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Single-nucleus transcriptomics reveal
cardiac cell type-specific diversification
in metabolic disease transgenic pigs

Jiakun Miao,1 Kaiyi Zhang,1 Yu Yang,1 Shuang Xu,1 Juan Du,1 Tianwen Wu,1 Cong Tao,1 Yanfang Wang,1,*

and Shulin Yang1,2,*
SUMMARY

Cardiac damage is widely present in patients with metabolic diseases, but the exact pathophysiological
mechanisms involved remain unclear. The porcine heart is an ideal material for cardiovascular research
due to its similarities to the human heart. This study evaluated pathological features and performed sin-
gle-nucleus RNA sequencing (snRNA-seq) on myocardial samples from both wild-type and metabolic dis-
ease-susceptible transgenic pigs (previously established). We found that transgenic pigs exhibited lipid
metabolism disturbances and myocardial injury after a high-fat high-sucrose diet intervention. snRNA-
seq reveals the cellular landscape of healthy and metabolically disturbed pig hearts and identifies the ma-
jor cardiac cell populations affected by metabolic diseases. Within metabolic disorder hearts, metaboli-
cally active cardiomyocytes exhibited impaired function and reduced abundance. Moreover, massive
numbers of reparative LYVE1+ macrophages were lost. Additionally, proinflammatory endothelial cells
were activated with high expression of multiple proinflammatory cytokines. Our findings provide insights
into the cellular mechanisms of metabolic disease-induced myocardial injury.

INTRODUCTION

Obesity and related metabolic diseases, including metabolic syndrome (MetS) and type 2 diabetes mellitus (T2DM), are risk factors for car-

diovascular diseases (CVDs) comprising coronary artery disease (CAD), myocardial disease, and heart failure (HF), resulting in increased mor-

tality.1-3 However, the mechanisms by which metabolic diseases trigger cardiac injury remain unknown due to the complexity of pathophys-

iology and the limited availability of human cardiac samples from patients with early-stage metabolic diseases.

The mammalian heart is composed of heterogeneous cell populations, and the delicate orchestration of these diverse cell types ensures

the integrity of cardiac tissue anatomically and functionally.4,5 During disease progression, heterogeneous cell populations generate specific

responses. Thus, the identification of cell-specific disease-associated programs may provide necessary insights and opportunities for the

treatment of diseases. Over the past decade, the rapid development of single-cell RNA sequencing (scRNA-seq) technology has made it

possible to understand the mammalian heart (mainly in humans and mice) and reveal cellular expression pattern shifts in disease at the sin-

gle-cell level.6-9 Recent studies have revealed the importance of several cardiac cell types in cardiovascular events. For example, in HF pa-

tients, phenotypic remodeling of endothelial cells (ECs) affects the biological behavior of macrophages (MACs) and fibroblasts (FBs), thereby

promoting cardiac inflammation and fibrosis.10 In dilated cardiomyopathy (DCM) patients, FB activation and tissue-resident cardiac macro-

phage (RCM) depletion are major factors.11 Although extensive work via scRNA-seq has been performed in humans for various cardiac dis-

eases, research on metabolic disease-induced cardiac dysfunction is still lacking.

In contrast to rodent models, which exhibit significantly different cardiac physiology from that of humans, pigs are more similar to humans

in terms of cardiovascular anatomy and cardiac physiology. Thus, they could serve as an ideal animal model for CVD research.12 In our pre-

vious study, we successfully constructed a triple-transgenic (PNPLA3I148M-GIPRdn-hIAPP) pig model (TG pig) via the CRISPR-Cas9 technique.

This model exhibited metabolic disorders (such as glucose intolerance and adipose tissue inflammation) after short-term high-fat high-su-

crose diet (HFHSD) intervention,13 thus providing promising evidence for the study of metabolic imbalance-related diseases. Herein, we

fed TG pigs and wild-type (WT) pigs a long-term HFHSD (12 months), and lipid metabolism disorders, myocardial tissue edema, and mito-

chondrial damage were observed in TG pigs. We further performed single-nucleus RNA sequencing (snRNA-seq) on myocardium samples

from both WT and TG pigs. We identified ten major cardiac cell types, described their intercluster and intracluster heterogeneity, revealed

changes in the cellular composition and cell type-specific transcriptional patterns of cardiac tissue in metabolic diseases, and characterized
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their cell type-specific diversification features and possible interactions. Our data provide a reference for the feasibility of clinical research on

pig models and broaden insights for the specific treatment of metabolic disease-induced cardiac injury.
RESULTS

Systemic characteristics, cardiac function and pathological features of TG pigs

To evaluate the metabolic shifts in TG pigs, we measured body weight, detected serum indicators of lipid metabolism and glucose meta-

bolism, and analyzed heart function in TG andWT pigs after 12 months of HFHSD intervention. Compared with those ofWT pigs, the average

body weight of TG pigs tended toward an increase, and the concentrations of high-density lipoprotein cholesterol (HDL-C) and insulin in the

serum were significantly decreased. In addition, the serum glucose concentration appeared to be greater in TG samples (Figure 1A). How-

ever, we did not observe significant changes in cardiac enzymes in TG pigs (Table S1). Overall, compared with healthy controls, TG pigs ex-

hibited disturbances in lipid metabolism and impaired insulin secretion after HFHSD induction, suggesting increased sensitivity to energy

overload.

The M-mode echocardiography was performed to assess differences in the cardiac morphology and function of TG pigs. Although no

differences were observed in the cardiac structure, TG pigs tended to have lower ejection fraction (%) (EF) compared with those from controls

(p = 0.055) (Figure 1B, Table S2).

The pathological evaluation was performed on the left ventricle, interventricular septum and aortic vessel of TG andWT pigs. Hematoxylin

and eosin (H&E) staining revealed that compared with those of WT group, the left ventricles of TG group manifested extensive edema, and

some of the myofibers in the interventricular septum myocardium were ruptured (Figure 1C, top and middle panel). The aortic vessel wall

displayedmild intimal edema and loss of arrangement of collagen fibers (Figure 1C, bottom). Furthermore, transmission electronmicroscopy

revealed that compared with those in WT group, the integrity of mitochondria in TG group was impaired, as the inner membrane and cristae

were damaged. Moreover, the linear mitochondrial registry was absent, and the mitochondria dissociated from the sarcomeres, thereby

increasing the intracellular space. In addition, myofibrils were fragmented in TG samples (Figure 1D). Overall, cardiac injury caused by meta-

bolic disorders is characterized by cardiomyocyte (CM) edema andmitochondrial damage, preceding the onset of overt cardiac dysfunction.
Cellular landscape of WT and TG pig hearts revealed by snRNA-seq

Next, to explore the cardiac cellular and transcriptional landscape in healthy andmetabolic disorder conditions, left ventricular free walls (pre-

vious data have shown that metabolic abnormalities have a strong impact on left ventricular structure and function14) were collected from a

WT pig and a TG pig and subjected to snRNA-seq analysis using 103Genomics (Figure 2A). After strict quality control (QC), the final dataset

consisted of 15,528 nuclei fromWT sample and 13,217 nuclei from TG sample. WT sample had amedian depth andmedian number of genes

per cell of 29,426 reads and 2,033 genes, respectively, whereas the corresponding numbers for TG samplewere 34,915 reads and 1,814 genes,

respectively.We identified and visualized tenmajor cell types by canonical cell-specificmarker genes,4 including CMs, ECs, FBs, myeloid cells

(MDs) (mainly MACs), T cells, pericytes (PCs), smooth muscle cells (SMCs), neuronal cells (NCs), erythroid cells (ERYs), and adipocytes (ADs)

(Figures 2B, 2C, and S1A). Each populationdisplayeddistinct signature genes and consisted of cells frombothWTand TG samples (Figure 2B,

right, and Table S3). Consistent with humans, CMs, ECs, FBs, and MDs were the numerically dominant porcine cardiac cell types, accounting

for 90%of the total number of cells in our data4 (Figure 2D). Themajor cell types in pigs and humans exhibited highly conserved transcriptome

signatures and shared common marker gene sets, according to a correlation analysis15 (Figure 2E).

We observed changes in cardiac cell composition as a function of metabolic disorders. Although there were no differences in cell types

between the two pigs, TG pig possessed fewer CMs and MDs, but more ECs (Figures 2D and S1B). Furthermore, the differentially expressed

genes (DEGs) were screened based on the criteria of p < 0.05 and the fold change > 1.28 in each cell type betweenWT and TG samples (Fig-

ure 2F). Our data showed that except for ERYs, there aremore than 1,000 DEGs in each cell type, suggesting the effect of metabolic disorders

on gene expression in cardiac cell populations. (Figure 2F). We also generated bulk RNA sequencing (bulk RNA-seq) data for the same exper-

imental group (n = 3 per group) to verify the representativeness of the snRNA-seq data. Spearman’s correlation analysis revealed that the

group DEGs of the major cell populations were significantly positively correlated with the bulk RNA-seq results (p < 0.05, fold change > 1.28)

(Figure S1C, Table S3). As CMs, ECs, MDs, and FBs are the major cell types in the heart and there are many DEGs identified in these cells

between the two samples, we next focused on the molecular signatures of these cardiac populations.
Metabolically active cardiomyocyte loss and dysfunction in TG pigs

CMs were identified by the general CM markers ACTN2, RYR2, and FHL24 (Figure 2C). To gain further insight into the function of each CM

subtype, we classified CMs into five subsets (CM1–5) (Figure 3A, Table S4). Based on similarities in transcriptional patterns, we found that

CM1, CM2, and CM4 share similar gene programs (Figure 3B). All three subtypes share many upregulated genes related to muscle develop-

ment and muscle contraction, and display typical CM properties16 (Figures 3C and 3E). Interestingly, the heterogeneous subset CM3 ex-

hibited a highly energetic state with robust expression of mitochondrial genes (both nuclear-encoded and mitochondrial-encoded), and

its Gene Ontology (GO) terms were enriched in oxidative phosphorylation and ATP synthesis. In addition, CM3 abundantly expressed genes

encoding sarcomere protein, antioxidant heat shock protein and transcription factors (Figures 3D, 3E, and S2A), suggesting that this type of

CM might be capable of performing a greater workload than others.
2 iScience 27, 110015, June 21, 2024



Figure 1. Clinical characteristics of TG pigs

(A) Average body weight and serum biochemical parameters. WT, wild-type group; TG, triple-transgenic group. HDL-C, high-density lipoprotein cholesterol;

GLU, glucose.

(B) Representative images of echocardiography of left ventricle in WT and TG groups (left). Left ventricular ejection fraction (EF) of WT and TG groups (n = 3 per

group) (right).

(C) Representative H&E staining images of left ventricle (top), interventricular septum (middle), and aortic vessel (bottom) ofWT and TG pigs. The areas indicated

by boxes are magnified on the right. Edema (black arrows) and myofiber rupture (green arrows) were indicated. Scale bars, 200 mm (left), 50 mm (right).

(D) Representative images of cardiac mitochondrial morphology obtained from electron microscope. Normal (yellow arrow) and damaged (green arrow)

myocardial ultrastructure were indicated. M, mitochondria; Mf, myofibril; SR, sarcoplasmic reticulum. Scale bars, 1 mm.
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Figure 2. Cellular composition of WT and TG pig hearts

(A) Schematic of snRNA-seq experimental design andworkflow. Transmural samples were obtained from left ventricle of wild-type (WT) and triple-transgenic (TG)

pigs (n = 1 WT, n = 1 TG), single nuclei were processed using Chromium 103 30DEG chemistry.

(B) t-distributed stochastic neighbor embedding (t-SNE) clustering of 28,745 nuclei isolated from bothWT and TG, split by cell type (left) or by source (right). Each

dot represents a single cell.

(C) Knownmarker genes for each cell type. Dot color and size indicate the relative mean expression level and proportion of cells expressing the gene in each cell

type, respectively.

(D) The proportion of cells within WT and TG hearts identified from nuclei. CM, (ventricular) cardiomyocytes; EC, endothelial cells; FB, fibroblasts; MD, myeloid

cells; T, T cells; PC, pericytes; SMC, smooth muscle cells; NC, neuronal cells; ERY, erythroid cells; AD, adipocytes.

(E) Correlation matrix between pig and human cardiac cells. Normalized average UMI values for each cell type were used in the calculation of correlation

coefficient values.

(F) Dot plots showing the number of up- and downregulated genes in TG cardiac cells relative to WT group (p < 0.05, fold change > 1.28).
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To characterize CMs under metabolic disorder conditions, we examined the global transcriptional changes in CMs between TG and

WT groups. We observed that a large number of structural genes (such as ACTC1, TNNT2, MYL3, and MYBPC3) were significantly down-

regulated in TG sample (Figure S2B). Pathways involved in muscle contraction, fatty acid metabolism, and oxidative phosphorylation

were downregulated in TG group (Figure S2C), consistent with the observed decrease in cardiac function. This result was also further

confirmed by bulk RNA-seq (Figure S2D). We further analyzed the proportional changes in each CM subtype between the two groups

and found that the cellular abundance of CM3 was markedly decreased in TG (Figure 3F, Table S4). Thus, we selected TPT1 as

the specific marker for CM3 (due to the wide expression of mitochondrial genes in various cell types) and colocalized it with TNNT2

(a general CM marker) to validate the reduction of CM3 in TG sample (Figures 3G and S2E). More importantly, the expression of

CM3 signature genes (sarcomere generation genes and mitochondrion-related genes) was significantly reduced in TG pig, and

numerous metabolism-related genes (mainly glycolysis and TCA cycle-related genes) were also markedly downregulated in TG sample

(Figure 3H, Table S4). Furthermore, pathway enrichment analysis of DEGs in CM3 (comparing WT to TG) revealed a significant down-

regulation of oxidative phosphorylation, metabolism and cardiac muscle contraction processes in TG sample compared with WT (Fig-

ure 3I). Together, these findings highlight the presence of multiple CM subtypes, and metabolically active CMs were strongly influenced

in metabolic disorders.
Activation of proinflammatory endothelial cells with leukocyte recruitment potential in TG pigs

Seven EC subsets were identified in our data, characterized by high expression of pan-EC markers (VWF, PECAM1, and EMCN)4

(Figures 4A and 2C, and Table S5), most of which were blood vascular ECs (BECs) (accounting for 74.4% of all ECs) and a small

portion of lymphatic ECs (Table S5). We further assigned endothelial subtype classifications for all BECs. Capillary-EC co-expressed the

capillary markers CA4 and RGCC17 and lipid metabolism-related genes (CD36, FABP4, and FABP5),18 implying potential lipid regulatory

properties (Figures 4B and S3A). Arterial-EC was enriched for mature arterial markers GJA5 and SEMA3G17 (Figures 4B and S3A).

Angiogenic-EC highly expressed the developmental angiogenesis regulator HEY1,19 and its biological function was mainly involved in

angiogenesis (Figures 4B, 4C, and S3A). We observed two distinct proinflammatory-EC subsets that specifically expressed genes related

to immune regulation, including ACKR1, PLVAP, and CCL14,10 and their GO terms were enriched in leukocyte migration and antigen pre-

sentation processes (Figures 4B, 4C, and S3A). Compared with proinflammatory-EC1, proinflammatory-EC2 has a specific expression on

EPHB1 and CA8, indicating its potential ability to regulate EC migration20,21 (Figures 4B, 4C, and S3A). Contractile-EC abundantly ex-

pressed sarcomere protein genes, while lymphatic-EC specifically expressed the lymphatic markers LYVE1, MMRN1, and RELN17

(Figure 4B).

We observed globally upregulated expression of stress-response genes (such as ANKRD1 and TXNIP) and interferon-stimulated genes

(ISG15, IFI6, and IFI44) in all BEC subsets of TG group,22,23 and this phenomenon was supported by bulk RNA-seq (3 WT hearts and 3 TG

hearts) (Figure 4D). Genes encoding heat shock proteins (HSPB6, HSPB7, and CRYAB) and fatty acid binding proteins (FABP3, FABP4, and

FABP5), which were reported to be positively correlated with cardiovascular events,24,25 were also significantly upregulated in TG, compared

with WT (Figure S3B).

As reported in previous studies, ACKR1+ ECs predominantly mediate inflammatory responses via leukocyte infiltration.26,27 To test

whether proinflammatory ECs (which specifically express ACKR1) are altered in metabolic disorders, the DEGs between the two groups

were screened (Table S5). Our data revealed that both proinflammatory EC subsets exhibit an activation phenotype,28 with proinflamma-

tory-EC2 having the most robust activation profile (Figure S3C). In addition to the globally upregulated DEGs of all BECs, the expression

of adhesion molecules, proinflammatory cytokines and inflammation-related transcription factors (including VCAM1, ICAM1, CXCL10,

TGFB1, CEBPB, and CEBPD) was markedly increased in proinflammatory-EC2 from TG sample (Figure 4E, Table S5). We further confirmed

VCAM1 expression in proinflammatory ECs in the TG heart by immunofluorescence staining (Figure 4F). GO analysis revealed that the regu-

lation of leukocyte activation and adhesion by proinflammatory-EC2 in TG sample was markedly greater than that in WT (Figure 4E). Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed the upregulation of multiple pathways associated with EC dysfunc-

tion in TG sample (such as the TGF-beta signaling pathway, AGE-RAGE signaling pathway, and fluid shear stress and atherosclerosis pro-

cess)29 (Figure S3D). Overall, these results suggest that the activation of ECs might be associated with metabolic disease-inducedmyocardial

injury.
iScience 27, 110015, June 21, 2024 5



Figure 3. Cardiomyocyte subpopulations and their alterations in TG pigs

(A) t-SNE projection of five cardiomyocyte (CM) subpopulations.

(B) Heatmap showing correlation of five CM subpopulations by Spearman correlation analysis.

(C) Dot plot representing the signature gene expression in each CM subpopulation. Dot color and size indicate the relativemean expression level and proportion

of cells expressing the gene in each subpopulation, respectively.

(D) Violin plots showing the expression of top distinct genes of CM3 subpopulation.

(E) Selected top GO enrichment terms for subcluster-specific genes of CM subpopulations.
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Figure 3. Continued

(F) The number of CMs of each CM subpopulation in WT and TG samples.

(G) Co-staining of CM general marker TNNT2 and CM3 special marker TPT1 in left ventricular sections of WT sample, the white arrows indicate co-localized CMs

(CM3). Scale bars, 100 mm.

(H) Heatmap showing the top differentially expressed genes (DEGs) in CM3 subpopulations comparing WT to TG.

(I) Significant downregulated KEGG pathways of CM3 subpopulation in TG group.
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Reduction in the number of reparative LYVE1+ tissue-resident cardiac macrophages in TG pigs

Analysis revealed the presence of eight MD populations in our data (Figures S4A and S4B). These MD populations were composed of large

numbers of MACs (72.3%), including LYVE1+ MAC1, MHC-IIhi MAC2, MAC3, and MAC4, and smaller numbers of monocytes (MOs), dendritic

cells (DCs), and mast cells (Figure S4C, Table S6). MACs are heterogeneous cell populations, and separate subpopulations of MAC with

distinct gene expression profiles, phenotypes, and functions exist in mice and humans.30 Thus, we further focused on characterizing the

four subtypes of MACs (Figure 5A). LYVE1+ MAC1 was the most transcriptionally unique MAC subcluster expressing reparative RCMmarker

genes such as LYVE1, FOLR2, MRC1, and VSIG4.31 MHC-IIhi MAC2 highly expressed genes involved in immune response activation and an-

tigen presentation (the major histocompatibility complex class II encoding genes and CX3CR1) (Figure 5B). There are also two small subsets

MAC3 and MAC4. MAC3 highly expressed a variety of cell surface receptors and genes related to the extracellular matrix (ECM), and MAC4

had a relatively higher expression of genes related to myocardial tissue growth and muscle contraction (Figure 5B).

We further examined the differences in enriched pathways between LYVE1+MAC1 andMHC-IIhi MAC2. The enriched pathways of LYVE1+

MAC1 were related to homeostatic and regenerative functions. Tissue repair genes, such as IGF1,MEF2A, and platelet-derived growth factor

family, were highly expressed in this subpopulation, and the DEGs were enriched in endocytosis, intracellular signal transduction, blood

vessel development, and muscle cell proliferation processes. Compared with LYVE1+ MAC1, MHC-IIhi MAC2 had more active immune-

related pathways, including leukocyte activation, antigen presentation and interferon-g response (Figures 5C and S4D).

We observed that in TG group, the major MAC subsets retained their characteristic gene expression and core transcriptional programs,

and no additionalMAC subclusters developed (Figures 5D and S4E). Importantly, the impact ofmetabolic disorders onMACswasmanifested

by a significant reduction in the abundance of reparative LYVE1+ MAC1 (Figure 5E), and immunofluorescence staining further confirmed the

depletion of LYVE1+ MACs in TG hearts (Figure 5F). Furthermore, metabolic disorders induce small-scale transcriptional changes. Compared

with those of WT, the upregulated genes in the LYVE1+ MAC1 of TG sample were mapped to pathways involved in leukocyte migration and

the response to lipopolysaccharide, and theMHC-IIhi MAC2 subset in TG samplewasmore enriched in pathways related to interferon-gamma

and the Toll-like receptor signaling pathway. Additionally, the increased response to chemical stimuli was shared across subsets in TG

(Figure 5G).

Increased fibroblast plasticity in TG pigs

Our data revealed that FBs robustly expressedgeneral FBmarkers, such asDCN,GSN, and PDGFRA4 (Figure 2C).We investigated the cellular

composition of FBs, as FBs are the major contributors to cardiac fibrosis.32 FBs can be further divided into six subtypes (FB1–6) (Figure 6A,

Table S7). The FB1 and FB2 subsets comprised the majority of FBs, displaying a canonical expression program of FB, with high expression of

genes encoding members of the ATP-binding cassette transporters superfamily (ABCA6 and ABCA8) and non-collagenous constituent of

ECM (Figures 6B and 6C). GO analysis revealed that the biological functions of FB1 and FB2 were related to cell migration and anatomical

structure morphogenesis (Figure 6D). Several minor FB subpopulations had different characteristics. FB3 subset has higher expression of

cytokine receptors and was enriched in enzyme-linked receptor protein signaling pathway. FB5 subset exhibited pro-fibrogenic signatures

with specific expression of activated FBs markers (POSTN, LTBP4, LUM, MGP, and THBS4), and had maximal ECM synthesis properties

(COL1A1, COL1A2, and COL3A1). By contrast, FB4 subset had lower expression of ECM-related genes, but it specifically expressed vascular

endothelial growth factors and receptors such as FLT1, EGFL7, and EPAS1, and was enriched in blood vessel development process (Figure 6C

and 6D).

All FB subtypes, including disease-associated FB5, were present in both WT and TG hearts (Figure 6E). To explore the diversity of cellular

differentiation states in disease, we utilized single-cell lineage inference using cell expression similarity and entropy (SLICE)33 and partition-

based graph abstraction (PAGA)34 to perform single-cell entropy calculations and pseudotime analysis on all FBs fromWT and TG samples.

Entropy is inversely proportional to the cell differentiation state, that is, high-entropy cells have more diverse expression patterns.33,35

Compared with that in WT, the cellular differentiation state of FB1 in TG sample was lower (high entropy and low pseudotime values), indi-

cating substantial plasticity of this population (Figure 6F). However, we did not observe an activation signature of cardiac fibrosis or increased

cellular abundance in the FBs of TG sample.

Reduction in trophic intercellular interactions between noncardiomyocytes and cardiomyocytes in TG pigs

There is extensive intercellular communication in the normal heart, as previously reported.36 To determine the regulatory relationship be-

tween cardiac cells in pigs and further reveal the changes in intercellular signaling in metabolic disorders, we mapped ligands and cognate

receptors to subpopulations of major cardiac cell types, and constructed a cell interaction network via CellPhoneDB. ECs, FBs, and MACs

were important populations that formed the potential signaling network within different cell types (Figure 7A). Widespread trophic intercel-

lular interactions between cardiac cells have been reported;5 therefore, we examined the expression of factors essential for supporting
iScience 27, 110015, June 21, 2024 7



Figure 4. Endothelial cell subpopulations and their alterations in TG pigs

(A) t-SNE projection of seven endothelial cell (EC) subpopulations.

(B) Dot plot representing the signature gene expression in each EC subpopulation. Dot color and size indicate the relative mean expression level and proportion

of cells expressing the gene in each subpopulation, respectively.

(C) Selected top GO enrichment terms for subcluster-specific genes of BEC subpopulations.

(D) Expression of key differentially expressed genes (DEGs) in all BECs subpopulations and bulk RNA-seq data.

(E) Heatmap showing the top DEGs (left) and their enriched GO terms (right) in proinflammatory-EC2 subpopulations comparing WT to TG.

(F) Co-staining of VCAM1 and general EC marker PECAM1 in WT versus TG sections. Scale bar, 100 mm (top), 50 mm (bottom).
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Figure 5. Macrophage subpopulations and their alterations in TG pigs

(A) t-SNE projection of four macrophage (MAC) subpopulations (left) and their selected signature genes (right).

(B) Dot plot representing the selected marker gene expression in each MAC subpopulation. Dot color and size indicate the relative mean expression level and

proportion of cells expressing the gene in each subpopulation.

(C) Selected top GO enrichment terms for subcluster-specific genes of major MAC subpopulations.

(D) Heatmap showing the average expression of marker genes of LYVE1+ MAC1 and MHC-IIhi MAC2 obtained from WT or TG samples, respectively.

(E) The number of macrophages of each MAC subpopulation in WT and TG samples.

(F) Co-staining of MAC1-specific marker LYVE1 and MAC pan-marker CD163, the white arrows indicate co-localized MACs. Scale bar, 50 mm.

(G) Radar plot showingGO enrichment terms of highly expressed genes of major MAC subpopulations inWT and TG groups. Left, LYVE1+MAC1, right, MHC-IIhi

MAC2.
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specific cell types in different cardiac cell populations (Figure 7B). In addition to the previously reported trophic effects of FBs on multiple

cardiac cell types, the LVYE1+ MAC1 subpopulation was identified as the most highly enriched for IGF1 transcripts, required to maintain

CM adaptive growth36,37 (Figure 7B). An examination of ligands released by significantly altered cell subpopulations (metabolically active

CM3, LVYE1+ MAC1, and proinflammation-EC2) revealed important intercellular interactions among them (Figure 7C, Table S8). Besides

the trophic effect (such as IGF1-IGF1R), through GAS6/MERTK, LVYE1+ MACs may recognize apoptotic CMs and efferocytosis to resolve

inflammation.38 Proinflammatory-ECs secrete a variety of inflammatory mediators such as LGALS9 and MIF, which play an important role

in the pathogenesis of inflammation in CVDs39,40 (Figure 7C).

Metabolic abnormalities potentially influence cardiac intercellular signaling. Thus, we examined the expression of ligands and their cor-

responding receptors released by these altered cell subtypes and compared the differences between WT and TG samples. We found that a

multitude of trophic ligands including IGF1, IGF2, and NRG4 secreted from proinflammatory-EC2 and LYVE1+ MAC1 were significantly

reduced in TG pig, which may affect the abundance and morphological maintenance of CMs37,41 (Figure 7D). Moreover, WNT2 transcripts

was significantly upregulated in the proinflammatory-EC2 of TG sample, possibly regulating LYVE1+ MAC1 polarization through WNT2/

FZD342 (Figure 7D).
DISCUSSION

Accumulating studies have revealed the complex composition of cardiac cells in healthy adult human hearts and further investigated the dy-

namic changes in cardiac cells under limited cardiac function conditions. However, due to the limited access to human heart samples, studies

on cardiac injury caused by metabolic diseases at single-cell resolution are lacking. The widespread use of pigs in translational cardiovascular

research inspired us to use a recently characterized transgenic minipig model of metabolic disease as material to explore howmetabolic dis-

eases affect cardiac cell composition and cell type-specific transcriptional programs. After 12 months of HFHSD intervention, the transgenic

pigs had reduced HDL-C levels and exhibited a tendency toward increases in body weight and serum glucose levels, consistent with human

MetS.43 Cardiac function was not significantly altered in TG pigs, possibly due to the limited impact of early metabolic disease on cardiac

function, which was also observed in obese adolescent patients and early-MetS pig models.44,45 However, impaired mitochondrial distribu-

tion andmorphology could already be observed in TGmyocardial samples, consistent with studies of early-stageMetS.44 These impairments

in the early stage may later initiate and further promote cardiac dysfunction.

Using snRNA-seq, we obtained insight into the cell composition of healthy and metabolic disorder porcine cardiac tissue samples and

identified ten major cell types, covering most of the cell types previously reported in human and mouse studies.4,46 Furthermore, we uncov-

ered the compositional shifts in CMs and MACs, and transcriptional alterations in CMs and ECs in TG pig heart.

Previous scRNA-seq studies of mammalian hearts have excluded CMs because energy-sensitive CMs die rapidly after isolation, and the

huge size of CMs are unsuitable for conventional single-cell platforms.9 Therefore, we applied snRNA-seq technology to avoid the problems

of cell isolation and cell size differences. Consistent with findings from recent single-cell analyses in developing and adult mammalian hearts,

we found that ventricular CMs also contained heterogeneous cell subpopulations.4,9,16 In addition to canonical ventricular CMs, there was a

metabolically active CM subpopulation with high expression of genes related to energymetabolism, sarcomere proteins and heat shock pro-

teins. Previous single-cell studies have demonstrated a similar subpopulation in normal adult hearts, possibly suggesting that the diversity of

ventricular CMs is conserved across species.4

We further found that the metabolic state strongly influenced the composition and gene expression of CMs. Collectively, CMs in cardiac

injury induced by metabolic disorders converge toward a common disease-associated state. Compared with those in WT, CMs in TG group

exhibited a global decrease in the expression of structural genes associatedwith cardiac function (such asMYL2,MYL3,MYBPC3, TNNT2, and

ACTN2), consistent with the findings in DCMpatients.7 We observed considerable variation in the responses of different CM subpopulations

to metabolic disorders. In addition to the downregulation of structural genes in metabolically active CM3 subset, the expression of mitochon-

drial-related genes was also significantly decreased, concordant with our previous observation of mitochondrial damage in TG hearts. More-

over, relative to that ofWT sample, the CM abundance of TGwas generally reduced, especially the selective loss of metabolically active CM3.

Recent research on myocardial infarction (MI) patients has indicated that the loss and/or dysfunction of CMs impairs heart contraction.47

Therefore, metabolic abnormalities lead to myocardial injury, especially dysfunction or depletion of metabolically active CMs, which may

further contribute to cardiac functional decline. Further clarification of the initiatingmechanisms of these alterations will provide opportunities

to intervene in metabolic disease-related cardiovascular events.
10 iScience 27, 110015, June 21, 2024
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Figure 6. Fibroblast subpopulations and their alterations between WT and TG pigs

(A) t-SNE projection of six fibroblast (FB) subpopulations.

(B) The proportion of FB subpopulations in WT and TG pigs identified from nuclei.

(C) Dot plot representing the signature gene expression in each FB subpopulation.

(D) Selected top GO enrichment terms for subcluster-specific genes of FB subpopulations.

(E) UMAP (Uniform Manifold Approximation and Projection) projection of FB populations split by source.

(F) Entropy and pseudotime overlayed on UMAP projection split by source.
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We observed compositional and transcriptional changes in NCM populations (MACs and ECs) between healthy controls and metabolic

disorder model pigs. As a central cellular component of the humanmyocardium, ECs regulate inflammatory responses by modulating leuko-

cyte infiltration in diseased hearts.48 Activated ECs, known to have leukocyte-recruiting potential, are abundant in HF patients and are char-

acterized by the notable expression of ACKR1 and cell adhesion molecules.28,49 We detected similar activation signature that included

VCAM1, ICAM1 (mediating leukocyte-endothelial cell adhesion), CXCL10 (regulating leukocyte recruitment), and CEBPD (involved in acti-

vating the transcription of multiple inflammatory genes),50 which were selectively expressed in ACKR1+ proinflammatory ECs in TG group.

Furthermore, the ability of proinflammatory EC2 to mediate leukocyte adhesion was markedly enhanced in TG sample. Analysis of the

DEGs indicated that TXNIP, ANKRD1, and FABP4 were significantly upregulated in TG group. Overexpression of TXNIP leads to increased

secretion of VCAM1 and ICAM1 through the TXNIP/TRX/ASK1 pathway, simultaneously inhibiting KLF2 expression and thus promoting EC

inflammation.51,52 FABP4 activates the adhesion of ECs to monocytes to increase the risk of atherosclerosis, and blocking FABP4 attenuates

the expression of ICAM1, VCAM1, and SELP.25 IncreasedANKRD1 expression was found in cardiac hypertrophy and DCMpatients.7,53 These

observations suggest that EC phenotypic transformation in diseased hearts may be triggered by the overexpression of TXNIP and FABP4.

MACs are themost abundant immune cells in the heart and can be briefly divided into embryonic-derived andmonocyte-derived sources.

Embryonic-derived RCMs account for approximately 70% of the total MACs within the normal human heart, and are responsible for maintain-

ing cardiac environmental homeostasis.31,37 Recent single-cell analyses of human and mouse heart have suggested that RCMs can be cate-

gorized into at least three subsets according to the core gene program and life cycle: the TLF+ cluster (TIMD4+ LYVE1+ MHC-IIlo CCR2-), the

MHC-IIhi cluster (TIMD4- LYVE1- MHC-IIhi CCR2-) and the CCR2+ cluster (CCR2+MHC-IIhi). The TLF+ cluster was prominent in homeostatic and

regenerative functions, whereas the MHC-IIhi cluster was prominent in immune regulation.30,54 Our data identified multiple heterogeneous

MAC subsets, consisting of four cellular populations marked by LYVE1,MHC-II, ADGRD1, andMYOCD expression. Notably, the LYVE1+ sub-

set has a transcriptional signature similar to that of the human TLF+ subpopulation, which characteristically expresses TLF+ markers such as

LYVE1, FOLR2, VSIG4, MRC1, and IGF1, and its biological functions are also related to vascular and muscle development.37,55 However, the

LVYE1+ subpopulation in our study was negative for TIDM4. This is possibly because TIDM4 expression wasmainly restricted to the fetal heart

and was significantly decreased in adulthood.56 In addition, the MHC-IIhi subset in our study had relatively high expression levels of antigen-

presenting genes (such as SLA-DQA and SLA-DQB1), consistent with MHC-IIhi clusters in humans and mice.57 Overall, we found RCM sub-

populations in the pig hearts that were similar to those previously demonstrated in humans and mice, suggesting the existence of a gener-

alized framework across species to define the identity of MACs.

It is well known that RCMs greatly contribute to organ development,58 CM energetics,59 and compensatory remodeling in disease.60 We

found that the abundance of LYVE1+ RCMs, which are characteristic of tissue repair, wasmarkedly lower in TG sample than inWT, despite the

lack of alterations in the core transcriptional pattern. This finding was also evident in mouse models of cardiac injury,61,62 as well as in patients

with HF or MI.7,30 Recent studies on RCM functions have demonstrated that RCMs participate in cardiac regeneration and adaptive remod-

eling through the secretion of factors that act on CMs. RCM-derived CCL24 induced neonatal CM proliferation in MI.62,63 During hyperten-

sion, RCMs promoted the adaptive growth of adult CMs via IGF-1 secretion, and the inducible ablation of RCMswith the Cx3cr1creERT2-deple-

tion system resulted in contractile dysfunction andmyocardial fibrosis.37We speculate that the depletion of reparative RCMmay contribute to

the loss of CMs in metabolically disordered hearts.

In conclusion, we characterized the histopathological features of metabolic disease-induced cardiac injury and comprehensively analyzed

the cellular transcriptomic landscape in healthy and metabolically impaired porcine cardiac tissue at the single-cell level. Our findings can be

summarized into three points. (1) The early stages of metabolic disease-induced cardiac injury are characterized by tissue edema and mito-

chondrial damage, despite preserved cardiac function. (2) Pigs share a cardiac cell atlas similar to that of humans at the single-cell level. (3)

Metabolically active CM dysfunction with abundance reduction, reparative MAC (or RCM) depletion, and proinflammation-EC phenotypic

remodeling are closely associated with cardiac damage induced by metabolic diseases. Collectively, our findings extend the understanding

of the impact of metabolic diseases on the heart and provide a reference for early disease intervention.
Limitations of the study

We recognize that this study still has several limitations. Although we have characterized the cellular landscape of healthy and metabolically

disordered porcine hearts at the single-cell level, the complete diversity contained within the heart may not be fully reflected due to limita-

tions in sample size and sample collection location. If individual- and location-based transcriptional differences exist, it may introduce unin-

tended bias into this study. Furthermore, the transgenic models we used in this study were at early-stage of disease, and our comparison of

molecular pathological changes in certain cell types may be limited. Future research will expand the number of normal and diseased tissue

comparisons and will focus on exploring the delicate triggers of EC activation and initiating factors of reparative MACs depletion.
12 iScience 27, 110015, June 21, 2024



Figure 7. Intercellular connection network of cardiac cells

(A) Network of cell-cell interactions in cardiac cells, dot color indicates the cell type, dot size indicates the total number of significant ligand-receptor pairs of each

cell type, line thickness indicates the number of significant interactions between two cell types.

(B) Dot plot representing the selected essential growth factors expression in major cardiac cell (sub)types.

(C) Dot plot shows significant ligand-receptor pairs between changed cardiac cell subtypes.

(D) Line plot showing ligands secreted by changed noncardiomyocyte subsets and their matching receptors. Dot color and size indicate the fold change and

p value of the ligand in the subpopulation of TG group, respectively.
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Dahlin, J.S., Göttgens, B., Rajewsky, N.,
Simon, L., and Theis, F.J. (2019). PAGA: graph
abstraction reconciles clustering with
trajectory inference through a topology
preserving map of single cells. Genome Biol.
20, 59. https://doi.org/10.1186/s13059-019-
1663-x.

35. MacArthur, B.D., and Lemischka, I.R. (2013).
Statistical mechanics of pluripotency. Cell
154, 484–489. https://doi.org/10.1016/j.cell.
2013.07.024.

36. Skelly, D.A., Squiers, G.T., McLellan, M.A.,
Bolisetty, M.T., Robson, P., Rosenthal, N.A.,
and Pinto, A.R. (2018). Single-Cell
Transcriptional Profiling Reveals Cellular
Diversity and Intercommunication in the
Mouse Heart. Cell Rep. 22, 600–610. https://
doi.org/10.1016/j.celrep.2017.12.072.

37. Zaman, R., Hamidzada, H., Kantores, C.,
Wong, A., Dick, S.A., Wang, Y., Momen, A.,
Aronoff, L., Lin, J., Razani, B., et al. (2021).
Selective loss of resident macrophage-
derived insulin-like growth factor-1 abolishes
adaptive cardiac growth to stress. Immunity
54, 2057–2071.e6. https://doi.org/10.1016/j.
immuni.2021.07.006.

38. Vago, J.P., Amaral, F.A., and van de Loo,
F.A.J. (2021). Resolving inflammation by TAM
receptor activation. Pharmacol. Ther. 227,
107893. https://doi.org/10.1016/j.
pharmthera.2021.107893.

39. Wienke, J., Pachman, L.M., Morgan, G.A.,
Yeo, J.G., Amoruso, M.C., Hans, V.,
Kamphuis, S.S.M., Hoppenreijs, E.P.A.H.,
Armbrust, W., van den Berg, J.M., et al.
(2020). Endothelial and Inflammation
Biomarker Profiles at Diagnosis Reflecting
Clinical Heterogeneity and Serving as a
Prognostic Tool for Treatment Response in
Two Independent Cohorts of Patients With
Juvenile Dermatomyositis. Arthritis
Rheumatol. 72, 1214–1226. https://doi.org/
10.1002/art.41236.

40. Tilstam, P.V., Qi, D., Leng, L., Young, L., and
Bucala, R. (2017). MIF family cytokines in
cardiovascular diseases and prospects for
precision-based therapeutics. Expert Opin.
Ther. Targets 21, 671–683. https://doi.org/10.
1080/14728222.2017.1336227.

41. Liu, S.Q., Tefft, B.J., Roberts, D.T., Zhang,
L.Q., Ren, Y., Li, Y.C., Huang, Y., Zhang, D.,
Phillips, H.R., and Wu, Y.H. (2012).
Cardioprotective proteins upregulated in the
liver in response to experimental myocardial
ischemia. Am. J. Physiol. Heart Circ. Physiol.
303, H1446–H1458. https://doi.org/10.1152/
ajpheart.00362.2012.

42. Jiang, Y., Han, Q., Zhao, H., and Zhang, J.
(2021). Promotion of epithelial-mesenchymal
transformation by hepatocellular carcinoma-
educated macrophages through Wnt2b/
beta-catenin/c-Myc signaling and
reprogramming glycolysis. J. Exp. Clin.
Cancer Res. 40, 13. https://doi.org/10.1186/
s13046-020-01808-3.

43. Cameron, A.J., Shaw, J.E., and Zimmet, P.Z.
(2004). The metabolic syndrome: prevalence
in worldwide populations. Endocrinol.
Metab. Clin. North Am. 33, 351–375. https://
doi.org/10.1016/j.ecl.2004.03.005.

44. Yuan, F., Woollard, J.R., Jordan, K.L., Lerman,
A., Lerman, L.O., and Eirin, A. (2018).
Mitochondrial targeted peptides preserve
mitochondrial organization and decrease
reversible myocardial changes in early swine
metabolic syndrome. Cardiovasc. Res. 114,
431–442. https://doi.org/10.1093/cvr/cvx245.

45. Rowland, T.W. (2007). Effect of obesity on
cardiac function in children and adolescents:
a review. J. Sports Sci. Med. 6, 319–326.

46. Wu, L., Li, Y.F., Shen, J.W., Zhu, Q., Jiang, J.,
Ma, S.H., He, K., Ning, Z.P., Li, J., and Li, X.M.
(2022). Single-cell RNA sequencing of mouse
left ventricle reveals cellular diversity and
intercommunication. Physiol. Genomics 54,
11–21. https://doi.org/10.1152/
physiolgenomics.00016.2021.

47. Hausenloy, D.J., and Yellon, D.M. (2013).
Myocardial ischemia-reperfusion injury: a
neglected therapeutic target. J. Clin. Invest.
123, 92–100. https://doi.org/10.1172/
JCI62874.

48. Swirski, F.K., and Nahrendorf, M. (2013).
Leukocyte behavior in atherosclerosis,
myocardial infarction, and heart failure.
iScience 27, 110015, June 21, 2024 15

https://doi.org/10.1161/JAHA.121.021631
https://doi.org/10.1161/JAHA.121.021631
https://doi.org/10.3389/fimmu.2021.690069
https://doi.org/10.3389/fimmu.2021.690069
https://doi.org/10.1002/dmrr.1063
https://doi.org/10.1002/dmrr.1063
https://doi.org/10.1016/j.celrep.2023.112086
https://doi.org/10.1016/j.celrep.2023.112086
https://doi.org/10.1161/CIRCULATIONAHA.119.043053
https://doi.org/10.1161/CIRCULATIONAHA.119.043053
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.3389/fendo.2023.1095432
https://doi.org/10.3389/fendo.2023.1095432
https://doi.org/10.1161/CIRCRESAHA.123.323398
https://doi.org/10.1161/CIRCRESAHA.123.323398
https://doi.org/10.1111/j.1523-1755.1998.00822.x
https://doi.org/10.1111/j.1523-1755.1998.00822.x
https://doi.org/10.3390/biomedicines10051030
https://doi.org/10.3390/biomedicines10051030
https://doi.org/10.3390/ijms22041693
https://doi.org/10.3390/ijms18071362
https://doi.org/10.3390/ijms18071362
https://doi.org/10.1016/j.yjmcc.2010.09.013
https://doi.org/10.1016/j.yjmcc.2010.09.013
https://doi.org/10.3390/ijms21239245
https://doi.org/10.1038/s41467-022-28120-2
https://doi.org/10.1038/s41467-022-28120-2
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref27
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref27
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref27
https://doi.org/10.1016/j.cell.2019.08.008
https://doi.org/10.1016/j.cell.2019.08.008
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1038/s41590-018-0272-2
https://doi.org/10.1038/s41590-018-0272-2
https://doi.org/10.1016/j.immuni.2022.08.009
https://doi.org/10.1016/j.immuni.2022.08.009
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1093/nar/gkw1278
https://doi.org/10.1186/s13059-019-1663-x
https://doi.org/10.1186/s13059-019-1663-x
https://doi.org/10.1016/j.cell.2013.07.024
https://doi.org/10.1016/j.cell.2013.07.024
https://doi.org/10.1016/j.celrep.2017.12.072
https://doi.org/10.1016/j.celrep.2017.12.072
https://doi.org/10.1016/j.immuni.2021.07.006
https://doi.org/10.1016/j.immuni.2021.07.006
https://doi.org/10.1016/j.pharmthera.2021.107893
https://doi.org/10.1016/j.pharmthera.2021.107893
https://doi.org/10.1002/art.41236
https://doi.org/10.1002/art.41236
https://doi.org/10.1080/14728222.2017.1336227
https://doi.org/10.1080/14728222.2017.1336227
https://doi.org/10.1152/ajpheart.00362.2012
https://doi.org/10.1152/ajpheart.00362.2012
https://doi.org/10.1186/s13046-020-01808-3
https://doi.org/10.1186/s13046-020-01808-3
https://doi.org/10.1016/j.ecl.2004.03.005
https://doi.org/10.1016/j.ecl.2004.03.005
https://doi.org/10.1093/cvr/cvx245
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref45
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref45
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref45
https://doi.org/10.1152/physiolgenomics.00016.2021
https://doi.org/10.1152/physiolgenomics.00016.2021
https://doi.org/10.1172/JCI62874
https://doi.org/10.1172/JCI62874


ll
OPEN ACCESS

iScience
Article
Science 339, 161–166. https://doi.org/10.
1126/science.1230719.

49. Aird, W.C. (2007). Phenotypic heterogeneity
of the endothelium: II. Representative
vascular beds. Circ. Res. 100, 174–190.
https://doi.org/10.1161/01.RES.0000255690.
03436.ae.

50. Balamurugan, K., Sharan, S., Klarmann, K.D.,
Zhang, Y., Coppola, V., Summers, G.H.,
Roger, T., Morrison, D.K., Keller, J.R., and
Sterneck, E. (2013). FBXW7alpha attenuates
inflammatory signalling by downregulating
C/EBPdelta and its target gene Tlr4. Nat.
Commun. 4, 1662. https://doi.org/10.1038/
ncomms2677.

51. Wang, X.Q., Nigro, P., World, C., Fujiwara, K.,
Yan, C., and Berk, B.C. (2012). Thioredoxin
interacting protein promotes endothelial cell
inflammation in response to disturbed flowby
increasing leukocyte adhesion and
repressing Kruppel-like factor 2. Circ. Res.
110, 560–568. https://doi.org/10.1161/
CIRCRESAHA.111.256362.

52. Yamawaki, H., Pan, S., Lee, R.T., and Berk,
B.C. (2005). Fluid shear stress inhibits vascular
inflammation by decreasing thioredoxin-
interacting protein in endothelial cells. J. Clin.
Invest. 115, 733–738. https://doi.org/10.1172/
JCI23001.

53. Manning, B.S., Shotwell, K., Mao, L.,
Rockman, H.A., and Koch, W.J. (2000).
Physiological induction of a beta-adrenergic
receptor kinase inhibitor transgene preserves
ss-adrenergic responsiveness in pressure-
overload cardiac hypertrophy. Circulation
102, 2751–2757. https://doi.org/10.1161/01.
cir.102.22.2751.

54. Bajpai, G., Schneider, C., Wong, N.,
Bredemeyer, A., Hulsmans, M., Nahrendorf,
M., Epelman, S., Kreisel, D., Liu, Y., Itoh, A.,
et al. (2018). The human heart contains
distinct macrophage subsets with divergent
origins and functions. Nat. Med. 24, 1234–
1245. https://doi.org/10.1038/s41591-018-
0059-x.

55. Leid, J., Carrelha, J., Boukarabila, H.,
Epelman, S., Jacobsen, S.E.W., and Lavine,
16 iScience 27, 110015, June 21, 2024
K.J. (2016). Primitive Embryonic
Macrophages are Required for Coronary
Development and Maturation. Circ. Res. 118,
1498–1511. https://doi.org/10.1161/
CIRCRESAHA.115.308270.

56. Dick, S.A., Wong, A., Hamidzada, H., Nejat,
S., Nechanitzky, R., Vohra, S., Mueller, B.,
Zaman, R., Kantores, C., Aronoff, L., et al.
(2022). Three tissue resident macrophage
subsets coexist across organs with conserved
origins and life cycles. Sci. Immunol. 7,
eabf7777. https://doi.org/10.1126/
sciimmunol.abf7777.

57. Chakarov, S., Lim, H.Y., Tan, L., Lim, S.Y., See,
P., Lum, J., Zhang, X.M., Foo, S., Nakamizo,
S., Duan, K., et al. (2019). Two distinct
interstitial macrophage populations coexist
across tissues in specific subtissular niches.
Science 363, eaau0964. https://doi.org/10.
1126/science.aau0964.

58. Lim, H.Y., Lim, S.Y., Tan, C.K., Thiam, C.H.,
Goh, C.C., Carbajo, D., Chew, S.H.S., See, P.,
Chakarov, S., Wang, X.N., et al. (2018).
Hyaluronan Receptor LYVE-1-Expressing
Macrophages Maintain Arterial Tone through
Hyaluronan-Mediated Regulation of Smooth
Muscle Cell Collagen. Immunity 49, 326–
341.e7. https://doi.org/10.1016/j.immuni.
2018.06.008.

59. Hulsmans, M., Clauss, S., Xiao, L., Aguirre,
A.D., King, K.R., Hanley, A., Hucker, W.J.,
Wülfers, E.M., Seemann, G., Courties, G.,
et al. (2017). Macrophages Facilitate Electrical
Conduction in the Heart. Cell 169, 510–
522.e20. https://doi.org/10.1016/j.cell.2017.
03.050.

60. Hu, S., Yang, M., Huang, S., Zhong, S., Zhang,
Q., Ding, H., Xiong, X., Hu, Z., and Yang, Y.
(2022). Different Roles of Resident and Non-
resident Macrophages in Cardiac Fibrosis.
Front. Cardiovasc. Med. 9, 818188. https://
doi.org/10.3389/fcvm.2022.818188.

61. Bajpai, G., Bredemeyer, A., Li, W., Zaitsev, K.,
Koenig, A.L., Lokshina, I., Mohan, J., Ivey, B.,
Hsiao, H.M., Weinheimer, C., et al. (2019).
Tissue Resident CCR2- and CCR2+ Cardiac
Macrophages Differentially Orchestrate
Monocyte Recruitment and Fate
Specification Following Myocardial Injury.
Circ. Res. 124, 263–278. https://doi.org/10.
1161/CIRCRESAHA.118.314028.

62. Lavine, K.J., Epelman, S., Uchida, K., Weber,
K.J., Nichols, C.G., Schilling, J.D., Ornitz,
D.M., Randolph, G.J., and Mann, D.L. (2014).
Distinct macrophage lineages contribute to
disparate patterns of cardiac recovery and
remodeling in the neonatal and adult heart.
Proc. Natl. Acad. Sci. USA 111, 16029–16034.
https://doi.org/10.1073/pnas.1406508111.

63. Aurora, A.B., Porrello, E.R., Tan, W.,
Mahmoud, A.I., Hill, J.A., Bassel-Duby, R.,
Sadek, H.A., and Olson, E.N. (2014).
Macrophages are required for neonatal heart
regeneration. J. Clin. Invest. 124, 1382–1392.
https://doi.org/10.1172/JCI72181.

64. Schneider, C.A., Rasband, W.S., and Eliceiri,
K.W. (2012). NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671–675.

65. Love, M.I., Huber, W., and Anders, S. (2014).
Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2.
Genome Biol. 15, 550.

66. Satija, R., Farrell, J.A., Gennert, D., Schier,
A.F., and Regev, A. (2015). Spatial
reconstruction of single-cell gene expression
data. Nat. Biotechnol. 33, 495–502. https://
doi.org/10.1038/nbt.3192.

67. Ruan, J., Li, H., Xu, K., Wu, T., Wei, J., Zhou, R.,
Liu, Z., Mu, Y., Yang, S., Ouyang, H., et al.
(2015). Highly efficient CRISPR/Cas9-
mediated transgene knockin at the H11 locus
in pigs. Sci. Rep. 5, 14253. https://doi.org/10.
1038/srep14253.

68. Yang, S.L., Xia, J.H., Zhang, Y.Y., Fan, J.G.,
Wang, H., Yuan, J., Zhao, Z.Z., Pan, Q., Mu,
Y.L., Xin, L.L., et al. (2015). Hyperinsulinemia
shifted energy supply from glucose to ketone
bodies in early nonalcoholic steatohepatitis
from high-fat high-sucrose diet induced
Bama minipigs. Sci. Rep. 5, 13980. https://
doi.org/10.1038/srep13980.

https://doi.org/10.1126/science.1230719
https://doi.org/10.1126/science.1230719
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1038/ncomms2677
https://doi.org/10.1038/ncomms2677
https://doi.org/10.1161/CIRCRESAHA.111.256362
https://doi.org/10.1161/CIRCRESAHA.111.256362
https://doi.org/10.1172/JCI23001
https://doi.org/10.1172/JCI23001
https://doi.org/10.1161/01.cir.102.22.2751
https://doi.org/10.1161/01.cir.102.22.2751
https://doi.org/10.1038/s41591-018-0059-x
https://doi.org/10.1038/s41591-018-0059-x
https://doi.org/10.1161/CIRCRESAHA.115.308270
https://doi.org/10.1161/CIRCRESAHA.115.308270
https://doi.org/10.1126/sciimmunol.abf7777
https://doi.org/10.1126/sciimmunol.abf7777
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1016/j.immuni.2018.06.008
https://doi.org/10.1016/j.immuni.2018.06.008
https://doi.org/10.1016/j.cell.2017.03.050
https://doi.org/10.1016/j.cell.2017.03.050
https://doi.org/10.3389/fcvm.2022.818188
https://doi.org/10.3389/fcvm.2022.818188
https://doi.org/10.1161/CIRCRESAHA.118.314028
https://doi.org/10.1161/CIRCRESAHA.118.314028
https://doi.org/10.1073/pnas.1406508111
https://doi.org/10.1172/JCI72181
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref64
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref64
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref64
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref65
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref65
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref65
http://refhub.elsevier.com/S2589-0042(24)01240-9/sref65
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/srep14253
https://doi.org/10.1038/srep14253
https://doi.org/10.1038/srep13980
https://doi.org/10.1038/srep13980


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Cardiac Troponin T antibody Abcam Cat# ab8295; RRID: AB_306445

Anti-CD31 antibody Abcam Cat# ab28364; RRID: AB_726362

Anti-CD163 antibody Abcam Cat# ab156769; RRID: AB_3076143

Donkey Anti-Mouse IgG H&L (Alexa Fluor� 488) Abcam Cat# ab150105; RRID: AB_2732856

Goat Anti-Rabbit IgG H&L (Alexa Fluor� 594) Abcam Cat# ab150080; RRID: AB_2650602

TPT1 Polyclonal antibody Proteintech Cat# 10824-1-AP; RRID: AB_2287617

LYVE1 Monoclonal Antibody Thermo fisher Cat# 14-0443-82; RRID: AB_1633414

VCAM-1 Monoclonal Antibody Thermo fisher Cat# MA5-11447; RRID: AB_10979792

Critical commercial assays

Nonesterified Free fatty acids assay kit NJJCBIO Cat# A042-2-1

Porcine Insulin ELISA Mercodia Cat# 10-1200-01

Glucagon ELISA Mercodia Cat# 10-1281-01

Porcine C-Reactive Protein DuoSet ELISA R&D Systems Cat# DY2648

Human Leptin Quantikine ELISA Kit R&D Systems Cat# DLP00

Human Total Adiponectin Quantikine ELISA R&D Systems Cat# DRP300

Chromium Next GEM Single Cell 30 Reagent Kits v3.1 103 Genomics Cat# 1000075

RNA-pure Total RNA Fast Isolation Kit BioTeke Cat# RP1202

Deposited data

Raw snRNA-seq data This paper Gene Expression Omnibus (GEO): GSE245458

Raw bulk RNA-seq data This paper Sequence Read Archive (SRA): PRJNA1048872

Experimental models: Organisms/strains

Pig: Bama Miniature Pig Institute of Animal Sciences,

Chinese Academy of

Agricultural Sciences

N/A

Pig: PNPLA3I148M-GIPRdn-HIAPP pig This paper N/A

Software and algorithms

(Fuji is just) ImageJ Schneider et al.64 https://imagej.nih.gov

DESeq2 v1.20.0 Love et al.65 https://doi.org/10.18129/B9.bioc.DESeq2

Custom snRNA-seq analysis code This paper https://github.com/apanhui/scRNA_analysis

R v3.5.1 R Foundation https://www.r-project.org/

Cell Ranger v3.1.0 10x Genomics https://support.10xgenomics.com/single-cell-vdj/

software/overview/welcome

Seurat v3.1.1 Satija et al.66 https://github.com/satijalab/seurat
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shulin Yang

(yangshulin@caas.cn).
Materials availability

The triple-transgenic pig model (PNPLA3I148M-GIPRdn-hIAPP) constructed in this study is maintained at the Institute of Animal Sciences, Chi-

nese Academy of Agricultural Sciences. All biological samples are available on a reasonable request from the lead contact, Shulin Yang

(yangshulin@caas.cn).
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Data and code availability

� SnRNA-seq data associated with this study have been deposited in the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.

gov/geo/) under accession number GSE245458, and bulk RNA-seq data have been deposited in the Sequence Read Archive (SRA)

(https://trace.ncbi.nlm.nih.gov/Traces/sra/) under accession number PRJNA1048872, and these accession numbers are also listed in

the key resources table. All datasets in this study are publicly available. Microscopy data reported in this paper will be shared by

the lead contact upon request.

� All original code has been deposited at GitHub: https://github.com/apanhui/scRNA_analysis and is publicly available. Any additional

analysis was performed using publicly available programs and analytical packages as outlined in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and ethical statement

All animal experiments were performed in accordance with the "Guide for the Care and Use of Laboratory Animals, ISA, CAAS", the protocol

was approved by the Animal Care and Use Committee of the Germplasm Resource Center of Chinese Experimental Minipigs (Institute of

Animal Sciences, Chinese Academy of Agricultural Sciences, permit No. IAS2019-12). Male Bama Minipigs (both wild-type and transgenic)

at 6 months of age were used in this study and fed until 18 months of age. During the experimental period, pigs were housed in single

pens, and the ambient temperature was 20�C–26�C, the humidity was 40–70%, and the light cycle was 12 h day/12 h night.
METHOD DETAILS

Animals

The details of genetically modified Bama Pigs construction could be found in our previous studies.13,67 Briefly, using the plasmid

vector of CRISPR/Cas9 system targeting pig H11 locus that has been constructed in our laboratory before, three risk genes

(PNPLA3I148M-GIPRdn-hIAPP) were targeted knock-in Bama pigs, among which human PNPLA3I148M (NM_025225.3, rs738409, C > G)

was specifically expressed in liver, while GIPRdn and hIAPP (NM_000415.2) were specifically expressed in the pancreas. A total of 4 tri-

ple-transgenic males (F3 generation) and 4 wild-type males were used in this experiment, which were matched in age and initial body

weight. All the pigs were fed with a control diet until 6 months, and after 6 months, fed a high-fat and high-sucrose diet (HFHSD, con-

taining 37% sucrose, 53% control diet and 10% pork lard) twice daily.68

After 12 months of HFHSD intervention, animal serum was collected for metabolic parameters detection, and echocardiography was per-

formed to evaluate cardiac morphology and function. After that, animals were euthanized and cardiac tissue was collected for histopatho-

logical analysis and snRNA-seq.
Serum biochemistry

After overnight fasting, blood samples (20 mL) were collected from the anterior vena cava of pigs into vacutainer tubes (KJ030AS, Kangjian),

and allowed to clot at room temperature for 60 min. Serumwas separated from whole blood by centrifugation at 3,000 rpm for 10 min at 4�C.
Serum concentrations of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein choles-

terol (HDL-C), glucose (GLU), creatine kinase (CK), creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH), aspartate aminotransferase

(AST) and creatinine (CREA) were measured by AU480 automatic analyzer (Olympus Corporation). Non-esterified fatty acids (NEFA) were

measured by an enzymatic assay kit (A042-2-1, NJJCBIO). Insulin (10-1200-01, Mercodia), Glucagon (10-1281-01, Mercodia), C-reactive pro-

tein (CRP) (DY2648, R&D), Leptin (DLP00, R&D) and adiponectin were measured using ELISA prime (DRP300, R&D) levels.
Echocardiography

The ultrasound diagnostic imaging system equippedwith a Cardiac PA122 phased array transducer (MyLab30, Esatoe, Italy) was used to eval-

uate cardiac morphology and function after 12 months of HFHSD intervention. After anesthetized with ketamine hydrochloride, a transducer

was placed in the right intercostal area to obtain B-mode and M-mode images of the left ventricular long axis. M-mode echocardiographic

measurements included the left ventricular dimensions at the end of systole and diastole (LVEDs and LVEDd), and the posterior wall thickness

at the end of systole and diastole (LVPWs and LVPWd). The software provided by Esaote Inc. was used to analyze left ventricular ejection

fraction (EF) and fractional shortening (FS).
Histopathological examination

HE staining was used to examine the morphology and damage of cardiac tissue. Pigs were euthanized with pentobarbital sodium at the end

of the experiment and then collected left ventricle, interventricular septum, and aortic vessel tissue. Tissue blocks were then fixed overnight in

4% paraformaldehyde. The fixed tissue was embedded in paraffin and cut into 4 mm-thick continuous sections. Panoramic scanning and

reading of tissue sections by NanoZoomer digital slide scanner (C13220-01, Hamamatsu, Japan).
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Electron microscopy

Tissue obtained from the left ventricle was immediately pre-fixed with 2.5% glutaraldehyde and stored at 4�C. Post-fixation with 1% osmium

tetroxide followed by an increasing gradient dehydration step using ethanol and propylene oxide. Sections were sectioned ultrathin (90 nm)

(EM-UC7, Leica, Germany) onto uncoated copper grids, and stained with 0.2% lead citrate and 1% uranyl acetate. Images were examined

using a transmission electron microscope (H-7500, Hitachi, Japan) to obtain high-power photomicrographs (315,000–30,000) from multiple

different low-power fields in each myocardial sample.

Immunofluorescence staining

Immunofluorescence staining was performed on left ventricle following the standard protocols for paraffin-embedded samples. Briefly,

embedded left ventricular myocardium samples were sectioned at a thickness of 4 mm and subsequently de-paraffinized according to the

xylene-ethanol gradient protocol. Antigen retrieval was performed using EDTA buffer (pH 9.0) at 95�C. Sections were then blocked in 5%

BSA solution for 1 h. Antibodies used were as follows: anti-TNNT2 (Abcam, ab8295) at 1:500, anti-TPT1 (Proteintech, 10824-1-AP) at 1:100,

anti-PECAM1 (Abcam, ab28364) at 1:50, anti-VCAM1 (Thermo fisher, MA5-11447) at 1:50, anti-CD163 (Abcam, ab156769) at 1:100 and

anti-LYVE1 (Thermo fisher, 14-0443-82) at 1:200. Alexa Flour 488 donkey anti-mouse IgG and Alex Fluor 594 goat anti-rabbit IgG secondary

antibodies (Abcam, ab150105, ab150080) were used for fluorescent labeling. Sections incubated with secondary antibodies only were used as

negative controls. Images were taken using a laser-scanning confocal microscope (TCS-SP8, Leica, Germany) and processed using ImageJ

software.64

Sample preparation for snRNA-seq

To prepare snRNA-seq samples, we randomly selected an animal from triple-transgenic group (TG) and wild-type group (WT), respectively.

Frozen heart tissue from the left ventricular free wall was minced with a blade and transferred to a Dounce homogenizer containing 500 mL of

chilled lysis buffer. Samples were gently homogenized five to ten times without rotation, then incubated on ice for 5 min. A 700 mL lysis buffer

was added to the lysate and filtered gently through a 70 mm filter into a 50 mL centrifuge tube. Then 1 mL 50% of iodixanol was added to the

filtrate and mixed gently. A total of 2 mL of the nuclei suspension was transferred into a 15 mL centrifuge tube containing 3 mL of chilled

iodixanol gradient solution (1 mL 33% iodixanol, 2 mL 30% iodixanol). Nuclei were recovered after centrifugation and resuspended gently

in wash buffer, followed by counting on a hemocytometer.

SnRNA-seq analysis

Nuclei were processed with the ChromiumNext GEM Single Cell 30 Reagent Kits v3.1 from 103Genomics. In brief, cellular suspensions were

loaded on a 103 Genomics GemCode Single-cell instrument to generate single-cell Gel Bead-In-EMlusion (GEMs). After the dissolution of

the Gel Bead in a GEM, reverse transcription, barcoding, complementary DNA amplification and purification for sequencing libraries prep-

aration was performed according to the Single Cell 3’ protocol.

Data quality control, filtering and clustering

Reads were mapped to the Sscrofa11.1 reference genome (Ensembl release104, http://asia.ensembl.org) using the 103 Genomics Cell

Ranger software (version 3.1.0) with default parameters. After mapping, UMI sequences were corrected for sequencing errors, with empty

droplets removed according to the EmptyDrops method. The cell by gene matrices were produced via UMI counting and cell barcodes call-

ing. The cell by gene matrices for each sample were individually imported to Seurat (version 3.1.1)66 for downstream analysis. Cells with the

following criteria were filtered out: (1) unusually high number of UMIs (R24000), (2) percentage ofmitochondrial genesR25%, (3) genes fewer

than 200 or more than 5100, (4) doublet GEMs. We utilized the DoubletFinder tool to filter doublet GEMs. Briefly, using DoubletFinder to

generate artificial doublets, using the PC distance to find each cell’s proportion of artificial k nearest neighbors (pANN) and ranking them

according to the expected number of doublets. After removing unwanted cells from the dataset, we employed a global-scale normalization

method "LogNormalize" to normalize the gene expression measurements of each cell to the total expression, and then perform log-trans-

formation according to the formula: A gene expression level = log
�
1 + UMIA

UMITotal
3 10000

�
. Then data integration and batch effect correction

were performed using the R package, Harmony. The Harmony algorithm inputs a PCA embedding of cells, along with their batch assign-

ments, and returns a batch-corrected embedding. The integrated expression matrix is then scaled and principal component analysis

(PCA) is performed for dimensionality reduction.

Cell clustering was performed using Seurat. Briefly, Seurat embed cells in a shared-nearest neighbor (SNN) graph, with edges drawn be-

tween cells via similar gene expression patterns. To partition this graph into highly interconnected quasi-cliques or communities, we first con-

structed the SNN graph based on the euclidean distance in PCA space and refined the edge weights between any two cells based on the

shared overlap in their local neighborhoods (Jaccard distance). We then cluster cells using the Louvain method to maximize modularity.

Differentially expressed genes analysis

To help annotate the subpopulations of each cell type and dissect changes in cell subpopulations’ transcriptional patterns in different states,

we compared the expression value of each gene in a given cluster with the rest of the cells using the Wilcoxon rank-sum test to calculate

differentially expressed genes (DEGs). DEGs should meet the following criteria: (1) at least 1.28-fold up- or down-expression in the target
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cluster (2) expressed in more than 25% of cells belonging to the target cluster (3) p value less than 0.05 (unless stated otherwise in the analysis

section).
Pathway enrichment analysis

Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed. As

mentioned before, the list of DEGs calculated from Seurat differential expression analysis was used for pathway enrichment analysis. The

calculated p-value was performed FDR Corrected, with a threshold of FDR %0.05. GO terms or KEGG pathways meeting this condition

were defined as significantly enriched among DEGs.
Cell-cell interactions

The pig genes were transformed to corresponding human homologs using NCBI’s HomoloGene database. CellphoneDB (version 2.0) was

used to predict cell-cell interactions based on the log-normalized gene expression matrix. The parameters are set as follows: "iterations"

to 1000, "threshold" to 0.1, and "p-value" to 0.05.
Bulk RNA sequencing and analysis

Bulk RNA sequencing (bulk RNA-seq) samples were collected from left ventricular free wall tissue from TG group (n = 3) andWT group (n = 3).

Total RNA of myocardium samples was extracted using an RNA-pure Total RNA Fast Isolation Kit (BioTeke, China) according to the manu-

facturer’s protocol, and subsequently quantified using a NanoDrop (Thermo Fisher, USA). RNA quality was assessed using a bioanalyzer (Agi-

lent 2100, Agilent Technologies, USA) and all samples had RNA integrity values greater than 7.0. We used the NEBNext Ultra RNA Library

Prep Kit (NEB#7530, New England Biolabs, USA) to reverse-transcribe the mRNA into cDNA, then added A bases and ligated with Illumina

sequencing adapters. The resulting cDNA library was sequenced using Illumina Novaseq6000.

Clean reads filtered by fastp (version 0.18.0) were mapped to the same version of the reference genome (Sscrofa11.1) used for snRNA-seq

data. We used RESM software to calculate the FPKM (fragment per kilobase of transcript per million mapped reads) value to quantify gene

expression. Differential expression analysis between different groups was implemented using DESeq2 (version 1.20.0).65 Genes with the

parameter of p value below 0.05 and absolute fold change R1.28 were considered as differentially expressed genes (DEGs).
QUANTIFICATION AND STATISTICAL ANALYSIS

For snRNA-seq data, Wilcoxon rank-sum tests were used to detect differential genes. For all other data, an independent samples t-test

(SPSS19) was used for statistical analyses. Data were displayed as means G standard error of the mean (SEM). Significant differences at

p < 0.05, 0.01 and 0.001 levels were indicated as *, ** and ***, respectively.
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