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ORIGINAL ARTICLE

Overexpression of ATP5F1A in Cardiomyocytes 
Promotes Cardiac Reverse Remodeling
Mengda Xu, MD, PhD*; Hang Zhang, MD, PhD*; Yuan Chang, MD, PhD*; Xiumeng Hua , MD, PhD; Xiao Chen, MASc;  
Yixuan Sheng , MASc; Dan Shan, PhD; Mengni Bao , MASc; Shengshou Hu, MD, PhD; Jiangping Song , MD, PhD

BACKGROUND: The mechanism of cardiac reverse remodeling (CRR) mediated by the left ventricular assist device remains 
unclear. This study aims to identify the specific cell type responsible for CRR and develop the therapeutic target that 
promotes CRR.

METHODS: The nuclei were extracted from the left ventricular tissue of 4 normal controls, 4 CRR patients, and 4 no cardiac 
reverse remodeling patients and then subjected to single-nucleus RNA sequencing for identifying key cell types responsible 
for CRR. Gene overexpression in transverse aortic constriction and dilated cardiomyopathy heart failure mouse model 
(C57BL/6J background) and pathological staining were performed to validate the results of single-nucleus RNA sequencing.

RESULTS: Ten cell types were identified among 126 156 nuclei. Cardiomyocytes in CRR patients expressed higher levels 
of ATP5F1A than the other 2 groups. The macrophages in CRR patients expressed more anti-inflammatory genes and 
functioned in angiogenesis. Endothelial cells that elevated in no cardiac reverse remodeling patients were involved in the 
inflammatory response. Echocardiography showed that overexpressing ATP5F1A through cardiomyocyte-specific adeno-
associated virus 9 demonstrated an ability to improve heart function and morphology. Pathological staining showed that 
overexpressing ATP5F1A could reduce fibrosis and cardiomyocyte size in the heart failure mouse model.

CONCLUSIONS: The present results of single-nucleus RNA sequencing and heart failure mouse model indicated that ATP5F1A 
could mediate CRR and supported the development of therapeutics for overexpressing ATP5F1A in promoting CRR.
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The prognosis of heart failure (HF) remains poor 
despite aggressive medical and surgical treatment.1 
Some patients with HF can restore the structure and 

function of the heart after being supported with the left 
ventricular assist device (LVAD), namely, cardiac reverse 
remodeling (CRR). However, the mechanisms of CRR 
have not yet been fully elucidated.

During HF, the cell content and function undergo 
significant changes, and all these changes could affect 
CRR. Normally, a small number of macrophages are 
present in the heart. Macrophages can be divided into 
2 subtypes: CCR2+ (C-C chemokine receptor type 2) 

macrophages and CCR2− macrophages. The level of 
CCR2+ macrophages is elevated in patients with HF, 
and immunofluorescence staining shows that no car-
diac reverse remodeling (NCRR) patients possessed 
more CCR2+ macrophages than CRR patients.2 
Changes of cardiomyocytes, the most abundant cells 
in the heart, also affect CRR. The MPC (mitochondrial 
pyruvate carrier), which transported pyruvate into the 
mitochondria, increased after LVAD support in CRR 
patients, but the level of MPC remained decreased in 
NCRR patients. Moreover, the ratio of phosphoryla-
tion pyruvate dehydrogenase reduced to near normal 
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after LVAD support in CRR patients but not in NCRR 
patients.3

Defining the specific cell types and their mechanisms 
that promote CRR could help in developing therapeu-
tic targets. Myocardial tissue contains a variety of cells, 
and each cell type possesses a unique function.4 Bulk 
RNA sequencing has clarified cell differences at an aver-
age level and cannot clarify differences in cell subtypes. 
Single-nucleus RNA sequencing (snRNA-seq) can 
clarify the heterogeneity of various cells (especially car-
diomyocytes) at single-cell resolution.5 In this study, we 
aimed to establish the single-cell landscape of CRR in 

LVAD-supported patients. Hopefully, this study will pave 
the way for the precision therapy of HF in the near future.

METHODS
The data and scripts/code that support the findings of this 
study are available from the corresponding author upon rea-
sonable request.

Sample Collection
This study was approved by the Human Ethics Committee of 
Fuwai Hospital. All patients provided written informed consent. 
The LVAD samples were obtained from the LVAD cores at the 
time of implantation, following the methods of the previous 
study.6 The identical regions from the normal control (NC) were 
obtained from donors, who were unsuitable for heart trans-
plantation due to noncardiac reasons such as body-weight 
mismatch. Echocardiography was performed at the time of 
implantation and during follow-up. The post-LVAD echocardio-
graphic parameters were recorded 30 minutes after adjust-
ing the LVAD rotational speed to no forward blood flow in the 
pipeline. CRR was defined as those who met all the following 
criteria: postoperative (3-month) left ventricular ejection frac-
tion (LVEF) ≥40%, postoperative (3-month) left ventricular 
end-diastolic dimension <6 cm, and an increase in LVEF ≥5% 
compared with preoperative LVEF. The process of snRNA-Seq 
is provided in the Supplemental Material.

Transverse Aortic Constriction and Dilated 
Cardiomyopathy Mouse Model
All animal experiments were approved by the Animal Ethics 
Committee of Fuwai Hospital. We used the ARRIVE (Animal 
Research Reporting of In Vivo Experiments) reporting guide-
lines.7 Mice were fed a chow diet and housed in a barrier facility 
with 12-/12-hour light/dark cycles, a humidity of 50±3%, and 
a temperature of 25±2 °C. The aorta of a C57BL/6J mouse 
from the same cage was constricted by a 7-0 monofilament 
polypropylene suture paralleled with a 27-gauge needle. The 
details of the procedure were available in previous studies.8 
Because there was no significant difference in LVEF between 
female and male mice after transverse aortic constriction (TAC) 
surgery,9 female and male mice with LVEF ≤50% 4 weeks after 
surgery were included. Dilated cardiomyopathy (DCM) mouse 
model was established by a cTnTR141W (cardiac troponin T) gene 
transgenic mouse model.10 Similarly, there was no significant 
difference in LVEF between female and male DCM mice,11 and 
female and male mice with LVEF≤50% were included.

Adeno-Associated Virus 9 Vector Construction and 
Injection
ATP5F1A fragment (NM_007505.2) was cloned into an AAV9 
(adeno-associated virus 9) vector (pAV-U6-cTNT-flag) to con-
struct AAV9-cTNT-ATP5F1A. The 3-week-old C57BL/6J 
mice and 15-week-old DCM mice were randomly assigned to 
be injected with either 1×1012 virus genome/mouse AAV9-
cTNT-ATP5F1A or AAV9-cTNT-vehicle via tail vein.

Histopathologic Analysis
Samples were fixed with formaldehyde and embedded 
in paraffin, sectioned at 8 µm. Masson trichrome staining 

Nonstandard Abbreviations and Acronyms

AAV9 adeno-associated virus 9
CRR cardiac reverse remodeling
DCM dilated cardiomyopathy
EC endothelial cell
HF heart failure
LVAD left ventricular assist device
LVEDV left ventricular end-diastolic volume
LVEF left ventricular ejection fraction
MPC mitochondrial pyruvate carrier
NC normal control
NCRR no cardiac reverse remodeling
OMIHC opal multicolor immunohistochemical
snRNA-seq single-nucleus RNA sequencing
TAC transverse aortic constriction

WHAT IS NEW?
• Single-nucleus transcriptional profiles of heart tis-

sues from left ventricular assist device–supported 
patients with different outcomes were generated 
to dissect the cellular characteristics of cardiac 
reverse remodeling.

• A comparison of single-nucleus RNA sequenc-
ing data and animal experiments revealed that 
increased expression of ATP5F1A by cardiomyo-
cytes promoted cardiac reverse remodeling.

• ATP5F1A exerted cardiac reverse remodeling by 
improving the heart function and morphology.

WHAT ARE THE CLINICAL IMPLICATIONS?
• The transverse aortic constriction and dilated car-

diomyopathy model described herein could demon-
strate that overexpression of ATP5F1A could inhibit 
the progression of heart failure and promote car-
diac reverse remodeling, respectively.

• Cardiac reverse remodeling could be promoted 
by increasing the expression of ATP5F1A in 
cardiomyocytes.
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(Solarbio, G1340) was performed to assess fibrosis. Opal 
multicolor immunohistochemical (OMIHC) staining was per-
formed according to the protocol as previously described.12 
The antibodies used are given as follows: ATP5F1A (Abcam, 
ab176569) at 1:100, TTN (Abcam, ab307446) at 1:1000, 
CD68 (Abcam, ab955) at 1:1000, SPARC (Abcam, ab203284) 
at 1:500, HSPG2 (Abcam, ab2501) at 1:200, CD31 (Abcam, 
ab182981) at 1:1000, LDB2 (Proteintech, 11873-1-AP) at 
1:500, TXNIP (Abcam, ab188865) at 1:200, ACTC1 (Abcam, 
ab46805) at 1:200, MYH6 (Proteintech, 22281-1-AP) at 
1:200, CD3 (Abcam, ab16669) at 1:150, CD2 (Abcam, 
ab314761) at 1:100, PTK2 (Abcam, ab40794) at 1:250, GNLY 
(Abcam, ab241333) at 1:1000, IL7R (Abcam, ab259806) at 
1:500, vWF (Abcam, ab6994) at 1:300, FLRT2 (GeneTex, 
GTX123309) at 1:500, PCSK5 (Proteintech, 16470-1-AP) at 
1:100, and PDE3A (Abcam, ab244337) at 1:500. The slides 
were analyzed using the Vectra Quantitative Pathology Imaging 
System (PerkinElmer). The histopathologic staining was quanti-
fied using Image J software, version 1.53 (ratio of the positive 
area to the total section area).

Echocardiography
Mice were anesthetized by 2% isoflurane and placed in the 
supine position. Transthoracic echocardiography was per-
formed by using the Vevo 3100 Imaging System (FUJIFILM). 
Vevo LAB 3.0 software was utilized to analyze the LVEF and 
left ventricular end-diastolic volume (LVEDV). No data were 
excluded. The experienced analyst of the echocardiography 
was blinded to the groups. After the last echocardiography, the 
mice were euthanized in a CO2 chamber.

Oxygen Consumption Rate and Extracellular 
Acidification Rate Calculation
The 100-µm heart tissue was put in the Islet Capture micro-
plates (Agilent, 103518-100) and tested by the Seahorse XF 
Cell Mito Stress Test Kit (Agilent, 103015-100). The Seahorse 
XFe24 analyzer was performed according to the manufactur-
er’s protocol.

Statistical Analysis
For non-snRNA-seq data, an unpaired, 2-tailed Student t test 
was used. All values were presented as mean±SD. P<0.05 was 
considered statistically significant.

RESULTS
Baseline and Follow-Up Characteristics of 
Patients Supported With LVAD
A total of 8 patients were enrolled in this study. During 
the follow-up, 4 patients showed persistent increased 
LVEF and decreased left ventricular end-diastolic 
dimension and were defined as CRR. The NT-proBNP 
of the CRR patient decreased from 3384±1679 to 
461±238 pg/mL (Table S1; Figure S1). The baseline 
characteristics of CRR and NCRR patients at the time 
of LVAD implantation are shown in Table S2. There was 
no significant difference in baseline characteristics 

such as age, HF cause, and complications between the 
2 groups.

Cell Types in NC, CRR, and NCRR Patients
Nuclei suspensions from 4 NC, 4 CRR, and 4 NCRR 
patients were subjected to snRNA-seq (Figure 1A). After 
performing quality control, we analyzed 126 156 nuclei 
(Figure S2A through S2C). We identified cardiomyocytes 
expressing TTN, fibroblasts expressing DCN, endothe-
lial cells (ECs) expressing vWF, macrophage express-
ing CD163, lymphocytes expressing SKAP1, smooth 
muscle cells expressing MYH11, pericytes expressing 
RGS5, neurons expressing NRXN1, adipocytes express-
ing GPAM, and proliferating cells expressing MKI67 
(Figure 1B). The marker genes were visualized in each 
distinct cell type (Figure 1C). The independent distribu-
tion of marker genes for each cell type further confirmed 
the accuracy of the cell type assignment (Figure 1D). In 
addition, the uniform manifold approximation and projec-
tion distribution of each sample showed no significant 
batch effect (Figure S3). The proportion of cardiomyo-
cytes was lower in patients with HF than in NC, while the 
proportion of cardiomyocytes was higher in CRR than 
in NCRR patients (Figure 1E). Overall, there were differ-
ences in the cellular composition of the 3 groups.

Identifying Difference of Cardiomyocyte in 3 
Groups
About 25 690 cardiomyocytes were assembled into 4 
clusters (Figure 2A). CM1 demonstrated high expres-
sion of LDB2 (Figure 2B), which was associated with 
heart development.13 In addition, CM1 expressed genes 
associated with muscle contraction and ATP metabo-
lism (Figure S4A), including GSN14 and AKT3.15 CM2 
expressed TXNIP (Figure 2B), which mediated oxidative 
stress under lactic acidosis.16 CM2 expressed high level 
of PDK4 that inhibited glucose metabolism leading to a 
decrease in energy production3 (Figure S4A). Maladap-
tive markers for starvation and stress-responses genes, 
such as ANKRD117 and PRKAA2,18 were increased in 
CM2 (Figure S4A). CM3 expressed ACTC1, ADRA1A, 
and IDH2 (Figure 2B; Figure S4A), which participated 
in heart contraction.19–21 CM4 demonstrated high 
expression of genes related to heart contraction, such 
as MYH622 and CACNA1C23 (Figure 2B; Figure S4A). 
OMIHC confirmed the presence of the 4 cardiomyocyte 
clusters (Figure S4B). We further analyzed the propor-
tion and functional differences between the 4 clusters 
of cardiomyocytes. CM1 was higher in NC than in the 
other 2 groups. CM2 was almost present in patients with 
HF. CM3 and CM4 were also predominantly distributed 
in NC (Figure 2C). Gene ontology enrichment analy-
sis showed that CM1 mainly functioned in myofilament 
contraction–related processes. CM2 participated in the 
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Figure 1. Overview of the 126 156 single nuclei from normal control hearts and left ventricular assist device–supported patients.
A, Flowchart and data analysis strategy (n=4 for normal control [NC], n=4 for cardiac reverse remodeling [CRR], and n=4 for no cardiac 
reverse remodeling [NCRR]). B, Profiles of the uniform manifold approximation and projection plots of the 126 156 nuclei. C, Heatmap 
showing the differentially expressed genes of each cell type. The selected marker genes for each cell type are highlighted. D, Expression of 
marker genes in each cell type. E, Plots showing the fraction of each cell type in the 3 different groups.
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Figure 2. Cardiomyocyte (CM) cluster.
A, The uniform manifold approximation and projection plots of 25 690 CMs color coded by cluster. B, Violin plots showing the expression of 
specific marker genes in each CM cluster. C, Plots showing the difference in the proportion of CMs between the 3 groups. D, Bar plot showing 
the functional analysis of different CM clusters. CRR indicates cardiac reverse remodeling, n=4; NC, normal control, n=4; and NCRR, no 
cardiac reverse remodeling, n=4.



688Circ Heart Fail. 2024;17:e011504. DOI: 10.1161/CIRCHEARTFAILURE.123.011504 July 2024

Xu et al snRNA-Seq and Cardiac Reverse Remodeling

endoplasmic reticulum overload response and unfolded 
protein response. CM3 and CM4 were involved in car-
diomyocyte contraction–related pathways (Figure 2D). 
Gene ontology enrichment analysis indicated that CM2 
might be under stress and have impaired contractile 
function (Figure 2D). CM2 was significantly increased 
in patients with HF (Figure S4C). These changes might 
lead to a decrease in cardiac function.

Cardiomyocytes in CRR Patients Showed 
Enhanced ATP Anabolism
CRR patients had more CM1 than NCRR patients (Fig-
ure 3A). CM1 in CRR patients showed increased expres-
sion of ATP synthesis–related genes such as ATP5F1A24 
(Figure 3B). The function of ATP synthesis and cardiac 
muscle contraction were significantly higher in the CRR 
patients than in the other 2 groups (Figure 3C). OMIHC 
showed that cardiomyocytes in CRR patients expressed 
more ATP5F1A than the NCRR patients (P<0.0001; 
Figure 3D). ATP5F1A was significantly correlated to the 
LVEF of post-LVAD (R2=0.8501; P=0.0011; Figure 3D). 
It suggested that enhanced ATP anabolism by cardio-
myocytes was an important feature of CRR.

We performed a pseudotime analysis and obtained 
a proposed time-series trajectory containing 4 cardio-
myocyte clusters (Figure 3E). Notably, cardiomyocytes in 
the NC were mainly distributed at the initial position of 
the pseudotime trajectory, while cardiomyocytes in the 
CRR and NCRR patients were mainly distributed at the 
2 terminal positions. We quantified the proportion of each 
state in the 3 groups. The proportion of state 3 increased 
in CRR patients. The genes highly expressed in state 3 
were mainly involved in heart contraction (Figure 3F). 
Based on the characteristics of gene expression dur-
ing the pseudotime trajectory, it could be divided into 3 
modules (Figure 3G). As genes in module1 were highly 
expressed early in the pseudotime trajectory, these 
genes might promote CRR. Further analysis of genes in 
module1 showed that genes involved in Ca2+ transport 
proteins (CACNA1C, RYR) and myocardial contractile 
proteins (TNNT2, TNN) decreased as the pseudotime 
progressed (Figure 3H). The previous study showed that 
a slower increase of Ca2+ concentration in cardiomyo-
cytes inhibited CRR.6

Identifying Difference of Macrophages in 3 
Groups
About 12 486 macrophages were divided into 5 clus-
ters (Figure 4A). Macrophage1 expressed high levels of 
LYVE1, macrophage2 expressed a high level of MERTK, 
and macrophage4 expressed a high level of RUNX1T1 
(Figure S5A). The above genes were related to tissue-
resident macrophage.25–27 Macrophage3 expressed 

a high level of ITGAX (Figure S5A), thus denoted a 
subset of proinflammatory macrophage.28 HLA-DRA, 
which marked antigen-presenting cells, was found in 
macrophage5 (Figure S5A). In addition, macrophage1 
expressed FGF13 (Figure 4B), which might be involved 
in regulating cardiac Na+ currents.29 Macrophage2 over-
expressed ZBTB16 (Figure 4B), which inhibited gene 
expression.30 Macrophage3 overexpressed DOCK10 
(Figure 4B), which enhanced the inflammatory function 
of macrophage.31 Macrophage4 expressed DLC1 (Fig-
ure 4B), which suppressed inflammatory gene expres-
sion.32 Macrophage5 expressed high level of RPS27A 
(Figure 4B).

Macrophage1 was predominantly distributed among 
NCRR patients (Figure 4C). In contrast, macrophage2 
was predominantly distributed in NC and CRR patients 
(Figure 4C). The distribution of macrophage3 was similar 
to macrophage1 (Figure 4C). Macrophage4 was slightly 
higher in the NC and CRR patients than in the NCRR 
patients (Figure 4C). Macrophage5 was only present in 
NCRR patients (Figure 4C). Gene ontology enrichment 
analysis showed that macrophage1 mainly functioned 
in the immune response pathway. Macrophage2 was 
associated with myofilament sliding–related processes. 
Macrophage3 mainly functioned in leukocyte activation. 
Macrophage4 mainly participated in vascular develop-
ment. Macrophage5 was mainly associated with antigen 
presentation (Figure 4D).

Macrophages in CRR Patients Were Correlated 
With Angiogenesis
The proportion of macrophage2 and macrophage4 was 
higher in CRR patients than those in NCRR patients 
(Figure 5A and 5B). In CRR patients, macrophage2 
expressed a high level of SPARC, an anti-inflammatory33  
and angiogenesis regulator,34 and macrophage4 
expressed a high level of HSPG2, a gene that inhibited 
the inflammatory response.27 OMIHC confirmed the 
results of snRNA-seq (Figure 5C and 5D).

Pseudotime analysis showed that the initial position 
of the trajectory was mainly the macrophages from NC, 
while macrophages in the CRR and NCRR patients 
were mainly distributed in the 2 terminal positions (Fig-
ure 5E). The characteristics of gene expression could be 
divided into 3 modules (Figure 5F). Genes in module2 
were mainly expressed at the beginning of the trajec-
tory and genes involved in angiogenesis (PDGFRA and 
EGFR) and anti-inflammatory response (HSPG2, ZEB1, 
and RUNX1T1) decreased as the trajectory progressed 
(Figure 5G). OMIHC showed that SPARC and HSPG2 
were positively correlated with CD31 in CRR patients 
(Figure 5C and 5D). These suggested that macrophages 
exerting anti-inflammatory function and promoting angio-
genesis were important features of CRR.
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Figure 3. Analysis of differences between groups and pseudotime analysis of cardiomyocyte (CM).
A, Differences in the proportion of CM1 in the 3 groups. B, Heatmap of expression of ATP anabolic genes and myocardial contraction 
genes in the 3 groups. C, Functional scores of ATP biosynthetic process and cardiac muscle contraction in the 3 groups. D, Opal multicolor 
immunohistochemical staining for ATP5F1A in CM (TTN; n=4 for cardiac reverse remodeling [CRR] and n=4 for no cardiac reverse remodeling 
[NCRR]; data are expressed as mean±SD). E, CM pseudotime analysis. F, Bar plot showing the proportion of the state 1 to state 3 CMs and 
the main function of state 1 CM. G, Trajectory module analysis of CM. H, Myocardial contraction gene and Ca2+ transmembrane transporter 
gene expression along the pseudotime trajectory. NC indicates normal control.
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Figure 4. Macrophage cluster.
A, The uniform manifold approximation and projection plots of 12 486 macrophages color coded by cluster. B, Violin plots showing the 
expression of specific marker genes in each macrophage cluster. C, Plot showing the difference in the proportion of macrophages between the 
3 groups. D, Bar plot showing the functional analysis of different macrophage clusters. CRR indicates cardiac reverse remodeling, n=4; NC, 
normal control, n=4; and NCRR, no cardiac reverse remodeling, n=4.
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Figure 5. Analysis of differences between groups and pseudotime analysis of macrophage.
A, Differences in the proportion of macrophage2 in the 3 groups. B, Differences in the proportion of macrophage4 in the 3 groups. C, Opal 
multicolor immunohistochemical staining for SPARC, CD68, and CD31(n=4 for cardiac reverse remodeling [CRR] and n=4 for no cardiac 
reverse remodeling [NCRR]; data are expressed as mean±SD). D, Opal multicolor immunohistochemical staining for HSPG2, CD68, and 
CD31(n=4 for CRR and n=4 for NCRR; data are expressed as mean±SD). E, Macrophages pseudotime analysis. F, Trajectory module 
analysis of macrophages. G, Anti-inflammatory gene expression and promoting angiogenesis gene expression along the pseudotime trajectory. 
NC indicates normal control.
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Lymphocytes in CRR Patients Showed 
Increased Proangiogenic Effect
About 4217 lymphocytes were assembled into 4 clusters 
(Figure S6A). Lymphocyte1 expressed genes associated 
with T-cell activation, such as CD2 and CD69 (Figures 
S6B and S7A). Lymphocyte2 expressed PTK2, FLT1, 
and PDE7B (Figures S6B and S7A), representing pro-
angiogenic T cells.35 Lymphocyte3 expressed GNLY and 
GZMB (Figures S6B and S7A), representing cytotoxic T 
cell.36 Lymphocyte4 expressed a high level of IL7R (Fig-
ure S6B), which was associated with long-term immune 
memory.17 CRR patients possessed more lymphocyte4 
than the NCRR patients (Figure S6C). OMIHC con-
firmed the shifts in cell composition of the 4 lymphocyte 
clusters (Figure S7B). Gene ontology enrichment analy-
sis showed that lymphocyte4 functioned in the VEGFA-
VEGFR2 signaling pathway (Figure S6D).

EC-Immune Cell Interactions Promoted 
Angiogenesis
EC was divided into 4 clusters (Figure 6A). Based on the 
established markers5,17 (Figure S8A), the EC was assigned 
to capillary EC (EC1 marked by RGCC) and arterial EC 
(EC2, EC3, and EC4, marked by NPR3, SEMA3G, and 
PRKG1 respectively). In addition, EC1 expressed CD36 
(Figure 6B), which was associated with angiogenesis.37 
EC2 demonstrated high expression of FLRT2 (Figure 6B), 
which promoted proliferation.38 PCSK5 was differen-
tially expressed in EC3 (Figure 6B), which participated in 
keeping the morphogenesis of the vessel.39 EC4 highly 
expressed PDE3A (Figure 6B), which regulated EC per-
meability.40 EC1 and EC4 were mainly present in NC (Fig-
ure 6C). EC2 and EC3 were mainly present in CRR and 
NCRR patients, respectively (Figure 6C). All EC clusters 
possessed angiogenic capacity, but EC3, which was more 
abundant in the NCRR patients, was further involved in the 
inflammatory response (Figure 6D). OMIHC confirmed the 
composition shifts in cell composition (Figure S8B).

As macrophage2 expressed a high level of SPARC, an 
angiogenesis regulator, macrophage4 and lymphocyte2 
functioned in angiogenesis. We analyzed the intercellular 
interactions between ECs and immune cells that were ele-
vated in CRR patients (macrophage2, macrophage4, and 
lymphocyte2). The top 10 intercellular interactions showed 
that immune cells interacted with EC mainly through 
THBS1 (thrombospondin-1)-CD36, VEGF-FLT1 (vascu-
lar endothelial growth factor-fms-like tyrosine kinase 1), 
and CD74-APP (amyloid-β precursor protein) (Figure 6E).

Overexpression of ATP5F1A in Cardiomyocytes 
Could Promote CRR
TAC and DCM mice were used to investigate the effect 
of overexpressing ATP5F1A on CRR (Figure 7A). 

C57BL/6J mice received AAV9 injections 2 weeks 
before TAC surgery. Echocardiography was performed 
at 42 and 56 days after injection. In mice treated with 
AAV9-cTNT-ATP5F1A, LVEF was significantly higher 
and LVEDV was significantly lower at 56 days after injec-
tion than those at 42 days after injection (LVEF: 42 ver-
sus 56 days=43.8±4.4% versus 82.0±2.6%; P=0.0002; 
LVEDV: 42 versus 56 days=56.3±0.5 versus 45.9±3.6 
µL; P=0.0075). In untreated and AAV9-cTNT-vehicle–
treated TAC mice, LVEF was significantly lower at 56 
days after injection than that at 42 days after injection 
(untreated LVEF: 42 versus 56 days=44.1±2.8% versus 
37.8±0.2%; P=0.0178; vehicle-treated LVEF: 42 versus 
56 days=42.7±1.0% versus 36.7±1.4%; P=0.0037). 
The LVEDV of AAV9-cTNT-vehicle–treated TAC mice 
was significantly higher at 56 days after injection than 
at 42 days after injection (42 versus 56 days=63.1±5.9 
versus 77.6±5.7 µL; P=0.0378). Compared with 42 
days after injection, ATP5F1A expression at 56 days 
after injection in AAV9-cTNT-ATP5F1A–treated mice 
was significantly higher (42 versus 56 days=9.8±1.3% 
versus 51.5±4.6%; P<0.0001) but not in AAV9-cTNT- 
vehicle–treated mice (42 versus 56 days=9.5±2.4% 
versus 10.7±1.8%; P=0.0606; Figure S9A). The above 
results indicated that overexpression of ATP5F1A inhib-
ited HF progression. Moreover, the AAV9 was only 
enriched in the heart (Figure S9B). These results indi-
cated that the AAV9-cTNT-ATP5F1A was specific to 
cardiomyocytes and possessed high efficacy.

For DCM mice, echocardiography was performed at 
preinjection and 56 days after injection. In DCM mice 
treated with AAV9-cTNT-ATP5F1A, LVEF was sig-
nificantly higher and LVEDV was significantly lower 
at 56 days after injection than those at preinjection 
(LVEF: preinjection versus 56 days=31.5±0.8% versus 
62.0±4.8%; P=0.0004; LVEDV: preinjection versus 56 
days=99.7±6.0 versus 68.6±10.7 µL; P=0.0116). In 
untreated and AAV9-cTNT-vehicle–treated DCM mice, 
LVEF was significantly lower and LVEDV was signifi-
cantly higher at 56 days after injection than those at 
preinjection (untreated LVEF: preinjection versus 56 
days=29.9±2.1% versus 23.5±2.5%; P=0.0261; vehicle-
treated LVEF: preinjection versus 56 days=33.0±2.6% 
versus 27.6±1.9%; P=0.0410; untreated LVEDV: prein-
jection versus 56 days=91.5±12.4 versus 123.0±14.7 
µL; P=0.0470; and vehicle-treated LVEDV: preinjec-
tion versus 56 days=90.9±8.2 versus 113.4±10.2 
µL; P=0.0416). Compared with preinjection, ATP5F1A 
expression at 56 days after injection in AAV9-cTNT-
ATP5F1A–treated mice was significantly higher (prein-
jection versus 56 days=10.5±0.8% versus 41.2±1.7%; 
P=0.0001) but not in AAV9-cTNT-vehicle–treated 
mice (preinjection versus 56 days=12.1±0.6% versus 
10.3±1.1%; P=0.5318; Figure S9A). The above results 
indicated that overexpression of ATP5F1A promotes 
CRR.
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Figure 6. Endothelial cell (EC) cluster.
A, The uniform manifold approximation and projection plots of 30 359 ECs color coded by cluster. B, Violin plots showing the expression of 
specific marker genes in each EC cluster. C, Plot showing the difference in the proportion of ECs between the 3 groups. D, Bar plot showing 
the functional analysis of different EC clusters. E, Analysis of intercellular interactions of macrophage2, macrophage4, and lymphocyte2 with 
EC. CRR indicates cardiac reverse remodeling, n=4; NC: normal control, n=4; and NCRR, no cardiac reverse remodeling, n=4.
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Figure 7. Overexpressing of ATP5F1A promotes cardiac reverse remodeling.
A, Workflow for in vivo AAV9-cTNT-ATP5F1A overexpressing experiments. B, Ultrasonographic examination of the left ventricular ejection 
fraction (LVEF) and left ventricular end-diastolic volume (LVEDV) in transverse aortic constriction (TAC) mice and dilated cardiomyopathy (DCM) 
mice. n=3 for each group. Data are expressed as mean±SD. C, The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 
in DCM and TAC mice. n=3 for normal control, n=4 for TAC mice treated by AAV9-cTNT-vehicle, n=4 for TAC mice treated by AAV9-cTNT-
ATP5F1A, n=3 for DCM mice treated by AAV9-cTNT-vehicle, and n=3 for DCM mice treated by AAV9-cTNT-ATP5F1A. Data are expressed as 
mean±SD. AAV9 indicates adeno-associated virus 9; and cTNT, cardiac troponin T.
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We further evaluated the fibrosis and cell size by 
Masson and WGA staining, respectively. The degree of 
fibrosis and cell size in both TAC and DCM mice treated 
with AAV9-cTNT-ATP5F1A were significantly reduced 
at 56 days after injection (fibrosis in TAC: P=0.0018; 
fibrosis in DCM: P<0.0001; cell size in TAC: P=0.0002; 
and cell size in DCM: P=0.0001; Figure S9C and S9D). 
The above suggested that ATP5F1A was closely asso-
ciated with the improvement of morphology and func-
tion. Moreover, we calculated the oxygen consumption 
rate to evaluate the level of oxidative phosphorylation. 
The results showed that the AAV9-cTNT-ATP5F1A 
significantly increased the oxygen consumption rate of 
TAC and DCM mice (359.5±12.6 pmol/min in TAC mice 
and 219.9±9.8 pmol/min in DCM mice) compared with 
that in vehicle mice (207.9±8.6 pmol/min in TAC vehicle 
mice; P<0.0001; 155.3±2.3 pmol/min in DCM vehicle 
mice; P=0.0004; Figure 7C). To further investigate gly-
colysis, we evaluated the extracellular acidification rate. 
AAV9-cTNT-ATP5F1A significantly reduced the extra-
cellular acidification rate of TAC mice (23.8±1.9 mPH/
min in TAC mice) compared with that in vehicle mice 
(36.0±4.2 mPH/min in TAC vehicle mice; P=0.0019; 
Figure 7C). There was no significant difference in the 
extracellular acidification rate between the DCM mice 
injected with AAV9-cTNT-ATP5F1A and the vehicle 
(Figure 7C). These results suggested that the overex-
pressing ATP5F1A in cardiomyocytes could enhance the 
function of mitochondria.

DISCUSSION
In this study, we systematically characterized the cellu-
lar composition of CRR at the single-cell resolution. In 
addition, we provided insight into the composition and 
functional alterations of cardiomyocytes, macrophages, 
lymphocytes, and EC, respectively. Several targets medi-
ating CRR after LVAD support were also identified.

Cardiomyocytes were the main cell population that 
maintained the pumping function of the heart. Therefore, 
clarifying the characteristics of cardiomyocytes in CRR 
patients could provide new therapeutic insights into HF.

In this study, we found increased expression of ATP 
synthesis and metabolism genes (ATP5F1A) in cardio-
myocytes of CRR patients. Previous findings showed a 
remodeling of energy metabolism in patients with HF, 
with a switch in the main metabolic substrate from fatty 
acids to glucose.41 However, it was not clear the differ-
ence in metabolic characteristics of patients with differ-
ent outcomes after LVAD support. Our results showed 
that the energy metabolism of cardiomyocytes was 
more efficient in CRR patients. The above results sug-
gested that during HF in a subgroup of patients, cardio-
myocytes compensated for the increased ATP synthesis 
capacity, and the above feature could promote the occur-
rence of CRR after LVAD support. In addition, HF mice 

overexpressing ATP5F1A showed improved function 
and morphology of the heart. The function of mito-
chondria was also elevated. On the contrary, the level 
of glycolysis did not show an increasing trend. It was 
reported that the glucose metabolism was enhanced in 
the rodent HF animal model.42 Our results showed that 
ATP5F1A could induce the CRR by increasing ATP syn-
thesis of mitochondria.

A small number of immune cells were involved in 
maintaining a normal cardiac microenvironment.17 We 
identified 12 486 macrophages and 4217 lympho-
cytes. CRR patients possessed more macrophage2 and 
macrophage4 than NCRR patients. Both macrophage2 
and macrophage4 expressed anti-inflammatory genes 
(macrophage2 expressed SPARC and macrophage4 
expressed HSPG2) and showed proangiogenic effect. 
On the contrary, the main macrophage cluster within 
NCRR patients was macrophage1, whose functions 
were mainly involved in immune signaling pathways. 
This phenomenon revealed that the suppression of 
inflammatory response in patients could promote CRR. 
Regarding lymphocytes, no previous studies reported 
on its mediation of CRR. Our study divided lympho-
cytes into 4 clusters, where CRR patients possessed 
more lymphocyte2 than the other 2 groups and lympho-
cyte2 functioned in vascular development. The above 
results suggested that the angiogenic response was an 
important feature of CRR patients. Intercellular inter-
action analysis revealed that immune cells interacted 
with EC mainly through THBS1-CD36, CD74-APP, and 
VEGF-FLT1. All these receptor-ligand pairs possessed 
a strong proangiogenic function. Stimulation of luteal 
cells with prostaglandin F2α increased both THBS1 
and CD36 expression, thereby promoting luteal angio-
genesis.43 In addition, CD74 expression was increased 
in lung cancer tissues, accompanied by angiogenesis. 
When treated with anti-CD74 monoclonal antibody, the 
proangiogenic effect of CD74 was significantly inhib-
ited. Administration of macrophage migration inhibitory 
factor resulted in increased CD74 expression.44 FLT1 
was a receptor tyrosine kinase that bound to VEGF 
and played an important role in vascular development 
and angiogenesis.45 The above findings might serve as 
targets for intervention to increase angiogenesis and 
promote CRR.

Our study has several limitations. The first is a small 
population of study patients. Due to the low incidence of 
CRR, we are unable to include more patients with CRR 
in the short term. At present, the application of LVAD in 
the treatment of end-stage HF is increasing, and more 
patients with CRR will be included in our research in the 
future. Second, the integration of NC samples is not good, 
resulting in cardiomyocytes being affected by a certain 
sample (NC1). Considering the animal experiments, the 
small sample size limits the robustness and rigor of the 
data despite the small within-group differences. We will 
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further investigate the mechanisms of overexpressing 
ATP5F1A on CRR in a larger data set and validate the 
conclusions in more animal models.

CONCLUSIONS
This study found that increased synthesis of ATP medi-
ated by ATP5F1A was able to enhance contraction and 
promote CRR. Immune cells were also found to increase 
angiogenesis by interacting with EC, which also pro-
moted CRR. This study provided robust evidence for 
screening CRR patients after LVAD support and offered 
a direction for validating the mechanism of CRR.
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