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ABSTRACT 

Congenital heart defects constitute the most common birth defect in humans, affecting 
approximately 1% of all live births. The incidence of congenital heart defects is exacerbated by 
maternal conditions, such as diabetes during the first trimester. Our ability to mechanistically 
understand these disorders is severely limited by the lack of human models and the 
inaccessibility to human tissue at relevant stages. Here, we used an advanced human heart 
organoid model that recapitulates complex aspects of heart development during the first 
trimester to model the effects of pregestational diabetes in the human embryonic heart. We 
observed that heart organoids in diabetic conditions develop pathophysiological hallmarks like 
those previously reported in mouse and human studies, including ROS-mediated stress and 
cardiomyocyte hypertrophy, among others. Single cell RNA-seq revealed cardiac cell type 
specific-dysfunction affecting epicardial and cardiomyocyte populations, and suggested 
alterations in endoplasmic reticulum function and very long chain fatty acid lipid metabolism. 
Confocal imaging and LC-MS lipidomics confirmed our observations and showed that 
dyslipidemia was mediated by fatty acid desaturase 2 (FADS2) mRNA decay dependent on 
IRE1-RIDD signaling. We also found that the effects of pregestational diabetes could be 
reversed to a significant extent using drug interventions targeting either IRE1 or restoring 
healthy lipid levels within organoids, opening the door to new preventative and therapeutic 
strategies in humans.  
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INTRODUCTION 

Congenital heart disease (CHD) constitutes the most common type of congenital defect in 
humans1. Pregestational diabetes (PGD, defined as diabetes of the mother before and during 
the first trimester of pregnancy), regardless of whether it is T1D or T2D, is one of the most 
outstanding non-genetic factors contributing to CHD2 and is present in a significant, growing 
population of diabetic female patients of reproductive age2. Newborns from mothers with PGD 
have increased risk of CHD (up to 12%), versus ~1% in the normal population (12-fold 
increase)2-5. PGD is hard to manage clinically due to extreme sensitivity of the developing 
embryo to glucose oscillations and constitutes a critical health problem for the mother and the 
fetus. The prevalence of PGD-induced CHD is increasing significantly due to the ongoing 
diabetes epidemic, and particularly affects underserved populations6-8. Preventative and 
therapeutic interventions are urgently needed to tackle this health problem. 

In the last decades, significant efforts have been devoted to understanding the molecular 
pathology of PGD-induced CHD using animal models9,10, leading to the identification of 
increased ROS production, abnormal lipid metabolism, epigenetic reprogramming, and 
mitochondrial stress among others4,11-16. The molecular links and the overall contribution of 
these abnormalities to the different phenotypes observed in PGD-induced CHD remain elusive, 
and despite these efforts, no advances have been translated to the clinical setting. A core issue 
is that it remains unclear to what extent rodent models recapitulate abnormalities present in 
human PGD-induced CHD, given critical species differences in heart size, cardiac physiology 
and electrophysiology, and bioenergetics17-19. For example, there are major species differences 
between mice and humans in how the heart utilizes glucose, lactate, ketone bodies and fatty 
acids. Furthermore, previous rodent models (and most in vitro cell models) commonly rely on 
overtly aggressive diabetic conditions (~25-50 mM blood glucose in diabetic mice vs ~11-33 mM 
in human diabetic patients)9, which might lead to exaggerated cytotoxic phenotypes not relevant 
to the human clinical condition under study. Clinical practice largely precludes studies of PGD-
induced CHD in humans, or severely limits them, thus direct studies of human embryos are not 
viable options. This is understandable given the care that pregnant mothers need, particularly if 
they suffer from potential increased risk to their fetus. However, the result is significantly limited 
access to human tissues for research of early-stage disease and mechanisms of PGD-induced 
CHD, forcing an overreliance on animal models and stalling progress to understand the 
condition. 

Novel stem cell-based technologies have enabled the creation of engineered, highly complex, 
human organ-like 3D tissues in vitro, with properties that recapitulate the physiological setting to 
a significant extent20-24. These organoids are particularly useful to study unapproachable 
disease states in humans (e.g., early disease progression when symptoms are not  yet present), 
or states for which animal models are not well-suited25-28. Organoids can also be powerful tools 
to verify in human models what we have learned in animal studies, complementing them. While 
organoids have been used to model a wide range of human tissues and conditions, their 
application to cardiovascular studies has been sorely lacking until very recently25-27. We recently 
established an advanced heart organoid model that recapitulates human heart development 
during the first trimester  reliably or accurately29,30, including critical steps such as chamber 
formation, vascularization, cardiac tissue organization and relevant cardiac cell types22,29,31.  

In this report, we describe the application of our heart organoid model to the study of PGD-
induced CHD. We found that heart organoids could be employed to model critical aspects of 
CHD and recapitulated hallmarks of PGD-induced CHD found in mice and humans. 
Interestingly, for the first time, we found a new cause of CHD seemingly specific to the human 
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setting. Maternal diabetes causes significant stress in the ER, leading to disrupted very long 
chain fatty acid (VLCFA) lipid metabolism due to degradation of FADS2 mRNA via the IRE1-
RIDD pathway. VLCFAs are critical signaling and structural components of cardiac cells during 
development so it is not surprising that their deficiency can lead to CHD. Finally, we found that 
restoring VLCFA levels by either inhibiting ER stress or exogenous dietary administration of 
VLFCAs can greatly reduce the deleterious effects of PGD, opening the door to new clinical 
interventions to prevent and treat these disorders. 
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RESULTS 

Human heart organoids faithfully recapitulate pathological hallmarks of pregestational 
diabetes-induced congenital heart disease. To model pregestational diabetes conditions in 
the embryonic heart, we developed high glucose and high insulin medium with concentrations of 
these molecules similar to those previously reported in patients32,33. hHOs (human heart 
organoids) were exposed to normoglycemic medium (NHOs) or hyperglycemic medium 
(PGDHOs)  from their assembly at day 0 of differentiation and maintained in these conditions 
throughout in vitro development until assayed for a series of biochemical and cellular hallmarks 
of PGD-induced CHD described before12,13,15,16.  To determine the presence of cardiomyocyte 
hypertrophy, a well-described effect of embryonic diabetic cardiomyopathy34-38, we dissociated 
day 14 NHOs and PGDHOs into single cell suspensions and performed immunofluorescence 
staining in individual cardiomyocytes for TNNT2. A significant enlargement of cardiomyocytes 
was observed in PGDHOs compared to NHOs (Fig. 1A, B), resulting in a 27±9.5% increase in 
cardiomyocyte size (Supp. Fig. 1A). Mitochondrial staining using the molecular probe 
Mitotracker revealed abnormal mitochondrial morphology and mitochondrial swelling in 
PGDHOs compared to NHOs (Fig. 1C, D; Supp. Fig. 1B, C), suggesting mitochondrial 
disfunction due to diabetic conditions and pointing potential metabolic phenotypes. It has been 
has been previously described in murine PGD models10,33 that pregestational diabetes induces 
oxidative stress in the developing embryo16,39. Analysis for production of reactive oxygen 
species (ROS) in NHOs and PGDHOs revealed an increase in cellular ROS in PGDHOs 
compared with controls (Fig. 1E, F). We also characterized the dynamic expression of key 
developmental transcription factors (HAND1, HAND2, NKX2-5, TBX5 and GATA4) (Fig. 1G-J; 
Supp. Fig. 1D) in NHOs and PGDHOs between days 0 and 14. NHOs displayed a clear 
transition in the expression of the first heart field (FHF) marker HAND1 which was highly 
expressed between days 2 and 8, and the expression of the second heart field (SHF) marker 
HAND2 which was highly expressed from days 8 onwards. Both heart field markers were 
downregulated in PGDHOs compared to NHOs at critical time points. NKX2-5 and TBX5 both 
showed overexpression in the PGDHOs which was not present in their control counterparts, the 
first showing an early overexpression on day 6 and the latter showing an overexpression on 
days 12 and 14. GATA4 also presented abnormal expression over time (Supp. Fig. 1D). These 
data were consistent with previous observations of developmental transcription factor 
dysregulation in PGD conditions27. We also investigated the expression of glucose transporters 
SLC2A1 and SLC2A4 (Supp. Fig. 1E, F). NHOs demonstrate a clear transition between the 
glucose transporter SLC2A1 (highly expressed in the fetal heart) and the glucose transporter 
SLC2A4 (highly expressed in the adult heart) between days 6 and 8. On the other hand, 
PGDHOs show downregulation of SLC2A1 in the early days of differentiation, hinting at possible 
dysfunction in glycolysis and glucose transport (Supp. Fig. 1E). Normal hHOs typically exhibit a 
well-developed primitive vascular network around the myocardial tissue during differentiation29. 
NHOs and PGDHOs showed drastic differences in the formation of this vascular network. The 
endothelial cell marker PECAM1 revealed a sophisticated plexus of vascular endothelial tissue 
covering large portions of the control NHOs (Fig. 1K). Vascularization in PGDHOs appeared 
less organized than in NHOs, showing fewer regions of PECAM1 staining and lack of an 
interconnected network (Fig. 1K). To compare functional properties of control and diabetic 
hHOs, calcium transient analysis by live organoid imaging was conducted. The beating 
frequency of the control organoids was ~120 beats per minute (bpm) compared to ~60 bpm in 
diabetic organoids (Fig. 1L, M). Fetal heart rate can range from 110 to over 160 bpm34, with 
slower fetal heart rate associated with poor pregnancy outcomes35. PGDHOs also showed a 
higher frequency of arrhythmic events when compared to NHOs (Fig. 1L). Overall, these data 
demonstrate substantial morphological and molecular changes specific to PGDHOs that are 
consistent with observations of fetal tissue in animal and human models12,13,15,16,37.  
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Single cell RNA sequencing reveals cardiac cell type-specific responses to PGD in heart 
organoids. To explore the effects of PGD on cardiac lineage specification within heart 
organoids, we performed single-cell RNA sequencing on NHOS and PGDHOS at day 15 of 
differentiation. Computational analysis identified 6 main clusters representing distinct cardiac 
cell populations in both NHOs and PGDHOs. These clusters included cardiomyocytes, 
immature cardiomyocytes, epicardial cells, endothelial cells, cardiac fibroblasts and a mixed 
population of mesenchymal cardiac progenitors which were still poorly committed (labelled as 
others) (Fig. 2A, B). The main effects of PGD  were a significant decrease in the number of 
cardiomyocytes (30% in NHOs vs 23% in PGDHOs) and a very large increase in epicardial cells 
(5% in NHOs vs 24% in PGDHOs) (Fig. 2C), hinting at dysregulation of cardiomyocyte and 
epicardial differentiation36. The effects of PGD on classical cardiomyocyte and epicardial 
markers can be observed in t-SNE plots (Fig. 2D, E). A summary of other key markers related 
to other cell populations and their changes in PGD can be found in Suppl. Fig A-C. 
Interestingly, a sinoatrial node-related subcluster was also observed within NHOs but not in the 
PGDHO group (Supp. Fig. 2C). A summary of the top 20 most significant differentially regulated 
genes in epicardial cells identified dysregulation of epicardial transcription factor expression 
(TBX18), Wnt and Notch signaling (WNT2B, SFRP2, DLK1) and other developmental 
regulators, such as retinoic acid signaling (ALDH1A2) in PGD conditions (Fig. 2F). In the case 
of cardiomyocytes, analysis of the top 20 differentially expressed genes identified sarcomeric 
and cytoskeletal gene expression alterations in PGD, particularly in genes frequently associated 
with familial cardiomyopathies and hypertrophy (e.g., CSRP3, SMPX, MYOZ2). Genes involved 
in fatty acid metabolism and ER function were also significantly dysregulated in cardiomyocytes 
(FITM1, HSPB3). Interestingly, when all clusters were considered together, the top hit was also 
a strongly downregulated gene involved in ER protein synthesis (EMC10). To confirm previous 
observations pointing to alterations in FHF and SHF formation, we produced combined t-SNE 
plots for key FHF markers (HAND1, HCN4, TBX5) and key SHF markers (HAND2, ISL1, TBX1) 
(Supp. Fig. 2D). Interestingly, cell populations from NHOs that showed expression of FHF 
markers cells were predominantly in the CM and immature CM clusters while many of the SHF 
marker-expressing cells appeared throughout the clusters in myocyte and non-myocyte cell 
populations. This observation is in agreement with the precardiac organoids derived from 
mouse ESCs demonstrating the development of non-myocyte cells from SHF progenitor cells37. 

To better understand the molecular differences between heart organoids grown in healthy 
conditions and PGD conditions, we performed gene ontology for differentially expressed genes 
(DEGs) for the main identified clusters (Fig. 2A, B). DEG analysis revealed 373, 289, and 315 
significantly expressed DEG for the cardiac fibroblasts, epicardial and endothelial cell clusters, 
respectively (Supp. Fig. 2E). Gene ontology (GO) for downregulated DEGs in epicardial cells of 
NHOs revealed markers of mitochondrial function while upregulated DEGs in PGDHOs were 
associated with regulation of lipid metabolic processes (Fig. 2H). Bioinformatic analysis 
revealed 379 DEGs in the CM cluster, 223 and 156 significantly expressed genes distinct to 
NHOs and PGDHOs, respectively (Supp. Fig. 2E), with a focus on mitochondrial respiration 
and ATP synthesis in NHOs, while downregulated DEGs were associated with vessel 
morphogenesis, cell differentiation and proliferation (Fig. 2I). In contrast, PGDHOs revealed 
upregulation of genes related to negative regulation of metabolic processes and differentiation 
of non-myocytes, and downregulation of translation processes and protein targeting to the 
endoplasmic reticulum (ER) (Fig. 2I). These data again pointed at developmental defects in 
cardiomyocytes under PGD conditions related to ER function and lipid metabolism. Gene 
ontology (GO) analysis for the most significantly expressed genes from the cardiac fibroblasts 
and endothelial cells clusters is presented in Supp. Fig. 2F, G, showing the similarities between 
clusters from NHOs and PGDHOs. Overall, our scRNA-seq analysis revealed critical differences 
in transcriptomic profiles of normoglycemic and diabetic organoids affecting early heart 
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development, particularly cardiomyocyte and epicardial populations, and pointed to potential 
dysregulation of ER and lipid metabolisms as important contributors in the development of PGD-
induced CHD. 

PGD triggers ER stress and VLCFA dyslipidemia in human heart organoids. Previous work 
has shown a strong association between ER stress and cardiomyopathies40. Our data 
suggested that ER stress might also be a factor in PGD-induced CHD. We decided to explore 
the potential connection between ROS production and ER stress in cardiomyocytes as a result 
of diabetic conditions16,39. hHOs were co-stained with CellROX Green and ER Tracker Red, a 
highly selective dye for the ER, and imaged under normoglycemic and PGD conditions. 
PGDHOs exhibited increased cellular ROS predominantly accumulated to the ER (Fig. 3A, B), 
suggesting potential ER dysfunction. Interestingly, ER stress has not been described in animal 
models of PGD and may be a human-specific phenotype of interest for therapeutic and 
preventative interventions. Inositol-requiring enzyme 1 (IRE1, gene name ERN1) is the main 
evolutionarily conserved sensor for ER stress. IRE1 phosphorylation within the ER membrane 
induces the unfolded protein response (UPR) through at least two pathways, one of them 
involves the splicing of XBP1 mRNA and activation of downstream transcription effectors. The 
second pathway is named regulated IRE1-dependent decay (RIDD), and targets mRNAs for 
degradation in an XBP1-independent manner41. Confocal imaging for activation of IRE1 
demonstrated an increase in the ratio of the phosphorylated isoform (IRE1p) when compared to 
its unphosphorylated counterpart, confirming PGDHOs have higher ER stress than NHOs (Fig. 
3C, D, Supp. Fig. 3A). Another molecular phenotype identified in our scRNA-seq analysis was 
lipid metabolism. LC-MS lipidomic profiling revealed significant differences between PGDHOs 
and NHOs affecting very long chain fatty acid (VLCFAs) trafficking and synthesis (Fig. 3E). 
Organoids were grown in fully defined medium, so no exogenous sources of VLCFAs or other 
lipids are available aside from essential fatty acids present in the medium. All other fatty acids 
present are therefore synthesized by the organoids to be used  intracellularly or to be secreted 
into the extracellular space. The intracellular levels of two important omega-3 fatty acids, EPA 
and DPA, were significantly higher in PGDHOs (Fig. 3E), while the levels of DHA (another 
important omega-3 fatty acid synthesized from EPA and DPA), were significantly lower in the 
medium for PGDHOs (Fig. 3E). This data showed that the PGD conditions resulted in lipid 
dysregulation in VLCFAs, particularly in omega-3 fatty acids, which have been previously shown 
to be instrumental during heart development40–42. The mechanistic implication of these changes 
in cardiac physiology remains unclear, since omega-3 fatty acids can be used  as building 
blocks in cell membranes42, signaling lipids (docosanoids)43 and antioxidants44. 

Next, we attempted to find a link between ER stress and disrupted VLCFA metabolism. The ER 
plays a significant role in the synthesis of lipid precursors, such as long chain fatty acid (LCFAs) 
necessary for the synthesis of more complex lipids, and we hypothesized ER stress might  
interfere with this balance. We started by looking at IRE1-induced activation of the UPR, which 
can lead to apoptosis or re-establishment of protein homeostasis. To determine if IRE1 
activation was causing apoptosis we used a transgenic iPSC line expressing Flip-GFP, a non-
fluorescence engineered GFP variant that turns fluorescent upon caspase activation and 
apoptosis45. Flip-GFP organoids cultured either under control or diabetic conditions exhibited no 
fluorescence changes indicating that there is no significant PGD-induced apoptosis (Supp. Fig. 
3B). Doxorubicin-treated NHOs and PGDHOs were used as a positive control for apoptosis 
(Supp. Fig. 3B). Furthermore, analysis of UPR-specific genes, either induced by IRE1 or some 
other ER stress-sensor (ATF6, PERK) demonstrated absence of UPR pathway activation 
(Supp. Fig. 3C). IRE1 signaling through XBP1 splicing also remained unchanged between 
NHOs and PGDHOs (Supp. Fig. 3D). We then decided to investigate whether the IRE1-RIDD 
pathway was activated due to ER stress, and if that was the process affecting lipid biosynthesis. 
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RIDD has been reported to preferentially induce degradation of ER-localized mRNA46 and most 
steps of endogenous fatty acid biosynthesis take place in the smooth ER. We performed gene 
expression analysis for 10 ER-localized lipid biosynthesis enzymes in NHOs and PGDHOs and 
found increased expression of ELOVL5 (ELOVL Fatty Acid Elongase 5) along with decreased 
expression of ELOVL2 (ELOVL Fatty Acid Elongase 2), ACAA1 (3-Ketoacyl-CoA thiolase) and 
desaturases FADS1 (Fatty Acid Desaturase 1) and FADS2 (Fatty Acid Desaturase 2, also 
known as D6D) in PGD conditions (Fig. 3F). Delta-6 desaturase (D6D) encoded by the FADS2 
gene catalyzes the key initial rate-limiting step of VLCFA biosynthesis before exporting FAs to 
the peroxisome (tetracosapentaenoic acid to tetracosahexaenoic acid) and is a main 
determinant of VLCFA levels. Alterations in D6D activity alter fatty acid profiles and are 
associated with metabolic and inflammatory diseases47-50. LC-MS analysis had revealed 
significant differences in this metabolic step under the control of D6D both in organoids and 
medium (Fig. 3E). Interestingly, the FADS2 mRNA possesses four RIDD consensus sequences 
for degradation in its 3’ and 5’ UTR regions (5’-CUGCAG-3’ motif located in the loop portion of a 
hairpin structure) (http://www.geneious.com/) (Supp. Fig. 3H), and at least one of them is in a 
clear hairpin loop (Fig 3G). To confirm that FADS2 mRNA downregulation is IRE1-RIDD-
dependent we analyzed FADS2 expression in a knockdown ERN1 (IRE1) iPSC line and in the 
presence of IRE1 mono-selective inhibitor KIRA8. ERN1 knockdown PGDHOs exhibited 
restored levels of FADS2 expression comparable with NHOs and confirming the dependence of 
FADS2 expression on IRE1-RIDD activation (Fig. 3H). The same effect was found when IRE1 
activity was inhibited using the specific inhibitor KIRA8 (Fig. 3H) in the absence XBP1 splicing 
(Supp. Fig. 3G). D6D protein abundance was measured by ELISA and was found to be 
significantly lower in PGDHOs compared to NHOs, confirming the pathologic phenotype (Fig. 
3I). Expression of FADS1, ACAA1 and ELOVL2 in heart organoids with ERN1 knockdown was 
comparable with levels in PGDHOs, suggesting these enzymes are not regulated by IRE1-RIDD 
and confirming the importance of FADS2 in this setting (Supp. Fig. 3E-G). Taken together, 
these results show that PGD causes ROS-induced ER stress and IRE-RIDD activation leading 
to delta-6 desaturase deficiency in diabetic heart organoids. This in turn affects VLCFA 
biosynthesis and causes a crucial VLCFA imbalance during early cardiac development. 

Reducing ER stress mitigates deleterious effects of PGD in human heart organoids. To 
ameliorate the phenotypic effects of PGD in the developing heart, and the resulting ROS 
overproduction and ER stress, we tested several therapeutic compounds based on our 
mechanistic findings involving IRE1 and omega-3 fatty acids. These included the chemical 
chaperone tauroursodeoxycholic acid (TUDCA), known to reduce oxidative and ER stress 43–45, 
a combination of omega-3 fatty acids (DHA, DPA, EPA) designed to provide antioxidant 
resilience and relieve lipid imbalance and the antidiabetic compound sapropterin (BH4)49,50, 
which has been previously described as a potential mitigating agent for PGD-induced CHD in 
murine models4,50. Treatment of PGDHOs with TUDCA, BH4 and omega-3 fatty acids all caused 
a significant reduction of phosphorylated IRE1 in PGDHO organoids (Fig. 4A). The ratio of 
IRE1p to IRE1 was significantly lower in all treated organoids as well, suggesting a reduction in 
IRE1 signaling activation (Fig. 4B). Co-staining of organoids with CellROX Green and ER 
Tracker revealed reduced stress due to ROS both in the ER and cytosol for BH4 and omega-3 
fatty acids treatments, but not for TUDCA (Fig. 4C, D). Immunofluorescence imaging of 
individual cardimyocytes from dissociated organoids revealed that the treatment of PGDHOs 
with TUDCA, BH4 and omega-3 fatty acids resulted in a significant reduction in cardiomyocyte 
hypertrophy, suggesting an amelioration in the hypertrophic response (Fig. 4E, F). Notably, 
treating PGDHOs with TUDCA, BH4, or omega-3 fatty acids affected mRNA levels of FADS2 
(Fig. 4G), likely due to the reduction in IRE1 signaling. Fig. 4H shows a general mechanistic 
schematic summarizing our findings in the context of PGD-induced CHD. Overall, the tested 
therapeutic agents were able to decrease all the tested hallmarks of PGD-induced CHD, 
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confirming our mechanistic hypothesis and validating the findings in mouse models and BH4. 
This is a potentially important finding for clinical translation, as it suggests that dietary 
supplementation (e.g., omega-3 fatty acids) of diabetic mothers in the first trimester of 
pregnancy might be able to prevent or treat early stages of PGD-induced CHD with no known 
drawbacks. 
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DISCUSSION 

We utilized a novel and powerful heart organoid technology based on recent work29,51 to the 
study of critical mechanisms of PGD-induced CHD in humans, and report, for the first time, that 
ER stress and VLCFA imbalance are critical factors contributing to these congenital disorders. 
Maternal diabetes is one of the most common causes of newborn CHD (up to 12% of newborns 
from diabetic mothers have some form of CHD52), yet the ability to study the etiology of these 
disorders in humans is greatly limited due to inaccessibility to human fetal hearts at crucial 
stages of development. The effects of PGD on CHD have been studied extensively in animal 
models, identifying many contributing factors including the dysregulation of lipid metabolism53,54, 
an increase in oxidative stress15,55,56, and dysregulation of key transcription factors related to 
heart development4,11,13,14,56-58. However, the extent of the ability of these animal models to 
properly recapitulate human PGD-CHD abnormalities is limited by cross-species differences. 
hHOs provide a necessary platform on which to investigate the underlying mechanisms 
between the association of PGD and CHD in humans without the drawbacks of animal models. 

To model the effects of PGD, hHO culture conditions were modified to accurately reflect  
reported physiological levels of glucose and insulin in normal and diabetic mothers for females 
with type I and type II pregestational diabetes. The larger size of diabetic hHOs suggested signs 
of cardiac hypertrophy, a first hallmark of maternal PGD59 on the embryo’s heart, which was 
confirmed by studying cardiomyocyte size in dissociated organoid cultures (Fig. 1). 
Furthermore, differences were noted with regards to ROS production and mitochondria of 
PGDHOs, revealing increased oxidative stress and mitochondrial swelling, also hallmarks of 
diabetic embryonic cardiomyopathies36. Mouse models of PGD have shown dysregulation of 
transcription factors key to heart development, including GATA4, GATA5, TBX5, and NKX2-
54,11,13,14,57,58. In line with this, key structural abnormalities were observed in PGDHOs, including 
disorganization of myocardial, epicardial and endothelial tissue, as well as disruption of 
atrioventricular specification and organization. Time course qPCR analysis revealed disparities 
in regulation of GATA4, NKX2-5 and TBX5 at different time points throughout development, 
highlighting the importance of fine transcription control during early development. Moreover, the 
specification of the FHF and subsequent SHF are crucial in the development and organization 
of the heart, and the observed downregulation of heart field markers in PGDHOs likely 
contributes to the structural malformation and under-representation of cardiomyocytes 
compared to NHOs. Similarly, the downregulation of the glucose transporter SLC2A1 during the 
early stages of differentiation suggests disruption in glycolysis may be crucial in the observed 
metabolic disfunction.  These phenotypes were consistent with outcomes found in PGD-induced 
CHD in animal models and human clinical reports15,55,56,60. PGDHOs also presented arrythmias 
and reduction in beat frequency as determined by calcium imaging, a phenotype that has not 
been described in diabetic embryonic cardiomyopathy but has been observed in neonatal rats 
from diabetic mothers61 and diabetic human adults, which typically exhibit reduced calcium 
pump activity leading to diastolic dysfunction62. 

Single-cell transcriptomics provides a valuable tool to investigate cell-type and lineage specific 
changes between healthy and diabetic organoids. We performed scRNA-seq on day 15 
PGDHOs and NHOs, revealing important differences in cardiac lineage specification. Most 
notably, a reduction in cardiomyocyte numbers, a significant expansion of epicardial tissue and 
the absence of a well-developed conductance system at early developmental stages (Fig. 2). 
Furthermore, a number of important candidate genes were identified for the first time in this 
context in both epicardial cells and cardiomyocytes, providing new hypothesis for future work 
and therapeutic interventions. In the case of the epicardium, a number of important growth 
factors, enzymes and developmentally relevant receptors were dysregulated (WNT2B, SFRP2, 
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ALDH1A2) (Fig. 2F), suggesting the epicardium has a trophic effect on the rest of the heart at 
this stage63. ITLN1, a protein involved in glucose metabolism was also dysregulated64,65. In the 
case of cardiomyocytes, major changes involved sarcomeric proteins (TNNC1, MYL3, MYH6, 
MYL7 and others), but also other proteins involved in protein synthesis (HSPB3) and lipid 
metabolism (FITM1) (Fig. 2G). These changes were more radical than those observed in the 
epicardium overall (larger statistical significance, larger fold change), and prompted us to 
investigate the pathophysiology of PGD-induced CHD in cardiomyocytes in more detail. 

Glycolysis constitutes a significant source of energy and intermediate metabolites in the 
embryonic heart, but fatty acid oxidation is also important for mitochondrial growth and cardiac 
maturation as the heart develops28,59,60. Our model confirmed heart organoids exposed to 
diabetic conditions exhibited increased accumulation of ROS (Fig.1, 3), but also showed that a 
significant portion of ROS was localized to the ER and could be impairing its function (Fig. 3A). 
Numerous studies have shown that elevated ROS produces ER protein oxidation66, leading to a 
condition known as ER stress. The ER plays also an important role in lipid metabolism as a 
significant part of lipid synthesis occurs in the smooth ER67. Out of the three sensor systems for 
ER stress that can activate the UPR (unfolded protein response), only IRE1 has been shown to 
be strongly associated with lipid metabolism (the other two being the ATF6 and PERK 
pathways)68-72. The lipid metabolic profiles of PGDHOs revealed a clear dysregulation of VLCFA 
synthesis particularly affecting omega-3 polyunsaturated fatty acids (PUFA). We and others 
have shown that VLCFAs are critical during heart development for structural and signaling 
reasons73-75, and the involvement of VLCFAs and ER stress has not been described before in 
PGD-CHD, either in mouse models or human in vitro systems. The endogenous synthesis of 
these PUFAs mostly takes place in the ER, and along with the observed ROS accumulation in 
the ER, suggested a major ER-induced dyslipidemia in PGDHOs. We could pinpoint this 
dysregulation to the targeted degradation of FADS2, a key lipid biosynthesis enzyme present in 
the ER, by the IRE1-dependent mRNA decay (RIDD) pathway, and thus for the first time we 
demonstrated a direct role of IRE1-RIDD in lipid metabolism dysregulation in PGD-induced 
CHD. Interestingly, IRE1-RIDD contribution has been described for several other cardiac 
pathologies76,77, reinforcing our findings.  

Our findings show that targeting the IRE1 pathway, or its downstream VLFCA dysregulation, 
could be significant for therapeutic targeting. VLCFA lipid imbalance is treatable by means of 
dietary supplementation (pregnant diabetic mothers, and their newborns, present better 
outcomes when supplemented with DHA)78. Alternatives to treat ER stress by chemically 
targeting IRE1 also exist and could be translated to the clinic if ER stress is a major driver of 
PGD-CHD. In an attempt to remedy the effects of ER stress, we tested several potentially 
therapeutic compounds on PGDHOs, including BH4, a recently identified molecule that can 
reduce the incidence of PGD-induced CHD in mice11, a mixture of omega-3 fatty acids (EPA, 
DPA, DHA), and TUDCA (an IRE1 modulator). Both BH4 and omega-3 PUFAs ameliorated 
diabetic phenotypes, and while TUDCA (an IRE1 modulator) did not significantly resolve the 
observed reactive oxygen species, it did ameliorate cardiomyocyte hypertrophy. All of the 
compounds also restored FADS2 levels. These data suggest that while BH4 and Ω3 fatty acids 
help ameliorate the effects of PGD on the developing heart via reduction in reactive oxygen 
species, TUDCA’s therapeutic role may be more closely involved in transcription factor 
regulation. Lastly, the data suggests that the increased levels of phosphorylated IRE1 may be a 
key player in the mechanism behind PGD associated CHD.  

In summary, we established the value of a heart organoid model of pregestational diabetes and 
CHD, and our findings unveiled a novel ROS-induced ER stress mechanism underlying critical 
VLCFA balance in PGD-CHD. These findings represent a new route for developing future 
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preventative and therapeutic strategies, thus helping to reduce the incidence of CHD across the 
population and provide proof-of-concept of the utility of organoid models for human disease 
modeling and drug development. 
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MATERIALS AND METHODS 

Stem cell culture. An in-house human iPSC line was used in this study (iPSC-L1). hiPSCs were 
validated for pluripotency, genomic instability, and potential contamination on a regular basis. 
For apoptosis experiments, a transgenic iPSC-L1 line expressing Flip-GFP45. hPSCs were 
cultured in Essential 8 Flex medium containing 1% penicillin/streptomycin (Gibco) on 6-well 
plates coated with growth factor-reduced Matrigel (Corning) in an incubator at 37°C, 5% CO2 
until 60-80% confluency was reached, at which point cells were split into new wells using 
ReLeSR passaging reagent (Stem Cell Technologies). Accutase (Innovative Cell Technologies) 
was used to dissociate iPSCs for spheroid formation. After dissociation, cells were centrifuged 
at 300 g for 5 minutes and resuspended in Essential 8 Flex medium containing 2 µM ROCK 
inhibitor Thiazovivin (Millipore Sigma). hPSCs were then counted using a Moxi Cell Counter 
(Orflo Technologies) and seeded at 10,000 cells/well in round bottom ultra-low attachment 96-
well plates (Costar) on day -2 at a volume of 100 µl per well. The plate was then centrifuged at 
100 g for 3 minutes and placed in an incubator at 37°C, 5% CO2. After 24 hours (day -1), 50 µl 
of media was carefully removed from each well, and 200 µl of fresh Essential 8 Flex medium 
was added for a final volume of 250 µl/well. The plate was returned to the incubator for an 
additional 24 hours. 

Heart organoid differentiation and pregestational diabetes modeling. Pregestational diabetes 
was modeled as previously described29,51. Briefly, diabetic conditions were simulated by using 
basal RPMI media with 11.1 mM glucose and 1.14 nM insulin and compared with control media 
containing 3.5 mM glucose and 170 pM insulin, henceforth referred to as diabetic and healthy 
culture media, respectively. The differentiation of the healthy or diabetic organoids was 
conducted as previously described27. Briefly, on day 0 of differentiation, 166 µl (~2/3 of total well 
volume) of media was removed from each well and 166 µl of diabetic or healthy culture media 
without any insulin, containing CHIR99021 (Selleck) was added at a final concentration of 4 
µM/well along with BMP4 at 0.36 pM (1.25ng/ml) and Activin A at 0.08 pM (1ng/ml), for 24 hours 
at 37°C, 5%. On day 1, 166 µl of media was removed and replaced with fresh culture media 
without insulin. On day 2, 166 µl of media was removed and replaced with fresh culture media 
minus insulin, containing Wnt-C59 (Selleck) for a final concentration of 2 µM Wnt-C59 in each 
well, and incubated for 48 hours at 37°C, 5%. On day 4, 166 µl of media was removed and 
replaced with fresh culture media without insulin. On day 6, 166 µl of media was removed and 
replaced with fresh culture media with respective diabetic and healthy insulin in the culture 
media. On day 7, a second 2 µM CHIR99021 exposure was conducted for 1 hour in fresh 
culture media at 37°C, 5%. Subsequently, media was changed every 48 hours until organoids 
were ready for analysis. For IRE1 inhibition organoids were treated with 1 µM mono-selective 
inhibitor KIRA8 (Selleckchem) for 5 days. Organoids were analyzed on day 14 unless otherwise 
indicated. 

shRNA-mediated lentiviral knockdown experiments. For lentivirus production, HEK293T cells 
were transfected with the shERN1-puro plasmid (VectorBuilder) and the packaging plasmids 
(pMD2; psPAX2) using lipofectamine with Plus reagent (Thermo). Lentivirus was added to 
iPSCs with 8�μg/ml polybrene (Fisher Scientific) and incubated overnight. Puromycin selection 
was carried out for ~3–5 days. Surviving clones were collected, replated, and expanded to give 
rise to the knockdown line. Successful knockdown was validated by qRT-PCR (>80% E 
RN1 knockdown). 

Immunofluorescence and confocal microscopy. hHOs were transferred to microcentrifuge tubes 
(Eppendorf) using a wide bore 200 mL pipette tip to avoid disruption to the organoids and fixed 
in 4% paraformaldehyde solution. Fixation was followed by washes in phosphate-buffered saline 
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(PBS)-Glycine (20 mM) and incubation in blocking/permeabilization solution containing 10% 
Donkey Normal Serum, 0.5% Triton X-100, 0.5% bovine serum albumin (BSA) in PBS on a 
thermal mixer (Thermo Scientific) at minimum speed at 4°C overnight. hHOs were then washed 
3 times in PBS and incubated with primary antibodies in Antibody Solution (1% Donkey Normal 
Serum, 0.5% Triton X-100, 0.5% BSA in PBS) on a thermal mixer at minimum speed at 4°C for 
24 hours. Primary antibody exposure was followed by 3 washes in PBS and incubation with 
secondary antibodies in Antibody Solution on a thermal mixer at minimum speed at 4°C for 24 
hours in the dark. stained hHOs were washed 3 times in PBS before being mounted on glass 
microscope slides (Fisher Scientific) using Vectashield Vibrance Antifade Mounting Medium 
(Vector Laboratories). Samples were imaged using confocal laser scanning microscopy (Nikon 
Instruments A1 Confocal Laser Microscope). Images were analyzed using Fiji 
(https://imagej.net/Fiji).  

qRT-PCR and gene expression analysis. RNA was extracted from organoids at each 
condition/time point using the RNeasy Mini Kit (Qiagen). Once extracted, RNA was quantified 
using a NanoDrop (Mettler Toledo), with a concentration of at least 20 ng/µL being required to 
proceed with reverse transcription. cDNA was synthesized using the Quantitect Reverse 
Transcription Kit (Qiagen) and stored at -20°C for further use. Primers for qRT-PCR were 
designed using the Primer Quest tool (Integrated DNA Technologies) and SYBR Green 
(Qiagen) was used as the DNA intercalating dye. qRT-PCR plates were run using the 
QuantStudio 5 Real-Time PCR system (Applied Biosystems) with a total reaction volume of 20 
µL. Expression levels of genes of interest were normalized to HPRT1 levels and fold change 
values were obtained using the 2-ΔΔCT method. At least 3 independent samples were run for 
each gene expression assay. 

Organoid dissociation. Organoids were dissociated into a single-celled suspension using a 
modified protocol using the STEMdiff Cardiomyocyte Dissociation Kit (STEMCELL 
Technologies). Upon being transferred to a microcentrifuge tube, organoids were washed with 
PBS, submerged in 200 μL of warm dissociation media (37 °C), and placed on a thermal mixer 
at 37 °C and 300rpm for 5 minutes. Then, the supernatant was collected and transferred to a 15 
mL falcon tube (Corning) containing 5mL of respective media (Control, MM, EMM1, etc.) 
containing 2% BSA (Thermo Fisher Scientific). An additional 200 μL of warm dissociation media 
(37 °C) was then added back to the organoid on a thermal mixer (37 °C). The organoid 
dissociation media solution was then pipetted up and down gently 3-5 times. The organoid was 
allowed to sit on the thermal mixer for an additional 5 minutes. If the organoid remained visible, 
the process was repeated. Once the organoid was no longer visible, the microcentrifuge tube 
solution was pipetted up and down gently 3-5 times and its entire contents were transferred to 
the 15 mL falcon tube containing the respective media + 2% BSA and cells. These tubes were 
then centrifuged at 300 g for 5 minutes. The supernatant was aspirated, and the cell pellets 
were resuspended in respective media + 2% BSA. A hemocytometer was used to determine 
viability and cell counts. 

Cardiomyocyte hypertrophy quantification. Hypertrophy was determined in single cell 
cardiomyocyte cultures produced from organoid dissociation 24 hours after plating. Organoids 
were stained with anti-cTnT antibodies for cytoplasm visualization and counterstained with DAPI 
as described under immunofluorescence methods. Cell hypertrophy was quantified using 
histomorphometry tools in ImageJ/Fiji. 

Mitochondrial staining. mitochondrial status within human heart organoids was visualized using 
Mitotracker Deep Red FM (Thermo Fisher Scientific). Mitotracker was prepared according to the 
manufacturer’s instructions. Organoids were washed twice using RPMI 1640 basal medium, 
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then Mitotracker was added at a final concentration of 100 nM and incubated for 30 minutes at 
37 °C and 5% CO2. Organoids were then washed twice and transferred to a chambered 
coverglass slide (Cellvis) using a cut 200 μL pipette tip. Images were acquired using a Cellvivo 
microscope (Olympus). Data was processed using ImageJ/Fiji. 

Single cell RNA-sequencing. Sequencing of the 10x Genomics Single Cell 3' Gene Expression 
library was prepared from the cells dissociated from four pooled organoids per condition at day 
15 of hHO differentiation. The libraries were prepared using the 10x Chromium Next GEM 
Single Cell 3' Kit, v3.1 and associated components. Completed libraries were QC’d and 
quantified using a combination of Qubit dsDNA HS, Agilent 4200 TapeStation HS DNA1000 and 
Invitrogen Collibri Library Quantification qPCR assays. The library was loaded onto an Illumina 
NextSeq 500 v1.5 Mid Output flow cell. Sequencing was performed in a custom paired end 
format: 28 bases for read 1 which captures the 10x cell barcode and Unique Molecular Identifier 
(UMI), and 90 bases for read 2 which is the RNA portion of the library fragment. Base calling 
was done by Illumina Real Time Analysis (RTA) v2.4.11 and output of RTA was demultiplexed 
and converted to FastQ format with Illumina Bcl2fastq v2.20.0. After demultiplexing and FastQ 
conversion, secondary analysis was performed using cellranger count (v6.0.0). Analysis was 
executed using 10X Loupe Browser 6 for k-means clustering and t-SNE visualization, Enrichr 
(https://maayanlab.cloud/Enrichr/) for gene ontologies and DiVenn 2.0 
(https://divenn.tch.harvard.edu/) for differentially expressed genes analysis.  

Calcium imaging. Calcium transients were observed in heart organoids by live imaging of 
organoids stained with Fluo-4 (Invitrogen) sing a super resolution microscope (Olympus 
CellVivo). Fluo-4 staining was conducted according to manufacturer’s instructions. Briefly, Fluo-
4-AM was reconstituted in DMSO to a final stock solution concentration of 0.5 mM. Fluo-4-AM. 1 
µM of Fluo-4-AM was added directly to the organoid well and incubated for 30 minutes. The 
organoid was then washed twice in culture media and taken to the imaging microscope 
immediately. Organoids were transferred to a chambered cover glass in 100 µL of media. 
Several 10 seconds recordings were acquired for each organoid at 50 frames per second. 
Fluorescence intensity change was expressed as ∆F/F0 and was obtained analyzing videos 
using ImageJ/Fiji. 

ROS imaging. Organoids were stained with CellROX Green according to manufacturer’s 
instructions. Briefly, CellROX Green was added to the well of individual organoids at a final 
concentration of 5 µM and incubated for 30 minutes at 37°C, 5% CO2. Organoids were then 
washed twice in fresh culture medium and imaged immediately in an Olympus cellVivo 
microscope. 

LC-MS lipidomics. For organoid samples, at day 15, 10 organoids per condition were placed in 
individual tubes without any media, and flash frozen in a -80°C freezer. For medium, 
supernatants were placed in individual Eppendorf tubes and flash frozen in a -80°C freeze after 
a short 2-min 300 g centrifugation step to remove debris and other cellular remnants. Sample 
metabolite extraction and solid phase extraction (SPE) sample cleanup followed methods 
described before79. Briefly 100 µL of media (thawed on ice) or individual organoid samples (on 
dry ice) were spiked with 5 ng of d8-arachidonic acid. To each organoid sample, 250 µL of -
20°C chilled 75% ethanol was added, and samples were homogenized in a bead mill for 2 
minutes. Homogenates were transferred to 2.0 mL centrifuge tubes, and an additional 750 µL of 
-20°C chilled 75% ethanol was added. Samples were vortexed for 30 minutes, then incubated at 
-20°C for one hour to precipitate proteins. Samples were then centrifuged at 15,000 x g for 20 
minutes. The supernatants were transferred to new 2.0 mL centrifuge tubes, and the remaining 
protein pellets were re-extracted and the supernatants pooled with those from the first 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2023. ; https://doi.org/10.1101/2023.06.07.544081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.07.544081
http://creativecommons.org/licenses/by-nc-nd/4.0/


extraction. Media samples were processed similarly using a 3:1 ratio of ethanol:media, with 
omission of the homogenization step. The pooled supernatants were diluted with 1.0 mL of 
HPLC water and applied to preconditioned SPE columns (Phenomenex Strata-X polymeric 
reverse phase, 10 mg/1 mL, 33 µm) using vacuum assisted pull-through. The flow-through was 
discarded, and the SPE columns were washed with 900 µL of 10% methanol, then eluted with 
400 µL of 100% ethanol.  Samples were dried under vacuum in a speedvac centrifuge, 
reconstituted in 50 µL of acetonitrile by vortexing for 15 minutes, then transferred to LC-MS vials 
containing small volume inserts. Samples were stored at -80°C until analysis. The LC-MS 
platform consisted of a Shimadzu Prominence HPLC coupled to a Thermo LTQ-Orbitrap Velos 
mass spectrometer. The HPLC column was a Phenomenex 2.0 mmx150 mm Synergi HydroRP-
C18 (4 µm, 80 Angstrom pore size) equipped with a guard cartridge of the same column 
chemistry. The LC gradient consisted of solvent A, 70:30 water:acetonitrile (v:v) containing 0.1% 
acetic acid, solvent B, which was 50:50 isopropanol:acetonitrile containing 0.02% acetic acid. 
The flow rate was 200 µL per minute and the column oven was held at 45 C. The autosampler 
was held at 4 C. 10 µL of each sample was injected. The gradient conditions used were: Time 
0-2 minutes, 1% solvent B. Column eluant was diverted to waste using a 2-position 6 port valve. 
At time=2.0 minutes, Solvent B was increased to 50%, and a linear gradient from 50% to 65% B 
was run between 2.0 and 10 minutes. Solvent B then increased linearly to 99% B between 10 
and 16 minutes, and solvent B was held constant at 99% until 24 minutes. Solvent B was then 
returned to 1 to re-equilibrate the column for 5 minutes.  Column eluent was introduced to a 
Thermo LTQ-Orbitrap Velos mass spectrometer via a heated electrospray ionization source. 
The mass spectrometer was operated in negative ion mode at 30,000 resolution with full scan 
MS data collected from 200-700 m/z. Data-dependent product ion spectra were collected on the 
4 most abundant ions at 7,500 resolution using the FT analyzer. The electrospray ionization 
source was maintained at a spray voltage of 4.5 kV with sheath gas at 30 (arbitrary units), 
auxiliary gas at 10 (arbitrary units) and sweep gas at 2.0 (arbitrary units). The inlet of the mass 
spectrometer was held at 350°C, and the S-lens was set to 35%. The heated ESI source was 
maintained at 350°C. For data analysis, Chromatographic alignment, isotope correction, peak 
identification and peak area calculations were performed using MAVEN software. 
Concentrations of each analyte were determined against the peak area of the internal standard 
(D8-arachidonic acid). Confirmed analytes were identified by comparison against authentic 
reference standards. 

ELISA assays. Heart organoids total proteins were extracted from 8 individual organoids per 
condition using M-PER mammalian protein extract reagent (Thermo). Total proteins 
concentration in lysates was measured by BCA Protein Assay Kit (Thermo). FADS2 protein in 
heart organoids lysates was measured using a human FADS2 RTU ELISA Kit (MyBioSource). 

RNA structure analysis. Geneious Prime was used for analysis of mRNA sequences and 
secondary structure visualization of all RNA candidates. 

Statistics and Reproducibility. All analyses were performed using Excel and GraphPad software. 
Statistical significance was evaluated with a standard unpaired Student t-test or one-way 
ANOVA as appropriate. All data are presented as mean ± S.D. and represent a minimum of 3 
independent experiments with at least 3 technical replicates per experiment unless otherwise 
stated. 

Data Availability. The organoid RNA-Sequencing data sets have been deposited in the National 
Center for Biotechnology Information Gene Expression Omnibus repository under accession 
code GSE201343. All other data generated and/or analyzed in this study are provided in the 
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published article and its supplementary information files or from the corresponding author upon 
request.  
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FIGURES 

Figure 1. Human heart organoids recapitulate phenotypic hallmarks of pregestational 
diabetes in the developing human heart. A, Immunofluorescence images of cardiomyocytes 
from NHOs and PGDHOs stained with the cardiomyocyte marker TNNT2 (red) and the nuclear 
marker DAPI (blue); scale bar: 10 µm. B, Quantification of cardiomyocyte area from NHOs and 
PGDHOs; n=4 organoids, n=145 cardiomyocytes for NHOs and n=193 cardiomyocytes for 
PGDHOs, nested t-test. C, Immunofluorescence of mitochondria using MitoTracker showing 
mitochondrial swelling in PGDHOs; arrowheads indicated swollen mitochondria, scale bar: 10 
µm. D, Quantification of mitochondrial swelling in NHOs and PGDHOs; n=4; nested t-test. E, 
Live ROS imaging employing CellROX Green; scale bar: 10 µm. F, Quantification of ROS 
content in NHOs and PGDHOs; n=3; nested t-test. G–J, Time course qRT-PCR gene 
expression analysis of key developmental transcription factors from day 0 to day 14 of 
differentiation; n=9 (3 biological replicates of 3 pooled organoids). L, Calcium transient live 
imaging using Fluo-4 from NHOs (left) and PGDHOs (right), and M, Quantification of beats per 
minute in NHOs and PGDHOs; n=7; value = mean ± SD, unpaired t-tests.  

Figure 2. scRNA-seq reveals cardiac cell type-specific responses to PGD in human heart 
organoids.  A, t-SNE plot showing 5,951 cells from 4 pooled dissociated NHO organoids, B, t-
SNE plot of 7,463 cells from 4 pooled dissociated PGDHO organoids, distributed by k-means 
clustering. Each cluster was named based on the expression of key genes in the respective cell 
populations. C, Cardiac cell composition in NHOs and PGDHOs expressed as percentage of 
cells. D, t-SNE plots showing key markers for cardiomyocytes and (E) and epicardial cells. F, 
Bubble plot with top DEGs specific for epicardial cells and (G) cardiomyocytes. Size of bubble 
corresponds to p-value between NHOs and PGDHOs. H, Gene ontology analysis of biological 
processes associated with significantly expressed genes in the epicardial cluster and (I) the 
epicardial cluster (H). 

Figure 3. Pregestational diabetes conditions trigger ER stress and VLCFA lipid imbalance 
in human heart organoids. A, Immunofluorescence images of day 14 NHOs and PGDHOs 
showing colocalization of ROS (CellROX, green) and ER marker (ER Tracker, red); nuclear 
marker DAPI (blue); scale bar=10 µm. B, Quantification ROS localized in the ER; n=10 
organoids per condition; value = mean ± SD, unpaired t-tests. C, Immunofluorescence images 
of day 14 NHOs and PGDHOs stained for phosphorylated IRE1 (IRE1p, green), cardiomyocyte 
marker TNNT2 (red) and nuclear marker DAPI; n=6; scale bar=20 µm. D, Quantification of the 
ratio of phosphorylated IRE1 to unphosphorylated IRE1 compared to NHOs, measured by 
immunofluorescence image analysis; n=7 for NHOs, n=8 for PGDHOs; value = mean ± SD, 
unpaired t-tests. E, LC-MS lipidomic analysis for VLCFA concentrations from day 15 organoids 
and their corresponding medium; n=9 organoids per condition, value = mean ± SD, unpaired t-
test, *p<0.05. F, Heatmap representing expression level of key enzymes involved in LCFA and 
VLCFA biosynthesis. G, Predicted secondary FADS2 mRNA structure. H, qRT-PCR gene 
expression analysis of FADS2; n=6 and n=3 biological replicates of 3 pooled organoids for 
ERN1 knockdown and KIRA8 respectively; value = mean ± SD. I, FADS2 protein measurement 
by ELISA; n=8 organoids per condition; value = mean ± SD. 

Figure 4. Strategies to reduce ER stress and lipid imbalance mitigate the deleterious 
effects of pregestational diabetes in human heart organoids. A, Immunofluorescence 
images of day 14 NHOs and PGDHOs treated with TUDCA, BH4, or omega-3 fatty acids, 
stained with phosphorylated IRE1 (IRE1p, green), cardiomyocyte marker TNNT2 (red) and 
nuclear marker DAPI (blue); n=6; scale bar: 25 µm. B, Quantification of the ratio phosphorylated 
IRE1 to unphosphorylated IRE1, measured by immunofluorescence image analysis; n=6; value 
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= mean ± SD, one-way ANOVA. C, Immunofluorescence images of ROS (CellROX, green) and 
ER marked (ER Tracker, red) in day 14 NHOs and PGDHOs; n=7; scale bar = 10 µm. D, 
Quantification of ROS content compared to NHOs; n=6; value = mean ± SD, one-way ANOVA. 
E, Immunofluorescence images of cardiomyocytes dissociated from day 14 NHOs, PGDHOs; 
n=4; scale bar = 10 µm. F, Quantification of cardiomyocyte area compared to NHOs; n=4; value 
= mean ± SD, one-way ANOVA. G, qRT-PCR gene expression analysis of FADS2 in NHOs and 
PGDHOs; n=6 biological replicates of 3 pooled organoids; value = mean ± SD. H, Schematic 
diagram summarizing the mechanism of PGD-induced CHD in human heart organoids. 
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