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Abstract

Congenital heart disease (CHD) is the most frequent birth defect worldwide and the number of adult
patients with CHD, now referred to as ACHD, is increasing. However the mechanisms whereby ACHD
predisposes patients to heart dysfunction are still unclear. ACHD is strongly associated with metabolic
syndrome, but how ACHD interacts with poor modern lifestyle choices and other comorbidities, such as
hypertension, obesity and diabetes, is mostly unknown. Using a genetic mouse model of ACHD we
showed that ACHD mice placed under metabolic stress (high fat diet) displayed decreased heart function.
Comprehensive physiological, biochemical and molecular analysis showed that ACHD hearts exhibited
early changes in energy metabolism that preceded cardiac dysfunction. Restoration of metabolic balance
by metformin prevented the development of heart dysfunction in ACHD mice. This study reveals that
early metabolic impairment reinforces heart dysfunction in ACHD predisposed individuals and diet or
pharmacological interventions can be used to modulate heart function and attenuate heart failure and may
be an important avenue for intervention in ACHD.
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Introduction

Successful corrective interventions for CHD malformations have led to improved patient survival into
adulthood, causing a staggering 60% increase in patients presenting with adult congenital heart disease
(ACHD) (Alshawabkeh & Opotowsky, 2016; Marelli et al, 2014). Consequently, the number of ACHD
genetically predisposed individuals is on the rise, affecting approximately 2.4 million patients in the US
alone (Marelli et al, 2014). Although early corrective interventions for CHD are successful, CHD patients
have a higher risk to develop progressive cardiac dysfunction during adulthood. Among the ACHD
population the prevalence of comorbidities such as renal, pulmonary, hepatic and vascular dysfunctions,
as well as psychiatric diagnosis are elevated. These major health risks drastically increase the morbidity
and mortality of ACHD patients (Lui et al, 2017). The high prevalence of associated metabolic disorders
in ACHC is also merits further investigation, given the multiple prophylactic options currently available
in the clinic.

The continuous decline in physical activity and increased caloric intake has resulted in an obesity
epidemic in developed countries as the major health risk of the 21* century. It is estimated that
approximately 63.3% of the American population is currently overweight or obese (Writing Group et al,
2016). ACHD intrinsic congenital heart dysfunction is exacerbated by external environmental factors,
including obesity, diabetes and/or high blood pressure, all of which can trigger heart failure (Islam et al,
2016; Roche & Silversides, 2013). It is therefore imperative to understand why today’s lifestyle set
ACHD patients at an even higher, life-threating risk than the general population. Despite the existence of
large epidemiological datasets, not much is currently known about how ACHD predisposes patients to
heart failure upon metabolic stress. The present study focuses on how obesity affects cardiac function in
our recently characterized ACHD model (Dietz, 2015; Ogden et al, 2014). Using genetically predisposed
mice (Furtado et al, 2017) and diet as a cardiac stressor, we describe a preexistent imbalance in the
metabolic state of ACHD hearts. Development of obesity increases the severity of heart dysfunction. This
interaction between genetic and metabolic factors ultimately leads to the clinical presentation of heart
failure in ACHD. Modulation of energy utilization by Metformin, a drug widely used to treat type 2
diabetes, prevents cardiac dysfunction in ACHD/obesity model and could therefore be considered a
preventive intervention for heart failure in ACHD. Our observations also suggest that ACHD is a
complex, multifactorial disease that can be modulated by changes in global metabolism. Patients at risk
for ACHD show intrinsic metabolic dysfunction that is aggravated by exposure to a modern lifestyle
environment leading to cardiac dysfunction, and therefore should be differentially monitored.

Methods
Mouse lines

Nix2-5" and Nikx2-5'%""" (ACHD) mice have been previously characterized (Furtado et al, 2017). All
mice were maintained on a C57BL/6J background, housed at Monash Animal Services, Australia or at
The Jackson Laboratory, USA. This investigation conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and requirements under the ethics application MARP-2011-175 (Monash University) and
ACUC 16011 (The Jackson Laboratory). Control mice used were either Nkx2-5* (homologous
recombination replacing the I residue with itself; i.e. control = C) or wild-type (WT). No significant
molecular or physiological differences were observed between these two control groups (Furtado et al,
2017). Whenever possible, control littermates were used for the experiments. All experiments were
performed on adult males.

Feeding regimen

Six-week-old heterozygous male mice were subdivided into four experimental groups according to
feeding regimen (control Low Fat (LF), control High Fat (HF); ACHD LF and ACHD HF). Throughout
the study, two animal cohorts were studied: short (weeks 6 to 15) and long (weeks 6 to 30) feeding
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regimens. All mice were single housed under normal environmental conditions (21.5 = 1°C with a light-
dark cycle of 12hr:12hr). For metformin studies 4 siblings male mice were housed together. Food and
water were accessible ad libitum. Low Fat diet (SF13-081/ D12451; total calculated digestible energy
from lipids: 12.0%, total calculated digestible energy from protein: 25.8%) and High Fat diet (SF04-001;
total calculated digestible energy from lipids: 43.0%, total calculated digestible energy from protein:
21.0%) were purchased from Specialty Feeds Pty Ltd. (Australia) and Research Diets Inc. (USA).
Metformin at the concentration of 5 mg/mL was added to the water from 8 weeks of age until the end of
the protocol at libidum. Weight and food consumption were recorded weekly at 10a.m + 2 hr from the age
of 6 weeks until week 15 for short feeding regimen groups and further calculated at week 30 for long
feeding regimen groups.

Histology

Mice were euthanized via CO, asphyxiation, perfused with HBSS (Thermo), followed by heart dissection.
Hearts were further incubated for 5 minutes in 60mM KCI for synchronization of heart cycle before
fixation. Tissues were fixed in 4% PFA at 4°C overnight and further processed for paraffin sectioning
following standard dehydration and embedding protocols. Adult thyroid samples were cut with a 14pum
thickness, adult hearts with a 10um thickness. The Masson’s Trichrome staining was performed by the
Monash Histology Facility. For myocyte area measurements, transverse sections were stained with Wheat
Germ Agglutinin Alexafluor 488 conjugate (WGA, Thermo). All images were obtained using Olympus
DotSlide (Japan). Mitochondrial density was analyzed by immunofluorescence on heart cryosections
using TOMM?20 rabbit polyclonal antibody (Abcam) raised against the Translocase of Quter Protein
Membrane 20 gene (Tomm20). Confocal Z-stack images were performed using Leica SP8. Myocyte area
and fluorescent intensity was measured using FIJI software with three replicates for each genotype. For
TEM, 50 mg of cardiac tissue as processed by the JAX histology core and sections were evaluated using
JM-1230 microscope (JEOL) coupled to AMT 2K camera (Advanced Microscopy Techniques). Statistical
significance of data was determined by ANOVA or Student’s t-test.

Magnetic Resonance Imaging (MRI), Echocardiography and ECG analysis of cardiac function.

15- and 30-week old adult mice were anaesthetized with 2% + 0.2% isoflurane for non-invasive imaging
in a prone position. For MRI, imaging was performed in spontaneously breathing mice in a 9.4 Tesla MRI
scanner (Agilent, USA) to assess left ventricular and right ventricular chamber dimensions in systole and
diastole using T1 and T2-weighted anatomical sequences. Breathing was also monitored to avoid
measurement distortions during the breathing cycle. Measurements of cardiac function were performed
using Segment software (Heiberg et al, 2010) analysed blinded to genotype by two independent
researchers. Echocardiogram analysis was performed using Vevo 2100 (FUJIFILMS Visualsonics). ECG
was recorded in anaesthetised mice using Powerlab data acquisitions system (ADInstruments, USA) and
analysed using LabChart8 software (ADInstruments, USA).

Metabolic Measurements

For accurate measurement of weight and body fat composition we performed dual-energy X-ray
absorptiometry (DeXa) using Lunar PIXImus Densitometer (GE Medical Systems, USA) or Echo MRI
instrument. For DeXa analysis, mice were anaesthetized with 1.7% =+ 0.2% isoflurane. Whole-body
metabolic changes activity and energy expenditure was assessed using metabolic cages (Comprehensive
Cage Monitoring System — Promethion). Mice were maintained on a 12hr light:dark cycle with access to
food and water ad libitum in cages undisturbed for 120 hours to collect CO, production, O, consumption,
locomotor activity, body mass, food and water intake. Voluntary exercise capacity in running wheels
(Med Associates, USA) was measured by recording running distance and circadian activity for 5
continuous days. Metabolite levels of cholesterol, triglycerides, glucose and NEFA were quantified from
mouse sera using the Clinical Assessment Services, The Jackson Laboratory.

Adult cellular respiration analysis
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Mitochondrial function in mechanically permeabilized fibers from the left ventricular free wall was
evaluated using the OROBOROS 02k Respirometer added to the oxymetry chamber containg MiR06
media with 25uM Blebbistatin added (EGTA 0.5 mM, MgCl, 6H,O 3mM, Lactobionic acid 60mM,
Taurine 20mM, KH,PO, 10mM, HEPES 20mM, D-Sucrose 110mM, BSA 1g/l, Catalase 280 U/ml, pH
7.1, at 30 °C) (Gnaiger et al, 2000). Fatty acid oxidation and Complex I protocol were adapted from a
previously published protocol(Schopf et al, 2016) depicted in Figure 4E.

Metabolomics and western blot analysis

Unbiased discovery metabolite platform was performed at West Coast Metabolomics Center at UC
Davies, USA. Biventricular apex fragments were snap frozen in N, and shipped to the center in dry ice.
The metabolomics platform used consisted of four different combinations of liquid chromatography (LC)
and mass spectrometry ionization using Agilent 6890 GC followed by Pegasus III TOF MS. Relative
abundance of 273 unique metabolic features (109 metabolites of known structures and 164 unique
features of unknown structure), normalized to internal standards were measured at each time point.
Metaboanalyst 3.0 software (Xia & Wishart, 2016) was used for bioinformatics analysis. Interquartile
range based filtering was used to remove features unlikely to be used for modelling purposes(Hackstadt &
Hess, 2009). The data was log transformed and autoscaled (Dieterle et al, 2006). Fold Change (FC)
analysis (before column normalization), t-tests, and volcano plot were generated comparing the mutant
samples with the control samples at each time point. Protein changes were analysed by western blot
analysis using proteins extracted from biventricular fragments as previously described (Furtado et al,
2017). Antibodies used are described in Supplementary Table 4.

Functional annotation enrichment analysis of Nkx2-5 ChIP peak regions

Publicly available chromatin immunoprecipitation followed by deep-sequencing (ChlP-seq) data
(GSE35151) (van den Boogaard et al, 2012) was re-analyzed by our group. Unsupervised enrichment
analysis of genome-wide occupancy profile of Nkx2-5 in adult mouse whole heart was performed using
Genomic Regions Enrichment of Annotations Tool (McLean et al, 2010). We performed gene ontology
(GO) analysis using GREAT default setting (5 kb proximal + 1 kb basal, up to 1 Mb distal, mm9
reference genome) calculating statistical enrichments by associating genomic regions with nearby genes
and applying the gene annotations to the regions.

RNAseq, Bioinformatics and validation

Ventricular heart samples from 15-week old adult males of each genotype (Nkx2-5'%", WT and Nkx2-
5'%"" mice) on a high fat diet were used as biological replicates for RNA sequencing. Total RNA
extraction was performed using the mirVana kit (Thermo, USA) and cleared of genomic DNA
contamination using in column DNAse treatment (Qiagen, Germany). Samples were further processed by
the Medical Genomics Facility at Monash University. RNA-seq data (paired-end reads of 100 nt) was
trimmed for quality and adapter contamination using Cutadapt (Martin, 2011) as implemented in Trim
Galore (Phred quality threshold of 28, minimum adapter overlap 3 nt, adaptor sequence
AGATCGGAAGAGQC). It was then mapped to the mouse genome (mm10) using STARv2.4.0(Dobin et
al, 2013), and reads were tallied within gene features using HTSeq (Anders et al, 2015). From the
resulting read-count matrix, genes with more than 10 reads in any sample were kept and differentially
expressed genes were called using limma.voom (Law et al, 2014). Targets with a FDR cut-off of 0.1 were
further selected for validation using qPCR. Ingenuity Pathway Analysis (IPA) software (Qiagen,
Germany) was used to analyze differentially regulated pathways and functions in datasets. cDNA
synthesis was performed in the same samples using Superscript VILO (Thermo) followed by SYBR green
reactions (Roche, USA) and analysed using the LightCycler480 (Roche, USA). Relative quantification
was obtained using Hprt as a normalizer. Primers used are described in Supplementary Table 4.

Statistics
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Data as presented as a mean = SEM. Statistical significance of data was determined by ANOVA and
Student’s t-test. P values < 0.05 were considered as significant.

Results
ACHD mice show increased susceptibility to weight gain and development of obesity.

In a previous study, we described a point mutation in the NKX2-5 gene found in a familial ACHD cohort.
We engineered the same human mutation in mice and showed that our model reproduced all clinical
features of the disease (Furtado et al, 2017). To explore the interplay between ACHD, metabolism and
heart function, we subjected ACHD mice to control conditions under low fat (LF) and high fat (HF) diet
as a metabolic stressor (Figure 1A). At the onset of the feeding regimen (6 weeks of age), ACHD mice
had significantly lower weight when compared to control mice (Supplementary Figure 1). Surprisingly,
after 9 weeks of diet, ACHD mice showed a significantly higher weight gain when compared to control
mice on HF diet. The increased weight gain was attributed to higher body fat, as lean body weight did not
differ between groups (Figure 1B). No difference in weight was observed between experimental groups
subjected to LF diet. In summary, ACHD mice showed comparatively higher fat accumulation and weight
gain when subjected to higher caloric intake, indicating that ACHD and diet have combined additive
effects on weight gain and therefore ACHD mice are more predisposed to develop obesity.

Obesity triggers cardiac dysfunction in ACHD

We have previously shown that most disease features developed in the ACHD model are functionally
compensated in homeostasis in early adulthood (Furtado et al, 2017), except for RV dysfunction, defined
by a significant decrease of right ventricular ejection fraction (EF) (Figure 1C-D). Short-term 9-week HF
feeding regimen (15 weeks of age) did not significantly affect cardiac function (Figure 1D,
Supplementary Figure 2A). However, the long-term 24-week regimen (30 weeks of age) caused a
significant decrease in EF for both right (RV) and left (LV) ventricles, as well as enhanced RV and right
atrial (RA) dilation in ACHD mice (Figure 1C,D; Supplementary Figure 2B). Once subjected to HF
diet, murine ACHD hearts showed increased wall thickness, eccentric ventricular hypertrophy with
dilation, and an increase in transverse myocyte area (Figure 1E-F). Hypertrophy was also evident in
ACHD mice subjected to LF diet but was enhanced on HF diet. No hypertrophy was seen in control mice
independent of the diet of choice, demonstrating the importance of genetic predisposition for the
hypertrophic response. In summary, ACHD mice showed several morphological abnormalities and
cardiac dysfunction prior to the development of Heart Failure with Preserved Ejection Fraction (HFpEF)
(Ferrari et al, 2015) when subjected to metabolic stress (HF diet), suggesting that challenging a weakened
ACHD heart with metabolic stress accelerates progression to heart failure.

Obesity triggers global metabolic energy dysfunction in ACHD mice

When provided with voluntary running exercise, ACHD mice on HF diet at 30 weeks displayed
significantly reduced physical performance, as measured by decreased running distance (dark cycle;
Figure 1G). No significant changes were detected in time spent in the wheel, food intake and activity,
indicating that ACHD mice were active but not running at the same speed as control mice
(Supplementary Figure 3A,B). Overall energy expenditure of mice on HF diet was also significantly
reduced in ACHD mice (Figure 1H), with decreased levels of O, consumption (VO,) and CO, production
(VCO,) rates, while still maintaining normal respiratory quotient (RER). These changes were not
observed when ACHD mice were subjected to a Western diet formulation, which contains high sugar
(Graham et al, 2016), indicating that cardiac dysfunction was likely mediated by increased availability of
fatty acids in the HF diet. Together, these data confirm that nutritional imbalance exacerbates heart
dysfunction in ACHD mice.

To determine how global metabolism was affected, we monitored serum levels of glucose and lipids of
ACHD mice on HF diet. While no significant changes were seen at 6 weeks, higher plasma levels of
triglycerides and a tendency towards increased cholesterol and free fatty acids (NEFA) at 30 weeks was
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observed (Figure 2A). Glucose handling was also affected in ACHD mice on HF diet, with an improved
response when compared to control mice (Figure 2B).

Primary heart metabolic dysfunction in ACHD mice is driven by changes in energetic substrates

Nkx2-5 is a transcription factor essential for heart formation during embryonic development, although the
molecular consequences of its dysfunction in adult hearts are still largely unknown. Analysis of chromatin
immunoprecipitation followed by deep-sequencing (ChIP-seq) of adult hearts using gene ontology (GO)
and molecular signature database (MSigDB) revealed that the human NKX2-5 protein binds the promoter
regions of essential genes associated with cellular metabolism and energy production (Figure 3A,
Supplementary Table 1), a previously unrecognized phenomenon. To further explore the molecular
mechanisms underlying the primary metabolic alterations in ACHD hearts, we performed transcriptome
analysis (RNAseq) on short-term HF-fed mice, before cardiac dysfunction was established. This analysis
focused on investigation of genes that were differentially expressed in obese control and ACHD mice, to
expose molecular differences of the metabolic stress model (ACHD + obesity). Relative quantification
showed 1264 genes differentially expressed between control and ACHD obese hearts. Ingenuity Pathway
Analysis (Qiagen) revealed 41 predicted upstream regulators of affected genes (Figure 3B), including
cardiac transcription factors known to partner with NKX2-5, four of which are involved in cardiogenesis
and cardiac function. The canonical pathway of cardiac hypertrophy was significantly changed in ACHD
(z-score=-1.347; p-value=0.00011), confirming our finding of eccentric hypertrophy (Figure 1E,F).

Among genes involved in the hypertrophic response, Rock and Mlc complexes and a large subset of other
effector genes such as Gata4, Hand2, Mef2 and p300 were up regulated in ACHD mutants
(Supplementary Figure 4). These genes trigger an increase in contractility, leading to long-term cardiac
hypertrophy (Dai et al, 2002; Dirkx et al, 2013; Hartmann et al, 2015; Heineke & Molkentin, 2006;
Yanazume et al, 2003). Furthermore, e/F4E (mRNA cap-binding protein) and Minkl (eIF4E Kkinase),
known essential regulators of cell size control and global protein synthesis, were also affected in ACHD
hearts. Interestingly, 37% of upstream regulators were associated with metabolic pathways and lipid
processing, including Srebfi, Nrlh2-3, Insr, and ApoE, among others. This analysis corroborates the
global whole-body metabolic data, indicating that disturbances in heart metabolism precede progression
to heart dysfunction in ACHD.

Another affected pathway was PPAR signalling, where Ppara, Prkaal and Prkaa2 were highlighted as
potential regulators in ACHD mice. These proteins are key components in fatty acid metabolism and are
normally activated to compensate for energy deprivation, which is a common feature of heart failure
(Djouadi et al, 1998; Luptak et al, 2005) (Figure 3B). Transcriptional changes directly linked to
metabolism were further confirmed by qPCR (Figure 3C). In particular, decreased levels of Fasn and
Acaca and increased levels of Acsm) indicated marked reduction of fatty acid synthesis and increased
fatty acid oxidation, presumably via loss of inhibition of CPT1 (Lopaschuk et al, 2010), whereas Fabp3
and CD36 fatty acid receptor transcripts were not changed, suggesting no alteration in fatty acid uptake.
In agreement with these observations, increased levels of Pde3b suggested enhanced glucose metabolism,
although no significant changes were seen in Insr expression. Ketone body metabolism gene Bdhl
showed decreased levels, while Hmgcs2 was increased (Aubert et al, 2016).

Genes associated with mitochondrial uncoupling/protection (Ucp3) and NAD+ metabolism (Mel, Idhl
and Parp3) were also affected. Most of these genes are normally activated in heart failure (Luptak et al,
2005). These changes in gene expression are likely associated with the shift in energy signature (Doenst
et al, 2013; Ventura-Clapier et al, 2004), indicating that ACHD mice show imbalanced energy utilization,
and confirm that metabolic changes in ACHD mice are enhanced by HF diet and precede heart failure.

Imbalanced cardiomyocyte energy handling capacity precedes heart dysfunction in ACHD

To further characterize molecular mechanisms associated with ACHD onset of progression to heart
failure, we performed a comprehensive metabolic and physiological analysis in early adulthood, before


https://doi.org/10.1101/396416

bioRxiv preprint doi: https://doi.org/10.1101/396416; this version posted August 21, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Wilmanns et al. ACHD and metabolic dysfunction

ACHD mice develop cardiac dysfunction. This allowed us to filter out changes that are not directly
caused by cardiac dysfunction. At 8 weeks of age, ACHD mice showed a small but significant decrease in
body weight compared to control wild-type mice, associated with decreased lean mass (Supplementary
Figure 1), although no changes were observed in energy expenditure, VCO,/VO, consumption or
voluntary exercise capacity (Supplementary Figure SA-C). No significant changes were observed in
cardiac electrical activity (Supplementary Figure 6), other than increased spread of the QRS interval,
consistent with the well-established role for NKX2-5 in the maintenance of the conduction system in
mouse models and patients (Chowdhury et al, 2015; Gutierrez-Roelens et al, 2002; Jay et al, 2004;
Pashmforoush et al, 2004). Echocardiographic (Echo) analysis of heart function showed small changes in
left ventricular function but normal ejection fraction, indicating that imbalance of NKX2-5 protein
activity can be compensated for to ensure adequate heart function in early adulthood (Supplementary
Table 2).

We have previously observed decreased mitochondrial respiratory capacity in neonatal ACHD
cardiomyocytes (Furtado et al, 2017). Therefore, we investigated cellular respiration and energy handling
in young ACHD hearts at 8-10 weeks of age. Mitochondrial morphology was not changed in ACHD
cardiomyocytes compared with controls (Figure 4A), but a significant decrease in mitochondrial density
was observed (Figure 4B-D). In agreement with the data obtained in neonatal cardiomyocytes (Furtado et
al, 2017), mitochondrial function in left ventricular free wall fibers of the young adult heart revealed
tendency to reduced oxygen flux and fatty acid oxidative capacity in ACHD hearts (Figure 4E). Unbiased
global metabolomics (untargeted GCMS analysis) showed a significant increase in glycolysis and a small
decrease in ketone and fatty acid oxidation (FAO) metabolites in ACHD hearts (Figure 4F,G and
Supplementary Table 3), in particular glucose-1P, glucose 6-P, fructose 6-P for glycolysis and 3-
hydroxybutyric acid for ketone metabolism. Furthermore, AMP levels were increased in ACHD hearts
but this alteration did not trigger differential AMPK activation (Figure 4G,H), suggestive of failure to
respond to energetic imbalance in mutant hearts. Metabolomic changes were further confirmed by
western blot of heart samples, which revealed a significant increase in PDH (Glucose metabolism), small
decrease in CPT1 (Fatty Acid metabolism) and BDH (Ketone metabolism) (Figure 4H). These data
suggest a shift from FAO towards increased glycolysis in ACHD myocytes, reminiscent of the fetal
energetic program. Increased glucose dependency is an adaptive response to maintain heart function
under stress conditions (Aubert et al, 2016; Ritterhoff & Tian, 2017; Taegtmeyer et al, 2016). The
observed changes in cardiomyocyte energetic pathways indicate that disturbances in metabolic state
precede heart dysfunction in ACHD and therefore represent valuable parameters to measure
predisposition to heart failure.

Intervention on energy metabolism by metformin prevents cardiac dysfunction in ACHD

Given the newly identified role for Nkx2-5 regulating metabolism in ACHD hearts, we tested if early
pharmacological intervention on global metabolism could prevent heart disease progression in ACHD
mice. Young mice under HF diet were treated with metformin, a widely used FDA-approved drug used to
treat type 2 diabetes (Fig 5A). Metformin acts by improving metabolism, increasing glucose sensitivity,
FAO utilization and mitochondrial function (Rena et al, 2017), all processes found dysregulated in
ACHD hearts. Both control and ACHD mice treated with metformin showed significant improvement in
glucose handling (Fig 5B). An ecarly effect in fat mass gain (not shown) was seen in control mice only (15
weeks of age; 9 weeks of treatment), while both control and ACHD mice showed reduced body weight
with longer treatment (30 weeks of age; 22 weeks of treatment) (Fig 5C). Early differences in weight loss
between control and ACHD animals might reflect differential glucose metabolism (Fig 2B). As detected
earlier, ACHD mice at 15 weeks had a small decrease in EF when compared to control. Short metformin
treatment led to increased diastolic and systolic volumes that were independent of genotype (Fig 5D,
upper panel). At 30 weeks of age (22 weeks of treatment), metformin treatment reverted heart dysfunction
on ACHD mice, normalizing EF to control levels by changes in both diastolic and systolic functions when
compared to no-metformin ACHD mice (Fig 5D, lower panel). These data demonstrate that modulation
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of energy metabolism by metformin can be potentially used for treatment of cardiac dysfunction mediated
by obesity in ACHD.

Discussion

Using murine modelling, we demonstrate that changes in energy flexibility is a hallmark of ACHD hearts
at early adulthood, and that metabolic imbalance is strongly associated with the progression to heart
dysfunction in obesity. Our data show a series of alterations in metabolic substrates that precede cardiac
dysfunction in ACHD mice and that pharmacological intervention with metformin can be used to prevent
pathological metabolic changes and consequently retain normal heart function. By demonstrating that
Nkx2-5 mutations, known to cause congenital cardiac malformations, are responsible for primary defects
in the metabolic capacity of the heart, this study highlights how CHD genes can directly impact cardiac
energy utilization. The heart is very sensitive to metabolic imbalance: given the low oxygen and high
glucose availability provided by the mother, embryonic and early neonatal hearts display a high
dependence on glycolysis. After birth, cardiac metabolism is shifted to fatty acid, which is a more
efficient source of energy to sustain the increased demand of the adult heart (Wende et al, 2017).
Although >95% of the ATP produced in the adult heart derives from oxidative phosphorylation, energetic
flexibility is essential for adaptation of heart function to physiological changes. Decreased flexibility is
also associated with pathological states (Ritterhoff & Tian, 2017; Wende et al, 2017), as energy products
such as ATP, acetyl-CoA and diacylglycerides directly impact on heart contractility and act as second
messengers controlling heart function (Ritterhoff & Tian, 2017).

Given the high energetic demand of the heart and the mitochondrial role in controlling energy
consumption, generation of reactive oxygen species and apoptosis, mitochondrial defects are strongly
associated with cardiac dysfunction (Huss & Kelly, 2005). The decreased mitochondrial density in ACHD
hearts suggests a primary defect in mitochondrial biogenesis, in which further investigation is merited.
Mitochondrial dysfunction is also supported by the observed decrease in cellular respiration and impaired
energetics in ACHD hearts, where early changes in cardiac metabolism lead to increased dependency on
glycolysis and decreased metabolic flexibility. Altered glucose metabolism is one of the drivers of the
hypertrophic response and an early marker of heart disease progression (Kundu et al, 2015), which could
be adaptive under a homeostatic condition, but triggers heart dysfunction once a second metabolic stress
(such as obesity) is imposed.

Despite the extensive energetic abnormalities in ACHD hearts, no evidence of lipotoxicity was found in
histological analyses of heart sections (not shown), although important changes in lipid distribution were
detected in the metabolomic analyses. Given the decreased energetic flexibility and fatty acid oxidation
coupled with increased fatty acid availability in ACHD/obesity, it is possible that lipotoxicity may play a
role in the later stages of disease progression.

Metformin has cardioprotective effects and limits cardiovascular events in patients (Eppinga et al, 2017;
Lexis et al, 2014), regulating global and tissue metabolism via complex mechanisms that are not
completely understood. Metformin acts by reducing hepatic glucose production by the gut and by
increasing glucose organ sensitivity (Pernicova & Korbonits, 2014). At the cellular level, metformin
likely acts via AMPK-dependent and —independent mechanisms to modulate mitochondrial and lysosome
function (Rena et al, 2017). Interestingly, despite the early detection of high levels of ATP in ACHD
hearts at 8 weeks, no changes in AMPK were detected, suggesting a possible impairment of the AMPK
signalling pathway, or an AMPK-independent mechanism of action (Fig 4G,H). Recent studies have
shown that chronic exposure to metformin increases lifespan in mice (Martin-Montalvo et al, 2013;
Valencia et al, 2017), has beneficial effects in cancer treatments (Heckman-Stoddard et al, 2017) and
cardiovascular dysfunction (Eppinga et al, 2017; Griffin et al, 2017; Kobashigawa et al, 2014; Sun &
Yang, 2017; Tzanavari et al, 2016), albeit some divergence between preclinical and clinical trials for
metformin in humans have been described (Lexis et al, 2014). as seen for non-diabetic STEMI patients.
Cellular uptake of metformin is controlled by organic cation transporters (OCT) belonging to the Sic22a
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gene family. Expression of OCT1 and OCT3 have been described in the heart (Lozano et al, 2018). Future
studies are necessary to establish the tissue-specific action of global metformin administration to mice and
cardiac-intrinsic mechanisms determining beneficial effects of metformin treatment in ACHD.

Conclusions

The increased prevalence of ACHD in the population (Alshawabkeh & Opotowsky, 2016; Gilboa et al,
2016; Marelli et al, 2014) and its associated with metabolic syndrome (Deen et al, 2016) calls for
mechanistic studies to understand how cardiac energy flexibility correlates with heart function in
homeostasis and disease (Goodpaster & Sparks, 2017; Neglia et al, 2007; Ritterhoff & Tian, 2017).
Surveillance of cardiac performance combined with modulation of energy utilization could lead to
improvement of heart function and prevent heart failure in ACHD, as demonstrated in this study using
murine modeling. More effective treatments for heart failure should move focus from solely examining
neurohormonal/unloading modulation to including corrections for metabolically affected hearts (Brown et
al, 2017). The findings presented here argue for manipulation of energy metabolism and mitochondrial
function as potential intervention targets to revert progression to heart failure in ACHD.
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Figure Legends

Figure 1. Metabolic stress (HF) diet associated with ACHD leads to cardiac morphological changes
and decreased function. (A) Experimental groups and design. (B) Body weight measurements at 30
weeks show that ACHD mice have increased fat mass when compared to controls. (C) Whole-mount and
trichrome stained sections at 30 weeks showing increased dilation in ACHD hearts on HF diet when
compared to control mice. (D) Functional impairment detected as decreased left ventricle ejection fraction
(LV-EF) in 30-week-old ACHD mice when compared to controls. No significant changes were seen at 15
weeks of age. (E-F) Transverse section and quantification of myocyte cross-sectional area of WGA
stained samples showed hypertrophy in ACHD hearts that is exacerbated by HF diet. (G-H) ACHD mice
display decreased running capacity and energy expenditure, consistent with onset of heart failure (N=6;
Mean + SEM, **p<0.01, Student’s t-test). LF: low-fat.

Figure 2. Metabolic disturbances in ACHD hearts. (A) Serum glucose and lipid analyses demonstrate
small increases in cholesterol and free fatty acids and a significant increase in triglycerides in ACHD
mice at 30 weeks. No significant changes were seen at 6 weeks of age. Blood glucose levels show a small
non-significant decrease in ACHD mice. (B) ACHD mice display improved glucose handling when
compared to controls at 30 weeks of age during glucose tolerance test, while no changes were observed at
7 weeks. (Mean = SEM, *p<0.05, **p<0.01; Student’s t-test). GLU-glucose; CHOL-cholesterol; TAG-
triglycerides; NEFA-nonsterified free fatty acid.

Figure 3. NKX2-5 regulates energy handling in adult hearts. (A) Data mining of ChIP-seq against
NKX2-5 in adult hearts (GEO GSE5151) shows high prevalence of genes involved in metabolism (red) in
both Go Biological Process and MSigDB pathways. (B). Ingenuity Pathway Analysis (IPA) shows
increased prevalence of predicted upstream regulators for metabolism (red) and heart development (blue)
processes using RNAseq data of ACHD obese hearts. (C) qPCR analysis confirms metabolic changes
associated with energy flexibility in ACHD/obesity model at 15 weeks under normal chow or HF diet.
Data presented as fold expression compared to control samples normalized by Hprt levels. (N=3; Mean +
SEM, *p<0.05, **p<0.01; ***p<0.001, ****p<0.0001, Student’s t-test).

Figure 4. ACHD hearts display early mitochondrial and energy handling defects. (A) Mitochondria
of 10-week ACHD hearts show normal morphology but (B-C) decreased density (N=3). (D) TOMM20
protein levels are also decreased in western blot (N=3). (E) No changes in LEAK respiration, decreased
oxygen flux under OXPHOS conditions in the presence of ADP, FAO, CI&Il, and CI&II&FAO
substrates and tendency of decreased maximal respiration of the electron transport system (ETS) are seen
in ACHD hearts using the OROBOROS 02k Respirometer oxygen flux. OXPHOS capacity shows a
small tendency to decrease in FAO contribution in ACHD hearts, suggesting a FAO driven dysfunction.
CI = complex I; CII = complex II; FAO = fatty acid oxidation; M = malate, G = glutamate; P = pyruvate;
ROX = residual oxygen flux; (N=6/group). (F) Metabolomics analysis shows over-representation of
glycolysis (red dots), ketone (green dot), glycogen (maroon dot), TCA cycle (orang dot) and AMP (black
dot) metabolites in ACHD hearts at 8 weeks (N=6). (G) Up-regulated metabolites and processes
highlighted in green. (H) Western blot analysis and quantification of enzymes associated with glucose
(PDH), FOA (CPT-1), ketone (BDH1) and energy sensing (AMPK) (N=3). (Mean + SEM,
**Fx%p<0.0001, Student’s t-test).

Figure 5. Early metformin treatment prevents cardiac dysfunction in ACHD. (A) Experimental
groups and design. (B) Metformin leads to improved glucose handling when compared to controls at 30
weeks of age on both control and ACHD mice. (C) Body weight measurements show that metformin
leads to a significant decrease in weight on control mice at 15 and 30 weeks of age while ACHD mice
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only display decreased body weight at 30 weeks of age. (D) Cardiac functional in control and ACHD
mice treated with metformin shows prevention of cardiac dysfunction in ACHD at 30 weeks under HF
diet as seen by the significant increase in left ventricle ejection fraction (LV-EF). No significant changes
were seen at 15 weeks of age. (N=6; Mean £ SEM, *p<0.05, **p<0.01; ***p<0.001, Student’s t-test).
Met: metformin; LV-EF: left ventricular ejection fraction; LV-EDV: left ventricular end diastolic volume;
LV-ESV: left ventricular end systolic volume.
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Supplementary Figure 1. Decreased body weight and lean mass in ACHD mice.
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Supplementary Figure 2. Analysis of ACHD aged mice. (A) Whole mount hearts at 15 weeks of age where no
significant change in cardiac function is detected. (B) Analysis of heart function by MRI on 30-week old mice show
significant right ventricle (RV) and left ventricle (LV) dysfunction that is associated with dilation (increased
end-diastolic and systolic volumes in ACHD HF mice. EDV-end diastolic volume; ESV-end diastolic volume;
SV-stroke volume. (Mean + SEM, *p<0.05, **p<0.01, Student’s t-test).
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Supplementary Figure 3. Additional physiological parameters in ACHD mice at 30 weeks. Mice on HF diet
show (A) no changes in time spent at running wheel under voluntary exercise between control and ACHD mice
and (B) no significant difference in food intake or activity.
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Supplementary Figure 4. Predicted changes in hypertrophic signalling seen in adult ACHD hearts using
Ingenuity Pathway Analysis. Green: down-regulated genes; red: up-regulated genes. Nkx2-5 is shown in blue.
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Supplementary Figure 5. Metabolic changes in ACHD mice at 8 weeks. (A-C) No significant changes were seen in energy expenditure, RER or

voluntary running capacity between control and ACHD mice.
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Supplementary Figure 6. ECG analysis. No changes in electrical profiling were detected between control and
ACHD mice at 8 weeks of age.
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Supplementary Table 1. ChIPseq analysis of adult heart show high prevalence of genes associated
with metabolic processes.

carbohydrate metabolism

Gene

Adcyaplrl | (+13513)

Adralb (-487197), (-407058), (-331939), (-319993), (+9370), (+15393), (+62390)
Aktl (+3103), (+6486), (+20867)

Akt2 (+1633), (+14165), (+16196), (+17944)

Bad (-3930), (-3757), (+13818)

Ddit4 (-39939), (-30233), (-18412), (-18177), (-13508), (-57), (+50631)
Dyrk2 (-196736), (-955)

Egf (+134340), (+164607)

Foxa2 (-142133)

Foxol (-88421), (+222737), (+549273)

Gegr (+7921), (+11428)

Gpr30 (+17457)

Grbl0 (-284246), (+40102), (+71443)

(-300028), (-289642), (-210678), (-195583), (-194975), (-47462), (+17612), (+17844), (+47682), (+112741), (+117682),
Hdac4 (+160805)

Hifla (-128132), (-126135), (+31851)

ler3 (-8167)

Igfl (+197111)

Igfbp4 (+6080)

Inpp5Sk (-10316), (-93)

Insr (+23229), (+91917)

Irsl (+312), (+47954)

Irs2 (-175286), (-165046), (-163247)

Kat2b (+1462)

Lemtl (+47358)

Masl (+75419)

Mgea$ (+39)

Mlycd (+4632), (+18010)

Nkx1-1 (-4407)

Nir3cl (-107633), (-105856), (-4419), (-2720), (+84801), (+133093), (+271805), (+421283), (+423020), (+441114), (+444226),
(+444568), (+482101)

Pdgfb (-60077), (+8478), (+9653)

Pdkl (+26877)

Pdk2 (-26313), (-183), (+713)

Pdk4 (-13592), (+10)

Pfkfb?2 (+15613)

Ppara (-124690), (-100776), (-68144), (-18306), (-17461), (-10536), (+200), (+53714), (+67539)

Ppplch (-44215), (-41952), (-82)

Ppplr3b (+33618), (+41665)
Ppplr3g (+29966)

Prkaal (+15211)

Prkaa2 (+8353), (+14373)

Prkce (+17995), (+69283), (+86669), (+167443), (+277209), (+288861)

Ptk2b (+5983)

Rampl (-4574), (+30192), (+37257)

Ranbp?2 (-50027)

Sikl (-37276), (-892), (-558), (+64919), (+88787), (+108771), (+152444)

Slc35b4 (-136986)

Sorbs1 (+14394), (+78461), (+81501), (+135901), (+136720), (+143328), (+143671), (+145061), (+210651)
Stat3 (-339), (+26654)

Tefbl (+16960)
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Fatty acid, triacylglycerol and ketone body metabolism
Gene

Abcal (-104113), (-36225)

Acaca (+6162)

Acach (+29240), (+33227)

Acatl (+40)

Acoxl (-13)

Acsll (-57861), (-56065), (+19925), (+68858)

Acslé (+7996)

Agpatl (-1585)

Agpat2 (-5348), (-5046), (-2896)

Agpat3 (-25535), (+189)

Agpat5 (+6516), (+71322)

Agpat9 (-8085), (+256), (+14657)

Agt (+1899)

Angptl4 (-2007), (+2149)

Ankrdl (-138384), (-49450), (-48538), (-47615), (-457), (-193)
Apoal (-213184)

Apoa2 (-2481)

Arntl (-465457), (-446471), (-443728), (+43798)

Bdhl (+71929), (+230080)

Cence (-15366)

Cd36 (-31220)

Cdkl19 (-21139)

Cdk8 (+29763), (+29956)

Cptla (+30601)

Cptlb (-56), (+10428)

Cpt2 (-38728)

Crebbp (-156898)

Ctgf (-1685)

Dgat2 (-35101), (-32974), (+31190)

Ecil (-139), (+2784)

Elovl4 (+78637)

Elovl5 (+68920)

Elovi6 (+58329), (+88596)

Esrra (-347)

Fhi2 (-271213), (-270074), (-94179), (-86556), (-83808), (-75997), (-33211), (+50840)
Gpam (-15158)

Gpdl (-12499)

Gpdll (+80486)

Gpd?2 (+618662)

Grhll (+70289)

Lclat] (-85225), (+114249), (+118209), (+284018)

Lpinl (-49463), (-29385), (+37189), (+38365), (+74425), (+739617)
Lpin2 (-165743), (-83875), (+52323), (+63965), (+72307), (+81462)
Lpin3 (+3457), (+6796)

Medll (+324)

Medl3l (+49966), (+84868), (+113798), (+120343), (+251927), (+252350)
Med21 (+43714)

Med24 (+7897)

Med25 (+14409)

Med26 (+48489), (+48670)

Med27 (+80164), (+116404), (+211924)

Med29 (-77)

Med30 (+627075)

Med31 (-89), (+508)

Med4 (+15223)

Med9 (-49833)
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Ncoal (+91756)

Ncoa3 (-78095), (+29820), (+88098)

Ncor2 (-88007), (-42813), (-24699), (-23998), (+2174), (+3710), (+3965), (+23944), (+30305), (+97578), (+122132), (+126532)
Nfva (-443)

Nfyb (+109)

Npas2 (+1023), (+90673), (+93818)

Nrildl (-13705), (-8182), (-87), (+1232), (+1472), (+2332), (+6613), (+24746)

Nrfl (-91042), (+182310)

Oxctl (+204)

Pcca (+368767)

Plin2 (+12692)

Ppara (-124690), (-100776), (-68144), (-18306), (-17461), (-10536), (+200), (+53714), (+67539)

Ppargcla (-345906), (-37828), (+101671), (+428612)
Ppargclb (-105200), (-48302), (-47461), (-47025), (-16271), (+36094), (+54006), (+55482), (+67613), (+68507)
Prkaa2 (+8353), (+14373)

Prkab2 (-6362), (+136064), (+139349), (+152363)

Rora (-296387), (+166939), (+261279), (+619220), (+636095)

Rxra (-111271), (-103967), (+15608), (+27227), (+52053)

Sle27al (-1205), (-184)

Srebf1 (-2282), (+34711)

Srebf2 (+23323), (+41414)

Thllx (+41280)

Thllxrl (-727070), (-669368), (-579421), (-424603), (-140543), (-112437), (-253)
Teadl (-126778), (-117623), (-22939), (-18772), (+62688), (+81674), (+84417)
Tead3 (-5467)

Tecr (+18314), (+20708)

Tnfrsf21 (-15)
Wwitrl (+45392)
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Supplementary Table 2. Echocardiographic analysis of ACHD hearts at 8 weeks.

EF FS LV Mass LV Vol;d LV Vol;s IVS;d IVS;s LVID;d LVID;s LVPW;d LVPW;s N
(%) (%) mg pl pl mm mm mm mm mm mm
control 48.69+9.78 24.40+6.20 92.6+£20.14 61.43+11.82 31.73+8.38 0.77+£0.12 0.92+0.09 3.76+0.32 2.85+0.36 0.72+0.09 0.90+0.11 24
ACHD 46.27+8.67 22.95+£5.24 100.0+22.7 68.06+£12.16 | 36.91£10.12 0.71£0.09* 0.88+0.14 3.96+0.28* 3.07£0.31* 0.73+£0.16 0.90+0.19 24
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Supplementary Table 3. Changes in metabolites seen in ACHD hearts at 8 weeks.

Up/Down
FC log2(FC) Raw p val "-log10(p)" in ACHD
17453 5.5619 2.4756 1.69E-05 4.771 Up
citric acid 4.4099 2.1407 0.11357 0.94475 Up
maltose 4.3214 2.1115 7.17E-06 5.1447 Up
adenosine-5-monophosphate 3.8044 1.9277 0.011298 1.947 Up
fructose-6-phosphate 3.5836 1.8414 0.0036009 2.4436 Up
31222 3.2892 1.7178 0.0049534 2.3051 Up
hexose-6-phosphate 3.2842 1.7155 0.014296 1.8448 Up
glucose-6-phosphate 3.159 1.6595 0.015271 1.8161 Up
fructose 3.113 1.6383 0.0070997 2.1488 Up
galactose-6-phosphate 3.0884 1.6269 0.0013359 2.8742 Up
adenosine 3.0763 1.6212 0.18757 0.72685 Up
26062 2.9381 1.5549 0.23761 0.62413 Up
131101 2.5576 1.3548 0.0021769 2.6622 Up
mannose 2.2632 1.1784 0.011076 1.9556 Up
glutamine 2.1728 1.1196 0.97451 0.011213 Up
glucose-1-phosphate 2.1701 1.1177 0.0039563 2.4027 Up
3-hydroxybutyric acid 2.1699 1.1176 0.041495 1.382 Up
41985 2.0152 1.0109 0.17168 0.76528 Up
110284 1.7192 0.78174 0.044031 1.3562 Up
galactose 1.7189 0.78151 0.0007737 3.1114 Up
glucose 1.7155 0.77864 0.0002851 3.5449 Up
inosine 5'-monophosphate 1.7 0.76554 0.042367 1.373 Up
106936 1.6787 0.74731 0.022142 1.6548 Up
130712 1.6621 0.73301 0.048787 1.3117 Up
6405 1.6442 0.71742 0.014289 1.845 Up
ribulose-5-phosphate 1.6424 0.71578 0.13122 0.882 Up
18485 1.5847 0.66422 0.03644 1.4384 Up
1725 1.5808 0.66062 0.0038432 24153 Up
223222 1.5501 0.63239 0.73113 0.136 Up
6104 1.5051 0.5899 0.14838 0.82861 Up
lactic acid 1.441 0.52706 0.0001237 3.9076 Up
creatinine 1.4215 0.50738 0.07679 1.1147 Up
squalene 14 0.48541 0.12953 0.88765 Up
228851 1.3804 0.46514 0.021809 1.6614 Up
253506 1.3779 0.4625 0.013226 1.8786 Up
4797 1.3682 0.4523 0.18843 0.72486 Up
beta-gentiobiose 1.368 0.45212 0.031733 1.4985 Up
103886 1.3448 0.42744 0.51357 0.2894 Up
dehydroascorbic acid 1.3434 0.42591 0.40294 0.39476 Up
321061 1.3382 0.42032 0.17139 0.76602 Up
161878 1.324 0.40492 0.10328 0.98596 Up
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100666 1.3188 0.39926 0.17854 0.74825 Up
lactamide 1.3187 0.39914 0.0051946 2.2844 Up
3381 1.3139 0.39385 0.0015275 2.816 Up
31563 1.3032 0.38201 0.36327 0.43977 Up
sorbitol 1.2964 0.37451 0.82512 0.08348 Up
urea 1.2934 0.37117 0.025167 1.5992 Up
251689 1.2903 0.36772 0.16906 0.77197 Up
42481 1.2871 0.36414 0.3002 0.52259 Up
161843 1.2712 0.34615 0.0030746 2.5122 Up
5990 1.2507 0.32278 0.23945 0.62078 Up
5483 1.2445 0.31555 0.089331 1.049 Up
ribose-5-phosphate 1.2389 0.30904 0.6591 0.18105 Up
169627 1.2377 0.30762 0.11255 0.94865 Up
1-monoolein 1.232 0.30102 0.30457 0.51631 Up
121442 1.2314 0.30025 0.60892 0.21544 Up
42003 1.2311 0.29996 0.57898 0.23734 Up
215654 1.2136 0.27928 0.071797 1.1439 Up
54 1.2067 0.2711 0.17812 0.7493 Up
236822 1.2014 0.26469 0.30129 0.52101 Up
106498 1.1999 0.26288 0.25914 0.58646 Up
215929 1.198 0.26063 0.065289 1.1852 Up
cholesterol 1.1969 0.25928 0.1044 0.98131 Up
1912 1.1948 0.25677 0.65306 0.18505 Up
34017 1.1902 0.25118 0.35917 0.4447 Up
17068 1.19 0.25097 0.24034 0.61917 Up
myo-inositol 1.1887 0.24938 0.1102 0.95782 Up
239300 1.1882 0.24877 0.21046 0.67684 Up
UDP GlcNAc 1.1782 0.23655 0.24166 0.61679 Up
8240 1.1727 0.22982 0.18798 0.72589 Up
malic acid 1.1694 0.22578 0.013124 1.8819 Up
42914 1.1665 0.22214 0.45867 0.3385 Up
hexitol 1.1652 0.22057 0.43451 0.362 Up
42424 1.1652 0.2206 0.69717 0.15666 Up
uridine 1.1639 0.21897 0.51212 0.29063 Up
169614 1.1593 0.21328 0.15838 0.80031 Up
fumaric acid 1.1495 0.20105 0.05495 1.26 Up
1,5-anhydroglucitol 1.1483 0.19956 0.66617 0.17642 Up
2936 1.1431 0.19297 0.10965 0.96 Up
6066 1.1393 0.18815 0.31131 0.5068 Up
239316 1.1367 0.18486 0.12592 0.89989 Up
1,3,5-trimethylcyanuric acid 1.1335 0.18075 0.28751 0.54135 Up
2438 1.1334 0.18064 0.077545 1.1104 Up
N-acetylaspartic acid 1.1313 0.17803 0.44575 0.3509 Up
oxoproline 1.1298 0.17608 0.10302 0.9871 Up
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121890 1.1256 0.17073 0.71821 0.14375 Up
239325 1.1131 0.15455 0.18043 0.7437 Up
pantothenic acid 1.112 0.15317 0.38786 0.41132 Up
tryptophan 1.1112 0.15211 0.59191 0.22774 Up
sulfuric acid 1.11 0.1505 0.48373 0.3154 Up
41808 1.1096 0.15006 0.52534 0.27956 Up
18225 1.1088 0.149 0.15643 0.80567 Up
250509 1.1069 0.14658 0.41625 0.38065 Up
3-aminoisobutyric acid 1.1061 0.14554 0.41276 0.38431 Up
nicotinamide 1.1052 0.14435 0.75917 0.11966 Up
3228 1.1011 0.13901 0.16936 0.77118 Up
39 1.1004 0.13804 0.25395 0.59525 Up
methanolphosphate 1.099 0.13623 0.49933 0.30161 Up
210327 1.0955 0.13161 0.69148 0.16022 Up
253055 1.0929 0.12819 0.35286 0.45239 Up
glutamic acid 1.0928 0.12803 0.51221 0.29055 Up
84682 1.0925 0.12759 0.80574 0.093807 Up
209176 1.0883 0.1221 0.56733 0.24616 Up
318161 1.0863 0.11943 0.4656 0.33199 Up
3204 1.0828 0.11472 0.42613 0.37046 Up
169610 1.0823 0.11412 0.49704 0.30361 Up
alanine 1.0823 0.11408 0.64471 0.19064 Up
226546 1.0782 0.10863 0.8436 0.073864 Up
209178 1.078 0.10832 0.45337 0.34354 Up
204741 1.0779 0.10822 0.41674 0.38013 Up
2,5-dihydroxypyrazine NIST 1.0777 0.10789 0.79524 0.099503 Up
arachidic acid 1.0761 0.10585 0.48757 0.31196 Up
1875 1.0732 0.10195 0.46007 0.33718 Up
threonic acid 1.0724 0.10082 0.57985 0.23669 Up
4746 1.0693 0.09670 0.57567 0.23983 Up
889 1.0687 0.09585 0.41325 0.38379 Up
239302 1.0638 0.08922 0.43013 0.3664 Up
valine 1.0617 0.08642 0.57496 0.24037 Up
98 1.0615 0.08607 0.73516 0.13362 Up
321062 1.0604 0.08455 0.64805 0.18839 Up
130478 1.0558 0.07840 0.46507 0.33249 Up
170105 1.0514 0.07225 0.6177 0.20922 Up
pentadecanoic acid 1.0453 0.06392 0.59472 0.22569 Up
209175 1.0436 0.06150 0.59074 0.22861 Up
1-monostearin 1.0413 0.05837 0.99264 0.0032086 | Up
pinitol 1.0396 0.05596 0.96072 0.017404 Up
237267 1.0384 0.05437 0.79703 0.098524 Up
102662 1.0376 0.05320 0.81925 0.086583 Up
4945 1.0333 0.04725 0.63955 0.19412 Up
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mannitol 1.032 0.04539 0.70177 0.15381 Up
97204 1.031 0.04404 0.8715 0.059735 Up
239368 1.0293 0.04163 0.72894 0.13731 Up
214058 1.0262 0.03737 0.88931 0.050946 Up
316396 1.0237 0.03385 0.88108 0.054983 Up
succinic acid 1.0226 0.03225 0.80544 0.093967 Up
palmitoleic acid 1.0134 0.01922 0.66726 0.17571 Up
84216 1.0112 0.01605 0.7656 0.116 Up
239311 1.009 0.01286 0.98998 0.0043716 | Up
239310 1.0057 0.00823 0.85568 0.067687 Up
62 1.0051 0.00728 0.69417 0.15854 Up
137 1.0048 0.00691 0.98372 0.0071266 | Up
cis-gondoic acid 1.0039 0.00568 0.65104 0.1864 Up
benzoic acid 1.0023 0.00338 0.71391 0.14636 Up
209177 1.0005 0.00071 0.83578 0.077908 Up
101299 1.0002 0.00021 0.93526 0.029067 Up
42437 0.99944 -0.00080813 0.7689 0.11413 Down
111791 0.9988 -0.0017285 0.94901 0.02273 Down
103870 0.99664 -0.0048626 0.90798 0.041922 Down
209685 0.99621 -0.0054751 0.82782 0.082063 Down
247555 0.99554 -0.0064481 0.96896 0.013694 Down
110268 0.99484 -0.0074693 0.8368 0.077377 Down
120526 0.99123 -0.012705 0.81577 0.088432 Down
196901 0.98911 -0.015794 0.91457 0.038782 Down
84383 0.98881 -0.016236 0.90642 0.042672 Down
129225 0.98695 -0.018952 0.87929 0.055866 Down
318795 0.9839 -0.023412 0.97285 0.011956 Down
pelargonic acid 0.98159 -0.026801 0.72683 0.13857 Down
34010 0.98121 -0.027368 0.82357 0.084298 Down
diglycerol 0.98014 -0.02894 0.85875 0.066133 Down
succinate semialdehyde 0.98003 -0.029096 0.85571 0.067674 Down
4976 0.97999 -0.029168 0.73227 0.13533 Down
pyrophosphate 0.9757 -0.035487 0.74394 0.12846 Down
321130 0.97398 -0.038034 0.70994 0.14878 Down
stearic acid 0.97305 -0.039411 0.78043 0.10767 Down
84721 0.96607 -0.049796 0.83553 0.078036 Down
propane-1,3-diol NIST 0.96264 -0.054931 0.74408 0.12838 Down
phenylalanine 0.96005 -0.058817 0.62202 0.2062 Down
lauric acid 0.95983 -0.059156 0.5874 0.23107 Down
239372 0.95977 -0.059241 0.64324 0.19162 Down
121002 0.95927 -0.059998 0.79273 0.10087 Down
5471 0.95425 -0.06756 0.63675 0.19603 Down
17664 0.95387 -0.068132 0.88625 0.052442 Down
213180 0.95241 -0.070348 0.58845 0.23029 Down
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240078 0.95169 -0.071438 0.62321 0.20536 Down
myristic acid 0.95026 -0.073599 0.87851 0.056254 Down
glycine 0.94399 -0.083161 0.27945 0.55369 Down
phosphate 0.94289 -0.084833 0.44051 0.35604 Down
189321 0.94209 -0.086065 0.55049 0.25925 Down
2-monoolein 0.94152 -0.086936 0.9938 0.0027006 | Down
1064 0.94067 -0.088247 0.74015 0.13068 Down
208646 0.93624 -0.095048 0.57709 0.23875 Down
asparagine 0.93495 -0.097045 0.42613 0.37046 Down
126354 0.92986 -0.10492 0.72027 0.1425 Down
hexadecane 0.92984 -0.10495 0.83232 0.079708 Down
6353 0.92322 -0.11525 0.50468 0.29698 Down
33415 0.92181 -0.11745 0.84281 0.074272 Down
41880 0.91998 -0.12032 0.76433 0.11672 Down
210658 0.91892 -0.12199 0.84069 0.075363 Down
sucrose 0.91753 -0.12418 0.97872 0.0093419 | Down
palmitic acid 0.91318 -0.13104 0.14054 0.85219 Down
172624 0.91092 -0.1346 0.43803 0.3585 Down
132143 0.90845 -0.13852 0.66542 0.1769 Down
253052 0.90202 -0.14877 0.51781 0.28583 Down
31408 0.90195 -0.14889 0.80655 0.093369 Down
46177 0.89103 -0.16645 0.60881 0.21552 Down
126397 0.89006 -0.16803 0.5968 0.22417 Down
isoleucine 0.88759 -0.17204 0.56317 0.24936 Down
135260 0.88703 -0.17295 0.34171 0.46634 Down
2-hydroxyglutaric acid 0.88625 -0.17421 0.36617 0.43631 Down
adenine 0.88569 -0.17512 0.81666 0.087957 Down
1700 0.88469 -0.17676 0.45624 0.3408 Down
322371 0.88037 -0.18381 0.27045 0.56792 Down
linoleic acid 0.87968 -0.18495 0.73927 0.1312 Down
171564 0.87453 -0.19343 0.35838 0.44565 Down
169611 0.86906 -0.20247 0.57911 0.23724 Down
beta-alanine 0.8688 -0.2029 0.075261 1.1234 Down
237287 0.86635 -0.20697 0.063613 1.1965 Down
serine 0.86342 -0.21187 0.11337 0.94552 Down
heptadecanoic acid 0.86038 -0.21696 0.7594 0.11953 Down
97455 0.85808 -0.22082 0.84772 0.07175 Down
threonine 0.85261 -0.23005 0.059958 1.2222 Down
4-hydroxybutyric acid 0.85199 -0.23108 0.055577 1.2551 Down
102604 0.84513 -0.24276 0.27609 0.55894 Down
171285 0.84286 -0.24664 0.30916 0.50981 Down
462 0.84285 -0.24665 0.22635 0.64523 Down
lysine 0.83478 -0.26053 0.28547 0.54444 Down
121404 0.82308 -0.2809 0.95529 0.019864 Down
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lyxitol 0.8191 -0.28789 0.16272 0.78856 Down
tyrosine 0.81882 -0.28838 0.057232 1.2424 Down
aminomalonate 0.81797 -0.28989 0.094285 1.0256 Down
490 0.81685 -0.29186 0.85086 0.070141 Down
22863 0.81519 -0.29479 0.98431 0.0068693 | Down
307 0.79567 -0.32975 0.072832 1.1377 Down
209167 0.79177 -0.33684 0.050481 1.2969 Down
arachidonic acid 0.78047 -0.35758 0.61666 0.20996 Down
135777 0.77878 -0.3607 0.97498 0.011005 Down
126423 0.77562 -0.36657 0.18273 0.73819 Down
methionine 0.77463 -0.36843 0.091894 1.0367 Down
110286 0.77135 -0.37454 0.04909 1.309 Down
xylulose NIST 0.76902 -0.3789 0.24176 0.61662 Down
124870 0.76503 -0.38641 0.21077 0.67619 Down
taurine 0.75981 -0.39628 0.049643 1.3041 Down
1789 0.75974 -0.39643 0.68032 0.16729 Down
leucine 0.7591 -0.39765 0.15184 0.81861 Down
892 0.75233 -0.41057 0.69552 0.15769 Down
21683 0.75084 -0.41341 0.049731 1.3034 Down
2476 0.74585 -0.42304 0.63168 0.1995 Down
210926 0.73879 -0.43676 0.47959 0.31913 Down
657 0.73156 -0.45095 0.31617 0.50008 Down
3329 0.72861 -0.45679 0.12332 0.90896 Down
31223 0.72268 -0.46858 0.20668 0.6847 Down
236816 0.72023 -0.47347 0.11639 0.93408 Down
87877 0.71212 -0.4898 0.22665 0.64464 Down
oleic acid 0.7117 -0.49066 0.42127 0.37544 Down
103102 0.71116 -0.49175 0.087055 1.0602 Down
102601 0.69615 -0.52252 0.060714 1.2167 Down
aspartic acid 0.69436 -0.52624 0.056423 1.2485 Down
171242 0.68231 -0.55149 0.0019007 2.7211 Down
161875 0.67573 -0.56548 0.074408 1.1284 Down
1704 0.67412 -0.56893 0.70446 0.15214 Down
22423 0.6651 -0.58837 0.071444 1.146 Down
ribose 0.66424 -0.59022 0.033222 1.4786 Down
docosahexaenoic acid 0.66365 -0.5915 0.48053 0.31828 Down
glycerol 0.65828 -0.60323 0.0030048 2.5222 Down
23635 0.64721 -0.6277 0.21763 0.66229 Down
126362 0.6364 -0.65198 0.074955 1.1252 Down
42928 0.6332 -0.65928 0.063408 1.1979 Down
oxalic acid 0.62116 -0.68696 0.082462 1.0837 Down
134 0.61519 -0.7009 0.70071 0.15446 Down
inosine 0.61267 -0.70682 0.00054444 3.264 Down
glycerol-alpha-phosphate 0.61186 -0.70872 0.013796 1.8602 Down
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18169 0.59762 -0.74269 0.00064908 3.1877 Down
uracil 0.58212 -0.78062 0.00034434 3.463 Down
210313 0.56641 -0.82009 0.060519 1.2181 Down
ethanol phosphate NIST 0.56557 -0.82223 0.20717 0.68368 Down
xylitol 0.53922 -0.89104 0.012322 1.9093 Down
106629 0.51945 -0.94496 0.60515 0.21813 Down
phosphoethanolamine 0.51909 -0.94594 0.05224 1.282 Down
epsilon-caprolactam 0.5148 -0.95792 0.064252 1.1921 Down
hypoxanthine 0.50015 -0.99958 0.00019861 3.702 Down
xanthine 0.49905 -1.0027 2.16E-05 4.6659 Down
hydroxylamine 0.18704 -2.4186 0.72112 0.14199 Down
hydroxycarbamate NIST 0.13242 -2.9168 0.32728 0.48508 Down
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Supplementary Table 4. Antibodies and Primers used

Antibodies Company dilution Cat # use
TOMM?20 Abcam 1:500 ab78547 immunofluorescence
TOMM?20 (D78 Cell Signaling 1:1000 424065S Western blot
. . Western blot
pAMPK (T172) Cell Signaling 1:1000 253358
. . Western blot
AMPK (F6) Cell Signaling 1:1000 279358
. . . Western blot
B-actin (8H10D10) Cell Signaling 1:2000 37008
. . Western blot
PDH (C54G1) Cell Signaling 1:1000 32058
. Western blot
BDH Invitrogen 1:1000 MAS-15594
. Western blot
CPT-1A Millipore 1:1000 ABS65
Anti-rabbit Azure Western blot
Spectra-700 Azure Biosystems 1:5000 AC2128
Anti-mouse Azure Western blot
Spectra-800 Azure Biosystems 1:5000 AC2135
Size
Primers Sequence product Entrez seq Gene name
Acaca For CATGCGATCTATCCGTCGGT 144 | NM 133360.2 acetyl-Coenzyme A carboxylase alpha
Acaca Rev CCTCCAGGCACTGGAACATAG
Acsm5 For TCCGAGACTCCCAGATTGGT 78 | NM 178758.3 acyl-CoA synthetase medium chain family member 5
AcsmS5 Rev TGGGAGACTCCTGGGATCAT
Bdhl For GAGCTACGGGTTCAGACGAG 109 | NM_001122683.1 3-hydroxybutyrate dehydrogenase, type 1
Bdhl Rev GGCACCAAGTTGTAAGACGC
CD36 For ACTGGTGGATGGTTTCCTAGC 72 | NM_001159555.1 CD36 molecule, transcript variant 3
CD36 Rev AGACTCTGAAAGGATCAGCAC
Dio2 For ATGCTGACCTCAGAAGGGCT 105 | NM 010050.3 deiodinase, iodothyronine, type 11
Dio2 Rev GTGCACCACACTGGAATTGG
Fabp3 For CATGTGCAGAAGTGGAACGG 93 | NM 010174.1 fatty acid binding protein 3, muscle and heart
Fabp3 Rev CACCACACTGCCATGAGTGA
Fasn For AAGCAGGCACACACAATGGA 108 | NM 007988.3 fatty acid synthase
Fasn Rev AGTGTTCGTTCCTCGGAGTG
Hmgcs2 For CCGGTGTCCCGTCTAATGG 83 | NM 008256.4 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2
Hmgcs2 Rev GCAGATGCTGTTTGGGTAGC
Hprt For GCGAGGGAGAGCGTTGGGCT 146 | NM_013556.2 hypoxanthine guanine phosphoribosyl transferase
CATCATCGCTAATCACGACGCTGG
Hprt Rev G
1d1 For GAGTCTGAAGTCGGGACCAC 106 | NM 010495.3 inhibitor of DNA binding 1, transcript variant 2
1d1 Rev GAACACATGCCGCCTCGG
Idh1 For ATCATCATTGGCCGACATGC 70 | NM 001111320.1 isocitrate dehydrogenase 1 (NADP+), soluble
Idhl Rev TCTCTACTTTTCCAGGCCCAG
Mel For CGGGACCCGCATCTCAACAA 87 | NM _008615.2 malic enzyme 1, NADP(+)-dependent, cytosolic
Mel Rev GATGCAGGGCGGCAACAAT
Parp3 For GGTCGTGTTGGCAAGGGTAT 78 | NM 001311150.1 poly (ADP-ribose) polymerase family, member 3
Parp3 Rev CCCACAGTGCATGGTGGTAA
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Pde3b For GGATCGCAGCAGTGGTAAGA 73 | NM_011055.2 phosphodiesterase 3B, cGMP-inhibited

Pde3b Rev AGGCCCATTTAGGTGGCATC

Tg For AGAAGGGATGTGCTGGTGTG 110 | NM_009375.2 thyroglobulin

Tg Rev GCCTTTCCAAGGCACATGAC

Thrb For CTTTTCCTCAAGTGCAGTCGC 112 | NM 009380.3 thyroid hormone receptor beta, variant 2

Thrb Rev TGGTACCCTGTGGCTTTGTC

Ucp3 For ATGCCTACAGAACCATCGCC 71 | NM _009464.3 uncoupling protein 3 (mitochondrial, proton carrier)
Ucp3 Rev TGTGATGTTGGGCCAAGTCC
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