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Maternal high-fat diet alters Tet-mediated
epigenetic regulation during heart development

Yuhan Yang,1 Logan Rivera,1 Shaohai Fang,1 Maryn Cavalier,1 Ashley Suris,1 Yubin Zhou,2,3 and Yun Huang1,3,4,*
SUMMARY

Imbalanced dietary intake, such as a high-fat diet (HFD) during pregnancy, has been associated with
adverse offspring outcomes. Metabolic stress from imbalanced food intake alters the function of
epigenetic regulators, resulting in abnormal transcriptional outputs in embryos to cause congenital
disorders. We report herein that maternal HFD exposure causes metabolic changes in pregnant mice
and non-compaction cardiomyopathy (NCC) in E15.5 embryos, accompanied by decreased
5-hydroxymethylcytosine (5hmC) levels and altered chromatin accessibility in embryonic heart tissues.
Remarkably, maternal vitamin C supplementation mitigates these detrimental effects, likely by restoring
iron, a cofactor for Tet enzymes, in a reduced state. Using a genetic approach, we further demonstrated
that the cardioprotective benefits of vitamin C under HFD conditions are attributable to enhanced Tet ac-
tivity. Our results highlight an interaction betweenmaternal diet, specifically HFD or vitamin C, and epige-
netic modifications during early heart development, emphasizing the importance of balanced maternal
nutrition for healthy embryonic development.

INTRODUCTION

Balanced nutrition exposure during pregnancy is crucial for promoting normal embryonic development.Maternal environmental exposure, such

as a high-fat diet(HFD), toxin, and pollution, can have negative consequences on the offspring.1–3 For instance,maternal HFDexposure has been

found to causemetabolic abnormalities andneurodevelopmental aberrations inoffspring.1,3–5Mechanistically, this hasbeen linked toepigenetic

dysregulation, includingabnormalDNAmethylation changes in the offspring, which in turn could impact transcriptional outputs to influenceearly

development.

The crosstalk between metabolic pathways and epigenetic regulators has been reported in various biological systems.6,7

Nutrients, such as fatty acids and vitamins, are utilized by the metabolic machinery to produce metabolites that are essential for

supporting the proper function of epigenetic regulators. In parallel, epigenetic machinery can in turn modulate the transcriptional

network essential for metabolic homeostasis. For example, the catalytic activity of the Ten-eleven Translocation (TET) family of

dioxygenases, which are pivotal in the stepwise oxidation of methylated DNA toward demethylation, is tightly governed by nutritional

levels and metabolic availability.8–11 Essential cofactors for TET enzymatic activity include 2-oxoglutarate (2-OG) and Fe2+. Vitamin C can

augment the activity of TET enzymes by keeping iron in its reduced state.9,10,12,13 Furthermore, lipid assimilation and metabolism are

also intimately linked to TET function,13–15 as TET enzymes have been shown to regulate fatty acid oxidation in liver tissues

by controlling the transcription of peroxisome proliferator activated receptor alpha (PPARa), a key transcription factor that regulates

lipid metabolism.16 These findings lend strong support to the intimate crosstalk between HFD and TET-mediated epigenetic

modulation.

Although the association between maternal HFD exposure and congenital heart disease (CHD) has been reported;17,18 the

potential roles of epigenetic alterations induced by such diets in developmental anomalies are yet to be elucidated. In the

current study, we evaluated the impact of maternal HFD on the expression and enzymatic function of murine Tet proteins in

myocardium during embryonic development. We further investigated the beneficial effect of maternal vitamin C exposure in countering

the negative impacts of HFD treatment. Our study establishes a connection between maternal HFD exposure and altered TET-

mediated epigenetic regulation during heart development. From a translational standpoint, this work underscores the potential

of maternal vitamin C intake as a preventative strategy to protect against abnormal cardiac development associated with maternal

obesity.
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Figure 1. Maternal HFD alters Tet activities in the liver of dams

(A) Experimental timeline for normal diet (ND) or high-fat diet (HFD) feeding of timed mated female mice.

(B) Measurements of the body weight (top) and blood glucose levels (bottom) for female mice fed with ND or HFD over a nine-week period (n = 11 mice/group;

mean G SD); **p < 0.01 (two-sided unpaired Student’s t test).

(C) Weight measurement of heart and liver collected from dams fed with ND or HFD for 9 weeks (n = 4 mice/group; mean G SD). n.s., not significant.

(D) (Top) Representative images showing immunohistochemistry (IHC) staining of the indicated Tet1-3 proteins and DNA modifications (5hmC or 5mC) in liver

tissues collected from dams (n = 4–5) exposed to ND or HFD for 9 weeks. Scale bar, 100 mm. (Bottom) Quantifications of the relative intensities of the

corresponding markers (n = 50–60 cells; mean G SD); ****p < 0.0001 (two-sided unpaired Student’s t test).
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RESULTS

High-fat diet treatment alters Tet protein expression and function in dams

To assess the impact of maternal HFD on offspring cardiac development, female mice were administered either a normal diet (ND; 10 kcal%

fat) or a HFD (60 kcal% fat) for nine weeks before mating with age-matched males on a normal diet. The embryos were then harvested for

subsequent analysis at developmental stages E12.5 and E15.5 (Figure 1A). Body weight and blood glucose levels of the female mice

(dams) were measured on a weekly basis during the dietary intervention (Figure 1B). For the initial seven weeks, the body weight of the

dams on both diets remained comparable. However, dams subjected to the HFD exhibited a marked increase in body weight during the

8th and 9th weeks compared to the control group (Figure 1B, top). No significant differences were observed in the blood glucose levels be-

tween dams on the normal diet and those on the HFD throughout the nine weeks (Figure 1B, bottom). Additionally, no discernible differences

were noted in the heart and liver sizes between dams on the normal and HFDs (Figure 1C).

To further investigate the effects of a HFD on Tet protein expression and function, we performed immunohistochemistry (IHC) staining to

quantify the levels of Tet proteins (Tet1-3), 5-hydroxymethylcytosine (5hmC), and 5-methylcytosine (5mC) in liver and heart tissues of dams on

normal or HFD (Figures 1D and S1A). We observed a notable decrease in the levels of Tet1 and Tet3 proteins, as well as 5hmC, in the livers of

female mice on the HFD. By contrast, Tet2 protein and 5mC levels remained largely unaltered between the two dietary conditions. No
2 iScience 27, 110631, September 20, 2024
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significant differences in Tet1, 5hmC, and 5mC levels were observed in heart tissues between the two conditions. Collectively, these results

indicate that a 9-week HFD regimen seems to exert rather minor effects on the body weight and the glucose levels in pregnant mice, yet it

significantly alters the Tet-mediated epigenetic machinery in the liver of the dams, hinting a potential epigenetic reprogramming due to the

high-fat dietary uptake during pregnancy.
Maternal HFD exposure leads to offspring cardiac anomalies

Maternal HFD has been linked to adverse pregnancy outcomes and is associated with an increased risk of overweight and obesity in

offspring.1,11,18,19 Furthermore, offspring from mothers exposed to a HFD has been found to exhibit cardiac hypertrophy at postnatal day

77.19 To further study the impact of maternal HFD on heart development in utero, we performed timed mating and assessed cardiac tissues

of embryos at E12.5 and E15.5 from dams on either a normal or a HFD.We found that while the HFD did not alter the number of embryos per

pregnancy (Figure S2A), it significantly increased embryo weight at E15.5 but not at E12.5 (Figure S2B). Subsequent histological analyses of

E15.5 embryonic cardiac tissues revealed that a maternal HFD induced enlarged heart size and ventricular non-compaction cardiomyopathy

(NCC), characterized by diminished ventricular wall thickness and enlarged trabecular areas compared to controls (Figure 2A). Additionally,

maternal HFD exposure resulted in a decrease in the expression of Tet1/3 proteins (but not at the transcription level) and reduced levels of

5hmC in cardiac tissues at E15.5 but not at E12.5 (Figures 2B–2D, S2C, and S2D).

Next, we explored the molecular pathways affected by maternal HFD by conducting the assay for transposase-accessible chromatin

using sequencing (ATAC-seq) on cardiac tissues from E15.5 embryos. Our systematic analysis yielded 644 genomic regions with differential

enrichment, predominantly enriched at promoters and enhancers (Figure 2E; Table S1). Subsequent analysis using genomic regions enrich-

ment of annotations tool (GREAT) indicated that maternal HFD primarily influenced genes involved in chromosome organization, actomy-

osin organization and muscle development in the offspring (Figure 2F). To ascertain if HFD-induced chromatin accessibility changes pre-

cipitate transcriptional modifications, we focused on Tnnt2 and Ppara, two genes that are identified as important downstream targets of

Tet protein in our previous publication20 and are pivotal for myocardial development and metabolic processes.21,22 ATAC-seq and hMe-

DIP-qPCR analysis unveiled a notable reduction of chromatin accessibility and 5hmC levels, respectively, at the promoter of these two

genes (Figures 2G and 2H). Real-time quantitative PCR (qPCR) analysis further confirmed a reduction in the expression of Tnnt2 and Ppara

genes in the embryo hearts subjected to HFD compared to those on a normal diet (Figure 2I). Taken together, our findings suggest

maternal HFD exposure remodels the epigenome and leads to alterations in transcriptional outputs to ultimately affect cardiac develop-

ment in offspring.
Maternal vitamin C intake attenuates HFD-induced cardiac developmental defects in the offspring

Vitamin C is known to augment the activity of Tet enzymes by ensuring themaintenance of iron as a cofactor in its reduced state.9,10 Its role as

an antioxidant in mitigating fat accumulation is also well documented.23,24 To examine if vitamin C could have beneficial effects on dams and

their offsprings, we treated maternal mice with vitamin C when they were exposed to either a normal or HFD (Figure 3A). We noted that

vitamin C supplementation mitigated weight gain in dams subjected to a HFD, with negligible effects on dams consuming a normal diet (Fig-

ure 3B). A similar trend was also observed in the embryos collected from the dams exposed to the corresponding conditions (Figure 3C). This

protective effect of vitamin Cwas further evidenced by improved glucose tolerance test (GTT) outcomes, where vitamin C administration low-

ered maternal glucose levels (Figure 3D). This observation is consistent with the immunohistochemical analysis of Tet, 5hmC, and 5mC levels

in liver tissue collected from the dam (Figure S3A). VitaminC treatment partially restored Tet and 5hmC levels in the liver tissues from the dams

exposed to HFD. Collectively, these findings indicate that vitamin C supplementation can partially counteract the adverse metabolic pertur-

bations induced by a HFD during pregnancy in female mice.

Vitamin C acts as an antioxidant, essential for sustaining iron in its reduced state, which is a crucial cofactor for dioxygenases, including TET

proteins.9,10,13 We subsequently quantified the various forms of iron in the embryos, placenta, and serum from dams (Figures 3E and 3F).

Notably, there was a significant decrease in reduced iron in the serum of dams subjected to a HFD compared to those on a normal diet (Fig-

ure 3F). Vitamin C supplementation restored levels of reduced iron in dams on a HFD but did not affect those on a ND (Figure 3F). However,

vitamin C had aminimal impact on placental iron levels (Figure 3E). Notably, in the cardiac tissues of embryos fromHFD-exposedmothers, we

observed a pronounced reduction in iron content (both reduced and oxidized forms) when compared to the normal diet group (Figure 3E).

Vitamin C treatment was found to elevate iron levels (both forms) in embryonic hearts under both HFD and ND conditions relative to their

respective controls (Figure 3E, middle). To determine the tissue specificity of these effects, we further assessed iron levels in the liver tissues

of the same embryos and observed no significant differences (Figure 3E, right). These findings suggest thatmaternal HFD exposuremay pref-

erentially compromise iron bioavailability in both dams and embryos, while vitamin C supplementation has the potential to counteract iron

loss associated with HFD treatment.

We next moved on to investigate the effects of maternal vitamin C intake on cardiac development in offspring. We discovered that

vitamin C supplementation in mothers significantly mitigated the incidence of myocardial ventricular NCC in offspring subject to a

HFD, as evidenced by normalized ventricular wall thickness in E15.5 embryos (Figure 3G). Furthermore, vitamin C markedly increased

5hmC levels (Figures 3H and S3B) and Ppara gene expression (Figure 3I) in E15.5 cardiac tissues of embryos from HFD-fed dams. Collec-

tively, these findings underscore the protective role of vitamin C on heart development in embryos derived from HFD-challenged fe-

male mice.
iScience 27, 110631, September 20, 2024 3



Figure 2. Maternal HFD suppresses TET protein expression and causes ventricular non-compaction cardiomyopathy (NCC) in embryos

(A) Representative H&E-stained sections (Left) and quantification of ventricular area and ventricular wall thickness (Right) from E15.5 embryonic heart tissues

following maternal ND or HFD (n = 3–6 embryos per group, meanG SD). *p < 0.05 (two-sided unpaired Student’s t test). Scale bar, 200 mm (4x) or 100 mm (20x).

(B) Representative IHC images (top) and quantification (bottom) of Tet1, Tet3 and 5hmC levels in the ventricular area of E15.5 embryonic hearts from the ND and

HFD groups (n = 50–60 cells/group; mean G SD. *p < 0.05, ****p < 0.0001 (two-sided unpaired Student’s t test). Scale bar, 100 mm.

(C) Western blot analysis of Tet1 in heart tissues collected from E15.5 embryos exposed to maternal ND or HFD (n = 2 embryos/group). Tubulin was used as a

loading control.

(D) 5hmC dotblot analysis on DNA samples from heart tissues collected from E12.5 and E15.5 embryos exposed to maternal ND or HFD (n = 2 embryos/group).

Methylene blue (ME-Blue) staining is used as loading control.

(E) Genomic distribution of differentially enriched ATAC-seq peaks in heart tissues collected from E15.5 embryos following maternal ND or HFD exposure.

(F) GREAT analysis of functionally annotated differentially enriched ATAC-seq peaks from cardiac tissues of E15.5 embryos under maternal ND or HFD.

(G)Genomebrowser viewsofATAC-seqdata at thePpara andTnnt2 loci in heart tissues collected fromE15.5 embryos exposed tomaternalND (blue) orHFD (red).

(H) hMeDIP analysis of 5hmC enrichment at the promoters of Ppara and Tnnt2 in heart tissues collected from E15.5 embryos exposed tomaternal ND or HFD. IgG

is used as a negative control (n = 4 embryos, mean G SD; *p < 0.05, **p < 0.01; two-sided unpaired Student’s t test).

(I) Real-time qPCR analysis on Ppara and Tnnt2 expression in heart tissues collected from E15.5 embryos exposed to maternal ND or HFD (n = 3–4 embryos;

mean G SD). *p < 0.05 (two-sided unpaired Student’s t test).
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Figure 3. Vitamin C ameliorates maternal HFD-induced glucose intolerance and ventricle wall thinning in embryos

(A) Experimental timeline of maternal vitamin C treatment under ND or HDF conditions.

(B) Changes in body weight of dams on ND or HFD, with and without vitamin C (ViC) treatment (n = 7–8 dams per group; meanG SD). ***p < 0.001 (two-sided

unpaired Student’s t test).

(C) Embryos weights in maternal ND or HFD groups, with or without vitamin C (ViC) treatment (n = 17–23 embryos per group; mean G SD; ****p < 0.0001,

**p < 0.01, *p < 0.05; two-sided unpaired Student’s t test).

(D) Glucose tolerance test (GTT) results from dams on ND or HFD, with and vitamin C (ViC) treatment (n = 3–7 dams/group; meanG SD). ***p < 0.001 (two-sided

unpaired Student’s t test).

(E and F) Quantification of levels of reduced (Fe2+), oxidized (Fe3+), and total iron in placenta (E, left), embryonic heart tissue (E, middle), embryonic liver (E, right),

and maternal serum (F), under maternal ND or HFD conditions, with and without vitamin C treatment (n = 3–5/group; meanG SD). **p < 0.01, ***p < 0.001 (two-

sided unpaired Student’s t test).

(G) Representative H&E images (left) and quantification (right) of ventricular wall thickness of embryonic heart tissues at E15.5 from dams on ND and HFD, with or

without vitamin C treatment (n = 4–10 embryos/group; mean G SD. ***p < 0.001, ****p < 0.0001 (two-sided unpaired Student’s t test). Scale bar, 100 mm.
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Figure 3. Continued

(H) Representative IHC images (left) and quantification (right) of 5hmC levels in the trabecular area of embryonic heart tissue at E15.5 from dams on HFD, with or

without vitamin C treatment (n = 35–45 cells/group; mean G SD). ****p < 0.0001 (two-sided unpaired Student’s t test). Scale bar, 40 mm.

(I) Real-time qPCR analysis of Ppara expression in heart tissues collected from E15.5 embryos exposed tomaternal HFDwith and without vitamin C treatment (n =

3–4 embryos; mean G SD). **p < 0.001 (two-sided unpaired Student’s t test).
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Tet proteins mediate the protective effects of vitamin C in offspring

We next moved on to explore the essential role of TET enzymes in mediating the aforementioned beneficial effects of vitamin C during

maternal HFD treatment. In our previous study, we generated a Nkx2.5Cre-Tet2f/fTet3f/f (Tet-DKO) mouse model to specifically deplete

Tet enzymes in cardiomyocytes.20 Based on this Tet-DKO line, we further generated a Nkx2.5Cre-Tet1f/fTet2f/fTet3f/f (Tet-TKO) mouse model

with a clean Tet-null background (Figures 4A and 4B). Similar to the Tet-DKOmousemodel, ablation of all three Tet proteins led to embryonic

lethality, with a notable decline in embryo count at E15.5 (Figure 4C). We also observed a ventricular NCC phenotype in themyocardial tissue

of Tet-TKO embryos, analogous to that observed in offspring fromHFD-exposedmothers (Figure 4D). Unlike theWTmice, we observed that

maternal vitamin C treatment had minor effects on embryo numbers and weight compared with the untreated group for the Tet-TKO mice

(Figure 4E). Furthermore, histological assessments indicated that the ameliorative effect ofmaternal vitaminC on theNCCphenotypewas not

recapitulated in Tet-TKO embryos, unlike in WT progeny subjected to maternal HFD (Figure 4D). At the mRNA level, deletion of Tet protein

reduces expression of Ppara and Tnnt2, which is consistent with an earlier report,20 while vitamin C treatment failed to restore the expression

of these two genes in Tet-deficient embryos (Figure 4F). Together, findings from our genetic and functional studies imply that while maternal

vitamin C supplementation may modulate the enzymatic functions of various proteins,25 the cardioprotective outcomes of vitamin C treat-

ment in the context of maternal HFD exposure are, at least in part, attributable to the enhanced activity of TET enzymes.

DISCUSSION

In this study, we reported a suppressive effect of a maternal HFD on both the expression and enzymatic function of TET proteins during em-

bryonic cardiac development. Notably, embryos subjected to a maternal HFD displayed a ventricular NCC phenotype, consistent with our

prior findings in embryos with cardiac-specific Tet ablation.20 These observations suggest that Tet loss-of-function might contribute to

maternal HFD-induced cardiac developmental defect. Our study demonstrates that maternal HFD leads to diminished expression of Tet1

and Tet3 proteins in embryonic heart tissues without affecting their mRNA levels. This aligns with existing literature, such as a study indicating

that AMPKphosphorylation enhances TET2 protein stability.26 The decrease in Tet1 and Tet3 protein levelsmay stem from attenuated AMPK-

mediated phosphorylation upon maternal HFD exposure. Further biochemical investigation is warranted to elucidate the interplay between

AMPK and Tet1/3 following maternal HFD exposure.

Our previous studies indicated that targeted ablation of Tet in cardiac tissues alters the transcription of pivotal genes involved in myocar-

dial development, as well as genes crucial for metabolic regulation.20 In the current study, we found a marked reduction in chromatin acces-

sibility and transcription of Ppara in embryonic heart tissues from dams subjected to a HFD. Remarkably, vitamin C supplementation was able

to restore the expression of Ppara in these tissues. The gene Ppara encodes the peroxisome proliferator-activated receptor alpha (PPARA), a

key transcription factor that regulates lipid metabolism.27 A growing body of evidence suggests a strong association between dysregulated

lipid metabolism and cardiovascular diseases (CVDs).28,29 Inhibiting fatty-acid oxidation has been reported to benefit heart regeneration.30

Our study provides direct evidence to support that maternal exposure to HFD can attenuate TET function and reshape the chromatin acces-

sibility to alter gene expression. In addition, PPARA is a recognized therapeutic target for various metabolic disorders, including hyperlipid-

emia and non-alcoholic fatty liver disease.31–33 PPARA agonists are under active clinical trials for NAFLD treatment. Hence, the potential for

PPARA agonists to mitigate the adverse effects of maternal HFD warrants further exploration.

Our data suggested a protective role of vitamin C during heart development in embryos exposed to HFD during pregnancy. Vitamin C

supplementation was observed to regulate body weight and glucose metabolism in mothers on a HFD, likely attributed to its antioxidant

capacity that helps prevent excessive fat accumulation. In parallel, we observed restoration of Tet enzymatic activity in embryonic heart tissues

under maternal vitamin C treatment, which is possibly due to increased iron levels at the reduced form in embryonic heart tissues. Vitamin

C-induced restoration of Tet function appears to be a key mechanism in safeguarding cardiac development during gestational HFD expo-

sure. On the other hand, a previous study suggested a suppressive effect of HFD on vitamin C levels in guinea pigs, indicating a negative

regulatory mechanism between HFD and vitamin C.34

Worth noting is that previous studies reported hypertrophic effects, including increased heart weight, body weight, thicker interventricular

septum, and enlarged cardiomyocytes, in the heart tissues collected from progenies under maternal metabolic dysregulation, including dia-

betes, obesity, or HFD exposure conditions.35,36 In our study, we observed an increase in embryo size and heart size under maternal HFD

exposure conditions, which aligns with previous reports. Other hypertrophic features were not observed in our study, which might be due

to variations in the treatment conditions and species. These aspects could be explored further in future investigations. Nevertheless,maternal

metabolic dysregulations are strongly associated with various congenital heart diseases.18 For example, maternal diabetes leads to fetal car-

diomyopathy and neonatal hypertrophic cardiomyopathy.37,38 Therefore, maternal metabolic balance is essential for supporting normal em-

bryonic development.

In summary, findings made from the current study provide compelling evidence to support that a maternal HFD can alter the function of

epigenetic regulators (such as the Tet family of dioxygenases) and reshape the chromatin accessibility, ultimately causing developmental
6 iScience 27, 110631, September 20, 2024



Figure 4. Tet proteins contribute to vitamin C-mediated cardioprotection during development in maternal HFD-exposed embryos

(A) Schematic of the experimental setup for administering vitamin C to myocardium-specific Tet-TKO mouse models under a normal diet (ND).

(B) Genotyping results confirm cardiac specific deletion of Tet genes in embryos.

(C) Total count of Tet-TKO embryos obtained from dams treated with PBS or vitamin C.

(D) Representative H&E-stained sections of embryonic hearts (left) and quantification of ventricular wall thickness of heart tissues (right) collected from E15.5 Tet-

TKO embryos, with or without vitamin C treatment (n = 6–10 embryos/group; mean G SD. **p < 0.01 (two-sided unpaired Student’s t test). Scale bar, 200 mm.

(E) Quantification of the number and weight of embryos collected from Tet-TKO dams treated with or without vitamin C (n = 7 dams/group, n = 20–29 embryos/

group; mean G SD). n.s., no statistical significance (two-sided unpaired Student’s t test).

(F) Real-time qPCR analysis on Ppara and Tnnt2 expression inWT and Tet-TKO heart tissues collected from E15.5 embryos treated with or without vitamin C (n= 3

embryos; mean G SD; *p < 0.05; two-sided unpaired Student’s t test).
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defects in embryos, as exemplified by ventricular NCC phenotypes described herein. From a translational perspective, our study offers proof-

of-concept that vitamin C can be therapeutically exploited to modulate the enzymatic activities of epigenetic regulators, thereby exerting a

protective effect to safeguard proper heart development during embryogenesis.
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Limitations of the study

In the present study, we demonstrated an intimate connection between maternal diet, specifically HFD or vitamin C, and epigenetic modi-

fications during early heart development. However, some limitations need to be addressed in future studies. First, we did not consider the sex

of the embryos when analyzing the data. Male and female offspring might respond differently to maternal HFD exposure. Secondly, current

techniques are limited in assessing heart function during the embryonic stage. While we observed a NCC phenotype via histological analysis,

the effects of maternal HFD on heart function in embryos remain unknown. Lastly, vitamin C has multiple beneficial effects on the dam and

embryos beyond promoting Tet catalytic function. Future studies are needed to further clarify the interplay between maternal metabolism

and epigenetic remodeling during early heart development.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-TET1 (clone 5D8) Dr. Leonhardt Heinrich N/A

Rabbit polyclonal anti-TET1 ABclonal Cat# A1506; RRID: AB_2761941

Rabbit polyclonal anti-TET2 Abcam Cat# Ab124297; RRID: AB_2722695

Rabbit polyclonal anti-TET3 GeneTex Cat# GTX121453; RRID: AB_10723106

Mouse monoclonal anti-5-methylcytosine

(clone 33D3)

Sigma-Aldrich Cat# MABE146; RRID: AB_10863148

Rabbit polyclonal anti-5-

hydroxymethylcytosine

Active Motif Cat# 39769; RRID: AB_10013602

Mouse monoclonal anti-alpha Tubulin (clone

DM1A)

Santa Cruz Cat# sc-32293; RRID: AB_628412

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat# 7076; RRID: AB_330924

Rabbit IgG Isotype Control Thermo Scientific Cat# 31235; RRID: AB_243593

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich T5648

L-Ascorbic acid Sigma-Aldrich A4403

Rodent Diet With 60 kcal% Fat Research Diets D12492i

Rodent Diet With 10 kcal% Fat Research Diets D12450Ji

Glucose Solution Gibco A2494001

Novolin R Insulin 100u/ml Novolin 183311

Hematoxylin Poly Scientific R+D Corp S212a

Eosin Poly Scientific R+D Corp S176

Antigen Unmasking Solution, Citrate-Based Vector Laboratories H-3300-250

Xpert Protease Inhibitor Cocktail Solution

(100x)

GenDEPOT P3100

Critical commercial assays

EmeraldAmp GT PCR Master Mix TaKaRa RR310B

ImmPRES HRP Horse Anti-Rabbit IgG Polymer

Detection Kit, Peroxidase

Vector Laboratories MP-7401

ImmPRESS HRP Goat Anti-Mouse IgG Polymer

Detection Kit, Peroxidase

Vector Laboratories MP-7452

ImmPRESS HRP Goat Anti-Rat IgG, Mouse

adsorbed Polymer Detection Kit, Peroxidase

Vector Laboratories MP-7444

DAB Substrate Kit, Peroxidase (HRP) Vector Laboratories SK-4100

NucleoSpin RNA Plus Kit MACHEREY-NAGEL 740984

PrimeScript RT Master Mix TaKaRa RR036B

2X Universal SYBR Green Fast qPCR Mix ABclonal RK21203

Iron Assay Kit Sigma-Aldrich MAK025

ATAC-Seq Kit Active Motif 53150

Agilent High Sensitivity DNA kit Agilent 5067-4626

(Continued on next page)
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NucleoSpin Tissue, Mini kit for DNA from cells

and tissue

MACHEREY-NAGEL 740952

West-Q Pico Dura ECL Solution GenDEPOT W3653

Deposited data

ATAC-seq Data This paper GSE252640

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: B6.129S1(SJL)-Nkx2-5tm2(cre)Rph/J The Jackson Laboratory 024637

Oligonucleotides

Ppara qPCR primer forward IDT AGAGCCCCATCTGTCCTCTC

Ppara qPCR primer reverse IDT ACTGGTAGTCTGCAAAACCAAA

Tnnt2 qPCR primer forward IDT CAGAGGAGGCCAACGTAGAAG

Tnnt2 qPCR primer reverse IDT CTCCATCGGGGATCTTGGGT

Gapdh qPCR primer forward IDT TGACCTCAACTACATGGTCTACA

Gapdh qPCR primer reverse IDT CTTCCCATTCTCGGCCTTG

Tet1 qPCR primer forward IDT GAGCCTGTTCCTCGATGTGG

Tet1 qPCR primer reverse IDT CAAACCCACCTGAGGCTGTT

Tet2 qPCR primer forward IDT TGCAAAACCTGGCTACTGTC

Tet2 qPCR primer reverse IDT AACATGCAGTGACTCCTGAG

Tet3 qPCR primer forward IDT TCCGGATTGAGAAGGTCATC

Tet3 qPCR primer reverse IDT CCAGGCCAGGATCAAGATAA

Ppara hMeDIP qPCR primer forward IDT TTGGGCAGTCCCTTCACCTA

Ppara hMeDIP qPCR primer reverse IDT GATGCCCATTTAGTGCCTCG

Tnnt2 hMeDIP qPCR primer forward IDT CCAGGAAATCCATGGCCCTT

Tnnt2 hMeDIP qPCR primer reverse IDT ATGCAAGCACTCTCCACTCC

Software and algorithms

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

Prism 9 GraphPad http://www.graphpad.com/scientific-

software/prism/

BioRender BioRender https://www.biorender.com/

Trim Galore v0.5.0 The Babraham Institute https://github.com/FelixKrueger/TrimGalore

Bowtie2 Johns Hopkins University https://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Genrich v0.5 Dr. John M. Gaspar https://github.com/jsh58/Genrich

Bedtools Quinlan Laboratory https://github.com/arq5x/bedtools2

Deseq2 Dr. Michael Love https://www.bioconductor.org/packages/

release/bioc/vignettes/DESeq2/inst/doc/

DESeq2.html

GREAT Bejerano Laboratory http://great.stanford.edu/public/html/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yun Huang (yun.

huang@tamu.edu).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� The sequencing datasets were deposited into the NCBI BioProject under the accession number of GSE252640.
� This study does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies were approved by the Institutional Animal Care Use Committee (IACUC) of the Institute of Biosciences and Technology at

Texas A&M University. Mice were housed in a temperature- and humidity-controlled room under a 12 h light/dark cycle (lights on at

06:00), with ad libitum access to food and water. Littermates of the same sex were randomly assigned to experimental groups. Most mouse

strains bear a C57BL/6 genetic background unless otherwise noted. Nkx2.5-Cre (The Jackson Laboratory; Catalog No. 024637) mouse strain

was obtained from The Jackson Laboratory. All strains were housed in the same room, with the same cage content. For genotyping, mouse

tails were cut and boiled in 50 mM NaOH for 45 min and then neutralized in 10 mM Tris–HCl at pH 5.4. PCR was carried out using the

EmeraldAmp GT PCR Master Mix (TaKaRa). For the maternal high-fat diet experiments, naı̈ve female mice at 8–10 weeks old were fed

with high-fat diet (60 kcal% fat, D12492i, Research Diets, USA) for 9 weeks before timed mating. The age-matched mice were fed normal

diet (10 kcal% fat, D12450Ji, Research Diets) for 9 weeks before timed mating and used as control. Timed mating was applied and the

day when a vaginal plug was found was defined as E0.5. Vitamin C (0.5g / kg) was applied every other day via intraperitoneal (i.p.) injection

one week before timed mating till the embryos at E15.5 days. The number of animals used in each experiment was indicated in the corre-

sponding figure legends.

METHOD DETAILS

Glucose tolerance test (GTT)

GTT experiments were performed on dams subjected to either HFD or ND when embryos reaching E12.5 days old. Following an overnight

fast, themice received an intraperitoneal injection of glucose at a dose of 1.5 g / kg body weight the next morning. Blood glucose levels were

then measured at 0, 15, 30, 60, 90 and 120 mins post-injection using the True Metrix Blood Glucose Test Meter (TRUE METRIX).

Antibodies

An anti-Tet1 antibody was kindly provided by Dr. Leonhardt Heinrich (1:100), anti-Tet2 (Abcam ab124297, 1:100), anti-Tet3 (GeneTex

GTX121453, 1:200), anti-5mC (Millipore MABE146, 1:1000) and anti-5hmC (Active Motif 39769, 1: 40,000) were purchased from commercial

sources for immunohistochemistry analysis. Anti-rabbit IgG, HRP-linked Antibody (Cell Signaling #7074), anti-mouse IgG, HRP-linked Anti-

body (Cell Signaling #7076), anti-5hmC (1:4000, Active Motif, #39769), anti-Tet1 (ABclonal A1506, 1:800) and anti-a-Tubulin (Santa Cruz

Biotechnology sc-32293, 1:1000) were purchased from commercial sources for Western blot or dot-blot assays.

Histological analyses

Hematoxylin-eosin (H&E) staining was performed to study the heart structure. Briefly, all embryos were dissected in PBS and fixed overnight in

4% PFA at 4�C. The next day dehydrated them with graded ethanol (from 70% to 100%), 100% xylene and embedded in paraffin. Slides were

sectioned at the thickness of 7 mmand stained with hematoxylin and eosin. Results were imaged using a Nikon Eclipse Ci microscopy. ImageJ

was used for the quantification.

Immunohistochemistry staining

Slides were dewaxed for 3 min in xylene twice and then rehydrated in a graded series of ethanol (100% to 70%). The antigen was retrieved by

boiling slides in Antigen Unmasking Solution, Citrate-Based (Vector Laboratories) for 15 min. For DNA modifications staining, slides were

treated with 2 NHCl for 30 min to expose the epitopes and then neutralizedwith 100mMTris–HCl (pH 8.5) for 10 min. ImmPRESHRP Reagent

Kit (Vector Laboratories) was used to block background and incubate antibodies against target proteins or DNA modifications. Slides were

rinsed with PBS with 0.05% Tween-20 and incubated with secondary antibodies. A DAB peroxidase substrate kit (Vector Laboratories) was

used for signal detection. IHC stained slides were imaged using a Nikon Eclipse Ci microscopy.

RNA extraction

Whole ventricles from embryos at E15.5 were dissected and immediately snap-frozen. The tissues were then homogenized using a Fisher-

brand Bead Mill 4 Mini Homogenizer. Subsequently, RNA was extracted using the NucleoSpin RNA Plus kit (MACHEREY-NAGEL), ensuring

the removal of DNA contamination.

Real-time quantitative PCR (qPCR)

Purified total RNA (100 ng to 500ng) was reverse transcribed into cDNA using the PrimeScript RT Master Mix (TaKaRa). Real-time quantitative

PCR was performed with a QuantStudio3 (Thermo Fisher Scientific) instrument using a 2X Universal SYBR Green Fast qPCRMix kit (ABclonal).
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A three-step cycling program was used with a 5-min denaturation at 95�C, then proceeded through 30 cycles, each consisting of a 10-sec

denaturation at 95�C, a 20-second annealing at 60�C, and a 30-second extension at 72�C. The mRNA levels of the target genes were quan-

tified relative to GAPDH as the normalization control. All the primers were obtained from Integrated DNA Technologies.

Iron measurement

Both ferrous (Fe2+) and ferric iron (Fe3+) contents were measured using the Iron Assay Kit (Sigma-Aldrich) by following the manufacturer’s

instructions. OD values were measured at 593 nm and the iron concentration was calculated using standard curve. The concentrations of iron

in the samples were normalized to the number or the weight of the tissue.

ATAC-seq library preparation and data analysis

ATAC-seq libray preparation was performed using the ATAC-seq kit (Active motif, 53150) in accordance with the manufacturer’s instructions.

Briefly, prior to ATAC-seq, embryonic heart tissues were first rinsedwith ice-old PBS. Nuclei were then extracted using a dounce homogenizer

in ATAC lysis buffer. Subsequently, the homogenates were passed through a 40 mmmesh strainer to filter the samples, followed by counting

of the isolated nuclei. Tagmentation, amplification, and subsequent purification of the DNA libraries were carried out by following the man-

ufacturer’s instructions. The quality of purified DNA libraries was assessed by the Agilent High Sensitivity DNA kit (Agilent Technologies).

Libraries were pooled and sequenced on an Illumina HiSeq sequencer by Novogene.

Adaptor trimming of raw reads was performed by TrimGalore v0.5.0 with default parameters. High-quality reads (Q R 20) were uniquely

aligned to the mm10 reference genome using Bowtie2 with the ‘–very-sensitive’ option. Only uniquely mapped reads were finally extracted

for the downstream analysis. The resulting alignment of each sample (with two biological replicates) was analyzed by Genrich v.0.5 (https://

github.com/jsh58/Genrich) with ATAC-seq mode (option: -j, -q 0.05, -d 150). The options to remove PCR duplicates (-r) and to discard align-

ments to chrM (-e chrM) were applied to call chromatin accessible peak regions. Bedtools merge was used to count the reads that fell into

non-overlapped peak regions, and differential chromatin accessible regions were detected using DESeq2 with normalized peak signals (fold

change R 2; FDR < 0.05). GREAT [39] analysis was used to perform the functional annotation of differential chromatin accessible regions.

Hydroxymethylated DNA immunoprecipitation (hMeDIP)

E15.5 ventricles were dissected and then homogenized using a Fisherbrand Bead Mill 4 Mini Homogenizer. Genomic DNA was extracted

using the NucleoSpin Tissue, Mini kit for DNA from cells and tissue (MACHEREY-NAGEL). DNA was sonicated with Covaris (Peak Incident

power 50W, Duty factor 10%, cycles per burst 200cpb, treatment time 70s) to obtain 300–500-bp fragments. Sonicated DNA was denatured

in 0.4 M NaOH, 10 mM EDTA at 95�C for 10 min, then neutralized with ice-cold 2 M ammonium acetate (pH 7.0). Then the denatured DNA

were immunoprecipitated with antibodies against 5hmC (Active Motif, #39769) or Rabbit IgG Isotype Control (Thermo Scientific 31235) over-

night at 4�C in IP buffer (100 mMNa-Phosphate buffer pH 7.0, 1.4 MNaCl, 0.5% Triton X-100). DNAwas purified and used for real-time qPCR.

Dot-blot assay

Purified genomic DNA were denatured and loaded on a nitrocellulose membrane at two-fold serial dilutions using an assembled Bio-Dot

apparatus (Bio-Rad) according to the manufacturer’s instructions. The membrane was washed, air-dried and vacuum-baked at 80�C for

2 h. Then the DNA hybridized membrane was blocked with 5% Bovine Serum Albumin in TBST for 1 h at room temperature and incubated

with an anti-5hmC antibody (1:4000, Active Motif, #39769) overnight at 4�C, followed by incubation with a secondary antibody (Anti-rabbit

IgG, HRP-linked Antibody, Cell Signaling #7074) at room temperature for 1 hour. West-Q Pico Dura ECL Solution (GenDEPOT) was used

for development, and the antigen–antibody complexes were detected using the ChemiDoc Imaging system (Bio-Rad). The membrane

was washed with ddH2O briefly and then stained with 0.02% methylene blue in 0.3 M sodium acetate (pH 5.2) to confirm the total amounts

of loaded DNA samples.

Protein extraction and Western blot analysis

Tissues were rinsed with PBS twice and lysed in a radio-immunoprecipitation assay (RIPA) buffer (150mM NaCl, 1% TritonX-100, 0.1% SDS,

0.5% Sodium deoxycholate, 50mM Tris-HCl pH8.0), supplemented with Xpert Protease Inhibitor Cocktail Solution (100X) (GenDEPOT) on

ice for 10 minutes. Cell debris was removed by centrifugation at 12,000 x g at 4�C for 10 minutes, collect the supernatant. The samples

were loaded onto 7% SDS-PAGE gels after mixing with SDS loading buffer (100mM Tris-HCl, 4% SDS, 0.2% bromophenol blue, 20% glycerol,

200 mM DTT, pH 6.8) and denaturing at 100�C for 10 minutes. Proteins were transferred onto Nitrocellulose membranes (Millipore) and

blocked in 5% Bovine Serum Albumin (GenDEPOT) for 1 hour at room temperature. Membranes were then incubated with the primary an-

tibodies at 4�C overnight, followed by incubation with a secondary antibody at room temperature for 1 hour. West-Q Pico Dura ECL Solution

(GenDEPOT) was used for development, and the antigen–antibody complexeswere detected using theChemiDoc Imaging system (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using unpaired student’s t-test using GraphPad Prism version 9.0. All tests were two-tailed and a p

value of less than 0.05 was considered significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All values are represented as the

mean G SD.
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