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In contrast to humans, fish can fully regenerate their hearts after cardiac
injury. However, not all fish have the same regenerative potential,
allowing comparative inter-species and intra-species analysis to identify
the mechanisms controlling successful heart regeneration. Here we
report a differential regenerative response to cardiac cryo-injury among
different wild-type zebrafish strains. Correlating these data with single-
celland bulk RNA sequencing data, we identify oxidative phosphorylation
(OXPHOS) as a positive regulator of long-term regenerative outcome.
OXPHOS levels, driven by glycolysis through the malate-aspartate
shuttle, increase as soon as cardiomyocyte proliferation decreases,

and this increase isrequired for cardiomyocyte re-differentiation and
successful long-term regeneration. Reduced upregulation of OXPHOS

in Astyanax mexicanus cavefish results in the absence of adynamic
temporal sarcomere gene expression program during cardiomyocyte
re-differentiation. These findings challenge the assumption that OXPHOS
inhibits regeneration and reveal targetable pathways to enhance heart
repair in humans after myocardial infarction.

The ability for heart regeneration during adult life varies consider-
ably among species. Mammals, including humans, have very limited
regenerative capacity in the heart, whereas other species, including
zebrafish, can completely restore damaged tissue'?. The current
stancein the fieldis that this difference is underpinned by species-spe-
cific variationsin cardiomyocyte metabolism*>*. After birth, mammals
are exposed to an oxygen-rich environmentin comparison to the more
hypoxic conditions in utero, resulting in a switch from a glycolytic

metabolism to OXPHOS largely fueled by fatty acid 3-oxidation. This
allows cardiomyocytes to meet the increased demand for cardiac
output in warm-blooded species’but also generates reactive oxygen
species (ROS), which can damage DNA. As a result, cardiomyocytes
that were highly proliferative before birth lose this ability after the
first weeks of life®’. By contrast, fish live in water that has lower levels
of oxygen than the surrounding air, which is thought to facilitate
glycolytic metabolism throughout adulthood. Cold-blooded fish
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have lower cardiac output, and it has been suggested that the car-
diomyocytes are less specialized; therefore, they do not require the
high levels of ATP produced by OXPHOS and do not compromise on
proliferative capacity. By using glycolysis, zebrafish cardiomyocytes
can pass their cell cycle checkpoints and divide, restoring the lost
myocardium after injury’ .

Numerous findings have confirmed the beneficial role of glycolysis
during heartregenerationin fish. Glycolysisis strongly upregulatedin
the cardiomyocytes bordering the injured area, and, when inhibited,
cardiomyocyte proliferation is reduced®. Additionally, uncoupling
glycolysis from pyruvate oxidation, by preventing glucose from shunt-
ing toward OXPHOS through overexpression of pdk (pyruvate dehy-
drogenase kinase), increases cardiomyocyte proliferation**. However,
the role of oxidative metabolismin the regenerative process remains
elusive eventhough some studies have hinted that there is an upregula-
tion of OXPHOS during heart regeneration". The reported increase
in OXPHOS at 7 days post-cryo-injury (dpci), which coincides with the
peak of cardiomyocyte proliferation'®, seems counterintuitive and
leaves many open questions about its role in regeneration.

Here, with an intra-species and inter-species comparative
approach using zebrafish and A. mexicanus, we show that, during
successful regeneration, OXPHOS is downregulated in the first days
after injury while cardiomyocyte proliferation takes place. However,
immediately after the peak of proliferation, the malate-aspartate shut-
tle (MAS) is upregulated, activating the tricarboxylic acid (TCA) cycle
and OXPHOS. The upregulation of OXPHOS coincides with a dynamic
pattern of re-differentiation of the border zone cardiomyocytes and
determines the long-term regenerative outcome. Pharmacologically
or genetically blocking the MAS or OXPHOS inhibits cardiomyocyte
re-differentiation and regeneration. Therefore, the view on zebrafish
heart regeneration as being solely reliant on glycolysis, with OXPHOS
seen as exclusively detrimental, needs revisiting.

Results

Differential regenerative response among wild-type zebrafish
strains

Although adult zebrafish can repair damaged heart muscle inresponse
to cryo-injury, the speed of regeneration varies among studies' .
Those differences canbe attributed to inter-study deviations in surgery
techniques. However, the background strain used also varies, indicating
possible differential responses to cryo-injury among strains. Toidentify
potential intra-species variabilities in cardiac regeneration, we inves-
tigated the response of seven different wild-type zebrafish strains to
cryo-injury. Inaddition to the strain already used in our facility (Kings
College London (KCL)), we imported six zebrafish strains: AB, Nadia
(NA), Sanger AB Tiibingen (SAT), Tupfel long fin (TL), Tiibingen (TU)
and Wild IndiaKolkata (WIK) (Fig.1a). Hearts wereisolated at1, 7,21and
90 dpci as well as uninjured controls and sham (Fig. 1a,b). Analysis of
the uninjured hearts showed strong similarity among the strains but
withsome differencesin morphology and transcriptome (Fig. 1a,cand
Extended Data Fig. 1a,b). Despite the overall similarities, post-cryo-
injury survival was significantly differentamong the strains (Extended
DataFig.1c,d). To assess differences in regenerative response, we quan-
tified the wound area and open wound length in all strains over time
(Fig.1d,e and Extended Data Fig. 1le-g). At1dpci, NA had significantly
smaller wounds compared to other strains. At 7 dpci, no significant dif-
ferences were observed; however, at 21 dpci, TU showed significantly
larger wound area. At 90 dpci, when the cryo-injury-induced wound is
reported to be strongly reduced or to have disappeared®®?, there were
large differences among the strains. TU and SAT had the largest wound
area/length, whereas NA and TL had the smallest wounds (Fig. 1e and
Extended Data Fig. le-g). Comparing the data between the different
timepoints showed positive correlation among 7 dcpi, 21 dcpi and
90 dpci wound length/area but not 1 dpci (Fig. 1f and Extended Data
Fig.1h-j), indicating that any experimental variationin cryo-injury did

not influence end-stage regeneration. There was also no correlation
between survival and the extent of injury (Extended Data Fig. 1k,1).
These dataindicate that the response to cryo-injuryis heterogeneous
among different wild-type zebrafish strains.

OXPHOS is beneficial for heart regeneration

To investigate whether the observed differences might uncover
mechanisms underlying regeneration, we analyzed the 7 dpci RNA
sequencing (RNA-seq) data to identify genes and enriched processes
significantly correlating to wound area/length (Pearson’s r>0.75 or
r<-0.75)**. Unexpectedly, this identified Oxidative phosphorylation
and Respiratory transport, ATP synthesis by chemiosmotic coupling
and heat production by uncoupling protein (further referred to as
OXPHOS) as the top enriched processes negatively correlating with 7
dpciwound length and 90 dpci wound area, respectively, suggesting
that upregulated OXPHOS may promote cardiac regeneration (Fig.
1g,h, Extended Data Fig.2a and Supplementary Tables 1and 2). Oxygen
consumption rate (OCR) measurements confirmed the functional
upregulation of OXPHOS in the best regenerating strains at 14 dpci
(Fig. 1i) but not before injury (Extended Data Fig. 2b). Glycolysis and
gluconeogenesis (further referred to as Glycolysis) was also enriched
in the genes negatively correlating to 7 dpci (subcategory of Carbon
metabolism; Extended Data Fig. 2c and Supplementary Table 1) and
correlated strongly with OXPHOS (Extended Data Fig. 2d), indicating
that these processes are linked. Indeed, extracellular acidification
rate (ECAR), afunctional measurement of glycolytic flux, was highest
in14 dpciNA and TL with no differences before injury (Extended Data
Fig. 2e,f). Identification of glutamate and lactate derived from the
exogenous [U-2C,]-glucose confirms that glucose is both anaerobi-
cally metabolized to lactate and aerobically oxidized within the TCA
in7 dpciKCL ventricles (Extended Data Fig. 2g,h). These datasuggesta
previously unidentified beneficial role for OXPHOS, driven by glucose
oxidation, during heart regeneration.

Upregulation of the MAS drives OXPHOS and heart
regeneration

By reanalyzing published single-cell RNA sequencing (scRNA-seq) data-
sets from Hu et al.”” and Honkoop et al.”’, we confirmed that OXPHOS
was highestinborder zone cardiomyocytes (Fig. 2a,b)"”. To test whether
OXPHOS isindeed beneficial for regeneration, we treated KCL fish with
rotenone, which inhibits complex | of the respiratory electron transport
chain (ETC). Rotenone treatment resulted in larger wounds at 21 dpci
compared to control DMSO-treated fish (Fig. 2c and Extended Data
Fig. 3a). These data indicate that upregulation of OXPHOS in border
zone cardiomyocytesis not detrimental to regeneration, as previously
thought, and may be required for optimal regeneration.

To identify the mechanism underlying the upregulation of
OXPHOS, we plotted OXPHOS over time in the different strains (Fig.
2d). This showed that, after an initial dip at 1dpci, in contrast to the
other strains, OXPHOS levels did not recover at 7 dpci in TU and SAT
(largest 90 dpci wounds). To analyze if this lack of recovery was due
to mitochondrial dysfunction, we performed electron microscopy
of cardiomyocytes in SAT and WIK. Although mitochondria in WIK
showed a similar morphology in both border zone and remote zone
cardiomyocytes, the mitochondriain SAT were more swollen and dis-
organizedintheborder zone comparedto the remote zone, which are
hallmarks of mitochondrial failure (Extended Data Fig. 3b)">**, Plotting
the genes uniquely upregulated or downregulated in both SAT and
TUstrains at 7 dpciidentified the cytoplasmic malate dehydrogenase
gene mdhlab, whichwasalso the top gene negatively correlatingto 90
dpciwound length (Fig. 2e,f and Extended Data Fig. 3c,d). scRNA-seq
data confirmed mdhlab to be mainly expressed in cardiomyocytes
(Extended DataFig. 3e).

Mdhl is important for maintaining the balance of NAD*/NADH
between the cytosol and the mitochondria as part of the MAS
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Fig. 1| Differential regenerative response to cryo-injury among wild-type
adult zebrafish strains identifies OXPHOS as beneficial for regeneration.

a, Representative images of adult wild-type zebrafish strains (scale bar,1cm) and
their intact heart, including atrium (A), bulbus arteriosus (BA) and ventricle (V)
(scalebar, 500 um). b, Experimental procedure to harvest and assay zebrafish
hearts prior to and after cryo-injury. ¢, Correlation matrix of bulk RNA-seq
dataon uninjured ventricles showing a strong correlation between strains.

d, Representative AFOG image of an AB heart at 7 dpci indicating wound area
and open wound length measurements (scale bar, 300 pm). e, Wound area
quantification of the seven wild-type strains showed significant differences at1,
21and 90 dpciamong the strains. f, Positive correlation between 7 dpci wound

Strain

length and 90 dpciwound area. g, The top five enriched processes in the genes
negatively correlating to wound length at 7 dpciand areaat 90 dpciinthe 7
dpcibulk RNA-seq. h, Significant negative correlation between 7 dpci wound
length and OXPHOS. i, OCR measurements of 14 dpci ventricles show significant
differences in OXPHOS among the seven wild-type zebrafish strains.c,n=3
biological replicates per zebrafish strain; e, 1 dpci: AB, NA, SAT, TL, TU, WIKn=7;
KCLn=8.7 dpci:NA, SAT, TL, TU, WIK n=7; AB, KCL n = 8.21 dpci: SAT, WIKn=7;
ABn=6;NAn=11;TLn=9;TUn=5;KCLn=38.90 dpci: AB,NA,SAT, TL, WIKn=7;
TUn=6;KCL n=_8 (biological replicates).i, n =5 biological replicates per strain.
e,i, One-way ANOVA with Tukey’s test. f-h, Simple linear regression. g, Analysis
performed using Metascape. CM, cardiomyocyte.
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(Extended Data Fig. 3f)*°. High levels of MAS activity (as in NA) allow
for recycling of NAD" in the cytosol, which can feed back into glyco-
lysis with simultaneous regeneration of NADH in the mitochondria
fueling the TCA cycle and OXPHOS. Therefore, although NAD* can
alsobereplenished by lactate secretion under anaerobic conditions,
the net result of low levels of MAS (as in SAT) could result in less gly-
colysis as well as less OXPHOS (Figs. li and 2g and Extended Data Fig.
2d,e). In line with this, MAS levels correlated with levels of OXPHOS
in the highly regenerative NA, but this correlation was absent in the
poorly regenerating SAT strain (Fig. 2h,i). Moreover, although Gly-
colysis generally correlated with OXPHOS, this was disrupted in the
SAT strain (Fig. 2j). As the MAS provides malate into the second span
of the TCA cycle, a source of acetyl CoA is simultaneously required
for TCA cycling. Although we showed that this acetyl CoA can be
supplied by glucose, this does not exclude contribution from fatty
acid B-oxidation. Indeed, we found that MAS gene expression levels
also correlated with the levels of fatty acid B-oxidation, and this was
again absent in the SAT (Fig. 2k). This indicates that, although the
MAS is driven by glycolysis, its activation of the TCA cycle allows for
ageneralincreasein mitochondrial metabolism, including activation
of biosynthetic pathways, which we confirmed by comparing NA and
SAT using Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis and genetic-scale metabolic modeling (Extended Data
Fig. 3g,h and Supplementary Tables 3 and 4). To confirm the impor-
tance of the MAS for regeneration, we exposed KCL fish to the small-
molecule inhibitor PF-04859989 to block the MAS®®, which resulted
inreduced regeneration compared to DMSO-treated controls (Fig. 2i
and Extended Data Fig. 3f,i). These data indicate that glycolysis and
mitochondrial metabolism are tightly coupled via the MAS and that
activation of the MAS isrequired for regeneration.

OXPHOS is not required for cardiomyocyte proliferation

The established increase in OXPHOS in regenerative border zone car-
diomyocytes seems paradoxical as OXPHOS is thought to cause cell
cycle arrest’. To investigate this, we quantified cardiomyocyte prolif-
eration across the strains at 7 dcpi and 21 dpci. The reported peak of
cardiomyocyte proliferationis 7 dpci, which declines toward baseline
by 21dpci®. At 7 dpci, only WIK had significantly more proliferating
cardiomyocytesinthe border zone myocardium compared to the other
strains. At 21 dpci, proliferation had strongly reduced, and this differ-
ence was absent (Fig. 3a,b). TL, one of the best regenerating strains at
90 dpci, had the lowest percentage of proliferation at both 7 dcpiand
21 dpci (Fig.3b). Levels of border zone proliferation correlated between
7 dcpiand 21 dpci (Fig. 3¢). Surprisingly, however, 7 dpci border zone
proliferation did not correlate to 21 dcpi or 90 dpci wound size (Fig. 3d
and Extended Data Fig. 4a). Removing the ‘outlier’ WIK did not influ-
ence theseresults, indicating that the lack of correlation with 90 dpci
wound size was not solely driven by the WIK measurements (Extended
Data Fig. 4b). Correspondingly, there was no overlap between the
genes correlating to border zone proliferation and 90 dpci wound size

(Fig.3e,arrowhead; Extended DataFig.4c,d;and Supplementary Table5),
and no correlation between proliferation and levels of OXPHOS was
observed (Fig. 3f). We also did not find a correlation with levels of Gly-
colysis (Fig.3g).Indeed, treating KCL fish with inhibitors PF-048599895
against the MAS, rotenone against complex I of the ETC or control
DMSO between 3 dcpiand 7 dpci showed no difference in cardiomyo-
cyte proliferation at 7 dpci (Fig. 3h). High levels of proliferationin the
WIK were reflected in the largest reduction in wound length between
7 dcpiand 21 dpci (Fig. 3i). However, regeneration stalled after 21 dpci,
and none of the hearts had fully regenerated by 90 dpci (Fig. 3j and
Extended Data Figs. 1e and 4e). Therefore, cardiomyocyte prolifera-
tion plays alimited role during long-term regeneration, consistent
withthe knowledge that proliferation peaks at 7 dpci and substantially
declines long before regeneration is completed®. These data suggest
thatincreased OXPHOS is required for optimal cardiac regeneration
after cessation of proliferation.

Levels of OXPHOS correlate with the upregulation of border
zone embryonic sarcomere expression
As OXPHOS levels increase with cardiomyocyte differentiation®’, and
border zone cardiomyocytes de-differentiate and re-differentiate
during regeneration®>*, we next analyzed the differentiation state of
theborder zone myocardium in which we identified OXPHOS activity.
Embryonic cMHC antibody (embryonic cardiac myosin heavy chain
(embcmbhc), N2.261c) has been used to stain border zone cardiomyo-
cytes, andits expressionis considered to reflect theirimmature, embry-
onic state'®*, Staining with this antibody showed large differences
amongthestrains atboth 7 dcpiand 21 dpci (Fig. 4a,b). Especially nota-
ble was that, although expression in NA and WIK was similar at 7 dpci,
itremained highat 21 dpciin NAbutstrongly declined in WIK, in which
regenerationstalls at that stage (Fig. 4a,b and Extended DataFig. 1le). By
contrast, TU had low expression levels at 7 dpci, which further declined
by 21 dpci, and expression was not evident in SAT at either stage
(Fig.4a,b).Border zone embcmhcexpression at 7 dpci correlated with
7 dcpiand 90 dpci wound length, whereas 21 dpci embcmhc correlated
with 90 dpci wound area (Fig. 4c¢,d). OXPHOS appeared to be driving
embcmhc expression at 7 dcpi and 21 dpci (Fig. 4e and Supplemen-
tary Tables 6 and 7). Glycolysis and MAS gene expression positively
correlated with 7 dpci embcmhc expression (Fig. 4e,f). Accordingly,
there was significantly reduced embcmhc expression upon inhibi-
tion of the MAS (PF-04859989) or OXPHOS (rotenone) compared to
DMSO control (Fig. 4g). Border zone embcmbhc levels did not correlate
to border zone proliferation (Fig. 4h). There was an overlap between
genes correlating to 7 dpci embcmhc expression and 90 dpci wound
length but not proliferation (Fig. 4i, arrowhead). These data reveal
that higher and prolonged expression of embcmhc® is beneficial for
long-term regeneration.

It seems counterintuitive that both MAS and OXPHOS appear to
be required for this embryonic state, as embryonic cardiomyocytes
have been shown to strongly rely on glycolysis instead of OXPHOS for

Fig.2|Upregulation of the MAS drives OXPHOS and regeneration. a, OXPHOS
gene expression is highest in cardiomyocytes compared to other cell types in
scRNA-seq of AB/TL—reanalysis of Hu et al.”. b, Positive correlation between
Glycolysis and OXPHOS in 7 dpci cardiomyocytes, with highest levels of both
intheborder zone cardiomyocytes (red), by reanalyzing scRNA-seq data of

TL published previously by Honkoop et al.”. Clusters 1,2, 4 and 7 refer to the
clustering in the original publication. ¢, Increased wound length in KCL treated
with rotenone in comparison to DMSO control at 21 dpci. d, Temporal pattern of
OXPHOS gene expression in the bulk RNA-seq data. e, Venn diagram indicating
uniquely differentially expressed (DE) genes in TU and SAT (AB and KCL not
shownbutincluded in analysis) with heatmap of the top DE genes in the bulk
RNA-seq identifying mdhlab uniquely downregulated in TU and SAT versus the
other strains. f, Expression pattern of mdhlab over timein the bulk RNA-seq
data of the strains. g, Schematic diagram indicating the influence of activated

MAS on maintaining cytosolic and mitochondrial balance of NAD*/NADH in

NA versus SAT. h,i, Positive correlation between the MAS and OXPHOS in the

NA strain (h) but not the SAT strain (i). j k, Positive correlation of Glycolysis

with OXPHOS (j) and MAS versus Fatty Acid (FA) oxidation (K) in all strains but
absence of correlation in SAT. 1, Wound length quantification showing increased
21dpciwound length in KCL hearts treated with MAS inhibitor PF-04859989
incomparison to DMSO control. ¢, Rotenone n =4, DMSO n =5 (biological
replicates); d,f, uninjured: n =3 per strain, 1 dpci: SAT, TUn=2,AB,NA, TL,

WIK, KCL n =3,7 dpcin =3 per strain (biological replicates); e, n = 3 biological
replicates per strain; 1, n = Sbiological replicates per group. b,h-k, Simple linear
regression. ¢,I, Unpaired two-tailed Student’s ¢-test. d,f, Two-way ANOVA with
Tukey’s test; data presented as mean + s.e.m. Bl. ves. EC, blood vessel endothelial
cell; BZ, border zone; C, cluster; CM, cardiomyocyte; incl., including; RZ, remote
zone; Uninj, uninjured.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00718-x

their metabolism®**”. However, reanalysis of published bulk RNA-seq
data of zebrafish heart development between 30 hours and 72 hours
post-fertilization (hpf) from Hill et al.>® showed that OXPHOS genes
are progressively upregulated during development, indicating that
OXPHOS increases with cardiomyocyte maturation (Extended Data

Fig. 5a). Furthermore, directly comparing 2 days post-fertilization
(dpf) embryonic ventricular cardiomyocytes with 7 dpciborder zone
cardiomyocytes, using previously published integrated scRNA-seq
data®, shows that OXPHOS levels in embryonic cardiomyocytes are
similar toborder zone cardiomyocytes and much higher thanin remote
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Fig. 3| OXPHOS is not required for cardiomyocyte proliferation.

a, Representative images ofimmunofluorescence staining showing Mef2 ' PCNA*
double-positive proliferating cardiomyocytesin TU and WIK at 7 dpci.

Framed areas highlight the wound border zone (red) (scale bar, 300 pm).

b, Quantification of Mef2'PCNA" double-positive cells showing differences in
proliferating cardiomyocytes in the border zone at 7 dpci but not at 21 dpci.

¢, Positive correlation of percentage of proliferating cardiomyocytesin the
border zone between 7 dpci and 21 dpci. d, No correlation between 7 dpci
border zone proliferation and 90 dpci wound length. e, Venn diagram displaying
complete lack of overlap between genes correlating to 7 dpciborder zone
proliferation and 90-dpci wound length. f,g, No correlation between border
zone proliferation and OXPHOS (f) or Glycolysis (g) at 7 dpci. h, Quantification of
Mef2"PCNA" cells showing no difference in proliferating cardiomyocytes in the
border zone of 7 dpci KCL adult treated with inhibitor PF-04859989 or rotenone

- Incomplete (open wound)

dpci
compared to DMSO control. i, Temporal wound length reduction of all strains
between1,7,21and 90 dpci. Arrow highlighting the strong decrease in wound
lengthin WIK between 7 dcpi and 21 dpci.j, Percentage of hearts completely
regenerated at 90 dpci or with closed compact wall but remaining internal scar
or withopen compact wall and internal scar remaining.b, 7 dpci:AB,NA, TUn=7;
SAT,WIKn=6;TLn=5;KCLn=3,21dpci:AB,SAT, TL, TUn=5;NAn=6; WIKn=7;
KCL n = 8 (biological replicates); h, PF-04859989, DMSO n = 6, rotenone n =5
(biological replicates);i,AB:1,90 dpcin=7;7 dpcin=8;21dpcin=6.NA:1,7,
90dpcin=7;21dpcin=11.SAT:1,7,21,90dpcin=7.TL:1,7,90 dpcin =7; 21 dpci
n=9.TU:1,7dpcin=7;21dpcin=5;90 dpcin=6.WIK:1,7,21,90 dpcin =7.KCL:
1,7,21,90 dpcin = 8 (biological replicates); j, AB, NA, SAT, TL,WIKn=7;TUn =6;
KCL nn =8.b,h, One-way ANOVA with Tukey’s test. ¢,d,f,g, Simple linear regression.
h, Two-way ANOVA with Tukey’s test. i, Data presented as mean + s.e.m. Mef2,
myocyte enhancer factor 2; PCNA, proliferating cell nuclear antigen.

zone cardiomyocytes (Fig.4j). Thisindicates that OXPHOS levelsindeed
return to anembryonic state, but OXPHOS levels are unexpectedly high
in cardiomyocytes during active (re-)differentiation. Upregulation of
OXPHOS genes would facilitate the increase in proteins required for
assembly of the ETC while mitochondrial numbers scale up to generate
the energy required for sarcomere reassembly and maturation. The
maintained high expression of embcmhcinstrainssuchasNAand TLat
21 dpciindicates thatacontinued ‘embryonic’ re-differentiation state

isbeneficial for successful long-term regeneration, after proliferation
levels have ceased.

Temporal separation of cardiomyocyte proliferation, OXPHOS
and re-differentiation

Consistent with a correlation between long-term regeneration and
cardiomyocyte re-differentiation, Cardiac muscle contraction asa Gene
Ontology termwasalso enriched at 7 dpci (Fig. 4e, red). Although most
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Fig. 4| Levels of OXPHOS correlate to the upregulation of embryonic myosin.
a, Representative images of MF20 and embcmhc double immunofluorescence
staining showing differential embryonic myosin staining in the border zone
cardiomyocytes of NA, WIK, TU and SAT at 7 dcpi and 21 dpci (scale bar, 300 pm).
b, Quantification of differential expression of embcmhcin the border zone of
the strains at 7 dpciand 21 dpci. ¢,d, Negative correlation between 7 dpciborder
zone embcmhc staining with 7 dpci wound length (c) and 21 dpci border zone
embcmhc staining with 90 dpci wound area (d). e, Top five positively correlating
termsin genes of 7 dpci bulk RNA-seq with 7 dcpiand 21 dpci border zone
embcmbhc activity. f, Positive correlation of embcmhc staining to MAS at 7 dpci.
g, Reduced border zone embcmhc expressionin 7 dpci KCL hearts treated with
inhibitors PF-04859989 or rotenone compared to DMSO control. Representative
images are on the left, and quantification is on the right (scale bar, 300 pm).

h, No correlation between embcmbhc activity and border zone cardiomyocyte
proliferation at 7 dpci. i, Venn diagram displaying high overlap between genes
correlating to 90 dpci wound length and 7 dpci embcmbhc level but little overlap
between embcmhc and border zone proliferation at 7 dpci. j, Levels of OXPHOS
inadult 7 dpci remote and border zone cardiomyocytes and 2 dpf embryonic
ventricular cardiomyocytes, showing similar levels of OXPHOS in border zone
and embryonic cardiomyocytes. Reanalysis of previously published integrated
scRNA-seq dataset”. b, 7 dpci: ABn=8;NA, SAT, WIKn=7;TL, TU,KCLn =6,
21dpci: AB, SAT, WIKn=6;NA,KCLn=8; TLn=9; TU n=5 (biological replicates);
g, DMSO, PF-04859989 n = 6, rotenone n = 4 (biological replicates). b,g, One-way
ANOVA with Tukey’s test. ¢,d,f h, Simple linear regression. e, Analysis performed
using Metascape. BZ, border zone; ¢, cluster; Embr. V. CM, embryonic ventricular
cardiomyocyte; MF20, all cardiomyocytes; RZ, remote zone.

ofthe genesin this termwere OXPHOS genes, selecting only the genes
with aspecificrolein muscle contraction showed that these were most
strongly expressed in border zone cardiomyocytes and correlated to
levels of OXPHOS (Fig. 5a and Extended Data Fig. 5b,c). By contrast,
there was no correlation of expression of proliferation marker mcms
to levels of border zone Cardiac muscle contraction (Fig. 5b), indi-
cating that proliferation and differentiation are mutually exclusive.
To understand the timeline of events, we performed an scRNA-seq
experiment using the TgBAC(nppa:mCitrine)***®line (TL background)®,

inwhich mCitrine is expressed in border zone cardiomyocytes under
the nppa promotor. mCitrine* cardiomyocytes at 1,3 and 7 dpci were
FACS sorted and processed for scRNA-seq (Fig. 5c and Supplementary
Information). Initial analysis identified seven clusters that appeared
to be grouped according to the injury timepoints (Extended Data
Fig. 5d-fand Supplementary Table 8). We confirmed that the cells
were border zone cardiomyocytes and that a subcluster was entering
the cell cycle (Extended Data Fig. 5g-i). To investigate the order of
events thatborder zone cardiomyocytes undergo during regeneration,
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Fig. 5| Cardiomyocyte proliferationis separated in time from OXPHOS and
cardiomyocyte re-differentiation. a,b, Positive correlation of cardiac muscle
contraction genes in cardiomyocytes to OXPHOS (a) but not to proliferation
marker mcmS (b) by reanalyzing previous scRNA-seq data from Honkoop etal.”.
Red indicates border zone cardiomyocytes; clusters are as in the original
publication. ¢, Schematic diagram of the scRNA-seq procedure using the
transgenic TgBAC(nppa:mCitrine) line to FACS 1 dcpi, 3 dcpiand 7 dpciborder
zone cardiomyocytes. d, Timeline generated by pseudotime analysis of the
1dcpi, 3 dcpiand 7 dpciborder zone cardiomyocytes. e, Pseudotime analysis
recapitulates the real-time order of the samples. f, Differentially expressed genes
changing over pseudotime, grouped into eight modules using unsupervised
hierarchical clustering. Each module was analyzed for enriched processes.

g, Schematic to indicate how levels of OXPHOS and Cell cycle genes alternate.

h, StemID analysis shows that the cardiomyocytes differentiate along the
pseudotime. i, Sequential activation of Glycolysis, TCA cycle, MAS and OXPHOS
genes based on pseudotime analysis. j, Correlation graphs of strain bulk

RNA-seq data comparing significantly expressed genesin modules 3and 6

with proliferation (pcna), differentiation state (entropy), Glycolysis, OXPHOS,
tnncl (correlates to border zone embcmhc expression) and myl7 (mature
cardiomyocyte marker). Data showing positive correlation between proliferation
and de-differentiation with module 3 but negative correlation to module 6.
OXPHOS and myl7 have the opposite pattern. Embryonic border zone marker
tnnclaonly positively correlates to module 6 and, thus, the re-differentiation
stage.d-fh, n =4 hearts per timepoint. a,b,j, Simple linear regression. BZ, border
zone; CM, cardiomyocyte; RZ, remote zone.
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Fig. 6 | Genetic manipulation of mdhlab confirmsits role during long-term
regeneration and cardiomyocyte re-differentiation. a, Representative

images of RNAscope analysis of AB cardiomyocyte-specific mdhlab knockout
and cardiodeleter control showing absence of mdhlab mRNA in the MF20*
myocardiumin the knockout. b, Representative images of AFOG staining

on AB cardiomyocyte-specific mdhlab knockout and cardiodeleter control
withwound area quantification showing increased 21 dpciwound area

inthe mdhlab knockout but not the mdhlaaknockout in comparison to
controls. ¢, Representative images of embchmcimmunohistochemistry on

AB cardiomyocyte-specific mdhlab knockout and cardiodeleter control,

with quantification showing reduced presence of embcmhcin the knockout
compared to control. d, Quantification of PCNA*border zone cardiomyocytes
indicates no differences in proliferation between the AB cardiomyocyte-specific
mdhlabknockout and the cardiodeleter control. e, Representative images of
RNAscope analysis of KCL cardiomyocyte-specific mdhlab overexpression and
GFP control showing increased levels of mdhlab mRNA in the MF20* myocardium
inthe overexpression heart. f, Representative images of AFOG staining on KCL

B mdhlab cOE B mdhlab cOE

cardiomyocyte-specific mdhlab overexpression and GFP control,

withwound area quantification showing reduced 21 dpciwound areain the
mdhlab overexpression model compared to controls. g, Representative

images of embchmcimmunohistochemistry on KCL cardiomyocyte-specific
mdhlab overexpression and GFP control, with quantification showing reduced
presence of embcmhcin the overexpression hearts compared to control.

h, Quantification of PCNA*border zone cardiomyocytes indicate no differences
inproliferation between the KCL cardiomyocyte-specific mdhlab overexpression
and GFP control. i, OCR measurements of 14-dpci ventricles show increased
levels of OXPHOS in the overexpression hearts compared to control (scale bars,
100 pm). b, mdhlab cKO n=9, mdhlaa cKO n =11, cardiodeleter n =12 (biological
replicares); ¢, mdhlab cKO n=9, cardiodeleter n = 8 (biological replicates);

d, mdhlab cKO n =9, cardiodeleter n =11 (biological replicates); f,h, ndhlab cOE
n=6,GFPcOEn=7 (biological replicates); i, n = 8 biological replicates per group.
b, One-way ANOVA with Tukey’s test. ¢,f,i, Unpaired one-tailed Welch’s t-test.d,h,
Unpaired two-tailed Student’s ¢-test. g,i, Unpaired one-tailed Student’s t-test. BZ,
border zone; CM, cardiomyocyte.
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cells were projected into a linear pseudotime trajectory (Fig. 5d,e).
Weidentified the genes that were differentially expressed over the pseu-
dotime and grouped them with unsupervised hierarchical clustering
into eight modules that were analyzed for enriched processes (Fig. 5f
and Supplementary Tables 9-17). At1dpci, there was high expression of
genesinvolved in Glycolysis, including hk1, encoding for a rate-limiting
enzyme for glycolysis, and pdk4, encoding for an enzyme that inhibits
pyruvateentryintothe TCA cycle, likely due to cellular stress directly in
response to injury (module 1)***°, Between 1 dcpi and 3 dpci, OXPHOS
genes were downregulated, whereas Glycolysis continued (module 2).
Duringthe transition from3 dpcito 7 dpci, Cell cycle genes were upregu-
lated (module 3). The peak of Cell cycle gene expression was directly
followed by Mitochondrial organisation (module 4) and expression of
large numbers of OXPHOS genes (module 5). OXPHOS as well as Glycoly-
sisremained active toward the end of the 7-dpci timepoint (module 6).
This was followed by further Mitochondrial organisation (module 7),
possibly reflecting mitochondrial recovery”, and by Membrane organi-
sation, suggesting cardiomyocyte remodeling, possibly toinvade the
wound (modules 8)***, These dataindicate that when OXPHOS levels
were lowest, Cell cycle was active (Fig. 5f,g). We then used the StemID
algorithm, which revealed an increase in cardiomyocyte differentia-
tionstate along the pseudotime (lower diversity of cell fates and lower
transcriptome entropy; Fig. 5h). Looking in detail at Glycolysis, TCA
and OXPHOS genes in the pseudotime suggests sequential activation
of the pathways (Fig. 5i). Although some OXPHOS and TCA genes were
expressed in the initial injury response around the time of Cell cycle
activity, the metabolic flow appeared to go toward lactate (module 4),
followed by a sudden switch to genes of the MAS and TCA cycle in

module 5 and a sudden strong upregulation of OXPHOS genes
(Fig.5f,g, blackline). These data confirm that proliferation and OXPHOS
are separated in time. Specific upregulation of MAS at the start of
OXPHOS in the pseudotime supports our finding of a key role for the
MAS in the activation of OXPHOS at 7 dpci.

Integrating the pseudotime data with the bulk RNA-seq of the dif-
ferent strains allowed us to plot the pseudotime modules against the
processes of interest in the bulk RNA-seq (Fig. 5j and Extended Data
Fig. 6). Thisrevealed that genes from modules1-3 positively correlated
with both pcna and entropy levels (the higher the entropy, the more
de-differentiated the cells) but negatively with levels of mature cardio-
myocyte marker myl7, confirming that, during modules 1-3, cardio-
myocytes de-differentiate and proliferate. There was a weak negative
correlation to OXPHOS and no correlation to Glycolysis. In module 4,
these correlations disappeared while reversing from module 5 onwards.
Modules 5-7 showed a negative correlation to pcna and entropy and a
positive correlation to myl7, indicating cardiomyocyte re-differentia-
tionand cell cycle exit. There was a strong correlation between levels of
Glycolysis and OXPHOS with these later modules. The marker of embc-
mhcexpression, tnncla, did not correlate to the early pseudotime or to
module 3, when the cells are most de-differentiated, indicating that it is
not a de-differentiation marker. By contrast, it correlated to modules
5-7, confirming that upregulation of embryonic sarcomere genes and
OXPHOS are specific for cardiomyocyte re-differentiation.

Genetic manipulation of mdhlab confirmsitsrole inlong-term
regeneration

Our data indicate that activation of the MAS and OXPHOS are key
for re-differentiation and long-term regeneration. However, as both
inhibitors might have off-target effects®***¢, we generated cardiomy-
ocyte-specific knockouts (cKOs) for mdhlab (mdhlab cKO, AB strain)
(Fig. 6a). Togenerate the knockout, we injected a construct containing
three gRNAs toremove the entire mdhlab geneinto acardiodeleterline
expressing Cas9 under control of the myl7 promoter*’. Quantification
of wound size at 21 dpci showed reduced regeneration in the mdhlab
cKO, but not the mdhiaa cKO, compared to control cardiodeleters,
confirming our findings using the MAS inhibitor (Fig. 6b). Further
quantification of the hearts forembcmhc showed a strong reduction
inembcmhcstaining inthe border zone cardiomyocytesin absence of
mdhlab (Fig. 6¢), whereas cardiomyocyte border zone proliferation
was unaffected (Fig. 6d and Extended Data Fig. 7a). To understand
if manipulating mdhiab could result in enhanced regeneration, we
also generated a cardiomyocyte-specific mdhlab-overexpressing line
(mdhlabcOE, KCL strain) (Fig. 6e). Overexpressionin cardiomyocytes
indeed resultedin enhanced regeneration compared to green fluores-
cent protein (GFP)-overexpressing controls (Fig. 6f). Correspondingly,
embcmhcwasincreased, whereas proliferation was again not different
(Fig. 6g,h and Extended Data Fig. 7b). To confirm the role of mdhlab
inthe upregulation of OXPHOS, we measured the OCRs of the overex-
pressionand control heartsat14 dpci, which indeed showed increased
OXPHOS rates (Fig. 6i). Together, these data validate the role of the
MAS in the upregulation of OXPHOS, cardiomyocyte differentiation
and successful regeneration.

Reduced upregulation of OXPHOS and initiation of border
zone re-differentiation in cavefish
To confirmour findings and to investigate potential evolutionary con-
servation of abeneficial role of OXPHOS during heart regeneration, we
used A. mexicanus. We confirmed our previous findings that the surface
fish population of A. mexicanus canregenerateits heart after ventricular
resection, whereas the Pachon cavefish population forms a permanent
scar*® using cryo-injury (Extended Data Fig. 8a,b). Next, we performed
bulk RNA-seqon A. mexicanushearts from 6 hours to 30 dpci. Analysis
ofthetop enriched processes revealed the terms Thecitric acid cycleand
respiratoryelectron transport and Oxidative phosphorylation (further
referred to as TCA/OXPHOS) as the most strongly upregulated processes
atlatetimepointsin the regenerative surface fish compared to cavefish
(7,14 and 30 dpci; Fig. 7a,b, Extended Data Fig. 8cand Supplementary
Tables 18-20). In the first 7 days after injury, levels of TCA/OXPHOS
correlated to the levels of Glycolysis in both surface fish and cavefish
(Fig. 7c,d); however, this was lost in cavefish at later timepoints
(Fig. 7e,f), similar to the observation in the SAT zebrafish strain.
Therewas asteadyincreasein TCA/OXPHOS from 7 dpcionwards
in the regenerating surface fish, elevating above baseline and still at
an upward trend at 30 dpci (Fig. 7g). In the scarring cavefish, levels
of TCA/OXPHOS were similar to surface fish in the first 3 days; how-
ever,at7 dpci, there was asudden decline followed by anincrease that

Fig. 7| Strongly reduced re-differentiation gene expression in A. mexicanus
cavefish versus surfacefish. a,b, Top five enriched processes upregulated in
surface fishat 7 dpci (a) and 30 dpci (b) compared to cavefish. c-f, Positive
correlation of TCA/OXPHOS with Glycolysis genes at all timepointsin surface
fish (cand e) but only up to 7 dpciin cavefish (d andf). g,h, Expression over
time in bulk RNA-seq data. Although TCA/OXPHOS genes are initially relatively
similarly expressed, they dip in cavefish at 7 dpci. From 7 dpci onwards, there
isasteady increase until at least 30 dpci (g). Expression of MAS genes follows
asimilar pattern as TCA/OXPHOS expression (h). i,j, Significant positive
correlation between the MAS and Glycolysis at late timepoints in surface fish (h)
but notin cavefish (i). k-m, Expression over time in bulk RNA-seq data of two
genes correlating to embcmhc expression in zebrafish, actal (k) and tnncla (1),

showing strong upregulation at late timepoints in surface fish but much lower
and shorter upregulation in cavefish. Mature marker myl7 expression reduces
inthe first days after injury, before increasing again from 7 dpci onwards (m).
Selected significance is shown. n, Heatmap of sarcomere and myosin-related
genes correlating to actal, tnncla or myl7in surface fish. Timepoints of interest
are highlighted with black box. a,b, n = 5biological replicates per morph per
timepoint; g h,k-m, n =3 for uninjured cavefish and surface fish, n =5 per morph
for all other timepoints (biological replicates). a,b, Analysis performed using
Metascape. c-f,ij, Simple linear regression. g, h,k-m, Two-way ANOVA with
Sidak’s multiple test; data presented as mean + s.e.m. pos., positively.

SF, surface fish.
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was lower than the surface fish (Fig. 7g). MAS showed a very similar
patternto OXPHOS (Fig.7h), and, whereas MAS correlated to Glycolysis
at late timepoints in surface fish, this correlation was lost in cavefish
(Fig.7i,j), suggesting that glycolysis does not directly fuelinto OXPHOS
viathe MAS anymore.

To understand if this could affect cardiomyocyte re-differentia-
tion, we plotted sarcomere markers actal and tnncla that correlated

to 7 dpci embcmhc expression in zebrafish over time in Astyanax
(Fig. 7k, 1)**. Insurface fish, actal was upregulated at 7 dpciand started
to decline after 14 dpci, whereas, in cavefish, the upregulation was
lower, delayed and shorter (Fig. 7k). Tnncla was upregulated later and
shorterthanactal insurfacefish, at14 dpcionly, but completely absent
in cavefish (Fig.7I). Thisindicates that at the time when the correlation
between Glycolysisand OXPHOS is lost, non-regenerative cavefish show
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adampened upregulation of temporary ‘embryonic’ sarcomere genes,
similar to the zebrafish strains SAT and TU (least regenerative). Plotting
mature sarcomere marker myl7 expression confirmed the declineinthe
firstdays after injury when the cardiomyocytes are de-differentiating,
before increasing steadily again from 7 dpci onwards, and with an
upward trend at 30 dpci, signaling the maturation of sarcomeres dur-
ing re-differentiation (Fig. 7m). We then looked for sarcomere genes
correlating to actal, tnncla or myl7 in surface fish (r>0.7), which
showed that there was adynamic temporary sarcomere gene program
correlating to actal and tnncla that was strongly reduced in cavefish
(Fig. 7nand Extended DataFig. 8d). Levels of ‘mature’ sarcomere genes
correlating to myl7 were upregulated in the later stages in cavefish but
did not achieve the strong increase between 14 dcpi and 30 dpci that
was seeninsurface fish (Fig. 7n). This shows that, during the re-differ-
entiation phase in regenerative fish, a dynamic temporal sarcomere
gene program is activated, which is dampened when OXPHOS levels
fail to increase sufficiently.

Discussion

Inter-species comparisons are a powerful approach to discover novel
mechanismsinvolved in regeneration. However, itis difficult to tease
out causative pathways when comparing highly diverse species such
as zebrafish and mouse. These difficulties disappear when perform-
ing intra-species comparisons*’. We previously showed the power of
comparing within a species using A. mexicanus surface fish and cave-
fish, which led to the discovery of a conserved role for lrrc10 during
cardiomyocytere-differentiation and regeneration***®. In the present
study, we took this approach further by comparing seven different
wild-type zebrafish strains. Although zebrafishis considered the model
organism foradult heart regeneration research®®, we show that notall
zebrafish regenerate equally. Taking advantage of the regenerative
range observed in the different zebrafish strains and A. mexicanus
has allowed us to understand seemingly contradicting processes of
successful cardiomyocyte proliferation and upregulation of OXPHOS
during heart regeneration.

Byintegrating single-cell and bulk RNA-seq zebrafish data to gen-
erateatimeline of events, we identify adownregulation of OXPHOS dur-
ing de-differentiation of the border zone cardiomyocytes and confirm
the maintenance of Glycolysis during proliferation'. Cardiomyocyte
proliferation peaks when OXPHOS levels are lowest, followed by a sud-
denincrease in OXPHOS toward the end of day 7. As ROS generated
by OXPHOS inhibit cardiomyocyte proliferation’, the upregulation
of OXPHOS could function to prevent hyperplasia.'* After the peak
at 7 dpci, cardiomyocyte proliferation levels return to baseline by
21-30 dpci®. This is consistent with our finding that cardiomyocyte
proliferationisimportant for regeneration until 21 dpci, butitsrole is
negligible at later stages. Although this window of proliferation appears
relatively short, it is sufficient to restore cardiomyocyte numbers to
pre-injury levels by 30 dpci®. Interestingly, high levels of proliferation
do not necessarily correlate with successful long-term regeneration,
asexemplified by the WIK strain, which, although highly proliferative,
doesnot complete regeneration. Reducing OXPHOS through knockout
of cox7al increases cardiomyocyte proliferation and improves regen-
erationat 28 dpci®'. However, long-term regeneration was not analyzed,
anditwill beinteresting to investigate the ability of cardiomyocytes to
re-differentiate in these knockouts.

In contrast to proliferation, expression of embcmbhc correlates
well to long-term regenerative outcome. Embcmhc expression has
been considered a hallmark of de-differentiation of the border zone
cardiomyocytes, asthey revert toamore embryonic state'®**. Asembry-
onic cardiomyocytes are thought to largely rely onglycolysis, with low
OXPHOS levels™?¥, the upregulation of OXPHOS in the border zone
and correlation to embcmhc expression seemed counterintuitive.
However, we found that embryonic OXPHOS levels are higher thanthose
ofadult cardiomyocytes away from the injury site and similar to those

oftheborderzone, indicating that OXPHOS levels are higher inactively
(re-)differentiating cells, which are reassembling their sarcomeres,
as compared to fully differentiated cardiomyocytes. Thus, border
zone cardiomyocytes do indeed revert to an embryonic state, but, in
contrast to current beliefs, this results in an upregulation of OXPHOS
thatisimportant for long-term regeneration.

Sarcomere gene isoforms are known to switch as development
and cardiomyocyte maturation progresses, withembryonicisoforms
downregulatedinthe adult heart and replaced by expression of mature
isoforms***%, Our data in Astyanax show that this switch also occurs
during re-differentiation, with high, but temporal, upregulation of
many sarcomere isoforms between 7 dpci and 30 dpci, whereas levels
of other mature isoforms slowly increase until they become the main
isoforms at 30 dpci. Temporal ‘embryonic’ sarcomere gene expression
isnotonly higher inregenerative surface fish versus non-regenerative
cavefish but also longer in duration. Similarly, in zebrafish, high and
prolonged expression of embcmhc is beneficial to regeneration and
especially long-term outcome. The transient embryonic sarcomere
profile could be required for functional cardiomyocyte assembly and
reintegration within the three-dimensional continuously contracting
cardiac muscle. Studies on isoform switching of sarcomeres in mice
suggest thatembryonic/fetalisoforms may be less stiff and rigid, which
could promote cardiomyocyte migration and functional reintegration
during cardiac repair®™.

High levels of OXPHOS allow the border zone cardiomyocytes to
complete a full differentiation process that mimics developmental
maturation. If OXPHOS levels remain too low, full differentiation is
not achieved, which fits well with the finding from zebrafish that, in
contrast to those completely regenerated, incompletely regener-
ated heartsstill containimmature cardiomyocytes near the wound at
90 dpci®. In contrast to zebrafish, non-regenerative mouse and human
wound border zone cardiomyocytes fail to fully re-differentiate’.
Similarly, mouse cardiomyocytes that have de-differentiated due
to transient exposure to constitutively active ERBB2 fail to fully re-
differentiate®. The lack of re-differentiation in adult mouse, but not
zebrafish, cardiomyocytes seemsironic, knowing that the mouse heart
relies heavily on use of OXPHOS for its energy**.

Our datapointtoacentralrole forthe MASin the sudden upregula-
tionof OXPHOS. The MAS, whichindirectly transfers NADH into the mito-
chondria and regenerates NAD" in the cytoplasm®**, ensures maximal
ATP generation from carbohydrate substrates by coupling withthe ETC,
thereby capitalizing on the capacity for glycolytic metabolism in fish.
Although our study focuses on the boostin OXPHOS generated by activa-
tion of the MAS, the increase in TCA metabolites will likely play a wider
role, from mediating biosynthetic pathways to regulation of chromatin
modifications that can impact cell state and function, which requires
further investigation. With a much more limited ability to upregulate
glycolysis®, adult mouse cardiomyocytes can likely not fully benefit
from activation of the MAS to obtain the levels of OXPHOS required for
full sarcomere assembly. Our data show that cardiomyocytes undergo
different phases during regeneration, with dynamic metabolic rewiring
betweenthe early and late stages. During the early stages, upregulation
of glycolysis and downregulation of OXPHOS is key for successful car-
diomyocyte proliferation. However, long-term completion of regenera-
tionrequiresincreased rates of OXPHOS during sarcomere reassembly
and restoration of cardiac function, before returning to the pre-injury
adult metabolic state. As OXPHOS has been considered detrimental to
regeneration, our findings require ashiftin thinking about approachesin
targeting pathways toinduce long-term heart repairinthe human heart.

Methods

Animals

Zebrafish and A. mexicanus were used in this study. Six wild-type
zebrafish strains—AB, NA, SAT, TL, TU and WIK—were obtained as
embryos from the Zebrafish International Resource Center and
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from John Postlethwait’s laboratory (University of Oregon). KCL has
been bred in our facility for more than 20 generations but originated
fromKing’s College London. The wild-type zebrafish and transgenic
TgBAC(nppa:mCitrine)**°™8 (ref. 13) and Tg(myl7:NLS-GFP-2A-NLS-
Cas9-NLS)*“1°8 (cardiodeleter)* zebrafish lines were kept at 28 °C
under a10/14-hour light/dark cycle according to current guidelines®.
A. mexicanus surface and cavefish were maintained at 20-21 °C under
a light/dark cycle of 12/12 hours. All procedures involving animals
at the University of Oxford were carried out in compliance with
the revised Animals (Scientific Procedures) Act 1986 in the United
Kingdom and Directive 2010/63/EU in Europe and were approved
by Oxford University’s central Committee on Animal Care and
Ethical Review. All procedures performed in the Hubrecht Insti-
tute were approved by the Animal Welfare Body of the Royal Dutch
Academy of Sciences and Arts in compliance with animal welfare
laws, guidelines and policies, according to Dutch and European law.
Ethical approval was also obtained from the Institutional Animal
Care and Use Committees of Massachusetts General Hospital and
Boston College.

Generation of transgenic zebrafish strains

To generate cardiomyocyte-specific mutants, guide shuttles
carrying three gRNAs targeting either mdhlaa or mdhlab were
assembled and injected as previously described”. In short, three
gene-specific gRNAs without predicted off-targets in the zebrafish
genome were selected using CRISPRscan®” and subsequently cloned
in vectors containing the Uéa, U6b and Ué6c zebrafish promoters.
These U6-gRNA cassettes were then subcloned and combined using
Gibson Assembly into a Toll-based construct carrying a transgen-
esis reporter that labels cardiomyocytes with the red fluorescent
protein mKate. The resulting pToll-U6abc-mdhlaa-cmlic2:n-mKate
and pToll-U6abc-mdhlab-cmic2:n-mKate plasmids were injected
into cardiodeleter embryos at the one-cell stage with Toll mRNA.
Injected animals were screened at 72 hpf to select embryos show-
ing mKate expression in cardiomyocytes, raised to adulthood and
screened for transmission. F; animals carrying the cardiodeleter and
corresponding guide shuttle were used for regeneration experi-
ments. Targeted regions (including PAM) are as follows: GTTTTG-
GTGACTGGCGCCGCCGG, GGGCATAGAGCCCACCAAGATGG and
TGTTGTGGTCCAGACGGGTCAGG for mdhlaa and TGCGATCTGTC-
CTGCGGCACCGG, TGGCTGGGTTGCCAACAACTAGG and GTGAA-
GAATGTGATCATCTGGGG for mdhlab.

To generate cardiomyocyte-specific overexpression models,
pTol2-cmlc2-mdhlab-P2A-GFP-Tol2 and pTol2-cmlc2-GFP-Tol2 were
designed and ordered from VectorBuilder, transformed as previ-
ously described*®. Escherichia coli HSTOS Stellar Competent cells
(TaKaRa) were incubated for 30 minutess with 5 ng of the plasmid at
4 °Cfor30 minutes. The cellswere heat shocked at 42 °Cfor 45 seconds,
cooled down for2 minutesat4 °C, incubated for1 hourat37°CinSOC
medium (TaKaRa) and plated on LB agar plates (Q-BIO gene) contain-
ing 80 pug ml™ carbenicillin (Thermo Fisher Scientific) overnight at
37 °C. Single colonies were expanded in LB broth overnight at 37 °C,
and DNA was isolated using a QlAprep Spin Miniprep Kit (Qiagen)
according to the manufacturer’s instructions. pCS2-Toll and pCS-Tp-
Tol2 plasmids were linearized with NotI-HF (New England Biolabs) and
purified using a QlIAquick PCR Purification Kit (Qiagen) according to
the manufacturer’sinstructions. Invitro transcription of the Tol1/Tol2
genes was achieved usingan mMMESSAGE mMACHINE SP6 Transcription
Kit (Invitrogen). DNA and mRNA concentration was assessed using a
NanoDrop 2000 (Thermo Fisher Scientific). Microinjection of zebrafish
embryos was performed as previously described. Single-cell-stage
zebrafishembryos were injected (FemptoJet 4x; Eppendorf) with a mix
of 50 ng pl™ plasmid DNA and 50 ng pl™ Tol2 RNA. Founder embryos
were bred to wild-type zebrafish to produce the F, generation stably
expressing the transgene(s).

Cryo-injury of zebrafish and A. mexicanusheart

Zebrafish (5 months-1.5 years old) and A. mexicanus (2 years old) were
used, age matched within experiments. Cryo-injury of the ventricle of
zebrafishand A. mexicanusheart was performed per previous descrip-
tion®®, In brief, fish were anesthetized in MS-222 (250 mg [; Sigma-
Aldrich) and placed ventral side facing upwards in a sponge-holder
under adissection microscope (Olympus). Anincision was made using
forceps and microdissection scissors at the level of the heart, which
facilitated the exposure of the ventricle out of the pericardial cavity.
Cryo-injury was induced on the tip of the ventricle using a copper
probe pre-chilled in liquid nitrogen. In sham groups, a probe at room
temperature was used. After surgery, fish were returned to fresh tank
waterimmediately, and their gills were pipetted through using water to
facilitate breathing and restoring of swimming capability. Hearts were
isolated at the indicated timepoints and processed for further analysis.

Heart sample fixation, processing and histology sections
Isolated hearts wererinsed in pre-cooled PBS and fixed in 4% paraform-
aldehyde (ChemCruz) overnight at 4 °C. Dehydration was performed
using increasing ethanol concentrations (70%, 80%, 90%, 96% and
100%). After overnightincubationin100% 1-butanol, the samples were
placed in paraffin (Paraplast; Sigma-Aldrich) at 65 °C, and 8-um-thick
sectionswere acquired usingaMicrom HM325 microtome. The sections
were mounted on SuperFrost glass slides (VWR) and dried overnight
at37°Cfor further processing.

Acid Fuchsin Orange G staining

After sectioning the whole heart, exactly one in 10 sections was
mounted per set, providing representative coverage of the whole
heart for Acid Fuchsin Orange G (AFOG) staining. The procedure was
performed as previously described®. In brief, the samples were de-
waxed twice for 6 minutes in Histo-Clear Il (National Diagnostics),
rehydrated in descending concentration of ethanol (100%, 96%, 90%,
80% and 70%, 1 minute each), fixed in Bouin’s solution (Sigma-Aldrich)
at60 °Cfor2 hoursandstained in AFOG solution (0.5% w/v methyl blue,
1% w/v orange G and 1.5% w/v acid fuchsin (pH1.09)) for 7 minutes. The
stained slides were dehydrated in ascending concentration of ethanol
(70%, 80%, 90%, 96% and 100%, 1 minute each) and washed twice for
6 minutes in Histo-Clear Il. Finally, the slides were briefly allowed todry
before being mounted in dibutylphthalate polystyrene xylene (DPX)
medium (Sigma-Aldrich) for imaging.

Immunofluorescence staining

Forimmunofluorescence analysis, we took at least three sections per
heart with typical wound for further processing. The samples were
de-waxed with xylene (Sigma-Aldrich) and rehydrated as described
above. The sections were boiled in antigen unmasking solution, citric
acid based (Vector Laboratories), for 4 minutes in a pressure cooker,
followed by a cool-down period in PBS for 20 minutes. The sections
were thenincubated in TNB (Akoya Biosciences) blocking buffer (0.1M
Tris base (pH 7.4), 0.15 M NaCl, 0.5% TNB) for 30 minutes to 1 hour at
room temperature to prevent non-specific binding. Incubation with
primary antibody solution was performed in a humidified chamber
atroom temperature overnight. After washing with PBST (containing
0.1% Tween 20), sections were incubated with secondary antibodies
for 2 hours at room temperature. Primary antibodies Mef2c (Biorbyt,
orb256682), PCNA (clone PC10; Dako, M0879), GFP (Abcam, ab13970),
MF20 (Developmental Studies Hybridoma Bank (DSHB), AB_2147781)
and embcmhce N2.261 (DSHB, AB_531790) and secondary antibodies
Alexa Fluor 488 (Invitrogen, anti-mouse A11001, anti-chick A11039
and anti-rabbit A21206) and Alexa Fluor 555 (Invitrogen, A31570) were
prepared using TNB buffer at a ratio of 1:200. When the staining was
ready, the sections were stained using DAPI (1:1,500 in TNB) for 5 min-
utes and were mounted ina self-made mounting medium, Mowiol 4-88
(AppliChem), for imaging.
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RNAscope

For RNAscope, we mounted three sections per heart with typical wound
for further processing. The samples were deparaffinized in xylene,
incubatedin100% ethanol and air dried. After a10-minute incubationin
H,0,,thesamples wereboiledin target retrieval (Bio-Techne) for 15 min-
utes, washed in ethanol and allowed to dry. The mdhlab (Bio-Techne,
1175851-C1) zebrafish probe was applied at 40 °C (HybEZ Il oven; ACD)
after al2-minuteincubation with proteaselll (Bio-Techne). Ampl, Amp2
and Amp3 were added before incubating in HRP-C1, TSA-fluorescein
and HRP blocker at40 °C (Bio-Techne). Two washes in RNAscope wash
buffer (Bio-Techne) were performed in between each step. Immunoflu-
orescence staining was then performed, and the slides were mounted
with ProLong Gold antifade mounting medium (Invitrogen).

Drug treatment

The KCL strain was used for all inhibitor experiments. The drug solu-
tions of PF-04859989 (Sigma-Aldrich, 0.2 uM) and rotenone (MP Bio-
medicals, 5 uM) were prepared in 0.01 pM DMSO (Sigma-Aldrich) in
Milli-Q water. The drugs were theninjected intraperitoneally, together
with a control DMSO (0.01 pM) group using a BD Micro-Fine U-100
insulinsyringe (29-gauge) with injection volume of 10 pl. For the 7-dpci
heartisolation, fish were injected once daily from 3 dpcito 7 dpci. For
21-dpciisolation, hearts wereinjected every other day between 1 dpci
and 20 dpci.

Bulk RNA-seq and data analysis

Both zebrafish and A. mexicanus hearts were harvested at desired
timepoints, and total RNA was extracted from individual ventricles
using a Quick-RNA MicroPrep Kit (Zymo Research). The quality of
RNA was assessed using aNanoDrop 2000 (Thermo Fisher Scientific),
a Qubit RNA HS assay (Thermo Fisher Scientific) and an Agilent 2100
Bioanalyzer. We used 1.5 pg of total RNA. Libraries were generated
using a QuantSeq 3’ mRNA-Seq Library Prep Kit (FWD) from Lexogen.
The zebrafish libraries were then sequenced using two lanes on the
NovaSeq 6000 platform and those of A. mexicanus on the lllumina
HiSeq 4000 by Oxford Genomics at the Wellcome Centre for Human
Genetics. Reads were demultiplexed using bcl2fastq (version 2.20.0,
lllumina) and checked for quality (adapter trimming and quality con-
trolwith Trim Galore (version 0.6.4_dev))' before alignmentand gene
counting using STAR (version 2.7.6a)%” against the zebrafish genome
(GRCz11) with Ensembl (https://ensembl.org) annotations (release
104). For Astyanax, alignment was against the Mexican tetra (version
2.0) genome with customized Ensembl annotations (release 103; see
GSE234989 for table)®*. Raw reads and gene counts are accessible
under accession number GSE234990 in the Gene Expression Omnibus
(GEO) repository. Gene counts were loaded in R (version 4.0.1)**, and
genes with less than one read per million mapped in all samples were
removed before further analysis. Differential gene expression (DGE)
was determined using DESeq2 (ref. 65) after controlling for unwanted
variation with RUVg®, using genes with a coefficient of variation less
thanthe median as negative controls for RUVg. The weight matrix gen-
erated by RUVgwas added to the linear model for DESeq2 DGE analysis.
Geneswere deemed to be differentially expressed if they showed more
than two-fold differences ata Benjamini-Hochberg® adjusted P < 0.05.
Gene Ontology enrichment was evaluated using Metascape (http://
metascape.org) using zebrafish annotations and a background com-
prising genes retained for analysis®. For KEGG pathway analysis®*"°,
differential expression analysis was performed using the generalized
linear models in edgeR (version 4.3.1)”". Genes with fold change > 1.5
and false discovery rate < 0.1 were extracted for enrichment analysis.
The enrichment analysis was performed using EnrichR version 3.4.0
(ref.72) onthe zebrafish KEGG 2019 dataset, with default parameters.
Genome-scale metabolism modeling (GEM) was performed using
the continuous_integration scoring strategy in troppo version 0.0.7
(BioSystemsUM; Tissue-specific RecOnstruction and Phenotype

Prediction using Omics data; https://github.com/BioSystemsUM/
troppo; accessed 27 February 2025) on the ZebrafishGEM model”,
with the raw RNA-seq counts as input. Heatmaps were produced using
pheatmap’inR. Venn diagrams were made with R packages Vennerable
(proportional Venn™) or gplots (petal plots™). For plots of expression
pattern correlationwith actal, tnncla or myl7, genes with correlation
coefficient > 0.7 across time are shown. Reanalysis of the published
zebrafish bulk RNA-seq data was performed on the original dataset
aspublished™,

scRNA-seq and data processing
Transgenic zebrafish hearts at desired timepoints 1,3 and 7 dpciwere
dissected, and the procedures for cardiac cell dissociation, viable
sorting, transcriptin vivo and sequencing follow our previous descrip-
tion®. Cells were harvested and libraries were generated by Single Cell
Discoveries for 75-bp paired-end scRNA-seq using an Illumina Next-
Seq platform”’. The resultant sequencing data were mapped against
zebrafishreference genome (Zv9). Mitochondrial, oversequenced and
ERCCspike-inmRNAreads were removed. Based onthe distribution of
thelog,, total reads plotted against frequency, we introduced a cutoff
at minimally 500 reads per cell to be included for further analysis. A
total of 1,194 cells (280 1-dpi, 262 3-dpi and 652 7-dpi cells) were then
processed in Seurat version 3.2.2 (ref. 78) with the following param-
eters: variable features = 500, dimensions = 8 and resolution = 0.7.
Cells that were filtered with the above parameters were subjected to
pseudotime analysis using Monocle 2 (ref. 79). Monocle 2 was used
to identify genes differentially expressed over pseudotime (P < 0.05)
andidentified eight unsupervised clusters. For functional annotation
of the genes, zebrafish gene IDs were converted to human ensemble
IDs using Ensembl biomaRt*>*', and Gene Ontology term analysis was
performed using DAVID® and Metascape?. StemID2 (ref. 83) was used
on the Seurat object, and values were projected in pseudotime with
Monocle 2. Reanalysis of the published zebrafish scRNA-seq datasets
was performed on the original datasets as published””.

scRNA and bulk RNA-seq data have been deposited at the GEO
(Super Series GSE234990) and are publicly available as of the date
of publication by accession numbers in the key resources table
(Supplementary Table 21).

Seahorse assay

The Seahorse XF Cell Mito Stress Test Kit (Agilent) was used to deter-
mine the OCR and ECAR of uninjured and 14-dpci zebrafish ventri-
cles. The ventricles were positioned in an Islet Capture Microplate
(Agilent,101122-100) containing DMEM (Agilent,1035755-100;10 mM
glucose, 1 mM pyruvate and 2 mM glutamine (pH 7.4)). Ten baseline
(untreated), three oligomycin (MP Biomedicals) (50 uM), seven FCCP
(Sigma-Aldrich) (30 pM) and nine rotenone (MP Biomedicals)/anti-
mycin A (ChemCruz) (45 pM) measurements were acquired using
the Seahorse XFe24 Analyzer (Agilent) at 28 °C. Seahorse traces were
normalized against protein concentration using a Pierce BCA Assay Kit
(Thermo Fisher Scientific). The OCR was defined as the average of the
top three FCCP measurements.

3C metabolic analysis by nuclear magnetic resonance

To evaluate how glucose is metabolized, we injected 4 M 2C, glucose
(ChemCruz) in Milli-Q water intraperitoneally in wild-type zebrafish
fromthe KCL strainat 7 dpciand thenisolated and snap-froze the hearts
30 minutes after injection. To extract the metabolites, three replicates
of 10 pooled ventricles were homogenized in 1 ml of pre-chilled 2:1
chloroform (Thermo Fisher Scientific): methanol (Sigma-Aldrich)
extraction solution in a homogenizer (hard tissue grinding MK28;
Precellys). The lysate was subsequently placed at 4 °C for 5 minutes
before adding 400 pl of Milli-Q water, mixing thoroughly and centri-
fuging at10,000g for 5 minutes at 4 °C. The aqueous phase containing
the metabolites wasisolated, freeze dried, reconstituted in deuterium
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oxide (D,0) and analyzed quantitatively using nuclear magnetic
resonance (NMR) spectroscopy.

AllNMR experiments were performed on a Bruker Avance NEO
NMR spectrometer operating at a proton resonance frequency of
600 MHz and equipped with a BBO CryoProbe. Measurements were
doneatatemperature of 298 K. Data were acquired using the TopSpin
4.1.4 software package and analyzed using MestReNova (Mestrelab
Research). Spectral annotations were performed according to the
literature®*.

Scanning electron microscopy

Adult zebrafish WIK and SAT 7-dpci hearts were isolated and fixed at
room temperature with a mixture of 2.5% glutaraldehyde/2% para-
formaldehydein 0.1 Msodium cacodylate buffer (pH 7.4). Hearts were
then washed in 0.1 M PIPES (Thermo Fisher Scientific) and fixed with
osmium tetroxide (2%) (Agar Scientific) and potassium ferricyanide
(1.5%) (Merck) for 2 hours. After washing in buffer, the samples were
treated with tannic acid followed by 2% osmium tetroxide and 1% ura-
nyl acetate (Agar Scientific), respectively. After heavy metal staining,
the samples were dehydrated through ethanol series, acetone and
Durcupan/acetone gradient and embedded in Durcupan ACM resin
(Sigma-Aldrich). Semi-thin sections were cut at 500 nm with a Leica
Ultracut 7 ultramicrotome and mounted on aglass coverslip for coun-
terstaining with lead citrate. Coverslips were finally mounted on stubs
with conductive carbon adhesive tabs, and the heart tissue was coated
with carbon (Quorum Technologies) forimaging.

Imaging

Whole zebrafishimages were taken using an iPhone X (Apple). Whole
hearts wereimaged with a Zeiss Stemi 2000-C stereomicroscope with
a Zeiss Axiocam ERCS5s camera (Carl Zeiss). (Immuno)histochemis-
try images of heart samples were acquired using a Nikon Eclipse Ci-L
microscope with a Nikon DS-Fi3 camera and a Zeiss LSM 800 (Carl
Zeiss). The scanning electron microscopy images were acquired at
10 kV with detector HDBSD (working distance 5.9 mm) using Zeiss
Sigma 300 FEG-SEM.

Quantification of stained sections

We used Fiji Image] software (https://imagej.net/Fiji)* to quantify
wound size and cellular foci of images. For AFOG-stained sections,
we quantified wound size, including area and open wound length, on
aminimum of three sections per heart with the largest wound. The
wound size was presented as a percentage of wound area and length
against the ventricular area and perimeter, respectively. Addition-
ally, to characterize the regenerative state at 90 dpci, the hearts were
visually categorized into three groups: (1) completely regenerated
(total lack of wound throughout the heart), (2) incompletely regen-
erated with closed wound (only internal collagenous scar present)
and (3) incompletely regenerated with open wound (absence of com-
pact wall closure and/or fibrin deposition additionally to collagen
deposits). The percentage of hearts in each category is presented
per strain.

For proliferation measurements, we counted Mef2‘PCNA* double-
labeled nuclei and those labeled only by Mef2" or PCNA"MF20" cells
within the border zone, a100-pm region adjacent to the wound bor-
der. The percentage of proliferating cardiomyocytes was obtained by
dividing the number of PCNA*Mef2" against the total Mef2* nuclei or
PCNA" nuclei over the border zone area (pxI?). For embryonic myosin,
we identified embcmhc signal in the border zone and normalized by
inner wound length.

Amira software (Thermo Fisher Scientific) was used to quantify
the area of the compact wall, trabecular muscle®® and atrium of the
uninjured hearts. To correct for variation in atrium size due to differ-
encesinthesize of the hearts, the atrial areawas corrected by the total
areaof the heart.

Statistics

Dataanalysis was performed blinded, and the data were plotted using
GraphPad Prism version 9.1.0 (GraphPad Software). Animal numbers
in each experiment and details on statistical tests are included in the
figures or their legends. Data are presented as mean + s.e.m. The box
in the box plots indicates the 25th and 75th percentiles and the mid-
dle line the 50th percentile. The whiskers extend to the most extreme
datapoints.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seqdatasets generated in this study are deposited in the GEO
repository under a SuperSeries with accession number GSE234990
(wild-type strains bulk RNA-seq: GSE234990; Astyanaxbulk RNA-seq:
GSE234989; scRNA-seq: GSE237276). Published datasets reanalyzed
in this study come from the following studies: Hu et al.”” (GSE159032),
Honkoop etal.” (GSE139218) and Hill et al.® (SRP117696). The raw data/
measurements presented in thisstudy are provided inthe Source Data
table. The materials used in this study are provided inthe key resources
table (Supplementary Table 21). Any further queries may be directed to
the corresponding author, M.T.M.M. (mathilda.mommersteeg@dpag.
ox.ac.uk). Source data are provided with this paper.

Code availability
The code used to analyze the datasets is commercially available and
is described and referenced in the Methods. Custom code relating to
Extended Data Fig. 3 canbe found at https://github.com/JasonjunYing/
Oxphos_regeneration.
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Extended Data Fig. 1| Differential regenerative response to cryoinjury
between wild-type adult zebrafish strains. (a) Ratio of ventricular compact
wall area and trabecular area as indication of sponginess of the hearts showing
differences trabeculae between adult NA and KCL but not between other strains.
(b) Quantification of atrial size showing no differences between the strains. (c)
Survival curve until 90dpci showing differences in survival between the strains.
(d) Survival curve until 7 days post sham. (e-f) Quantification of wound area

(e) and length (f) over time in all the strains (only significant p-value between
adjacent time points per strain is shown). (g) Wound length quantification
showing significant differences at 1and 90dpci between the strains. (h) No
correlation between 1dpci wound length and 90dpci wound length. (i-j) Positive
correlation between 7- and 21dpci (i) and 21- and 90dpci wound area (j). (k) No
correlation between extend of injury (1dpci wound length) and survival. (I) No
correlation between long-term regeneration (90dpci wound area) and survival.
a, ABn=5;NA, KCL n=7; SAT, WIK n=6; TL n=9; TU n=4 (biological replicates);

7dpci wound area

2 4 6
90dpci wound area
b, ABn=5; NA, SAT, WIK n=6; TL n=9; TU n=4; KCL n=7 (biological replicates);
¢, ABn=42,NA n=46, SAT n=38, TL n=52, TU n=35, WIK n=34, KCL n=32 (biological
replicates); d, n=5biological replicates per strain; e, AB:1,90dpcin=7; 7dpci
n=8;21dpcin=6.NA:1,7,90dpcin=7;21dpcin=11.SAT:1,7,21,90dpcin=7.TL:1,
7,90dpcin=7;21dpcin=9.TU:1, 7dpci n=7; 21dpci n=5; 90dpcin=6. WIK: 1, 7, 21,
90dpcin=7.KCL:1,7,21,90dpci n=8 (biological replicates); f, AB: 1, 90dpci n=7;
7dpcin=8;21dpcin=6.NA:1,7,90dpcin=7; 21dpcin=11.SAT:1, 7,21,90dpcin=7.
TL:1,7,90dpcin=7;21dpcin=9. TU:1, 7dpci n=7; 21dpci n=5; 90dpci n=6. WIK:
1,7,21,90dpcin=7.KCL:1,7,21,90dpci n=8 (biological replicates); g, 1dpci: AB,
NA, SAT, TL, TU, WIK n=7; KCL n=8. 7dpci: NA, SAT, TL, TU, WIK n=7; AB, KCL n=8.
21dpci: SAT, WIK n=7; AB n=6; NA n=11; TL n=9; TU n=5; KCL n=8.90dpci: AB, NA,
SAT, TL, WIK n=7; TU n=6; KCL n=8 (biological replicates). a, b, g, one-way ANOVA
with Tukey’s test; ¢, d, Kaplan-Meier assay with Log-rank (Mantel-Cox) test;

e, f, two-way ANOVA with Sidak’s multiple test; h-1, simple linear regression.

1dpci wound length
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Extended Data Fig. 2| Oxidative phosphorylation is beneficial for
regeneration. (a) Negative correlation between 90dpci wound area and the
7dpciRespiratory electron transport GO-term. (b) Oxygen consumption rate
(OCR) measurements of uninjured ventricles show similar levels of OXPHOS
among the seven wild-type zebrafish strains. (c) Negative correlation between
7dpciwound length and 7dpci Glycolysis. (d) Significant positive correlation
between Glycolysis and OXPHOS at 7dpci. (e) Extracellular acidification rate
(ECAR) of 14dpci ventricles show significant differences in glycolysis among
the seven wild-type zebrafish strains. (f) Extracellular acidification rate (ECAR)
measurements of uninjured ventricles show similar levels of glycolysis among
the seven wild-type zebrafish strains. (g) Nuclear magnetic resonance (NMR)
analysis of 13C-glucose labelled 7dpci KCL hearts identified glutamate, aspartate

20 10 0

and lactate as metabolites (representative spectrum and zoomed-in panelsin
black boxes, additional biological replicas in green and magenta boxes, total
number of replicas n=3 containing 10 pooled hearts each). (h) Schematic of
NMR traced [U-13C6]-glucose being converted into lactate or entering the
tricarboxylic acid (TCA) cycle via pyruvate to generate glutamate and aspartate.
b, f, AB, SAT, TU, WIK n=5; NA n=4; TL n=7; KCL n=9 (biological replicates); e, n=5
biological replicates per strain; g. n=3 replicates containing 10 pooled hearts
each.a, c-d, simple linear regression; b, e-f, one-way ANOVA with Tukey’s test.
RET, Respiratory Electron Transport chain; Rotenone, as used in Fig. 2c, inhibits
OXPHOS throughits action on Complex |; C2-4, indicates the number of the
carbon labelled by 13C; CI-CV, complex I-V.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Activation of the Malate Aspartate Shuttle drives
OXPHOS and regeneration. (a) Increased wound areain KCL treated with
rotenone in comparison with DMSO control at 21dpci. (b) Representative
scanning electron microscope images displaying mitochondrial morphology in
the border zone versus remote zone cardiomyocytes in WIK and SAT strains at
7dpci. Arrow heads point to different morphology of border zone mitochondria
between WIK and SAT. Scale bar 2um. (c) Heatmap of top 10 genes expressed

at 7dpciin the RNAseq negatively correlating to 90dpci wound length, with
mdhlab as top gene. (d) Negative correlation of 7dpci mdhlab expression to
wound length at 90dpci. (e) Violin plots showing high mdhlab gene expression
in cardiomyocytes compared to other cell types in re-analysed scRNAseq data
of AB/TL strains at 3-, 7-and 30dpci as well as uninjured hearts. (f) Schematic
diagram showing the malate aspartate shuttle (MAS) in relation to glycolysis,

the TCA cycle and OXPHOS with inhibitors used inred letters. (g) KEGG pathway
enrichment analysis of the upregulated genes in NA 7dpci compared to SAT
7dpci, with fold change (FC) >1.5and false discovery rate (FDR) <0.1. (h) Reaction
enrichment scores of metabolic pathways within the TCA subset of the zebrafish
genome-scale metabolism model (GEM). (i) Wound area quantification showing
increased 21dpci wound area in KCL hearts treated with inhibitor PF-04859989 in
comparison to DMSO control. a, rotenone n=4, DMSO n=6 (biological replicates);
i, n=5biological replicates per group. a, unpaired two-tailed Student’s t-test;

c-d, simple linear regression; g, Fisher exact test with Benjamini-Hochberg
method for multiple hypotheses testing; h scaled enrichment score calculated
from raw gene expression counts by troppo, with default parameters; i, unpaired
two-tailed Welch t-test.
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Extended Data Fig. 5| Cardiomyocyte proliferationis separated in time from
OXPHOS and cardiomyocyte re-differentiation. (a) Heatmap of 7dpci border
zone upregulated OXPHOS genes over time in the developing heart (re-analysed
from Hill et al.).39 Re-analysed bulk RNAseq eight time points from 30 to 72hpf.

(b-c) Violin plots showing the higher expression level of tnncla (b) and actala

(c) inborder zone (clusters 4 and 7) compared to remote zone cardiomyocytes
(clusters1and 2) by re-analysis of our previous scRNAseq data. Cluster numbers

asinoriginal publication (Honkoop et al.). (d) UMAP plot showing the border
zone cardiomyocytes grouped into seven clusters. (e) UMAP plot showing the
distribution of the three time points. (f) Bar chart showing the temporal cluster
contributions. (g) UMAP plot of cardiomyocyte specific genes myl7 and tnnt2a.

(h) UMAP plot of border zone cardiomyocyte specific genes nppa and mustnib.
(i) UMAP plot of proliferation marker pcna. d-i, n=4 hearts per timepoint.

Cl, cluster.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6| OXPHOS levels follow differentiation state of the
cardiomyocytes. Bulk RNAseq data of the seven wild-type zebrafish strains,
plotted against the eight pseudotime modules and the six processes of
interest. Allsamplesincluded (uninjured, 1- and 7dpci) and visible as separate
dots coloured by strain. The significantly expressed genes per pseudotime
moduleinthe scRNAseq were identified in the bulk RNAseq, averaged per
sample and plotted against the processes/genes of interest. This showed an
increasing positive correlation of pcna and entropy in modules 1-3, before
levelling offin module 4 and switching into a negative correlation in modules
5-8. Theincreasing positive correlation of entropy, whichis a read out of
de-differentiation, within modules 1-3 indicates that the cells increase their
entropy/de-differentiate in these modules. The concurrent increasing positive
correlation of pcnaindicates that during this time, the cardiomyocytes initiate
proliferation. Reversing of the correlations in modules 5-7 indicates that

proliferation reduces and re-differentiation is initiated. There is no correlation of
Glycolysis with modules 1-4, but a weak correlation with modules 5-7, indicating
that Glycolysis is not associated specifically with the modules and is active
throughout, albeit with a slightly stronger association to the later time points.
OXPHOS and embryonic border zone marker tnncla showed an absent or weak
negative correlation to modules 1-3, indicating these genes are not specifically
associated with the de-differentiation and proliferation phase before switching
into a positive correlation in modules 5-8. This indicates that OXPHOS and
embryonic sarcomere border zone expression is specifically associated with

the re-differentiation phase. Mature cardiomyocyte marker myl7 correlates
strongly negatively to modules 1-3, confirming these modules represent the
de-differentiation phase, before levelling off and switching into a strong positive
correlation in modules 5-7 confirming this to be the re-differentiation phase.
Simple linear regression.
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mdhiab cKO  CardioA

Extended Data Fig. 7| Genetic manipulation of mdhlab has no

effect on cardiomyocyte proliferation. (a) Representative images of
immunofluorescence staining of mdhlab cKO and cardiodeleter 21dpci hearts
labelling PCNA-positive proliferating cells and GFP-positive myocardium.
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(b) Representative images of immunofluorescence staining of mdhlab cOE and
GFP cOE 21dpci hearts labelling PCNA-positive proliferating cells and GFP-
positive myocardium. Scalebars: 100pum.
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Extended Data Fig. 8 | See next page for caption.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00718-x

Extended Data Fig. 8| Strongly reduced re-differentiation gene expression

in Astyanax mexicanus cavefish versus surface fish. (a) Representative AFOG
images displaying the scarring wound in Astyanax mexicanus Pachon cavefish
compared to the regenerating surface fish heart at 100dpci (scale bar: 100pum).
(b) Quantification of wound area, showing significant difference in wound size
between surface fish and Pachon cavefish. (c) Heatmap comparing all time points

inboth cavefish and surface fish showing upregulated terms including TCA cycle
and respiratory electron transport among the top terms in surface fish at late
time point after cryoinjury. (d) Same as Fig. 7n, but with all genes annotated in
heatmap. b, Surface fish n=6; Cavefish n=5, (biological replicates); b unpaired
one-tailed Welch t-test; ¢, analysis performed using Metascape.
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Data collection Image acquisition was performed using the NIS software (version 5.01), SmartSEM software (version 7.02 service pack 3) and ZEN software
(version14.0.2.201). NMR data were acquired using the Topspin 4.1.4 software. Seahorse measurements were acquired on the Wave software
(version 2.6.1.56).

Data analysis For the single-cell and bulk RNAseq analysis the following software were used: Zebrafish Genome assembly, Zebrafish gene annotation,
Mexican tetra genome assembly, Mexican tetra gene annotation, Metascape, Kyoto Encyclopedia of Genes and Genomes (KEGG), EnrichR
v.3.4.0, troppo v.0.0.7, RacelD2/StemID, Rstudio, R (v.4.0.1), Bcl2fastq (v2.20.0), Trim Galore! (v.0.6.4_dev), STAR (v.2.7.6a), DESeq2, RUVg,
Benjamini-Hochberg algorith, Pheatmap (R package v1.0.8), Vennerable (R package v2.2/r79) gplots, Seurat (v3.2.2), Monocle2 (v2.18.0),
DAVID, StemID2.

For the analysis of the NMR results, MestReNova (Mnova, v16.0.0) was used.
Image analysis was performed using ImageJ and Amira (v6.7.0).
Data visualisation and statistical analysis was performed using GraphPad Prism v9.10.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The RNAseq datasets generated in this study are deposited in the GEO repository under a SuperSeries with accession number GSE234990 (wild-type strains bulk
RNAseq GSE234990; Astyanax bulk RNAseq GSE234989; scRNAseq GSE237276). Published datasets re-analysed in this study come from the following studies: Hu et
al. (GSE159032), Honkoop et al. (GSE139218) and Hill et al. (SRP117696). The raw data/measurements presented in this study are provided in the source data table.
The materials used in this study are provided in the key resources table. Any further queries may be directed to the corresponding author, Mathilda Mommersteeg
(mathilda.mommersteeg@dpag.ox.ac.uk).
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Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or |Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status)
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on previous experiments and power calculations. At least three biological replicates were performed for
each experiment with the exception of the 1Dpci TU and SAT bulk RNAseq where only two biological replicates were used.

Data exclusions  No data was excluded from our analyses.

Replication Each experiment includes measurements from several individuals which confirm our findings. Some of our experiments contain individuals
from different generations (age matched) which show consistent results.

Randomization No formal randomisation technique was used, but fish were allocated at random to the different experiments performed and the various
timepoints for heart collection.
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Blinding Blinding was performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants

Antibodies

Antibodies used Primary antibodies Mef2c (Biorbyt, orb576282), PCNA (Clone PC10, Dako, M0879), MF20 (DSHB, AB_2147781), GFP (abcam,
ab13970) and embcmhc N2.261 (DSHB, AB_531790), and secondary antibodies, Alexa Fluor® 488 (Invitrogen, A11001, A21206 and
A11039) and Alexa Fluor® 555 (Invitrogen, A31570), were prepared using TNB buffer at ratio of 1:200.

Validation MF-20 (DSHB, AB_2147781) was validated in zebrafish by the manufacturer (https://dshb.biology.uiowa.edu/MF-20).
Mef2c (Biorbyt, orb576282) validated in human and mice and is predicted to react with zebrafish mef2c by the manufacturer
(https://www.generon.co.uk/other-products-186/mef2c-antibody-716721721.html).
PCNA (Dako Cytomation, M0879) was validated in zebrafish by the manufacturer (https://www.labome.com/product/Dako/
MO0879.html).
anti-GFP is reactive to GFP of Aequorea victoria and is the most highly cited GFP antibody (>4700 times) according to the
manufacturer (https://www.abcam.com/en-us/products/primary-antibodies/gfp-antibody-ab13970?
srsltid=AfmBOorvAUnas-1dvfTvdVoRQ9WaAQNAPgo667JVNcLiTop2_aZFalep#)
N2.261 (DSHB, AB_531790) was validated in zebrafish by the manufacturer (https://dshb.biology.uiowa.edu/N2-261)
Secondary antibodies were validated by the manufacturer against the host of the primary antibodies, are highly cited and widely
used.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Danio rerio (zebrafish, strains: AB, NA, SAT, TL, TU, WIK and KCL) and Astyanax mexicanus (Mexican tetra, surface fish and Pachon
cavefish) were used in this study. Experiments were performed on fish aged 0.5-2 years. Additionally, the zebrafish transgenic line
TgBAC(nppa:mCitrine) (on a TL background) was used for the scRNAseq experiment, mdhlab cOE and GFP cOE lines were created on
the KCL background, and cardiodeleter, mdhlaa cKO and mdhlab cKO strains were generated on the AB background . When
analysing previously published datasets the strain of zebrafish is noted in the manuscript.

Wild animals The study did not involve wild animals.

Reporting on sex Both male and female fish were used in our experiments.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All procedures involving animals at the University of Oxford, Boston College and Hubrecht Institute were approved by the local

animal experiment committees and performed in compliance with animal welfare laws, guidelines and policies according to national
and European law.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
wus upplied:

Authentication Describe-anyatuthentication-procedures for-eachseed stock-tised-or-novel-genotype-generated—Describe-any-experimentstsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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