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Abstract 

Background  The proliferation capacity of adult cardiomyocytes is very limited in the normal adult mammalian heart. 
Previous studies implied that cardiomyocyte proliferation increases after injury stimulation, but the result is controver-
sial partly due to different methodologies. We aim to evaluate whether myocardial infarction (MI) stimulates cardio-
myocyte proliferation in adult mice.

Methods  A comprehensive literature search was conducted through PubMed/Medline, Embase, and Web of Science 
databases from 1 January 2000 to 21 December 2023. The SYRCLE’s Risk of Bias tool for animal experiments was used 
to evaluate the quality of the literature by two independent reviewers. Twenty-six studies with cell cycle indicators 
(Ki67+, PH3+, BrdU/EdU+, and AurkB+) to evaluate cycling cardiomyocytes were collected for a meta-analysis. Another 
10 studies with genetic reporter/tracing systems to evaluate cardiomyocyte proliferation were collected for a system-
atic review.

Results  Evaluating cardiomyocyte proliferation by immunostaining of the cell cycle indicators on heart tissue, 
the meta-analysis showed that differences of Ki67+, PH3+, and BrdU/EdU+ cycling cardiomyocytes between MI 
and Sham groups were not statistically significant. In the post-MI heart, the percentages of PH3+, BrdU/EdU+, 
and AurkB+ cardiomyocytes were not significantly different between the infarct border zone and remote zone. The 
percentage of Ki67+ cardiomyocytes in the infarct border zone was statistically higher than that in the remote zone. 
Most of the studies (6 out of 10) using genetic reporter/tracing mouse systems showed that the difference in car-
diomyocyte proliferation between MI and Sham groups was not statistically significant. Among the other 4 studies, 
at least 3 studies could not demonstrate that MI stimulates bona fide cardiomyocyte proliferation because of meth-
odological shortages.

Conclusions  MI injury increases Ki67+ cycling adult mouse cardiomyocytes in infarct border zone. Very little over-
whelming evidence shows that MI stimulates bona fide proliferation in the adult heart.
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Graphical Abstract

Background
Myocardial infarction (MI) is a life-threatening heart 
disease characterized by the occlusion in the coro-
nary arteries, leading to a great loss of functional 
cardiomyocytes. The current therapies such as reperfu-
sion therapy and medications can only partially delay 
the pathological remodeling process, but they do not 
replenish cardiomyocyte numbers to replace the lost 
myocardium [1].

Fetal and neonatal cardiomyocytes have a remark-
able ability to proliferate. When MI or apex resection 
injury was induced in a postnatal day 1 (P1) mice/pigs, 
the remaining cardiomyocytes can proliferate to repair 
the injury and fully restore the cardiac function after 8 
weeks. It implies that injuries could stimulate cardio-
myocyte proliferation and generate certain amounts 
of new cardiomyocytes. However, this regenerative 
capacity diminishes within the first week after birth [2]; 
injuries at P7 could not recover but instead replaced 
with scar tissue [3]. In both normal and injured hearts, 
accumulating evidence has revealed that there were 

still cardiomyocyte proliferation events, but the effi-
cacies were very low. However, it is not clear whether, 
in adult heart, MI injury can trigger cardiomyocyte 
proliferation.

Most studies investigating cardiomyocyte prolif-
eration have been performed using methodology of 
immunostaining of cell cycle indicator Ki67+, PH3+, 
AurkB+ or BrdU/EdU incorporation [4]. Some stud-
ies showed that MI in adult mice induced marginal 
cardiomyocytes to reenter the cell cycle and prolifer-
ate [5]. In other studies, the absence of changes in cell 
cycle indicators suggested that MI did not sufficiently 
induce cardiomyocyte proliferation [6]. However, in 
adult cardiomyocytes, these methods usually confuse 
bona fide proliferation with bi/multinucleation and 
polyploidization. In recent years, genetic reporter 
or lineage-tracing systems, i.e., mosaic analysis with 
double markers (MADM) mice [7] and rainbow mice 
[8], have been used for more precise detection of new 
cardiomyocyte formation. Since the golden-standard 
methodology is still lacking, the results by genetic 
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reporter or lineage-tracing mouse systems are also 
controversial. For example, by combining genetic lin-
eage tracing with stable isotope labeling and multi-
isotope imaging mass spectrometry, it showed that the 
rate of new myocyte formation increases about 3 folds 
following MI injury, with pre-existing cardiomyocytes 
in the border zone being the dominant source of new 
cardiomyocytes [9]. Inconsistent results were found in 
MI model of MADM mice, which showed MI did not 
stimulate new cardiomyocyte formation [10].

By performing this meta-analysis and systematic 
review, we analyzed the available data from independent 
research groups to evaluate whether MI can induce car-
diomyocyte proliferation in adult mice. The findings are 
of significance in understanding the features of cardiac 
regeneration post-injury and exploring underlying mech-
anisms for repairing the injured heart.

Methods
Literature search strategy
We conducted the procedures for this systematic 
review and meta-analysis following the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines [11]. The PRISMA 
checklist is presented in Additional file  1. The regis-
tration number is 2,024,120,002 in the International 
Platform of Registered Systematic Review and Meta-
analysis Protocols. A comprehensive literature search 
was conducted through PubMed/Medline, Embase, and 
Web of Science databases from 1 January 2000 to 21 
December 2023. A series of in vivo studies on estimat-
ing the cell cycle markers after MI in adult mice were 
collected. A full list of search terms for all databases 
was shown in Additional file  2: Table  S1-3. We also 
checked reference lists of related reviews and all eligi-
ble studies for additional trials.

Eligibility and exclusion criteria
Studies were included if they met the following cri-
teria: (1) MI models in adult mice were successfully 
completed; (2) there was information on cell cycle 
activity of cardiomyocytes in the MI group vs Sham 
group or infarct border zone vs remote zone in the 
same post-MI heart; (3) outcome indicators of prolif-
erative cell cycle must include at least one of follow-
ings: Ki67, PH3, BrdU/EdU, and AurkB. Studies were 
excluded if they met any of the following criteria: (1) 
studies were reviews, comments, or meeting abstracts; 
(2) studies were conducted with animal models of 
neonatal mice; (3) there was missing data about pre-
determined outcome parameters. Two reviewers per-
formed all screening processes independently (L.Y. and 

Z.P.). Discrepancies were resolved by discussion and 
consensus.

Data extraction and quality assessment
Information was recorded on the author, published year, 
country, sample size in control and experimental groups, 
mouse strains, age, outcome measures, and time points 
for outcome measures. The predefined outcomes were 
the proportions of Ki67+, PH3+, BrdU/EdU+, or AurkB+ 
[12, 13]. The mean and standard deviation (SD) of out-
come measures were extracted from the eligible articles. 
For articles with only figure information, the GetData 
software was used to extract the values from the figures. 
Two reviewers (L.L. and Z.P.) independently collected 
data from each report.

Two reviewers (L.Y. and Z.P.) independently appraised 
the potential risk of bias (ROB) and quality assess-
ment using SYRCLE’s Risk of Bias tool [14], based on 10 
domains: random sequence generation, baseline charac-
teristics, allocation concealment, random housing, blind-
ing, random outcome assessment, blinding of outcome 
assessment, incomplete outcome data, selective outcome 
reporting, and other sources of bias. Discrepancies were 
resolved by consensus.

Statistical analysis
Mean difference (MD) was used as a summary statistic, 
calculated for each comparison with 95% CI. The stand-
ard error (SE) in the study was converted to SD. The 
pooled effect was calculated by a random or common 
effect model in this meta-analysis accounting for poten-
tial heterogeneity. I2 statistic was used to evaluate the 
heterogeneity among studies [15]. If I2 > 50%, a random 
effects model was applied.

Subgroup analysis was conducted for different time 
points for outcome measures post-MI (within 14 days 
or more than 14 days) and different mouse strains 
(C57BL/6  J and other strains) considering potential 
causes of heterogeneity. A leave-one-out meta-analysis 
conducted sensitivity analyses to evaluate the robustness 
of results for decisions made.

For all analyses, the statistical significance was set as 
p-value < 0.05. All statistical analyses used the R packages 
meta, robvis, forestplot, and ggplot2 (version 4.3.1).

Results
Characteristics of the selected studies 
with both methodologies of cell cycle indicators 
and genetic reporter/tracing mouse systems
The detailed search strategy and selection results are 
shown in Fig.  1. The comprehensive searches of Pub-
Med/Medline, Embase, and Web of Science databases 
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yielded 8159 records, and manual searches of reference 
of reviews and eligible studies identified an additional 
2 articles. The publication dates of the included studies 
ranged from 2013 to 2023. After removing duplicates, 
4747 records were screened by title and abstract, and 171 

articles were screened by full text. A total of 26 studies 
with methodologies of cell cycle indicators (Ki67+, PH3+, 
AurkB+, or BrdU/EdU incorporation) were included 
in the meta-analysis, and 10 studies with methodology 
of genetic reporter/tracing systems were collected for a 

Fig. 1  Flowchart of study. The comprehensive searches of PubMed/Medline, Embase, and Web of Science databases yielded 8159 records, 
and manual searches of reference of reviews and eligible studies identified an additional 2 articles. After removing duplicates, 4747 records were 
screened by title and abstract, and 171 article texts were screened full text. A total of 26 studies with methodologies of cell cycle indicators (Ki67+, 
PH3+, AurkB+ or BrdU/EdU incorporation) were included in the meta-analysis
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systematic review. For all the studies, time points for out-
come measurements differed substantially among these 
studies, ranging from 3 to 63 days post-MI.

Studies using cell cycle indicators showed no significant 
increase in cardiomyocyte cell cycle activation in MI heart 
versus Sham heart
In the 26 studies, the methodologies used in cell cycle 
indicators showed that most of the mice strains were 
C57BL/6J. Among those studies, 15 studies were included 
to analyze the effects of MI on cardiomyocyte prolifera-
tion between the MI group and the Sham group (Table 1) 
[16–30]. The results of the ROB and quality assessment 
are shown in Fig.  2. All studies described the baseline 
characteristics. However, about half of the studies did 
not describe the process of random sequence generation, 
allocation concealment, random outcome assessment, 
and blinding of outcome assessment. Apart from that, 
most studies did not report whether there were incom-
plete outcome data, selective reporting or other biases.

Pooled results of the meta-analysis on cell cycle mark-
ers between the MI group and the Sham group are shown 
in Fig. 3. Among the 15 studies, there were 7 records of 
cell cycle marker Ki67, 6 of PH3, 9 of BrdU/EdU, and 3 
of AurkB. The results of meta-analysis did not find sta-
tistically significant differences in percentages of Ki67+ 
(MD = − 0.04%, 95% confidence interval [CI]: − 0.27 to 
0.19), PH3+ (MD = − 0.03%, 95% CI: − 0.22 to 0.16), and 
BrdU/EdU+ (MD = 0.41%, 95%CI: − 0.58 to 1.40). The 
percentage of AurkB+ (MD = − 0.09%, 95% CI: − 0.14 
to − 0.04) cardiomyocyte was lower in the MI group than 
that in the Sham group.

Subgroup analyses were conducted to evaluate whether 
the time-points post-MI and mouse strains influenced 
the result (Additional file  3: Fig. S1-2). Firstly, we con-
ducted a subgroup analysis at different time points post-
MI (≤ 14  days vs. > 14  days) (Additional file  3: Fig. S1). 
The results showed statistical differences in pooled MD 
of Ki67+ (p < 0.01) between two subgroups. The propor-
tion of BrdU/EdU+ cardiomyocytes in the MI group 
was statistically higher than that in the Sham group over 
14 days post-MI. However, we did not find significant dif-
ferences in pooled MD of PH3+ (p = 0.81), BrdU/EdU+ 
(p = 0.20), or AurkB+ (p = 0.47) between the two sub-
groups. In addition, we conducted a subgroup analysis in 
different mouse strains (C57BL/6 J vs. other strains). The 
results showed that there were no significant differences 
in pooled MD of Ki67+ (p = 0.30), PH3+ (p = 0.19), or 
BrdU/EdU (p = 0.67) between the two subgroups (Addi-
tional file 3: Fig. S2). The studies reporting AurkB+ used 
the same mouse strains and were unable to perform sub-
group analysis.

Studies with the methodology of cell cycle indicators showed 
an increase of Ki67+ cycling cardiomyocytes in infarct border 
zone versus remote zone in the same post‑MI heart
Among the 26 studies’ methodologies of cell cycle indi-
cators, 11 studies were included between infarct bor-
der zone and remote zone in the same post-MI heart 
(Table 2) [6, 26, 31–39]. The results of ROB and quality 
assessment are shown in Fig. 4. All studies described the 
baseline characteristics. A few studies did not describe 
the process of random sequence generation, random 
housing, and blinding. About half of the studies did not 

Table 1  Characteristics of the identified studies on cardiomyocyte proliferation between the MI and Sham groups

Study Years Country Sham (n) MI (n) Strains Age Time-points for 
outcome measures

Outcome measures

Ahmad F et al. [16] 2014 USA 4 6 Gsk3αfl/fl 8w 21d post-MI PH3

Avolio E et al. [17] 2015 UK 3 6 SCID Beige 8w 14d post-MI Ki67; BrdU/EdU

Cai B et al. [18] 2020 China 4 3 C57BL/6 8w 14d post-MI PH3; Aurora B

Gao X et al. [19] 2022 China 3 3 Kun Ming 8w 14d post-MI Ki67; PH3

Gong R et al. [20] 2021 China 3 3 C57BL/6 5-6w 28d post-MI Ki67; PH3; Aurora B

Hu Z et al. [21] 2022 China 5 5 C57BL/6 8w 14d post-MI Ki67; BrdU/EdU; Aurora B

Li Y et al. [22] 2022 China 4 4 ICR 8w 7d post-MI BrdU/EdU

Magadum A et al. [23] 2017 Germany 4 4 TMCM 8w 14d post-MI BrdU/EdU

Roy R et al. [24] 2019 USA 5 5 C57BL/6 J 8w 14d post-MI PH3; BrdU/EdU

Ruchaya PJ et al. [25] 2022 UK 5 5 C57BL/6 8w 42d post-MI BrdU/EdU

Xie Y et al. [26] 2014 USA 6 7 SCID-beige 8w 7d post-MI Ki67;PH3

Yan W et al. [27] 2020 China 6 6 C57BL/6 J 8w 3d post-MI Ki67; BrdU/EdU

Yang D et al. [28] 2017 China 4 4 C57BL/6 J 8w 28d post-MI BrdU/EdU

Yifa O et al. [29] 2019 Israel 3 5 C57BL/6 J 12w 4d post-MI Ki67

Zhang Y et al. [30] 2019 USA 3 3 C57Bl/6 Adults 24d post-MI BrdU/EdU
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Fig. 2  Assessment of risk of bias in the included studies on cardiomyocyte proliferation between MI group and Sham group. A Summary of the risk 
of bias for the included studies. B Risk of bias for each individual study
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explain the process of allocation concealment, random 
outcome assessment, blinding of outcome assessment, 
and selective reporting. Apart from that, only one study 
described other biases, and none of the studies reported 
whether there were incomplete outcome data, consider-
ing missing data may affect the authenticity of results.

Pooled results of the meta-analysis on cell cycle mark-
ers between the border zone and remote zone are shown 
in Fig.  5. Among the 11 studies, 9 records of cell cycle 
marker Ki67 were found. Results of the meta-analysis 
revealed that the percentage of Ki67+ cardiomyocytes in 
the infarct border zone was statistically higher than that 
in the remote zone (MD = 0.23%, 95% CI: 0.11 to 0.35). 
There were 6 records of PH3, 8 of BrdU/EdU, and 3 of 
AurkB. Results of meta-analysis showed that the propor-
tion of PH3+ (MD = 0.01%, 95% CI: − 0.01 to 0.04), BrdU/
EdU+ (MD = 0.27%, 95% CI: − 0.12 to 0.66), and AurkB+ 
(MD = 0.03%, 95% CI: − 0.03 to 0.08) cardiomyocytes 
in the infarct border zone was higher than that in the 
remote zone, though the difference was not statistically 
significant.

Results of subgroup analysis in different time points 
(≤ 14  days and > 14  days) were shown in (Additional 
file 3: Fig. S3). The percentage of Ki67+ cardiomyocytes 
in the border zone was statistically higher than that in 
the remote zone within 14 days post-MI (MD = 0.22%, 
95%CI: 0.09 to 0.36), while there was no statistically 
significant difference over 14-days post-MI. However, 
we did not find significant differences in pooled MD of 
Ki67+ (p = 0.85), PH3+ (p = 0.32), BrdU/EdU+ (p = 0.11), 
or AurkB+ (p = 0.36) between two subgroups.

Studies with the methodology of genetic reporter/tracing 
mouse systems showed very few overwhelming evidence 
that MI stimulates bona fide proliferation in the adult heart
In addition, we conducted a systematic review of 10 stud-
ies with the methodology of genetic reporter/tracing sys-
tems (Table 3) [5, 8–10, 12, 40–44]. The mouse systems 
including MADM, FUCCI, Rainbow, αDKRC, Mki67, 
and MerCreMer+/ZEG+ were included in this study. In 
most studies (6 out of 10), the difference in cardiomyo-
cyte proliferation between MI and Sham groups was not 
statistically significant.

Interestingly, among the other 4 studies showing MI 
stimulated cardiomyocyte proliferation, very few showed 
overwhelming evidence that MI stimulated bona fide 
proliferation in the adult heart because of methodological 
shortages. A study using the Ki67-based genetic system 
ProTracer for continuous recording of cycling cardiomy-
ocytes documented a 3 ~ 7 folds increase of proliferative 
cardiomyocytes in MI hearts compared with Sham hearts 
[5]. However, the Ki67-based ProTracer could only record 
cycling cardiomyocytes but not dividing cardiomyocytes. 
Three studies showed a mild increase (1 ~ 3 folds) of pro-
liferative cardiomyocytes in MI hearts compared with 
Sham hearts. A study used co-registration of cardiomy-
ocyte fluorescent labeling and [15N] thymidine labeling 
of DNA replication and showed that 3.2% of infarct zone 
cardiomyocytes initiate DNA replication and nuclear 
division. However, most DNA synthesis that occurs in 
these cardiomyocytes does not complete cell division [9]. 
Another study showed that overexpression of four cell-
cycle regulators robustly increased adult cardiomyocyte 
proliferation in MADM mouse heart; the proliferation 
was ~ 1 fold more in infarcted heart than Sham, and the 
proliferation was significantly more in border zone and 
infarct zone than in remote zone [44]. However, the data 
was based on manipulation of cell-cycle regulator over-
expression. The study neither describes the comparison 
between MI versus Sham baseline level nor describes 
the comparison between different regions of the post-MI 
heart in mice without intervention.

Sensitivity analysis
After eliminating each study, sensitivity analysis of 
the cell cycle markers (Ki67+, PH3+, BrdU/EdU+, and 
AurkB+) showed that the effects between the MI group 
and Sham group were still stable in general (Additional 
file 3: Fig. S4). Sensitivity analyses of the effects between 
the border zone and remote zone were stable after 
excluding each study (Additional file 3: Fig. S5).

Discussion
The present study analyzed 36 studies in a wide range 
of 8161 records. Firstly. Meta-analysis of 26 studies 
with cell cycle activity assays showed that MI did not 
significantly increase cell cycle activity compared with 

Fig. 3  Meta-analysis of proportion of cell cycle markers between MI and Sham group in identified studies. A Proportion of Ki67+. B Proportion 
of PH3+. C Proportion of BrdU/EdU+. D Proportion of AurkB+. Study-specific mean differences (MD) are represented by squares (with their 95% 
confidence intervals [CIs] as lines). The size of the solid square reflects the weight of each eligible study, which represents the influence of each 
study on the overall effect. The overall effects are plotted as diamonds, and its intersection with an invalid line (X = 0) is considered statistically 
insignificant. Random effects models were used if I 2 > 50% and p < 0.05 in the heterogeneity test. Results showed no significant increase 
in cardiomyocyte cell cycle activation in the MI heart versus the Sham heart

(See figure on next page.)



Page 8 of 15Liu et al. BMC Medicine          (2024) 22:603 

Fig. 3  (See legend on previous page.)
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Sham. But in post-MI heart, cardiomyocyte cell cycle 
activity was higher in the infarct board zone compared 
with the remote zone. Secondly, among the 10 studies 
with genetic reporter/tracing mouse systems, 6 studies 
showed MI did not significantly increase new cardio-
myocyte formation compared with Sham. In contrast, 
the other 4 studies showed MI increased it by 1 ~ 7 
folds.

It is known that the proliferation efficacy of cardio-
myocytes is very low in the adult normal heart. In a 
previous study, human samples were examined from 
the border zone and remote zone of 13 patients who 
had died 4 to 12 days after infarction. Ki67 expression 
was detected in 4% of cardiomyocyte nuclei in the bor-
der zone and 1% of those in the remote zone. The re-
entry of cardiomyocytes into the cell cycle resulted in 
mitotic indexes of 0.08% and 0.03% respectively in the 
border zone and remote zone [45]. Since a lack of nor-
mal hearts as controls, the observation did not compare 
cell cycle activation between normal and MI. It showed 
significant differences in distribution between border 
zone and remote zone in post-MI heart, indicating that 
MI might stimulate cell cycle activation. Interestingly, 
another study analyzed 15 human post-MI hearts by 
detecting Ki67 expression, mitotic bodies, and ploidy 
status, which indicated that in human infarcts, the 
entrance of cardiomyocytes into the cell cycle is tran-
sient and that endomitosis, leading to polyploidy, rather 
than mitosis, leading to karyokinesis, is the final fate of 

cycling cells [46]. These observations in human tissues 
raised important questions: Does MI stimulate the bona 
fide proliferation of mammalian adult cardiomyocytes? 
Does cardiomyocyte proliferation distribute differently 
in the post-MI heart?

There have been discrepancies among previous stud-
ies in terms of the intrinsic level of cardiomyocyte cell 
cycle activity post-injury. Some studies showed that 
MI robustly stimulates the division of pre-existing car-
diomyocytes. Combining two different pulse-chase 
approaches—genetic fate-mapping with stable isotope 
labeling and multi-isotope imaging mass spectrom-
etry—it showed a robust increase of proliferation in the 
scar border region compared to sham-operated mice [9]. 
EdU incorporation showed that the number of EdU+ car-
diomyocytes was over 10 folds compared to remote areas 
[38]. On the other hand, by using the MADM mouse sys-
tem which allows unambiguous identification of progeny 
cells, it showed that MI did not increase the rate of car-
diomyocyte division compared with Sham [10]. Either 
by using EdU incorporation or MADM mouse system, 
another study showed no significant difference in cardio-
myocyte proliferation between infarct border zones and 
remote areas [43].

The conventional approaches to evaluate the pro-
liferation of adult cardiomyocytes usually include the 
indicators of DNA replication and nuclear division, 
such as Ki67, PH3, AurkB staining, and BrdU/EdU 
incorporation [47]. Distinguishing cell cycle marker 

Table 2  Characteristics of the identified studies on cardiomyocyte proliferation between infarct border zone and remote zone in 
post-MI hearts

Study Years Country n Strains Age Time-points for 
outcome measures

Outcome measures

Boogerd CJ et al. [31] 2023 Netherlands 8 C57BL/6 J 9 w 7 days post-MI BrdU/EdU

D’Uva G et al. [32] 2015 Israel 6 C57BL/6 J 6 w 21 days post-MI Ki67; Aurora B

Fan Y et al. [33] 2020 China 3–5 C57BL/6 J 8 w 14 days post-MI Ki67; PH3; BrdU/EdU; Aurora B

Fang W et al. [34] 2019 China 10 C57BL/6 J Adult 7 days post-MI Ki67

Hirose K et al. [35] 2019 USA 4 C57BL/6 J 6–13 w 10 days post-MI Ki67

Ma WY et al. [36] 2020 China 5 C57BL/6 J 6–8 w 14 days post-MI PH3; Aurora B

Malliaras K et al. [37] 2013 USA 5 MerCreMer/ZEG 6–8 w 35 days post-MI BrdU/EdU

Wang WE et al. [38] 2017 China 8 C57BL/6 J 16 w 21 days post-MI BrdU/EdU

Wang X et al. [6] 2022 USA 6 C57BL/6 J 10–14 w 14 days post-MI Ki67; PH3; BrdU/EdU

Wang X et al. [6] 2022 USA 5 C57BL/6 J 10–14 w 28 days post-MI Ki67; PH3; BrdU/EdU

Wang X et al. [39] 2023 China 6 C57BL/6 J 10–12 w 10 days post-MI Ki67; PH3; BrdU/EdU

Wang X et al. [39] 2023 China 6–10 C57BL/6 J 10–12 w 28 days post-MI Ki67; PH3; BrdU/EdU

Xie Y et al. [26] 2014 USA 7 C57BL/6 J 8 w 7 days post-MI Ki67
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staining from non-specific staining or the staining of 
non-cardiomyocytes (such as fibroblast or inflam-
matory cells) can be difficult, which may lead to the 
potential for methodologic bias and measurement 

errors [44, 48]. Incomplete cell division in adult car-
diomyocytes results in the formation of polyploid or 
multinuclear cells without any increase in cell number 
[49]; thus, it often mistakenly equates multinucleation 

Fig. 4  Assessment of risk of bias in the included studies on cardiomyocyte proliferation between infarct border zone and remote zone. A Summary 
of the risk of bias for the included studies. B Risk of bias for each individual study
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with genuine cell division. Immunostaining of AurkB 
presents a more specific cell division but can only show 
a snapshot of very rare proliferating cardiomyocytes at 
a single time point. The efficacy of BrdU/EdU+ labe-
ling is influenced by the parameters of its administra-
tion, such as the timing post-administration, number 
of injections, and dose. We analyzed the proportion 
of BrdU/EdU+ between the MI group and Sham group 
with different labeling durations. The studies with a 
labeling duration time < 14  days showed no difference 
in BrdU/EdU+ cardiomyocytes between the MI group 
vs. the Sham group, while the studies with a labeling 
time ≥ 14  days showed an increased proportion of 
BrdU/EdU+ cardiomyocytes between the MI and Sham 
groups. The administration injections and concen-
trations of BrdU/EdU+ labeling by different research 
groups might also influence the results, but it is dif-
ficult to get a statistical conclusion due to the limited 
number of studies in each group.

This meta-analysis and systematic review can 
enhance the statistical power by pooling multiple 
small-sample preclinical studies, the data from differ-
ent labs and mixed methodologies which helps assess 
the effects of MI on cardiomyocyte cell-cycle reentry 
and proliferation. In analyzing 26 mouse studies with 
cell cycle activity assays, our meta-analysis showed that 
MI did not significantly increase cell cycle activation 
compared with Sham. In post-MI hearts, Ki67+ car-
diomyocyte was significantly more in the infarct board 
zone compared with the remote zone, while other cell 
cycle activity indicators did not differ between the two 
regions. In analyzing 10 studies with genetic reporter/
tracing mouse systems, 6 studies showed MI did not 
significantly increase cardiomyocyte proliferation com-
pared with Sham. Experiments using the FUCCI [12] 
and AurkB [41] systems have shown that MI could not 
increase the number of cardiomyocytes.

Interestingly, among the other 4 studies, at least 3 stud-
ies could not demonstrate that MI stimulates bona fide 
cardiomyocyte proliferation because of methodological 
shortages. For example, the Ki67-based genetic system 
ProTracer only records cycling cardiomyocytes in adult 
hearts [5], since many of the Ki67-expressing cardio-
myocytes in the adult heart do not necessarily undergo 

cell division. The finding in the Ki67-based genetic sys-
tem ProTracer mouse that more accumulated Ki67+ 
cycling cardiomyocytes in border zone compared with 
the remote zone is consistent with the meta-analysis 
results of Ki67+ cardiomyocyte distribution in the post-
MI heart.

MADM lineage tracing could unequivocally label post-
cell division daughter cardiomyocytes, although it may 
underestimate the cell division events. In the three stud-
ies using the MADM lineage tracing system, two studies 
showed no difference in the frequency of single-colored 
cardiomyocytes. For example, when Cre was induced 
by sequentially daily injection of tamoxifen for 14 days 
post-MI, it showed MI did not increase the MADM 
labeled daughter cardiomyocytes compared with Sham 
in 56-day-old mice [10]. Only one study with the MADM 
system reported an increase of post-cytokinesis new car-
diomyocytes in the MI heart compared with sham, but 
the data was based on manipulation rather than the base-
line level.

There are several limitations of our study. First, 
although having screened all relevant literature in 
recent years, the final included studies in our meta-
analysis potentially introduce some bias. We excluded 
those studies that documented a pro-proliferative effect 
on post-MI mice but lacked experimental control of the 
Sham group. Second, current labeling approaches for 
adult cardiomyocyte proliferation have certain meth-
odological limitations as they may mix the true prolif-
eration of cardiomyocytes with incomplete mitosis like 
polyploidy and endomitosis. Besides, separating the 
true cardiomyocyte-positive signals from other sur-
rounding entangled cell signals, especially fibroblasts 
after myocardial injury, is difficult. Third, the different 
experiment protocols from different investigators may 
lead to data complexity.

Conclusions
In conclusion, although the “gold standard method” 
for determining the proliferation of adult cardiomyo-
cytes is  still lacking, this meta-analysis and systematic 
review try to conclude current understandings of car-
diomyocyte cell cycling and proliferation in the post-
MI heart. We showed that MI injury might stimulate 

Fig. 5  Meta-analysis of the proportion of cell cycle markers between infarct border and remote zone in identified studies. A Proportion of Ki67+. 
B Proportion of PH3+. C Proportion of BrdU/EdU+. D Proportion of AurkB+. Study-specific mean differences (MD) are represented by squares (with 
their 95% confidence intervals [CIs] as lines). The size of the solid square reflects the weight of each eligible study, which represents each study’s 
influence on the overall effect. The overall effects are plotted as diamonds, and its intersection with an invalid line (X = 0) is considered statistically 
insignificant. Random effects models were used if I2 > 50% and p < 0.05 in the heterogeneity test. Results showed an increase of Ki67+ cycling 
cardiomyocytes in the infarct border zone versus the remote zone in the same post-MI heart

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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cardiomyocyte cell cycle reentry in the adult heart, 
especially in infarct border zone and labeled with Ki67 
expression and that very little overwhelming evidence 
showed that MI stimulates bona fide proliferation in 
adult heart.
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