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Atrial natriuretic peptide signaling co-regulates
lipid metabolism and ventricular conduction
system gene expression in the embryonic heart

Abhishek Mishra,1 Mahtab Tavasoli,1 Stanislav Sokolenko,2 Christopher R. McMaster,1

and Kishore B.S. Pasumarthi1,3,*

SUMMARY

It has been shown that atrial natriuretic peptide (ANP) and its high affinity receptor (NPRA) are involved in
the formation of ventricular conduction system (VCS). Inherited genetic variants in fatty acid oxidation
(FAO) genes are known to cause conduction abnormalities in newborn children. Although the effect of
ANP on energy metabolism in noncardiac cell types is well documented, the role of lipid metabolism in
VCS cell differentiation via ANP/NPRA signaling is not known. In this study, histological sections and pri-
mary cultures obtained from E11.5 mouse ventricles were analyzed to determine the role of metabolic
adaptations in VCS cell fate determination and maturation. Exogenous treatment of E11.5 ventricular
cells with ANP revealed a significant increase in lipid droplet accumulation, FAO and higher expression
of VCS marker Cx40. Using specific inhibitors, we further identified PPARg and FAO as critical down-
stream regulators of ANP-mediated regulation of metabolism and VCS formation.

INTRODUCTION

The ventricular conduction system (VCS) is a downstream component of the cardiac conduction system and regulates the rhythmic contrac-

tion of ventricles. The VCS is composed of the bundle of His, bundle branches, and Purkinje fibers. Although common progenitors for VCS

cells and working cardiomyocytes have been identified,1,2 there is scant information on divergent mechanisms regulating these cell fates.

Understanding mechanisms regulating VCS formation is critical for the repair and replacement of injured regions in VCS disorders resulting

from genetic and acquired etiologies.3,4 Recent studies uncovered critical roles of paracrine/autocrine factors such as neuregulin-1 (NRG-1),

endothelin-1 (ET-1) and atrial natriuretic peptide (ANP) as well as various transcriptional factor networks in the VCS formation.5–9 While the

ability of NRG-1 to induce VCS specific reporter gene expression was restricted to E8.5 to E10.5 stages of mouse heart development,7 ANP

treatment was effective beyond E11.5 stage in increasing the expression of VCS markers such as connexin 40 (Cx40) and hyperpolarization-

activated cyclic nucleotide-gated channel-4 (HCN4).8 Additionally, genetic ablation of the high-affinity receptor for ANP (natriuretic peptide

receptor-A/NPRA) revealed reductions in the expression of Cx40 and HCN4, and a hypoplastic Purkinje fiber phenotype.8 Although the

importance of the ANP/NPRA signaling cascade in VCS development is well established,8 the underlying mechanisms are not fully

characterized.

Expression pattern of ANP in the ventricular chambers from E8.5 to E15.5 coincides well with the VCS development.10 Although ANP

expression is downregulated in the trabecular myocardium (TM) by E15.5,10 it persists in Purkinje fibers of the fetal and adult hearts.11–13

Like ANP, Cx40 is also expressed throughout the ventricular trabeculae between E9.5 and E16.5 stages of heart development and it becomes

progressively restricted to a well-organized VCS network after E16.5 stage.1,6,14 While Cx40+ VCS cells were shown to exit cycle by E13.5 to

E18.5,15 cell cycle activity in the compact myocardium (CM) remains higher than that of TM throughout fetal heart development.16 It was also

shown that the VCS cell differentiation continues throughout fetal and early postnatal heart development.1 Collectively, these studies indicate

that ANP positive VCS cells continue to maintain Cx40 expression in the postnatal heart. However, mechanisms regulating VCS cell prolifer-

ation and differentiation are not very well characterized.

Myocardial cells show a shift in substrate utilization from glucose to fatty acids in postnatal hearts and also during cardiomyocyte differ-

entiation in pluripotent stem cell cultures.17 Several reports documented positive effects of exogenous fatty acids on cardiomyocyte matu-

ration.18 However, the role of lipid metabolism and signaling in the embryonic heart development and VCS cell differentiation has largely

been overlooked. While variants in genes coding for regulators of fatty acid oxidation (FAO) were shown to cause conduction abnormalities

in newborn children,19 their effects on conduction system development are not known. Homozygous deletions of genes coding for carnitine
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palmitoyltransferase 1b (CPT1b: transports long chain fatty acids into mitochondria), short-chain enoyl coA hydratase (ECHS1: key enzyme in

FAO) andmembers of peroxisomeproliferator activated receptor (PPAR) family led to embryonic lethality inmice.20–23 However, the effects of

these genetic deletions on VCS development have not been studied.

ANP is known to regulate lipid mobilization and lipid metabolism in noncardiac cell types such as adipose tissue, liver and skeletal mus-

cle.24,25 ANP also promotes adipogenic differentiation of epicardial derived cells and increase adipose tissue accumulation in adult atria.26

Lipid droplet accumulation is critical for neural progenitor cell proliferation and differentiation.27 Despite these reports, potential links be-

tween ANP/NPRA signaling, lipid metabolism, and myocardial cell differentiation in the embryonic heart have not been investigated. Using

histological sections of E11.5 mouse hearts, we show that ANP/NPRA-rich trabecular region reveals VCSmarker expression (Cx40 and HCN4)

in cells positive for lipid droplet accumulation. In addition, using E11.5 ventricular cell cultures, we show that ANP plays a key role in VCS cell

proliferation and differentiation by promoting lipid droplet accumulation, mitochondrial oxidation and associated gene expression changes.

Overall, this study underscores the importance of peroxisome proliferator activated receptor-g (PPARg) and mitochondrial FAO in VCS for-

mation during heart development.

RESULTS

Embryonic day 11.5 heart reveals transmural gradients for expression of ANP/NPRA and markers of VCS cells and energy

metabolism

Thin transverse sections (10mm) of E11.5 embryos were processed for immunostaining with antibodies specific for ANP, NPRA, and sarcomeric

myosin heavy chain (Sarc. MHC) as well as VCS markers (Cx40 and HCN4) (Figures 1A–1F). The immunostained cells in the TM and the compact

myocardium (CM) were counted from the left ventricles in all sections. The percentage of Sarc. MHC+ cells was significantly lower in the TM

compared to theCM (70% in TMvs. 95% inCM) (Figure 1G). Further, immunolabellingwith ANP andNPRAalso revealed a differential expression

pattern in TMvs. CM. The percentageof ANP+cells was 8.4-fold higher in the TM (64% in TMvs. 7.6% inCM, Figure 1H) in agreement with earlier

studies.28,29 The percentageofNPRA+ cells was 12.6-fold higher in the TMcompared to theCM (72.7% in TMvs. 12.8% inCM, Figure 1I). Consis-

tent with ANP and NPRA staining patterns, the percentages of Cx40+ and HCN+ cells were also higher (4.4- and 3-fold respectively) in the TM

compared to the CM (Figures 1J and 1K). Co-immunolabelling experiments with antibodies for ANP and Cx40 revealedmany cell clusters in the

TM co-expressing bothmarkers (Figures 1L–1N). While there was a clear overlap between these twomarkers, Cx40 expression also appeared in

the adjacent TM cells negative for ANP staining (Figure 1N). Examination of staining patterns in parallel sections indicated a clear overlap be-

tween NPRA and Cx40 expression in the primitive VCS forming trabecular zones (Figures 1O and 1P).

A switch in the energy metabolism from glucose to FAO plays a critical role in ventricular cell proliferation and differentiation during car-

diac development.17 Given the role of ANP in lipid storage and metabolism in adipose tissue,26,30 we reasoned that the transmural ANP/

NPRA signaling gradient in developing ventricles could be responsible for zonal differences in cellular metabolism thereby facilitating

VCS cell differentiation in the TM. Phosphorylation of the enzyme pyruvate dehydrogenase (p-PDH) is known to inhibit its ability to convert

glycolysis-derived pyruvate to Acetyl CoA,31 whereas enoyl CoA hydratase (ECHS1) is an essential enzyme in the b-oxidation pathway of fatty

acids.32 The percentages of cells positive for p-PDH and ECHS1 were significantly higher in the TM compared to the CM (1.4-fold and 4.4-fold

respectively, Figures 1Q–1T). Notably, both right ventricle (RV) and interventricular septum (IVS) also showed significant correlations between

ANP/NPRA and markers of VCS cells and FAO (Data S1). Collectively, these results suggest that ANP/NPRA signaling could stimulate higher

rates of fatty acid metabolism in TM ventricular cells and promote VCS marker gene expression.

Exogenous ANP treatment increases VCS marker protein levels and VCS cell proliferation in E11.5 ventricular cell cultures

To directly examine whether exogenous ANP can increase the protein levels of VCS markers, we treated E11.5 ventricular cell cultures with

ANP (0.3 mM) and or an NPRA inhibitor (A71915, 1 mM) daily for 72 h. Protein lysates prepared from primary cultures treated with or without

ANP andA71915 (A7) were subjected towestern blotting and nitrocellulosemembraneswere probedwith antibodies specific for Cx40, HCN4

and GAPDH (Figure 2A). The expression levels of Cx40 and HCN4 normalized to corresponding GAPDH levels were significantly higher (2.5-

and 1.3-fold respectively) in ANP treated cultures compared to the controls (Figures 2B and 2C). There was no significant difference in the

expression levels of VCS markers between control cultures and cultures co-treated with ANP and A7 (Figures 2B and 2C). Since many

E11.5 embryos are required to perform western blotting experiments, in-cell westerns on cells grown in 96 well plates were also performed

as an alternative method to examine the effects of ANP on VCS marker proteins. Marker protein signal in each well was quantified after im-

munostaining and normalized for the cell number usingHoechst nuclear staining. Consistent with the western blotting results, in-cell westerns

also revealed a significant increase in Cx40 expression in ANP treated cell cultures compared to the control cultures (1.2-fold vs. control, Fig-

ure 2D). Co-treatment of primary cultures with A7 and ANP led to no significant change in Cx40 expression compared to the levels seen with

control cultures (Figure 2D). Whereas expression levels of Sarc. MHC were not significantly altered in cultures treated with ANP and or A7

(Figure 2E).

Next, E11.5 ventricular cells treated with or without ANP and A7 for 24 h were analyzed for any changes in cell proliferation. Immuno-

staining with Cx40 and Sarc. MHC antibodies followed by click-iT EdU (a modified thymidine analogue) or pan-phospho-Aurora kinase

(AURK) staining were performed to identify VCS cells undergoing DNA synthesis (Figure 2F) or cell division (Figure 2G) respectively. Cell

counts performed in a blinded fashion revealed significantly higher DNA synthesis and proliferation rates in Cx40 expressing VCS cardio-

myocytes (EdU+Cx40+Sarc. MHC+ and AURK+Cx40+Sarc. MHC+) in cultures treated with ANP compared to control cultures (�2.3-fold for

EdU+Cx40+Sarc. MHC+ cells and 3.1-fold for AURK+Cx40+Sarc. MHC+ cells vs. control, Figures 2H and 2I). AURK staining in VCS cells
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Figure 1. Immunolocalization of ANP/NPRA and markers of VCS cells and energy metabolism in the trabecular and compact myocardium of E11.5

hearts

(A–F) E11.5 left ventricular (LV) regions from parallel cardiac sections stained with Hoechst dye (blue) and antibodies specific for markers indicated on each panel.

Trabecular (TM) and compact myocardium (CM) are delineated by dotted lines. (B–D) Co-immunostaining of the same section with ANP and NPRA antibodies

and panel D represents a merged image. Scale bars = 50 mm.

(G–K) Quantification of cells positive for indicatedmarkers in TM and CM. Bars represent meanG SEM, n = 3, **p < 0.01, ***p < 0.0005, ****p < 0.0001, Student’s

t test.

(L–N) Co-immunostaining of E11.5 ventricular sections showing overlapping expression of ANP and Cx40 in TM. Arrowheads indicate cells expressing both

markers and arrows indicate Cx40+ cells that are negative for ANP. Scale bars = 50 mm.

(O and P) Parallel E11.5 heart sections immunostainedwithNPRA andCx40 antibodies show overlapping expression patterns in LV and RV (right ventricle). LA and

RA = left and right atria, Scale bars = 100 mm.

(Q and R) Immunostaining of parallel sections for metabolic markers p-PDH and ECHS1. Scale bars = 50 mm.

(S and T) Quantification of cells positive for phospho-PDH and ECHS1 in TM and CM. Bars represent mean G SEM, n = 3, **p < 0.01, Student’s t test.
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consistently co-localized with the mitotic figures as visualized by Hoechst staining (Figure 2G). Notably, Cx40 staining was frequently seen

on the cell membrane as well as in the intracellular compartments in VCS cells positive for Edu labeling (Figure 2F). Whereas Cx40 staining

appeared predominantly in the intracellular locations in VCS cells undergoing mitosis (Figure 2G). At the same time, the percentage of

Cx40 expressing cardiomyocytes (Cx40+Sarc. MHC+) was also significantly higher in ANP treated cultures compared to control cultures

Figure 2. ANP increases VCS marker expression and cell proliferation in E11.5 ventricular cell cultures

(A) Representative western blots for Cx40, HCN4 andGAPDH levels in E11.5 ventricular cell cultures treated with or without ANP and or NPRA inhibitor (A71915 or

A7) for 3 days.

(B and C) Quantification of Cx40 and HCN4 expression levels normalized to that of GAPDH. Levels in treated groups are presented as fold changes compared to

the control group. Bars represent mean G SEM, n = 3, *p < 0.05, One-way ANOVA, Dunnett’s multiple comparisons test.

(D and E) In-cell western analysis of Cx40 and sarc. myosin levels in E11.5 ventricular cell cultures treated with or without ANP and NPRA inhibitor (A7) for 1 day.

Bars represent mean G SEM, n = 3–4, *p < 0.05, **p < 0.01, One-way ANOVA, Dunnett’s multiple comparisons test.

(F) Click-IT EdU nuclear labeling of cultures treated with or without ANP and A7. VCS cardiomyocytes (Cx40+Sarc. MHC+) were identified by co-staining with

Cx40 and sarc. MHC antibodies. Arrow indicates a Cx40+ VCS cardiomyocyte negative for Edu labeling and arrowhead indicates an Edu labeled VCS

cardiomyocyte. Note the Cx40 localization in the plasma membrane of two adjacent non-dividing cells.Scale bars = 20mm.

(G) Examples of VCS cells undergoing cell division in cultures treated with ANP. Mitotic figures and cell division were visualized by pan-phospho-aurora kinase

(AURK) immunostaining and Hoechst nuclear staining. VCS were cells identified using antibodies for sarcomeric MHC and Cx40. Note the cytoplasmic

localization of Cx40 in VCS cells undergoing mitosis and cytokinesis. Scale bars = 20 mm.

(H–J) Percentage distribution of EdU labeled (H), AURK+ (I) and total (J) VCS cardiomyocytes in E11.5 ventricular cell culture treated with or without ANP and A7

for 1 day. Bars represent mean G SEM, n = 3, *p < 0.05, **p < 0.01, One-way ANOVA, Dunnett’s multiple comparisons test.
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(�1.3-fold, Figure 2J). Although ANP+A7 co-treatment reversed the stimulatory effect of ANP on AURK+ VCS cell (Cx40+Sarc. MHC+)

numbers, such a reversal was not observed with EdU+ and overall VCS cell numbers (Figures 2H–2J). However, compared to control cul-

tures, both ANP or ANP+A7 treated cultures did not reveal any significant effects on Cx40 negative and Sarc. MHC+ cell type in terms

of their percent distribution and Edu or AURK labeling (Data S2A and S2B). Taken together, these results suggest that ANP treatment

can increase the cell cycle activity and the number of Cx40+ VCS myocytes in E11.5 ventricular cell cultures but the co-treatment with

A7 is unable to fully reverse these stimulatory effects of ANP.

ANP promotes lipid droplet storage in the embryonic heart

The neutral lipid content in E11.5 ventricular sections was visualized using a fluorescent dye BODIPY493/503 (BODIPY) which stains lipid drop-

lets (LDs). LDs are storage organelles which contain a neutral lipid core (triglycerides: TG and sterol esters) surrounded by a phospholipid

monolayer. Co-staining of sections with ANP antibodies and BODIPY revealed overlapping areas of ANP expression and LDs in the TM

(Figures 3A–3C). A significant difference in LD storage was observed between TM and CM. Upon quantification and normalization to Hoechst

intensity, BODIPY stained area was 12-fold higher in the TM compared to the CM. (Figure 3D). Further, co-staining of sections with Cx40 an-

tibodies and BODIPY also revealed overlapping areas of Cx40 and LD storage predominantly in the TM (Figures 3E–3G). Although Cx40 ex-

pressing areas are rich in LDs, not all Cx40 expressing cells show LD storage. The effect of ANPon LD accumulation in the embryonic ventricles

was further corroborated in primary culture experiments (Figures 3H–3J), wherein BODIPY staining intensity was significantly higher in E11.5

ventricular cells treated with ANP for 3 days compared to the untreated control and ANP+A7 co-treated groups (Figure 3K). In addition, the

percentage cardiomyocytes positive for LDs was also significantly higher in ANP treated cultures compared to the control cultures (Figure 3L).

LDs can undergo intracellular lipolysis to release fatty acids for energy production and membrane synthesis. Lipidomic analysis was per-

formed to assess if lipid profiles are altered in response to ANP/NPRA signaling. Notably, ventricular cells treated with ANP revealed a sig-

nificant decrease in TG levels with a concomitant increase in diglyceride (DG) levels compared to control cultures (�0.7-fold and 1.3-fold for

TG and DG respectively, ANP vs. control, Figure 3M). The increase in DG and decrease in TG are consistent with LDs being metabolically

active and converting TG to DG and free fatty acids. In addition, significant increases in the levels of lysophosphatidylcholine (LPC), phospha-

tidylglycerol (PG) and sphingomyelin (SM) were also observed in ANP treated cells (Data S3). Surprisingly, ANP+A7 group did not show any

changes in DG and TG levels compared to ANP treatment (Figure 3M). Also, ANP+A7 but not ANP treatment affected the levels of ceramides

and phosphatidylethanolamine (Data S3). Collectively, these results suggest that ANP/NPRA signaling can increase lipid uptake, LD forma-

tion and metabolism and Cx40 expression in a subset of embryonic ventricular myocytes.

Fatty acid supplementation and exogenous ANP show additive effects on lipid droplet formation and VCS cell

differentiation

To directly test the effect of increased lipid droplet metabolism on Cx40+ cell numbers, E11.5 ventricular cell cultures were supplemented

with varying concentrations of the free fatty acids oleic acid (OA) and linoleic acid (LA) conjugated with bovine serum albumin (BSA) for

3 days. Both types of fatty acid treatments significantly increased the percentage of BODIPY positive cells in a dose dependent manner

(Figures 4A and 4B). Cultures treated with either OA or LA (400mM) revealed significant increases in the percentages of Cx40 expressing cells

(2.1-fold, 2-fold for OA and LA respectively) and LD storing cells (2.7-fold, 2.3-fold for OA and LA respectively) compared to the BSA treated

control groups (Figures 4A and 4B). Further, there was a strong positive correlation between the percentages of Cx40 expressing cells and

BODIPY positive cells in OA or LA supplemented cell cultures (Figures 4A and 4B). Co-staining for Cx40 and BODIPY (Figures 4C–4E) indi-

cated that themajority of LD storing cells (�70–90%) were also positive for Cx40 irrespective of OA or LA concentration in cell culturemedium

(Figure 4F). However, only �40–70% Cx40 expressing cells showed LDs storage under the conditions described (Figure 4G).

Subsequently, combination of lower concentrations of OA and LA (200mM each) were used to test the effects on Cx40 gene expression

using RT-qPCR analysis. Cx40 mRNA expression was increased by 2.1-fold in OA + LA treated cultures compared to the BSA controls after

1-day treatment (Figure 4H). In-cell westerns and immunostaining experiments also showed a significant increase in the total Cx40 expression

Figure 3. ANP regulates lipid storage dynamics and Cx40 expression in the embryonic heart

(A–C) E11.5 heart sections co-stained with BODIPY 493/503 (BODIPY) and anti-ANP antibody to visualize the lipid droplets (LDs, green) (A) and ANP (B) in the CM

and TM. (C) merged image demonstrates a correlation between ANP and lipid droplets. Scale bar = 50 mm.

(D) Quantification of BODIPY fluorescence intensities normalized to Hoechst fluorescence in TM and CM. Bars represent mean G SEM, n = 3, ***p < 0.0005,

Student’s unpaired t test.

(E–G) Co-labelling with BODIPY and Cx40 antibodies to visualize LDs and Cx40 expression. Arrows indicate cells positive for Cx40 storing LDs, whereas

arrowheads indicate Cx40 expressing cells without LDs in magnified boxes. Scale bar = 50 mm (overviews) and 20 mm (magnified boxes).

(H–J) Images showing lipid accumulation in E11.5 ventricular cell cultures treated with or without ANP and A7 for 3 days. Cells are co-labelled with BODIPY

(green), Sarc. MHC (red) and Hoechst (blue). Scale bars = 20 mm.

(K and L) Quantification of BODIPY fluorescence intensities normalized to Hoechst fluorescence (K) and percent distribution of lipid storing cardiomyocytes

(BODIPY + sarc. myosin+, L) in E11.5 ventricular cell cultures treated with or without ANP and A7. Bars represent mean G SEM, n = 3, *p < 0.05, **p < 0.01,

***p < 0.0005, One-way ANOVA, Dunnett’s multiple comparisons test.

(M) Lipidomic analysis of diglyceride (DG) and triglyceride (TG) lipid classes in E11.5 ventricular cells treated with or without ANP for 3 days. Each dot represents

an individual fatty acyl lipid species and bars represent total mass. All statistical comparisons were performed pairwise, and log scaled. Wilcoxin signed rank test

with Bonferroni correction was used to determine the significance of a median pairwise fold-increase in lipid amounts at an overall significance level of 5%.

ll
OPEN ACCESS

6 iScience 27, 108748, January 19, 2024

iScience
Article



ll
OPEN ACCESS

iScience 27, 108748, January 19, 2024 7

iScience
Article



levels (Figure 4I) as well as the percentage of cells positive for both Cx40 and Sarc. MHC (Figure 4J) after OA + LA treatment for 3 days.

Notably, the cell proliferation rate of Cx40+/Sarc. MHC+ cells was also significantly increased in OA + LA treated cell cultures (2.5-fold vs.

BSA control, Figures 4K–4M). These results suggest that FA supplementation can mimic ANP effects on VCS marker expression and cell pro-

liferation in E11.5 ventricular cell cultures.

Next, the combined effect of ANP and FA supplementation on neutral lipid storage and VCS cell number was assessed in E11.5 ventricular

cells (Figures 4N and 4O). Cultures co-treated with ANP and OA + LA revealed a significantly higher percentage of lipid storing cardiomyo-

cytes compared to the control and ANP or OA + LA only treated groups (1.9-fold vs. control, 1.2-fold vs. ANP only and 1.4-fold vs. OA + LA

only; Figure 4P). This result further indicates that ANP treatment can stimulate fatty acid uptake as well as lipid storage in the embryonic heart.

Additional immunostaining analyses revealed a significantly higher percentage of Cx40 positive cardiomyocytes in cultures co-treated with

ANP andOA+ LA compared to the control and ANPorOA+ LA only treated groups (1.8-fold vs. control, 1.2-fold vs. ANPonly and 1.4-fold vs.

OA + LA only, Figure 4Q). Overall, these data indicate the involvement of ANP mediated intracellular lipid accumulation in the regulation of

VCS cell differentiation during embryonic heart development.

Effects of ANP on metabolic events in embryonic ventricular cells

Higher levels of lipid content and metabolic markers (phospho-PDH and ECHS1) in the TM compared to the CM (Figure 1) suggest that

trabecular cells may have more functional mitochondria to assist with oxidative phosphorylation compared to the CM. In order to distinguish

regional differences in mitochondrial function, unfixed cryosections from E11.5 hearts were stained with JC-10 dye which forms a red fluores-

cent aggregates in mitochondria with an active membrane potential33,34 (Figure 5A). Quantification of fluorescence intensities revealed a

significantly higher red fluorescence signal in the TM compared to the CM (17.6-fold, Figure 5B).

Subsequently, the effects of ANP on cellular metabolism in E11.5 ventricular cell cultures was examined using seahorse assays (Figures 5C

and 5D). Since, glucose is the predominant source of energy in the embryonic heart,17,35 the first set of metabolic assays were performed on

cells treated with or without ANP for 24 h and subsequently switched to substrate limited DMEM supplemented with 10 mM glucose for 1h

prior to seahorse recordings as reported earlier.36 A significant increase in the basal level of glycolysis was observed in cultures treated with

ANP bymeasuring extracellular acidification rate (ECAR; 1.9-fold vs. control and 2.2-fold vs. ANP+A7; Figure 5E). Glycolytic capacity was also

significantly increased in ANP treated cultures upon injection with oligomycin (an ATP synthase inhibitor; 1.9-fold vs. control and 2.3-fold vs.

ANP+A7; Figure 5F). In addition, the basal oxygen consumption rate (OCR) was significantly higher in ANP treated cultures (2.1-fold vs. con-

trol and 5.1-fold vs. ANP+A7, Figure 5G). Similarly, the maximal OCR after FCCP treatment was also significantly higher in ANP treated cul-

tures (1.7-fold vs. control and 3.7-fold vs. ANP+A71915, Figure 5H). Further analysis of ECAR/OCR ratios revealed that ANP/NPRA pathway

can promote a shift in the energy metabolism from a relatively low energy state to a high energetic state by stimulating both anerobic and

aerobic pathways in E11.5 ventricular cells (Figure 5I).

Although fatty acid usage for energy production is relatively much lower in the embryonic and fetal hearts compared to the postnatal

hearts,37–39 presence of BODIPY positive neutral LDs and the shift from TG to DG which would release free fatty acids in E11.5 ventricular

cells suggests an increase in FAO capacity. To examine whether ANP has any effect on fatty acid utilization by b-oxidation, E11.5 cell cultures

were maintained in substrate limited DMEM supplemented with 0.5 mM glucose and 0.5 mM carnitine and treated with or without ANP for

24 h. Subsequently, cells were switched to FAO buffer for 1 h and supplemented with OA + LA BSA conjugates just before taking measure-

ments. Seahorse assay results revealed a significant increase in basalOCR (indicative of basal FAO) in ANP treated cultures (1.3-fold vs. control

and 2.2-fold vs. ANP+A7, Figure 5J). MaximalOCR (maximal FAO) was also significantly higher in ANP treated (1.2-fold vs. control and 2.1-fold

vs. ANP+A71915, Figure 5K). These results suggest that ANP can promote utilization of both glucose and fatty acids for mitochondrial energy

metabolism in E11.5 ventricular cells.

Figure 4. Additive effects of fatty acid and ANP supplementation on lipid droplet formation and VCS cell differentiation

(A and B) Correlation analysis of LD storing cells (BODIPY+) and Cx40 expressing cells in cultures treated with different concentrations of oleic acid (A) and

Linoleic acid (B). n = 3, *p < 0.05 (BSA control vs. 400mM OA or LA, BODIPY+ cells), #p < 0.05 (control vs. 400mM OA or LA, Cx40+ cells), two-way ANOVA,

Tukey’s multiple comparisons test, r = Pearson correlation coefficient between Cx40+ cells and lipid storing cells.

(C–E) Representative images showing cells co-labelled with BODIPY, Cx40 and Hoechst in E11.5 ventricular cell culture treated with OA and LA for 3 days.

(F and G) Percent distribution of lipid-storing cells with Cx40 expression (F) or Cx40+ cells with LD storage in fatty acid supplemented E11.5 ventricular cell

cultures. n = 3, no significant differences between groups.

(H and I) Relative levels of Cx40 gene expression (H) and Cx40 protein (I, In-cell western) in E11.5 ventricular cell culture treated with OA and LA (200mM each)

compared to the control (BSA) group. Bars represent mean G SEM, n = 3, *p < 0.05, Student’s unpaired t test.

(J and K) Percentage distribution of Cx40+ cardiomyocytes (J) and EdU labeled Cx40+cardiomyocytes (K) in E11.5 ventricular cell culture treated with or without

fatty acids for 1 day. Bars represent mean G SEM, n = 3, *p < 0.05, **p < 0.005, Student’s unpaired t test.

(L andM) Representative images to compare the effect of fatty acids (OA+ LA) on Cx40+cardiomyocyte (Cx40+Sarc. MHC+) proliferation by Click-IT EdU nuclear

labeling. Arrows indicate Cx40+ cardiomyocytes and arrowheads indicate Edu labeled (proliferating) Cx40+ cardiomyocytes. Scale bars = 20mm.

(N and O) Representative immunostained images demonstrating the additive effect of ANP and fatty acids on LDs storage (green; N) and Cx40 expression (red;

O) by staining with BODIPY for LDs and Cx40 antibodies. Cardiomyocytes are labeled with Sarc. MHC antibodies (red in panel N and green in panel O). Scale

bars = 20mm.

(P and Q) Percentage distribution of lipid storing cardiomyocytes (P) and Cx40 expressing cardiomyocytes (Q) in E11.5 ventricular cell culture treated with fatty

acids, ANP and a combination of ANP and fatty acids. Bars represent meanG SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.0005, One-way ANOVA, Tukey’s multiple

comparisons test.
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ANP treatment affects gene expression of key metabolic markers, transcriptional regulators and histone acetylation in

embryonic ventricular cells

Consistent with an increase in ECAR, cells treated with ANP revealed a significant increase in the mRNA levels of lactate dehydrogenase A

(LDHA) but not LDHB (1.6-fold vs. control, Figure 6A). In addition, gene expression levels of pyruvate dehydrogenase kinase 4 (PDK4) also

increased after ANP treatment (1.4-fold vs. control, Figure 6B). Gene expression levels of other enzymes such as pyruvate dehydrogenase

(PDHA1) and PDH phosphatase (PDP1) were not significantly altered in ANP treated cultures (Figure 6B). Consistent with an increase in

Figure 5. Effects of ANP on metabolic events in embryonic ventricular cells

(A) JC-10 staining of an unfixed E11.5 ventricular cross section to monitor the mitochondrial membrane potential in compact (CM) and trabecular (TM) regions.

Scale bar = 50mm.

(B) Quantification of JC-10 (590nm) fluorescence intensities normalized to Hoechst fluorescence in TM andCM. Bars representmeanG SEM, n = 3, ***p < 0.0005,

Student’s unpaired t test.

(C andD) Representative traces of extracellular acidification rates (ECAR, C) and oxygen consumption rates (OCR, D). E11.5 ventricular cell cultures treatedwith or

without ANP and A71915 in 10%FBS-DMEM for 24 h. After this period, the medium was replaced with substrate limited DMEM supplemented with 10mM

glucose, 1mM pyruvate and 2mM glutamine for 1 h prior to performing seahorse assays as described in STAR Methods.

(E and F) Analysis of ECAR to assess the changes in glycolysis (E) and glycolytic capacity (F) in E11.5 ventricular cell cultures treated with or without ANP and

A71915. ECAR values were normalized to the total protein. Bars represent mean G SEM, n = 3, ***p < 0.0005, ****p < 0.0001. One-way ANOVA, Tukey’s

multiple comparisons tests.

(G and H) Analysis of OCR in cell culture to demonstrate changes in basal (G) andmaximal (H) mitochondrial oxidative phosphorylation by ANP. OCR values were

normalized to the total protein. Bars represent mean G SEM, n = 3, ****p < 0.0001. One-way ANOVA, Tukey’s multiple comparisons tests.

(I) OCR/ECAR ratio to demonstrate the shift of metabolism from a relatively quiescent stage to a higher energymetabolic state byANP in embryonic ventricular cells.

(J and K) Analysis of fatty acid oxidation (FAO) in E11.5 ventricular cell cultures treated with or without ANP and A71915. seahorse assay shows increased OCR in

ANP-treated cell culture. Bars represent mean G SEM, n = 3, *p < 0.05, **p < 0.01, ****p < 0.0001. One-way ANOVA, Tukey’s multiple comparisons tests.
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Figure 6. ANP treatment affects gene expression of key metabolic markers, transcriptional regulators and histone acetylation in E11.5 ventricular cell

cultures

(A) Gene expression of lactose dehydrogenase A and B (LDHA and LDHB) in cultures treated with or without ANP. Bars represent mean G SEM, n = 3,

***p < 0.0005, Student’s unpaired t test.

(B) Gene expression of pyruvate dehydrogenase kinase 4 (PDK4), pyruvate dehydrogenase (Pdh1a), and pyruvate dehydrogenase phosphatase (Pdp1) in E11.5

cultures treated with or without ANP. Bars represent mean G SEM, n = 3, ***p < 0.0005, Student’s unpaired t test.

(C) In-cell western analysis of expression of p-PDH in cultures treated with or without ANP. Bars representmeanG SEM, n = 3, *p < 0.05, Student’s unpaired t test.
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PDK4 levels, in-cells westerns revealed a slight but significant upregulation of phospho-PDH (p-PDH) protein levels in ANP treated cells (1.2-

fold vs. control, Figure 6C). Upregulated glycolysis is likely to promote the pentose phosphate pathway (PPP) in proliferating cells.40,41 To

analyze whether ANP treatment can regulate the expression levels of enzymes involved in PPP, relative gene expression levels of Glucose-

6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD) and ribose 5-phosphate isomerase (RPIA) were deter-

mined by RT-qPCR analysis. The expression levels of G6PD and PGD did not change significantly, however RPIA expression was significantly

increased with ANP treatment (1.35-fold vs. control, Figure 6D). Since fatty acids are natural ligands for the members of peroxisome prolif-

erator-activated receptor family (PPAR-a, b and g), we reasoned that PPARs may be responsible for ANP effects on lipid metabolism and VCS

marker gene expression. RT-qPCR analysis revealed that gene expression of PPARg but not PPARa or PPARbwas upregulated in ANP treated

E11.5 ventricular cell cultures compared to controls (2.7-fold, Figure 6E). Likewise, OA + LA cocktail had even greater increase in PPARg

mRNA expression (8.5-fold) compared to the BSA control (Figure 6G). These results indicate that PPARg may play an important role in

VCS marker gene expression.

Citrate generated in the tricarboxylic acid cycle (TCA) can be exported to the cytosol or nucleus via citrate shuttle and is converted to acetyl

CoA which can in turn increase protein acetylation and regulate gene expression.42 Based on the stimulatory effects of ANP on both aerobic

and anaerobic metabolic events in E11.5 cells, its effect on histone acetylation was assessed by RT-qPCR, immunocytochemistry, and in-cell

westerns (Figures 6H–6J). Gene expression of histone acyltransferase (MYST1) was upregulated in ANP treated cultures (1.2-fold vs. control,

Figure 6H), whereas gene expression levels of histone deacetylase 1 and 2 (HDAC1 and 2) were not altered significantly (Figure 6H). Immu-

nostaining and in-cell western analysis revealed a significant increase in acetylated histone H3 levels in ANP treated cell cultures compared to

the untreated control cultures (1.3-fold, Figures 6I and 6J). These data suggest that stimulatory effects of ANP on cellular metabolism could

lead to increases in VCS marker gene expression via epigenetic changes and histone acetylation.

Role of PPARg and fatty acid oxidation in ANP mediated regulation of Cx40 expression

The role of PPARg in Cx40 expression was assessed in E11.5 ventricular cultures treated with or without ANP and or a PPARg specific inhibitor

(GW9662). In-cell western analysis revealed that Cx40 expression was significantly decreased in E11.5 ventricular cell cultures treated with

GW9662 alone (0.5 mM) for 3 days compared to the vehicle control. Similarly, PPARg inhibition also reduced Cx40 expression levels in cultures

co-treated with ANP and GW9662 compared to the levels in cultures treated with ANP (Figure 7A). Likewise, PPARg inhibition also reduced

Cx40 expression levels in cultures co-treated with OA + LA and GW9662 compared to the levels in cultures treated with OA + LA alone (Fig-

ure 7B). Collectively these results indicate a critical role for PPARg in the regulation of CX40 expression in embryonic ventricular cells treated

with ANP and fatty acids.

Next, the effect of inhibition of FAO on Cx40 expression was assessed in E11.5 ventricular cell cultures treated with or without ANP and or

Etomoxir (2.5mM, an inhibitor of CPT1 which transports fatty acids to the mitochondria). In-cell western experiments reveled a significant in-

crease in Cx40 expression in ANP treated cultures compared to control or Etomoxir treatment alone (Figure 7C), However, ANP mediated

increase in Cx40 expressionwas significantly reduced in cultures co-treatedwith ANP and Etomoxir (Figure 7C; 38%difference in Cx40 expres-

sion between ANP+ETO and ANP only culture groups). E11.5 cell cultures co-treated with ANP and etomoxir also revealed a significant

reduction in Sarc. MHC expression by in-cell western analysis (Figure 7D). Overall, these data show that FAO is critical in Cx40 expression

and dysregulation of FAO may cause defects in VCS development.

DISCUSSION

Although the effects of ANP on lipid metabolism and lipolysis are documented in other tissues,25 to our knowledge, this is the first report

describing a critical role for ANP in the regulation of lipid droplet accumulation and overall energy metabolism in VCS cell proliferation

and differentiation. While previous reports described the coincidence of ANP and Cx40 expression during VCS development,10,14 results

from this study confirm a definitive role for ANP/NPRA signaling in promoting Cx40 expression via metabolic alterations in VCS cells. Stim-

ulation of glycolysis or inhibition of FAO prolonged cardiomyocyte cell cycle activity in postnatal cardiomyocytes.31,43 Despite an increase in

the % of Sarc. MHC+ VCS cells, there was no change in the overall Sarc. MHC levels in ANP treated cultures. This could be due to masking of

the positive effect on Cx40+ and Sarc.MHC+ cells by the presence of amore abundant Cx40-and Sarc.MHC+ cell type in E11.5 ventricular cell

cultures (Data S2C). Consistent with an increase in the% of Cx40+ and Sarc. MHC+ cells, there were significant increases in the Edu and AURK

Figure 6. Continued

(D) Gene expression of glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD) and ribose 5-phosphate isomerase (RPIA) in

E11.5 cultures treated with or without ANP. Bars represent mean G SEM, n = 3, *p < 0.05, Student’s unpaired t test.

(E) A schematic representation showing the role of LDHA, LDHB, PDK4, Pdh1a and Pdp1 in relation to glucose oxidation as well as the role of G6PD, PGD and

RPIA in relation to pentose phosphate pathway.

(F and G) Gene expression of PPARa, b and g in E11.5 ventricular cell cultures treated with or without ANP (F) and fatty acids (OA + LA; G). Bars represent

mean G SEM, n = 3, *p < 0.05, **p < 0.01Student’s unpaired t test.

(H) Gene expression of MYST1, HDAC1 and 2 in E11.5 ventricular cells cultures treated with or without ANP. Bars represent mean G SEM, n = 3, *p < 0.05,

Student’s unpaired t test.

(I) Representative images of cells immuno-stained with antibodies specific for acetylated histone H3 and Sarc. MHC. in cultures treated with or without ANP.

(J) In-cell western analysis of histone H3 acetylation in E11.5 ventricular cell cultures treated with or without ANP. Bars represent mean G SEM, n = 3, *p < 0.05,

Student’s unpaired t test.
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Figure 7. Role of PPARg and fatty acid oxidation in ANP mediated regulation of Cx40 expression

(A and B) In-cell western analysis to assess the effect of PPARg inhibitor (GW9662) on Cx40 expression in E11.5 ventricular cells treated with or without ANP (A) and

with or without OA + LA (B). Bars represent mean G SEM. n = 3, *p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001. One-way ANOVA, Tukey’s multiple

comparisons test.
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labeling of these VCS cells in ANP treated cultures. Additionally, proliferating VCS cells exhibited intracellular Cx40 staining, contrasting with

plasma membrane localization in non-dividing VCS cells. The significance of this shift remains unknown, with few studies exploring Cx40 link

to cell proliferation and differentiation. While increased expression of Cx40 at the plasma membrane induces endothelial cell quiescence,44

Cx43 shows a shift frommembrane to intracellular localization and altered phosphorylation during differentiation of preadipocytes and myo-

blasts.45,46 In another study, Cx40.8 was found at the plasmamembrane in the developing zebrafish fin, but it was retained in the Golgi appa-

ratus during the fin regeneration.47 Further research is needed to unravel Cx40 phosphorylation patterns, intracellular trafficking and degra-

dation during VCS cell proliferation and differentiation.

Presence of BODIPY positive cells in E11.5 TM but not CM is likely due to stimulatory effects of ANP signaling on lipid uptake and direct

access of trabecular cells to the fatty acid rich maternal blood.48 Likewise, Cx40 expression in the majority of LD containing trabecular cells

underscores the importance of lipid metabolism in VCS development. These notions are consistent with the effects of exogenous ANP and

fatty acids on LD accumulation, VCS cell proliferation and marker gene expression in primary culture experiments. Absence of LDs in some

Cx40-expressing cells could be attributed to complete utilization of LDs for VCS cell differentiation and is consistent with our determination

that E11.5 ventricular cells are able to use fatty acids for energy generation via mitochondrial b-oxidation. Our observed decrease in TG levels

with a concomitant increase in DG could be attributed to activation of neutral lipases via ANP/NPRA/PKG pathway similar to that reported in

fat cells.49 Increased FAO in this study strongly supports an important role for ANP in intracellular lipid turn over and fatty acid mobilization in

E11.5 ventricular cells.

Although ANP treatment led to a significant increase in the percentage of BODIPY+/sarc. MHC+ cells compared to the control cultures,

ANP+A7 treatment was not significantly different fromANP treatment alone (Figure 3L). Similarly, ANP treatment led to significant changes in

TG and DG levels as well as other lipid classes compared to the control cultures, however, co-treatment with A7 did not inhibit these changes

(Figure 3L and Data S2). Absence of antagonistic effects of A7 in co-treated cultures could be due to reversible competitive antagonism of A7

at NPRA receptor.50 Since these experiments were done over a 3-day period with daily exchange of medium with fresh ANP and A7, the A7

effect could have been competed away by the fresh ligand. An alternative explanation for such a result could be due to novel actions of ANP

and A7 independent of cell surface receptors. Indeed, ANP was shown to bind directly to the mitochondrial membrane in rat adrenocortical

cells.51,52 It is not known whether mitochondrial membranes in adrenocortical cells or E11.5 ventricular cells harbor NPRA like binding sites

and whether A7 can also bind to such sites. Differential binding of ANP vs. A7 at such intracellular vs. extracellular target sites may explain the

unexpected results observed with ANP+A7 co-treatments in this study. Further studies are required to precisely delineate mechanisms un-

derlying dynamic lipid changes in response to ANP and A7 and their relevance to VCS cell proliferation and differentiation.

ANP treatment of E11.5 ventricular cells also led a significant increase in mitochondrial OCR in the presence of high glucose. A gradual

increase in the contribution of glucose to the TCA cycle was shown in the hearts of E11.5 to E13.5 mouse embryos along with a corresponding

increase in the expression of mitochondrial electron transport chain proteins.53,54 ANP was shown to increase glucose uptake via recruitment

of Glut1 and Glut4 transporters in postnatal cardiomyocytes55 and increase glucose oxidation in adipocytes via cGMP/PKG/Akt/mTOR

pathway.56 In the absence of fully formed coronary vasculature, a hypoxia gradient is established from the epicardium to the endocardium

in E11-E15 ventricles due to diffusion limits of oxygen from the chamber lumen.57 Consistent with this hypoxia gradient, expression profiles

of genes involved in glycolysis and lipid metabolism are restricted to the CM and TM respectively in mid-gestation ventricles.58,59 Based on

Randle hypothesis, higher lipid content, and ANP/NPRA signaling in the E11.5 TM could preferentially stimulate FAO in trabecular cells. Irre-

spective of substrate availability, the E11.5 TM cells were reported to consist of highermitochondrial numbers compared to those in CM59 and

the presence of more functionally active mitochondria in the TM in this study is in agreement with the earlier report.

While immunolocalization studies suggest that ANP/NPRA signaling would have a more direct effect on the TM cell gene expression pro-

gram, our in vitro experiments cannot completely rule out similar effects of ANP on CM cells. This is because all metabolic and gene expres-

sion assays were performedon cells derived from the entire E11.5 ventricularmyocardiumwithout separating TMandCMcells. However, such

cell separation studies are limited by the lack of well-established cell surface markers for TM and CM cells. As an alternative approach, ANP

and Hey2-based reporter mouse models can be used to differentiate TM and CM cells respectively.29 Indeed, previous work from our lab

found that ANP+/lacZ + E11.5 ventricular cells fractionated from an ANF-lacZ reporter model60 expressed higher levels of VCS markers

(Cx40 and HCN4) compared to those in ANP-/lacZ-cells.61 While such observations indicate differences in ANP-mediated gene expression

effects in ANP+ (TM) vs. ANP- (CM) cells, completing comprehensive mechanistic in vitro experiments using such lineage trackingmethods is

technically challenging due to the requirement of pooling several hundreds of genotyped E11.5 ventricles for cell fractionation. Notably, cor-

relations between histological findings and primary culture results presented in this study need further experimental validation using alter-

native methods of TM and CM cell fractionation in future studies. Based on the current literature, Cx40 and ANP are the only known markers

for the primitive or developing VCS cells present in the E11.5 TM and subsequently Cx40 expression is known to be restricted to VCS cells at

Figure 7. Continued

(C and D) In-cell western analysis to assess the effect of FAO inhibition in ANP treated E11.5 ventricular cell culture by Etomoxir (Cpt1 inhibitor; 2.5mM) on Cx40

expression (C) and sarc. MHC (D). Bars represent mean G SEM. n = 3, *p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001. One-way ANOVA, Tukey’s multiple

comparisons test.

(E) Representative immunostained images of Cx40 expressing cells cultures treated with or without ANP and etomoxir. Cells were immunolabeled with Sarc.

MHC (green) and Cx40 (red). Scale Bars = 20mm.

(F) Schematic showing ANP/NPRA signaling mediated metabolic and gene expression events responsible for VCS cell differentiation in the embryonic mouse

heart.
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E16.5 stage. While E16.5 VCS cells may be an appropriate model system to study the effects of ANP, these cells would be developmentally

distinct from the primitive VCS cells found at E11.5 stage that were previously shown to be unresponsive to other VCS induction factors such as

NRG-1.7 Nevertheless, additional studies are required to determine the role of ANP in the proliferation and maturation of E16.5 as well as

postnatal VCS cells.

Treatment of E11.5 ventricular cells with either ANP or fatty acids led to increased gene expression of PPARg andCx40. No PPARg binding

sequences have been identified in the published Cx40 50-flanking and promoter regions.62,63 Transcription factor mapping of a 150Kbmouse

BAC clone (GenBank# AC115294.5) containing the publishedmouse Cx40 promoter region63 revealed the presence of conserved sequences

for one PPARg responsive element64 (between�26520 and �26507) and four Etv1 binding sites65 (between �987 and �37746) in the mouse

Cx40 50 flanking region. Fatty acids are natural ligands for PPARg and inhibition of PPARg decreased Cx40 expression in response to exog-

enous ANP or fatty acid treatments. Co-treatment of cultures with both ANP and fatty acids showed an additive effect on lipid accumulation

and Cx40 expression. Taken together, these results suggest that ANP and fatty acid treatments can promote VCS cell differentiation by super

activating the PPARgmediated effect on Cx40 expression levels. While conditional deletion of PPARg was shown to cause membranous ven-

tricular septal defects in the embryonic mouse hearts,66 inducible deletion of PPARg gene in cardiomyocytes of the adult mouse heart led to

reduced levels of transcripts and proteins important for lipid uptake and metabolism (CD36, FABP, CPT1) as well as decreases in myocardial

fatty acid utilization and contractility.67 Earlier studies identified Cx40 as one of the upregulated transcripts in response to the activation of

PPARg in the placental extravillous cytotrophoblast cultures.68 Additionally, PPARg is also essential for the transcription of Irx3 gene which is

known to regulate Cx40 expression and VCS formation.69,70 In line with these previous reports, pharmacological inhibition of PPARg in this

study led to abrogation of ANP and fatty acid mediated increases in Cx40 expression.

PPARg inhibitor (GW9662) significantly decreased Cx40 expression both in the presence or absence of ANP or OA + LA co-treatments. In

previous studies, we showed that E11.5 ventricular cells can secrete the biologically active form of ANP.28 Based on these observations, it is

possible that reduction in Cx40 expression by GW9662 treatment alone in the absence of exogenous ANP could be due to inhibition of basal

levels of PPARg expression stimulated by the endogenous ANP in our experiments. Notably, when the same dose of GW9662 was adminis-

tered without or with either ANP or OA + LA treatments, Cx40 expression was significantly higher in co-treatment groups compared to

GW9662 treatment alone possibly due to the additive effects of both exogenous and endogenous ANP in these experiments. We previously

reported that ANP treatment of embryonic ventricular cells decreased the gene expression of miR-27b and miR-133.8 Importantly, these two

microRNAs (miR-27b andmiR-133) were also shown to decrease the expression of PPARg in cardiomyocytes and other cell types.8,71,72 More-

over, miR-27b expression was shown to be robust in the CM of E10.5 hearts73 and it is possible that lower expression of miR-27b due to high

levels of ANP may enhance PPARg expression in the TM. Based on our in vitro findings, increased PPARg expression in the embryonic TM is

likely to promote lipid metabolism and VCS cell differentiation. Taken together, our data suggests that high levels of ANP expression in the

TM decreases the expression of miR-27b and miR-133 and promotes the expression of PPARg along with the VCS marker gene expression.

Several single gene mutations affecting FAO result in defective conduction system development.19 In this study, inhibition of FAO using

etomoxir decreased the expression of Cx40 and sarc. myosin levels in cultures treated with or without ANP. Given that Cx40 expression is

tightly correlated with ANP signaling, intracellular lipid content and FAO in both cultured cells and E11.5 TM, metabolites of b-oxidation

and TCA cycle are likely to play a mechanistic role in VCSmarker gene expression. Excess acetyl CoA can escape to the cytoplasm frommito-

chondria using the citrate transport shuttle and is known to regulate gene expression via acetylation of histones and other proteins.42 Signif-

icant increases in the expression levels of a histone acetyltransferase (MYST1) and acetylated histone H3 in ANP treated cultures support the

notion that histone acetylation is important for ANP-mediated Cx40 expression. The transcription factor Etv1/ER81 regulates the expression

of Cx40, Nkx2.5 and Scn5a and it is essential for VCS development.74 Previous studies demonstrated that acetylation of Etv1 on lysine residues

(K33 and K116) by two acetyltransferases p300 and P/CAF enhances its transactivation and DNA binding properties as well as half-life.75 The

Cx40 promoter is also regulated by the transcription factors Nkx2.5, GATA4 and Tbx576 and acetylation was shown to be important for their

functions.77–79 Overall, these reports offer a mechanistic explanation for ANP mediated protein acetylation in the regulation of Cx40

expression.

In conclusion, we showed that spatial expression patterns for ANP andNPRA overlappedwithmarkers of VCS cells and lipidmetabolism in

the E11.5 TM. Primary culture studies indicated that ANPmediated intracellular lipid accumulation andmetabolic changes in a subset of E11.5

ventricular cells promote Cx40+ VCS cell proliferation and differentiation in vitro. Finally, our work proposes that acetylation of epigenetic

regulators can be a potential mechanism in VCS cell differentiation.

Limitations of the study

Histological findings from E11.5 ventricles could be further substantiated by examining the effects of ANP/NPRA signaling on cellular meta-

bolism and VCSmarker gene expression in primary cultures derived from the fractionated TM and CM cells. While such compartment specific

cell separation is technically challenging, this limitation is partly offset by confirming the stimulatory effects of ANP on FAO and VCS marker

expression in primary cultures derived from E11.5 whole ventricles. We anticipate that this limitation could be addressed when reliable cell

fractionation techniques become available. While ANP and Cx40 are the only knownmarkers for the primitive VCS cells found at E11.5 stage,

these markers are expressed in most TM cells at this stage. Findings in this study could have been further validated by using cells from later

stages of heart development such as E16.5 wherein the Cx40 expression is restricted to VCS network. Follow-up validation studies using frac-

tionated TM, CM, and VCS cells from additional developmental stages could further substantiate the importance of ANP/NPRA signaling in

VCS cell proliferation and differentiation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Connexin 40 (Cx40) Alpha Diagnostic

International

Cat# Cx40-A; RRID: AB_1616128

Sarcomeric myosin heavy chain (Sarc. MHC) Developmental

Studies Hybridoma Bank, Iowa

Cat#MF20; RRID: AB_2147781

Anti-acetyl-histone H3 Millipore Sigma Cat#06-911; RRID: AB_310294

Anti-HCN4 antibody Alomone Lab Cat# APC-052; RRID: AB_2039906

Anti- ANP antibody Millipore Sigma Cat# CBL66; RRID: AB_2283096

Rabbit Polyclonal PGCA antibody FabGennix Cat#PGCA-101AP; RRID: AB_2315119

Phopshorylated pyruvate dehydrogense (p-PDH)

antibody

Cell Signaling

Technology

Cat# 37115S; RRID: AB_2923272

Enoyl CoA hydratse (ECHS1) Developmental

Studies Hybridoma Bank, Iowa

Cat#AFFN-ECHS1-

5F7; RRID: AB_2617542

Pan-phospho-aurora kinase antibodies

(Phospho-aurora A (Thr288)/aurora B

(Thr232)/aurora C (Thr198) (D13A11)

XP Rabbit polyclonal antibody

Cell Signaling Technology Cat#2914; RRID: AB_2061631

Secondary goat anti-mouse antibody conjugated

to Alexa Fluor 488

Thermo Fisher Cat#A11017; RRID: AB_2534084

Secondary goat anti-mouse antibody conjugated

to Alexa Fluor 555

Thermo Fisher Cat#A21425; RRID: AB_1500751

Secondary goat anti-rabbit antibody conjugated

to Alexa Fluor 555

Thermo Fisher Cat#A21430; RRID: AB_10374475

Secondary goat anti-rabbit antibody conjugated

to Alexa Fluor 488

Thermo Fisher Cat#A11070; RRID: AB_2534114

Secondary goat anti-rabbit antibody conjugated

to Alexa Fluor 647

Cell Signaling Technology Cat#4414; RRID: AB_10693544

Anti-rabbit IgG (H+L) DyLight 800 PEG conjugate New England

Biolabs

Cat#5151P; RRID: AB_10697505

anti-mouse IgG (H+L) DyLight 680 conjugate New England

Biolabs

Cat#5470P; RRID: AB_10696895

Chemicals, peptides, and recombinant proteins

Hoechst 33258 Millipore Sigma Cat#14530

1x antibiotic/antimycotic Thermo Fisher Cat#15240-062

type I collagenase Worthington

Biochemical Corp

Cat#LS004196

Dulbecco’s Modified Eagles Medium (DMEM) Wisent Cat#319-005-CL

DMEM base medium Agilent Cat#103575-100

Fetal bovine serum Millipore Sigma Cat#F1051

Atrial Natriuretic Peptide Bachem Cat#: H-2100

A71915 Bachem Cat#: H-3048

GW9662 Millipore Sigma Cat#M6191

Etomoxir Millipore Sigma Cat#E1905

Oleic Acid-Albumin from bovine serum Millipore Sigma Cat#O3008

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Kishore Pasumarthi

(kpasumar@dal.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data generated or analyzed in this study are included in this publication. All relevant data are available from the lead contact upon

reasonable request.
� The custom code used for lipidomic analysis in this study has been submitted at Zenodo and is publicly available as of the date of pub-

lication. The DOI (https://zenodo.org/records/10290509) is also listed in the key resources table. Download all raw data files of lipido-

mic analysis into same file and run analysis.R to reproduce analysis plots from this study.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Linoleic Acid-Albumin from bovine serum

albumin

Millipore Sigma Cat#L9530

Bovine Serum Albumin powder Thermo Fisher Cat#SH30574.02

Bovine Serum Albumin Millipore Sigma Cat# A1595

Goat serum Thermo Fisher Cat# 16210064

BODIPY 493/503 Thermo Fisher Cat# D3922

Oligomycin Focus Biomolecule Cat#10-2092

Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP)

Millipore Sigma Cat#C2920

Rotenone Millipore Sigma Cat#45656

Antimycin A Millipore Sigma Cat#A8674

Critical commercial assays

Aurum� Total RNA Mini Biorad Cat#732-6820

SuperScript VILO Thermo Fisher Cat#18090010

JC-10 Mitochondrial Membrane Potential

Assay

AAT Bioquest Cat#22204

Experimental models: Organisms/strains

E11.5 timed pregnant CD1 mice Charles River

Laboratories, Senneville, Quebec

Cat#022

Oligonucleotides

Primers for RT-qPCR, see Table S1 This Paper N/A

Software and algorithms

ImageJ National Institutes

of Health

https://imagej.nih.gov/ij/

Prism-GraphPad Dotmatics https://www.graphpad.com/

scientific- software/prism/

Depsited data

Custom code and raw data for lipidomic

analysis

Zenodo

https://zenodo.org/records/10290509

https://zenodo.org/badge/DOI/

10.5281/zenodo.10290509.svg
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Embryonic ventricular cell cultures

E11.5 days timed-pregnant CD1 mice (Charles River Laboratories, Senneville, Quebec) were sacrificed in a 4% isoflurane-induced anesthe-

tized state. Embryos were taken out from the uterine horns and kept in dishes containing warm PBS with 1x antibiotic/antimycotic (1x Ab/

Am; Gibco, Thermofisher, Cat#15240-062) for further dissection. The whole embryonic hearts were removed, and the atria and outflow tracts

were dissected out under the Leica MZ16F stereomicroscope (Leica Microsystems, Richmond Hill, Ontario, Canada). Only embryonic cardiac

ventricles were pooled and placed in 0.2% v/v type I collagenase (Worthington Biochemical Corp., Cat#LS004196) in 1xPBS for ventricular

tissue digestion at 37�C for 45 minutes on a rocking platform. After 45 minutes of incubation, the tissue was mechanically dissociated by trit-

uration using a 200mL pipette tip. Then digested anddissociated tissue fragmentswere allowed to settle for 5minutes for gravity separation of

fibrous debris of embryonic ventricular tissue. The supernatant cell suspension was collected leaving debris in the tube and centrifuged at

1600 rcf (Eppendorf centrifuge, model#5415D) for 4 minutes at 4�C. Cell pellet formed after centrifugation was collected and washed twice

with DMEM (Dulbecco’s Modified Eagles Medium; Wisent, Cat#319-005-CL) containing 10% fetal bovine serum (FBS; Millipore Sigma,

Cat#F1051) and 1x Ab/Am). Finally, cells were resuspended in 1 ml of 10% FBS-DMEM and cell number was determined using a hemocytom-

eter. The cell suspension was resuspended in culture media to achieve desired cell density. Cells were plated on the fibronectin-coated

8-chambered slides (125,000 cells/well, Nunc, Rochester, New York, USA) for immunocytochemistry, or black-walled clear bottom 96- well

plates (50,000 cells/well, Greiner Bio-One, North Carolina, USA) for in-cell western, or 35mmculture dishes (1,000,000 cells/dish, Falcon, Corn-

ing Inc, Cat#353001) for RNA and protein extraction, or 24-well Seahorse XF24 plates (40,000 cells/well, Agilent Tecnologies, Cat#100777-004)

for seahorse assays. Cultures were incubated in a humid incubator at 37�C and 5% CO2 overnight before proceeding further drug/fatty acid

treatment.

METHOD DETAILS

Drug and fatty acid treatment protocols

1mg/mL stock solution of ANP (Bachem, King of Prussia, Pennsylvania, USA Cat#: H- 2100) was prepared by dissolving 375mg of the compound

in 375mL of sterile water (Ambion, USA). NPRA antagonist A71915 (Bachem, Cat#H-3048) stock solution was made by dissolving 0.5mg of the

compound in 0.5mL of sterile water. PPARg inhibitor GW9662 (MilliporeSigma, Cat#M6191) was prepared as an 18mM stock solution by dis-

solving 5mg of the compound in 1mL of DMSO. 10mM stock solution of etomoxir (MilliporeSigma, Cat#E1905) was prepared by adding

1.47mL of sterile water to 5mg of the compound.

The plated embryonic ventricular cells were maintained in a 10% FBS-DMEM medium overnight before the start of any treatment. Cell

cultures were treated with different pharmacological agents every 24 hours over the experimental duration (1-3 days). The final concentration

of drugs in cell culture were ANP: 0.3mM, A71915: 1mM, GW9662: 0.5mM, and etomoxir: 2.5mM. Control cultures were treated with the appro-

priate vehicle (H2O or DMSO) to match the condition of the drug-treated groups.

For experiments with fatty acids, cell culturemedia was supplemented with Oleic acid and Linoleic acid fatty acids conjugated with bovine

serum albumin (MilliporeSigma, OA; Cat#O3008, LA; Cat#L9530). Two different concentrations of fatty acids (200mM and 400 mM) were sup-

plemented in experiments with individual fatty acid treatments. Control cultures were supplementedwith 200mMbovine serum albumin (BSA,

MilliporeSigma, Cat#A1595). In experiments with fatty acid cocktail, cell culture was supplemented with 200mM of oleic acid and 200mM of

linoleic acid, and to match the condition, control was supplemented with 400mM BSA. Cell cultures were maintained for three days before

immunocytochemistry, In-cell Westerns, and protein extractions. The duration of treatment was 24 h in experiments for RNA extraction

and seahorse assays and cell proliferation assays.

Immune cytochemistry

Following three days of cell culture, embryonic ventricular cell cultures were fixed with 4% paraformaldehyde w/v for 15 minutes at room

temperature. Then cells were permeabilized in 0.1% Triton X-100 for 6 minutes. Subsequently, cells were washed twice with PBS, and

were blocked using the blocking buffer solution (10% v/v goat serum (Thermofisher, Cat#16210064), and 1% w/v bovine serum albumin

(BSA; Thermo Fisher, Cat#SH30574.02) in PBS) for one hour at room temperature. The blocking of cells was followed by addition of

primary antibodies of interest to the cells in fresh blocking buffer solution for overnight incubation at 4�C. Connexin 40 (Cx40)/Gap

junction alpha-5 Protein (CXA-5) antibody ( Alpha Diagnostic International, Cat# Cx40-A) was used at 1:150 dilution (6.67mg/ml), Sarco-

meric myosin antibody (Developmental Studies Hybridoma Bank, Iowa, Cat#MF20) was used at 1:150 dilution (0.15mg/ml) and anti-

acetyl-histone H3 (Lys14; MilliporeSigma, Cat#06-911) was used at 1:75 dilution (13.3mg/ml). Next, cells were washed with PBS thrice

for 5 minutes each and incubated with secondary antibodies in blocking buffer solution for 1 hour at room temperature. Secondary

goat anti-mouse antibody conjugated to Alexa Fluor 488 (or 555) (1:150, Thermo Fisher) and goat anti-rabbit antibody conjugated

to Alexa Fluor 555 (or 488) (1:150, Thermo Fisher) were used. Nuclei were stained with 0.5mg/ml Hoechst 33258 (MilliporeSigma,

Cat#14530) in PBS for 3 minutes at room temperature. Further cells were washed with PBS twice and mounting medium 0.1% propyl

gallate (Sigma) solution [0.1% w/v propyl gallate, 50% v/v glycerol (Thermo Fisher Scientific), 50% v/v PBS]. was spread before the cover-

slip was placed. Immuno-stained cells were examined using a Leica DM2500 microscope and images were captured using a Leica DFC

500 digital acquisition system.
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Cell proliferation assays by click-iT Edu and pan-phospho-aurora kinase labeling

For analysis of VCS cells undergoing DNA synthesis, E11.5 ventricular cells were seeded on 8-chamber slides (125,000 cells/well) and 1 ml of

Click-iT Edu stock solution (ThermoFisher Scientific, Cat#:44C10340) was added per chamber. Cells were also treated simultaneously with or

without ANP and or A71915 as described in drug treatment protocol for 24 hours at 37�C. Prior to the staining, cells were washed twice with

PBS for 2-minute. After PBS rinses, chamber slides were fixed with 4% w/v paraformaldehyde for 15 minutes at room temperature and then

washed again twicewith PBS for 2-minute. After fixation and PBS rinses, the chamber slides were then used for click-iT Edu labeling and immu-

nofluorescence analysis of Cx40 and Sarc. MHC markers to track VCS cells. Immunocytochemistry was performed as described earlier. The

Click-iT EdU assay was performed just after the incubation with secondary antibodies and prior to the Hoechst nuclear staining. Click-iT Plus

EdUAlexa Fluor 647 Imaging Kit (ThermoFisher Scientific; Cat#: 10640) was used to assess cells undergoingDNA synthesis, and reagents from

the kit were used to make a reaction cocktail as directed. A reaction cocktail was made with 10x Click-iT EdU buffer (88 ml), copper protectant

(20 ml), Alexa Flour picoyl azide (2.5 ml), 10 X Reaction buffer (10 ml) and Nuclease free H2O (880 ml). After the PBS rinses, 200 ml of the reaction

cocktail was added per well of the chamber slide and left to incubate in the dark for 30 minutes at room temperature. After 30 minutes, slides

were rinsed twicewith PBS for 2minutes each, andHoechst nuclear stainingwas performed. The slides weremountedwith 0.1%propyl gallate

and examined using the Leica DM2500 fluorescence microscope using appropriate excitation and emission filters and images were then

captured using a Leica DFC 500 digital acquisition system.

For monitoring VCS cell proliferation, cultures were processed exactly as described for the DNA synthesis analysis, except Edu was not

added to the culturemedium. Proliferating VCS cells (Cx40+/sarc. MHC+) and Cx40 negative cardiomyoyctes (Cx40-/sarc. MHC+) were iden-

tified by co-staining with antibodies for Cx40, sarc. MHC and pan-phospho-aurora kinase (Cell Signaling Technology, Cat#2914, 1:100 dilu-

tion) and signals were visualized by secondary antibodies conjugated to Alexa Fluor 647, 555 and 488 respectively as described earlier. Mitotic

events were further confirmed by Hoechst nuclear staining.

BODIPY staining for lipid droplets

BODIPY staining was performed after other immunostaining procedures (if any) were completed and before the mounting medium was

spread. Cells were incubated with BODIPY 493/503 dye at 1:2000 dilution (0.5mg/ml) for 20 minutes at room temperature, to stain lipid drop-

lets in the cells. Cells were then washed 3 times with PBS, each for 7 minutes, and mounted using 0.1% propyl gallate (Milliporesigma, cat#P-

3130) solution [0.1% w/v propyl gallate and 50% v/v glycerol (Thermo Fisher Scientific) in PBS]. Stained cells were examined for lipid droplets

using the Leica DM2500 fluorescence microscope using excitation filter and images were captured. BOPDIPY staining of cell cultures in a

96-well plate also followed the described procedure. BODIPY intensity was measured using POLARstar Omega microplate reader. The

BODIPY intensity of each well was normalized by Hoescht intensity (DNA Content) before the analysis.

Cell number quantification

After immunostaining/ BODIPY/ click-iT EdU staining of E11.5 ventricular cell cultures, cell counting was performed through images captured

using a Leica DFC 500 digital acquisition system. Images of cells from 10 randomfields were taken per well/ treatment. Cell count was performed

in blinded fashion from each group to avoid any observer’s bias. The number of Hoechst-stained nuclei in each field were considered to repre-

sent total number of cells in each field. The following cell types were counted after staining; Cardiomyocytes (Sarc. MHC+, Cx40-), VCS cardi-

omyocytes (Sarc. MHC+, Cx40+), LDs storing cardiomyocytes (Sarc. MHC+, BODIPY+), LDs storing cells (BODIPY+), proliferating cardiomyo-

cytes (Sarc. MHC+, Cx40-, Edu+), proliferating VCS cardiomyocytes (Sarc. MHC+, Cx40+, Edu+). Cell counts from each well were presented

as percentages based on total number of nuclei counted in each well and analysed from a minimum of three independent experiments.

Embryonic heart cross-sections and immunohistochemistry

CD1 embryos from the E11.5 gestation stagewere collected andplaced in a cryoprotectant 30% sucrose solution overnight on a rocker at 4�C.
The 30% sucrose solution was then discarded, and embryos were washed once with PBS. Embryos were then embedded in optimal cutting

temperature embedding medium (O.C.T. compound, Thermo Fisher Scientific, Cat#4585) and cooled to -80�C to solidify and store. Thin,

10mM tissue sections were cut using Leica CM 3050 S microtome and collected on Superfrost� Plus slides (Thermo Fischer Scientific,

Cat#12-550-15). Slides were stored at -20�C until further processing.

Slides processed for immunohistochemistry were taken out from -20�C to room temperature and air dried for 10 minutes. Sections were

fixed using 4% paraformaldehyde for 15 minutes at room temperature and then permeabilization was done using 0.1% triton X 100 for 7 mi-

nutes. Sections were then blocked using blocking buffer solution (10% v/v goat serum, and 1%w/v bovine serum albumin in PBS) for one hour

at room temperature. Primary antibodies diluted in blocking buffer were added to the sections and incubated overnight in 4�C humid cham-

ber. Secondary goat anti-mouse antibody conjugated to Alexa Fluor 488 (or 555) (1:200, Thermo Fisher) and goat anti-rabbit antibody con-

jugated to Alexa Fluor 555 (or 488) (1:200, Thermo Fisher) were used. Nuclei were stained with 0.5mg/ml Hoechst 33258 in PBS for 3 minutes at

room temperature. Finally, sections were incubated with BODIPY 493/503 dye at 1:1000 dilution (1mg/ml) for 20minutes at room temperature,

to stain lipid droplets in the cells. After washing with PBS, slides were mounted with 0.1% propyl gallate solution and a coverslip was put on.

Immuno-stained sections were examined using a Leica DM2500 microscope and images were captured using a Leica DFC 500 digital acqui-

sition system. To compare the different regions of the cross-section, the intensity of the target protein per unit area from 10 random fields was

analyzed using ImageJ software.
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In-cell westerns

In-cell westerns were performed for cells cultured in 96-well plates. Cells were fixed and permeabilized as described in the immunocytochem-

istry section. Incubation of primary antibodies was done as described for immune cytochemistry procedure. Anti-rabbit IgG (H+L) DyLight 800

PEG conjugate (New England Biolabs, Cat#515P), 1:150 dilution (6.67 mg/ml) and anti-mouse IgG (H+L) DyLight 680 conjugate (New England

Bioloabs, Cat#5470P), 1:150 dilution (6.67 mg/ml) secondary antibodies were added for 1 hour at room temperature. Hoechst staining was

performed as per the earlier-mentioned protocol. In-cell western images were captured and analyzed using the LI-COR Odyssey imaging

system (Channels 700 and 800). The signal intensities of target proteins were normalized by Hoechst intensity (DNA content) acquired by

POLARstar Omega microplate reader. In-cell western results were presented as fold change compared to the control group of the

experiment.

Total RNA extraction and RT-qPCR

Total RNA was extracted from cultured embryonic ventricular cells using Aurum� Total RNA Mini Kit (Biorad, Cat#732-6820) method

described in protocol manual. The RNA content was quantified by using Implen NanoPhotometer. RNA samples with 260:280 absorbance

ratio >1.8 were used for further gene expression experiments. Reverse transcription reaction was performed for RNA samples to convert

into more stable cDNA using a SuperScript VILO kit (Thermo Fisher, Cat#18090010). The cDNA samples were stored at -20�C for real time

quantitative PCR (RT-qPCR) gene expression analysis experiments. List of primer sequences used for RT-qPCR analysis are included in

Table S1. The RT-qPCR reactions were performed using Biorad CFX Connect Real-Time PCR System. 40 amplification cycles (95�C for 15

sec and 60�C for 1 min) were followed by generation of melt curves (95�C, 60�C and 95�C, 15 sec each) to confirm the amplification of single

primer product. For gene expression analysis of PPARa and PPARb, TaqMan� Fast Advanced Master Mix (Cat#4444557, Thermofisher Sci-

entific) and TaqMan� gene expression assays (Cat#4331182, Thermofisher Scientific) were used as reported earlier.80 3-6 independent RNA

extracts from each group were used for RT-qPCR analysis. All the gene expressions were normalized with expression of GAPDH using DDCT

method and results were presented as fold change relative to the control groups.

Protein extraction and western blotting

For extraction of protein, embryonic ventricular cells were cultured in 35 mmdishes. After three days of incubation with drug treatments, cells

were washed twice with cold PBS on ice platform. Further, 300mL of lysis buffer (1% NP40, 5mM EDTA, 150 mMNaCl and 50 mM Tris-HCl, pH

8.0 supplemented with 1X protease and phosphatase inhibitor, Thermo Scientific, Cat#1861281) was added to the dishes and cells were

scrapped using cell scrapper. Scrapped cells in lysis buffer were collected in tubes and let sit on ice for 10 minutes. Scrapped cell suspension

was sonicated using sonicator three times each 10 seconds with 10 seconds break on ice and left on ice for 15 minutes. The suspension was

centrifuged for 15 minutes at 13000 rpm in 4�C, and supernatant was collected leaving cell pellet in the tube. Protein quantification was done

using Bradford assay. Isolated protein was stored at -80�C for future use. The whole protein extract was separated by SDS-PAGE and trans-

ferred to nitrocellulosemembrane. Themembraneswere incubatedwith 3%BSAblocking buffer for 1 hour.Membraneswere immunoblotted

using appropriate primary antibodies overnight at 4�C. Cx40 was used at 1:660 dilution (1.5mg/ml), HCN4was used at 1:1000 dilution (1mg/ml)

and GAPDH was used at 1:3000 dilution (0.3mg/ml). Then, Anti-rabbit IgG (H+L) DyLight 800 PEG conjugate, 1:3000 dilution and anti-mouse

IgG (H+L) DyLight 680 conjugate, 1:3000 dilution secondary antibodies were used to visualize the protein expression in LI-COR Odyssey im-

aging system. Expression of proteins was analysed relative to the GAPDH protein on the membrane by densitometry using ImageJ software.

JC10 staining

JC-10 (AAT Bioquest, Cat#22204) solution was prepared as described by the manufacturer’s protocol. 20mM JC-10 working solution was pre-

pared and 100 mL of the working solution was spread over the unfixed E11.5 heart cross-section for 30 minutes in a dark chamber. Further,

sections were washed with PBS twice and Hoechst nuclear staining was performed. Sections were examined using a 590nm filter in a Leica

DM2500 microscope immediately after the staining and images were captured using a Leica DFC 500 digital acquisition system. JC-10 inten-

sity was normalized with Hoechst intensity (DNA content) before the analysis.

Seahorse assay

Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) were measured using XF24 extracellular flux analyzer (Seahorse

Biosciences, North Billerica, MA, USA). Embryonic ventricular cells were prepared as described in the cell culture section. Cells were plated on

24-well Seahorse XF24 plates at 40,000 cells/well and cultured overnight before the treatment.OCR and ECARmeasurements were done after

treating cultures with or without ANP and A71915 for 24 hrs. For glucose oxidation analysis, the sensor cartridge was hydrated a day prior to

the assay. On the day of assay, culture media was removed form culture and replaced with DMEM base medium (Agilent, Cat#103575-100)

supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Cells were equilibrated at 37�C for 1 h before the measurements

were taken.

For fatty acid oxidation assay, cell culture media was replaced by substrate limited medium comprising DMEM (Agilent, Cat#103575-100)

with 0.5 mM glucose, 1 mM glutamine, 0.5 mM carnitine and 1% FBS 6 hours before the assay. Prior to assay, substrate limited medium was

replaced by fatty acid oxidation buffer (KrebsHenseleit Buffer, 111 mMNaCl, 4.7 mMKCL, 2 mMMgSO4, 1.2 mMNaH2PO4, 1.25 mMCaCl2,

5 mM HEPES, 2.5 mM glucose and 0.5 mM carnitine) and cells were equilibrated for 1h at 37OC. Sensor calibration was done as per
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manufacturer’s protocol before the assay. Assay was performed after adding BSA-oleic acid and BSA-linoleic acid cocktail (200mM each). A

mitochondrial complex V inhibitor (oligomycin A; 1 mM, Focus Biomolecule, Cat#10-2092) was used to inhibit coupled respiration. An uncou-

pler of mitochondrial oxidative phosphorylation (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; FCCP; 1 mM, MilliporeSigma,

Cat#C2920) was used to analyze the uncoupled respiration. Finally, Rotenone (complex I inhibitor; 1 mM,MilliporeSigma, Cat#45656) andAnti-

mycin A (complex III inhibitor; 5 mM, MilliporeSigma, Cat#A8674) were added to analyze the non-mitochondrial OCR. Assays were set up to

record three measurements in each treatment and recorded OCR and ECAR were normalized to the total protein concentration in each well.

Lipid extraction and Ultra-HPLC method for lipid analysis

Lipid extraction was performed using the modified Bligh and Dyer extraction for LC-MS analysis of lipids protocol. All reagents used were of

LC-MS grade. Cell pellets (�1million cells) were obtained from embryonic ventricular cell cultures treated with or without ANP and or A71915

after 3 days of treatment. Cell pellet was homogenized in 1 ml of cold 0.1 M HCl:methanol (1:1, v/v) in a TissueLyser II instrument (Qiagen) set

at 30 strokes/s for 2 to 4min. Protein quantification was performed by BCA assay. Further, all samples were adjusted to the final concentration

of 700 mg/ml and spiked with 10 ml of internal standard (Avanti Polar Lipids Inc; Catalog Number-330707). Each sample was added with 500 ml

Chloroform, vortexed for 30 min, and centrifuged at 6000 rpm for 5 min to separate phases. The organic phase at the bottom was collected

into a new Eppendorf tube and dried under a nitrogen stream. Samples were stored at �80�C until ready for analysis.

The Ultra-HPLC method was used for lipid analysis. The Accucore C30 column (250.2.1 mm I.D., particle size: 2.8 mm; Thermo Fisher Sci-

entific) was used. The mobile phase system included solvent A and B of solvent A with 10 mM ammonium formate and 0.1% formic acid. Sol-

vent A is acetonitrile:water (60:40 v/v) and solvent B is isopropanol:acetonitrile:water (90:10:1 v/v). C30-RPLC separation was performed at

30�C (column oven temperature) with a flow rate of 0.2 ml/min, and 10 ml of the lipid extraction suspended in the mobile phase solvents mix-

tures (A:B, 70:30) was injected onto the column. The lipid classes and molecular species were separated by following system gradient: 30%

solvent B for 3 min followed by solvent B increased to 50% over 6 min, then to 70% B in 6 min, then at 99% B for 20 min. Finally, prior to each

new injection, the column was re-equilibrated to starting conditions (30% solvent A) for 5 min.

High-resolution tandem mass spectrometry and lipidomics

Lipid analyses were done using a Q-Exactive Orbitrap mass spectrometer controlled by X-Calibur software 4.0 (Thermo Scientific) with an

acquisition HPLC system. The parameters used for the Q-Exactive mass spectrometer were: sheath gas, 40; auxiliary gas, 5; ion spray voltage,

3.5 kV; capillary temperature, 250�C; mass range, 200 to 2000m/z; full scan mode at a resolution of 70,000m/z; top-1 m/z and collision energy

of 35 (arbitrary unit); isolation window, 1 m/z; automatic gain control target, 1e5. The ESI negative and positive calibration solutions (Thermo

Scientific) was used to calibrate the instrument to 1 ppm. Further, a mixture of lipid standards (Avanti Polar Lipids) was used optimized to tune

parameters in both negative and positive ion modes. Lipid identification and quantitation was done by Thermo ScientificTM LipidSearchTM

software version 4.2. Tandem mass spectrometry spectra of lipid precursor ions were searched in individual data files as described in a pre-

vious reports.36,80 Fragment ions were predicted for all precursor adduct ions measured withinG5 ppm. The product ions that matched the

predicted fragment ions within a G5 ppm mass tolerance was used to calculate a match score, and those candidates providing the highest

quality match were determined. Next, the search results from the individual positive or negative ion files from each sample group were

aligned within a retention time window (G0.2 min) and the data were merged for each annotated lipid.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data cleanup and statistical analysis of lipids

The LipidSearch software extracted the lipid concentrations and further analysis was done using an in-house script written in R programming

language (version 4.0.2). The data were filtered and all the data with a signal-to-noise ratio (SNR) of smaller than 2 and a peak quality (PQ) of

less than 0.8 was removed. Furthermore, if this filtration eliminated 2 of 3 replicates, the remaining replicate was also removed as untrustwor-

thy. Following data filtration, replicate observations were averaged together and the normalized areas of all mass spectrometry fragments

that correspond to a given lipid species were added together to generate the result. The results of obtained lipid groups containing multiple

lipid concentrations corresponding to specific lipid identities were then compared between control and ANP and or A71915 treated samples

using a (paired, nonparametric) Wilcoxon signed-rank test at an overall significance level of 5% (using the Bonferroni correction to account for

the large number of tests performed). As the Bonferroni correction is conservative, significant differences are reported at both precorrection

(*) and postcorrection (***) significance levels.

Statistical analysis

The statistical analyses for all other experiments were performed using GraphPad Prism software. All the data are presented as meanG stan-

dard error of the mean (SEM). Two groups were compared using a two-tailed unpaired t-test. Multiple groups were analyzed using One- way

ANOVA analysis and Dunnett’s or Tukey’s multiple comparisons tests. Correlation analysis was performed using Pearson correlation coeffi-

cient (r). P<0.05 were assigned as a significant result. The number of experiments and replicates is mentioned in the corresponding figure

legends.
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