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ORIGINAL RESEARCH ARTICLE

Targeting NPM1 Epigenetically Promotes 
Postinfarction Cardiac Repair by Reprogramming 
Reparative Macrophage Metabolism
Sheng Zhang , PhD*; Yunkai Zhang , PhD*; Xuewen Duan , MS; Bo Wang, PhD; Zhenzhen Zhan , MD, PhD

BACKGROUND: Reparative macrophages play a crucial role in limiting excessive fibrosis and promoting cardiac repair after 
myocardial infarction (MI), highlighting the significance of enhancing their reparative phenotype for wound healing. Metabolic 
adaptation orchestrates the phenotypic transition of macrophages; however, the precise mechanisms governing metabolic 
reprogramming of cardiac reparative macrophages remain poorly understood. In this study, we investigated the role of NPM1 
(nucleophosmin 1) in the metabolic and phenotypic shift of cardiac macrophages in the context of MI and explored the 
therapeutic effect of targeting NPM1 for ischemic tissue repair.

METHODS: Peripheral blood mononuclear cells were obtained from healthy individuals and patients with MI to explore NPM1 
expression and its correlation with prognostic indicators. Through RNA sequencing, metabolite profiling, histology, and 
phenotype analyses, we investigated the role of NPM1 in postinfarct cardiac repair using macrophage-specific NPM1 
knockout mice. Epigenetic experiments were conducted to study the mechanisms underlying metabolic reprogramming and 
phenotype transition of NPM1-deficient cardiac macrophages. The therapeutic efficacy of antisense oligonucleotide and 
inhibitor targeting NPM1 was then assessed in wild-type mice with MI.

RESULTS: NPM1 expression was upregulated in the peripheral blood mononuclear cells from patients with MI that closely 
correlated with adverse prognostic indicators of MI. Macrophage-specific NPM1 deletion reduced infarct size, promoted 
angiogenesis, and suppressed tissue fibrosis, in turn improving cardiac function and protecting against adverse cardiac 
remodeling after MI. Furthermore, NPM1 deficiency boosted the reparative function of cardiac macrophages by shifting 
macrophage metabolism from the inflammatory glycolytic system to oxygen-driven mitochondrial energy production. The 
oligomeric NPM1 recruited histone demethylase KDM5b to the promoter of Tsc1 (TSC complex subunit 1), the mTOR 
(mechanistic target of rapamycin kinase) complex inhibitor, reduced histone H3K4me3 modification, and inhibited TSC1 
expression, which then facilitated mTOR-related inflammatory glycolysis and antagonized the reparative function of 
cardiac macrophages. The in vivo administration of antisense oligonucleotide targeting NPM1 or oligomerization inhibitor 
NSC348884 substantially ameliorated tissue injury and enhanced cardiac recovery in mice after MI.

CONCLUSIONS: Our findings uncover the key role of epigenetic factor NPM1 in impeding postinfarction cardiac repair by 
remodeling metabolism pattern and impairing the reparative function of cardiac macrophages. NPM1 may serve as a 
promising prognostic biomarker and a valuable therapeutic target for heart failure after MI.
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Myocardial infarction (MI) causes significant car-
diomyocyte loss and elicits extensive inflam-
matory responses. Although these early and 

appropriate local inflammatory events aid in eliminating 
cell debris and initiating myocardial repair, the exces-
sive inflammation contributes to the destruction of 
salvable cardiomyocytes, leading to inefficient wound 
healing, adverse remodeling, and cardiac dysfunction in 
patients with MI.1 Therapeutic interventions that promote 
infarct healing may suppress the destructive inflamma-
tory process and facilitate a better postinfarct recovery.2 
Macrophages play central roles in both the early inflam-
matory and subsequent repair phases, which undergo 
a transition from the proinflammatory phenotype to the 
reparative one to aid tissue healing during the resolu-
tion of acute inflammation.3 Reparative macrophages, 
belonging to the M2-like macrophage populations, foster 
cardiac repair by limiting destructive inflammation, facili-
tating angiogenesis, and suppressing fibroblast activa-
tion and extracellular matrix deposition.4 Modulating the 
functional phenotypic transformation of cardiac macro-
phages may be a promising strategy to protect against 
adverse cardiac remodeling and heart failure postinfarc-
tion. Although some attempts have been made to amplify 
the reparative macrophage subpopulation in MI, ideal 
clinical therapeutic effects have not yet been achieved. 
Thus, it is essential to deeply elucidate the key factor 
that determines the phenotypic transformation of cardiac 
macrophages after MI and explore better strategies to 
enhance their reparative functions.

Macrophages undergo numerous bioenergetic and 
biosynthetic changes to support their transition to a 
reparative phenotype. Metabolic adaptation is recog-
nized as a vital characteristic and prerequisite for the 
transition of macrophage phenotype.5 Inflammatory 
macrophages depend on glycolysis for energy pro-
duction, whereas reparative macrophages use oxida-
tive phosphorylation (OXPHOS) as the primary energy 
source.6 Increasing evidence shows that macrophage 
metabolism can be manipulated to promote tissue 
repair and combat diseases such as cardiovascular and 
inflammatory diseases. The shift in metabolic patterns 
is associated with mitochondrial biogenesis and various 
signaling pathways, including mTOR (mechanistic tar-
gets of rapamycin kinase) and AMPK (AMP-activated 
protein kinase).7,8 Activation of the AMPK pathway 
was found to facilitate macrophage transition toward a 
reparative phenotype and improve tissue repair through 
modulating cellular OXPHOS.7 In contrast, the mTOR 
signaling is involved in the regulation of glycolysis and 
protein synthesis, and its activation promotes inflam-
matory polarization of macrophages.8 However, the key 
molecules orchestrating the mTOR pathway and meta-
bolic adaption in cardiac macrophages after MI remain 
unclear.

Clinical Perspective

What Is New?
• NPM1 (nucleophosmin 1) deficiency in macro-

phages ameliorates myocardial ischemic injury, 
improves cardiac function, and promotes tissue 
repair after myocardial infarction by shifting cardiac 
macrophages toward the oxidative phosphorylation 
metabolism and reparative phenotype.

• The epigenetic inhibition of TSC1 (TSC complex 
subunit 1) mediated by the interaction of NPM1 and 
histone demethylase KDM5b enhances the mecha-
nistic target of rapamycin kinase pathway activation 
and boosts glycolytic metabolism, thereby main-
taining the inflammatory phenotype of cardiac mac-
rophages and impeding ischemic tissue repair.

• The in vivo therapeutic treatment targeting NPM1 
through antisense oligonucleotide or oligomeriza-
tion inhibitor both markedly attenuate adverse ven-
tricular remodeling and improve cardiac repair in 
mice after myocardial infarction.

What Are the Clinical Implications?
• The upregulated NPM1 in peripheral blood mono-

nuclear cells has strong correlations with aggra-
vated cardiac injury, cardiac dysfunction, and heart 
failure after myocardial infarction stress, implying 
that NPM1 serves as a promising adverse prognos-
tic biomarker in myocardial infarction.

• Loss of function of NPM1 through antisense oligo-
nucleotide drug or inhibitor NSC348884 might be 
the potential therapeutic strategy to ameliorate car-
diac injury and promote tissue repair after ischemic 
heart attack.

Nonstandard Abbreviations and Acronyms

AMPK AMP-activated protein kinase
Arg1 arginase 1
ASO antisense oligonucleotide
BMDM bone marrow-derived macrophage
ChIP chromatin immunoprecipitation
HIF hypoxia-inducible factor
IL-4 interleukin 4
KDM histone demethylase
MI myocardial infarction
mTOR mechanistic target of rapamycin kinase
NPM1 nucleophosmin 1
OXPHOS oxidative phosphorylation
PBMC peripheral blood mononuclear cell
TCA tricarboxylic acid 
TSC1 TSC complex subunit 1
WT wild type
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Epigenetic programming constitutes a pivotal regula-
tory mechanism in the modulation of gene expression 
and cellular behaviors through reversible modifications 
of genomic DNA and histones. These modifications have 
the potential to alter the transcriptional output of key met-
abolic molecules. As a result, epigenetic remodeling leads 
to cellular metabolism reprogramming.9 For example, 
DNA methylation of FBP1 (fructose-1,6-biphosphatase) 
promoter was reported to govern the glucose uptake 
and glycolysis rate of breast cancer cells.10 The KDMs 
(histone demethylases), governing gene transcription by 
removing methyl groups from specific lysine residues on 
histones, play diverse roles in biological processes, includ-
ing DNA repair and cell differentiation. Besides, they are 
critical in modulating cardiac metabolism and diseases. 
The enzyme JMJD4 (jumonji domain-containing 4) has 
recently been identified as a contributor to cardiomyocyte 
metabolic homeostasis. It appears to protect the heart 
against dilated cardiomyopathy by facilitating degradation 
of the metabolic enzyme PKM2 (pyruvate kinase M2).11 
Despite these findings, a comprehensive understand-
ing of the underlying epigenetic regulatory networks is 
still required to develop strategies that manipulate desir-
able functional phenotype shift of cardiac macrophages. 
NPM1 (nucleophosmin 1) is a highly conservative protein 
implicated in a variety of biological processes, including 
ribosome biogenesis and DNA damage repair.12 NPM1 
is indispensable for embryonic development, and the 
alteration in its phase behavior may contribute to vascu-
lar malformation.13,14 In addition, it functions as a proto- 
oncogene or tumor suppressor in multiple types of  
cancers, including leukemia and breast cancer.15 As of 
yet, the role of NPM1 in the epigenetic programming 
governing metabolic adaption and phenotype transition 
of cardiac macrophages under the pathological condition 
of ischemic heart disease remains unclear.

Here, our study discovered that MI-induced upregula-
tion of NPM1 in patients and mice was closely related 
to adverse cardiac prognostic indicators. Moreover, 
macrophage-specific deletion of NPM1 (Npm1-cKO) 
improved cardiac function and tissue repair after MI by 
polarizing cardiac macrophages toward the reparative 
phenotype. The oligomeric NPM1 recruited KDM5b to 
reduce H3K4me3 modification at the promoter of Tsc1 
(TSC complex subunit 1) and suppressed its transcription, 
which, in turn, maintained inflammatory glycolysis and 
impeded reparative function of cardiac macrophages. 
The antisense oligonucleotide (ASO) and oligomerization 
inhibitor targeting NPM1 were validated to be therapeu-
tically effective for MI.

METHODS
Detailed methods are provided in the Supplemental Material. 
All other data that support the findings of this study are avail-
able from the corresponding author on reasonable request.

Human Studies
The peripheral blood mononuclear cell (PBMC) samples were 
obtained from 58 patients that were clinically diagnosed with 
acute MI and 7 individuals without any cardiovascular dis-
eases. The diagnosis of acute MI depends on the presence 
of a rise of cardiac troponin I with at least one value >99th 
percentile upper reference limit, as well as with one or more of 
the following markers: ischemia symptoms, new ischemic ECG 
changes, pathological Q waves in the ECG, evidence of new 
viable myocardium loss or new abnormal regional wall motion 
obtained from imaging, or angiography findings of an intra-
coronary thrombus.16 The protocol for isolating human PBMCs 
has been described previously.17 In brief, human PBMCs were 
isolated from 5 mL of peripheral venous blood using a Ficoll-
Paque solution (Cytiva, Marlborough, MA). All participants gave 
informed consent. This study was approved by the ethics com-
mittee of Renji Hospital, Shanghai Jiao Tong University School 
of Medicine, and performed according to the criteria set by the 
Declaration of Helsinki.

Animals
Lyz2-cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J, Strain No. 004781) 
were purchased from Jackson Laboratory. The Npm1flox/flox 
mouse was generated by CRISPR-cas9–mediated genome 
editing. Exons 2 to 6 of the Npm1 gene (NCBI Reference 
Sequence NM_008722.3) were selected as the conditional 
knockout region. The knockout of this region resulted in frame-
shift of the Npm1 gene and loss of function of NPM1. Npm1flox/flox  
mice were crossed with Lyz2-cre mice to generate Npm1flox/flox 
Lyz2-cre mice with NPM1 deletion in macrophages. Wild type 
(WT) mice (C57BL/6) were purchased from Shanghai Sippr 
BK Laboratory Animal Company (Shanghai, China). Mice 8 
to 12 weeks of age were used for MI surgery. All mice were 
fed in a homothermic-specific, pathogen-free facility at the 
Tongji University School of Medicine. Veterinary care and ani-
mal experiments were approved by the Animal Care & Use 
Committee, Tongji University School of Medicine in accordance 
with the guidelines of the National Health Commission.

Statistical Analysis
Statistical significance was analyzed by GraphPad Prism (ver-
sion 8) with tests described in the figure legends. The repeat 
numbers of samples are given in individual figure legends. 
The results were presented as mean±SD. The representative 
images were selected on the basis of the mean value after 
quantitative analysis. Simple linear regression analyses were 
performed to examine the correlation between NPM1 expres-
sion and other indicators. Pearson correlation analysis was used 
to calculate the r and P values of data with normal distribution. 
Spearman correlation analysis was used to calculate the r and 
P values of data distributed abnormally. The unpaired Student t 
test was used for comparison between 2 groups with normally 
distributed variables. The P values of multiple t tests or cor-
relation tests were corrected by false discovery rate using the 
2-stage step-up method of Benjamini, Krieger, and Yekutieli.18 
The Shapiro-Wilk test was used to ensure that the data were 
distributed normally, and the Levene test was used to ensure 
that the variance was equal. The Mann-Whitney test was used 
to compare 2 groups with variables not normally distributed. 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065506
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One-way or 2-way ANOVA followed by the Bonferroni post 
hoc test was used to compare multiple (>2) groups. The com-
parisons of survival curves were performed using the Log-rank 
(Mantel-Cox) test. A value of P<0.05 was considered statisti-
cally significant.

RESULTS
Upregulated NPM1 Correlates With 
Deteriorated Prognostic Indicators After MI
We first identified 67 differentially expressed transcrip-
tion factor genes in PBMCs from patients in the acute 
phase of MI and 1-year after MI through a bioinformatic 
transcriptome analysis (GSE123342).19 Among these 
transcription factors, NPM1 was increased with the high-
est fold change (Figure 1A). NPM1 was also consistently 
upregulated in cardiac tissues from patients with isch-
emic heart diseases (GSE57338) or dilated cardiomy-
opathy (GSE120895) compared with individuals without 
heart failure (Figure 1B and 1C).20,21 Thus, we validated 
the ischemia-induced upregulation of NPM1 mRNA (Fig-
ure 1D) and protein levels (Figure 1E and 1F) in PBMCs 
from patients with MI. Besides, the age, sex, and comor-
bidity between MI and healthy control groups differed in-
significantly (Table S1). NPM1 protein was also increased 
in PBMCs and ischemic cardiac tissues from MI model 
mice (Figure 1G through 1I). However, NPM1 was barely 
changed in PBMCs from patients with stressful liver or 
kidney damage, according to the published RNA sequenc-
ing (RNA-seq) data from GEO data set GSE180014 and 
GSE218048 (Figure S1A and S1B). These results sug-
gest that NPM1 might be specifically involved in the path-
ological process after the occurrence of MI.

The hypoxia-inducible factor (HIF) family is the central 
regulator of multiple signaling cascades triggered by MI, 
including HIF-1α and HIF-2α. Our data revealed a sig-
nificant positive correlation between HIF1A and NPM1 
expression in PBMCs from patients with MI (Figure 
S1C). In contrast, no significant correlation was observed 
between HIF2A and NPM1 expression (Figure S1D). 
To elucidate the mechanisms driving the upregulation 
of NPM1 expression after MI, we reanalyzed the pub-
licly available chromatin immunoprecipitation sequenc-
ing (ChIP-seq) data with a focus on genes targeted by 
HIF-1α.22 As expected, HIF-1α bound to the NPM1 
gene promoter proximal to the transcription start site 
(Figure S1E). However, no binding signal of HIF-2α was 
observed (Figure S1E). The public ChIP-seq data further 
revealed the notable binding of JunD and N-MYC at this 
locus (Figure S1E). Furthermore, the increased mRNA 
level of Npm1 in ischemic cardiac tissues of mice with 
MI was reversed by the administration of HIF-1α–spe-
cific inhibitor LW6 (Figure S1F and S1G), indicating that 
NPM1 could be transcriptionally activated by HIF-1α 
under infarct conditions.

To further explore the involvement of NPM1 in car-
diac recovery, we assessed the relations between NPM1 
expression level in human PBMCs and prognostic indi-
cators of MI, including BNP (natriuretic peptide B), 
NT-proBNP (N-terminal pro B type natriuretic peptide), 
cardiac troponin I, CK-MB (creatine kinase M-type), MB 
(myoglobin), CRP (C-reactive protein), IL-6 (interleukin 
6), and IL-1β (interleukin 1β). These molecules have 
been proven to be strongly associated with the prog-
nosis and severity of MI.23,24 In patients with MI, NPM1 
mRNA levels exhibited a positive correlation with BNP 
and NT-proBNP plasma concentrations, both estab-
lished markers of heart failure severity (Figure 1J and 
1K). According to the levels of alanine aminotransami-
nase 1, aspartate aminotransferase, blood urea nitrogen, 
and creatinine, there was no hepatic or renal failure in 
the enrolled patients (Figure S2A). As a result, the poten-
tial effects of hepatic and renal diseases on plasma BNP 
and NT-proBNP could be ruled out. Furthermore, the 
mRNA levels of IL6 and IL1B in PBMCs positively cor-
related with the NPM1 mRNA level (Figure 1L; Figure 
S2B). However, ARG1 (Arginase 1), a reparative marker 
of macrophage, was found to be negatively correlated 
with NPM1 mRNA expression (Figure S2C). Besides, 
we also analyzed the expression of several genes medi-
ating cardiac repair after MI, including GDF15 (growth 
differentiation factor 15), MERTK (myeloid-epithelial-
reproductive receptor tyrosine kinase), and MFGE8 (milk 
fat globule epidermal growth factor 8),25,26 and found 
that these 3 genes were also negatively correlated 
with NPM1 mRNA expression (Figure S2D through 
S2F). Next, we defined patients who had MI with NPM1 
expression levels greater than the median as the group 
of “>Median,” and those with NPM1 levels less than or 
equal to the median as the group of “≤Median.” Although 
IL-6 and IL-1β levels in plasma differed insignificantly 
between these 2 groups (Figure S2G), CRP levels in the 
>Median group were significantly higher than those in 
the ≤Median group (Figure 1M). These results suggest 
that NPM1 expression in PBMCs is related to excessive 
inflammatory responses after MI. On the other hand, the 
plasma levels of cardiac troponin I, CK-MB, and MB in 
the >Median group were also higher than those in the 
≤Median group (Figure 1N and 1O; Figure S2H). In addi-
tion, we reanalyzed the single-cell RNA-seq data (GEO 
data set GSE145154) from left ventricular tissues in 
ischemic lesions of patients with MI and nonfailing con-
trols. NPM1 was found to be upregulated in cardiac mac-
rophages of patients with ischemic heart diseases. This 
upregulation of NPM1 was accompanied by an increase 
in proinflammatory genes. In contrast, genes indicative 
of reparative phenotype and function were shown to be 
decreased (Figure S2I). Immunofluorescence assays 
provided evidence that NPM1 predominantly localized 
within the nucleus and exhibited upregulation specifically 
in cardiac macrophages after MI (Figure 1P and 1Q; 
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Figure 1. Upregulated NPM1 correlates with adverse prognostic indicators after MI.
A, Reanalysis of transcription factor expression in PBMCs from patients in the acute phase of MI and 1 year after MI (GEO data set 
GSE123342). *The gene with the highest log2FC. B and C, Reanalysis of NPM1 gene expression in left ventricle tissues from GEO data set 
GSE57338 (136 nonfailing donors and 95 ischemic heart disease donors; B) or in heart tissues from GSE120895 (8 nonfailing donors and 
47 dilated cardiomyopathy donors; C [Mann-Whitney U test]. D, Quantitative polymerase chain reaction analysis of NPM1 mRNA expression in 
PBMCs of patients with MI or healthy control (HC) individuals (n=7 per group; unpaired Student t test). E and F, Immunoblot analysis (E) and 
quantification (F) of NPM1 expression in PBMCs from patients with MI or healthy controls (n=5 per group; unpaired Student t test). G and H, 
Immunoblot analysis of NPM1 expression in PBMCs (G) or ischemic cardiac tissues (H) of mice after sham operation or indicated days after MI. 
I, Quantification of immunoblot band intensity in G (left) and H (right; n=4 per group; ANOVA followed by Bonferroni test). J and K, Correlation 
of NPM1 mRNA expression in PBMCs with BNP (J; n=43) or NT-proBNP (K; n=16) levels in plasma of patients with MI. Spearman correlation 
analysis for J, Pearson correlation analysis for K. L, Correlation between NPM1 and IL6 mRNA levels in PBMCs from patients with MI (n=49; 
Spearman correlation analysis). M through O, The level of CRP (M), cTnI (N), or CK-MB (O) in plasma of patients who have MI with (Continued )
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Figure S2J). Besides, quantitative assessment of Npm1 
mRNA level in isolated cardiomyocytes, cardiac macro-
phages, fibroblasts, and endothelial cells from mouse 
heart tissues validated the findings obtained from immu-
nofluorescence staining (Figure S2K). Taken together, 
these results demonstrate that the upregulated NPM1 in 
monocytes/macrophages has a strong correlation with 
inflammatory responses, cardiac injury, and heart failure 
after MI stress.

Macrophage-Specific NPM1 Deficiency 
Alleviates Cardiac Ischemic Injury and 
Dysfunction
Because NPM1 was predominantly upregulated in cardi-
ac macrophages, macrophage-specific NPM1-deficient 
mice (Npm1flox/floxLyz2-cre, termed Npm1-cKO) were 
generated by crossing Npm1flox/flox mice with Lyz2-cre 
mice to investigate the role of NPM1 in cardiac ischemic 
injury (Figure S3A). The remarkable reduction of NPM1 
mRNA and protein expression in Npm1-cKO mice was 
validated in both cardiac macrophages (Figure S3B and 
S3C) and bone marrow–derived macrophages (BMDMs) 
(Figure S3D) compared with Npm1flox/flox counterparts 
(termed WT mice). There was no remarkable difference 
in the shape and size of the bodies, spleen, thymus, or 
lymph nodes between WT and Npm1-cKO mice, with 
comparable body weights (Figure S3E through S3G). 
NPM1 deficiency had no influence on the development 
and differentiation of T cells in the thymus, spleen, and 
lymph nodes (Figure S3H). No difference was observed 
in the proportions of macrophages and monocytes from 
bone marrow and spleen between Npm1-cKO mice and 
WT mice (Figure S3I and S3J). NPM1 deficiency also 
had no remarkable effect on the in vitro differentiation of 
BMDMs (Figure S3K). In addition, there was no signifi-
cant difference in the indicators of cardiac structure and 
function between Npm1-cKO and WT mice under base-
line conditions (Figure S3L and S3M). Finally, Npm1-
cKO and WT mice with sham operations did not show 
any idiopathic myocardial infarction or fibrosis (Figure 
S3N and S3O).

After MI stress, macrophage-specific Npm1-cKO 
mice showed a higher survival rate than WT mice at day 
48 (Figure S4A). Furthermore, NPM1-deficient mice 
exhibited enhanced cardiac function, as evidenced by 
an increased left ventricular ejection fraction (Figure 2A 
through 2C) and fractional shortening (Figure 2D). 

The left ventricular volume and left ventricular internal 
diameter were decreased, whereas the thickness of the 
interventricular septum was increased in Npm1-cKO 
mice compared with WT mice post-MI (Figure 2E and 
2F; Figure S4B), indicating that NPM1-deficient mice 
had reduced left ventricular dilatation. Triphenyltetra-
zolium chloride staining showed a marked reduction of 
myocardial infarct area in NPM1-deficient mice at day 5 
after MI (Figure 2G). Masson trichrome staining revealed 
that NPM1-deficient mice showed the significantly 
decreased myocardial scar size, reduced ventricular dila-
tation, and increased interventricular septum thickness 
at day 24 after MI (Figure 2H). These data demonstrate 
that NPM1 deficiency in cardiac macrophages improves 
cardiac function, ameliorates myocardial ischemic injury, 
and suppresses myocardial fibrosis, in turn protecting 
against adverse cardiac remodeling and heart failure 
after MI.

Macrophage-Specific NPM1 Deficiency 
Promotes Postinfarction Cardiac Repair
Efficient cardiac repair after heart attack can prevent 
the progression to heart failure. We next explored the 
role of NPM1 in ischemic heart repair. As shown in Fig-
ure 3A, the amount of α-SMA (α-smooth muscle actin)-
positive profibrotic myofibroblasts was substantially 
reduced, whereas the density of microvessels and capil-
laries around infarcted lesions was markedly increased in 
macrophage-specific NPM1-deficient mice (Figure 3A 
and 3B). Furthermore, the expression levels of profibrot-
ic genes such as Col1a1 (Collagen type I alpha 1) and 
Acta2 (Actin alpha 2 smooth muscle) were significantly 
reduced, whereas the mRNA levels of angiogenic mol-
ecules such as Vegfa (Vascular endothelial growth factor 
A) were notably increased in cardiac tissues of Npm1-
cKO mice after MI (Figure 3C). NPM1 deficiency also 
inhibited the protein expression of Collagen-I, α-SMA, 
VEGFR2, and MFGE8 in ischemic heart tissues after MI 
(Figure 3D and Figure S5A). In addition, the apoptosis of 
cardiomyocytes around the ischemic lesions at day 3 af-
ter MI was alleviated by NPM1 deletion in macrophages 
(Figure S5B and S5C). These data indicate that NPM1 
deficiency enhanced angiogenesis and inhibited cardio-
myocyte apoptosis and excessive cardiac fibrosis.

We further observed the effect of NPM1 deficiency on 
inflammation resolution in cardiac tissue after MI. Immu-
nofluorescence staining did not show the difference  

Figure 1 Continued. an NPM1 level greater than the median compared with patients with an NPM1 level less than or equal to the median 
(n=12 per group for M; n=29 per group for N; n=17 for the >Median group and n=18 for the ≤Median group in O; Mann-Whitney U test). P, 
Immunofluorescence staining of NPM1 and F4/80 in heart tissues from WT mice after MI or with sham operation (scale bar=50 μm; n=5). 
Q, Quantification of NPM1+F4/80+ cells per field of images in P (n=5 mice per group; unpaired Student t test; **P<0.01; ***P<0.001). BNP 
indicates natriuretic peptide B; CK-MB, creatine kinase M-type; CRP, C-reactive protein; cTnI, cardiac troponin I; DAPI, 4ʹ,6-diamidino-2-
phenylindole; DCM, dilated cardiomyopathy; FC, fold change; ISCH, ischemic heart disease; MB, myoglobin; MI, myocardial infarction; NPM1, 
nucleophosmin 1; NT-proBNP, N-terminal pro B type natriuretic peptide; and PBMC, peripheral blood mononuclear cell. 
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of macrophage infiltration in heart tissues around the 
infarct lesions between WT and Npm1-cKO mice after 
MI (Figure S5D and S5E). Furthermore, the popula-
tions of infiltrated macrophages, neutrophils, and T cells 
in ischemic heart tissues of Npm1-cKO and WT mice 
at day 1 (Figure S5F) and day 3 (Figure S5G) after MI 
were comparable (Figure S5H), suggesting that NPM1 
deficiency did not affect the infiltration of immune cells. 
Nevertheless, the expression levels of proinflammatory 
genes (eg, Tnf, Il6, and Il1b) and characteristic genes of 
M1 macrophages (eg, Nos2 and Cd86) were significantly 
decreased in cardiac tissues of Npm1-cKO mice at day 
3 and day 5 after MI (Figure 3E; Figure S5I). In addi-
tion, NPM1 deficiency markedly upregulated the expres-
sion of characteristic genes of reparative macrophages 
including Arg1, Chil3 (chitinase-like 3), Mrc1 (mannose 
receptor C-type 1), Retnla (resistin-like alpha), and Il10 
in cardiac tissues at day 3 and day 5 after MI (Figure 3F; 
Figure S5J). Of note, some functional molecules that 
contributed to cardiac repair were markedly elevated 
in cardiac tissues of Npm1-cKO mice after MI, includ-
ing Mertk, Mfge8, Gdf15, Cnpy2 (Canopy FGF signaling 

regulator 2), and Tmsb4x (Thymosin beta 4 X-linked; Fig-
ure 3G).27,28 In contrast, NPM1 deficiency reduced the 
expression of genes such as Hpgd (hydroxyprostaglan-
din dehydrogenase 15) in cardiac tissues after infarc-
tion, which are detrimental to the repair of damaged 
tissues (Figure 3H).29 Consistent with the mRNA level, 
the plasma GDF15 level was also increased by NPM1 
deficiency (Figure 3I). NPM1 knockout increased the 
population of MFGE8-positive reparative macrophages 
in the ischemic cardiac tissues (Figure 3J). These results 
indicate that NPM1 deficiency facilitates inflammation 
resolution, enhances angiogenesis, and promotes tissue 
repair after heart attack by boosting the expression and 
secretion of reparative molecules.

NPM1 Deficiency Enhances Reparative 
Phenotype of Cardiac Macrophages
Reparative macrophages have been reported to protect 
hearts against ischemic injury and pathological fibrosis 
through producing various cardioprotective functional fac-
tors and promoting angiogenesis.26 We next investigated  

Figure 2. Macrophage-specific NPM1 deficiency ameliorates cardiac dysfunction and adverse remodeling.
A, Experimental design depicting analysis of TTC, Masson trichrome staining, and ultrasound at the indicated days in Npm1-cKO and WT control 
mice subjected to MI. B, Representative M-mode echocardiograms obtained from WT and Npm1-cKO mice at day 0 and day 24 after MI. C 
through F, Echocardiographic measurements of left ventricular ejection fraction (C), fractional shortening (D), systolic left ventricular volume (LV 
Vol-s; E), and systolic LV internal diameter (LVID-s; F) in WT and Npm1-cKO mice at the indicated days after MI or sham operation (n=11 per 
group; 2-way ANOVA followed by Bonferroni test). G, TTC staining of sequential cardiac sections from WT and Npm1-cKO mice at day 5 after MI 
and the quantified size of infarct area (n=5 per group; unpaired Student t test). Scale bar=2 mm. H, Masson trichrome staining of sequential heart 
sections from WT and Npm1-cKO mice at day 24 after MI, and the quantified size of fibrotic areas (n=5 per group; unpaired Student t test. Scale 
bar=1 mm. *P<0.05; **P<0.01; ***P<0.001. MI indicates myocardial infarction; NPM1, nucleophosmin 1; TTC, triphenyltetrazolium chloride; and 
WT, wild type.
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the effect of NPM1 on the phenotype and function of 
cardiac macrophages. F4/80+Ly6Clow macrophages 
with Arg1-positive expression were defined as repara-
tive macrophages. Immunofluorescence staining showed 
the markedly upregulated Arg1 expression in F4/80+ 
macrophages of ischemic cardiac tissue (Figure 4A and 

4B), and flow cytometry analysis showed the obviously 
increased proportion of F4/80+Ly6Clow reparative macro-
phages and the decreased proportion of F4/80+Ly6Chigh 
inflammatory macrophages in cardiac tissue from NPM1-
deficient mice at day 5 after MI (Figure 4C and 4D). 
Consistent with the expanded cell population of cardiac  

Figure 3. NPM1 deficiency in cardiac macrophages suppresses fibrotic reaction and facilitates angiogenesis and cardiac repair 
after MI.
A, Immunofluorescence staining of α-SMA and isolectin-B4 (IB4) in ischemic heart tissues of mice at day 24 after MI. Scale bar=50 μm. B, 
Quantitative data for the area/ROI of images in A (n=5 per group). C, The mRNA expression levels of genes associated with cardiac fibrosis and 
angiogenesis in ischemic heart tissues of WT and Npm1-cKO mice at day 14 after MI (n=5 per group). D, Immunoblot analysis of Collagen-I, 
α-SMA, VEGFR2, and MFGE8 protein levels in ischemic heart tissues of WT and Npm1-cKO mice at day 14 after MI (n=3 per group). E and 
F, The mRNA expression levels of genes indicative of proinflammatory (E) and reparative (F) phenotypes in ischemic heart tissues of WT and 
Npm1-cKO mice at day 3 after MI (n=5 per group). G and H, The mRNA expression levels of genes mediating (G) or impairing (H) myocardial 
repair in ischemic heart tissue of WT and Npm1-cKO mice at day 5 after MI (n=5/group). I, ELISA measurement of the plasma GDF-15 levels 
of WT and Npm1-cKO mice at day 5 post-MI (n=5/group). J, Immunofluorescence staining and quantification of the amounts of MFGE8+ 
macrophages in the cardiac tissues of WT and Npm1-cKO mice at day 5 after MI. Scale bar=50 μm. Unpaired Student t test for C through 
J. **P<0.01; ***P<0.001. ns indicates not significant. DAPI indicates 4ʹ,6-diamidino-2-phenylindole; GDF-15, growth differentiation factor 15; 
MFGE8, milk fat globule epidermal growth factor 8; NPM1, nucleophosmin 1; ROI, region of interest; α-SMA, α-smooth muscle actin; VEGFR2, 
vascular endothelial growth factor 2; and WT, wild type.
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Figure 4. NPM1 deficiency enhances reparative phenotype of cardiac macrophages.
A and B, Immunofluorescence staining (A) and quantification (B) for analyzing the amounts of reparative macrophages (F4/80+Arg1+) in the 
border zone of heart tissues from WT and Npm1-cKO mice at day 5 after MI. Scale bar=50 μm (n=5 per group; unpaired Student t test. C and D, 
Flow cytometry analyses (C) and quantification (D) of reparative macrophages (F4/80+Ly6Clow) in heart tissues from WT and Npm1-cKO mice at 
day 0 and day 5 after MI (n=5 per group; ANOVA followed by Bonferroni post hoc test). E, The mRNA expression levels of reparative phenotypic 
markers (top) and genes mediating cardiac repair (bottom) in cardiac macrophages isolated from heart tissues of WT and Npm1-cKO mice at 
day 5 after MI (n=5 per group; unpaired Student t test). F, Volcano plot from RNA-seq data of the expression of genes indicative of macrophage 
phenotypes and reparative function in cardiac macrophages isolated from WT and Npm1-cKO mice at day 5 after MI (n=4 per group). G, Simple 
linear regression analysis of the fibrotic proteins changed in cardiac tissues of patients with ischemic heart failure (data obtained from Barallobre-
Barreiro et al30) and the differentially expressed genes in cardiac macrophages from Npm1-cKO MI mice compared with WT MI mice. H, Flow 
cytometry analysis and quantification of CD206 expression in cardiac macrophages from WT and Npm1-cKO mice at day 5 after MI (n=5 per 
group; unpaired Student t test). I, Flow cytometry analysis and quantification of CD206 expression in BMDMs isolated from WT and Npm1-cKO 
mice followed by IL-4 stimulation for 24 hours (n=5 per group; unpaired Student t test). J, Immunoblot analysis and quantification of Arg1 protein 
level in WT and Npm1-cKO BMDMs stimulated with IL-4 for 24 hours (n=3 per group; ANOVA followed by Bonferroni test). Box-and-whisker 
plots: the box extends from the 25th to 75th percentiles; whiskers depict minimal to maximal values. **P<0.01; ***P<0.001. Arg1 indicates 
Arginase 1; BMDM, bone marrow–derived macrophage; Ctrl, control; DAPI, 4ʹ,6-diamidino-2-phenylindole; FC, fold change; HF, heart failure; IL-4, 
interleukin 4; MFI, mean fluorescence intensity; MI, myocardial infarction; NPM1, nucleophosmin 1; RNA-seq, RNA sequencing; and WT, wild type.
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reparative macrophages, the expression levels of multiple 
reparative and cardioprotective genes, including Arg1, 
Chil3, Gdf15, and Mertk, were significantly upregulated, 
whereas the expression levels of inflammation-related 
genes such as Nos2 and Il6 were downregulated in car-
diac macrophages isolated from Npm1-cKO mice after 
MI (Figure 4E; Figure S6A). RNA-seq analysis further 
consistently certified that a broad range of genes indica-
tive of reparative phenotype and function were markedly 
upregulated in cardiac macrophages isolated from heart 
tissues of Npm1-cKO mice compared with those from 
WT mice after MI, whereas the expression levels of multi-
ple inflammatory genes were inhibited in Npm1-cKO car-
diac macrophages (Figure 4F). Of note, the upregulated 
functional genes, such as Mertk, Cnpy2, Tmsb4x, Tfam 
(Transcription factor A mitochondrial), Neuregulin (Nrg), 
and Sirtuin (Sirt), have been reported to support the clear-
ance of damaged cells, reduce excessive inflammation 
and fibrosis, enhance neovascularization, improve mito-
chondrial function, and promote cardiomyocyte survival, 
ultimately facilitating the reparative process after MI.31–33 
These results indicate that NPM1-deficient cardiac mac-
rophages display the enhanced reparative phenotype and 
function without proinflammatory characteristics. Further-
more, a substantial decrease in the enrichment of gene 
sets associated with TGF-β (transforming growth factor 
β) signaling and extracellular matrix receptor interac-
tion pathway was observed in Npm1-cKO cardiac mac-
rophages (Figure S6B). The analysis of proteomic data 
from heart tissues of patients with ischemic or nonisch-
emic heart failure showed that a series of upregulated 
proteins in patients with ischemic heart failure emerged 
to be responsible for ischemia-induced extracellular ma-
trix generation and formation (Figure 4G).30 However, the 
upregulation of these extracellular matrix–related mol-
ecules in patients with ischemic heart failure was almost 
all reversed in Npm1-cKO cardiac macrophages (Fig-
ure 4G; Figure S6C). The changes of these molecules 
in these human proteomic data and our RNA-seq data 
of mouse cardiac macrophages were significantly nega-
tively correlated in the combined analysis, suggesting 
that NPM1-deficient cardiac macrophage–mediated tis-
sue repair prevents pathological myocardial fibrosis. Fur-
thermore, an apparent expansion of the regulatory T-cell 
population was observed in Npm1-cKO heart tissue at 
day 5 after MI, suggesting that another protective func-
tion exists in NPM1-deficient reparative macrophages 
(Figure S6D). The representative phenotype markers 
of reparative macrophages, CD206 and Arg1, were not 
only upregulated in cardiac macrophages isolated from 
Npm1-cKO mice after MI (Figure 4H), but also increased 
in NPM1-deficient BMDMs treated with IL-4 (interleukin 
4; Figure 4I and 4J). Taken together, these data indicate 
that NPM1 deficiency polarizes cardiac macrophages to 
the reparative phenotype and strengthens their tissue re-
pair capabilities.

NPM1 Deficiency Facilitates OXPHOS 
Remodeling of Reparative Macrophages 
Through the mTOR Pathway
A recent study found that NPM1 could regulate the 
effector capacity of macrophages through mediating  
ribosome dysregulation.34 Therefore, we silenced the 
NPM1-interacting rRNA 2ʹ-O-methyltransferase FBL (fi-
brillarin) to investigate whether NPM1 regulated reparative 
cardiac macrophage function through 2ʹ-O-methylation. 
However, FBL silencing had no effect on NPM1 defi-
ciency–induced upregulation of reparative phenotypic 
markers in macrophages, including Arg1 and Mrc1 (Figure 
S7A), excluding the possibility that FBL-mediated 2ʹ-O-
methylation and ribosome dysfunction are involved in 
NPM1-mediated function regulation of reparative cardiac 
macrophages. Cellular metabolism, especially OXPHOS, 
has been reported to support the reparative function of 
macrophages in various ischemic and tissue injury diseas-
es. Next, we investigated whether metabolism reprogram-
ming was involved in the phenotypic transition of cardiac 
macrophages mediated by NPM1 deficiency. Metabolic 
flux assay exhibited the boosted basal oxygen consump-
tion rate and maximum respiratory capacity in both rest-
ing and IL-4–activated NPM1-deficient macrophages  
(Figure 5A). Nevertheless, the significantly reduced basal 
extracellular acidification rate and maximal glycolysis ca-
pacity were found in NPM1-deficient macrophages com-
pared with WT cells (Figure 5B). As identified by targeted 
central carbon metabolomic profiling, several metabolites 
of the top 20 differentially expressed metabolites were 
involved in the tricarboxylic acid (TCA) cycle (Figure 5C). 
The TCA cycle also enriched the most abundant differential 
metabolites (Figure 5D). Besides, most of the metabolites 
involved in the TCA cycle were upregulated, whereas suc-
cinic acid, a metabolite that promotes inflammation, was 
decreased in NPM1-deficient macrophages (Figure 5E). 
The data from α-ketoglutaric acid, succinic acid, and citric 
acid assays were consistent with the metabolomic profil-
ing and showed that the α-ketoglutaric acid/succinic acid 
ratio was increased in Npm1-cKO macrophages, which 
was previously proved to be a characteristic of reparative 
phenotypic transition (Figure S7B). In addition, the expres-
sion levels of enzymes, including Pdha1 (pyruvate dehy-
drogenase E1 alpha 1), Idh1 (isocitrate dehydrogenase 
1), and Sdhd (succinate dehydrogenase complex subunit 
D), which participate in regulating the TCA cycle, were in-
creased in IL-4–treated Npm1-cKO macrophages, com-
pared with the WT group (Figure S7C). Consistent with 
the strengthened TCA cycle, the genes involved in the 
electron transport chain complex I to V were upregulated 
in NPM1-deficient cardiac macrophages isolated from the 
mouse heart at day 5 after MI (Figure 5F; Figure S7D). 
These results demonstrate that mitochondrial OXPHOS 
is enhanced, whereas aerobic glycolysis is inhibited in 
NPM1-deficient macrophages.
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Figure 5. NPM1 deficiency promotes oxidative phosphorylation reprogramming of reparative macrophages through the mTOR 
pathway.
A, Summarized OCR tracing, basal OCR, and maximal respiratory capacity in Npm1-cKO and WT BMDMs stimulated with IL-4 for 24 hours 
or left untreated. B, Summarized ECAR tracing, basal ECAR, and maximal ECAR in Npm1-cKO and WT BMDMs stimulated with IL-4 for 24 
hours or left untreated (n=10 per group; 2-way ANOVA followed by Bonferroni test). C, Heatmap depicted the top 20 differential metabolites 
in IL-4–stimulated Npm1-cKO BMDMs compared with WT BMDMs (n=8 per group). D, Chordal graph revealed the pathway enrichment of 
differential metabolites, as identified by metabolome profiling, in IL-4–stimulated Npm1-cKO BMDMs compared with WT BMDMs. AcoA indicates 
cis-aconitic acid; ADP, adenosine 5ʹ-diphosphate; ATP, adenosine 5ʹ-triphosphate; c-AMP, cyclic adenosine monophosphate; CiA, citric acid; 
DHP, dihydroxyacetone phosphate; E-4-P, erythrose 4-phosphate; F-6-P, fructose 6-phosphate; F-1,6-P, fructose 1,6-bisphosphate. FAD, flavin 
adenine dinucleotide; FMN, flavin mononucleotide; FuA, fumaric acid; G-1-P, glucose 1-phosphate; G-3-P, glycerol 3-phosphate; G-6-P, glucose 
6-phosphate; GDP, guanosine 5ʹ-diphosphate; GeA, glyceric acid; GoA, glyoxylic acid; GTP, guanosine 5ʹ-triphosphate; GxA, glyoxylic acid; HgA, 
homogentisic acid; 4-HppA, 4-hydroxyphenylpyruvic acid; α-KG, α-ketoglutaric acid; α-KI, α-ketoisovaleric acid; LA, lactic acid; M-6-P, mannose 
6-phosphate; MaA, malic acid; MMA, methylmalonic acid; 3-PgA, 3-phosphoglyceric acid; PppA, phosphoenolpyruvic acid; PyA, pyruvic acid; 
R-5-P, ribose 5-phosphate; S-7-P, sedoheptulose 7-phosphate; and SuA, succinic acid. E, The volcano plot displayed the (Continued )
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We further treated BMDMs with OXPHOS inhibitors, 
oligomycin and carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone to observe the expression change of 
characteristic genes in IL-4–treated reparative mac-
rophages. The reversion of increased reparative gene 
expression mediated by oligomycin and carbonyl cya-
nide 4-(trifluoromethoxy) phenylhydrazone validated 
the necessity of the boosted OXPHOS metabolism 
reprogramming for NPM1 deficiency–mediated tran-
sition toward reparative phenotype in macrophages 
(Figure 5G). The mTOR pathway is one of key signal-
ing pathways influencing energy metabolism.35,36 Immu-
noblot assay showed that the phosphorylation levels of 
mTOR, p70S6K, and S6 proteins were suppressed in 
Npm1-cKO BMDMs (Figure 5H). Overall, these findings 
indicate that NPM1 deficiency shifts metabolic status 
from glycolysis to OXPHOS by inhibiting mTOR signal-
ing, which is required for the polarization of macrophages 
toward a reparative phenotype.

NPM1 Targets TSC1 to Polarize the Phenotype 
of Cardiac Macrophages
We then sought to identify the direct target gene by which 
NPM1 modulated the activation of mTOR pathway. As 
indicated by RNA-seq and quantitative polymerase chain 
reaction analysis data of cardiac macrophages isolated 
from Npm1-cKO mice and WT mice at day 3 after MI, 
TSC1, a crucial suppressor of mTOR pathway, was the 
most upregulated gene among all the genes involved in 
the mTOR pathway (Figure 6A and 6B). The protein and 
mRNA levels of TSC1 were also raised in Npm1-cKO 
BMDMs, compared with WT BMDMs, after IL-4 treat-
ment (Figure 6C and 6D). Furthermore, TSC1 silencing 
could reverse the upregulated expression of reparative 
markers, including Arg1, Mrc1, Chil3, and Retnla, induced 
by IL-4 in Npm1-cKO BMDMs (Figure 6E and 6F), in-
dicating that TSC1 was essential for NPM1-mediated 
phenotypic transition of macrophages.

Considering the established role of NPM1 as a tran-
scription regulator, we proposed that NPM1 may bind 
to Tsc1 promoter for transcription regulation. We vali-
dated the homology of the TSC1 promoter among Homo 
sapiens, Mus musculus, and other mammalian animals. 
The similarity between H sapiens and M musculus was 
mostly >70% (Figure S8A). The published assay for  

transposase-accessible chromatin using sequencing 
data (GSM2867759) was used to identify the open chro-
matin regions of Tsc1 promoter in BMDMs (Figure 6G).37 
Cut&Tag analysis in primary cardiac macrophages found 
that the binding site of NPM1 was located between 
–260 bp and +220 bp in the accessible region of Tsc1 
promoter, and the enrichment of NPM1 to Tsc1 promoter 
was significantly increased in cardiac macrophages from 
infarcted hearts (Figure 6G). The analysis results of the 
published ChIP-seq data about histone methylation or 
acetylation in BMDMs showed that only the specific peak 
of H3K4me3 but not H3K27me3 existed at the binding 
site of NPM1 in Tsc1 promoter, which was compatible 
with the open chromatin region of Tsc1 promoter dis-
played in the assay for transposase-accessible chromatin 
using sequencing results (Figure 6G).38–40 The enhanced 
specific binding of NPM1 to Tsc1 promoter induced 
by IL-4 in BMDMs was indicated by Cut&Tag analysis 
(Figure 6G). In addition, the data from ChIP-quantitative 
polymerase chain reaction using the fragments of Tsc1 
promoter confirmed that the NPM1 binding site on Tsc1 
promoter was situated between –260 bp and +220 bp 
(Figure 6H). In addition, NPM1 did not bind the promot-
ers of other potential target genes, including Tsc2, Arg1, 
and Mrc1 (Figure S8B). All together, these data indicate 
that NPM1 can specifically bind to Tsc1 promoter and 
suppress Tsc1 expression, thereby enhancing mTOR 
pathway activation in macrophages.

Oligomeric NPM1 Recruits KDM5b to Restrain 
the H3K4me3 Modification and Transcription of 
TSC1
Next, we investigated whether NPM1 regulated histone 
modifications to control Tsc1 transcription. Cut&Tag as-
say found that histone H3K4me3 level was markedly 
increased by NPM1 deficiency in post-MI cardiac mac-
rophages and in IL-4–activated BMDMs (Figure 7A), 
which was verified in Npm1-cKO BMDMs treated with 
IL-4 through ChIP-quantitative polymerase chain reac-
tion (Figure 7B). However, NPM1 did not affect histone 
H3K9me3 or H3K27me3 methylation modification at 
the Tsc1 promoter (Figure S9A). Because NPM1 had no 
histone demethylation activity, we proposed that it might 
recruit a histone demethylase. The KDM5 family mem-
bers and KDM2b have been demonstrated to regulate 

Figure 5 Continued. magnitude and significance of altered metabolites associated with TCA cycle in IL-4–treated Npm1-cKO BMDMs 
compared with WT BMDMs. F, Heatmap from RNA-seq data of genes related to mitochondrial electron transfer chain complexes in cardiac 
macrophages isolated from WT and Npm1-cKO mice at day 5 post-MI (n=4 per group). G, The mRNA expression levels of genes indicative of 
reparative phenotype in Npm1-cKO and WT BMDMs left untreated or treated with IL-4 alone, the combination of IL-4 and OM, or the combination 
of IL-4 and FCCP (n=5 per group; 2-way ANOVA followed by Bonferroni test). H, Immunoblot analysis of phosphorylated (p)-mTOR, total-mTOR, 
p-P70S6K, total-P70S6K, p-S6 protein, and total-S6 protein levels in Npm1-cKO and WT BMDMs with or without IL-4 stimulation. **P<0.01; 
***P<0.001. BMDM indicates bone marrow–derived macrophage; Ctrl, control; 2-DG, 2-deoxy-d-glucose; ECAR, extracellular acidification rate; 
FC, fold change; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; IL-4, interleukin 4; mTOR, mechanistic target of rapamycin kinase; 
NPM1, nucleophosmin 1; OCR, oxygen consumption rate; OM, oligomycin; TCA, tricarboxlic acid; and WT, wild type.
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Figure 6. NPM1 targets TSC1 to mediate phenotypic transition of cardiac macrophages.
A, Heatmap of differentially expressed genes in the mTOR signaling pathway, identified by RNA sequencing of cardiac macrophages isolated 
from Npm1-cKO and WT mice at day 3 after MI (n=4 per group). B, The mRNA expression levels of genes in the mTOR signaling pathway 
detected by quantitative polymerase chain reaction in cardiac macrophages isolated from Npm1-cKO and WT mice at day 3 after MI (n=5 per 
group; unpaired Student t test). C and D, Immunoblot analysis of TSC1 protein level (n=3 per group) or quantitative polymerase chain reaction 
analysis of Tsc1 mRNA level (n=10 per group) in Npm1-cKO and WT BMDMs treated with IL-4 for 24 hours or left untreated (ANOVA followed 
by Bonferroni test). E, Immunoblot analysis of TSC1 and Arg1 protein levels in Npm1-cKO and WT BMDMs transfected with siRNA targeting 
Tsc1 (si-TSC1) or negative control siRNA (si-NC) followed by IL-4 treatment for 24 hours. F, Quantitative polymerase chain reaction analysis of 
mRNA levels of Tsc1 and other genes indicative of reparative phenotype in Npm1-cKO and WT BMDMs transfected as in E followed by IL-4 
treatment for 24 hours (n=5 per group; ANOVA followed by Bonferroni test). G, Integrative Genomics Viewer analysis of NPM1 binding signal 
in the gene locus of Tsc1. Cut&Tag assays for NPM1 binding were performed in cardiac macrophages from mice with sham operation or at day 
3 after MI and in WT mouse BMDMs with IL-4 treatment for 0 or 12 hours. Integrative Genomics Viewer analysis of assay for transposase-
accessible chromatin using sequencing (GSM2867759), H3K4me3 (GSM1692805), H3K27me3 (GSM1692804), and H3K27AC (Continued )
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the H3K4me3 modification.41 The published single-cell 
sequencing dataset (GSE247139) of cardiac tissues 
from mice subjected to sham operation and MI revealed 
significant changes in the expression levels of KDM5 
family and KDM2b in CD68+ cardiac macrophages after 
ischemic injury (Figure S9B). Besides, the immunopre-
cipitation assay indicated that KDM5b but not KDM5a, 
KDM5c, KDM5d, or KDM2b could interact with NPM1 
in both HEK293T cells and macrophages, and this bind-
ing was considerably enhanced after IL-4 treatment (Fig-
ure 7C; Figure S9C and S9D). The recruitment of KDM5b 
to Tsc1 promoter was severely impaired in Npm1-cKO 
BMDMs (Figure 7D). Furthermore, NPM1 deficiency did 
not markedly affect the genome-wide chromatin binding 
of KDM5b (Figure S9E). This infers that NPM1 can in-
teract with KDM5b in a gene-specific manner. In addi-
tion, the Re-ChIP assay showed that NPM1 and KDM5b 
formed a protein complex to bind Tsc1 promoter in IL-4–
activated BMDMs (Figure 7E). Although earlier studies 
have shown that KDM5b, a H3K4me3 demethylase, can 
influence transcriptional initiation, elongation, and RNA 
splicing,42 our data did not show any significant alteration 
in a variety of alternative splicing events, implying that 
NPM1 did not affect global alternative splicing (Figure 
S9F). In addition, NPM1 did not influence the alternative 
splicing of Tsc1 before mRNA (Table S2). Corroborat-
ing with the previous study, we observed the elevated 
enrichments of both total RNA polymerase II and ser-
ine 2 phosphorylated RNA polymerase II near the tran-
scription start site of Tsc1 in Npm1-cKO macrophages  
compared with WT macrophages, which indicated a sig-
nificant enhancement of transcriptional elongation (Fig-
ure S9G).42 To elucidate the functional domain that me-
diated the interaction of NPM1 with KDM5b, different 
mutants with functional domain deletions were generated 
to perform co-immunoprecipitation assays (Figure 7F). 
NPM1 contains the oligomerization domain, acid do-
main, and RNA binding domain. The interaction between 
NPM1 and KDM5b was blocked by deletion of the oligo-
merization domain of NPM1 or by deletion of the JmjC 
demethylase activity domain of KDM5b (Figure 7G). IL-4 
treatment did not change NPM1 expression or influence 
its nuclear location (Figure S9H). Oligomer formation 
was demonstrated to increase the biological activity of 
NPM1.43 IL-4 was able to induce NPM1 oligomeriza-
tion in macrophages, which was disrupted by treatment 
with NSC348884, the inhibitor of NPM1 oligomerization 
(Figure 7H). Furthermore, the NPM1-mediated KDM5b 
recruitment to Tsc1 promoter was impaired and the H3K-

4me3 level at Tsc1 promoter was elevated in IL-4–acti-
vated macrophages treated with NSC348884 (Figure 7I 
and 7J). In addition, NPM1 deletion did not influence the 
phosphorylation or expression level of STAT6 in IL-4–
treated macrophages (Figure S9I). These data indicate 
that IL-4–induced oligomeric NPM1 recruits KDM5b to 
form an epigenetic complex at Tsc1 promoter and medi-
ates the erasing of H3K4me3 modification, thereby sup-
pressing Tsc1 gene transcription.

Loss of Function of NPM1 Improves Tissue 
Repair and Cardiac Function After MI
The in vivo therapeutic benefit of targeting NPM1 for MI 
was then explored. The in vivo administration of NPM1 
inhibitor NSC348884 in MI model mice improved car-
diac function with the increased ejection fraction and 
fractional shortening, whereas it had no effect on car-
diac function in mice with sham operation (Figure S10A 
through S10C). Moreover, NSC348884 ameliorated ad-
verse cardiac remodeling with the decreased left ven-
tricular volume, left ventricular internal diameter, and left 
ventricular posterior wall after MI (Figure S10D). The fi-
brosis area in heart tissue after MI was also attenuated 
in mice given NSC348884 (Figure S10E). Consistent 
with the results in Npm1-cKO mice, the levels of various 
genes indicative of the reparative macrophage pheno-
type, cardiac repair, and angiogenesis were significantly 
increased, whereas the expression of fibrotic genes was 
markedly reduced in the cardiac tissue of mice given 
NSC348884 (Figure S10F and S10G).

ASO, a short strand of deoxyribonucleotide analogue, 
has been found to recruit ribonuclease H to cleave the 
target mRNA and inhibit mRNA translation.44 ASO was 
in vivo applied to treat MI-induced cardiac fibrosis.45 Two 
types of ASOs, ASO1 and ASO2, with modifications spe-
cifically targeting NPM1 both could markedly decrease 
mRNA and protein levels of NPM1 in macrophages (Fig-
ure 8A, Figure S11A). The mRNA and protein expression 
levels of TSC1 and reparative phenotype genes such as 
Arg1 and Mrc1 were significantly upregulated in IL-4–
activated BMDMs after transfection with either type of 
ASO (Figure 8A and 8B). The in vivo administration of 
ASO1 had notably beneficial effects on MI-induced car-
diac dysfunction, as reflected by the increased ejection 
fraction and fractional shortening (Figure 8C through 
8E), and the ameliorated indicators of adverse cardiac 
remodeling, including left ventricular volume, left ven-
tricular internal diameter, interventricular septum, and 

Figure 6 Continued. signal (GSM2060963) in WT mouse BMDMs in the gene locus of Tsc1. H, Chromatin immunoprecipitation followed by 
quantitative polymerase chain reaction analysis of NPM1 enrichment at the promoter of Tsc1 in WT BMDMs treated with IL-4 for 24 hours or left 
untreated (n=3 per group; Student t test). *P<0.05; **P<0.01; ***P<0.001. Arg1 indicates Arginase 1; ATAC, transposase-accessible chromatin 
using sequencing; BMDM, bone marrow–derived macrophage; Ctrl, control; IL-4, interleukin 4; MI, myocardial infarction; mTOR, mechanistic 
targets of rapamycin kinase; NPM1, nucleophosmin 1; ns, not significant; si-, small interfering; TSC1, TSC complex subunit 1; Tss, transcription 
start site; and WT, wild type.
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Figure 7. Oligomeric NPM1 inhibits TSC1 expression through recruitment of KDM5b to reduce H3K4me3 modification level of 
Tsc1 promoter.
A, Integrative Genomics Viewer analysis of H3K4me3 signal in the gene locus of Tsc1. Cut&Tag assays for H3K4me3 levels were performed 
in cardiac macrophages at day 3 after MI and BMDMs treated with IL-4 for 12 hours from WT and Npm1-cKO mice. B, ChIP-qPCR analysis of 
H3K4me3 levels at the promoter of Tsc1 in Npm1-cKO and WT BMDMs with IL-4 stimulation (n=3 per group; Student t test). C, Immunoblot 
analysis of NPM1 and KDM5b in protein complexes immunoprecipitated with anti-NPM1 or anti-KDM5b antibody from lysates of WT BMDMs 
with or without IL-4 stimulation. D, ChIP-qPCR analysis of KDM5b enrichment at Tsc1 promoter in Npm1-cKO and WT BMDMs with IL-4 
stimulation (n=3 per group; Student t test). E, Re-ChIP-PCR assay of KDM5B-NPM1 interaction at the Tsc1 promoter in BMDMs (Continued )
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left ventricular posterior wall (Figure S11B and S11C). 
A remarkable reduction in fibrosis area was also found in 
the heart tissue of mice given ASO1 after MI (Figure 8F). 
In addition, ASO1 administration significantly upregu-
lated the expression levels of genes indicative of the 
reparative phenotype, cardiac repair, and angiogenesis 
function, while inhibiting the expression of fibrotic genes 
in cardiac tissue after infarction (Figure 8G and 8H). A 
noticeably increased capillary density and reduced myo-
fibroblast amount were consistently observed in cardiac 
tissue of mice given ASO1 after MI (Figure 8I). These 
results demonstrate that the in vivo loss of function of 
NPM1 mediated by specific inhibitor and ASO admin-
istration can improve cardiac dysfunction and alleviate 
adverse cardiac remodeling after MI by boosting the tis-
sue repair capacity of cardiac macrophages.

In summary, our finding provides evidence that NPM1 
recruits histone demethylase KDM5b to Tsc1 promoter 
for erasing H3K4me3 modification on ischemic stress, 
then inhibits TSC1 expression and enhances mTOR sig-
naling activation, which blunts cardiac repair mediated by 
macrophages (Figure S12). Loss of function of NPM1 
might be one potential way to ameliorate cardiac isch-
emic injury and promote tissue repair after heart attack.

DISCUSSION
Cardiac macrophages are indispensable to modulate lo-
cal immune responses in heart tissue after MI. The tran-
sition of cardiac macrophages to reparative phenotype 
determines the resolution of inflammatory responses and 
efficient tissue repair postinfarction.46 Although genetic 
mutation of NPM1 has been implicated in the pathogen-
esis of acute myeloid leukemia and certain solid tumors, 
its involvement in cardiovascular diseases is not well 
established.15 A previous study found that NPM1 pro-
moted atherosclerosis by inducing vascular inflammation 
and endothelial dysfunction through the NF-κB (nuclear 
factor-κB) signaling pathway.47 Our study identifies the 
key role of NPM1 in controlling an inflammatory pheno-
type of cardiac macrophages to antagonize cardiac repair 
after MI. Macrophage-specific deletion of NPM1 could 
promote cardiac tissue repair and ameliorate cardiac dys-
function and adverse remodeling after MI. The inhibited 

mTOR pathway mediated by the upregulated TSC1 shift-
ed cardiac macrophages toward OXPHOS metabolism 
under NPM1 deficiency, which facilitated the reparative 
phenotype during ischemic tissue repair. This study pro-
vides evidence that the epigenetic machinery mediated 
by interaction between NPM1 and KDM5b orchestrates 
cardiac macrophage phenotypic transition and postin-
farction tissue repair through metabolic reprogramming.

Increased evidence has revealed the importance of 
the reparative subpopulation of cardiac macrophages in 
postinfarct wound healing.46 The phenotypes of cardiac 
macrophages largely determine their functional charac-
teristics. At first, our findings exhibited that macrophage- 
specific deletion of NPM1 considerably amplified the 
reparative subpopulation of cardiac macrophages in 
ischemic heart tissues, as measured by widely acknowl-
edged markers of reparative macrophages: Arg1+, Ly6Clow

, 
and CD206+.48,49 Nevertheless, function maturation of  
cardiac-repair macrophages also relies on the expression 
of effector molecules.50 For instance, MerTK is essential 
for cardiac macrophages to conduct their repair effect,51 
and MFGE8 coordinates with MerTK to favor VEGFA 
secretion and local healing after infarction.26 Moreover, the 
secreted angiogenic growth factors GDF15 and CNPY2 
facilitate cell proliferation and tissue repair after MI.51 
Tmsb4x provides cardiomyocytes with a permissive envi-
ronment for regeneration and improves blood supply to 
ischemic lesions.28 On the basis of these previous findings, 
our study demonstrates that the macrophage-specific 
knockout or pharmacological inhibition of NPM1 markedly 
increases the expression of a wide range of reparative 
molecules, including MerTK, MFGE8, GDF15, CNPY2, 
and Tmsb4x, in cardiac macrophages to facilitate cardiac 
repair. These functional molecules may protect cardiomyo-
cytes from ischemia and inflammation-induced apoptosis 
and enhance their survival by generating a favorable envi-
ronment with improved blood supply and reduced harmful 
factors. These reparative molecules simultaneously limit 
excessive fibrosis and adverse remodeling. These findings 
highlight a potential therapeutic strategy for enhancing 
cardiac recovery through facilitating reparative macro-
phages mediated by NPM1 inhibition.

Forceful OXPHOS is capable of driving proinflamma-
tory macrophages to adopt a reparative phenotype.52 Our 

Figure 7 Continued. stimulated with IL-4 for 24 hours. First-round ChIP (first antibody) was performed with anti-NPM1 antibody or IgG. Eluted 
samples were subjected to second-round ChIP (second antibody). Line 5 was the input. F, Schematic diagram of V5-tagged WT NPM1 plasmid 
and mutants with deletion of the oligomerization domain (ΔO), the acid domain (ΔA), or the RNA binding domain (ΔR). Schematic diagram 
of Flag-tagged WT KDM5b plasmid and mutant with deletion of the JmjC domain (ΔJmjC). G, HEK293T cells were cotransfected with the 
Flag-tagged WT KDM5b (Flag-KDM5b-WT), V5-tagged WT NPM1 (V5-NPM1-WT), or the indicated mutants followed by immunoprecipitation 
with anti-Flag antibody (left) or anti-V5 antibody (right) and immunoblot analysis with anti-V5 antibody or anti-Flag antibody. H, Immunoblot 
analysis of NPM1 oligomerization in BMDMs treated with IL-4 alone or a combination of IL-4 and NSC348884. I and J, ChIP-qPCR analysis 
of KDM5b enrichment (I) or H3K4me3 modification (J) at Tsc1 promoter in IL-4–stimulated WT BMDMs treated with DMSO or NSC348884 
(n=3 per group; Student t test). *P <0.05; **P <0.01; ***P <0.001. Ab indicates antibody; BMDM, bone marrow–derived macrophage; ChIP-qPCR, 
chromatin immunoprecipitation followed by quantitative polymerase chain reaction; CTRL, control; DMSO, dimethyl sulfoxide; IB, immunoblot; IgG, 
immunoglobulin; IL-4, interleukin 4; IP, immunoprecipitation; MI, myocardial infarction; NPM1, nucleophosmin 1; TSC1, TSC complex subunit 1; 
and WT, wild type.
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Figure 8. ASO targeting NPM1 improves tissue repair and cardiac function after MI.
A, The mRNA expression levels of Npm1, Tsc1, and genes indicative of reparative phenotype in WT bone marrow–derived macrophages without 
transfection (PBS) or transfected with ASO control (ASO-NC), ASO1, or ASO2, and then stimulated with IL-4 for 24 hours (n=5 per group; 
ANOVA followed by Bonferroni test). B, Immunoblot analysis of NPM1, TSC1, and Arg1 protein levels in WT bone marrow–derived macrophages 
transfected with ASO-NC, ASO1, or ASO2 followed by stimulation with IL-4 for 24 hours. C, Representative echocardiograms obtained from WT 
mice given ASO-NC or ASO1 at day 0 and day 14 after MI. D and E, Echocardiographic measurements of left ventricular ejection fraction (D) 
and fractional shortening (E) of WT mice given ASO-NC or ASO1 as in C at the indicated day after MI (n=8 per group; 2-way ANOVA followed 
by Bonferroni test). F, Masson trichrome staining of heart sections from WT mice given ASO-NC or ASO1 at day 14 after MI and quantification 
of fibrotic area (n=5 per group; unpaired Student t test). Scale bar=1 mm. G, The mRNA expression levels of genes indicative of reparative 
macrophage phenotype in ischemic cardiac tissues of WT mice given ASO-NC or ASO1 at day 5 after MI (n=5 per group; unpaired Student 
t test). H, The mRNA expression levels of genes mediating cardiac repair, angiogenesis, and fibrosis in ischemic cardiac tissues of WT mice 
given ASO-NC or ASO1 at day 5 (for cardiac repair–related genes) or 14 (for angiogenic and fibrotic genes) after MI (n=5 per group; unpaired 
Student t test). I, Immunofluorescence staining of IB4 and α-SMA expression in the border zone of heart tissues from WT mice given ASO-NC 
or ASO1 at day 14 after MI. Scale bar=50 μm (n=5 per group; unpaired Student t test). *P<0.05; **P<0.01; ***P<0.001. ASO indicates antisense 
oligonucleotide; DAPI, 4ʹ,6-diamidino-2-phenylindole; IB4, isolectin-B4; MI, myocardial infarction; NPM1, nucleophosmin 1; PBS, phosphate 
buffered saline; ROI, region of interest; α-SMA, α-smooth muscle actin; TSC1, TSC complex subunit 1; and WT, wild type.
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experiments demonstrate that NPM1 deletion coordinates 
cellular OXPHOS metabolism of cardiac macrophages 
and the conversion to reparative phenotype. The meta-
bolic profiling results indicate that NPM1 deficiency leads 
to reduced amounts of citrate and succinate, 2 remark-
able inducible metabolites during the HIF-1α–mediated 
Warburg effect. This metabolic adaptation to aerobic 
glycolysis contributes to the NF-κB–dependent inflam-
matory cytokine production and M1-like effector shift in 
macrophages.53 Furthermore, NPM1 deficiency facilitates 
the introduction of pyruvic acid into the TCA cycle, as 
evidenced by the reduction of lactic acid and the eleva-
tion of other TCA intermediates. Unlike proinflammatory 
macrophages, NPM1-deficient macrophages increase 
the conversion of isocitrate to α-ketoglutaric acid, indi-
cating intensified glutamine catabolism and macrophage 
alternative activation.54 Nonetheless, our findings outline 
a novel landscape of intermediate metabolite alteration in 
the TCA cycle during the reparative phenotypic transition 
of cardiac macrophages, which was previously controlled 
by NPM1. In sum, NPM1 disturbs macrophage alterna-
tive activation through impeding oxidative mitochondrial 
respiration and rewiring metabolic patterns.

Previous studies have established a link between epi-
genetic modifications and cellular metabolism mediated by 
the mTORC1 (rapamycin complex 1) signaling pathway.55 
Recent evidence implies that TSC1, a critical negative 
regulator of the mTOR complex, modulates bioenergetic 
metabolism by orchestrating the mTOR signaling cas-
cades.56 Here, we discover that NPM1 directly binds to 
Tsc1 promoter and inhibits its transcription and expres-
sion. NPM1 acts as an epigenetic factor to target Tsc1 
gene and recruit histone demethylase KDM5b, forming 
an inhibitory epigenetic complex and erasing H3K4me3 
level at Tsc1 promoter, finally inhibiting reparative transi-
tion through the mTOR pathway. Although IL-4–induced 
phosphorylated STAT6 has been reported to enhance the 
expression of most reparative phenotypic markers, includ-
ing Arg1, it turns out that the NPM1/TSC1 pathway and 
STAT6 mediate the effects of IL-4 independently.57 Our 
results indicate an alternative epigenetic mechanism by 
which IL-4 regulates the macrophage phenotype. In addi-
tion, some observations suggest that oligomer formation 
of NPM1 is essential for its biological functions, particu-
larly its histone chaperone activity.43 Our results consis-
tently validate that the oligomerization domain of NPM1 is 
necessary to the interaction with KDM5b and its biologi-
cal function in impairing cardiac repair. Overall, this work 
provides insight into the interplay between epigenetic 
regulation and metabolic programming. By controlling the 
transcription of TSC1 and orchestrating metabolic sta-
tus, NPM1 functions as a “molecular switch” in macro-
phage phenotype transition through repressing OXPHOS 
remodeling to compromise postinfarction cardiac repair.

Last but not least, our investigation provides a poten-
tial therapeutic strategy with ASOs targeting NPM1 for 

improving cardiac dysfunction and alleviating adverse 
cardiac remodeling after MI. ASOs, which bind and 
cleave target RNAs, are capable of impeding protein 
expression without genetic modification.58 ASOs have 
gained attraction due to their reduced susceptibility to 
nuclease degradation, prolonged plasma stability, and 
higher cell-uptake affinity compared with small interfer-
ing RNAs.59 Although ASOs have been widely used in 
clinical trials, only a handful of ASOs have been autho-
rized for cardiovascular diseases, and they are scarcely 
used for treating ischemic heart disease.60 Our study pro-
vides evidence that ASOs targeting NPM1 are effective 
in promoting cardiac functional recovery by boosting the 
tissue repair capacity of cardiac macrophages, implying 
that specific ASOs hold promise as a clinical immuno-
modulation treatment for ischemic heart diseases.

In summary, our study uncovers the key role of NPM1 
in antagonizing tissue repair and preservation of cardiac 
function after MI through the crosstalk between epigen-
etic regulation and metabolic programming and highlights 
novel pathogenic mechanisms in ischemic tissue injury and 
cardiac maladaptive remodeling, which presents a promis-
ing target for the treatment of ischemic heart attack.

Limitations of This Study
There are several limitations that should be considered in 
this study. First, although the Lyz2-cre strain is highly effi-
cient in manipulating macrophages, it is not a very specific 
marker for them. The genetic deletion may potentially af-
fect the population of neutrophils and dendritic cells. For 
enhanced specificity, usage of F4/80-cre can be consid-
ered in future research. Second, although this study dem-
onstrates the cardioprotective effects of the functional loss 
of NPM1 in the MI model, it should be acknowledged that 
the animal model is inevitably limited in its ability to fully 
replicate the complex pathological status of MI in patients. 
Third, although the study discovers the reprogramming of 
metabolic status in macrophages mainly mediated by the 
mTOR pathway, it remains unclear how this pathway spe-
cifically alters the activity of certain enzymes. Finally, our 
results highlight the therapeutic effect of NPM1-targeted 
ASOs and the inhibitor NSC348884. However, optimal 
dosing and long-term effects need to be fully explored. 
Further investigation involving MI models of large animals 
and primates is therefore necessary to fully evaluate the 
efficacy and safety of these potential drugs.
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