enrichment p-values were corrected 

for multiple testing using FDR<0.05.

Cis-expression quantitative trait locus (eQTL) analysis

To identify cis-eQTLs, defined here as DNA variants that regulate the expression of a 

near-by genes, for adipocyte marker genes across both tissues, we used three sets of data: (a) 

adipose subcutaneous eGenes, (b) heart atrial appendage eGenes, and (c) heart LV eGenes 

from Genotype-Tissue Expression (GTEx) portal v.834. We first filtered each dataset to 

only include cis-eQTL SNPs with a minor allele frequency (MAF) of more than 5% in the 

GTEx data and permuted p-value<0.05. We selected the MAF more than 5% cut point to 

focus on commonly enough variants in the relatively small GTEx RNA-seq data sets. The 

permutation p-values were calculated using the FastQTL tool to test for the associations of 

the cis-eQTL variants with the expression of the corresponding genes, as described earlier34 

and reported in the publicly available GTEx cis-eQTL results at the GTEx portal. The GTEx 

participants are 85% White, which reflects relatively well our study participants who are 

White. We then identified cis-eQTL variants regulating tissue-specific and tissue-shared 

adipocyte marker genes between subcutaneous adipose tissue and each chamber of the heart 

(RA, LA, RV, and LV). To find the significant associations (p-value<5×10−8) between eQTL 

variants and CVD traits, we used the cardiovascular disease knowledge portal (CVDKP) 

data (November 9, 2022, date last accessed).
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Cell-cell communication analysis of subcutaneous adipose tissue and heart

To identify cell-cell communication in subcutaneous adipose tissue and each of the heart 

chambers (RA, LA, RV, and LV), we used the intercellular communication analysis tool, 

CellChat35. CellChat uses gene expression information from single-cell or snRNA-seq data 

and models the probability of intercellular communication by integrating gene expression 

information and prior knowledge of ligand-receptor (L-R) interactions. CellChat then 

predicts incoming and outgoing cell-cell communication using network analysis and pattern 

recognition approach. CellChat uses a one-sided permutation test to identify the significant 

interactions between two cell-types. Interactions with p<0.05 are considered as statistically 

significant. We applied CellChat to our subcutaneous adipose tissue and heart datasets, 

and performed L-R interaction analysis using the standard CellChat analysis workflow 

with default settings. Next, we compared significant L-R interactions between subcutaneous 

adipose tissue and each of the heart chambers to identify tissue-specific adipocyte-associated 

L-R interactions and their corresponding signaling pathways.

Results

Single nucleus RNA-seq analysis of subcutaneous adipose tissue and heart reveals 
tissue-resident and tissue-shared adipocyte marker genes

Our study design to identify subcutaneous adipose tissue and heart -specific adipocytes and 

their profiles is illustrated in Figure 1A,B. To investigate tissue-specific expression profiles 

of adipocytes, we used previously reported snRNA-seq datasets of human subcutaneous 

adipose15 and heart6. For subcutaneous adipose tissue, snRNAseq data were first aligned to 

the human reference genome and filtered for standard QC (see Methods). Following QC, 

the total number of nuclei in the subcutaneous adipose tissue dataset was 37,865. We then 

performed clustering and cell-type assignment to identify cell-types in subcutaneous adipose 

tissue (Figure 1A). Assigned cell-types in subcutaneous adipose tissue dataset included 

adipocytes, preadipocytes, fibroblasts, myeloid, endothelial cells, perivascular, B cells, T 

cells, lymphatic endothelial cells, mast cells, and natural killer T cells (Figure 1C). For the 

heart snRNA-seq data, we performed clustering and cell-type annotation (Figure 1A) of each 

heart chamber (RA, LA, RV, and LV) separately (see Methods). The total number of nuclei 

in RA, LA, RV, and LV were 41,204, 42,867, 28,696, and 39,639, respectively. We observed 

ten heart cell-types, which included cardiomyocytes, fibroblasts, endothelial, mesothelial, 

myeloid, adipocytes, neuronal, pericytes, smooth muscle cells, and lymphoid cells (Figure 

1D–G). We use the term heart or chamber-based adipocytes for the adipocytes observed 

in the heart. To exemplify the adipocyte cluster among all subcutaneous adipose and heart 

cell-type clusters, the expression of an adipocyte marker gene GPAM is shown in the UMAP 

visualization of subcutaneous adipose tissue and all heart chambers (Figure S1A–E).

As the snRNAseq data analysis of both tissues confirmed the presence of adipocyte clusters 

in subcutaneous adipose tissue and each of the heart chambers, we next investigated 

whether adipocytes in both tissues express the same sets of adipocyte marker genes, and 

thus comprise tissue-shared or tissue-resident expression profiles. To test this, we first 

identified adipocyte-specific marker genes in the subcutaneous adipose tissue and heart. 

These adipocyte marker genes are defined as genes that are expressed specifically in 
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adipocytes when compared to other cell-types (see Methods). We found 207 adipocyte 

marker genes in the subcutaneous adipose tissue, and 214, 240, 115, and 256 adipocyte 

marker genes in RA, LA, RV, and LV, respectively. The adipocyte marker genes of the 

subcutaneous adipose tissue and each heart chamber (RA, LA, RV, and LV) are listed in 

Table S1–S5.

We next investigated whether the adipocyte marker genes are shared between the 

subcutaneous adipose tissue and each heart chamber (RA, LA, RV, and LV). Adipocyte 

marker genes that were specifically present in one tissue but absent in the other were 

identified as tissue-resident adipocyte marker genes (Figure 2A). We found 75 adipocyte 

marker genes that were shared by both subcutaneous adipose tissue and RA, while 139 

adipocyte marker genes were only present in the RA and 132 unique adipocyte marker 

genes in subcutaneous adipose tissue (Figure 2B). Similarly, we found 162, 63, and 170 

unique adipocyte marker genes in LA, RV, and LV, respectively, when compared with 

adipocyte marker genes in subcutaneous adipose tissue (Figure 2C–E). Taken together, these 

comparisons of the adipocyte marker genes between tissues indicate that the majority (~60–

70%) of the adipocyte marker genes are tissue-resident. Thus, these unique adipocyte marker 

genes in each tissue might be involved in distinct molecular mechanisms in adipocyte 

function of the particular tissue.

Comparisons of the adipocyte marker genes between the subcutaneous tissue and heart 
chambers identify distinct functional pathways in the human heart

To underpin the functional pathways regulated by the tissue-resident adipocyte marker 

genes, we conducted the KEGG pathway enrichment analysis using WebGestalt26. We 

observed significant differences between pathways identified in the subcutaneous adipose 

tissue and each of the heart chambers (RA, LA, RV, and LV). Pathway enrichment 

analysis using heart-specific adipocyte marker genes identified a significant enrichment 

of the propanoate metabolism pathway (FDR<0.05), consistently in all four chambers 

separately (Figure 2B–E). Noteworthy, the propanoate metabolism pathway shows the 

highest enrichment ratio in all four heart chambers (Table S6–S9); however, this pathway is 

not enriched among the subcutaneous adipose tissue-resident adipocyte marker genes. We 

did not observe any significant functional pathways using unique adipocyte marker genes 

in the subcutaneous adipose tissue (Figure 2B–E); however, KEGG pathways analysis using 

all adipocyte marker genes (both shared and non-shared) resulted in the well-known adipose 

tissue pathways, including the insulin signaling pathway (Table S10). Insulin signaling 

pathway is also significantly enriched among all heart adipocyte marker genes (Figure 3), 

with some shared pathway genes observed across the two tissues, including FASN and LIPE. 

We also observed that IRS2, the loss of which has previously been linked to heart failure36, 

is an adipocyte marker gene in all four chambers but not in the subcutaneous adipose tissue. 

Taken together, our pathway enrichment analyses indicate that the propanoate metabolism 

pathway is heart-specific and might be a key distinct functional pathway in heart resident 

adipocytes.
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Comparisons of the adipocyte marker genes between the heart chambers show well-
coordinated functional pathways at the chamber level

We also searched for differences in adipocyte marker genes between the heart chambers 

(RA, LA, RV, and LV) and found chamber-specific and chamber-shared adipocyte marker 

genes (Figure 3A). For example, 137 adipocyte marker genes were shared between RA and 

LA, while 77 adipocyte marker genes were only present in RA and 103 in LA. Thus, the 

adipocyte marker genes also demonstrate some chamber-specificity.

To further investigate the possible chamber-specific role of adipocytes, we performed the 

KEGG pathway enrichment analysis using all adipocyte marker genes in RA (n=214), LA 

(n=240), RV (n=115), and LV (n=256). We found that the adipocyte marker genes in both 

atriums are enriched for multiple shared functional pathways, which were not observed 

in the ventricles (Figure 3B), including the glyoxylate and dicarboxylate metabolism, 

glycerolipid metabolism, citrate cycle, carbon metabolism, biosynthesis of unsaturated fatty 

acids, and metabolic pathways. We also observed that the adipocyte marker genes in both 

ventricles are enriched for less functional pathways when compared to the atriums, majority 

of which overlap with the atrium pathways. To further evaluate whether the differences 

observed are due to intrinsic characteristics from adipocytes in different heart chambers or 

due to differences in other cell-types, we also compared myeloid marker genes and their 

functional pathways between the heart chambers. We did not observe similar functional 

coordination across atriums and ventricles as with the adipocyte marker genes when using 

the myeloid marker genes (Figure S2A–B), suggesting that the observed differences may be 

due to intrinsic characteristics of adipocytes in atriums and ventricles.

Module score analysis identifies tissue-specific drivers of the propanoate metabolism 
pathway

We next used the module score analysis to evaluate the tissue-specific profiles of propanoate 

metabolism pathway genes (Figure 4A–B). We performed these analyses on the UMAP 

representation of both subcutaneous adipose tissue and heart chambers. Module score 

analysis of propanoate metabolism pathway genes (Figure 4B) comparing the average 

expression of the propanoate metabolism pathway genes in the LA adipocytes versus other 

heart cell-types and subcutaneous adipose tissue adipocytes versus other adipose cell-types 

(see Methods) revealed a strong expression enrichment of these pathway genes in the LA 

adipocytes (Figure 4C–F). Next, similar module score analyses were performed for the 

adipocyte cluster in subcutaneous adipose tissue and the other three heart chambers. These 

module score analyses also suggest that the genes of the propanoate metabolism pathway are 

more strongly enriched for adipocytes in the other three chambers (RV, LV, and RA) (Figure 

S3A–C), than for the adipocytes in the subcutaneous adipose tissue. In summary, in line with 

the pathway analyses, the module score results indicate that the expression profiles of the 

genes in the propanoate metabolism pathway are tissue-enriched in the adipocytes of the 

heart chambers.
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Adipocytes in the heart and subcutaneous adipose tissue are enriched for binding of 
distinct transcription factors (TFs)

We next searched for transcription factors (TFs) that regulate tissue-resident adipocyte 

marker genes. We first performed TF enrichment analysis using the Enrichr tool29 on the 

unique adipocyte marker genes in each heart chamber as well as the unique adipocyte 

marker genes in the subcutaneous adipose tissue. We identified significant TFs (FDR<0.05) 

that target adipocyte marker genes in each heart chamber and subcutaneous adipose tissue 

(Figure 4G). Among these TFs, SOX2 and CBP are identified as heart adipocyte-specific 

and enriched for all heart chambers. In addition to heart adipocyte-specific TFs, we observed 

three subcutaneous adipose tissue adipocyte-specific TFs, RUNX2, TRIM28, and HIF1A, 

which were enriched in at least three comparisons between subcutaneous adipose tissue and 

various heart chambers. Together, our finding suggests that these TFs might be essential to 

regulate the tissue-specific profiles of adipocytes.

CVD GWAS variants are enriched in the RA marker gene regions

We tested whether unique heart-specific adipocyte marker genes in each chamber are 

enriched for coronary heart disease (CAD) or heart failure (HF) genome-wide association 

study (GWAS) variants residing in their cis-regulatory regions (Table 1). We used 

MAGENTA33 (see Methods) to test for the enrichment of CAD and HF GWAS associations 

in the following four gene sets: (a) 139 unique adipocyte marker genes in RA; (b) 63 unique 

adipocyte marker genes in RV; (c) 162 unique adipocyte marker genes in LA and (d) 170 

unique adipocyte marker genes in LV.

We first tested for the enrichment of CAD GWAS variants in the cis-regions of the unique 

adipocyte markers genes of the four heart chambers using the summary level results of 

the CAD GWAS meta-analysis31, comprising 42,335 CAD cases and 78,240 controls. 

We observed significant enrichment of CAD associations with the RA adipocyte marker 

gene regions (Table 1; PRA
GSEA = 0.0005), passing the correction for multiple testing (adj 

p<0.0062; four gene sets and two disorders tested) (Table 1). We did not observe significant 

enrichment of CAD associations for adipocyte marker gene regions in RV (PRV
GSEA = 0.9130), 

LA (PLA
GSEA = 0.359), and LV (PLV

GSEA = 0.5470) (Table 1).

We next tested for the enrichment of heart failure GWAS variants in the cis-regions of the 

unique adipocyte markers genes of the four heart chambers using the summary level results 

of the HERMES GWAS meta-analysis32, comprising 47,309 heart failure cases and 930,014 

healthy controls. RA- and LA-specific adipocyte marker genes were nominally enriched for 

heart failure associations with a p-value of 0.0312 and 0.0325 (Table 1). No enrichment of 

heart failure associations was observed with the LV and RV adipocyte marker genes.

Taken together, our GWAS enrichment analyses of the unique heart chamber marker gene 

regions provided significant support for the enrichment of CAD GWAS variants in the 

RA-specific adipocyte marker gene regions and suggestive support for the enrichment of 

heart failure GWAS variants in the RA- and LA-specific adipocyte marker gene regions.
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LA and RA show adipocyte-specific expression of seven propanoate metabolism pathway 
genes

As the unique adipocyte marker genes in LA and RA are enriched for CAD and HF GWAS 

risk variants, we next investigated whether the expression of the propanoate metabolism 

pathway genes is specific to adipocytes in both atriums using all available atrium samples 

(n=6 for LA and n=5 for RA)6. We used Seurat22 function DotPlot to compare the average 

expression of the propanoate metabolism genes across the samples at the cell-type level. 

The results demonstrate that the key genes of the propanoate metabolism pathway, ACACA, 
BCKDHB, ECHDC1, EHHADH, HIBCH, LDHA, and PCCA, are predominantly only 

expressed in the human LA and RA adipocytes, with minimal expression in the other heart 

cell-types (Figure 5A–B). The central role of these seven propanoate metabolism genes 

in the KEGG pathway of propanoate metabolism is depicted in Figure S4. Together, our 

findings suggest that the expression of the seven propanoate metabolism pathway genes is 

specific to the adipocytes in the human LA and RA, indicating their important role in the 

propanoate metabolism of the human heart.

Cis-eQTL variants regulate tissue-resident adipocyte markers and propanoate metabolism 
pathway genes

To elucidate genetic regulation of the tissue-resident adipocytes, we searched for cis-eQTL 

variants that regulate unique adipocyte marker genes in the heart and subcutaneous 

adipose tissue using three sets of Genotype-Tissue Expression (GTEx) expression data (see 

Methods). Interestingly, we observed cis-eQTL variants that are associated with unique 

adipocyte marker genes of both subcutaneous adipose tissue and each of the heart chambers 

(Figure S5). Among the heart adipocyte marker gene the cis-eQTL variants, rs2744937 and 

rs3800461 regulate C6orf106 that is a unique adipocyte marker gene in RA, LA, and LV. 

According to the Cardiovascular Disease Knowledge Portal (CVDKP) data, these cis-eQTL 

variants rs2744937 and rs3800461 are also significantly associated with CAD, resulting 

in p-values of 2.34×10−11 and 5.87×10−12, respectively. In addition, we observed that the 

cis-eQTL variants rs291466 and rs16859711 regulate propanoate metabolism pathway genes 

HIBCH and EHHADH. Among these variants, rs291466 is also significantly associated with 

diastolic blood pressure (p-value=8.00×10−12). Unique adipocyte marker gene cis-eQTL 

variants and their CVD GWAS associations are shown in Figure S5A–D.

Cell-cell communication analysis identifies specific heart adipocyte-associated ligand-
receptor interactions and signaling pathways

To search for significant ligand-receptor (L-R) interactions and signaling differences 

among adipocytes and other cell-types in the subcutaneous adipose tissue and heart, 

we performed cellular communication analysis using CellChat35. We first compared the 

significant aggregated cell-cell communication networks we identified between each of the 

heart chambers (RA, LA, RV, and LV) and subcutaneous adipose tissue (Figure 6A). We 

observed a tissue-specific distinct communication structure in the subcutaneous adipose 

tissue when compared to the communication structures in the four heart chambers (Figure 

6A). Moreover, we observed that the overall cell-cell communication structures are highly 

similar between RA and LA, and between RV and LV (Figure 6A), respectively. In total, 
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there are 59 adipocyte-associated ligand-receptors interactions in RA, 81 in LA, 18 in RV 

and 31 in LV, respectively. These overall cell-cell communication structures on one hand 

between the subcutaneous adipose tissue and heart, and on the other hand within the heart 

atriums versus ventricles are likely driven by distinct tissue-specific cell-type compositions.

We next searched for L-R interactions involving adipocytes in subcutaneous adipose tissue 

and each of the heart chambers. The L-R interactions where adipocytes are either sender 

and/or receiver cell-type were considered as adipocyte-associated L-R interactions. We first 

identified adipocyte-associated L-R interactions in subcutaneous adipose tissue and heart 

and then investigated whether any of these L-R interactions are shared between both tissues. 

We found 27, 17, 12, and 18 non-shared adipocyte-associated L-R interactions in RA, 

LA, RV, and LV, respectively, when compared with adipocyte-associated L-R interactions 

in subcutaneous adipose tissue (Table S11–S14). Among the adipocyte-associated L-R 

interactions in the heart chambers, four L-R interactions (EFNA5-EPHA4, EFNA5-EPHA3, 

THBS1-CD36, and IGF1-IGF1R) are shared across all four heart chambers; however, none 

of these interactions were observed among the adipocyte-associated L-R interactions in 

the subcutaneous adipose tissue (Figure 6B). The signaling pathways associated with these 

L-R interactions are EPHA, THBS, and IGF. In addition, we observed three adipocyte-

associated L-R interactions (SEMA3C-NRP2-PLXNA2, LAMA4-ITGA6-ITGB1, LAMC1-

ITGA6-ITGB1) only present in the subcutaneous adipose tissue (Figure S6H–J) but not in 

the heart. Taken together these cellular communication results between the subcutaneous 

adipose tissue and heart revealed 22 distinct heart adipocyte-associated L-R pairs and 

signaling pathways, which likely contribute to the regulation of the observed heart-specific 

profiles of adipocytes.

Taken together our results identify the propanoate metabolism pathway as a novel distinct 

characteristic of the heart-resident adipocytes, and discover a significant enrichment of CAD 

GWAS risk variants among the unique RA adipocyte marker genes. Thus, we introduce 

a new function and genetic link to CAD for the previously unexplored heart-resident 

adipocytes.

Discussion

We present a cross-tissue analysis of adipocyte cell populations, comparing their 

subcutaneous adipose and heart single-nucleus transcriptomes to identify distinct tissue-

specific expression profiles of adipocytes, their functional pathways and gene regulatory 

mechanisms with potential therapeutic application for CVDs. By analyzing the subcutaneous 

adipose tissue and heart snRNA-seq data, we identify novel tissue-resident adipocyte 

marker genes. Using these unique adipocyte marker genes, we discover distinct functional 

pathways, transcription factors, and cis-eQTL variants that characterize tissue-specific 

profiles of adipocytes. Furthermore, our genetic results reveal enrichments of heart-resident 

adipocyte marker genes for CAD and HF GWAS risk variants, suggesting potential 

therapeutic target genes for CVDs.

Our pathway enrichment analyses reveal a significant enrichment of the propanoate 

metabolism pathway among the tissue-resident adipocyte marker genes in all heart 
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chambers. This pathway involves propionate, a short chain fatty acid, which is derived 

from several sources including the metabolism of intestinal bacteria and diet37. A previous 

study has shown that gut microbiota-derived propionate has cholesterol-lowering and 

atheroprotective properties38. The concentration of propionate is also significantly altered 

in obesity37,39,40, which is known to associate with CVDs, suggesting that propionate 

could have a critical effect on cardiac metabolism and function. Furthermore, a rat study 

by Wang et al. reported that propionate switches the fuel preference of heart from fatty 

acids to glucose37, and thus the propionate metabolism may act as a linking pathway in 

cardiac energetics between the two fuel sources. A recent study also demonstrated that 

propionate protects the heart from damage, such as cardiac fibrosis, hypertrophy, and 

vascular dysfunction41, and that propionate treatment significantly reduces atherosclerosis41. 

Our new findings as well as previous reports endorse the possibility that the propanoate 

metabolism pathway is heart adipocyte-specific and plays an important role in heart-resident 

adipocytes.

Our comparisons of pathway enrichment results between the heart chambers further 

demonstrate that the adipocyte-specific expression profiles of both atriums are enriched 

for multiple shared functional pathways (Figure 3B), which are not observed in the 

ventricles. Interestingly, the glycerolipid pathway gene, DGAT2, plays a key role in cardiac 

triglyceride synthesis42. A mice study also found that the expression of LPIN1, another gene 

of glycerolipid metabolism, is significantly decreased in individuals with heart failure43. 

Intermediates of citrate cycle, which is only shared by atriums (Figure 3B), are involved 

in cardioprotection44. As the previous studies indicate the involvement of these pathways 

and their genes in heart-specific molecular mechanism, the pathways we identified in the 

adipocytes of heart atriums might be important in the regulation of atrium adipocytes.

We also found that average expression of genes (ECHDC1, ACACA, PCCA, BCKDHB, 

EHHADH, HIBCH, and LDHA) of the propanoate metabolism pathway are enriched in 

the adipocyte clusters among all cell-types in the four heart chambers using a module 

score analysis. Previous work has reported the involvement of these genes in various 

cardiovascular events. The expression of ECHDC1 is known to be elevated in myocardial 

tissue in patients with hypertrophic cardiomyopathy45. Upregulation of ACACA has been 

shown in the atrial myocardium of high-fat diet mice46. Another study on adult-onset 

dilated cardiomyopathy found compound heterozygous variants in the PCCA gene47. A 

mouse study by Dai et al. reported that the expression of LDHA is increased in the 

heart in response to hemodynamic stress48. Taken together, we show that these propanoate 

metabolism pathway genes that have been implicated in prior studies for their critical role in 

myocardial tissue are highly expressed only in heart adipocytes among all heart cell-types, 

although we recognize that further studies are warranted to determine the exact function of 

these genes in heart-resident adipocytes.

We observed notable differences in transcription factor bindings between subcutaneous 

adipose tissue and all four heart chambers. Among the heart adipocyte marker gene-specific 

TFs, SOX2 is a well-studied TF that is crucial for lineage determination in human 

mesenchymal stem cells49. Previous studies showed that SOX2 improves the cardiovascular 

repair capacity of mesoangioblasts in the acute myocardial infarction model50. We also 
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found another heart adipocyte-aware TF, CREB binding protein (CBP) that is known to 

interact with other TFs and is involved in cardiac hyperthrophy51. In addition, we identified 

multiple adipose tissue adipocyte-specific TFs that included RUNX2, TRIM28, and HIF1A. 

Previous works reported that RUNX2 is highly expressed in growth-arrested preadipocytes52 

and it is known to have an inhibitory role in adipocyte differentiation. TRIM28 is a crucial 

regulator of adipose tissue function, loss of which promotes obesity in mice53. HIF1A, the 

master regulator of cellular oxygen homeostasis, promotes obesity-induced inflammation 

in adipose tissue hypoxia54. Therefore, as these previous findings indicate that TFs can 

have significant involvement in various tissue-specific molecular mechanisms, the TFs we 

identified in heart-resident adipocytes, SOX2 and CBP, can similarly also have important 

roles in heart-specific functions.

Adipose tissue-resident adipocytes play an important role in metabolic regulation, and 

dysfunctional adipocytes are known to be associated with several CVDs55,56. However, it is 

unknown how heart-resident adipocytes contribute to CVDs including CAD and HF. Using 

the MAGENTA GSEA approach, we discovered that RA-specific adipocyte marker genes 

are significantly enriched for CAD GWAS variants (adjusted p<0.05). Previous studies 

have demonstrated that RA impairment is an independent risk factor for acute myocardial 

infarction57. In addition, we identified an enrichment of RA- and LA-specific adipocyte 

marker genes for HF GWAS variants (unadjusted p<0.05). Based on these CAD and HF 

GWAS variant enrichments, we further demonstrate that the key propanoate metabolism 

pathway genes show adipocyte-specific expression in LA and RA. Our pathway enrichment 

analysis further showed that the LA-resident adipocyte marker genes are enriched for a 

valine, leucine, and isoleucine degradation pathway. Previous studies have reported that 

catabolic defects in these branched-chain amino acids (valine, leucine, and isoleucine) 

significantly contribute to the pathogenesis of HF58. The LA is often considered as a 

biomarker for risk prediction in various CVDs59. Taken together, our results provide 

new genetic evidence for the involvement of the identified RA-specific and LA-specific 

adipocyte marker genes in CAD and HF, and future in-depth investigations of these genes 

may yield novel therapeutic targets.

In our cellular communication analysis, we observed heart-specific adipocyte-associated 

L-R interactions and their signaling pathways. We found that adipocytes act as senders 

in the EPHA signaling in all heart chambers (Figure 6C,D and Figure S6A,B). We also 

found that adipocytes express the IGF1 ligand and communicate with cardiomyocytes 

in all heart chambers via the IGF1R receptor (Figure 6F and Figure S6D). IGF1 is 

known to play multiple key functional roles in the heart, including metabolism, autophagy, 

hypertrophy, contractility, and senescence60. In the THBS1-CD36 interaction, adipocytes 

act as receivers from myeloid cell-types in all heart chambers (Figure 6E and Figure 

S6C). CD36 is a multifunctional receptor, which is involved in the fatty acid uptake in 

myocardial tissue61. Interestingly, a previous study also reported that CD36 is associated 

with cardiovascular disease progression62. Among the identified L-R interactions in the 

heart chambers, NAMPT-INSR is the only L-R pair where the heart adipocytes act both 

as senders and receivers. NAMPT or VISFATIN is an adipokine that is previously known 

to be preferentially produced by the visceral adipose tissue63; yet we identify it to be 

expressed in the heart adipocytes and function in this L-R here. A prior study also found 
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that the level of epicardial NAMPT is increased in patients with CAD, when compared 

with control individuals’ levels64. Therefore, based on the key L-R findings reported here 

and published earlier, it seems that the discovered heart adipocyte-associated ligands and 

receptors may contribute to the regulation of the heart-specific function of adipocytes and 

possibly link them to CAD. Our comparisons between the chambers also suggest chamber 

level coordination of heart adipocyte expression profiles as we observed a larger number of 

significant adipocyte-associated ligand-receptor interactions and functional pathways in the 

atriums than ventricles.

In addition to these new heart adipocyte findings, our study also has some limitations. First, 

all participants of this study were of European descent, preventing direct generalizations 

to other populations and warranting cross-tissue comparisons of adipocytes using samples 

from other, more diverse ancestries in the future. Second, the cohort sizes of subcutaneous 

adipose tissue (n=15) and heart (n=7) are relatively small. Larger snRNA-seq sample sizes 

may provide additional information about the expression of marker genes in adipocyte 

subtypes. Third, we used snRNA-seq datasets of heart and subcutaneous adipose tissue for 

our analysis. Inclusion of snRNA-seq data from visceral adipose tissue, would provide gene 

expression profiles of adipocytes in this other metabolically important fat depot, and thus 

investigations of adipocytes in other tissues warrant future studies. Fourth, in the GTEx 

portal there are bulk expression data available only in the LV out of the two ventricles. 

Therefore, we used the LV bulk expression data for the cis-eQTL analysis of the left and 

right ventricles while recognizing that the cis-eQTL analysis of the other chambers requires 

generation of new heart bulk RNA-seq data. Fifth, we recognize that it is possible that 

differences in participants’ age and BMI between the subcutaneous adipose tissue and heart 

snRNAseq cohorts may also affect the results.

Taken together, our results contribute to the growing field of cardiac adiposity by identifying 

heart-resident adipocyte marker genes, and elucidating their functional pathways, and 

genetic links to CVDs. We identify the propanoate metabolism pathway to be enriched 

among the marker genes of the heart-resident adipocytes, consistently in all four chambers. 

We also discover a larger number of adipocyte-associated ligand-receptor interactions and 

functional pathways in the atriums than ventricles, suggesting chamber level coordination of 

adipocyte expression profiles. We further show that variants in the heart-resident adipocyte 

marker genes and their cis regulatory regions are enriched for associations with CAD and 

HF in previous extensive GWAS studies31,32. Thus, our results link variants in the identified 

novel heart-resident adipocyte marker genes to the increased genetic risk of CAD and HF.
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Acknowledgments

We thank the individuals who participated in the Finnish Twin17 and CRYO18,19 adipose snRNA-seq study. The 
GTEx data used for the analyses described in this manuscript were obtained from the GTEx Portal on June 6, 2021.

Das et al. Page 16

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sources of funding

The work was supported by NIH grants R01HG010505 and R01DK132775. K.H.P. was funded by the Academy 
of Finland, grant numbers 335443, 314383, 272376, 266286; Finnish Medical Foundation; Gyllenberg Foundation; 
Novo Nordisk Foundation, grant numbers NNF20OC0060547, NNF17OC0027232, NNF10OC1013354; Finnish 
Diabetes Research Foundation; Sigrid Juselius Foundation, University of Helsinki and Helsinki University Hospital 
Government Research Funds. GTEx project was supported by the Common Fund of the Office of the Director of 
the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS.

Nonstandard Abbreviations and Acronyms

BMI body mass index

CAD coronary artery disease

CBP CREB binding protein

ChEA Chip Enrichment Analysis

CVD cardiovascular disease

CVDKP Cardiovascular Disease Knowledge Portal

DIEM Debris Identification using Expectation Maximization

eQTL expression quantitative trait locus

GTEx Genotype-Tissue Expression

GWAS genome-wide association study

HF heart failure

KNN k-nearest neighbor

LA left atrium

LD linkage disequilibrium

L-R ligand-receptor

LV left ventricle

MAF minor allele frequency

MSC mesenchymal stem cells

PCA principal component analysis

QC quality control

RA right atrium

RV right ventricle

snRNA-seq single nucleus RNA-sequencing

T2D type 2 diabetes
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TF transcription factor

UMAP Uniform Manifold Approximation and Projection

UMI Unique Molecular Identifier
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Highlights

• Single nucleus RNA-sequencing of subcutaneous adipose and heart identified 

not only adipocyte marker genes shared across the two tissues but also distinct 

tissue-resident adipocyte marker genes.

• We discovered the propanoate metabolism pathway to be enriched among 

the marker genes of heart-resident adipocytes, consistently in all four heart 

chambers.

• Variants in the right atrium adipocyte marker genes and their cis regulatory 

regions are enriched for associations with coronary artery disease.

• Cellular communication and functional pathway analyses suggest heart 

chamber level coordination of heart adipocyte expression profiles, supported 

by the observed larger number of significant adipocyte-associated ligand-

receptor interactions and functional pathways in the atriums than ventricles.
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Figure 1. Cellular diversity in subcutaneous adipose tissue and each of the heart chamber.
A, Schematic overview of the single nucleus RNA-seq (snRNA-seq) analysis pipeline. 

Analysis of the subcutaneous adipose tissue (n=15) and heart (n=7) datasets included 

clustering of nuclei, followed by cell-type annotation and marker gene identification (see 

the Methods). B, Further analysis of adipocyte marker genes included identification of 

tissue-specific and tissue-shared adipocyte marker genes, followed by KEGG pathway 

enrichment analysis, transcription factor enrichment analysis, cis-expression quantitative 

trait locus (eQTL) analysis, gene set enrichment analysis for genetic disease associations, 
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and cell-cell communication analysis between adipocytes and other cell-types. C, Uniform 

Manifold Approximation and Projection (UMAP) clustering of 37,865 nuclei displaying 

cellular diversity in human subcutaneous adipose tissue. D-G, UMAP visualization of 

41,204, 42,867, 28,696, and 39,639 nuclei of right atrium (RA), left atrium (LA), right 

ventricle (RV), and left ventricle (LV), respectively, displaying cellular diversity in the heart. 

The black circle indicates the location of each chamber in the heart.
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Figure 2. Comparisons of adipocyte marker genes between subcutaneous adipose tissue and 
heart reveal shared and tissue-specific drivers of tissue-resident adipocytes.
A, Adipocyte marker genes that are specifically present in one of the heart chambers and 

absent in the subcutaneous adipose tissue, and vice versa, are considered tissue-specific 

adipocyte marker genes. B-E, Overlaps of adipocyte marker genes (left) between each of the 

heart chambers (right atrium (RA), left atrium (LA), right ventricle (RV), and left ventricle 

(LV)) and subcutaneous adipose tissue; and comparison of enriched pathways using unique 

adipocyte marker genes (right). P value is calculated using hypergeometric test and adjusted 
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for multiple testing using BH method (FDR<0.05) (see Table S1–S5 for adipocyte marker 

gene lists in the subcutaneous adipose tissue, RA, LA, RV, and LV).
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Figure 3. Comparisons of adipocyte marker genes and functional pathways between the heart 
chambers reveal shared and chamber-specific features of heart adipocytes.
A, Venn diagrams showing the number of shared and chamber-specific adipocyte marker 

genes (AMGs) between the heart chambers (right atrium (RA), left atrium (LA), right 

ventricle (RV), and left ventricle (LV)). B, Dot plot showing enriched pathways in each heart 

chamber (RA, LA, RV, and LV) using all adipocyte marker genes. P value is calculated using 

the hypergeometric test and adjusted for multiple testing using the BH method (FDR<0.05).
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Figure 4. Module score and transcription factor (TF) enrichment analyses highlight the 
regulators of tissue-resident adipocytes.
Module scores analysis calculates the difference between the average expression level of 

genes within the module compared to aggregated expression of control gene sets. A, A 

schematic of the propanoate metabolism pathway with heart-specific adipocyte marker 

genes indicated by blue rectangles. B, Genes of the propanoate metabolism pathway among 

the tissue-specific adipocyte marker genes in the right atrium (RA), left atrium (LA), right 

ventricle (RV), and left ventricle (LV). C, Expression of propanoate metabolism pathway 
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genes is enriched in the adipocyte cluster of LA using a module score analysis (see the 

Methods). D, Expression of propanoate metabolism pathway genes is less enriched in 

the adipocyte cluster of the subcutaneous adipose tissue using a module score analysis. 

E-F, Box plot of module score values by cell-types (adipocytes versus non-adipocytes) in 

LA (E) and subcutaneous adipose tissue (F). Each box extends from the 25th to the 75th 

percentile of the distribution of the module score values in every group. The horizontal line 

within each box denotes the median value. In the LA, the module scores of propanoate 

metabolism pathway genes are significantly higher (Wilcoxon rank sum p<2.2×10−308; a 

permutation p-value=1.00×10−6) in the adipocytes than non-adipocytes (Figure 4E), while in 

the subcutaneous adipose tissue the difference between the module scores in the adipocytes 

and non-adipocytes was smaller and did not pass the significance in the permutation 

analysis (Wilcoxon rank sum p=9.90×10−38; permutation p-value=0.1272) (Figure 4F). G, 

TF enrichment analysis of the unique adipocyte marker genes (UAMG) in RA, LA, RV, 

LV, and subcutaneous adipose tissue identifies significantly enriched TFs using the Enrichr 

tool29. Orange circle indicates heart adipocyte-specific TFs, which are enriched for all 

heart chambers. Yellow circle indicates adipose tissue adipocyte-specific TFs, which are 

enriched in at least three comparisons between subcutaneous adipose tissue and various 

heart chambers.
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Figure 5. Comparison of mean gene expression across the cell-types reveal adipocyte-specific 
expression of the propanoate metabolism pathway genes in the left (A) and right atrium (B) 
while including all available atrium samples6.
The dot plots of the seven propanoate metabolism pathway genes (ACACA, BCKDHB, 
ECHDC1, EHHADH, HIBCH, LDHA, and PCCA) show their expression profiles across 

the cell-types in the left atrium (n=6 samples with the mean number of adipocytes=254 

nuclei/sample (SD=189)) (A) and right atrium (n=5 samples with the mean number of 

adipocytes=48 nuclei/sample (SD=35)) (B). The size of the dot represents the percentage of 
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cells where a gene is expressed within a cell-type while the color (blue is high) represents 

the average expression of each gene across all cells within a cell-type.
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Figure 6. Cell-cell interaction analysis discovers significant heart-specific ligand-receptor 
interactions and signaling pathways where adipocytes represent either the sender or receiver 
cell-type.
. A, Circle plots showing the significant aggregated cell-cell communication networks 

among the cell-types in the right atrium (RA), left atrium (LA), right ventricle (RV), 

left ventricle (LV), and subcutaneous adipose tissue. The significant interactions (p<0.05) 

between two cell-types are identified using a one-sided permutation test. Lines in the circle 

plot indicate a significant cellular communication among the cell types, and the thickness 

of the lines corresponds to the relative intensity of intercellular communication. Each line 

is colored by the sender cell type. Plots show the strength of the interactions. Regarding 

the number of interactions, there are 59 adipocyte-associated ligand-receptors interactions 

in RA, 81 in LA, 18 in RV, and 31 in LV, respectively. B, Heatmap showing the presence 

(orange) of significant adipocyte-associated ligand-receptor (L-R) interactions in RA, LA, 
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RV, LV, which are absent in the subcutaneous adipose tissue. Significant L-R pairs present in 

all heart chambers are further highlighted in violet color. Signaling pathways associated with 

these L-R interactions are shown in parenthesis. Tissue-specific adipocyte-associated L-R 

interactions, and their corresponding probability values, p-values, and signaling pathways 

are shown in detail in Table S11–S14. C-F, The adipocyte-associated significant L-R 

pairs that were specifically present in the four heart chambers were selected for further 

communication analysis mediated by each L-R pair: EFNA5-EPHA4 (C), EFNA5-EPHA3 

(D), THBS1-CD36 (E), and IGF1-IGF1R (F). For each L-R pair, two chord diagrams are 

shown indicating the sender and receiver cell-types involved in RA and LA, respectively. 

Chords are colored by the sender cell-type. Signaling pathways associated with these L-R 

interactions are given in parenthesis.
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Table 1.

Coronary artery disease (CAD) GWAS variants are significantly enriched within the right atrium adipocyte 

marker gene regions.

Unique adipocyte marker genes Coronary artery disease, p-value Heart failure, p-value

Left atrium adipocyte marker genes (PLA
GSEA

) ns 0.0325

Right atrium adipocyte marker genes (PRA
GSEA

) 0.0005* 0.0312

Left ventricle adipocyte marker genes (PLV
GSEA

) ns ns

Right ventricle adipocyte marker genes (PRV
GSEA

) ns ns

Pgs
GSEA

 is the nominal gene set enrichment p-value for the enrichment of local variants within the particular heart adipocyte marker gene region 

(i.e., LA, RA, LV, RV), calculated for coronary artery disease (CAD) and heart failure (HF) GWAS summary statistics separately using the 

MAGENTA tool33. The enrichment cutoff calculated for each disease is the 95th percentile of all gene p-values calculated from the corresponding 
GWAS meta-analysis.

*
Significant enrichment after Bonferroni correction (p<0.0062; 4 gene sets and 2 traits). ns indicates non-significant (an unadjusted p>0.05).
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