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Background: Heart failure is associated with shifts in substrate preferences and energy insufficiency. Although

cardiac metabolism has been explored at the organ level, the metabolic changes at the individual cell level remain

unclear. This study employed single-cell ribonucleic acid (RNA) sequencing to investigate the cell-type-specific

characteristics of gene expression related to fatty acid metabolism.

Methods: Single-cell RNA sequencing data from fetal hearts were processed to analyze gene expression patterns

related to fatty acid metabolism. Immunofluorescence staining and Western blotting techniques were employed

to validate the expression of specific proteins. Additionally, calcium recording and contractility measurements were

performed to assess the functional implications of fatty acid metabolism in cardiomyocytes.

Results: Based on single-cell RNA sequencing data analysis, we found that a decrease in overall energy requirements

underlies the downregulation of fatty acid oxidation-related genes in the later period of heart maturation and the

compensatory increase of fatty acid metabolism in individual cardiomyocytes during heart failure. Furthermore,

we found that solute carrier family 27 member 6 (SLC27A6), a fatty acid transport protein, is involved in cardiac

maturation. SLC27A6 knockdown in human induced pluripotent stem cell-derived cardiomyocytes resulted in an

immature cardiomyocyte transcriptional profile, abnormal morphology, impaired Ca
2+

handling activity, and contractility.

Conclusions: Overall, our study offers a novel perspective for exploring cardiac fatty acid metabolism in fetal and

failing hearts along with new insights into the cellular mechanism underlying fatty acid metabolic alterations in

individual cardiac cells. It thus facilitates further exploration of cardiac physiology and pathology.
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INTRODUCTION

In the mammalian body, the heart contracts continu-

ously to supply blood to all organs and tissues. In a he-

althy adult heart, oxidation of long-chain fatty acids

(LCFAs) is preferred for adenosine triphosphate (ATP)

production to satisfy its high energy requirements,
1

and

approximately 40-70% of the total ATP is provided th-

rough fatty acid (FA) �-oxidation.
2

Adaptive changes in

cardiac energy metabolism have been reported under vari-

ous physiological and pathological conditions. Heart failure

(HF) is associated with a shift in energy substrate prefer-

ence, impaired mitochondrial oxidative phosphorylation,
2,3

energy insufficiency
4

and oxidative stress.
5

The fetal heart

utilizes carbohydrates as its major energy source during

gestation,
6

and FAs contribute to less than 15% of the to-
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tal myocardial ATP production via �-oxidation.
7

In mammalian embryos, heart maturation is accompa-

nied by a transition from fetal metabolism to adult meta-

bolism,
8

and the switch in energy substrate preference

from carbohydrates to FAs has been confirmed to be a

central driver of cardiac maturation.
9

High glucose treat-

ment maintains human embryonic stem cell-derived car-

diomyocytes and human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CMs) by promoting aero-

bic glycolysis and nucleotide biosynthesis, whereas glucose

reduction enhances maturation.
10-12

Conversely, supple-

mentation with FAs has been shown to promote the matu-

ration of hiPSC-CMs, resulting in increased adult meta-

bolism in parallel with morphologically and functionally

advanced phenotypes.
13-16

Activation of peroxisome pro-

liferator activated receptor � (PPAR�) has also been re-

ported to exert pro-maturation effects on cardiomyocytes

(CMs) by augmenting the expression levels of enzymes

associated with FA oxidation,
17,18

indicating a strong link

between cardiac metabolism and maturation.

LCFAs are taken up into the cytoplasm through a

protein-mediated transport system. Fatty acid transport

proteins (FATPs) are transmembrane proteins that func-

tion as LCFA transporters
19,20

as well as acyl-CoA syn-

thases (ACSs), which convert FAs to acyl-CoA thioes-

ters.
19,21,22

The solute carrier 27A (SLC27A) gene family

encodes six highly homologous FATPs.
21,23

Encoded by

solute carrier family 27 member 6 (SLC27A6), FATP6/

SLC27A6 is the predominant isoform expressed in the

heart and is responsible for LCFA translocation across

the CM membrane.
21,24

Previous research has reported

that variations in SLC27A6 are associated with reduced

triglyceride levels, blood pressure, and left ventricular

hypertrophy in vivo.
25

In hiPSC-CMs, SLC27A6 knock-

down results in hypertrophic phenotypes.
26

Over the decades, cardiac metabolism and its inter-

actions with heart maturation, contraction, and heart dis-

eases have been increasingly noted. However, research

has mainly focused on organ or tissue levels, and there are

few insights into single-cell FA metabolism in the heart. In

particular, previous studies have mostly ignored the he-

terogeneity among different types of cardiac cells. Re-

cent developments in next-generation sequencing have

facilitated the exploration of heterogeneity among indi-

vidual cells.
27

Therefore, we focused on FA metabolism

within individual cells in the human heart using single-

cell ribonucleic acid (RNA) sequencing (scRNA-seq) analy-

sis in this study. These results will advance our under-

standing of FA metabolism during cardiac maturation and

facilitate further exploration of cardiac physiology.

METHODS

Data acquisition

Three independent scRNA-seq datasets (GSE106118,

GSE109816, and GSE121893) were obtained from gene ex-

pression omnibus datasets. The GSE106118 dataset con-

tained the scRNA-seq data of 98 human fetal hearts at dif-

ferent timepoints, from which we chose the timepoints of
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Abbreviations

ACS Acyl-CoA synthase

ACSM3 Acyl-CoA synthetase medium chain family

member 3

ATP Adenosine triphosphate

AV Atrial and ventricular

CD36 CD36 molecule

CM Cardiomyocyte

cTnT Cardiac troponin T (protein)

FA Fatty acid

FABP3 Fatty acid binding protein 3

FABP4 Fatty acid binding protein 4

FATP Fatty acid transport protein

hESC Human embryonic stem cell

HF Heart failure

hiPSC Human induced pluripotent stem cell

KD SLC27A6 knockdown

KEGG Kyoto Encyclopedia of Genes and Genomes

LCFA Long-chain fatty acid

LPL Lipoprotein lipase

mRNA Messenger ribonucleic acid

MYH7 Myosin heavy chain 7

MYL2 Myosin light chain 2

MYL7 Myosin light chain 7

NC Negative control

NGS Next-generation sequencing

PCR Polymerase chain reaction

PPAR Peroxisome proliferator activated receptor

PVDF Polyvinylidene fluoride

RNA Ribonucleic acid

scRNA-seq Single-cell RNA sequencing

shRNA Short hairpin ribonucleic acid

SLC27A Solute carrier 27A

SLC27A6 Solute carrier family 27 member 6

UMAP Uniform manifold approximation and projection



5 weeks (5 W), 10 W, and 20 W of gestation. The GSE

121893 and GSE109816 datasets contained the single-cell

sequencing of human adult hearts with (8 samples) and

without HF (12 samples), respectively. As the causes of HF

in these patients were different, we grouped the pa-

tients as dHF (caused by dilated cardiomyopathy) and cHF

(caused by coronary heart disease) groups. We processed

these data using the Seurat package in R (version 4.0.4).

Quality control, data normalization, and cell

clustering

In R, the CreateSeuratObject package was used to

create Seurat objects with the data, and quality control

was performed to filter out cells with improper gene

counts, gene features, and proportions of mitochondrial

genes. The NormalizeData function was used to normal-

ize the expression matrices of filtered samples. The top

2000 genes with the most variations among cells were

selected using the FindVariableFeatures function, and

linear dimensionality reduction analysis was performed

using the RunPCA function. FindNeighbors and Find-

Clusters functions were used to cluster cells; the Run-

uniform manifold approximation and projection (UMAP)

function was then used for UMAP to analyze dimension

reduction. The FindAllMarkers function was used to iden-

tify genes with differential expressions among clusters.

Cell type identification

Using marker gene profiling of the reviewed marker

genes
28

and markers from the CellMarker database

(http://biocc.hrbmu.edu.cn/CellMarker/),
29

we grouped

and defined the cell clusters from these datasets (Supple-

mentary Figure 1A-1D). To define cardiomyocytes, we

found a cluster highly expressing ventricular CM marker

genes [Myosin heavy chain 7 (MYH7), Myosin light chain

2 (MYL2), and four and a half LIM domains 2 (FHL2)] and

a cluster highly expressing atrial CM marker genes [natri-

uretic peptide A , Myosin light chain 7 (MYL7), and Myosin

light chain 4 (MYL4)]. We also found a cluster that ex-

pressed ventricular and atrial CM marker genes highly and

equally; therefore, we defined it as atrial and ventricular

CMs (AV CMs).
30

We performed Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway enrichment analysis

for the marker genes of AV CM clusters. The top 20 en-

riched KEGG pathways are shown in Supplementary Fig-

ure 2. The genes highly expressed in AV CMs were en-

riched in myocardial contraction, the apelin signaling pa-

thway, adrenergic signaling in CMs, and regulation of the

actin cytoskeleton.

hiPSC-CM differentiation

hiPSCs were previously reprogrammed in our labo-

ratory.
31

Before differentiation, induced pluripotent stem

cell (iPSCs) were seeded on 12-well culture plates co-

ated with 1.5% Matrigel Membrane Matrix (Corning) and

maintained in mTeSR-1 medium (Stemcell Technologies).

The cells were passaged using Accutase (Sigma) at 75%

density and reseeded on a new Matrigel-coated 12-well

plate at about 5 � 10
5

cells/well. When the iPSCs rea-

ched 80-90% density, they were treated with 7 �M

CHIR99021 (Selleck) in RPMI 1640 medium (Corning)

containing 2% B27 Supplement minus insulin (Life Tech-

nology) for 3 days. Then, 5 �M IWR-1 (Selleck) was added

to RPMI1640 basal medium supplemented with 2% B27

without insulin on days 4-5. From day 5, the cells were

cultured with CDM3 medium [RPMI 1640 basal medium

containing l-ascorbic acid (Sigma) and Bovine serum al-

bumin (Sigma)], with the medium changed every other

day. On days 7-10 post cardiac differentiation, beating

cells were observed in the control group. All cultures

were maintained at 37 �C with 5% CO2.

Transduction of SLC27A6 short hairpin ribonucleic

acid (shRNA)

Three candidate shRNA sequences for SLC27A6 were

designed based on the human SLC27A6 messenger ribo-

nucleic acid (mRNA) sequence (NM_014031.5) and cloned

into the pLKO.1-GFP lentiviral vector (Transheep Co.,

Shanghai, China). Target shRNA plasmids and scrambled

shRNA plasmids (Transheep Co., Shanghai, China) were

transfected into iPSC-CMs using Lipofectamine 3000

(Thermo Fisher Scientific) to examine their knockdown

efficiency. Using real-time polymerase chain reaction

(PCR), one shRNA sequence (5�-CCGGCAGCTACCGAATC

AAGCATATCTCGAGATATGCTTGATTCGGTAGCTGTTTTTT-3�)

was found to be the most effective at suppressing SLC27A6

mRNA expression in iPSC-CMs. Both the target and scram-

bled short hairpin ribonucleic acid (shRNA) plasmids were

packaged in 293T cells, and the resulting lentivirus-con-

taining medium was added to iPSC-CMs for lentiviral-

mediated transduction. Knockdown efficiency was de-

termined using real-time PCR and Western blotting.
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Real-time PCR analysis

Total cellular RNA was extracted from hiPSC-CMs us-

ing Trizol reagent (Life Technologies), and 1 �g RNA was

reverse transcribed using a ReverTra Ace qPCR RT Kit

(Vazyme). The resulting cDNA was then used as a tem-

plate for amplification using SYBR Green Real-time PCR

master mix (Vazyme) on a Real-Time System instrument

(Roche). Each reaction was performed in triplicate. Mea-

surements were performed using the 2
-		Ct

method; the

housekeeping gene, glyceraldehyde-3-phosphate dehy-

drogenase, was used as an internal control. The primers

used are listed in Table 1.

Immunofluorescence staining

hiPSC-CMs were fixed in 4% paraformaldehyde for 15

min, permeabilized with 0.5% Triton X-100 for 15 min,

washed three times, and blocked with goat serum for 30

min at room temperature. The cells were incubated over-

night at 4 �C with primary anti-cardiac troponin T (cTnT)

antibodies (Abcam). The cells were washed three times

and incubated with secondary antibodies (Abcam) at 37

�C for 60 min. Finally, the cells were washed, and the nu-

clei were stained with DAPI. Images were visualized and

captured using a Leica DMi8 confocal microscope (Leica).

Calcium recording and contractility measurement

Cultured hiPSC-CMs at day 28 were dissociated, se-

eded on a confocal dish, and cultured for another two

days in Dulbecco’s modified Eagle medium supplemented

with 10% fetal bovine serum. For calcium recording,

hiPSC-CMs were treated with Cal-520 TM and 0.02%

Pluronic F-127 (AAT Bioquest, Sunnyvale, USA) at 37 �C

for 20 min and then washed twice with fresh warm me-

dium. The cells were then placed in a microincubation

chamber (37 �C, 5% CO2), and Ca
2+

transient signals were

recorded using an LSM-710 laser scanning confocal mi-

croscope (Carl Zeiss) in the XT line-scan mode. MATLAB

software (MathWorks) was used to analyze the Ca
2+

sig-

nals. For contractility measurement, a video-based mo-

tion edge detection system was used to record the spon-

taneous contraction traces of hiPSC-CMs; the data were

analyzed using FelixGX software.

Western blot

Cells were lysed using a modified radio immunopre-

cipitation assay solution (Beyotime) containing protease

and phosphatase inhibitors (Beyotime) for 30 min at 4

�C. The complex was then centrifuged at 12,000 � g for

10 min and the supernatant was collected. To determine

the total protein content, the protein supernatant was

quantified using a BCA Protein Assay Kit (TIANGEN).

Equivalent amounts of protein (20 �g) were separated

using a 10% gel and then transferred to a polyvinylidene

fluoride (PVDF) membrane (Bio-Rad). The PVDF mem-

branes were then incubated overnight at 4 �C with the

anti-SLC 27A6 antibody (SAB) with 10% milk, followed

by the secondary antibody for 2 hours at room tempera-

ture. High-sig ECL Western blotting Substrate (Tanon)

was used to detect the proteins. ImageJ software was

used to analyze the Western blot signals.

Statistical analysis

All data are shown as the mean 
 standard error of

the mean. Two groups of normally distributed data were

compared using the Student’s t-test. Statistical signifi-

cance was set at p < 0.05 as * p < 0.05, ** p < 0.01, and

*** p < 0.001.

RESULTS

Fatty acid metabolism during cardiac development

and maturation

We processed scRNA-seq data from the fetal heart
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Table 1. Sequence of primers used in real-time PCR

Gene Forward Reward

MYH7 TCGTGCCTGATGACAAACAGGAGT ATACTCGGTCTCGGCAGTGACTTT

MYH6 TCAGCTGGAGGCCAAAAGTAAAGGA TTCTTGAGCTCTGAGCACTCGTCT

MYL2 TGTCCCTACCTTGTCTGTTAGCCA ATTGGAACATGGCCTCTGGATGGA

MYL7 ACATCATCACCCATGGAGACGAGA GCAACAGAGTTTATTGAGGTGCCC

NKX2.5 GCCGCCAACAACAACTTC TACCAGGCTCGGATACCAT

TNNT2 AAGAAGAAGATTCTGGCTGAGAG ACTTTCTGGTTATCGTTGATCCT

SLC27A6 CTTCTGTCATGGCTAACAGTTCT AGGTTTCCGAGGTTGTCTTTTG

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG



at different time points of gestation and created a FA

metabolism gene set based on FA metabolism pathways

annotated in the KEGG database (Supplementary Table

1), including FA supply, uptake, �-oxidation, other oxida-

tion, and regulation.
1

To understand FA metabolism in

the developing heart, we profiled FA metabolism-re-

lated genes in the human fetal heart. The dot plot in Fig-

ure 1A shows the expression percentages of these genes.

Then, for genes with expression percentages above 50%,

we generated a violin plot (Figure 1B). The results showed

that FA metabolism exists in all cell types of human fetal

hearts, suggesting that non-CMs also oxidize FAs for en-

ergy during heart development and maturation. Com-

paring the gene expressions among 5 W, 10 W, and 20 W

fetal hearts, it was surprising that FA oxidation-related

genes were generally downregulated over time. To de-

termine whether the downregulation of FA oxidation

was a programmed switch in energy substrate prefer-

ence or a signal of reduced energy requirement, we in-

vestigated glycolysis metabolism in the human fetal

heart (Supplementary Figure 3). We found that glyco-

lysis was also downregulated over time, suggesting that

substrate energy metabolism of the fetal heart at 20 W

was decreased. As the embryonic heart formed and ma-

tured, it did not require as much energy as it did during

the early stage of development. The changes in FA me-

tabolism resulted from the reduction in energy require-

ments rather than from the alteration in the energy sub-

strate usage strategy.

Unlike the downward trend of �-oxidation, some FA

uptake- and transportation-related genes were upregu-

lated in the later stages of cardiac maturation, revealing

increased FA supply and uptake. Pearson correlation co-

efficients were then calculated to analyze the correla-

tions between the five upregulated genes and other

genes in the three types of CMs. Genes with a Pearson

correlation coefficient greater than 0.6 are listed in Fig-

ure 1C-E. We performed KEGG enrichment analysis for

the correlated genes and identified the top 20 enriched

KEGG pathways (Figure 1F). These genes were found to

be significantly involved in the PPAR pathway. As indi-

cated in previous studies, PPAR is one of the key genes

affecting the energy metabolism of CMs at the tran-

scriptional level.
17,32

Therefore, the temporal expression

differences of these genes during cardiac development

may not directly affect �-oxidation but are related to the

transcriptional regulation of energy metabolism.

Furthermore, we explored FA metabolism genes us-

ing a spatiotemporal transcriptome database.
33

Limited

by the depth of the spatiotemporal transcriptome data,

we found only five genes, namely, CD36 molecule

(CD36), fatty acid binding protein 3 (FABP3), Acyl-CoA

synthetase medium chain family member 3 (ACSM3),

hydroxyacyl-CoA dehydrogenase trifunctional multien-

zyme complex subunit beta (HADHB), and Enoyl-CoA

delta isomerase 1 (ECI1) (Supplementary Figure 4). The

expressions of CD36 and ACSM3 were found to be low

from 4.5 W to 9 W, whereas FABP3 was expressed bro-

adly in the ventricular myocardium from 4.5 W to 9 W

with high expression at 9 W, indicating that the expres-

sion patterns of genes involved in FA transport and acti-

vation had a time-specific pattern.

Fatty acid metabolism in human normal adult and

failing hearts

To investigate FA metabolism in the adult human

heart, we profiled FA metabolism-related genes in hu-

man normal adult and failing hearts using dot and violin

plots. In contrast to the fetal heart, we found that FA

metabolism, especially oxidation, was more specifically

found in CMs from the adult heart (Figure 2A), indicat-

ing that non-CMs in the adult human heart did not need

FAs as fuel.

During HF, the energy production of the whole heart

was insufficient; however, we found that single CMs did

not downregulate but instead upregulated FA metabo-

lism to provide sufficient energy. There was almost no

difference between the two HF types, caused by dilated

cardiomyopathy and coronary heart disease, from the

perspective of FA metabolism (Figure 2B). We found

that FA metabolism was broadly upregulated in ventri-

cular and atrial CMs in both the cHF and dHF groups;

however, alteration of FA metabolism was lighter in AV

CMs, suggesting that these CMs were different from

ventricular and atrial CMs in terms of FA metabolism. FA

oxidation in AV CMs was less affected than that in ven-

tricular and atrial CMs, indicating a higher tolerance to

stress in AV CMs.

Four genes [low density lipoprotein receptor, CD36,

FABP3, and fatty acid binding protein 4 (FABP4)] were

found to express FA metabolism-related genes, with per-

centages greater than 50% in non-CMs (Figure 2C). Al-
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Figure 1. Analysis of fat-

ty acid metabolism in the

fetal heart at single-cell re-

solution. (A) Dot plot show-

ing the expression of se-

lected fatty acid metabo-

lism genes for seven cell

clusters in fetal hearts. The

size of the dots corresponds

to the percentage of car-

diac cells expressing the re-

levant gene per cell type,

and their color represents

the average expression le-

vel (cutoff = 50%). (B) Vio-

lin plot showing the expres-

sion of genes with expres-

sed percentage greater

than 50% in (A). (C) Chor-

dal graph showing genes

highly correlated with li-

poprotein lipase (LPL) and

fatty acid binding protein

4 (FABP4) in ventricular

cardiomyocytes (CMs). Pear-

son coefficient was calcu-

lated to analyze correla-

tion, and genes with Pear-

son correlation coefficient

> 0.6 are listed. (D) Chor-

dal graph showing genes

highly correlated with LPL

and FABP4 and SLC27A6 in

atrial CMs. (E) Chordal

graph showing genes highly

correlated with CD36 mo-

lecule (CD36) in atrial and

ventricular (AV) CMs. (F)

Kyoto Encyclopedia of Genes

and Genomes (KEGG) path-

way enrichment analysis

of highly correlated genes

in fetal hearts. The color

of the dots represents the

adjusted p-value; the size

of the dots represents the

number of differentially ex-

pressed genes in the path-

way.

A

B

C D

E F
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Figure 2. Analysis of fatty acid metabolism in non-failing and failing adult hearts at the single-cell resolution. (A) Dot plot showing the expression

of selected fatty acid metabolism genes for nine cell types and three groups of adult hearts (Nor, dHF, and cHF). The size of the dots corresponds to

the percentage of cardiac cells expressing a certain gene per cell type, and its color represents the average expression level (cutoff = 50%). (B) Violin

plot showing the expression of genes with the expressed percentage greater than 50% in Figure 3(A). (C) Violin plot showing the fatty acid metabo-

lism genes expressed in non-cardiomyocytes with percentage greater than 50%. (D) Chordal graph depicting genes highly correlated with lipoprotein

lipase (LPL) and FABP3 in ventricular cardiomyocytes (CMs). The Pearson coefficient was calculated to analyze correlation, and genes with Pearson

correlation coefficient > 0.6 are listed. (E) Chordal graph depicting genes highly correlated with LPL in ventricular CMs (AV CMs). (F) KEGG pathway

enrichment analysis of positively and (G) negatively correlated genes in failing hearts. The color of the dots represents the adjusted p-value; the size

of the dots represents the number of differentially expressed genes in the pathway.

A

B

C D E

F G



though FA uptake was upregulated, oxidation-related

genes were expressed at a low level.

We then calculated Pearson correlation coefficients

between FA metabolism genes with expressed percent-

ages above 50% and the other genes in CMs to identify

the highly correlated genes (Pearson’s correlation coeffi-

cient > 0.6) (Figure 2D-E). The top pathways enriched by

KEGG analysis for the positively and negatively corre-

lated genes are shown separately in Figure 2F-G.

The cardiac muscle contraction pathway was en-

riched mostly by positively correlated genes, confirming

the compensatory strengthening at a single-cell level

during HF. The oxidative phosphorylation pathway was

enriched in negatively correlated genes, consistent with

the reported disrupted oxidative metabolism in HF.
34

SLC27A6 deficiency impaired cardiac gene expression

and the morphology of hiPSC-CMs

In the scRNA-seq analysis, we observed a drastic

change in the expression of SLC27A6 along with matura-

tion of the fetal heart (Figure 1A). SLC27A6, the predom-

inant FATP isoform, is principally expressed in the heart

on the sarcolemma and colocalizes with CD36.
24

SLC27A6

interacted with several FA metabolism-related genes, in-

cluding CD36, FABP3 and FABP4 structurally and func-

tionally (Supplementary Figure 5), and their expressions

were found to be upregulated in the later stages of car-

diac maturation, suggesting a special role in cardiac ma-

turation. SLC27A6 was also correlated with many impor-

tant genes in fetal CMs (Figure 1D). However, the role of

SLC27A6 in heart maturation remains unclear.

To investigate how SLC27A6 influences cardiac ma-

turation, we differentiated human induced pluripotent

stem cells into CMs and knocked down the expression of

SLC27A6 using SLC27A6-shRNA (KD-CMs) and scramble-

shRNA [negative control (NC)-CMs] on day 9. First, we

measured changes in the expressions of cardiac-related

markers over time (Supplementary Figure 6), and the re-

sults suggested a successful time-dependent influence

on CMs. We then measured the expression profile of

SLC27A6 mRNA during CM differentiation (Figure 3A),

and the results revealed that its expression was rela-

tively low and gradually increased as the CMs devel-

oped, consistent with our previous findings from sin-

gle-cell data analysis (Figure 1A). The mRNA expression

of SLC27A6 increased gradually and reached a maxi-

mum, falling gradually instead of rising after that, indi-

cating the temporal regulation of SLC27A6 expression.

Furthermore, we examined how the expression pat-

terns of cardiac-related markers differed between the

NC-CM and KD-CM groups. The expression of SLC27A6 in

KD-CMs remained lower than that in NC-CMs (Figure

3B). Western blotting performed on the 28
th

day post-

differentiation confirmed that its protein level was sig-

nificantly downregulated (Figure 3C). To evaluate whe-

ther SLC27A6 affects the inherent gene expression of

CMs, we analyzed the specific gene expression at differ-

ent time points using quantitative real-time PCR. As shown

in Figure 3D, compared with NC-CMs, the expression of

the NK2 homeobox 5 (NKX2.5) gene, a cardiac progeni-

tor cell marker, was significantly upregulated in KD-CMs;

further, the gene required for cardiac contractile func-

tion (TNNT2) was downregulated, and the ratios of MYH7/

Myosin heavy chain 6 (MYH6) and MYL2/MYL7, which in-

dicate CM maturation, were found to be significantly de-

creased in KD-CMs. These results suggested that SLC27A6

knockdown affected cardiac-specific gene expressions

and led to an immature phenotype in CMs (Figure 3D).

Cell morphology is the most widely investigated and

utilized factor in the measurement of CM maturation.
35

Representative immunostaining images of cTnT and

DAPI staining demonstrated the influence of SLC27A6

knockdown on CM morphology. Compared with NC-CMs,

KD-CMs tended to have smaller areas and rounder shapes.

Quantification of the average cellular size of KD-CMs re-

vealed a substantial decrease (Figure 3E). An increase in

punctate cTnT staining indicated a higher proportion of

disordered myofilament structures (Figure 3E). Further,

the percentage of cells with multiple nuclei, an indicator

of CM maturation, was also greatly decreased (Figure

3F). These results suggested that a reduced expression

of SLC27A6 affected cardiac function negatively.

SLC27A6 deficiency attenuated Ca
2+

handling activity

and contractility of hiPSC-CMs

Calcium handling behavior is an important factor in

determining CM maturation.
36

To investigate the effects

of SLC27A6 knockdown on the calcium handling behav-

iors of CMs, we measured spontaneous calcium tran-

sients using the fluorescent Ca
2+

dye Cal-520 acetoxy-

methyl ester (Figure 4A). In contrast to NC-CMs, KD-CMs

exhibited a shorter calcium transient amplitude, signifi-
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cantly prolonged transient duration of 50 s, increased

peak to peak time, and longer decay time, which resulted

in slower beating activity (Figure 4B). These variations

indicated that the calcium-handling ability of CMs was

weakened by SLC27A6 deficiency.

Next, we explored whether SLC27A6 knockdown af-

fects changes in cardiac contractility by performing con-

tractility assays on dissociated beating CMs on the 28
th

day post differentiation. Compared with NC-CMs, a slower

beating frequency of KD-CMs was observed (Figure 4C),

and contractility was significantly attenuated (Figure

4D), indicating that SLC27A6 knockdown in CMs resulted

in a reduction in contractile function.

DISCUSSION

Using scRNA-seq data analysis, our results indicate

the heterogeneity of cell types in cardiac FA metabo-

lism, reflecting the variances as well as links between

single-cell metabolism and collective cardiac metabo-

lism. Specifically, analysis of the fetal heart indicated a

decline in total energy demand, other than an interme-

diate switch of energy substrates, which induced down-
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Figure 3. Altered cardiac gene expression and morphology of hiPSC-CMs with SLC27A6 deficiency. (A) mRNA levels of SLC27A6 during the

cardiomyocyte (CM) differentiation process. (B) mRNA levels of SLC27A6 in NC-CMs and KD-CMs. (C) Representative western blots showing the

SLC27A6 levels in NC-CMs and KD-CMs. Quantification was performed using ImageJ. (D) Line graphs depicting the ratios of MYH7/MYH6 and

MYL2/MYL7, and the mRNA levels of TNNT2 and NKX2.5 in NC-CMs and KD-CMs. (E) Representative images of immunofluorescence staining for cTnT

(green) in NC-CMs and KD-CMs. Nuclei were stained with DAPI (blue) (original magnification �40; scale bar = 20 �m). (F) Quantitation of

cardiomyocyte area, percentage of cells with disorganized sarcomere and multi-nuclear cells, respectively. Data are presented as mean � SEM of at

least three independent experiments, as analyzed using the two-tailed Student’s t test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, rela-

tive to the control group. CM, cardiomyocyte; SEM, standard error of the mean; SLC27A6, solute carrier family 27 member 6.
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regulation of FA oxidation-related genes in the later pe-

riod of cardiac maturation. Comparing the transcrip-

tomic differences between non-failing and failing hearts,

upregulation of FA metabolic genes within single CMs

resulted from compensatory strengthening during HF in

contrast to the total energy deficit. Notably, the novel

role of SLC27A6 in hiPSC-CM maturation was identified.

We found that SLC27A6 deficiency resulted in delayed

CM development, abnormal morphology, and impaired

contractile function compared with the negative con-

trol, suggesting that SLC27A6 plays a critical role in CM

maturation and physiological function.

In this study, we explored the critical role of FA me-

tabolism in two important physiological/pathological

processes, embryonic heart development and heart fail-

ure, at the single-cell level. Previous studies have shown

that overall cardiac metabolism and FA metabolism de-

crease during HF,
37-39

accompanied by the downregu-

lation of enzymes involved in FA oxidation.
40,41

However,

our scRNA-seq results indicated that for single CMs, the

FA metabolic level during heart failure was increased in

a compensatory manner (Figure 2A-B). Thus, the overall

decline in cardiometabolic levels was mainly induced by

apoptosis and the consequent decrease in the number

of CMs. Further, we also found that in CMs, the expres-

sions of lipoprotein lipase (LPL) and FABP3 were higher

in both types of HF than in the non-failing hearts. Pear-

son correlation coefficient analysis was then performed
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Figure 4. Attenuated Ca
2+

handling activity and contractility in hiPSC-CMs with SLC27A6 deficiency. (A) Representative line scan images depicting

the calcium transients of single NC-CM and KD-CM. (B) Quantification of cardiomyocyte calcium imaging parameters for each group. (C) Representa-

tive images showing the contraction traces of two groups of hiPSC-CMs, recorded using the FelixGX detection system. (D) Quantification of contractil-

ity in single hiPSC-CMs from both groups. Data are presented as the mean ± SEM of at least three independent experiments, as analyzed using the

two-tailed Student’s t test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, relative to the control group. CM, cardiomyocyte; hiPSC, human induced

pluripotent stem cell; KD, SLC27A6 knockdown; NC, negative control; SEM, standard error of the mean; SLC27A6, solute carrier family 27 member 6.
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to identify the genes that were highly correlated with

LPL and FABP3. KEGG analysis indicated that the posi-

tively correlated genes were enriched mostly in the car-

diac muscle contraction pathway, verifying that individ-

ual CMs attempted to compensate for the generally re-

duced contractile function by activating the contraction

pathway in HF. The negatively correlated genes were en-

riched in the oxidative phosphorylation pathway, repre-

senting poor mitochondrial organization and oxidative

metabolism, which is consistent with the overall energy

deficit and gradual decline in mitochondrial oxidative

phosphorylation in patients with HF.
3

In human embryonic hearts, we first analyzed both

FA metabolic and glycolysis metabolic gene expression

profiles to clarify that the decline in FA metabolism was

caused by a reduction in overall energy demand, with

no conflict in the switch between metabolic substrates.

Among all of the genes related to FA metabolism, we

found that those upregulated in the later stages of car-

diac development and maturation all functioned to up-

take and transport FAs. This metabolic phenotype could

be partly attributed to the profile of energy substrates

provided to the fetal heart. In fetal circulation, the level

of maternal glucose is similar to the level of circulating

glucose in newborns or adults, whereas the circulating

level of maternal FAs is relatively low.
42

However, as the

fetus develops, the maturing liver begins to provide nu-

trition for the whole body, including increasingly abun-

dant lipoproteins, accounting for the increasing level of

FA uptake and transport. Considering that increased FA

uptake and transport were not consistent with the si-

multaneous decline in �-oxidation, these temporal up-

regulations could not be directly used for �-oxidation. In

contrast, using Pearson correlation coefficient analysis

and KEGG pathway analysis, we found genes that were

highly correlated with these upregulated genes enriched

in the PPAR pathway, one of the most important path-

ways modulating the energy metabolism and matura-

tion of CMs at the transcriptional level.
17,32

Hence, these

genes might be related to the transcriptional regulation

of energy metabolism and CM maturation.

We focused on SLC27A6 among these genes. SLC27A6

interacts with several FA metabolism-related proteins

structurally and functionally, and we found that their

gene expressions were upregulated in the later stages of

cardiac maturation. Our analysis revealed that SLC27A6

expression was maintained at a low level from the be-

ginning and increased rapidly in the later stages of heart

development, suggesting that it plays a crucial role in

cardiac maturation. SLC27A6 was also correlated with

many important genes in fetal atrial CMs (Figure 1D);

however, its role in heart maturation was unclear. A set

of in vitro experiments was then conducted to define

the function of SLC27A6 in cardiac maturation.

First, the expression profile of SLC27A6 was mea-

sured, and the results indicated that the temporal regu-

lation of SLC27A6 expression was related to specific de-

velopmental stages (Figure 3A). During heart maturation,

a series of important cardiac maturation-related genes

are programmed to be activated or repressed at specific

developmental stages.
43

Rather than being expressed

consistently at the same abundance, these genes are

upregulated or downregulated at specific developmen-

tal stages for normal maturation.
44-46

SLC27A6 was highly

expressed at specific stages during cardiac maturation,

suggesting that it was upregulated to meet developmen-

tal stage-specific needs and promote the development

of the heart to a more mature state.

Next, we explored the effects of SLC27A6 deficiency

on iPSC-CMs at the developmental stage, during which

SLC27A6 should be highly expressed. Compared with

contemporaneous NC-CMs, KD-CMs expressed lower

levels of mature CM marker genes and showed abnor-

mal morphology (Figure 3E-F). Calcium signals in KD-

CMs were weaker and slower, in parallel with diminished

contractile function (Figure 4). These differences sug-

gested that after SLC27A6 knockdown, the ability of CMs

to handle calcium ions was weakened, requiring a lon-

ger time to release and recycle calcium ions, which sig-

nificantly reduced the frequency of calcium transients.

SLC27A6-deficient CMs may attenuate contractility th-

rough their reduced capacity to handle calcium ions.

Generally, SLC27A6 knockdown rendered KD-CMs devel-

opmentally delayed.

As SLC27A6 is the main isoform of FATPs expressed

in the heart,
47

SLC27A6 knockdown might directly dam-

age the capacity to transport LCFAs in KD-CMs, which

warrants further investigation. Moreover, FATPs function

as LCFA transporters as well as ACSs to convert FAs into

acyl-CoA thioesters.
19,21,22

FAs are taken in and prepared

for subsequent metabolic processes by FATPs, and a

concentration gradient of FAs can be maintained be-
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tween extracellular and intracellular levels, facilitating the

absorption of environmental FAs into the cytoplasm.
48-51

For KD-CMs, SLC27A6 deficiency inhibited FA activation

and attenuated the transmembrane gradient, thereby

limiting the uptake and utilization of FAs. In mammalian

embryos, cardiac maturation is accompanied by a gen-

eral alteration from fetal metabolism to adult metabo-

lism,
8

and the switch in energy substrate preference from

carbohydrates to FAs is an important driver of cardiac

maturation.
9

Impaired FA metabolism caused by SLC27A6

deficiency might thus inhibit cardiac maturation by in-

terfering with metabolic substrate transition. As dis-

cussed previously, SLC27A6 may be related to the tran-

scriptional regulation of CM metabolism and matura-

tion, and its knockdown may affect energy metabolism

at the transcriptional level.

As shown in Figure 3A, the mRNA expression of

SLC27A6 increased gradually and reached a maximum,

then decreased along with the further maturation of

CMs. As discussed, the upregulation of SLC27A6 in 20 W

fetal hearts may have contributed to the cardiac matura-

tion by increasing FA transport and participating in tran-

scriptional regulation. We hypothesize that the demand

for FA supply in fully mature hearts tends to be stable

and no longer increases as it does in partially mature

hearts. Similarly, transcriptional regulation at specific

developmental stages is no longer required. This was

proved by in vitro experiments, in that SLC27A6 showed

a lower expression in fully mature CMs at later stages of

development (Figure 3A), and according to our scRNA-

seq analysis of normal adult hearts, this trend persisted

into adulthood (Figure 2A).

Taken together, SLC27A6 functions to encode FATP

or as a transcriptional regulator, and SLC27A6 deficiency

inhibits the transition from fetal to adult metabolic pat-

terns at specific developmental stages, thus restraining

the normal maturation and function of KD-CMs (Central

Illustration).

There are several possible limitations in this study.

FA metabolism in single cells was studied only at the

gene expression level, and further studies should inves-

tigate proteins and metabolites related to FA metabo-

lism in different types of cells from a single-cell perspec-

tive. Meanwhile, results of in vivo experiments are still
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Central Illustration. Schematic illustrations of the fatty acid (FA) metabolism in individual cardiac cells from fetal and failing hearts. The sin-

gle-cell RNA sequencing (scRNA)-seq data analysis indicated the heterogeneity of cell types in cardiac FA metabolism, reflecting the compensatory in-

crease of FA metabolism in individual cardiomyocytes (CMs) during heart failure (HF). In the later period of cardiac maturation, the FA oxidation-re-

lated genes downregulated while the genes functioning to uptake and transport Fas upregulated. Among these, the novel role of solute carrier family

27 member 6 (SLC27A6) in cardiac maturation was identified. SLC27A6 deficiency resulted in immature phenotypes in human induced pluripotent

stem cell (hiPSC)-CMs, which could be attributed to impaired FA metabolic substrate transition and the transcriptional regulation of energy metabo-

lism.



needed to verify the importance of SLC27A6 in cardiac

maturation. Another limitation of this study is that we

conducted experiments to validate the role of SLC27A6

in prenatal fetal cardiac maturation, while insufficiently

demonstrating its function in adult healthy and failing

hearts. Although our scRNA-seq analysis revealed the FA

metabolism of healthy adult CMs and HF CMs, further

studies are needed to determine the expression of

SLC27A6 in normal and failing CMs, and corresponding

in vivo experiments should be conducted to investigate

the role of SLC27A6 in adult healthy and failing hearts.

Nevertheless, identification of the novel role of SLC27A6

proved the feasibility of our protocol, and the present

study provides new insights into FA metabolism in the

heart.

Although in vivo experiments are required for fur-

ther validation, and future studies are needed to eluci-

date the molecular mechanisms underlying the causal

relationship between SLC27A6 deficiency and delayed

CM maturation, our study is the first to identify the criti-

cal role of this FATP-encoding gene in heart develop-

ment and maturation. The findings of this study present

the transcriptomic heterogeneity of energy metabolism

among different types of cardiac cells as well as the cell-

type-specific characteristics of FA metabolism in fetal

and failing hearts. These results thus provide insights

into the cellular mechanisms underlying FA metabolic

alterations within individual cardiac cells and confirm

the important role of the FATP6 encoding gene SLC27A6

in cardiac maturation and physiological function. De-

monstrating the causal relationship between a specific

FA metabolic gene and the mature CM phenotype ex-

pands our understanding of FA metabolism in cardiac

development and maturation. These discoveries indi-

cate that scRNA-seq technology provides a new approach

for the advanced understanding of cardiac metabolism,

and that applying this technology could generate more

intriguing insights into cellular transcriptome changes

relevant to cardiac physiology and pathology.

CONCLUSIONS

Based on scRNA-seq analysis, we explored cardiac

FA metabolism in individual cardiac cells, and our find-

ings provide new insights into the cellular mechanisms

underlying FA metabolic alterations in fetal and failing

hearts. Experimental results confirmed that SLC27A6 de-

ficiency prevented the maturation of hiPSC-CMs. We

hope this pilot transcriptomic analysis could advance

the current understanding of FA metabolism during car-

diac maturation and facilitate further exploration of car-

diac physiology and pathology.
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Supplementary Figure 1. Clustering and

identification of cell types in fetal and adult

hearts. (A) UMAP projection of 1528 human

cardiac cells from fetal hearts showing se-

ven clusters, annotated based on marker

genes (cell numbers from the left to right: n

= 766 for 5 W, n = 384 for 10 W, n = 378 for

20 W). (B) Dot plot showing the expression

of selected marker genes for the seven cell

clusters in fetal hearts. The size of the dots

corresponds to the percentage of cardiac

cells expressing the certain gene per cell

type, and their color represents the average

expression level. (C) UMAP projection of

27550 human cardiac cells from adult hearts

showing 10 clusters, annotated based on

marker genes (cell numbers from left to

right: n = 19364 for Nor, n = 5386 for dHF, n

= 2800 for cHF). (D) Dot plot showing the

expression of selected marker genes for 10

cell clusters from adult hearts. The size of

the dots corresponds to the percentage of

cardiac cells expressing the certain gene per

cell type, and their color represents the av-

erage expression level. UMAP, uniform mani-

fold approximation and projection.

A

B

C

D
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Supplementary Figure 2. Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis of marker genes in the atrial and

ventricular cardiomyocytes (AV CMs) cluster. KEGG pathway enrichment

analysis of the marker genes of the AV CMs cluster. The color of the dots

represents the adjusted p-value, and the size of the dots represents the

number of differentially expressed genes in the pathway.

Supplementary Figure 3. Analysis of glycolysis metabolism in the fe-

tal heart at a single-cell resolution. Violin plot showing the expression of

selected glycolysis metabolism genes for seven cell clusters from fetal

hearts.

Supplementary Table 1. Fatty acid metabolism gene set

Fatty acids uptake SLC27A1, SLC27A2, SLC27A3, SLC27A4, SLC27A5, SLC27A6, CD36, FABP1, FABP2, FABP3, FABP4,

FABP5, FABP6, FABP7, FABP12

Fatty acids oxidation

�-oxidation ACSL1, ACSL3, ACSL4, ACSL5, ACSM1, ACSM2A, ACSM2B, ACSM3, ACSM4, ACSM5, ACSM6, ACSS1,

ACSS2, ACSS3, ACSBG1, ACSBG2, CPT1A, CPT1B, CPT1C, CPT2, SLC25A20, ACADVL, ACADL, ACADM,

ACADS, ACADSB, ECHS1, EHHADH, ECH1, ECHDC2, ECHDC3, HADH, HADHA, HADHB, ACAA1, ACAA2

Other oxidation ECI1, ECI2, ACOX2, CRAT, CROT, MLYCD, PHYH, HSD17B4, SCP2

Fatty acids biosynthesis FASN, ACACA, ACACB, ELOVL1, ELOVL2, ELOVL3, ELOVL4, ELOVL5, ELOVL6, ELOVL7, TECR, ACOT1,

ACOT7, THEM4, THEM5, PPT1, PPT2, HSD17B12, BAAT, SCD, FADS1, FADS2

This table shows a list of fatty acid metabolism genes based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
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Supplementary Figure 4. Expression of six fatty acid metabolism genes in a spatiotemporal transcriptome database. Different spatiotemporal

gene expressions of CD36 molecule (CD36), fatty acid binding protein 3 (FABP3), Acyl-CoA synthetase medium chain family member 3 (ACSM3),

hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit beta (HADHB), and Enoyl-CoA delta isomerase 1 (ECI1) in fetal hearts.

PCW, post-conception weeks.
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Supplementary Figure 5. Interactions between SLC27A6 and CD36, FABP3, FABP4. The SLC27A6 protein-associated network was analyzed via

STRING database.

Supplementary Figure 6. Expression pattern of key markers regulating in vitro cardiomyocyte directed differentiation. Line graphs depicting the

mRNA levels of key markers at various stages of cardiomyocyte differentiation. Data are presented as the mean � SEM of at least three independent

experiments relative to the control group. NKX2.5, NK2 homeobox 5; SEM, standard error of the mean; TNNT2, cardiac troponin T (gene).


