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SUMMARY

Diabetes is associated with a significantly elevated risk of heart failure. However, despite extensive ef-
forts to characterize the phenotype of the diabetic heart, the molecular and cellular protagonists that un-
derpin cardiac pathological remodeling in diabetes remain unclear, with a notable paucity of data
regarding the impact of diabetes on non-myocytes within the heart. Here we aimed to define key differ-
ences in cardiac non-myocytes between spontaneously type-2 diabetic (db/db) and healthy control (db/h)
mouse hearts. Single-cell transcriptomic analysis revealed a concerted diabetes-induced cellular response
contributing to cardiac remodeling. These included cell-specific activation of gene programs relating to
fibroblast hyperplasia and cell migration, and dysregulation of pathways involving vascular homeostasis
and protein folding. This work offers a new perspective for understanding the cellular mediators of dia-
betes-induced cardiac pathology, and pathways that may be targeted to address the cardiac complica-
tions associated with diabetes.

INTRODUCTION

Diabetes results in a significantly elevated risk of cardiovascular mortality and hospitalization for heart failure (HF).1 Indeed, hyperglycemia

alone is sufficient to induce cardiac dysfunction by multiple means, including oxidative stress, inflammation, and fibrosis.2–4 Further,

type-2 diabetes (T2D) is associated with an array of concomitant metabolic abnormalities including insulin resistance, dyslipidemia, hyperten-

sion, and obesity that further compound the risk and severity of cardiovascular disease in general, and of diabetes-induced heart failure in

particular.5,6 Treatment strategies to address diabetes-induced cardiac complications are limited, therefore understanding and targeting

the precise molecular and cellular events that lead to pathological remodeling are required.

Whilst the specific impact of diabetes on cardiac myocytes has received considerable attention over recent decades,7–10 relatively less is

known of the impact of diabetes in cardiac non-myocytes, and their contribution to diabetes-induced cardiac remodeling.11,12 Cardiac non-

myocytes are present in greater numbers than myocytes and recent studies examining human heart and those of preclinical models, have

highlighted the role of non-myocytes and their dynamics in health and disease contexts. Studies performed using single-cell omics method-

ologies have been particularly insightful, providing new cellular andmolecular resolution of the network of cells that form the heart in homeo-

stasis.13,14 More recently, the utility of mousemodels of cardiovascular disease underscore how the cellular networks are affected, uncovering

novel cellular protagonists and molecular circuits driving cardiac pathology.15,16 Despite this expanding knowledge, the impact of T2D on

cardiac non-myocytes is yet to be examined at the single-cell resolution.

Here, we sought to address this gap in knowledgeby determining the cellular andmolecular changes in cardiac non-myocytes that accom-

pany cardiac remodeling elicited by T2D. Single-cell transcriptomic analysis of 17-week old leptin-receptor deficient db/db mice and db/h

heterozygote controls, revealed common and distinct cellular responses mediating diabetes-induced cardiac remodeling. These included
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the activation of well-established pathways associated with T2D, as well as new insights regarding the dynamics of the local cardiac micro-

environment. Moreover, we also note a number of non-myocyte cellular alterations detected by flow cytometry in age-matched mice, which

were associated with cell-specific transcriptomic perturbations. The findings from this study provide a framework for understanding the

behavior of cardiac cell networks in T2D, and how specific nodes of these networks may be manipulated to ameliorate diabetes-associated

cardiac disease.

Research design and methods

For a detailed description of the methodology, see the STAR Methods and supplemental information. All animal-related experiments were

approved by the Alfred Research Alliance (ARA) Animal Ethics Committee (Ethics number: E/1880/2019/B) andwere performed in accordance

with the National Health and Medical Research Council of Australia (NH&MRC) guidelines. Male 10-week and 17-week-old db/db mice

([B6.BKS(D)-Leprdb/J], stock #000697) and their heterozygous non-diabetic, age-matched littermate controls (db/h) were obtained from

The Jackson Laboratory (Bar Harbor ME, USA,17). Sequencing data is publicly available at Array Express, accession number E-MTAB-

11940. All scripts relating to this study are available upon reasonable request.

RESULTS

Male db/db mice recapitulate conventional markers of clinical type-2 diabetes

To determine the impact of murine T2D on cardiac non-myocytes, we utilized the db/db spontaneous mouse model of diabetes, whereby

mice display hyperglycemia from four-weeks of age.17 Progression of cardiac remodeling and subsequent impairments in cardiac function

as a result of diabetes are generally evident later than the onset of hyperglycemia in murine models.9,18 To capture the cardiac cellular

and molecular events that are altered with diabetes, where diastolic dysfunction is detectable, we selected 17 week-old db/db diabetic

and db/h control mice for analysis. Confirming the presence of systemic T2D, blood glucose levels and body weight were significantly

elevated throughout the duration of the study (Figures S1C and S1D), corroborated by higher glycated hemoglobin (%HbA1c), and increased

body weight and fat mass in db/db mice, relative to db/h controls (Figures S1E–S1H). In addition, we confirmed db/db mice exhibited

impaired left ventricle (LV) diastolic function compared to db/hmice (Figure S2). Using tissue Doppler and pulsed-wave Doppler echocardi-

ography, we detected significantly reduced e’ velocity, with an increased E/e’ ratio (Figures S2C and S2D), which has been associated with

impaired left-ventricular filling pressure.19,20 Indeed, the E/e’ ratio is currently considered themost robust echocardiography-derived index of

LV diastolic function.2,20 Moreover, M-mode echocardiography of left-ventricular chamber sizes and wall thickness indicated reduced end-

diastolic and systolic dimensions in db/db mice, which was accompanied by an enhanced fractional shortening relative to db/h littermates

(Figures S2E and S2F). Postmortem analyses revealed augmented lipid content in the myocardium, detected by Oil red O staining

(Figures S1A and S1B). Using whole blood flow cytometry, we noted no differences between circulating leukocytes in db/db and db/h

mice at 10-week of age (Figures S1I–S1K). However, we did observe increased levels of circulating monocytes and neutrophils in 17-week

old db/db mice, despite no apparent differences in lymphocyte numbers, relative to their control counterparts (Figure S1L–S1M). These

observations are congruent with phenotypic characteristics of murine T2D previously described by others.17,21–23

Single-cell transcriptomic mapping of non-myocytes in in the db/db and db/h mouse hearts

Given that murine T2D alters systemic and cardiac functional parameters in 17 week-old mice, we next sought to determine potential

cellular bases for these changes by examining transcriptomic perturbations in non-myocytes of diabetic hearts using scRNA-seq

(Figures 1A and 1B). To limit the impact of potential outliers, we pooled single-cell suspensions from four db/h control mouse hearts

and four db/db mouse hearts to prepare two 10X Genomics 30 Single-cell Transcriptome libraries (See STAR Methods). To further minimize

batch effect artifacts, we prepared single-cell suspensions and transcriptomic libraries of db/h and db/db mouse heart cells in parallel (on

the same day), in addition to performing data normalization implemented by the Seurat data analysis package (See STAR Methods). Our

analysis yielded a comprehensive atlas of cardiac non-myocytes capturing a wide array of cell types in both db/db and db/h mice (7,811

cells, Figures 1C and 1D). Unbiased determination of genes most-highly enriched for each cell cluster identified the populations of cells

analyzed (Figure 1E). These included fibroblasts (Clec3b, Dpep1), pericytes (Vtn, Kcnj8), endothelial cells (ECs; Cd36, Ly6c1), smooth mus-

cle cells (SMCs; Myh11, Acta2), endocardial cells (H19, Tmem108), epicardial cells (Upk3b, Msln), and a number of immune cells including

macrophages, B-cells, T-cells, eosinophils/basophils, DC-like cells and granulocytes (Figures 1C–1E). Other cell types included gdT-cells

(Cd3g), NK-cells (Nkg7), and Schwann cells (Kcna1). Cell types were also confirmed by querying established marker genes (Figure S3;

Table S1).

Cell-specific shifts in gene expression induced by diabetes

Next, we sought to identify how murine T2D alters cellular gene expression in cardiac non-myocytes. Comparing cells from db/db

and db/h hearts, we found significant cell-specific changes in gene expression (Figure 2). Examination of the top genes upregulated

for each major cardiac cell population identified many that have been previously implicated in diabetes or obesity (Figure 2A;

Table S2). These included: nutrient partitioning ligand Angptl4,24 which was increased specifically in db/db fibroblast populations,

as well as metabolic transcriptional regulator Pparg specific to ECs (Table S3).25 We also found increased transcript levels of the

chemotactic receptor Ccr2 (Figure 2A), and, to a lesser extent, chemotaxis-regulating secreted factor genes S100a4 and
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S100a626,27 specifically in db/db cardiac macrophages (Tables S2 and S3). Intriguingly, the most consistent and robust gene

increased in expression level across multiple cell types corresponded to the long non-coding RNA (lncRNA) gene Gm11867 (Fig-

ure 2A), of which little is known. Conversely, top downregulated genes are primarily characterised by genes corresponding to

heat shock proteins (Hspa1a, Hspa1b, Hsbp1, Hsp90aa/b1) as well as other protein folding-related genes (Ahsa1, Asha2, Dnaja1,

Serpinh1, Stip1), which were most markedly downregulated in vascular cells, such as endothelial cells, pericytes, SMCs and

lymphatic ECs (LECs). Additionally, among the top downregulated genes in DC-like cells and macrophages were complement pro-

teins C1qa, b and c (Figure 2B; Tables S2 and S3), which are involved in opsonization and dampening of inflammation.28

To determine the coherent gene expression programs that are altered in non-myocytes from db/db mouse hearts, we performed

gene ontology (GO) analysis of these differentially expressed genes (Figures 2C and 2D). Endothelial cells and fibroblasts displayed

the most significantly upregulated gene programs in our dataset. These primarily included pathways involving organ and cellular

Figure 1. Analysis of the T2D (db/db) mouse heart cellulome

(A and B) Schematic indicating the analyses conducted on the db/db and db/h mouse hearts. Single-cell RNA sequencing was performed in 17-week old male

db/db (n = 4) and db/h (n = 3) mouse hearts, as previously described.15

(C) Merged t-SNE projection of all captured cardiac non-myocyte cells with adjacent split tSNE projections from db/h and db/db mice.

(D) Barplot summarising relative abundances of major cell types represented in the single-cell RNA sequencing dataset.

(E) Dot plot illustrating the top-5 most highly expressed genes within each cell cluster. Dot size indicates the relative proportions of cells expressing a given gene

and dot color indicates the relative average expression level.
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morphogenesis (Figures 2C; Table S4). Exhibiting signs of vascular remodeling, cardiac ECs upregulated programs involved in angio-

genesis such as tube development and blood vessel development in db/db mice. Genes upregulated in ECs were also enriched for

neuron projection development, indicating possible compensatory mechanisms for axonal degeneration, observed in clinical T2D.29

Finally, genes corresponding to the positive regulation of GTPase activity were enriched in fibroblasts. These genes—which included

Cdc42se and other G-protein coupled receptor genes—are likely to mediate mitogen-activated protein kinase (MAPK) related

signaling.30 Conversely, we found near-universal downregulation of programs corresponding to protein folding (Figure 2D) in almost

all cell types. Moreover, downregulated gene programs also corresponded to response to unfolded protein response, comprising

the core heat shock proteins aforementioned.

Diabetes is associated with increased ligand and receptor expression in cardiac non-myocytes

In addition to the cell-specific changes described above, we hypothesized that T2D also alters cardiac paracrine communication networks. To

examine this, we quantified shifts in ligand-receptor expression using the CellPhoneDb resource.31 Initially, wemapped the net intercellular con-

nections between cardiac non-myocyte cell populations from db/h and db/db mice, revealing increased cardiac intercellular communication,

among all cell types (Figures 3A and 3B). As identified previously,14,15 we found that fibroblasts exhibit the greatest number of total intercellular

connections in our dataset (Figure 3B). Next, we examined differentially expressed genes encoding endogenous ligands and their cognate re-

ceptors that were most significantly up or downregulated in db/db mouse hearts (Figures 3C–3F; Tables S5 and S6). Top upregulated ligand

genes existed primarily within fibroblasts (Figure 3C), corresponding toextracellularmatrix organization, and extracellular structure organization.

While our dataset indicated increased levels of transcripts corresponding to Col14a1, Col5a2 and others in db/db fibroblasts (Figures 3C;

Table S6), the modest increase in fibrogenic ligand genes was insufficient to yield detectable histological changes in cardiac fibrosis in

17-week old db/db mice (Figure S4). Other pathways corresponding to upregulated ligands in db/db mice include negative regulation of

cell development, angiogenesis, and tube formation. Top programs corresponding to upregulated receptors primarily included those involved

in vascular remodeling, including angiogenesis, vasculogenesis, and ameboidal-type cell migration (in fibroblasts and to a lesser extent in ECs,

Figure 3D). Angiogenesis-related receptor genes enriched in endothelial cells included: membrane repair protein geneDysf; the vascular endo-

thelial cell growth factor receptors Kdr, Flt1, and Nrp1; TGFb-family-associated genes Eng and Tgfbr2; and the scavenger receptor Cd36

(Table S5; specific examples shown in Figure S5). Endothelial cells, endocardial cells, fibroblasts, and macrophages also upregulated receptors

involved in chemotaxis (Figure 3D). These included the upregulation of genes linked to negative regulation of chemotaxis, such as:Dysf,32Eng,33

Ptprm34 in ECs, also accompanied by genes associated with angiogenesis, including Kdr, Flt1, and Nrp1 in ECs). Among the top upregulated

receptors, were those corresponding to positive regulation of MAPK cascade (Figure 3D). Key genes corresponding to MAPK included insulin

receptors Insr, Igf1r, and Tgfbr1 in fibroblasts, Egfr in both fibroblasts and macrophages, and Cd36 in macrophages and pericytes (Table S5).

The most significant pathways downregulated among cardiac cells were also related to MAPK signaling. Ligand genes forming ERK1 and

ERK2 cascade (for example, Apoe and Timp3) were highly enriched in macrophages and, to a lesser extent, in fibroblasts (Figures 3E;

Table S6). Fibroblasts also downregulated receptor genes involved in the positive regulation of MAPK cascade (including, Cd74 and Ret;

Figures 3F; Tables S5 and S6).

However, the most significant and broadly downregulated gene expression patterns involved those associated with leukocyte trafficking,

indicating a concerted cellular response by cardiac non-myocytes to dampen inflammation. This included the downregulation of ligand gene

programs corresponding to leukocytemigration (lymphocytemigration and leukocyte chemotaxis) primarily bymacrophages (Figure 3E). Key

downregulated ligands included: endoplasmic reticulum protein Calr (in LECs, endocardial cells and fibroblasts), that when interstitially

localised, activates DCs and macrophages35; and Anxa1 in LECs and endocardial cells. Macrophages also downregulated inflammatory me-

diators Ccl4, and Il1b (Table S8). Other important downregulated genes included complement components 7 and 4b (C7 and C4b, respec-

tively), which were reduced by the greatest magnitude within fibroblast sub-clusters 1 and 2 from db/dbmice (Table S3). Meanwhile, themost

significantly downregulated receptor programs were within pericytes, which had reduced levels of transcripts corresponding to Cd74, Cd81,

and Il2ra (Figure 3F), further implicating perturbed vascular cell migration.Cd74 andCd81were also reduced in expression in a range of other

cells, including fibroblasts and macrophages (Table S3).

Murine type-2 diabetes alters the proportions of cardiac non-myocytes

The alteration in gene programs involved in cell trafficking and intercellular signaling, in addition to findings from our previous study in an

alternative murine model of type 2 diabetes,12 suggest that diabetes alters relative cardiac cellular abundances. Analysis of cell numbers

Figure 2. Differentially expressed genes in the db/db heart

(A) Dot plot illustrating the top upregulated genes in db/db hearts relative to db/h counterparts.

(B) Downregulated gene expression patterns within db/db hearts relative to db/h counterparts. Dot color is relative to the average expression within each cell

cluster (green = upregulated, purple = downregulated). Dot size indicates fold change in db/db non-myocyte cells relative to db/h control cells. Points within the

center of colored dots indicate a statistical difference in gene expression in db/db hearts relative to db/h controls (uncorrected p < 0.0001).

(C) Representative cardiac cross-sections of db/db and db/h hearts (Scale bar = 475mm).

(D and E) Quantified immunoreactivity of HSPA1A in db/db and db/h heart sections.

(F and G) Dot plots illustrating the top-3 gene ontology (GO) terms for upregulated genes and downregulated genes, respectively, in each broad cell type

(corrected p < 0.05). For GO terms, circle size indicates the number of genes corresponding to a given term and color intensity indicates statistical

significance (p.adjust). See corresponding Tables S2 and S3 for additional information relating to differentially expressed genes.

ll
OPEN ACCESS

iScience 26, 107759, October 20, 2023 5

iScience
Article



A B

C D

E F

Figure 3. Intercellular communication is increased in the db/db heart

(A) Heatmap indicating the number of cell-cell interactions in db/db hearts, determined by CellphoneDB analysis. Color intensity and values within the boxes

indicate the number of connections between individual cell populations.

(B) Bar plot showing the net cellular interactions in each major cell type in db/h and db/db hearts.

(C and D) GO terms enriched in genes corresponding to upregulated ligands (C) and upregulated receptors (D) in db/db hearts, relative to db/h controls.

(E and F) GO terms enriched in genes corresponding to (E) downregulated ligands and (F) downregulated receptors, in db/db hearts relative to db/h controls.

Circle size indicates the number of genes corresponding to a given GO term and color intensity indicates statistical significance (p < 0.01).
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in our scRNA-seq dataset suggested shifts in the abundance of multiple cell subsets, and in particular, fibroblasts (Figures 4A and 4B). To

confirm this, we performed flow cytometric quantification of resident mesenchymal cells (RMCs) within cardiac non-myocytes from db/h

and db/dbmice at both 10 and 17-week of age. While 10-week old mice displayed no differences in fibroblast levels (Figure S6B), we found

a higher proportion of fibroblasts in db/dbmouse hearts relative todb/hmice at 17-week of age (Figures 4C and S6C). Driving these increases

in fibroblasts, were fibroblast sub-clusters 1, 2 and 3 within our scRNA-seq dataset (Figure 4B). Therefore, we next analyzed these specific

fibroblast cell subsets inmore detail to determine their impact within the cardiac cellulome (Figures 4D and 4E). Examination of distinct genes

between fibroblast subsets, found that Fibroblast 3 highly expressesCilp, which we have previously identified as a highly fibrogenic, activated

fibroblast subtype (termed ‘‘Fibroblast-Cilp’’) following angiotensin II (AngII) infusion (Figure 4D).15 Analogous to the Fibroblast-Cilp popu-

lation in our previous study, Fibroblast 3 displayed high levels of transcripts corresponding to pro-fibrotic genes including Postn,Meox1,Ccn2

and exhibited increased levels of Col8a1 relative to other fibroblast clusters (Figure 4D). However, while cardiac fibroblasts increased in pro-

portion in 17-week old db/dbmice, as mentioned they did not display overt cardiac fibrosis (Figure S4), nor increased levels of Col1a1—en-

coding a major component of extracellular matrix (ECM) that is elevated in expression in fibrosis,36 relative to db/hmice (Figure 4E). Further-

more, transcriptomic comparison of genes enriched in Fibroblast clusters 1, 2 or 3 did not show display significant GO pathways related to

fibrosis in any subset, relative to all other fibroblast subtypes (Figures S6D–S6F; Table S7; p.adjust = NS).

A B C

D E

Figure 4. Analysis of cardiac fibroblasts in the db/db heart

(A) Merged tSNE plot highlighting cardiac fibroblasts relative to other cardiac non-myocytes.

(B) Number of cells within each cardiac fibroblast sub-cluster in db/h and db/db mice.

(C) Flow cytometry gating strategies employed for the selection of fibroblasts andmural cells in an age-matched cohort of db/h and db/dbmice. Quantified flow

cytometry data corresponding to gating strategies above (n = 8/group). Flow cytometry data was analyzed statistically using the Wilcoxon rank-sum test to

determine differences between groups. This data is presented as median GSD, **p < 0.01.

(D) Violin plot of distinct marker genes within each fibroblast sub-cluster.

(E) Top-3 differentially expressed genes within each fibroblast cluster in db/db mice, relative to db/h controls. Dot color and size are proportional to average

expression and fold change, respectively, within each cell cluster. Black points located within the center of some circles indicate a significant difference in

gene expression in db/db mice compared to db/h mice (uncorrected p < 0.01).
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Another cell population with altered cell proportions following murine T2D, were cardiac macrophages. Analysis of macrophage subset

abundances found that Macrophage 3 was almost completely depleted in db/dbmouse hearts (Figures 5A and 5B). Both Macrophage 3 and

Macrophage 1 constitute macrophage subsets with high levels of transcripts corresponding toH2-Ab1 andH2-Aa genes, encoding themajor

histocompatibility complex II (MHCII) receptor (Figure 5D). Confirming the changes in macrophage subpopulation abundance, cardiac flow

cytometric analyses from age-matched 17-week old mice foundMHCIIhi macrophages were indeed reduced in proportion (Figure 5C). More-

over, we also noted an increase in Ly6Chi monocytes by flow cytometry in age-matched db/dbmouse hearts (Figures 5C; Figure S6C), consis-

tent with their increase in circulation (Figure S1L–S1M).

To determine potential mechanisms for decreased macrophages we examined key genes within Macrophage 3 that may lead to their

reduction. While Macrophage 3 was enriched for macrophage-related genes such as Csf1r, Mrc1 and H2-Ab1, we found they had reduced

or very low expression of genes associated with reverse cholesterol and lipid transport. These included Apoe, Tlr4, Abca1, Sra1, Acat1 and

Msr1 (Figure 5D). Corroborating this pattern, GO analysis performed from genes distinct to Macrophage 1 and 2, relative to genes in Macro-

phage 3, identify terms corresponding to transport, response to external stimulus and defense response (Figures 5E; Table S8). Indeed, tran-

scripts encoded reverse cholesterol transport receptors, were among top genes distinguishing Macrophage 1 and 2 from Macrophage 3

(Table S8). Therefore, these observations suggest the lack of cellular machinery to expel excess intracellular cholesterol is one possiblemech-

anism by which Macrophage 3 subset is lost in db/db mouse hearts.

Identifying common molecular pathways in the diabetic heart

Considering the array of altered pathways identified in db/db hearts, we next sought to systematically determine common genes that

are dysregulated in the diabetic heart by analyzing our scRNA-seq data in conjunction with data from unaffiliated studies examining

A B C

D E

Figure 5. A subset of cardiac resident macrophages are lost in db/db hearts

(A) Merged tSNE plot highlighting cardiac macrophages, relative to other cardiac non-myocyte cells.

(B) tSNE projection of in silico isolated macrophages, in db/h and db/db mouse hearts.

(C) Flow cytometry gating strategy for selecting cardiac leukocytes with adjacent quantified results of various cardiac leukocyte subtypes analyzed.

Flow cytometry data was analyzed statistically using the Wilcoxon rank-sum test to determine differences between the groups. This data is presented as

median GSD, *p < 0.05, **p < 0.01. Macs = macrophages, MHCIIhi = MHCII ‘‘high’’ macrophages, MHCIIlo = MHCII ‘‘low’’ macrophages, Gran. =

granulocytes, Ly6Chi = Ly6C ‘‘high’’ monocytes.

(D) Violin-plot mapping established macrophage markers, as well as critical reverse cholesterol/lipid transporters.

(E) GO analysis of distinct genes inMacrophage clusters 1 and 2, relative toMacrophage 3. Bar plot lists the top 20GO terms enriched in genes fromMacrophage

1 and 2, compared to Macrophage 3. The x axis indicates the number of genes mapped to a given GO term, which themselves are displayed on the y axis. Bar

color indicates the adjusted p value (‘‘p.adjust’’) from in silico GO enrichment analysis.
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diabetes-induced cardiac remodeling. To achieve this, we compared differentially expressed genes of cardiac non-myocytes from our

scRNA-seq analysis, with differentially expressed genes within cardiac bulk RNA-seq datasets from 12-week-old ‘‘Akita’’ (Ins2Akita) mice

(Gene Expression Omnibus accession number GSE66577) and 13 week-old db/db mice (GSE36875). While both db/db datasets analyzed

represent characteristics of T2D, Akita mice—bearing a single base pair substitution in the Ins2 gene—exhibit features of type 1 dia-

betes.37 Comparison of all datasets showed both common and distinct differentially regulated gene networks. Given bulk-RNA analysis

data is primarily composed of RNA derived from myocytes, and our dataset is focused on non-myocyte populations, a limited number

of common genes were observed between scRNA-seq and bulk RNA datasets. Nevertheless, we found 21 overlapping genes in all three

datasets (Figure 6A; Table S9). These corresponded to programs such as ECM remodeling (four genes: Spock2, Adamts2, Cyp1b1 and

Col23a1), lipid catabolism (five genes: Cpt1a, Hsd17b11, Enpp2 and Cyp1b1), and angiogenesis (three genes: Aqp1, Enpp2 and

Cyp1b1, Figures 6B; Table S9). Comparison of scRNA-seq genes with differentially expressed genes from Akita mouse hearts identified

a greater number of genes corresponding to extracellular matrix organization (23 genes: including, Lum, Col1a2, Postn and Serpine1),

negative regulation of cell migration (12 genes, for example: Serpine1, Apoe, Il33 and Emilin1) and muscle tissue growth (14 genes: for

example, Igf2, Plag1 and Eln, Figures 6C; Table S9). Meanwhile, top programs identified as dysregulated in our scRNA-seq dataset,

and bulk RNA-seq analysis of db/db mouse heart tissue, included those relating to positive regulation of MAPK cascade (16 genes, for

dbdb bulk
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Figure 6. Integration of unaffiliated bulk RNA sequencing datasets highlights common molecular pathways in the diabetic heart

(A) Proportional Venn diagram illustrating unique and common differentially expressed genes in our scRNA-seq dataset relative to two publicly available bulk

RNAseq datasets of the diabetic heart.

(B) Between all datasets analyzed, there were 21 common genes. Gene lists were derived from each overlap and subsequently underwent GO enrichment

analysis. GO analysis revealed the top 20 common biological functions (y axis) and the collection of genes corresponding to each GO term (x axis).

(C) GO analysis of bulk RNA-seq genes in the T1D Akita mouse heart relative to our db/db scRNA-seq dataset.

(D) GO analysis pertaining to common genes in the db/db bulk RNAseq dataset compared to the db/db scRNA-seq dataset, highlighting key non-myocyte

differentially expressed genes. The hypergeometric p values displayed in B-D correspond to the statistical significance of the overlaps between gene sets

(highlighted in red). Datasets were obtained from the Gene Expression Omnibus (GEO) repository. ‘‘Akita’’ dataset identifier: GSE66577. Bulk RNAseq db/db

dataset identifier: GSE36875.
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example, Ptprc, Map4k4, Pdgfra and Cd74), regulation of angiogenesis (13 genes: for example, Btg1, Pparg, Ets1 and Pgf) and

leukocyte migration (12 genes: including, Cd9, Kitl, Il16, Ccl11, Figures 6D; Table S9). These observations underscore that ECM and

vascular remodeling, accompanied by aberrant MAPK signaling are common and key features of pathological remodeling elicited by

db/db-induced T2D.

DISCUSSION

While cardiovascular complications associated with diabetes have been studied for decades, the specific cellular and molecular

events dictating the development and progression of heart failure remain poorly understood, particularly beyond the cardiac my-

ocyte. Here, we used a single-cell omics approach to study cardiac non-myocytes, in the most widely used mouse model of T2D the

leptin-receptor db/db mutant mouse.5,17,38 The key motivation for this was the paucity of data examining the roles of disparate

cardiac non-myocytes in cardiac remodeling induced by diabetes. We also noted that mice with T2D exhibited early signs of cardiac

dysfunction, allowing us to capture the relevant cellular and molecular events driving cardiac remodeling in murine T2D. Further,

profiling of the diverse network of non-myocytes that comprise the heart in diabetes has not been performed using high-resolution

transcriptomics. Our study found that virtually all cell populations within the heart are affected by murine T2D, which alters the car-

diac cellular landscape at both the gene expression and cell abundance levels. Importantly, these marked changes in the molecular

and cellular profile of the diabetic myocardium precede, and hence likely drive, clinically significant diabetes-induced adverse car-

diac remodeling.

Within the cardiac mesenchymal cell compartment, we found increased fibroblast levels in db/db hearts accompanied by significant

gene expression changes. This included the expansion of three fibroblast subsets (Fibroblast 1, 2 and 3). While the phenotypes of Fibro-

blast 1 and 2 were similar from their gene expression profiles, Fibroblast 3 cells corresponded to those enriched in the matricellular protein

gene Cilp, which we have previously found to be highly fibrogenic in an AngII model of fibrosis.15 In addition to Cilp, Fibroblast 3 ex-

presses other markers of fibrogenic fibroblasts, such as Postn, Ccn2 and Meox1. In particular, Meox1 was recently identified as a transcrip-

tional ‘‘switch’’ in activated fibroblasts that regulates fibroblast phenotypes and governs fibrosis.16 Despite this and the observation of mild

diastolic dysfunction in db/db mice in this study, we did not detect a significantly higher level of transcripts corresponding to key fibrosis-

related genes, such as Col1a1, in any fibroblast subtype. Although fibroblast hyperplasia is evident, lack of fibrosis was further confirmed

histologically. This suggests that additional molecular circuits may be required to induce fibrogenic phenotypes of fibroblasts and exten-

sive fibrosis, as seen at later time points in the db/db mouse model.22 As such, diastolic dysfunction seen here—at the nascent stages of

cardiomyopathy development—may primarily have myocentric origins.39–41 However, we did observe increased levels of transcripts for

ECM-related genes within expanding fibroblast subsets, suggesting the commencement of cardiac fibrotic remodeling. In addition, we

noted that dysregulated genes common to both our study and unaffiliated bulk transcriptomic studies examining Akita42 and db/db

mouse hearts43 include those involved in ECM remodeling, further suggesting cardiac fibrosis in 17-week old db/db mice, may be at early

stages of development.

Another prominent feature of maladaptive cardiac remodeling in this study—particularly among vascular cells—was the downregulation

of genes relating to heat shock proteins (HSPs). HSPs have a number of cytoprotective roles, including antioxidant, protein folding, and anti-

apoptotic activity.44–46 We found HSP70 and HSP90 family members (encoded byHspa1a, Hspa1b,Dnaja1, andHsp90aa/b1, Ahsa1/2 genes,

respectively), were most markedly reduced in ECs, LECs, SMCs and, to a greater extent, pericytes. Endocardial cells and fibroblasts also ex-

hibited attenuated transcript levels corresponding to these genes, albeit at a reduced magnitude. Consistent with this, diabetes induces the

downregulation of HSP gene expression in striated muscle,47,48 while exercise conversely upregulates HSP gene and protein expression,49–51

implying that HSP expression is proportional to insulin sensitivity. Whether HSPs directly contribute to insulin resistance or if this paradigm is

secondary to the myriad of perturbations in T2D, remains to be determined. Notwithstanding, this study provides new cell-specific informa-

tion regarding HSP behavior in cardiac non-myocytes, suggesting these molecules play an important role in vascular homeostasis and insulin

resistance.

The downregulation of HSPs also underscores that angiopathy is likely a feature of cardiac remodeling in T2D. Further implicating per-

turbed vascular homeostasis, we also found the dysregulation of angiogenesis-related gene programs in ECs, with increased levels of Pparg

transcripts and other markers of EC dysfunction present. HSP downregulation may also lead to increased rates of vascular cell death and

augmented inflammation.52 Indeed, inflammation in T2D may be exacerbated due to loss of HSP anti-inflammatory activity, which may

include direct antagonism of nuclear factor-kappa B (NF-kB) signaling.53,54 Accordingly, we noted elevated Ly6Chi monocyte levels within

the heart and in circulation, as previously reported.12

However, our transcriptomic analysis also showed that ligand and receptor genes downregulated in db/db hearts were associated with

leukocyte trafficking and dampening of inflammation. This was particularly evident within macrophages, fibroblasts, LECs and pericytes.

This is in line with recent findings in AngII-induced cardiac fibrosis, where the downregulation of inflammation-related genes occurs in mul-

tiple cardiac cell types.15 We also found that cardiac macrophages increase gene expression of Ccr2—encoding the cognate receptor for

monocyte chemoattractant protein-1 (MCP-1), a key chemotaxis mediator of monocytes.55 Cardiac tissue macrophages are inherently

anti-inflammatory,28 therefore augmented expression of Ccr2 in macrophages may indicate increased immune surveillance and mobilization

to inflammatory loci, in attempt to dampen inflammation.

Multiple cell populations also exhibited signs of loss of homeostatic signaling with diabetes. For example, we found increased transcripts

corresponding to genes involved in MAPK signaling in ECs, fibroblasts, LECS, macrophages and pericytes, as well as other programs related
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to signal transduction. Conversely, cardiac macrophages downregulated genes involved in MAPK signaling. MAPK signaling is directly acti-

vated by insulin,56 hyperglycemia,57 oxidative stress58 and other systemic changes induced by diabetes59 and can drive cellular expansion or

death, depending on the activating stressor.60 Moreover, MAPK signaling is also linked to HSP downregulation; MAPK signaling leads to the

phosphorylation of heat shock factor 1 (HSF1)—the master regulator driving HSP expression—thereby rendering it transcriptionally inactive

and thus hindering HSP expression.61 Our study underscores the importance of cell-specific MAPK dysregulation for diabetes-induced car-

diac remodeling.

Consistent with alterations in vascular homeostasis, our analysis also provides insights regarding key lipid modulatory and scavenger

molecule genes. Among the top genes upregulated were Angptl4 and Ldlr, which were primarily activated in fibroblasts, as well as

Cd36 in endothelial cells, which has previously been linked to diabetes.62–64 These molecules are also regulated by MAPK signaling,

and have distinct immunomodulatory activities.65 Indeed, Cd36 has been linked to promoting inflammation,66 while increased Angptl4

expression in mesenchymal cells is considered anti-inflammatory, with mechanisms including the polarization of resident macrophages

to an anti-inflammatory phenotype.67 Additionally, global knockout of the LDL receptor aggravates atherosclerotic plaque burden and

foam cell accumulation in mice fed a Western diet,68 highlighting the importance of LDL-mediated cholesterol efflux in macrophage

homeostasis.

Lack of cholesterol transport may also explain the loss of a resident cardiac macrophage subset, characterized by high expression of

MHCII. These cells exhibited low transcripts levels for key reverse cholesterol transporter genes Abca1, Cd163, Msr1, Sra1, Tlr4, and

Apoe.69–73 These transporters, in addition to the LDL receptor, collectively govern macrophage viability in hypercholesterolemia69,74,75—a

major comorbidity in T2D. The impact of losing this macrophage subtype to cardiac homeostasis and pathology remains unclear, however

reveals a distinct cellular target for more specific analyses.

Concluding remarks

The findings presented here provide novel insights into the impact of murine T2D on cardiac non-myocytes and the cellular and molecular

changes in non-myocytes that may contribute to the pathological remodeling of the heart. This scRNA-seq dataset also offers a useful

resource for examining cellular pathways dysregulated by diabetes and provides a critical advancement in knowledge regarding the

role of specific cardiac cell types in the phenotype of the diabetic heart. Further, given that these alterations are present where LV diastolic

dysfunction is evident, albeit prior to the onset of cardiac fibrosis, suggests that these differences exist as potential drivers of subsequent,

clinically significant diabetes-induced adverse cardiac remodeling. Hence, this study provides a critical advancement in knowledge

regarding the role of specific cardiac non-myocytes in the phenotype of the diabetic heart, an important step toward better understanding

of the causal mechanisms of diabetes-induced cardiomyopathy, and potential insights regarding its optimal management in affected in-

dividuals. Future work targeting these pathways may offer new avenues for therapeutics, to address the cardiac complications associated

with T2D.

Limitations of the study

Despite providing detailed insights regarding the impact of murine T2D upon cardiac non-myocytes, a number of limitations are worth

noting. First, cardiomyocytes were excluded from our analyses, therefore a number of cell specific genes and programs identified here,

may extend to myocytes. These may include the activation of genes such as Pparg that we found to be specifically regulated by ECs, while

others have also shown to be active in myocytes.10,76–78 Second, although we have identified changes in MAPK signaling target genes and

MAPK signal transduction elements, we have not yet validated these signaling cascades using proteomic means. Third, we did not

examine spatial relationships of gene expression patterns. Spatial transcriptomics is an emerging field, allowing for the measurement

of spatially resolved transcriptomic information from tissues in situ. This however, is also accompanied with its own limitations, with

comparatively low cell-specific resolution.79 Fourth, many gene expression changes in db/db mouse hearts may be the product directly

related to global leptin receptor deficiency, independent of T2D,80,81 which has not been explored here. Whilst there are many preclinical

models of T2D available, including the milder context imposed by high fat diet in combination with hyperglycemia,12 the db/db model of

T2D remains the preferred model of choice for the interrogation of diabetes-induced cardiac abnormalities.38,82 Finally, our analysis only

considered the impact of diabetes in male mice. Cardiac pathology is sex-dependent in mice and humans,83,84 including in diabetes18 and

we have recently shown cardiac cellular composition, homeostatic cell regulation, and stress responses are dependent upon biological

sex.15,85 We have also shown that female mice with diabetes exhibit a heightened susceptibility to diastolic dysfunction, despite exhibiting

a lower extent of hyperglycemia than male mice, with concomitant specific gene expression changes in glucose metabolic and autophagy-

related genes.86 Therefore, whether sex-differences exist in the context of diabetes-induced cardiac remodeling currently remains

unknown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DAPI Sigma-Aldrich D9542-5MG

CD45R/B220 BD Biosciences 103241 RA3-6B2

CD3e BD Biosciences 11-0033-81 500A2

Gr1 (Ly6G/Ly6C) BD Biosciences 552093 RB6-8C5

CD115 BD Biosciences 135506 AFS98

CD4 BD Biosciences 116016 RM4-4

CD8 BD Biosciences 126612 YTS156.7.7

CD45 BD Biosciences 557659 30-F11

CD31 BD Biosciences 740879 390

I-A/I-E (MHCII) BD Biosciences 743876 2G9

CD11b BD Biosciences 564443 M1/70

CD64 (a & b allo-antigens) BD Biosciences 740622 X54-5/7.1

CD146 (Mcam) BD Biosciences 740827 ME-9F1

eBioscience� Calcein Blue AM Viability Dye Invitrogen 65-0855-39

Ly6G Biolegend 127648 1A8

NK1.1 Biolegend 108716 PK136

CD59a Miltenyi Biotec 130-104-105 REA287

CD39 Biolegend 143806 Duha59

SYTOX� Green Dead Cell Stain Invitrogen S34860

CD90.2 Invitrogen 105320 30-H12

Ly6C Biolegend 128012 HK1.4

Chemicals, peptides, and recombinant proteins

Oil-red O stain Sigma Aldrich ORO [C26H24N4O]

Collagenase type IV Worthington Biochemical Corporation CLS-4

Dispase II Roche 04942078001

Lysis buffer for red blood cells Becton Dickinson, USA 555899

Critical commercial assays

Blood glucose measured by glucometer Roche Diagnostics Accu-Chek� Performa II

HbA1c Roche Diagnostics Cobas b 101 POC system

Deposited data

Sequencing data is publicly available Array Express Accession number E-MTAB-11940

Experimental models: Organisms/strains

[B6.BKS(D)-Leprdb/J] (db/db) and

heterozygous non-diabetic, age-matched

littermate controls (db/h)

The Jackson Laboratory (Bar Harbor ME, USA). Stock identifier: #000697

Software and algorithms

CellPhoneDb https://www.cellphonedb.org/ Version 2.1.7

Cell Ranger software version 5.0.0 10X Genomics Version 5

R studio https://www.posit.co/products/open-

source/rstudio

Version 4.1

Seurat suite https://satijalab.org/seurat/ Version 3.2.0

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Any further information and requests for resources should be directed to, and will be fulfilled by the Lead Contact, Alex Pinto (alex.pinto@

baker.edu.au).

Materials availability

This study did not produce any new or unique reagents.

Data and code availability

Sequencing data relating to this study is publicly available at Array Express, accession number E-MTAB-11940. All scripts and metadata

related to this paper are available at https://github.com/pinto-lab/Cohen-et-al-2023_dbdb_nonmyocytes.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Lepdb (db/db, stock #000697) male mice were purchased from The Jackson Laboratory (Bar Harbor ME, USA) and monitored until mice

reached both 10 and 17-weeks of age. All animal-related experiments were approved by the Alfred Research Alliance (ARA) Animal Ethics

Committee (Ethics number: E/1880/2019/B) and were performed in accordance with the National Health and Medical Research Council of

Australia guidelines.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R packages, RVenn (v1.10), Euller (v6.10),

VennDiagram (v1.6.20) and Venneuler (v1.1-0)

https://CRAN.R-project.org/package=RVenn

https://CRAN.R-project.org/package=eulerr

https://CRAN.R-project.org/

package=VennDiagram

https://CRAN.R-project.org/

package=venneuler

As noted with package name.

EnrichGO function within the ‘clusterProfiler’ R

package

https://doi.org/10.18129/B9.bioc.

clusterProfiler

Version 3.12.0

BioMart database accessed using the biomaRt

R package

https://doi.org/10.18129/B9.bioc.biomaRt v100

Circlize R package https://cran.r-project.org/web/packages/

circlize/index.html

V0.4.15

Other

Cardiac bulk RNA-seq datasets from 12 week-

old ‘Akita’ (Ins2 Akita mice (Gene Expression

Omnibus accession number GSE66577) and

13 week-old db/db mice (GSE36875).

Gene Expression Omnibus (GEO) GSE66577, GSE36875

EchoMRI EchoMRI, Houston, TX, USA Echo-MRI� 4-in-1 700 Analyser

Echocardiography Philips iE33 ultrasound machine

Bright field scanning microscope Monash University Histology Platform Aperio Scanscope AT Turbo

LSR Fortessa� X-20 Special Order flow

cytometer

Becton Dickinson, USA X-20 Special Order

FACS Aria� Fusion Flow Cytometer for

fluorescence-activated cell sorting (FACS)

Becton Dickinson, USA Aria� Fusion

Single cell library preparation using a 10X

Chromium controller

10X Genomics Chromium X Series

Sequencing was performed on an Illumina

NovaSeq 6000 system

Illumina NovaSeq 6000
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METHOD DETAILS

Murine physiological analyses

In order to assess severity of diabetes, we conducted a range of physiological assessments. Mice had free access to food and water and were

housed at 22�C on a 12 h light/dark cycle. Blood glucose measurements were performed bi-monthly, using a glucometer (Accu-Chek� Per-

forma II, RocheDiagnostics). Body weight (g) was alsomeasured fortnightly. Percentage glycated haemoglobin (%HbA1c) was alsomeasured

at endpoint to assess long-term blood glucose handling (Cobas b 101 POC system, Roche Diagnostics). Whole-body composition analysis

was performed at endpoint using an Echo-MRI� 4-in-1 700 Analyser (EchoMRI, Houston, TX, USA), to determine any differences in fat and

lean mass.

Endpoint echocardiography was also performed to assess cardiac function in vivo. Echocardiography was conducted inmice under anaes-

thesia (Ketamine/Xylazine/Atropine [KXA], 80/8/0.96mg/kg, i.p.) at endpoint, with assistance from the Baker Heart and Diabetes Institute Pre-

clinical Cardiology Microsurgery & Imaging Platform (PCMIP). Before image acquisition, mice were anaesthetised and their thoracic area

was shaved, after which ultrasound transmission gel was added to assist in optimal visualisation of raw echocardiography data. A Philips

iE33 ultrasound machine with a 15-MHz linear-array and 12-MHz sector transducer (North Ryde, Australia) was used for all animals to assess

the degree of cardiac functional impairment in vivo.

Doppler flow echocardiography was used to assess cardiac transmitral flow velocity in each phase of diastole. The early phase (E wave) and

the late atrial phase (A wave) of diastole were measured to determine the E:A ratio - an established measurement of LV diastolic function

(Figure S2B). Other measurements of diastole were also measured including deceleration time (DT), isovolumic relaxation time (IVRT) and

heart rate (HR; anaesthetised HR, Figure 2B). In a similar manner, tissue Doppler echocardiography was performed to examine the tissue mo-

tion of the mitral annulus. Peak mitral velocities were obtained from raw echocardiography traces (Figure S2C) and measured as indicated in

Figure S2D (early phase: e’; late atrial phase: a’ wave). The e’:a’ and E/e’ ratios were calculated and used as additional measures to assess

diastolic function.

M-Mode echocardiography was used to measure any alterations in wall thicknesses between experimental mouse cohorts, and to deter-

mine any aberrances in systolic function (Figures S2E and S2F). M-mode derived measurements include; anterior (AWd) and posterior (PWd)

wall thicknesses, left ventricular end-diastolic dimension (LVEDD), left ventricular end-systolic dimension (LVESD). Fractional shortening (FS)

was also calculated (%FS = 100 3 [LVEDD-LVESD] / LVEDD) as an index of LV systolic function.

Histology

A separate age-matched cohort of db/db and db/hmice at 17 weeks of age were utilized for basic cardiac histology, embedded intoOptimal

Cutting Temperature (OCT) compound and stored at -80�C. Immunohistochemistry (IHC) staining on formalin-fixed paraffin-embedded

(FFPE) tissue was performed on hearts obtained from 20-week-old db/db and db/hmice. For all histology, themid-portion of the left ventricle

(LV), right ventricle (RV), and intra-ventricular septum (IVS) was sliced into approximately 1 mm thick sections prior to embedding. Subse-

quently, cardiac cross-sections were cut at a thickness of 10mm for OCT samples, and 4mm for FFPE embedded samples.

Oil-red O staining (ORO [C26H24N4O], Sigma Aldrich) was used to assess the content of neutral cardiac lipids, as described.87 Picro-sirius

red staining was also performed by theMonash University Histology Platform to determine the degree of cardiac ECMdeposition. Brightfield

micrographs were acquired by the Monash University Histology Platform (VIC, Australia), using a bright field scanning microscope (Aperio

Scanscope AT Turbo, Monash Histology Platform) for analysis. Histological micrographs were subsequently analysed using Fiji software

for quantification of lipid droplets and cardiac fibrosis, respectively.

Cardiac single-cell isolation and flow cytometry

For cardiac flow cytometry experiments, the thoracic cavity was exposed and right atria was cut to allow for cardiac perfusion (perfusate con-

tained cold PBS supplemented with 0.9mM CaCl2, 200mM KCl) through the LV as described previously.88 Hearts were perfused via 30G hy-

podermic needles attached to a peristaltic pump at a rate of 4mL/min (Cole Palmer, IL, USA) for�15minutes or until the blood within the liver

had cleared. Following perfusion, cardiac ventricles (right & left ventricle, intra-ventricular septum) were isolated and placed in 5mL

Eppendorf� tubes with 3mL of ‘enzymatic digestion buffer’ (2mg/mL collagenase type IV [CLS-4, Worthington Biochemical Corporation],

1.2U/mL Dispase II [04942078001, Roche] in PBS supplemented with 0.9mM/L CaCl2). To facilitate digestion, the tissue and enzymatic diges-

tion buffer were incubated at 37�C for 45 minutes and triturated at 15-minute intervals during incubation. Next, cell suspensions from each

sample were individually filtered through a 70mM cell strainer into a 15mL tube containing 10mL of PBS (supplemented with 0.9mM/L CaCl2).

Samples were then centrifuged at 2003g for 15-minutes at 4�Cwith centrifuge brakes deactivated, for debris clearance. The supernatant was

aspirated and cell pellets were resuspended in 200ml of 2% FCS/HBSS buffer, before staining with a specific antibody panel for flow cytometry

(Figure S3). Cardiac non-myocyte cells were filtered through 35mM mesh into 5mL polystyrene round-bottom tubes (352052, Falcon�, NY,

USA) and identified using the specific antibody panel on a BD LSR Fortessa� X-20 Special Order flow cytometer.

Whole blood was obtained by cardiac puncture at endpoint and stained using a leukocyte-specific antibody panel. Blood was then sub-

jected to red blood cell (RBC) lysis for 15 minutes at 4�C using an ammonium chloride based commercial lysis buffer (1X dilution, 555899,

Becton Dickinson, USA). After RBC lysis, the remaining stained cells were washed twice in 2% FCS/HBSS. Between each wash, cells were

centrifuged at 4003g for 5 minutes at 4�C. Cells were then resuspended in 200ml of 2% FCS/HBSS buffer containing DAPI (0.1mg/mL); and
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filtered through 35mM mesh into 5mL polystyrene round-bottom tubes (352052, Falcon�, NY, USA) for flow cytometry, using the aforemen-

tioned cytometer.

Single-cell RNA sequencing

For single-cell RNA sequencing (scRNAseq) cardiac single cell suspensions were prepared following a modified Langendorff approach

described previously.89 Briefly, after euthanasia, the thoracic cavity was opened and the inferior vena cava was ligated, before injecting

7mL of cold ‘EDTA buffer’89,90 into the right ventricle for perfusion. Following perfusion, hearts were gently lifted and clamped at the aorta

using a haemostat. The hearts were subsequently cut away from the thoracic cavity and mounted onto a 3D-printed platform, such that the

apex of each heart was facing up-ward.15,89 Hearts were then perfused with EDTA buffer at 6mL/min for �5 minutes. Once hearts had suffi-

ciently cleared with any residual blood, the perfusion rate was reduced to 4mL/min and the perfusate was changed to a collagenase and pro-

tease digestion buffer,90 for �15 minutes. All buffers were maintained at 37�C throughout the perfusion process.

Hearts were then further dissociated by gently separating the tissue with forceps before incubating the cell suspension for a further

10-minutes, at 37�C. Cardiac non-myocytes were separated from cardiomyocytes and other cellular debris and subject to antibody/

viability-dye staining. Stained non-myocytes consequently underwent fluorescence-activated cell sorting (FACS, BD FACS Aria� Fusion

Flow Cytometer, Alfred Research Alliance Flowcore) as described previously.14,15 Live (SYTOX� Green-), metabolically active (Vybrant�
DyeCycle� Ruby+) cardiac non-myocyte cells were sorted into endothelial cells (CD31+), leukocytes (CD45+), and resident mesenchymal cells

(CD31-CD45-).

Major non-myocyte cell populations were manually counted using a haemocytometer, after which samples were pooled based on their

genotype (db/h or db/db). Each pooled sample consisted of �12,000 cells (ECs; �10%, RMCs; �90%) when loaded into the 10X Chromium

controller for single cell library preparation (Chromium Single Cell 3’ v2, lane 1: pooled db/db non-myocytes [n=4], lane 2: pooled db/h non-

myocytes [n=3]). Individual cells were captured and lysed within the 10X controller, after which cDNAwas synthesised and amplified for a total

of 12 cycles. Amplified cDNAwas then sequenced. Sequencingwas performedon an IlluminaNovaSeq 6000 system to an approximate depth

of 100,000 reads per cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

In silico analysis of scRNAseq data

Raw sequencing data files were processed usingCell Ranger software version 5.0.0 (10XGenomics) prior to subsequent analysis. This pipeline

aligned the sequencing reads from fastq files to the reference genome Mus musculus (mm10) and quantified the expression of transcripts

within each cell. Then, the analyses of these processed scRNA-seq data were carried out in R studio version 4.1 using Seurat suite version

3.2.0. Pre-processing of scRNAseq data was conducted as previously described.15 This yielded a total of 9,316 cardiac non-myocyte cells.

Clustering of cells was primarily depicted via t-distributed stochastic neighbour embedding (tSNE) projection, which reduces highly complex

data to two dimensions for interpretation. Cell types were annotated by querying established cell marker genes as described previously15 and

by considering the top-5 most highly-expressed genes in each cell cluster.

Differential gene expression analysis

Differential expression (DE) analysis was performed to identify DE genes between groups per cell type. Genes that have non-zero expression

in >10% of cells in at least one of the experimental groups were considered in this analysis. The DE testing method ‘MASTcpmDetRate’ was

used to identify DE genes between groups. This test is amodification of ‘MAST’,91 considering cellular detection rate as a covariate, which has

been successfully performed in a benchmark study for detecting differential expression from scRNA-seq.92 To determine statistical signifi-

cance of DE genes between experimental groups, the uncorrected P value threshold was set at < 0.01, unless otherwise stated.

Gene ontology analysis

GeneOntology (GO) enrichment analysis was performed using the ‘enrichGO’ function within the ‘clusterProfiler’ R package version 3.12.0.93

All GO analyses presented were mapped to reference genomes retrieved from http://geneontology.org. Enrichment analysis of GO Biolog-

ical Process terms (GO-BP) was calculated by mapping our list of differentially expressed genes (uncorrected P value < 0.01) to the default

background gene list forMusmusculus, with minimum andmaximumgene set sizes 10 and 500, respectively. Systematic similarities between

GO terms were calculated using the ‘simplify’ function within the clusterProfiler R package. The GO-BP terms that had semantic similarity

higher than the specific cut-off point of 0.7 were considered as redundant GO-BP terms and thus discarded from analysis. The Benjamini-

Hochberg adjusted P value cut-off of 0.05 was used to determine statistically significant GO-BP terms. More specific information was derived

based on statistically significant GO terms identified in our analysis.

Ligand-receptor intercellular communication analysis

Intercellular communication between cardiac non-myocytes was inferred in silico, using CellPhoneDB version 2.1.7, which utilises various re-

positories relating to cellular communication by considering the subunit architecture of both ligands and receptor genes (Efremova et al.,

2020). To investigate cell-cell communication network using CellPhoneDB, a cell type annotation file and a normalised gene count matrix
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were extracted from the annotated Seurat object. The total number of communication signals transmitted and received by a certain cell pop-

ulation was quantified and visualised in a heatmap.

To further explore specific ligand-receptor signalling networks between cardiac cell populations,mouse orthologs of human ligand-recep-

tor pairs (Ramilowski et al., 2015) were obtained from BioMart database v100 using the biomaRt R package. Ligand/receptor genes with

non-zero expression in over 20% of cells in a particular cell population were considered "expressed". These expressed ligands were then

connected to their corresponding receptors within and between the major cell populations to construct a potential cell-to-cell communica-

tion network. The signalling direction from ligand to receptor is indicated by arrows in the chord plots, and the total number of communica-

tion signals transmitted and received by a certain cell population is represented by the numbered bands in the circular visualization. The

Circlize R package was used to create circular visualizations.

In addition, GO analysis was also performed on both ligands and receptor in db/db hearts relative to db/h controls to determine their

biological relevance. The total number of communication signals transmitted and received by a certain cell population was also quantified.

Incorporation of bulk RNA-sequencing data

To validate our cardiac non-myocyte scRNAseq findings, we incorporated differentially expressed genes acquired from two additional, pub-

lically available bulk RNA sequencing (bulk RNA-seq) datasets42,43 into our gene list and developed a proportional Venn diagram using R

packages, RVenn (v1.10), Euller (v6.10), VennDiagram (v1.6.20) and Venneuler (v1.1-0). Differentially expressed genes from all datasets

were filtered by P value (P < 0.01 for bulk RNA-seq, P < 0.001 for scRNAseq data). Common differentially expressed genes were identified

using the ‘overlap’ function within RVenn. Differentially expressed gene lists were obtained and data was visualised using Venneuler R pack-

age. The hypergeometric p values for overlapping gene sets were calculated using ‘phyper’ function in stats R package considering all genes

identified in the scRNA-seq dataset as the total number of genes. Subsequently, GO analysis was performed on each overlapping gene list

derived from this analysis to produce biologically relevant pathways specific to each set of overlapping genes.
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