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Human Hearts Intrinsically Increase 
Cardiomyocyte Mitosis After Myocardial Infarction
Robert D. Hume , Jessica Warwick , Woo Jun Shim , Cassandra Malecki, Mengbo Li , Lakshay Seth, Dylan Harney ,  
Julien Dagher, Trina Lum, Geraldine Tierney, Wendy Cooper , Eugene Slaughter , Xiaosuo Wang , Lisa Nguyen,  
Louise Cole , James Edelman , Fairooj N. Rashid , Callum Houlahan , Antony Gao , Angela L. Ferguson ,  
James J.H. Chong , Mark Larance , John F. O’Sullivan , Nathan J. Palpant , Paul Bannon , Sean Lal

BACKGROUND: Myocardial infarction (MI) is a leading cause of death worldwide and can eliminate up to a third of the 
cardiomyocytes within the human heart. Although cardiomyocytes undergo mitosis during early development, most 
cardiomyocytes cease cell cycling soon after birth. In contrast, rodent MI models have shown that cardiomyocytes increase 
mitosis in response to ischemia; however, this has not been shown in humans.

METHODS: Using a unique premortem post-MI human heart, immunostaining, bulk RNA sequencing, proteomics, metabolomics, 
single-nucleus RNA sequencing and a novel post-MI human biopsy method, we investigated human cardiomyocyte mitosis 
post-MI.

RESULTS: We show that adult human cardiomyocytes exhibit increased mitosis and cytokinesis in response to ischemia.

CONCLUSIONS: Future development of therapeutics to enhance this intrinsic mitotic potential could lead to new treatments that 
reverse heart failure via cardiac regeneration.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The adult human heart contains ≈3 billion cardiomyo-
cytes. However, significant ischemic events, such as 
myocardial infarction (MI) caused by obstructive cor-

onary artery disease, can eliminate up to a third of these 
cells.1,2 Although survival after MI has improved over the 
past decade due to significant therapeutic advance-
ments, many patients still develop irreversible heart fail-
ure.3 Thus, identifying alternative options to prevent and 
reverse heart failure is paramount.

The tenet that the mammalian heart is a terminally 
differentiated organ in which cardiomyocytes lack the 
capacity to undergo mitosis has been challenged over 

the last decade.1,4 For instance, several studies have 
demonstrated that nonhuman mammalian hearts have 
a considerable regenerative capacity during normal 
development.2 Others have shown neonatal rodents can 
regenerate the apex of the heart after resection,5 analo-
gous to nonmammalian models.1 However, after birth, 
the mitotic potential of cardiomyocytes decreases, with 
1 study showing that human cardiomyocytes cease to 
produce daughter cells after 20 years of age.6 In contrast 
to the uninjured adult heart, murine models of induced 
ischemic MI injury have demonstrated increased car-
diomyocyte mitotic capacity in the peri-ischemic border 
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zone.7,8 Although these well-established rodent MI mod-
els of cardiac regeneration have been used for decades, 
there is no robust evidence that the observed post-MI 
increase in cardiomyocyte mitosis translates to humans. 
Indeed, there is an urgent need to regenerate the field of 
human cardiac regeneration itself.9

Here, we demonstrate that human hearts increase car-
diomyocyte mitosis when stimulated by post-MI ischemia. 
To achieve this, we analyzed a unique premortem ischemic 
human heart using a multimodal approach of imaging mass 
cytometry (IMC), immunohistochemistry, multiomics, and 
single-nucleus RNA sequencing (snRNAseq). Together, 
these approaches measured both cardiomyocyte mito-
sis and cytokinesis and characterized the expression of 
myocardial transcripts, proteins, and metabolites within 
this unique heart. In addition, we demonstrated increased 
mononucleated cardiomyocytes, polyploidy and DNA dam-
age within this unique heart. We also developed a novel 
method to obtain human heart biopsies from patients 7 to 
10 days post-MI, which, after immunohistochemistry anal-
yses, further confirmed that human cardiomyocytes show 
increased mitosis in response to ischemia.

METHODS
Data Availability
Raw data and related codes for analysis have been uploaded 
to publicly accessible repositories. Please see the Major 
Resources Table and Data and Code Availability in the 
Supplemental Material for details.

A detailed description of the methods and materials can 
be found in both the Supplemental Methods and the Major 
Resources Table within the Supplemental Material. All incuba-
tions were at room temperature unless stated otherwise.

Human Heart Tissue
Donor hearts (Sydney Heart Bank, University of Sydney) 
deemed suitable for heart transplantation but unable to be 
transplanted (for reasons including transportation logistics, 

Nonstandard Abbreviations and Acronyms

AURKB	 aurora kinase B
BZ LV	 �peri-ischemic infarct border zone left 

ventricle
CABG	 coronary artery bypass grafting
DAPI	 4′,6-diamidino-2-phenylindole
ECM	 extracellular matrix
HMG-CoA	 β-hydroxy β-methylglutaryl-coenzyme A
IMC	 imaging mass cytometry
MI	 myocardial infarction
MI LV	 ischemic left ventricle
MI RA	 nonischemic right atrium
MI RV	 partially ischemic right ventricle
MKLP1	 mitotic kinesin-like protein 1
PCM1	 pericentriolar material 1
pH3	 phospho-histone H3
RNAseq	 RNA sequencing
RZ LV	 �nonischemic healthy remote zone left 

ventricle
snRNAseq	 �single-nucleus ribonucleic acid 

sequencing
WGA	 wheat germ agglutinin

Novelty and Significance

What Is Known?
•	 Previous adult rodent studies have shown that car-

diomyocytes, the heart’s muscle cells, show increased 
mitosis after myocardial infarction.

•	 Although this increased mitosis is too low to regener-
ate lost cardiac tissue, it shows adult rodents have an 
intrinsic regenerative potential.

•	 This increased cardiomyocyte mitosis postmyocardial 
infarction, however, has not yet been shown in human 
hearts.

What New Information Does This Article  
Contribute?
•	 The adult human heart has the potential to regenerate 

in an ischemic environment.
•	 We developed a novel adult human myocardial 

postinfarction biopsy method that allows collection 

of live cardiac tissue from the left ventricle infarct 
border zone (peri-ischemic) and remote zone 
(nonischemic).

•	 Using a unique infarcted adult human heart and these 
aforementioned infarct biopsies, we show adult human 
ventricular cardiomyocytes have increased intrinsic 
mitosis after myocardial infarction.

Within this study, we utilized a unique infarcted human heart 
and novel infarct biopsy technique, together with immuno-
histochemical and multiomics analyses, to reveal that the 
human heart increases cardiomyocyte mitosis after myo-
cardial infarction. This is the first human study that proves 
what has previously been demonstrated in animal stud-
ies over the last 25 years. Importantly, future therapeutic 
development to amplify this intrinsic regenerative poten-
tial could provide new strategies to regenerate damaged 
human hearts, improving the lives of millions of heart failure 
patients worldwide.
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immune incompatibility, and donor-recipient mismatch in size) 
were procured, as previously described.10 These are not post-
mortem samples. These nondiseased donor heart samples 
were from patients with a noncardiac cause of death and no 
significant comorbidities or cardiac risk factors (hence why 
the hearts would otherwise have been used for transplant). 
All hearts (nondiseased donor or ischemic) underwent formal 
pathological examination by clinical anatomic pathology to con-
firm either normal histological architecture or ischemic heart 
disease, respectively. Left ventricle (LV) samples were obtained 
immediately after harvest and snap-frozen in liquid nitrogen 
(−196 °C). The study was approved by the Human Ethics 
Committee of The University of Sydney (USYD No. 2021/122).

Procurement of a Unique Infarcted Human 
Heart
The unique infarcted human heart was acquired from a 
48-year-old male patient, originally on the national donor 
list, who suffered a catastrophic acute MI due to a full occlu-
sion of the left anterior descending artery. This patient had 
a cardiac arrest at the Royal Prince Alfred Hospital, Sydney, 
whereby a coronary angioplasty and stent insertion could not 
be achieved. The patient was then kept on life support for 
5 days post-MI, at which point no neurological activity was 
detected and the patient was declared brain-dead. As the 
heart could not be used for transplant purposes, the next of 
kin kindly agreed to organ donation for research. The heart 
was then collected premortem and cryopreserved within 15 
minutes; that is, fragments from the nonischemic right atrium 
(MI RA), partially ischemic right ventricle (MI RV) and isch-
emic LV (MI LV) were flash frozen and stored in liquid nitrogen, 
or fixed in 10% neutral buffered formalin (HTS012; Sigma) 
overnight, before use.

IMC Immunostaining
All IMC methods were modified to suit paraffin-embedded tis-
sue from our previous frozen section immunostaining proto-
col.11 Briefly, 7 µm sections were cut from paraffin-embedded 
tissue blocks. Sections were then dewaxed, rehydrated, under-
went antigen retrieval, permeabilized and blocked for 1 hour at 
room temperature, followed by overnight incubation in 75 µL 
of IMC metal conjugated antibody cocktail per section. Iridium 
DNA intercalator diluted in PBS (1:300) was added, incubated 
for 30 minutes, washed in PBS, dipped 3× in ultrapure H2O, air 
dried, and then stored in an air-tight container before imaging 
on an IMC with a Hyperion Imaging System (Fluidigm).

Immunohistochemistry for Frozen Sections
Snap-frozen cardiac fragments were mounted directly in opti-
mal cutting temperature and cryo-sectioned at −20 °C into 
12 µm or 50 µm sections using a cryostat (NX50 Cryostar 
Epredia). Sections were collected onto VWR Superfrost Plus 
charged glass microscopy slides. Sections were air dried (10 
minutes), fixed in 10% neutral buffered formalin (15 minutes), 
washed 3× (5 minutes, wash buffer: 0.01% Triton-X 100-
PBS), quenched in 0.1 mol/L glycine (10 minutes), permea-
bilized in 0.5% Triton-X 100 in PBS (10 minutes), washed 3× 

(5 minutes) and blocked in blocking buffer (1 hour, 5% normal 
donkey serum-5% acetylated bovine serum albumin (BSA)-
0.01% Triton-X-PBS). Tissue was then immunostained with 
primary antibodies (Major Resources Table in Supplemental 
Material) diluted in blocking buffer (overnight, on a shaker, 
4 °C). Tissue was washed (3×5 minutes) and incubated in 
secondary antibodies (Major Resources Table in Supplemental 
Material) diluted in blocking buffer (1 hour on a shaker, pro-
tected from light). Tissue was then washed (3×5 minutes), 
incubated in DAPI (4′,6-diamidino-2-phenylindole; 1 µg/mL, 
No. 62248; Thermo Fisher) with WGA (wheat germ agglutinin)-
AlexaFluor555 (5 µg/mL, No. W32464; Thermo Fisher) in 
PBS for 1 hour and washed (3×5 minutes) before mounting 
and imaging on an inverted confocal microscope.

Bulk RNA Sequencing
Approximately 50 mg of tissue/sample was disrupted using 
a metal bead (No. 69989; Qiagen) in a 2 mL tube with 500 
µL TRIzol (No. 15596018; Ambion) using the TissueLyser 
LT (Qiagen), and RNA extraction was performed according 
to TRIzol manufacturer’s instructions. DNA removal was per-
formed using Qiagen RNAse-Free DNase kit (No. 79254; 
Qiagen) and purified using the RNeasy Mini kit (No. 74104; 
Qiagen) according to the manufacturer’s instructions. RNA 
quality was evaluated using a Nanodrop and an RNA Nano 
Chip (no. 5067-1511; Agilent) on an Agilent Bioanalyzer. 
Libraries were prepared with Illumina Stranded Total RNA prep 
Ligation with Ribo Zero Plus kit, according to the manufactur-
er’s instructions. Libraries were sequenced using a paired-end 
250 bp Illumina NovaSeq 6000 S4 flow cell.

Proteomics
Approximately 10 mg of powdered frozen heart tissue was 
homogenized in 4% sodium deoxycholate (No. D6750; Sigma) 
and 100 mM Tris-HCl pH 7.5. Samples were denatured at 95 °C, 
sonicated using QSonica R2 (QSonica) at 70% amplitude, cen-
trifuged (18 000g), and supernatant collected. Next, a bicincho-
ninic assay (No. 23225; Thermo Fisher) was used to determine 
protein concentration and 20 µg of protein was digested using 
trypsin overnight at 37 °C before mass spectrometry prepara-
tion as described previously.12 Peptides were injected onto a 30 
cm x 70 µm C18 (Dr Maisch, Ammerbuch, Germany, 1.9 µm par-
ticle size) fused silica analytical column with a 10 µm pulled tip, 
coupled online to a nanospray ESI source. To resolve peptides, 
samples were run over a gradient from 5% to 40% acetonitrile 
for 120 minutes (flow rate 300 nL/min). Peptide electrospray 
ionization was performed at 2.3 kV. Next, MS/ms analysis was 
performed using a Q-Exactive Fusion Lumos mass spectrom-
eter (Thermo Fisher; 27% normalized higher-energy collisional 
dissociation collision energy for fragmentation). Spectra were 
attained in a Data-Independent Acquisition using 20 variable 
isolation windows. Statistics analyses on both proteomics and 
RNAseq data were performed in RStudio (v4.2.2).

Metabolomics
Metabolomic protocols were modified from our previously 
published protocols.13,14 50 mg of tissue was lysed in a 2 mL 
round-bottomed tube with 6 µL per 1 mg tissue of extraction 
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medium (MeOH:CHCl3, 2:1, v:v, No. FSBA456-4; Thermo 
Fisher and No. 650498; Sigma) and a metal bead, using a 
TissueLyser LT for 4×50 cycles, cooling on ice between 
cycles. After removing metal beads, samples were incubated 
on ice for 30 minutes. Then 2 µL CHCl3 per 1 mg tissue was 
added and vortexed for 1 minute, followed by 2 µL of high- 
performance liquid chromatography H2O (No. FSBW6-
4; Thermo Fisher) per 1 mg tissue with 1 minute vortexing. 
Samples were centrifuged at 14 000 revolutions per min-
ute (rpm) for 20 minutes at 4 °C, and the aqueous layer was 
transferred into a new microfuge tube. Next, 20 µL of aque-
ous layer was added to 80 µL of hydrophilic interaction liquid 
chromatography isocratic separation-single standard (10 mM  
l-Phenylalanine-d8; Cambridge Isotope Lab No. DLM-372) and 
10 mM l-Valine-d8 (No. 486027; Sigma) in acetonitrile:MeOH 
(75:25, v:v, Optima LC-MS grade, No. A955-4 and No. A456-
4; Fisher Scientific) for hydrophilic interaction liquid chroma-
tography analysis or 40 aqueous with 60 µL of amide isocratic 
separation-single standard (10 mM l-Phenylalanine-d8, 10 
mM thymine-d4 [No. 487066; Sigma], 10 mM citrate-d4 [No. 
485438; Sigma] in acetonitrile:MeOH [75:25, v:v]) for AMIDE 
analysis, vortexed briefly then spun at 14 000 rpm for 20 min-
utes at 4 °C. The surface 90 µL was transferred into glass 
vials with glass inserts (Nos. 186000273 and WAT094179; 
Waters) for liquid chromatography-tadem mass spectrometery 
metabolite analysis.

Single-Nucleus RNA Sequencing
Tissue samples were dissociated into single nuclei using the 
10x Chromium Nuclei Isolation Kit (No. PN-1000493; 10X 
Genomics) protocol for Single Cell Gene Expression and 
Chromium Fixed RNA Profiling. Samples were then loaded 
into a Chromium Next GEM Chip G (No. PN-1000127; 10X 
Genomics) for an output of 10 000 nuclei per sample. The 
library preparation was done according to Chromium Next GEM 
Single Cell 3′ Reagent Kits v3.1 Dual Index protocol. Quality 
control was done with Agilent 4200 TapeStation system. The 
cDNA libraries were sequenced on an Illumina (NovaSeq 6000, 
S1 100 cycle Flowcell) instrument at a depth of 200 million 
reads/sample (or 20 000 reads/cell). Sequencing was per-
formed at the Rammaciotti Center for Genomics, University of 
New South Wales, Sydney.

Procuring Post-MI LV Biopsies From Patients 
With MI Undergoing Coronary Artery Bypass 
Graft Surgery
Consultants from the Royal Prince Alfred (Sydney) cardio-
thoracic team consented appropriate patients for this study. 
Regional hospital Human Research Ethics Committee approval 
was obtained (no. X14-039). Broad inclusion criteria were 
patients (male or female, age >20 years old) admitted to our 
hospital with a MI, where subsequent coronary angiography 
demonstrated coronary artery disease that required inpatient 
coronary artery bypass grafting (CABG), and participants con-
sented. Epicardial biopsies were obtained under direct visu-
alization during CABG from the LV peri-infarct border zone 
(peri-ischemic infarct border zone LV zone [BZ LV]) and normal 
nonischemic LV (nonischemic healthy remote zone LV zone [RZ 

LV]). Tissue was then frozen in optimal cutting temperature for 
downstream immunohistochemistry.

Statistical Methods
For full details of the statistical methods, please see 
the Supplementary Material. Briefly, for IMC cell clus-
ter proportions, an unpaired Student t test was performed. 
Immunohistochemistry and microscopy analyses P values 
were calculated using a 1-way ANOVA test with Tukey 
multiple comparison test. Omics differential expression 
and pathway analyses used P values adjusted using the 
Benjamini-Hochberg method. For snRNAseq, statistical test-
ing the significance of the enrichment, Fisher exact test 
(2-tailed) was used. For snRNAseq differential gene expres-
sion, a Wilcoxon rank-sum test (2-tailed) was applied, dif-
ferential expression was DE were defined as  false discovery 
rate<0.05 and average log2-fold change>0.5, and multiple 
testing correction was performed using Bonferroni-adjusted 
P values.

RESULTS
Characterization of a Unique Premortem 
Infarcted Human Heart
We obtained a unique infarcted human heart from a 
48-year-old male patient who had an acute MI, second-
ary to complete occlusion of the left anterior descending 
coronary artery. This patient was sustained on life support 
for 5 days post-MI, but after displaying no neurological 
activity, their consented heart donation was premortem 
cryopreserved within 15 minutes of harvest. Regions of 
the LV (denoted MI LV), right ventricle (denoted MI RV) 
and right atrium (denoted MI RA) were collected, provid-
ing both ischemic samples (MI LV and MI RV) and non-
ischemic internal control samples (MI RA; Figure 1A). It 
should be noted that although the MI RV was subtended 
by a nondiseased right coronary artery, the left anterior 
descending coronary artery had the potential to cross 
the interventricular septum and partially supply the RV. 
Indeed, we observed ischemia within MI RV, albeit to a 
lesser degree than the MI LV. Throughout the study, we 
also utilized age- and sex-matched healthy donor LV pre-
mortem cryopreserved samples (denoted Donor LV), as 
external nonischemic controls.

To characterize the infarcted heart, we first per-
formed histology, multiphoton second harmonic gen-
eration microscopy and immunohistochemistry. As with 
post-MI murine models, the ischemic MI LV showed 
replacement fibrosis, increased endothelial cells, and 
immune cell infiltration (Figure 1B through 1E; Figure 
S1). Next, we defined the cellular composition of the 
post-MI heart using an 18-antibody IMC panel with a 
machine learning multicut cell segmentation method-
ology.11 This allowed identification of cardiomyocyte 
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and noncardiomyocyte cell borders and analyzed rela-
tive protein expression within each cell (Figure 1F 
through 1H). Unbiased clustering of IMC analysis of 
segmented cells11 revealed decreased cardiomyo-
cytes and increased endothelial cells, fibroblasts, and 
smooth muscle cells within the MI LV (n=7), as com-
pared with nonfibrotic areas (n=7) within the same 
infarct samples (denoted nonfibrotic MI LV, Figure 
S2; Figure 1I through 1K). These data show that this 
unique human heart exhibits similar structural and 
cellular post-MI remodeling to commonly utilized MI 
mouse models.15

Evidence of Increased Human Cardiomyocyte 
Mitosis in the Post-MI Heart

Increased cardiomyocyte mitosis has previously been 
reported in post-MI mouse models.7,8 To confirm whether 
the human heart yielded similar results, we performed 
immunohistochemistry analyses. Within MI LV, we 
observed cardiomyocyte nuclei undergoing karyokine-
sis (Figure S3A). We also observed nuclear localiza-
tion of S/G2/M-phase (early mid) mitosis marker pH3  
(phospho-histone H3) within MI LV cardiomyocytes, 
identified by their α-actinin-2+ sarcomeres, WGA+ 

Figure 1. Characterization of a unique premortem infarcted human heart with left anterior descending coronary artery (LAD) 
occlusion.
The patient experienced complete LAD occlusion with subsequent myocardial infarction (MI). Five days post-MI, right atrium (nonischemic right 
atrium [MI RA]), right ventricle (partially ischemic right ventricle [MI RV]) and left ventricle (ischemic left ventricle [MI LV]) tissue were collected 
premortem for analyses. A, Tissue collection schematic. B, MI LV picrosirius red (PSR) staining (collagen, red; myocardium, yellow). C, Maximum 
intensity projection of optically cleared MI LV fragment with immunohistochemical (IHC) staining of cardiomyocyte (CM) sarcomeres (α-actinin-2, 
green) and second harmonic generation (SHG, white) of collagen. D and E, MI LV IHC showing increased (D) αSMA (α-smooth muscle actin; 
green) cells, CD31 (red) cells, and (E) immune cells (CD45, red), compared with nonischemic Donor LV. F through K, Imaging mass cytometry 
(IMC) with (F) representative image of MI LV with FXIIIa (factor XIIIa, white) immune cells, (G) cell segmentation, (H) segmented α-actinin-2 
expression/cell, (I) α-actinin-2 expression/cell in t-distributed stochastic neighbour embedding (tSNE) unbiased IMC cluster analysis, (J) labelled 
IMC clusters, (K) Cell cluster proportions (unpaired Student t test of MI LV vs Remote LV, HLA-DR [human leukocyte antigen-DR isotype], Mac 
[macrophage], IRF8 [interferon regulatory factor-8]). Scale bars: B=1 mm/100 µm insert, C=500 µm/20 µm insert, D=500 µm, E through 
H=100 µm. DAPI indicates 4′,6-diamidino-2-phenylindole; and ns, not significant.
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basement membrane or PCM-1+ (pericentriolar material 
1) nuclei, with pH3+ cardiomyocytes observed in pro-
phase, metaphase, and anaphase (Figure 2A and 2B; 
Figure S3B through S3E). Image analysis demonstrated 
increased pH3+ cardiomyocytes in MI LV, as compared 
with nonischemic internal (MI RA) and external (Donor 

LV) controls (Figure 2C). In addition, we observed 
G2/M-phase (mid-late) mitosis marker AURKB (aurora 
kinase B) expression in MI LV cardiomyocytes, includ-
ing AURKB+ cardiomyocytes in metaphase, anaphase 
and telophase (Figure 2E through 2G; Figure S3F 
and S3G). Image analysis showed increased AURKB+ 

Figure 2. Human cardiomyocytes (CM) show increased mitosis following myocardial infarction (MI).
Immunohistochemistry (IHC) of infarcted human left ventricle (ischemic left ventricle [MI LV]) CM mitosis. A, MI LV CM (actinin-2+, green) nuclei 
(DAPI [4′,6-diamidino-2-phenylindole], blue) expressing mitotic marker pH3 (phospho-histone H3; red). B, MI LV pH3+ (red) mitotic dividing 
CM nuclei (perinuclear PCM-1+ [pericentriolar material 1], white) within WGA (wheat germ agglutinin)+ CM basement membrane (green). C, 
Image analysis of pH3+ CM nuclei as a proportion of all CMs (partially ischemic right ventricle [MI RV], nonischemic right atrium [MI RA], healthy 
nonischemic donor LV [Donor LV], n=4). D, MI LV CM (actinin-2+, green) nuclei (DAPI, blue) expressing mitotic marker AURKB (aurora kinase B, 
red) in prophase. E and F, MI LV AURKB+ (red) mitotic dividing CM nuclei (DAPI, blue) surrounded by WGA+ (green) CM basement membrane in 
(E) metaphase, and (F) anaphase. G, AURKB+ cleavage furrow between 2 CMs in cytokinesis. H, Image analysis of AURKB+ CM as a proportion 
of all CMs, n=4. I, MI LV dividing CMs with cytokinesis marker MKLP1 (mitotic kinesin-like protein 1) (red) expression between 2 CM nuclei. J, 
Three-dimensional z-stack of MI LV showing MKLP1+ cleavage furrow between 2 dividing CM cytoplasm. K, Image analysis of MKLP1+ CMs as 
a proportion of all CMs, n=6. Scale bars A through G=20 µm/2 µm inserts, I and J=50 µm/5 µm insert (I) and 50 µm XZ orthogonal view (J). P 
values calculated using a 1-way ANOVA test with Tukey multiple comparison test.
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cardiomyocytes in MI LV, as compared with nonisch-
emic MI RA and Donor LV controls (Figure 2H). To our 
knowledge, this proportion of LV mitotic cardiomyocytes 
(9.19% pH3+ and 1.96% AURKB+) has not been previ-
ously reported in adult humans.

Although cycling human cardiomyocytes are known 
to complete karyokinesis (nuclear division), during adult-
hood, they often fail to complete cytokinesis (cytoplasmic 
division), thus resulting in binucleated or multinucleated 
polyploid cells.1 However, in an injury setting, mammalian 
models have shown mitotic cardiomyocytes can com-
plete cytokinesis at the infarct border zone.7,8,16 Using 
immunohistochemistry, we found instances in MI LV of 
cardiomyocyte nuclei splitting into 2 daughter cells, with 
their cytoplasm partially separated by WGA+ basement 
membrane (Figure S3H). We also detected the cytokine-
sis marker MKLP1 (mitotic kinesin-like protein 1) accu-
mulation at the cleavage furrow between newly divided 
cardiomyocytes (Figure 2I and 2J), providing bona fide 
evidence of cytokinesis.6,17 As with pH3+ cardiomyocytes 
and AURKB+ cardiomyocytes, the proportion of MKLP1+ 
cardiomyocytes followed a gradient of ischemia: Donor 
LV (0.01%) <MI RA (0.05%) <MI RV (0.07%) <MI LV 
(0.34%; Figure 2K). To our knowledge, only a propor-
tion of 0.005% to 0.01% MKLP1+ cardiomyocytes have 
previously been detected in (nonischemic) human hearts 
and only in adults aged <20 years.6 Thus, our 48-year-
old MI LV (ischemic) samples exhibited a proportion of 
MKLP1+ cardiomyocytes significantly higher than pre-
viously reported in (nonischemic) human hearts, in an 
age range where cytokinesis has not previously been 
observed.6

Post-MI Human Heart With Increased 
Cardiomyocyte Mitosis Shows Increased 
Mononucleated Cardiomyocytes
To assess whether the increased cardiomyocyte mito-
sis we observed had resulted in increased binucleation 
(karyokinesis) or increased mononucleation (cytoki-
nesis), we used 3-dimensional immunofluorescence18  
(Figure 3A through 3C). Using this approach with thick 
(50 µm) sections, we assessed the number of cardio-
myocyte nuclei (DAPI+ PCM+) within cardiomyocyte 
3-dimensional volumes (cardiomyocyte basement mem-
branes, WGA+), observing both multinucleated and 
dividing cardiomyocyte nuclei (Figure 3A through 3C). 
Similar to previous reporting that used isolated cardio-
myocyte binucleation analyses, the right atrium (MI RA) 
had predominantly (95.74%) mononucleated cardiomyo-
cytes,19 whereas Donor LV controls showed 56.45% 
mononucleated cardiomyocytes6 (Figure 3D). Thus, our 
novel method for assessing cardiomyocyte nucleation 
in situ agrees with published studies that require com-
plex cardiomyocyte isolation and immunocytochemistry 

protocols. In contrast to nonischemic controls, both MI 
RV and MI LV showed increased mononucleated car-
diomyocytes (77.85% and 80.94%, respectively), as 
compared with Donor LV (Figure 3D). This shows the 
increased cardiomyocyte mitosis observed earlier in our 
study (Figure 2; Figure S3) did not cause an increase in 
multinucleated cardiomyocytes via increased karyokine-
sis without cytokinesis, thus supporting our findings of 
increased cardiomyocyte cytokinesis.

Post-MI, cardiomyocytes exhibit increased DNA dam-
age and increased nuclear polyploidization.19 Thus, using 
immunohistochemistry, we assessed phospho-γH2A.X 
nuclear expression as a measure of DNA damage (Fig-
ure 3E and 3F). Using this approach, we confirmed that 
MI LV noncardiomyocyte total cell numbers increased, 
whereas cardiomyocyte numbers decreased post-MI, 
compared with Donor LV (Figure 3G and 3H). In addi-
tion, we showed that DNA damage was significantly 
increased in both ischemic MI LV noncardiomyocytes 
and MI LV cardiomyocytes, as compared with nonisch-
emic Donor LV (Figure 3I and 3J). Next, we utilized DNA 
in situ hybridization to determine cardiomyocyte ploidy 
and showed cardiomyocyte nuclear polyploidization 
increased in MI LV, as compared with Donor LV (Fig-
ure 3K and 3L). These data demonstrate that increased 
MI LV cardiomyocyte mitosis occurred simultaneously 
with increased DNA damage and polyploidy.

Multiomics Shows the Post-MI Human 
Heart Upregulates Transcripts, Proteins and 
Metabolites Known to Increase Cardiomyocyte 
Mitosis
To further characterize the infarcted heart, we undertook 
a multiomics approach, utilizing transcriptomics (bulk 
RNA sequencing [RNAseq]; Donor LV n=7, MI RA n=2, 
MI RV n=5, MI LV n=5), proteomics (Donor LV n=4, MI 
RV n=5, MI LV n=5), and metabolomics (Donor LV n=5, 
MI LV n=5). Using these techniques, we compared MI LV, 
MI RV and MI RA to age/sex-matched healthy Donor LV 
samples. Expectedly, multidimensional scaling analysis of 
RNAseq data showed separation of nonischemic Donor 
LV and ischemic MI samples (Figure 4A). Repeating 
these comparisons without Donor LV, multidimensional 
scaling plots also showed separation of MI LV and MI 
RV that was not previously apparent (Figure S4). Differ-
ential gene expression analysis of MI LV versus Donor 
LV showed 1830 upregulated transcripts, including 
genes previously reported to induce adult cardiomyocyte 
mitosis: YAP1,23 IGF2 (insulin growth factor 2),20 AGRN 
(agrin),21 and DCN (decorin)22 (Figure 4B). Among the 
1036 downregulated transcripts was cell cycle inhibi-
tor CDKN1C (aka p57; Figure 4B), which reportedly 
enhances adult mouse cardiomyocyte cell cycle reentry 
when knocked down in genetic mouse models.24 Gene 
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Figure 3. Postmyocardial infarction (MI) human heart with increased cardiomyocyte (CM) mitosis shows increased 
mononucleated CMs, DNA damage and polyploidy.
A and B, 50 µm 3-dimensional (3D) volume renders of MI left ventricular (LV) CM sarcomeres (actinin-2+, green), CM nuclei (perinuclear PCM-1+ 
[pericentriolar material 1], red; DAPI+ [4′,6-diamidino-2-phenylindole], blue) and CM basement membranes (WGA+ [wheat germ agglutinin], white). 
B, left, Binucleated CM in Donor LV. Right, CM dividing nuclei in ischemic left ventricle (MI LV), with 3D volume renders of DAPI. (Continued )
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ontology term analysis of MI LV versus Donor LV showed 
upregulation of immune and ECM (extracellular matrix) 
pathway-related terms and downregulation of fatty acid 
metabolism-related terms, that is, lauric acid metabolic 
process and oxylipin biosynthetic process (Figure 4C). 
The latter is a characteristic observed in both immature 
cardiomyocytes and during metabolic rewiring-induced 
cardiac regeneration in mice.25 Similar to postinfarct 
remodeling seen in rodent models, proteomics and sub-
sequent pathway analyses of MI LV versus Donor LV 
showed upregulation of proteins and pathways associ-
ated with neutrophils (MPO [myeloperxidase]. ELANE 
[neutrophil elastase]), monocytes/macrophages (cluster 
of differentiation (CD)14), fibroblasts (THY1 [thymocyte 
differentiation antigen 1], VIM [vimentin]), endothelial 
cells (VWF [von Willebrand Factor]), and elastogenesis26 
(Figure S4B; Figure S5). Notably, MI LV also showed 
upregulation of TGFBI (transforming growth factor beta–
induced), IGF2, AGRN, and DCN proteins, which have 
been reported to induce cardiomyocyte mitosis in mouse 
models20–22 (Figure 4D and 4E), whereas downregulated 
proteomics Gene Ontology terms included pathways 
relating to fatty acid metabolism (Figure 4F).

Recently, studies have identified multiple metabolic 
pathways and metabolites that can increase adult mouse 
cardiomyocyte mitosis post-MI, such as upregulation of 
the mevalonate pathway,27 increased malonate,28 and 
increased ketogenesis.29 In addition, it has been shown 
that the promitotic embryonic heart switches from glu-
cose metabolism to fatty acid oxidation postnatally and 
that blocking cardiomyocyte fatty acid oxidation induces 
cardiac regeneration in adult mice.25 Thus, to assess 
whether these metabolites/pathways were altered in the 
post-MI human heart, we used a combination of hydro-
philic interaction liquid chromatography and hydrophilic 
interaction liquid chromatography with an amide transi-
tion paired to tandem mass spectrometry metabolomics 
methods to compare MI LV versus Donor LV. Using this 
approach, the top upregulated metabolite in the MI LV 
patient (a known smoker) versus Donor LV (nonsmok-
ers) was the nicotine metabolite cotinine30 (Figure 4G), 
supporting the validity of our assay. Similar to previously 
mentioned rodent cardiac regeneration studies, the MI 
LV also showed increased mevalonate, malonate, ketone 
bodies (3-hydroxybutyrate and acetoacetate), ketogenic 

substrate HMG-CoA (β-hydroxy β-methylglutaryl-
coenzyme A), short-chain ketoacid 2-oxobutanoate, and 
central carbon metabolite glyceraldehyde-3-phosphate 
(an intermediate in both glycolysis and gluconeogen-
esis; Figure 4G). For an understanding of the metabolic 
pathways affected by these changes in the MI LV, we 
performed an integrated metabolite-protein pathway 
analysis (Figure 4H). Using this approach, we saw upreg-
ulation of proteins and metabolites involved in glycolysis 
or glyconeogenesis (similar to what has been observed 
in the embryonic mouse heart25) and synthesis or degra-
dation of ketone bodies (similar to mouse models of car-
diac regeneration27–29). Together, these omics data sets 
show the human MI LV upregulates transcripts, proteins, 
metabolites and pathways that have previously been 
reported to induce adult cardiomyocyte regeneration in 
mouse MI models.20–23,25,27–29

Single-Nucleus RNAseq Shows Mitotic Cycling 
in Adult Human Cardiomyocytes Increases 
After MI
To further validate our findings, we performed analyses 
on the largest (n=191 795) independent snRNAseq 
human MI data set currently available31 to identify post-
MI mitotic cycling cardiomyocytes. Using unbiased clus-
tering analysis, followed by gene set enrichment analysis 
for cell type–specific markers, we identified 9 distinct 
cell populations (Figure 5A). By using the cardiomyo-
cyte subpopulation to compare cardiomyocyte propor-
tions, we show an expected reduction of cardiomyocytes 
in the MI LV group, likely attributed to cardiomyocyte 
necrotic cell death after MI (Figure 5B). Next, all mitotic 
cycling cells were identified by enrichment for S-phase 
or G2/M-phase marker gene expression. As expected, 
MI samples showed an increased proportion of mitotic 
cycling cells:all cells as compared with Donor LV (Fig-
ure 5C and 5D), likely driven by post-MI increased stro-
mal cell infiltration and mitosis. Using this same approach 
within the cardiomyocyte population, we identified mitotic 
cycling cardiomyocytes enriched for S-phase or G2/M 
marker expression and showed an increase in the pro-
portion of mitotic cycling cardiomyocytes:cardiomyocyte 
in MI samples (Figure 5E through 5G). This independent 
data set provides further evidence that the number of 

Figure 3 Continued.  C, 3D immunohistochemistry (IHC) maximum intensity projections of nonischemic controls (Donor LV, nonischemic right 
atrium [MI RA]) and partially ischemic right ventricle (MI RV), MI LV for 3D in situ binucleation analyses. D, Mononucleated CMs (%) as a proportion 
of all CMs (n=4). E, IHC showing DNA damage (phosphoralated gamma-H2A histone family member X, pho-γH2A.X+, green) within CM nuclei 
(arrowheads, yellow; perinuclear PCM-1+, red; WGA+ basement membrane, white) and stromal cell nuclei (arrowheads, pink). F through J, Image 
analysis (n=4) of (F) γH2A.X+ DNA damage in all cells, (G) proportion of non-CMs nuclei (PCM-1neg), (H) proportion of CM nuclei (PCM-1+), (I) 
γH2A.X+ non-CMs (PCM-1neg) as a proportion of non-CMs, (J) γH2A.X+ CMs (PCM-1+) as a proportion of CMs. K, DNA in situ hybridization for 
HER2 gene (black) and the CEN17 (centromere of chromosome 17, red) within a diploid (top, Donor LV) and polyploid (bottom, MI LV) CM. L, CM 
ploidy analysis (n=3) for HER2 (human epidermal growth factor receptor 2) and CEN17. Scale bars A=200 µm, B=20 µm/2 µm inserts, C=100 
µm, E=20 µm left/100 µm right, K=left 100 µm/middle 10 µm/right 1 µm. P values calculated using a 1-way ANOVA test with Tukey multiple 
comparison test.
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mitotic cardiomyocytes increases post-MI in humans. 
In addition, we performed snRNAseq (n=37 938) and 
the same bioinformatics analyses on our MI LV sample 
compared with an age/sex-matched Donor LV (male, 
56-year-old; Figure S6). For this data set, low cell yields 
were achieved, likely due to infarct-related damage, and 

thus overinterpretation should be avoided. With this limi-
tation, these data suggest an expected post-MI reduc-
tion in the proportion of cardiomyocytes, an increase in 
mitotic cycling cells, an increase in mitotic cycling cardio-
myocytes, and differentially expressed genes/pathways 
in both MI non–mitotic cycling cardiomyocytes (aka 

Figure 4. Multiomics shows a unique human infarcted heart upregulates transcripts, proteins and metabolites known to induce 
cardiomyocyte (CM) mitosis in mouse models of myocardial infarction (MI).
Transcriptomics (RNA sequencing [RNAseq]), proteomics and metabolomics of human MI samples (left ventricle: ischemic left ventricle [MI LV], 
right ventricle: partially ischemic right ventricle [MI RV], right atrium: nonischemic right atrium [MI RA]) and healthy age/sex-matched Donor LV 
samples (Donor LV). A, Multidimensional scaling plot of RNAseq. B through H, Omics comparisons of MI LV vs Donor LV. B, RNAseq volcano plot. 
C, Top 5 upregulated (red) and downregulated (blue) gene ontology (GO) terms for RNAseq. D, Proteomics protein abundance of proteins known 
to induce CM mitosis in mouse models20–22 (unpaired multiple t tests with Welch correction). E, Proteomics volcano plot. F, Top 5 upregulated (red) 
and downregulated (blue) GO terms for proteomics. G, Metabolomics volcano plot. H, Integrated metabolite-protein metabolic pathway enrichment 
analysis (brackets represent number of differentially expressed metabolites (M) and proteins (P)/number of total M+P within that pathway). 
AGRN indicates agrin; DCN, decorin; G3P, glyceraldehyde-3-phosphate; HMG-CoA (β-hydroxy β-methylglutaryl-coenzyme A; IGF, insulin growth 
factor 2; LogFC, log fold change; and TGFBI, transforming growth factor beta–induced.
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stressed cardiomyocytes31) and MI mitotic cycling car-
diomyocytes (Figure S6).

Safe Human Biopsy Method Post-MI Shows 
Increased Cardiomyocyte Mitosis in the LV Peri-
Infarct Border Zone
To further demonstrate the increased mitotic potential 
of human adult cardiomyocytes in response to post-
MI ischemia, we developed a safe method to obtain LV 
biopsies from patients (>20yo) undergoing CABG sur-
gery after a recent acute MI (Figure 6A; Supplemental 
Material for detailed methods and Table S1 for clinical 

characteristics). A time interval of 7 to 14 days post-MI 
for LV biopsy collection was chosen to capture the win-
dow of cardiomyocyte mitosis. To ensure patient safety, 
biopsies were collected in <5 minutes under direct 
visualization (thoracotomy) to identify infarct location 
and to enable quick resolution of any potential bleeding 
complications that could occur (although we observed 
no bleeding complications in this study). Furthermore, 
only senior experienced cardiothoracic surgeons per-
formed this biopsy technique. Using these approaches, 
no surgeries amounted to any clinical complications 
or adverse events, demonstrating the safety of our 
technique.

Figure 5. Single-nucleus RNA sequencing (snRNAseq) shows increased mitotic cycling cardiomyocytes (CycCM) after 
myocardial infarction (MI).
snRNAseq analysis of human ischemic left ventricle (MI LV) and nonischemic donor LV dataset31 (n=191 795). A, Cell types identified using 
unbiased cluster analysis (UMAP) followed by population identification using gene set enrichment analysis (GSEA). B, Cardiomyocytes (CM) as a 
proportion of all cells. C, Mitotic S-phase mitotic cycling (Cyc) as a proportion of all cells. D, Mitotic G2/M-phase Cyc as a proportion of all cells. 
E, S-phase cycling Donor CMs (Donor CycCM, left, red) and MI CycCM (right, red) on UMAP within CM subpopulation. F, S-phase CycCMs as a 
proportion of CMs. G, G2/M-phase CycCMs as a proportion of all cells. P value calculated using Fisher exact test.
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Using our method, LV myocardial biopsies were taken 
from the peri-ischemic border zone (BZ LV hereafter, 
n=6) and an area of healthy myocardium distal to the 
infarct, aka remote zone (LV RZ hereafter, n=6; Fig-
ure 6A). This approach closely approximates the post-MI 
mouse cardiac regeneration model, whereby BZ LV and 
RZ LV samples are typically analyzed.7,8 As there were no 
clinical complications throughout the study, we propose 
this model to be used in future to further investigate early 

MI remodeling and cardiac regeneration using fresh 
human myocardium infarct biopsies.

To assess whether mitotic cardiomyocytes could 
also be identified in LV epicardial biopsies from patients 
with MI, we performed immunohistochemistry to ana-
lyze expression of mitotic markers pH3 and AURKB. 
Compared with Donor LV, both RZ LV and BZ LV biop-
sies showed a nonsignificant increase in pH3+ (0.77% 
Donor LV, 2.50% RZ LV, 3.50% BZ LV) and significantly 

Figure 6. A novel method to safely obtain left ventricle (LV) biopsies from patients with acute myocardial infarction (MI) 
undergoing coronary artery bypass graft (CABG) surgery shows increased cardiomyocyte (CM) mitosis in the peri-ischemic 
infarct border zone left ventricle zone (BZ LV).
A, Schematic of post-MI CABG protocol to collect nonischemic healthy remote zone (RZ LV) and peri-ischemic infarct border zone (BZ 
LV) biopsies. B through E, Immunohistochemistry (IHC) of mitotic CMs in BZ LV. B, Mitotic pH3+ (phospho-histone H3+, red) nuclei (DAPI+ 
[4′,6-diamidino-2-phenylindole]) within CM sarcomeres (actinin-2+, green). C, Mitotic pH3+ (red) CM nuclei (perinuclear PCM-1+ [pericentriolar 
material 1], white; DAPI+, blue) within CM basement membrane/t-tubules (WGA+ [wheat germ agglutinin], green). D, Mitotic AURKB+ (aurora 
kinase B, red, left) nuclei (DAPI+) within CM sarcomeres (actinin-2+, green). E, Mitotic AURKB+ (red) CM nuclei within CM basement membrane/
t-tubules (WGA+, green). F, IHC analysis of pH3+ CM and AURKB+ CM in healthy nonischemic Donor LV, nonischemic RZ LV and peri-infarct BZ 
LV (BZ LV n=5, RZ LV n=5, error bars=SEM, P values calculated using a 1-way ANOVA test with Tukey multiple comparison test). Scale bars: 
B=50 µm, C=left 20 µm/right 2 µm, D=50 µm, E=left 20 µm/right 2 µm.
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increased AURKB+ (0.65% Donor LV, 2.90% RZ LV, 
8.71% BZ LV) mitotic cardiomyocytes (Figure 6B through 
6F; Figure S7A and S7B), albeit lower than observed in 
earlier MI LV analyses (Figure 2). Similar to earlier MI LV 
samples, cardiomyocyte mitosis approximately correlated 
with each region’s degree of ischemia: Donor LV<RZ 
LV<BZ LV (Figure 6f). We also found one instance of 
2 cardiomyocytes in late cytokinesis (MKLP1+ cleav-
age furrow) in our BZ LV samples (Figure S7C). These 
results further demonstrate that adult human cardiomyo-
cytes increase their mitotic potential post-MI and provide 
a human cardiac infarct biopsy model for future studies.

DISCUSSION
Pivotal studies have shown that adult human car-
diomyocytes undergo mitosis at low levels in normal 
development.6,32,33 However, evidence of the increased 
cardiomyocyte mitosis previously observed after MI injury 
in rodent models7,8 has not been shown in adult humans. 
This is relevant given that MI is one of the leading causes 
of death worldwide. In this study, we demonstrated that 
human adult cardiomyocytes increase both mitosis and 
cytokinesis in response to MI. We also characterized the 
ischemic environment that promoted this intrinsic cardio-
myocyte cell division, identifying transcripts, proteins and 
metabolites previously shown to induce cardiomyocyte 
mitosis in rodent studies.20–23,25,27–29 Using independent 
snRNAseq analysis, we also confirmed that adult human 
cardiomyocytes show increased mitosis in response to 
ischemia. Finally, we developed a novel method to obtain 
fresh human LV infarct biopsies from patients with MI 
and provided further evidence of increased adult cardio-
myocyte mitosis after injury.

To the best of our knowledge, there are only 2 human 
studies (1 of which has been placed under expression 
of concern by The New England Journal of Medicine) 
that examined changes in human cardiomyocyte mito-
sis at the MI BZ.34,35 Specifically, they showed a rela-
tive increase in BZ Ki-67+ cardiomyocytes post-MI. Two 
significant limitations of their approach were the use of 
Ki-67, a marker present at all stages of the cell cycle (G1, 
S, G2, and M-phase36), and the use of samples obtained 
postmortem, which are subject to degradation in the 
histological architecture of the myocardium. In contrast, 
we identified mitotic cardiomyocytes using pH3+ and 
AURKB+ markers that peak in expression during G2/M 
phases,36,37 using premortem samples. We therefore pro-
vided evidence of cardiomyocytes in late-stage mitosis, 
likely undergoing karyokinesis, using non-postmortem 
samples that were collected within 15 minutes of harvest 
from the living. However, karyokinesis does not imply 
subsequent cytokinesis, particularly in the human heart, 
which is notorious for increasing cardiomyocyte ploidy 
(eg, to 16n) and binucleation in response to physiologi-
cal stresses.4 Therefore, to show new cardiomyocyte 

formation after MI, we provided evidence of cytokinesis 
using MKLP1 localization between newly divided car-
diomyocytes, together with an increased proportion of 
mononucleated cardiomyocytes. This strategy was pre-
viously used by Mollova et al,6 who showed cardiomyo-
cytes cease to undergo cytokinesis in healthy humans 
>20 years old. Within this context, our findings in an older 
infarcted 48-year-old LV demonstrated MI enhanced 
cardiomyocyte cell division in a previously unreported 
(healthy) age at hitherto undetected levels. In addition, 
a recent study by the Bergmann laboratory supporting 
our findings has also demonstrated that human diseased 
hearts can intrinsically increase cardiomyocyte mitosis, 
albeit in a different context of mechanical unloading via 
LV assist device in patients with end-stage heart failure.38

Unlike humans, increased adult rodent cardiomyo-
cyte mitosis post-MI has been documented for over 2 
decades.7,8 For instance, Senyo et al7 previously showed 
23.0% of BZ LV cardiomyocytes undergo new DNA syn-
thesis 8 weeks post-MI versus 1.1% in shams, whereas 
3.2% cardiomyocytes undergo cell division. This afore-
mentioned rodent study and our human studies both dem-
onstrate increased adult cardiomyocyte mitosis post-MI; 
however, there are differences in terms of the percent-
age of mitotic cardiomyocytes. Although species (human 
versus mouse) may account for these differences, there 
are also considerable differences in experimental mod-
els and designs, that is, 5 days versus 8 weeks post-MI, 
pathological MI versus surgically induced MI, and immu-
nohistochemistry versus multi-isotope imaging mass 
spectrometry analyses. Regardless, the potential trans-
lational implications of our human findings are notable. 
For example, as we have shown, human adult cardiomyo-
cytes hold increased mitotic potential post-MI; therapies 
could be developed to amplify cardiomyocyte mitosis to 
improve cardiac function via cardiac regeneration. Impor-
tantly, many groups are already developing such thera-
pies in animal models21,25,28 with potentially life-changing 
clinical implications for heart failure patients.

Studies investigating adult human cardiomyocyte 
mitosis are uncommon due to the ethical and safety 
restrictions for collecting live cardiac tissue and label-
ling cells in vivo. Of these limited studies, Bergmann et 
al,33 also investigated adult human RV cardiomyocyte 
renewal, using healthy noninfarcted hearts labelled with 
14C during the Cold War era, finding no significant differ-
ence between RV cardiomyocyte versus LV cardiomyo-
cyte renewal rates (<1%/y). In contrast, our findings in 
infarcted human myocardium showed cardiac chamber-
specific differences in cardiomyocyte mitosis, which 
approximately correlated with increasing ischemia, that 
is, Donor LV < MI RA<MI RV<MI LV (note the MI RV 
was subtended by the left anterior descending coronary 
artery and showed partial ischemia and scar formation). 
This supports the hypothesis that either ischemia itself or 
the infarcted microenvironment (eg, cell signaling/ECM 
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composition/metabolic rewiring) is driving the increased 
cardiomyocyte mitosis observed in ischemic over non-
ischemic chambers post-MI.

Historically, the failing heart was once regarded as 
an engine out of fuel, defined by its decrease in energy 
metabolism.39 Although this paradigm has shifted 
in recent years,40 myocardial energetics remains an 
essential tool used to deepen our understanding of 
heart failure. Recent studies have investigated the rela-
tionship between metabolite usage and cardiomyocyte 
mitosis,27–29 whereas others have investigated the car-
diomyocyte metabolic switch, that is, from the glycolytic 
promitotic embryonic environment, to the predominantly 
fatty acid oxidation within the postnatal heart.25,27–29 
Together, these groups have identified key metabolic 
pathways that can induce cardiomyocyte mitosis, such 
as the mevalonate pathway, malonate inhibition of suc-
cinate dehydrogenase, increased ketogenesis and 
blocking fatty acid oxidation. Specifically, the mevalon-
ate pathway was identified as promitotic via an unbi-
ased screening of small molecule compounds within 
human embryonic stem cell–derived cardiomyocytes,27 
whereas malonate, ketogenesis, and blocking fatty acid 
oxidation were specifically targeted using mouse mod-
els.25,28,29 Within our infarcted human samples, all these 
pathways were similarly affected: mevalonate, malo-
nate, ketogenesis, and glycolysis were upregulated, 
whereas fatty acid metabolism was reduced. Although 
it should be noted that previous cardiac regeneration 
rodent studies therapeutically increased transcript/
protein/metabolite levels above pathophysiological 
levels to induce cardiac regeneration. Therefore, their 
pathophysiological increase in our human study dur-
ing infarct remodeling cannot be explicitly linked to the 
observed increase in cardiomyocyte mitosis without fur-
ther mechanistic studies. Although the potency of each 
metabolite to induce cardiomyocyte mitosis is unknown, 
the upregulation of multiple ketogenic metabolites and 
their position as the most significant/impactful upreg-
ulated pathway in our integrated metabolite-protein 
analysis may highlight the importance of ketogenesis 
in the promitotic ischemic setting. However, it should be 
noted that our metabolomic approach did not include 
the detection of metabolites downstream of mevalon-
ate, that is, mevalonate-5-phosphate, mevalonate pyro-
phosphate, isopentyl pyrophosphate, and dimethylallyl 
pyrophosphate. Future studies should, therefore, include 
additional analysis of these metabolites to determine 
the full effect of ischemia on the promitotic mevalonate 
pathway in human samples.7,8

One limitation of our study is the sample size, which 
is inherent given the relative infrequency of organ dona-
tion. Moreover, today, nearly all truly healthy donor hearts 
viable for transplant are successfully transplanted into 
heart failure recipients, due to advances in transplant 
management and accessibility to transplant centers. 

Premortem human heart tissue is, therefore, precious, 
with both MI (non–end-stage heart failure) and donor 
hearts rarely available for research. For the unique pre-
mortem infarcted heart used in our study, the after pre-
requisites were required: (1) the next of kin consent had 
been undertaken as part of a national donor program, 
(2) the patient suffered an out of hospital cardiac arrest 
secondary to MI via full left anterior descending coronary 
artery occlusion but did not display neurological activ-
ity compatible with life while on life support for 5 days, 
(3) the next of kin gave consent for organ donation for 
research (given the heart could not be transplanted), and 
(4) the whole heart was collected premortem (not post-
mortem). As these simultaneous events were required to 
acquire the samples, it is unlikely that such a premortem 
ischemic heart will be available again.

To provide a tool to study cardiomyocyte mitosis in an 
organotypic model that does not require rare samples, 
we developed our novel MI CABG biopsy method. This 
allowed us to acquire fresh human border zone peri-
ischemic infarct myocardium, along with remote zone 
healthy control tissue from patients with MI. Although 
this protocol allows researchers to collect and study live 
human infarct tissue, it does have limitations. For instance, 
due to ethical and patient safety concerns (eg, postop-
erative bleeding) when surgically removing myocardium 
from below the epicardium, only small (1–5 mm3) biop-
sies could be collected. Although tissue harvesting was 
done under direct visualization via thoracotomy (during 
CABG), allowing potential bleeding to be sutured imme-
diately, these safety concerns still limited the amount of 
tissue collected. However, an advantage of live biopsy 
collections, is that future experiments could include live 
tissue culture with 5-ethynyl-2’-deoxyuridine, a nucleo-
side analog of thymidine that is incorporated into newly 
synthesized DNA. Optimization of this approach would 
allow live visualization and tracing of dividing human car-
diomyocytes in an organotypic in vitro model. For clinical 
applications, this model could potentially be utilized as a 
low-throughput therapeutic testing platform, to comple-
ment higher throughput models, such as induced pluripo-
tent stem cell–derived cardiomyocytes.

Similar to the infarcted heart, early normal mammalian 
cardiac development (and regeneration) occurs in a low-
oxygen environment,41 with altered cardiac ECM expres-
sion.21,22,42 Our data support these observations, showing 
global (bulk RNAseq and proteomics) ECM modulation. 
This included ECM transcripts and proteins known to be 
upregulated during embryonic development and known 
to induce cardiomyocyte mitosis in mouse models (eg, 
AGRN, TGFBI, DCN21,22,42). Although these findings 
were the result of comprehensive characterization of a 
unique ischemic heart, it is unlikely that similar tissue will 
be collected again. As such, we suggest our human LV 
heart failure biopsy method as a highly suitable candi-
date model for future studies.
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In conclusion, our study shows that the infarcted 
human heart increases cardiomyocyte mitosis in 
response to ischemia. Although this intrinsic ability to 
increase mitosis is not sufficient to replace the cardio-
myocytes lost after MI, studies aiming to therapeutically 
enhance cardiomyocyte proliferation to reverse heart 
failure are underway.20,27,28 Thus, developing means to 
enhance this intrinsic cardiomyocyte mitotic potential 
could lead to novel therapeutics for cardiac injury and 
heart failure.
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