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and Cardiac Health in Offspring Exposed
to Maternal Glucolipotoxicity

Eli J. Louwagie,1,2,* Tricia D. Larsen,2 Angela L. Wachal,2 Tyler C.T. Gandy,2 Julie A. Eclov,2 Todd C. Rideout,3

Katherine A. Kern,3 Jacob T. Cain,2 Ruthellen H. Anderson,1,2 Kennedy S. Mdaki,2 and Michelle L. Baack1,2,4,5,*

SUMMARY

Infants of diabetic mothers are at risk of cardiomyopathy at birth and myocardial
infarction in adulthood, but prevention is hindered because mechanisms remain
unknown. We previously showed that maternal glucolipotoxicity increases the
riskof cardiomyopathyandmortality in newborn rats through fuel-mediatedmito-
chondrial dysfunction. Here we demonstrate ongoing cardiometabolic conse-
quences by cross-fostering and following echocardiography, cardiomyocyte bio-
energetics, mitochondria-mediated turnover, and cell death following metabolic
stress in aged adults. Like humans, cardiac function improves by weaning with
no apparent differences in early adulthood but declines again in aged diabetes-
exposed offspring. This is precededby impaired oxidative phosphorylation, exag-
gerated age-related increase in mitochondrial number, and higher oxygen con-
sumption. Prenatally exposed male cardiomyocytes have more mitolysosomes
indicating high baseline turnover; when exposed to metabolic stress, mitophagy
cannot increase and cardiomyocytes have faster mitochondrial membrane
potential loss and mitochondria-mediated cell death. Details highlight age- and
sex-specific roles of mitochondria in developmentally programmed adult heart
disease.

INTRODUCTION

Babies born tomothers with diabetes or obesity are at greater risk of cardiovascular disease (CVD) (Agarwal

et al., 2018; Dong et al., 2013) including cardiomyopathy at birth (Ren et al., 2011; Zablah et al., 2017) and

premature death from acute myocardial infarction (AMI) in adulthood (Clausen et al., 2009; Reynolds et al.,

2013; Stuart et al., 2013; Yu et al., 2019). This is particularly alarming because over 10% of pregnancies are

complicated by gestational diabetes (Sacks et al., 2012) and over 25% by maternal obesity (Gregor et al.,

2016), adding to a growing burden of CVD estimated to affect 40% of the US population and cost $818

billion by 2030 (Heidenreich et al., 2011). Developmental consequences are purportedly caused by in utero

exposure to maternal hyperglycemia and hyperlipidemia (together termed glucolipotoxicity), which incite

fetal hyperinsulinemia to program long-term cardiometabolic risks (Barbour, 2019; Cerf, 2018; Freinkel,

1980; Friedman, 2015; Silveira et al., 2007). We previously showed that newborn rats born to diabetic

mothers have larger hearts, diastolic and systolic dysfunction, impaired cellular bioenergetics and mito-

chondrial dysfunction at birth, and maternal high-fat (HF) diet-exacerbated cardiac pathology and peri-

natal mortality (Baack et al., 2016; Larsen et al., 2019; Louwagie et al., 2018; Mdaki et al., 2016a). Here

long-term studies assess risks over a lifetime to highlight age- and sex-specific alterations in cellular bio-

energetics, mitophagy, and cell death and resolve underlying mitochondria-mediated mechanisms of

adult heart disease, specifically as it relates to cardiac damage following AMI.

Mitochondria play pivotal roles in cardiac development and disease (Gustafsson and Dorn, 2019; Ong

et al., 2017). During and after development they directly influence metabolism and cell fate (Mitra, 2013;

Perestrelo et al., 2018; Seo et al., 2018). As the primary producers of ATP, mitochondria play an especially

important role in the heart, which uses 5–10 times its weight in ATP each day to support contractile function

(Lopaschuk and Dhalla, 2014; Murphy et al., 2016). Even the slightest decrease in efficiency can have a pro-

found impact on cardiac function (Ashrafian et al., 2007) causing hypertrophy and systolic and diastolic
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dysfunction (Bugger and Abel, 2014). Mitochondria serve as regulatory hubs to balance fuel supply and en-

ergy demand through oxygen-, fuel-, and insulin-mediated pathways that orchestrate tissue-specific meta-

bolic homeostasis through self-replication and respiratory complex assembly (Kodde et al., 2007). Meta-

bolic adaptability is essential to maintain cardiac ATP production during metabolic shifts during rest,

exercise, fed, fasting, aerobic, and anaerobic states.

Over the course of development, cardiac metabolism shifts from glycolysis to oxidative phosphoryla-

tion (OXPHOS) (Lopaschuk and Jaswal, 2010; Mdaki et al., 2016b). With a relatively low workload and

oxygen supply but a continuous source of fuel, the fetal heart relies on glycolytic metabolism. At

birth, cardiac metabolism must transition to OXPHOS of stored fuels. This switch is supported by

mitochondrial biogenesis, formation of a densely packed mitochondrial reticulum, and tighter respira-

tory coupling (Dorn et al., 2015; Hollander et al., 2014). Although this developmental shift is neces-

sary, a higher number of dysfunctional mitochondria would consume more oxygen at baseline,

have lower reserve capacity, and increase reactive oxygen species (ROS) production, which could

incite more cardiac damage during metabolic stress. When mitochondria are damaged, mitochondrial

membrane potential (MMP) loss signals degradation via mitophagy (Kubli and Gustafsson, 2012).

Physiologic mitophagy is beneficial for culling dysfunctional mitochondria to optimize cellular respira-

tion (Nah et al., 2017), and overload of dysfunctional mitochondria can cause cell death by several

pathways including mitochondria-mediated intrinsic apoptosis or mitochondrial permeability transition

(MPT)-driven necrosis (Galluzzi et al., 2018) (Figure S6A). The elaborate balance between mitochon-

drial biogenesis and mitophagy maintains mitochondrial quality control and is tightly controlled by

the mediators of mitochondrial dynamism (Pickles et al., 2018). Thus, with aging, mitochondrial

dysfunction contributes not only to poor contractile function from impaired bioenergetics but also

to greater risk of permanent damage following ischemia-reperfusion injury.

This study builds upon previous work to determine whether fuel-mediated mitochondrial dysfunction

found in prenatally exposed offspring at birth disturbs cardiometabolic maturation or mitochondrial

quality control during normal development and aging to increase the risk of CVD in adulthood. To

assure long-term differences were caused by fetal rather than postnatal exposures, pups were

cross-fostered to normal dams in equalized litters for evaluation at predetermined endpoints. Cardiac

morphometry and function was followed using echocardiography at newborn (postnatal day 1 [P1]),

weaning (3 weeks [WK]), young- [10WK], mid- (6 months [MO]), and aged-adult [12MO] time points.

Bioenergetics were measured using extracellular flux analyses of whole and permeabilized primary

cardiomyocytes (CM), and temporal relationships were examined to detect developmental aberra-

tions, which is important because change in bioenergetics may be causal or responsive to changes

in cardiac function. Adapting reported methods to study MMP (Elmore et al., 2001), mitophagy (Be-

rezhnov et al., 2016), and cell death (Krysko et al., 2008) we developed a reproducible assay to quan-

tify baseline physiologic mitophagy and stress-induced mitochondria-mediated CM death as a cellular

‘‘heart attack in a dish.’’ Here, we demonstrate that fetal exposure to maternal glucolipotoxicity alters

normal developmental shifts in cardiac metabolism and increases the risk of heart disease in adult-

hood through mitochondria-mediated mechanisms.

RESULTS

In Utero Exposure to Maternal Glucolipotoxicity Increases Offspring Mortality, Even when

Newborns Are Reared by Normal Mothers

We have used a well-characterized rat model to study individual and compounding consequences of

late-gestation diabetes, maternal HF diet, and the combination of maternal, placental, and newborn

offspring outcomes (Baack et al., 2016; Larsen et al., 2019; Louwagie et al., 2018; Mdaki et al., 2016a;

Upadhyaya et al., 2017). To date, we have evaluated 1,265 offspring from 118 litters (29 controls, 29

diabetes-exposed, 32 diet-exposed, and 28 combination-exposed). The model consistently exposes

developing offspring to a triad of maternal hyperglycemia, hyperlipidemia, and fetal hyperinsulinemia

in the last third of pregnancy. All live-born offspring had cardiac function evaluated by echocardiog-

raphy on P1. Litters were culled to equal size and cross-fostered to normal dams for follow-up at

3WK, 10WK, 6MO, and 12MO (Figure 1A). The complete course of 72 offspring (n = 15–21/group)

from 21 litters (n = 5–6/group) was followed from P1 to 12MO. Maternal and offspring characteristics

are shown in Tables S1 and S2. Consistently, dams on HF diet (n = 60) gain more weight than peers

on control diet (n = 58). Diabetic dams (n = 57) have hyperglycemia in the last third of pregnancy;
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blood glucose levels are maintained at 200–400mg/dL using twice-daily sliding scale insulin. HF diet

in combination with streptozocin-induced diabetes increases insulin needs (22 G 3 total units from

GD15-21 versus 19 G 3 units with diabetes alone), but with sliding scale treatment, diabetic and com-

bination dams have no significant diet-related difference in blood glucose. Ketone, serum triglyceride

(TG), and non-esterified fatty acid (NEFA) levels are higher in diabetic and HF diet-fed dams; TG and

NEFA are approximately 2-fold higher in diabetic dams, 2- to 3-fold higher in HF-fed dams, and 4- to

5-fold higher in combination. Total and high-density lipoprotein (HDL) cholesterol are not different,

but dams on HF diet have higher non-HDL cholesterol. Although litter size does not vary by

group, newborn offspring born to HF-fed dams have a 13% higher perinatal mortality rate regardless

of diabetic status (Figure 1B). Perinatal mortality is attributed to a combination of stillbirths (Louwagie

et al., 2018), pulmonary hypertension (Baack et al., 2016), and cardiomyopathy (Mdaki et al., 2016a).

After P1, surviving diet-exposed offspring trend toward higher natural mortality over time (p =

0.086) with most deaths occurring between P1 and 3WK and combination-exposed offspring at great-

est risk (10%).

Maternal Glucolipotoxicity Increases Cardiac Mass and Impairs Function in Newborn and

Aged Offspring with an Intermediate Normalization Period

Full morphometric and functional measurements are detailed in Table S3, and age-related differences

are summarized in Table S4. As expected, normal rats have significant growth over time with a ~60- and

100-fold increase in body weight for females and males, respectively. Heart size increases correspondingly

with a ~35- and 40-fold increase in heart weight and ~30- and 50-fold increase in left ventricular mass from

Figure 1. Maternal Glucolipotoxicity Increases Offspring Mortality Despite Little Evidence of Metabolic Syndrome

(A) Sprague Dawley rat model to study offspring cardiometabolic health following fetal exposure to late-gestation diabetes and maternal high-fat (HF) diet.

(B) Perinatal and natural long-term mortality of control and exposed offspring.

(C–E) Offspring weight (C), serum triglyceride levels (D), and whole blood glucose levels (E) over time with 12MO offspring delineated by sex. NP1 = 216–250

offspring/group, N3WK = 27–41, N10WK = 21–35, N6MO = 4–9, N12MO = 15–20 (C and E); NP1 = 32–57, N3WK,10WK = 14–24, N6MO = 9–10, N12MO = 15–16 (D).

(F) Neonatal insulin, C-peptide, and 12MO hemoglobin A1C levels. NP1 = 75–137, N12MO = 8.

Although not marked, body weight (A) and TG levels (D) were significantly higher in males than females. Data represent meanG SEM. p% 0.05: +diabetes or

*diet effect by two-way ANOVA, ^group effect by 1-way ANOVA and Dunnett post-hoc test when interaction by two-way ANOVA was significant.

See also Tables S1 and S2 and Figure S1.
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P1 to 12MO. Although smaller at birth, diet-exposed females gain more weight over time (p = 0.014). At P1,

HF diet-exposed offspring have ~13% larger heart:body weight ratios than controls (Figure 2A). The differ-

ence is largely found in combination-exposed males and associated with higher mortality (Figure S1). Like

in human infants born to diabetic mothers, cardiac mass normalizes after birth (El-Ganzoury et al., 2012;

Garg et al., 2014; Hoodbhoy et al., 2019) with no apparent differences from 3WK to 6MO. In normal females,

heart weight increases steadily up to 12MO, but diabetes-exposed females lose 20% of heart mass from 6

to 12MO (p = 0.019). In contrast, normal male heart mass increases until 6MO and then declines; diabetes-

and diet-exposed male hearts continue to increase in mass from 6 to 12MO. This results in diet-exposed

males having significantly larger heart:body weight ratios at 12MO. Left ventricular mass and cardiac func-

tion by echocardiography follow a similar pattern (Figures 2B–2D). As expected, both diastolic and systolic

functions increase with growth. Control females andmales have ~14% and 7% increases in ejection fraction,

~16% and 10% increases in shortening fraction, and 3- and 2-fold increases in E:A ratio (mitral valve flow

velocity from early to late diastole) from P1 to 12MO, respectively, with the biggest changes from P1 to

3WK (Figure 2). Cardiac output increases 12- and 14-fold for females and males over a lifetime.

Both systolic and diastolic functions are poorer in diabetes- and diet-exposed P1 offspring (Figures

2C and 2D). Systolic function is more negatively affected by maternal HF diet in females and by

maternal diabetes in males (Table S3). Diastolic function is poorer in diet-exposed newborns, espe-

cially females. Combination-exposed P1 offspring (of both sexes) have the poorest function, suggest-

ing that dietary fat is a modifiable risk factor. Cardiac function improves after birth with no apparent

differences until late adulthood. At 12MO, diabetes-exposed, but not diet-exposed females have

poorer systolic function (Figure 2C) and males have poorer diastolic function (Figure 2D). Despite

measurable differences in cardiac function, frank heart failure leading to differences in serum brain

natriuretic peptide levels is not found (Table S2). As in previous studies (Baack et al., 2016), diet-

exposed P1 offspring of both sexes have pulmonary hypertension (Table S3); this is not found in sur-

viving offspring at later time points but may be confounded by early mortality. Overall, diabetes- and

diet-exposed offspring have larger hearts and cardiac dysfunction at birth, intermediate improvement,

and reemerging dysfunction in late adulthood. As shown below, the P1 and intermediate normaliza-

tion correspond with initial improvement in bioenergetics (Figures 3 and 4); however, a second

decline in bioenergetics at 6MO precedes cardiac dysfunction at 12MO.

Figure 2. Exposed Offspring Are Born with Cardiomyopathy That Improves After Birth but Reemerges at 12MO

(A) Heart:body weight ratios over time with 12MO offspring separated by sex. NP1 = 216–250 offspring/group; N3WK = 27–41; N10WK = 21–35; N6MO = 4–9;

N12MO = 15–20.

(B–D) LV mass (B), systolic function per ejection fraction (C), and diastolic function per E:A ratio (D) over time with 12MO offspring separated by sex. NP1 =

119–144 offspring/group; N3WK = 18–30; N10WK = 10–19; N6MO = 17–28; N12MO = 15–18.

Although not marked, heart:body weight and ejection fraction are both significantly higher in normal females thanmales, whereas LVmass is higher in males.

Data represent mean G SEM. p % 0.05: +diabetes or *diet effect by two-way ANOVA, ^group effect by one-way ANOVA and Dunnett post-hoc test when

interaction by two-way ANOVA.

See also Figure S1 and Table S3.
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Metabolic Syndrome Does Not Explain Cardiac Disease in Aged Offspring Exposed to

Maternal Glucolipotoxicity during Fetal Development

Offspring’s metabolic phenotype is detailed in Figure 1 and Table S2. At birth, combination-exposed P1

offspring have higher whole-blood glucose levels (Figure 1E). Circulating TG and total and HDL cholesterol

are not different between groups, whereas diet- but not diabetes-exposed P1 offspring have higher

non-HDL cholesterol (Figure 1D; Table S2). Diabetes- and HF diet-exposed offspring have higher serum

insulin and C-peptide levels (Figure 1F; Table S2) at birth with combination-exposed being the most

affected with 2- to 4-fold higher levels. Diet-exposed offspring weigh less at birth, but diet-exposed fe-

males gain weight faster, catching up to peers at 3WK (Figure 1C). Past 3WK, adult males from all groups

weigh more than group-matched females. By sex, weight is similar across groups at 10WK and 6MO, but by

12MO diet-exposed females weigh more than controls. This difference is not seen in males or diabetes-

exposed offspring that develop cardiac dysfunction. Although neither fasting insulin nor euglycemic

clamps were performed, our adult offspring do not appear to develop frank diabetes (blood glucose

>200 mg/dL; Figure 1E), and glycated hemoglobin (HbA1c) levels are not different by sex or exposure (Fig-

ure 1F). On average, adult males have 2-fold higher TG than group-matched females (Figure 1D); this sex-

specific difference reaches significance at 12MO (p < 0.03). By group, offspring have similar circulating

lipids at 3WK. At 10WK, diabetes- and diet-exposed offspring have transiently higher serum TG levels (Fig-

ure 1D) that dissipate at 6 and 12MO. Offspring do not have evidence of fatty liver (Table S2). Adipocyto-

kine levels (leptin or adiponectin) are similar until 6MO when diet-exposed, but not diabetes-exposed

offspring develop transiently higher adiponectin levels (Table S2). This is not seen at 12MO. Neither renin

nor soluble adhesion molecules (E-selectin and ICAM-1), known markers of vascular disease (Glowinska

et al., 2005), are higher in exposed adult offspring. Overall, cardiac disease in diabetes-exposed adults

is not explained by evidence of metabolic syndrome or markers of vascular disease. This suggests intrinsic

cardiac pathology and supports our hypothesis that mitochondrial dysfunction plays a central role.

Figure 3. Diabetes- and HF Diet-Exposed Newborns Have Impaired Mitochondrial Respiration that Initially Improves but Reemerges at 6MO as

Developmental Reliance on OXPHOS Increases.

(A–C) Basal (A), FCCP-stimulated maximal (B), and reserve (C) respiratory capacities over time with 12MO offspring separated by sex. Reserve capacity was

calculated by subtracting basal from maximal respiration.

(D–F) Mitochondrial stress test was used to calculate respiratory control ratios (D), ATP-linked oxygen consumption (E), and mitochondrial proton leak (F)

over time with 12MO offspring separated by sex.

Assay medium was supplemented with glucose and pyruvate. NP1 = 4–7 per group; N3WK = 4–5; N10WK = 3–4; N6MO = 3; N12MO = 7–11. Data represent

meanG SEM. p% 0.05: +diabetes or *diet effect by two-way ANOVA, ^group effect by one-way ANOVA andDunnett post-hoc test when interaction by two-

way ANOVA, and dsex-specific effect by Student’s t test.
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Figure 4. Mitochondrial Number, Basal Endogenous FAO, and Aerobic Glycolysis Increase with Age, but HF Diet

Exposure Exaggerates Mitochondrial Biogenesis in Females, whereas Diabetes Exposure Incites Mitochondrial

Dysfunction-Induced Biogenesis in Males causing Higher Oxygen Consumption and Poor Reserve Capacity in

Aged Offspring

(A) Mitochondrial DNA copy number at each time point was used to estimate mitochondrial biogenesis from P1 to 12MO.

NP1 = 10–15 per group; N3WK = 4; N10WK = 4; N6MO = 3–4; N12MO = 6–9.

(B) Basal OCR of CM in media without pyruvate, palmitate-stimulated OCR, and calculated responses to palmitate

estimate FAO at each developmental time point.

(C) Basal, maximal, and reserve capacity for endogenous FAO at 12MO (Rogers et al., 2014).
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Impaired Cellular Bioenergetics and an Exaggerated Age-Related Increase in Mitochondrial

Number Precede Poorer Cardiac Function in Aged Offspring

Respiratory, fatty acid oxidation (FAO), and glycolytic capacities of primary CM from each exposure group

were followed over time using extracellular flux analyses and are detailed in Figures 3, 4, and S2. Over the

course of development, basal respiration and palmitate oxidation, respectively, increase 70- and 30-fold in

control CM alongside a 5-fold increase in mitochondrial copy number. As in previous studies, diabetes-

exposed P1 CM have lower basal, maximal, and reserve respiratory capacities (Figures 3A–3C), which trans-

lates to a lower respiratory control ratio (RCR; Figure 3D) (Mdaki et al., 2016a). Diet-exposed P1 CM also

have lower basal respiration so that combination-exposed CM have the poorest respiratory capacity. After

P1, prenatally exposed 3WK CM still have poorer basal respiration, but no differences remain by 10 weeks.

With further maturation and increasing reliance on OXPHOS, 6MO diabetes- and diet-exposed CM have

significantly lower maximal and reserve respiratory capacities than controls so that combination-exposed

CM have a 5-fold lower RCR and little to no respiratory reserve. Importantly, impaired bioenergetics pre-

cede cardiac dysfunction at 12MO. Between 6MO and 12MO, there is an exaggerated increase in mito-

chondrial copy number (Figure 4A) so that 12MO diet-exposed CM have higher basal respiration and

consume more oxygen to make ATP (Figures 3A and 3E). This is especially pronounced in diet-exposed

females and combination-exposed males. Proton leak does not increase with mitochondrial number (Fig-

ure 3F), which suggests higher oxidative stress and risk of mitochondria-mediated cell death.

In line with respiration, diabetes-exposed P1 and 6MO offspring have impaired ability to oxidize palmitate

(Figure 4B). In all groups, response to palmitate is the lowest at P1, and palmitate-stimulated oxidation

steadily increases 30-fold from P1 to 12MO (Table S4). At 12MO, FAO is primarily of endogenous or stored

lipids with minimal ability to increase with exogenous palmitate (Figures 4C and S2A). Diet-exposed female

CM have higher basal and maximal endogenous FAO leaving little additional reserve capacity (Figure 4C).

Conversely, diabetes- and diet-exposed male CM have lower endogenous FAO than group-matched fe-

males (p = 0.001), yet combination-exposedmale CM have very little FAO reserve capacity. Although tissue

staining does not detect differences in lipid droplet count between groups (Figures S3A–S3D), diet-

exposed hearts of both sexes have lower expression of adipose differentiation-related protein, a lipid

droplet-associated protein (Figure S3E), which correlates with less endogenous storage in this exposure

group (Ueno et al., 2017). In females, this could be explained by depletion due to greater basal and

maximal endogenous FAO (Figure 4C). Conversely, diabetes- and diet-exposed male CM have lower

FAO than age-matched females (p = 0.001); paired with fewer stores and impaired FAO reserve capacity,

findings suggest programmed perturbations in cardiac lipid metabolism.

Glycolysis is the primary ATP-generating pathway in the newborn heart. Here we demonstrate that glycol-

ysis remains an important component of cardiac metabolism at all stages of development. Indeed, older

CM have higher basal, glucose-stimulated, and maximal extracellular acidification rates (ECAR) than P1

CM. At 12MO, a relatively high rate of basal glycolysis limits response to additional glucose (Figure 4D).

In line with previous findings, diabetes-exposed P1 CM have lower basal, glucose-, and oligomycin-stim-

ulated ECAR (Mdaki et al., 2016a). With the exception of a transiently higher oligomycin-stimulated

ECAR in diabetes-exposed 3WK CM, no group-related differences remain beyond P1. Group comparisons

of maximal glycolysis in isolated CM over the course of development should be interpreted carefully.

Through multiple validation steps, we found that oligomycin, which inhibits ATP synthesis by blocking

the F0 subunit, results in maximal ECAR in newborn but not adult CM. The highest ECAR or maximal glyco-

lytic capacity in adult rat CM is with rotenone/antimycin A respiratory complex inhibition combined with

increased cellular ATP demands using monensin (Mookerjee et al., 2016) (Figure 4D). Indeed, 12MO rat

CM have a poor ECAR response with glucose or oligomycin, but they do have spare anaerobic glycolytic

reserve capacity under these conditions (Figure S2).

Figure 4. Continued

(D–F) Basal, glucose-stimulated, and maximal extracellular acidification rates (ECAR) with cellular response to glucose (D)

and proton production rates (PPR) over time (E) and at 12MO by sex (F). Maximal ECAR and PPR were stimulated with

oligomycin in P1–6MO CM and with rotenone/antimycin A + monensin in 12MO CM.

NP1 = 4–7 per group; N3WK = 4–5; N10WK = 3–4; N6MO = 3; N12MO = 7–11 (B–F). Data represent mean G SEM. p % 0.05:
+diabetes or *diet effect by two-way ANOVA, ^group effect by one-way ANOVA and Dunnett post-hoc test when

interaction by two-way ANOVA, and dsex-specific effect by Student’s t test.

See also Figures S2 and S3.
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To fully interpret our glycolytic results, we calculated the proton production rates (PPR) to categorize

lactate (anaerobic glycolysis) and CO2 (aerobic respiration) contributions to ECAR (Mookerjee et al.,

2017) (Figure 4E). In doing so, we confirmed previous findings that fetal exposure to diabetes impairs

both anaerobic and aerobic glycolysis in P1 CM (Mdaki et al., 2016a). With oligomycin, anaerobic glycolysis

remains lower in diabetes-exposed P1 CM. Beyond P1, basal and glucose-stimulated ECAR is primarily

from aerobic respiration (CO2). At 12MO, diet-exposed female CM have higher PPR fromCO2 than controls

in both basal and glucose-stimulated conditions (Figure 4F); this is not surprising considering the higher

number of mitochondria, basal oxygen consumption, and endogenous FAO in this group (Figures 3A,

4A, and 4C).

Exposed Offspring Have Sex-Specific and Fuel-Related Differences in Complex Function and

Expression at P1 and 12MO Time Points

Using real-timeextracellular flux analyses of permeabilizedP1 and 12MOCM,wemeasuredoxidation of individ-

ual fuels specific to complexes I, II, III, and IV (Figure 5A). Results, shown in Figures 5 and S4 and summarized in

Table S5, highlight sex-specific differences inmitochondrial functionwith aging. In P1CM, there are no sex-spe-

cific differences at baseline or with added complex fuels. At 12MO, permeabilized control male CMhave higher

OCR at baseline (Figure 5B), but females have greater response to pyruvate (I), palmitoyl-carnitine (I/III), and

N,N,N0,N0-tetramethyl-p-phenylenediamine (TMPD)-ascorbate (IV) compared with group-matched males (Fig-

ures 5B and 5C), which suggests lower oxygen consumption at rest with greater reserve capacity that is intrinsic

tomitochondrial function. Fetal exposure tomaternal glucolipotoxicity lowers oxidation of complex I fuels in P1

CMfromboth sexes,but exposed females have lowerpyruvate (I) andpalmitoyl-carnitine (I/III) oxidation capacity

(RCR), whereas exposed male CM have lower glutamine (I) oxidation capacity (Figure 5D). At 12MO, diet-

exposed female permeabilized CM have higher basal OCR but lower responses to pyruvate (I), palmitoyl-carni-

tine (I/III), and succinate (II); diabetes-exposed 12MO females have lower oxidation capacity for duroquinol (III)

(Figures 5B–5D). Interestingly, diabetes-exposed males have lower basal OCR but higher oxidative response

toTMPD-ascorbate (IV)whichmay reflect relatively lowerflowofelectrons throughcomplex I–III but retainedabil-

ity to directly oxidize complex IV fuels, which requires more O2 (Salabei et al., 2014).

Although differences in expression of complex proteins are present in exposed P1 offspring hearts of both

sexes (Figure S4), they do not explain complex I dysfunction observed in permeabilized extracellular flux

(XF) analyses. Regardless, findings emphasize the role of fetal sex in fuel-mediated cardiometabolic pro-

gramming even at birth. By 12MO complex protein expression does not vary by sex as it did at P1, but dia-

betes-exposed female hearts have greater expression of SDHA (complex II) and COX5B (complex IV), and

diet-exposed females have greater expression of NDUFA2 (complex I) (Figure 5E). For males, findings sug-

gest that our model’s bioenergetic phenotype is due to mechanisms other than complex protein expres-

sion. Taken together, permeabilized CM assays show higher O2 consumption for ATP production in diet-

exposed female and combination-exposed male CM by different sex-specific mechanisms and suggests

that these groups are at higher risk for ROS production and the need for mitochondrial turnover to prevent

mitochondria-mediated cell death.

Fetal Exposure and Sex Influence Physiologic Mitophagy in Aged Offspring CM

Previous work found that diabetes- and diet-exposed P1 CM have impaired mitochondrial dynamism and

sex-specific differences in fission- and fusion-related protein activity that could confer cardioprotection to

females (Larsen et al., 2019). Dynamism-related proteins also regulate mitophagy and mitochondria-medi-

ated cell death (Dorn, 2019). To determine whether fetal exposure- or sex-related differences in mitochon-

dria influence the risk of adult heart disease, we evaluated physiologic and stress-induced mitophagy in

isolated 12MO CM. Using real-time confocal live-cell imaging, CM were stained with MitoTracker Green,

Hoechst, and LysoTracker Red to quantify mitolysosomes (mitochondria co-localized with lysosomes) at

baseline and their rate of formation following exposure to carbonyl cyanide-4-(trifluoromethoxy) phenylhy-

drazone (FCCP), a respiratory uncoupler that depletes MMP to drive mitophagy (Figure 6A; Video S1).

At baseline, there is no difference in the number of lysosomes (Figure 6B), but the number of co-localized

mitolysosomes varies by group and sex (Figures 6A–6D). Diabetes-exposed CM have a higher number of

mitolysosomes compared with controls (Figure 6C), which suggests a need for higher baseline physiologic

mitophagy for mitochondrial quality control. Following FCCP-induced stress, all CM gain a measurable in-

crease in mitolysosomes, but prenatal exposure influences the rate of formation. Diet-exposed CM have

the lowest number of mitolysosomes at baseline, whereas the rate of formation following stress is
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significantly faster (Figure 6E). Female and male offspring were analyzed separately. At baseline, control

female CM have a higher number of mitolysosomes than males, which suggests higher rates of physiologic

mitophagy for mitochondrial quality control than males; this supports previous findings at P1 (Larsen et al.,

2019). Female and male CM from control offspring have similar rates of mitolysosome formation following

metabolic stress. In females, diet-exposed CM have lower numbers of baseline mitolysosomes but a signif-

icantly faster rate of stress-induced mitophagy (Figures 6D–6E). In males, diabetes-exposed CM have

higher numbers of baseline mitolysosomes, but low rates of stress-induced mitophagy. This is most

Figure 5. Diet-Exposed Females and Diabetes-Exposed Males Have Fuel-Specific Complex I Dysfunction at Birth and as OXPHOS Increases with

Age Consume More Oxygen

(A) Schematic diagram of mitochondrial respiratory complexes and fuels feeding electrons into each. OMM, outer mitochondrial membrane; IMM, inner

mitochondrial membrane.

(B) Basal oxygen consumption rates (OCR) of permeabilized P1 and 12MO CM.

(C) Oxidative responses to various complex fuels at P1 and 12MO time points by sex. State3 respiration (OCR) is shown as a percent change from basal OCR.

(D) Oxidation capacity per respiratory control ratios (RCR) at P1 and 12MO time points by sex. Dashed lines (C and D) separate fuels by complexes (I–IV).

(E) Relative expression of mitochondrial complex proteins in 12MO hearts by sex, normalized to beta-actin. For NDUFA2, lower (11kDa) band was used for

analyses. Dashed lines separate exposure groups.

Data represent mean G SEM. p % 0.05: +diabetes or *diet effect by two-way ANOVA, ^group effect by one-way ANOVA and Dunnett post-hoc test when

interaction by two-way ANOVA, and dsex-specific effect by Student’s t test. NP1 = 4–5 per group; N12MO = 4–6.

See also Figure S4 and Table S5.
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apparent in combination-exposed male CM and suggests impaired ability to further cull damaged mito-

chondria following metabolic stress (Figure 6E).

Diabetes-Exposed Male CM Have Faster MMP Loss and Mitochondria-Mediated Cell Death

Baseline and stress-induced ratesofMMP lossandcell deathweremeasuredusing confocal live cell imagingand

high-content screening analyses of 12MOCMstainedwithMitoTracker Green, Hoechst, and TMRE, amarker of

MMP (Figure 7A; Video S2). At baseline, there are no exposure-related differences in TMRE intensity, although

diabetes-exposed CM trend lower (Figure S5A). Immediately after FCCP, CM from all groups lose 25% of their

Figure 6. Baseline and Stress-Induced Mitophagy in 12MO CM Vary Significantly by Sex and Fetal Exposure

(A) Representative images of 12MO CM stained with MitoTracker Green, Hoechst, and LysoTracker Red. Once treated with FCCP, mitochondria lose their

membrane potential and recruit lysosomes to undergo mitophagy. This is reflected by increasing number of co-localized mitochondria-containing

autolysosomes (mitolysosomes) indicated by orange arrowheads (bottom row, middle-left image).

(B) Number of lysosomes at baseline, before FCCP treatment.

(C–E) Computer analyses of live video images quantified mitolysosome at baseline and over time (C) providing an estimate of physiologic (D) and stress-

induced mitophagy after FCCP (E).

Data represent meanG SEM (B and D–E) and linear regression of Pearson correlation coefficient over time (C). p% 0.05: +diabetes or *diet effect by two-way

ANOVA, ^group effect by one-way ANOVA and Dunnett post-hoc test when interaction by two-way ANOVA, and dsex-specific effect by Student’s t test. N =

7–11 offspring/group.

See also Video S1.
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MMP at similar rates; after this, diabetes-exposed male CM reach 50% and 75% loss faster than peers (Figure

S5B). Thus, the linear rate of MMP loss is significantly faster in diabetes-exposed CM, particularly males (Fig-

ure 7B). There are no sex-specificdifferences inbaseline TMRE intensity or rateofMMP loss in controls. However,

diabetes-exposed males have a faster rate of MMP loss than group-matched females.

Stress-induced cell death was evaluated by two definitions: the time from FCCP to CM retraction (50% from

baseline) or to pyknosis (Figure 7A). By both definitions, fetal exposure tomaternal diabetes but not HF diet

leads to faster cell death in 12MO CM (Figures 7C and 7D). The time from 25% MMP loss to retraction or

pyknosis is also shorter in diabetes-exposed CM. Baseline cell length or width does not vary by exposure

group but diabetes-exposed male CM are slightly longer at baseline compared with females (Figure S5A).

Despite this, diabetes-exposed males have a shorter time from MMP loss to retraction compared with fe-

males (p = 0.017). Findings demonstrate that the risk of cardiac cell death following metabolic stress is

greater in adult offspring exposed to diabetic pregnancy and that males are at the highest risk.

Expression of Mitochondria-Mediated Cell Death Regulators Varies by Sex

We have shown that P1 CM have impaired dynamism by sex-specific differences in fusion and fission pro-

teins (Larsen et al., 2019). Here we compare expression of fission (DRP1, MFF, and MTFP1), fusion (MFN1,

MFN2, and OPA1) and mitochondria-mediated cell death (VDAC, DAP3, and CYPD) proteins in 12MO

offspring hearts to understand potential moderation of mitophagy and cell survival in adult CM (Dorn,

2019). Full results are shown in Figure S6, and sex-specific findings are listed in Table S6. Compared

with females, male hearts had 2.8- to 3.8-fold lower expression of VDAC and 3- to 4-fold higher expression

of CYPD. This finding, alongside lower physiologic mitophagy, suggests poorer mitochondria quality con-

trol and higher risk of mitochondria-mediated cell death by necrosis in males.

DISCUSSION

This study shows that offspring exposed to glucolipotoxicity during fetal development have mitochon-

drial dysfunction with disturbed cardiac bioenergetics across development, even when postnatal

Figure 7. Diabetes-Exposed Male CM have Faster MMP Loss and Cell Death Following Metabolic Stress

(A) Representative images of 12MO CM stained with MitoTracker Green, Hoechst, and TMRE. Once treated with FCCP, mitochondria lose their MMP and

trigger cell death as seen by retraction and pyknosis.

(B) MMP loss (75% from baseline) following FCCP-induced stress and the rate of MMP loss, calculated by linear regression analysis.

(C and D) Retraction and pyknosis, markers of CM death, were defined as the time from FCCP-induced stress to 50% original cell length (C) or to 10% loss in

nuclear area (D), respectively. Time from start of MMP loss to either was calculated from a starting point of 25% MMP loss.

Data represent mean G SEM. p % 0.05: +diabetes effect by two-way ANOVA, dsex-specific effect by Student’s t test. N = 8–11 offspring/group.

See also Figure S5 and Video S2.
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influences are similar. Specifically, after birth as the heart increasingly relies on OXPHOS, bioenergetic

disturbances result in exaggerated mitochondrial biogenesis, higher OCR, poor reserve capacity, and

faster mitochondria-mediated CM death as aged adults. Findings confirm and build upon previous

work showing mitochondrial dysfunction, cardiomyopathy, and higher mortality in exposed newborn

offspring, and like humans, cardiac hypertrophy, dysfunction, and bioenergetics improve by weaning.

However, impaired OXPHOS at 6MO precedes a functional decline in cardiac function at 12MO. This

indicates a causal rather than a responsive change. Additionally, this study validates a reproducible

and objective set of imaging studies to quantify baseline and FCCP-induced mitophagy alongside

rates of mitochondria-mediated cell death. This ‘‘heart attack in a dish’’ assay shows that diabetes-

exposed adult CM have faster MMP loss and mitochondria-mediated cell death under metabolic

stress that could impart more cardiac damage following AMI. Our findings establish a role for mito-

chondria in myocardial programming and the fetal origin of adult heart disease that is outside sec-

ondary cardiovascular risks like metabolic syndrome or vascular disease.

Overall, findings add to mounting evidence that maternal glucolipotoxicity negatively impacts off-

spring’s cardiac health into adulthood (Gao et al., 2016; Reynolds et al., 2013; Simeoni and Barker,

2009; Stuart et al., 2013), partially through programmed changes in mitochondrial function (Agarwal

et al., 2018; Alfaradhi and Ozanne, 2011; Knudsen and Green, 2004; Shelley et al., 2009). While lasting

mitochondrial consequences following fetal exposure to hyperglycemia or hyperlipidemia have been

reported by others (Ferey et al., 2019; Gao et al., 2016; Mortensen et al., 2014; Theys et al., 2011),

this study goes further to comprehensively evaluate individual and combined effects of fetal expo-

sures on mitochondrial function as it relates to cardiac health over time. Following bioenergetic

changes during maturation and aging confirms the increasing cardiac reliance on OXPHOS over

time. To support this energetic demand, mitochondrial copy number increases over 5-fold from P1

to 12MO with the greatest rise between 6MO to 12MO. Importantly, at 6MO when normal hearts

rely on OXPHOS and FAO for ATP generation (Goldberg et al., 2012; Lopaschuk and Dhalla, 2014),

prenatally exposed offspring have impaired respiratory and FAO capacities. This leads to an exagger-

ated increase in mitochondrial copy number, which rises 5- to 7-fold in diet- and combination-

exposed offspring, respectively. Given the combined data (mitochondrial copy number, basic bioen-

ergetics assays, and permeabilized complex analyses), it is likely that prenatal exposures affect both

the number and quality of mitochondria to influence cardiac risk over a lifetime. Authors propose that

these exposure-related changes increase the risk of heart failure and cardiac damage from AMI in

aged adults. This is supported by poorer diastolic function, faster MMP loss, and cell death under

stress in diabetes-exposed adult males and poorer systolic function in diabetes-exposed females.

By permeabilizing plasma membranes, mitochondrial complex function was evaluated independent

of fuel transport and storage differences. Even then we found increased oxygen consumption and

blunted responses to complex I fuels in 12MO diet-exposed female mitochondria. Taken together,

limited fuel flexibility and depleted oxidative reserve capacities alongside age-related reliance on aer-

obic metabolism leaves little room for ATP production under ischemic conditions, such as AMI, which

are reportedly higher in adults exposed to diabetic or obese pregnancy (Reynolds et al., 2013; Yu

et al., 2019).

Mitochondrial function is an important component of ischemia-reperfusion injury (Maneechote et al., 2017).

Excessive mitophagy leads to CM death and loss of cardiac contractility, both primary causes of cardiac

damage and heart failure following AMI (Rosano et al., 2008). It is well-known that adults with long-standing

diabetes suffer greater rates of diabetic cardiomyopathy and higher mortality from AMI (Peng et al., 2011).

It is plausible that in utero exposures incite similar cardiac risks, and our study confirms lasting effects

through mitochondria-mediated pathways. Although frank heart failure was not found, the faster stress-

induced MMP loss and cell death in 12MO diabetes-exposed male CM may translate to more robust

cardiac damage following increased energetic demands or AMI (Rosano et al., 2008). Although these con-

sequences were not seen in diet-exposed offspring, their higher mortality rates (Figure 1) may have elim-

inated susceptible offspring. For this reason, we cannot conclude that functional and in vitro data represent

all HF diet-exposed offspring rather than the least severely affected that survived to 12MO. Also, this may

have contributed to the seemingly higher systolic function in 10WK diet-exposed offspring. Another expla-

nation could be fatty acid-induced mitochondrial biogenesis contributing to a faster glycolytic-to-respira-

tory metabolic shift (Mdaki et al., 2016b), boosting cardiac contractility at 10WK but increasing oxidative

stress and advancing ‘‘aging.’’
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We also identified sex-specific differences in mitochondria that explain relative cardioprotection for fe-

males. We first identified sex-specific and exposure-related differences in dynamism at birth (Larsen

et al., 2019), and here we report additional sex-specific differences in complex I fuel oxidation (Figure 5)

and complex protein expression at P1 (Figure S4). These findings emphasize the role of fetal sex in fuel-

mediated cardiac health, even as early as the perinatal period. We go further to describe programmed dif-

ferences in respiration, complex fuel preference, and mitophagy in aged adults. Taken together, females

appear to have better mitochondrial quality control mechanisms. Additionally, adult females are more

negatively affected by fetal exposure to maternal HF diet, whereas males are more negatively affected

by diabetes. If this translates to humans, dietary interventions could be clinically useful for personalized

risk prevention. Finding both exposure- and sex-specific differences in bioenergetics and mitochondria-

mediated cell death suggests that programmed mitochondrial dysfunction is caused by damage from

adverse in utero conditions rather than maternal inheritance that would pass to both sexes alike. This is

also supported by our model, which induces diabetes in the last one-third of pregnancy rather than

prenatally.

To uncover additional mechanistic differences in cell death between sexes and exposure groups, we used

immunoblotting of key regulatory proteins (Figure S6 and Table S6). VDAC is a central player in intrinsic

apoptosis through apoptogen release, and overexpression induces apoptosis via mPTP opening, MMP

dissipation, and cytochrome c release (Shoshan-Barmatz et al., 2017; Tomasello et al., 2009). Female hearts

from all groups have higher VDAC expression than males. CYPD regulates MPT-driven necrosis by control-

ling mPTP opening (Porter and Beutner, 2018), and male hearts of all groups had higher CYPD expression

than females. Ultimately, the higher VDAC expression alongside lower CYPD may confer cardioprotection

in our female hearts; this pattern supports higher physiologic mitophagy and intrinsic apoptosis as the pri-

mary death pathway following FCCP. In contrast, lower VDAC and higher CYPD expression in male hearts

supportsMPT-driven necrosis as their primary route to cell death. Authors suspect this contributed to faster

FCCP-induced cell death in diabetes-exposed male CM.

Strengths of our model include the ability to determine individual and combined effects of late-gestation

diabetes and maternal HF diet on offspring. Litter size was normalized and offspring cross-fostered to

normal dams to decrease confounding beyond prenatal exposures. Combination exposure allows us to

determine whether prenatal glucolipotoxicity leads to more profound consequences than diabetes or

diet alone. This is important clinically because the current treatment for diabetic pregnancy focuses on

normalizing glucose but does not address hyperlipidemia or dietary fat intake (ACOG, 2013; Ryckman

et al., 2015). Considering the higher rates of AMI in adult men (Millett et al., 2018), the higher baseline mi-

tophagy alongside slower FCCP-induced cell death in normal females supports a cardioprotective role of

physiologic mitophagy (Nah et al., 2017) and reflects superior mitochondrial quality observed in females

(Cardinale et al., 2018; Ventura-Clapier et al., 2017). Studies using chemical compounds (Andres et al.,

2014), preconditioning (Yuan and Pan, 2018), and caloric restriction (Abdellatif et al., 2018), all of which stim-

ulate mitophagy, further support a cardioprotective role and give insight regarding preventative measures

that could be used to improve life-long heart health. Although future studies are needed, we propose male

and female differences in fuel-mediated programming are due to variable epigenetics (Gyllenhammer

et al., 2020; Vijay et al., 2015), placental fuel transport (Jiang et al., 2017), hormonal influences (Groban

et al., 2020; Rattanasopa et al., 2015), or a combination of these factors. Overall, our findings highlight

sex as a strong biological variable that should be accounted for in DOHaD studies, especially when mito-

chondrial dysfunction is implicated.

Limitations of the Study

Mitochondrial findings are cardiac specific and should not be extrapolated to other tissues without further

research. Although we evaluated many markers of cardiometabolic health over the course of development,

this study did not directly examine hypertension or subclinical insulin resistance, which are reported in

offspring of diabetic mothers (Agarwal et al., 2018; Alfaradhi and Ozanne, 2011; Dong et al., 2013). Regard-

less, cardiac findings in diabetes-exposed 12MO offspring (Table S2) could not be attributed to metabolic

syndrome or circulating renin, adipocytokines, or soluble adhesion molecules. We further isolated myocar-

dial findings by developing live-cell confocal imaging assays to objectively measure cellular responses to

metabolic stress. Similar methods have been used to study mitochondria-mediated cell death by others

(Elmore et al., 2001; Qi et al., 2016; Zhu et al., 2017), but our approach facilitates reproducible, quantitative,

and adaptable methods to study mitophagy alongside rates of cell death. To overcome potential isolation-
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induced stress, CMwere seeded equally based on the number of live (not total) cells. Despite equal culture

times, we cannot discount potential loss of more-stressed CM during incubation. However, we took care to

measure baseline numbers of lysosomes, MMP, and cell length and width; there were only exposure-

related differences after FCCP. Pyknosis is a well-known marker for both necrosis and apoptosis, however,

binucleation and the sheer volume of mitochondria in adult cardiomyocytes (Page and McCallister, 1973)

make it difficult to accurately grade chromatin distribution to distinguish apoptotic from necrotic pyknosis

(Hou et al., 2016). For this reason and to further validate these methods, we included retraction, a morpho-

logic marker of cardiomyocyte apoptosis (Kang et al., 2000). Retraction was amore sensitive measure in CM

as it detected sex-specific differences, but this may not be true in all cell types.

Conclusions

In summary, this study shows that prenatal exposure to maternal diabetes increases the newborn and adult

offspring’s risk of mortality, impairs cardiac and bioenergetic function, and increases the risk of stress-

induced cardiomyocyte death by sex-specific, mitochondria-mediated mechanisms. Considering the large

number of infants born to mothers with diabetes and obesity, it is critical to confirm mechanisms and iden-

tify confounding factors so that pre- and postnatal prevention and intervention can be developed to

improve long-term cardiac health in this growing population.
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SUPPLEMENTAL FIGURES 

Figure S1: 

 

Figure S1: Perinatal mortality in exposed offspring is associated with significantly larger hearts, Related to Figures 1 and 2. 

(A) Perinatal mortality was calculated as: (litter size – live pups)/litter size x 100. N=20-26 litters/group. Litter size was confirmed by 

post-mortem evaluation of both uterine horns to count obvious placentation points, retained fetuses and dead P1 offspring as well as 

the number of live pups found in the cage. (B) Heart:body weight ratios of live P1 offspring with sexes combined and divided. N=216-

243 offspring/group. (C) Heart:body weight ratios of both living and dead P1 offspring. N=257 living, 42 dead offspring. Data 

represent mean ± SE. P ≤ 0.05: +diabetes or *diet effect by 2-way ANOVA, χsignificant difference by Student’s T-test.   



Figure S2: 

 

Figure S2: Supportive data for FAO and glycolysis, Related to Figure 4. (A) Basal (palmitate-stimulated OCR – basal endogenous 

OCR – OCR due to uncoupling by free FA), maximal (stimulated with FCCP), and reserve capacity (maximal – basal OCR) for 

exogenous FA oxidation at 12MO by sex; determined by the methods of (Rogers et al., 2014). Exogenous palmitate oxidation in 

12MO cardiomyocytes is minimal relative to endogenous palmitate oxidation. N=8-11 per group. (B) Glycolytic reserve capacity over 

time with sexes separated at 12MO. Glycolytic reserve was calculated by subtracting the glucose-stimulated extracellular acidification 

rate (ECAR) from maximal ECAR. NP1=4-7 per group; N3WK=4-5; N10WK=3-4; N6MO=3; N12MO=7-11. Data represent mean ± SE. P ≤ 

0.05: +diabetes effect by 2-way ANOVA.  



Figure S3: 

 

Figure S3: Differences in endogenous FAO levels may be related to altered lipid storage, Related to Figure 4. (A) 
Representative histological images of 12MO right ventricle sections (40x magnification) stained with Oil Red O and hematoxylin. 

Endogenous lipid droplets were quantified using Image J (NIH) to compare numbers of lipid droplets (B), total area of droplets per 

section (C), and average droplet sizes (D) from 12MO hearts by sex and exposure group. (E) As a surrogate marker for lipid droplets, 

Western blotting was used to determine relative expression of adipose differentiation-related protein (ADRP), a lipid-droplet coating 

protein that correlates with lipid deposition. Expression was normalized to the loading control (LC) β-actin. NA-D=6-9; NE=3 per sex 

per group. Data represent mean ± SEM. P ≤ 0.05: δsex-specific effect by 2-tailed Unpaired T-test. 

  



Figure S4: 

 

Figure S4: State3 and state4 respiration in permeabilized P1 and 12MO cardiomyocytes and complex protein expression in P1 

hearts, Related to Figure 5. State3 (A) and state4 (B) respiration of permeabilized cardiomyocytes was used to calculate respiratory 

control ratios (RCR) for fuels feeding electrons to mitochondrial complexes I-IV. Dashed lines separate fuels by complexes. Western 

blotting was used to determine relative expression of electron transport chain complexes in P1 hearts by sex (C). Expression on each 

blot was normalized to β-actin. Dashed lines separate groups. Data represent mean ± SEM. P ≤ 0.05: +diabetes or *diet effect by 2-

way ANOVA, ^group effect by 1-way ANOVA and Dunnett post hoc test when interaction by 2-way ANOVA, and δsex-specific 

effect by Student’s T-test. For (A-B), NP1= 4-5, N12MO = 4-6 per sex per group; for (C), N= 4-6 per sex per group.  



Figure S5: 

 
 

Figure S5: Baseline 12MO cardiomyocyte parameters and mitochondrial membrane potential (MMP) loss following FCCP, 

Related to Figure 7. (A) At baseline, there were no significant differences in TMRE fluorescent intensity, cell length, or cell width 

with the exception of diabetes-exposed males being longer than their female peers. (B) Following FCCP injection, CM lose up to 25% 

of their MMP at similar rates. Thereafter, diabetes-exposed male CM reach 50% and 75% loss at significantly faster rates than 

controls (p=0.015 and p=0.005, respectively). Data represent mean ± SEM. N=4-6 offspring/group per sex; N=8-11 animals/group for 

combined sexes. Significant differences (p≤0.05): +diabetes effect by 2-way ANOVA, δsex-specific effect by 2-tailed T-test.  



Figure S6: 

 

Figure S6: Expression of proteins involved in mitochondrial dynamism and mitochondria-mediated cell death in the adult 

offspring heart, Related to Results section “Expression of mitochondria-mediated cell death regulators varies by sex.” (A) 

Pathways of mitochondria-mediated cell death. The ionophore uncoupler FCCP induces dissipation of the mitochondrial membrane 

potential, leading to increased mitophagy and cell death through two major mitochondria-mediated pathways: intrinsic apoptosis and 

mitochondrial permeability transition (MPT)-driven necrosis. In intrinsic apoptosis, mitochondria not degraded via mitophagy induce 

apoptosis through release of cytochrome C and other apoptogens. In MPT-driven necrosis, cyclophilin D (CYPD) induces necrosis via 

opening of the mitochondrial permeability transition pore. Western blots and densitometry analyses revealed exposure-dependent and 

sex-specific differences in (B) fission proteins (DRP1, MFF, and MTFP1), (C) fusion proteins (MFN1, MFN2, and OPA1), and (D) 

mitochondrial regulators of cell death (DAP3, VDAC, and CYPD) involved in these pathways. (E) Protein expression was normalized 

to loading control β-actin, and data points represent individuals from different litters. Ladder locations are marked on the right side of 

each immunoblot. Blot borders are delineated by black lines. Combined sexes analyses are not shown as intense sex-specific 

differences are apparent. Data represent mean ± SEM. N = 3 offspring/group per sex. Significant differences (p≤0.05): δsex-specific 

effect by 2-tailed T-test with >2-fold expression difference, *diet effect by 2-way ANOVA, ^group effect significant by 1-way 

ANOVA and Dunnett's post hoc test when interaction was significant by 2-way ANOVA. 



SUPPLEMENTAL TABLES 

Table S1: Model maternal characteristics, Related to Figure 1. 

Parameter N/group 

Controls 

 

(Mean±SE) 

Diabetes-

exposed 

(Mean±SE) 

Diet-

exposed 

(Mean±SE) 

Combination-

exposed 

(Mean±SE) 

Diabetes 

 

(P value) 

Diet 

 

(P value) 

Interaction 

 

(P value) 

Baseline 

weight, g 

28-32 

207±6 195±5 198±7 204±6 0.651 >0.999 0.176 

Postdiet 

weight, g 240±3 233±4 *263±4 *263±4 0.490 <0.0001 0.358 

Glucose, 

mg/dL 88±1 +323±18 106±11 +313±15 <0.0001 0.753 0.273 

Ketones, 

mmol/L 0.43±0.03 +0.55±0.04 *0.50±0.04 +*0.64±0.05 0.001 0.041 0.793 

Insulin need, 

units 0±0 +19±3 0±0 +22±3 <0.0001 0.542 0.542 

Serum TG, 

mg/dL 12-18 34±4 +64±9 *101±15 +*150±30 0.011 <0.0001 0.542 

NEFA, 

mg/dL 

5-7 

0.20±0.04 +0.41±0.13 *0.42±0.08 +*0.72±0.10 0.010 0.010 0.660 

TC, mg/dL 136.2±4.8 154.0±13.1 161.9±7.2 151.5±14.4 0.734 0.289 0.200 

HDL, 

mg/dL 104.3±6.3 121.2±14.0 123.5±7.3 101.5±14.8 0.823 0.981 1.00 

Non-HDL, 

mg/dL 31.9±6.6 32.8±3.6 *38.5±4.6 *50.0±4.7 0.226 0.027 0.296 

Litter size, 

pups 23-26 11±1 12±1 10±1 11±1 0.230 0.230 >0.999 

Significant differences (p≤0.05): +diabetes or *diet effect by 2-way ANOVA. Maternal whole blood glucose, ketone levels, and insulin 

need were from gestational day (GD)15 to GD21. Maternal lipid levels were measured on postnatal day 1.  



Table S2: Offspring characteristics over time, Related to Figure 1. 

Age Parameter N/group 

Controls 

 

(Mean±SE) 

Diabetes-

exposed 

(Mean±SE) 

Diet-

exposed 

(Mean±SE) 

Combination-

exposed 

(Mean±SE) 

Diabetes 

 

(P value) 

Diet 

 

(P value) 

Interaction 

 

(P value) 

P
1

a  

Weight, g 

216-250 

6.2±0.1 6.2±0.1 *5.7±0.1 *5.9±0.1 0.114 <0.0001 0.291 

Glucose, 

mg/dL 77±1.3 74±1.4 81±0.0 ^85±3.6 N/A N/A 0.049 

Insulin, 

pmol/L 

75-137 

171.2±12.7 +308.1±49.2 *422.5±90.3 +*637.8±120.8 0.013 <0.0001 0.581 

C-peptide, 

pmol/L 1293±81 1688±191 1285±111 ^2632±264 N/A N/A 0.011 

Serum TG, 

mg/dL 32-57 107.2±7.2 93.9±6.8 106.7±9.4 89.7±13.3 0.098 0.799 0.838 

Serum TC, 

mg/dL 

3-7 

63.0±8.7 62.3±6.7 72.9±6.5 65.2±5.1 0.609 0.437 0.669 

Serum HDL, 

mg/dL 12.4±3.5 11.6±1.4 11.5±2.4 9.8±2.0 0.636 0.604 0.853 

Serum non-

HDL, 

mg/dL 38.7±3.2 50.6±5.8 ^67.9±1.6 51.7±5.7 N/A N/A 0.024 

Liver wt, g 

4-8 

0.21±0.02 0.24±0.02 0.21±0.02 0.17±0.01 0.805 0.096 0.096 

Liver TG, 

mg/dL 34.3±1.9 29.2±4.1 27.7±5.0 26.0±2.8 0.367 0.195 0.649 

Liver TC, 

mg/dL 16.1±0.6 14.3±1.2 13.7±0.5 14.4±0.5 0.557 0.203 0.163 

3
W

K
 

Weight, g 

27-41 

67.8±2.2 70.2±4.1 68.9±3.4 ^55.3±3.5 N/A N/A 0.012 

Glucose, 

mg/dL 166±6.1 170±5.4 167±3.3 157±5.3 0.570 0.244 0.164 

Serum TG, 

mg/dL 14-24 63.2±6.9 74.0±7.6 63.5±8.6 96.6±23.3 0.079 0.355 0.370 

TC, mg/dL 

6 

124.2±9.5 107.6±6.5 124.0±11.2 124.1±7.9 0.367 0.372 0.362 

HDL, 

mg/dL 68.9±4.7 62.7±3.9 63.5±4.1 57.5±4.3 0.165 0.226 0.983 

Non-HDL, 

mg/dL 4-6 55.3±6.3 54.2±4.5 44.9±3.3 62.6±2.5 0.101 0.843 0.066 

Leptin, 

ng/mL 14-18 2.4±0.4 2.8±0.6 3.7±0.5 2.9±0.6 0.700 0.202 0.307 

Liver wt, g 

4-8 

2.98±0.24 3.07±0.15 2.65±0.10 2.61±0.30 0.907 0.072 0.761 

Liver TG, 

mg/dL 12.8±1.1 10.8±1.1 10.9±1.3 11.8±1.6 0.670 0.725 0.292 

Liver TC, 

mg/dL 16.0±0.8 16.0±0.7 15.0±0.5 16.0±0.8 0.502 0.451 0.511 

1
0

W
K

 

Weight, g 

21-35 

286.6±9.7 279.4±10.3 265.0±13.0 270.6±16.3 0.947 0.205 0.589 

Glucose, 

mg/dL 129±4.6 158±14.8 132±7.5 117±2.5 N/A N/A 0.043 

Serum TG, 

mg/dL 14-24 42.1±3.9 ^73.7±5.4 ^76.9±13.3 70.3±11.0 N/A N/A 0.026 

TC, mg/dL 

5-7 

118.1±6.5 111.5±5.8 110.2±8.2 123.3±7.7 0.644 0.787 0.175 

HDL, 

mg/dL 63.9±4.9 63.3±2.4 57.4±5.9 55.0±6.4 0.770 0.164 0.860 

Non-HDL, 

mg/dL 54.2±4.3 50.0±5.6 52.8±3.8 61.4±6.3 0.660 0.332 0.214 

Leptin, 

ng/mL 

12-24 

2.1±0.4 1.5±0.2 1.8±0.4 1.5±0.3 0.153 0.733 0.583 

Renin, nM 0.12±0.01 0.10±0.01 *0.08±0.02 *0.08±0.01 0.448 0.018 0.456 

sE-Selectin, 

ng/mL 147.1±9.4 127.8±10.1 112.0±8.7 138.0±12.2 N/A N/A 0.037 



sICAM-1, 

ng/mL 13.3±1.5 +19.1±1.5 *6.0±1.0 +*7.0±1.1 0.024 <0.0001 0.107 

Liver wt, g 

4-8 

9.6±0.4 10.1±1.0 11.1±0.9 10.3±1.1 0.850 0.382 0.491 

Liver TG, 

mg/dL 5.3±0.3 4.3±0.6 5.1±0.9 6.0±0.3 0.958 0.153 0.077 

Liver TC, 

mg/dL 11.6±0.5 11.9±0.5 12.2±0.5 11.7±0.7 0.768 0.669 0.443 

6
M

O
 

Weight, g 

4-9 

415.3±43.5 448.9±29.9 406.4±40.4 441.5±58.2 0.430 0.851 0.987 

Glucose, 

mg/dL 102±3.6 96±11.7 115±8.4 113±3.0 0.658 0.131 0.880 

Serum TG, 

mg/dL 

8-10 

97.8±8.7 105.8±9.6 105.6±8.4 110.3±17.3 0.583 0.592 0.885 

Adiponectin, 

ng/mL 31.4±3.0 30.1±3.7 *33.4±1.8 *43.3±4.4 0.209 0.031 0.106 

Renin, nM 42.8±3.0 49.5±5.2 35.3±2.5 41.3±2.8 0.082 0.063 0.828 

sE-Selectin, 

ng/mL 5.69±0.52 5.18±0.46 6.00±0.38 5.69±0.41 0.366 0.371 0.829 

sICAM-1, 

ng/mL 1.11±0.13 +0.88±0.08 0.96±0.09 +0.79±0.05 0.035 0.207 0.734 

1
2

M
O

 

Weight, g 

15-20 

510.6±36.9 453.0±34.6 505.6±26.0 476.2±45.4 0.430 0.851 0.987 

Glucose, 

mg/dL 118±3.3 109±3.2 114±3.9 112±3.2 0.100 0.920 0.272 

HbA1c, % 8 7.54±0.45 7.95±0.70 7.51±0.32 6.81±0.30 0.760 0.224 0.248 

Serum TG, 

mg/dL 15-16 179.0±38.3 121.7±36.9 141.6±22.7 148.7±22.5 0.435 0.870 0.317 

Adiponectin, 

ng/mL 

8-10 

58.2±3.9 62.1±3.5 63.1±5.4 67.1±4.0 0.359 0.250 0.998 

Renin, nM 39.9±5.9 +34.0±2.8 *26.2±1.3 +*18.0±1.5 0.047 0.0001 0.734 

sE-Selectin, 

ng/mL 5.1±0.5 5.2±0.3 5.9±0.7 6.0±0.8 0.897 0.162 0.915 

sICAM-1, 

ng/mL 2.1±0.7 1.5±0.2 1.4±0.2 1.6±0.4 0.543 0.464 0.349 

BNP, ng/mL 7-9 0.18±0.02 0.22±0.06 0.19±0.03 0.19±0.05 0.637 0.864 0.620 
aP1 serum leptin levels have been previously published (Louwagie et al., 2018) and are not different between groups. P1, perinatal day 

one; WK, weeks; MO, months; N/A, not applicable; HbA1c, glycated hemoglobin; TG, triglycerides; TC, total cholesterol; HDL, 

high-density lipoprotein cholesterol; ICAM-1, intercellular adhesion molecule 1; BNP, brain natriuretic peptide. Significant 

differences (p≤0.05): +diabetes or *diet effect by 2-way ANOVA, ^group effect remained significant by 1-way ANOVA and Dunnett's 

post hoc test when interaction was significant by 2-way ANOVA.  



Table S3: Sex-specific changes in cardiac structure and function over time, Related to Figure 2. 

Age & 

Sex Parameter 

Controls 

 

(Mean±SE) 

Diabetes-

exposed 

(Mean±SE) 

Diet-

exposed 

(Mean±SE) 

Combination-

exposed 

(Mean±SE) 

Diabetes 

 

(P value) 

Diet 

 

(P value) 

Interaction 

 

(P value) 

P1 ♀ Heart:body wt 

ratio (x10-3) 

7.1±0.2 8.2±0.5 8.0±0.7 8.1±0.2 0.229 0.459 0.280 

P1 ♂ 7.1±0.2 +7.5±0.2 7.3±0.2 +8.0±0.2 0.013 0.055 0.361 

P1 ♀ 
EF, % 

68.6±0.8 67.8±0.7 *66.1±0.9 *63.6±1.3 0.080 <0.001 0.401 

P1 ♂ 67.4±0.8 +64.2±0.8 66.7±1.4 +64.3±1.1 0.008 0.770 0.663 

P1 ♀ 
FS, % 

37.2±0.6 36.6±0.6 *35.3±0.7 *33.8±1.0 0.147 0.001 0.560 

P1 ♂ 36.4±0.7 +33.9±0.6 35.9±1.1 +34.4±0.9 0.012 0.992 0.566 

P1 ♀ 
CO, mL/min 

5.8±0.1 6.0±0.2 *4.8±0.1 *5.2±0.2 0.081 <0.001 0.438 

P1 ♂ 5.5±0.1 +5.9±0.2 *4.8±0.1 +*5.4±0.2 0.002 <0.0001 0.531 

P1 ♀ 
E:A ratio 

0.75±0.02 0.73±0.02 *0.65±0.02 *0.52±0.02 0.218 <0.0001 0.937 

P1 ♂ 0.72±0.02 0.68±0.02 0.70±0.03 0.68±0.01 0.195 0.772 0.607 

P1 ♀ 
LV mass, mg 

40.0±1.2 +42.9±1.2 *36.6±1.1 +*40.1±1.5 0.011 0.016 0.797 

P1 ♂ 42.3±1.2 45.8±1.7 *40.7±1.6 *39.6±1.0 0.374 0.005 0.092 

P1 ♀ 
IVSd, mm 

0.57±0.01 0.58±0.01 0.55±0.01 0.56±0.01 0.350 0.168 0.939 

P1 ♂ 0.57±0.01 0.61±0.02 0.58±0.02 0.57±0.01 0.292 0.248 0.132 

P1 ♀ PAAT:RVET 

ratio 

0.28±0.01 0.27±0.01 *0.22±0.01 *0.24±0.01 0.407 <0.0001 0.287 

P1 ♂ 0.28±0.01 0.28±0.01 *0.23±0.01 *0.25±0.01 0.530 <0.001 0.294 

3WK ♀ Heart:body wt 

ratio (x10-3) 

6.5±0.9 7.6±1.1 6.2±0.6 8.2±0.8 0.108 0.877 0.612 

3WK ♂ 7.9±0.7 5.6±0.9 6.9±1.2 7.8±0.8 0.462 0.505 0.092 

3WK ♀ 
EF, % 

73.7±1.8 78.4±2.3 72.9±1.9 75.3±3.7 0.156 0.422 0.636 

3WK ♂ 71.9±2.1 69.0±3.0 73.6±2.2 69.0±2.6 0.186 0.768 0.768 

3WK ♀ 
FS, % 

43.1±1.6 47.7±2.1 42.4±1.7 45.0±3.4 0.106 0.448 0.651 

3WK ♂ 42.1±2.0 39.8±2.3 42.1±1.9 39.2±2.2 0.194 0.932 0.747 

3WK ♀ 
CO, mL/min 

30.6±1.8 27.5±1.8 27.0±1.4 24.6±2.6 0.155 0.091 0.856 

3WK ♂ 31.8±2.2 27.8±1.8 29.2±1.9 26.6±2.9 0.170 0.430 0.757 

3WK ♀ 
E:A ratio 

1.92±0.18 1.57±0.09 1.84±0.08 1.98±0.19 0.460 0.230 0.078 

3WK ♂ 1.78±0.12 1.72±0.14 1.92±0.17 1.72±0.09 0.348 0.598 0.628 

3WK ♀ 
LV mass, mg 

367±21 319±19 ^286±14 326±34 N/A N/A 0.043 

3WK ♂ 367±17 400±25 305±25 382±31 0.052 0.159 0.432 

3WK ♀ 
IVSd, mm 

1.43±0.08 1.40±0.08 *1.21±0.07 *1.23±0.11 0.860 0.029 0.971 

3WK ♂ 1.39±0.05 1.62±0.09 1.33±0.10 1.49±0.09 0.079 0.212 0.882 

3WK ♀ PAAT:RVET 

ratio 

0.26±0.01 0.28±0.01 0.29±0.01 0.31±0.02 0.281 0.069 0.914 

3WK ♂ 0.30±0.02 0.33±0.02 0.29±0.01 0.30±0.02 0.199 0.300 0.750 

10WK ♀ Heart:body wt 

ratio (x10-3) 

5.1±0.7 5.0±0.2 5.2±0.3 4.7±0.2 0.371 0.706 0.508 

10WK ♂ 5.2±0.3 4.6±0.4 4.8±0.5 4.8±0.2 0.437 0.868 0.456 

10WK ♀ 
EF, % 

72.9±2.5 77.7±3.7 ^83.7±2.0 75.2±2.4 N/A N/A 0.043 

10WK ♂ 69.7±3.3 75.2±1.6 *82.2±3.2 *78.3±3.4 0.782 0.011 0.113 

10WK ♀ 
FS, % 

43.6±2.3 48.8±3.9 ^54.4±2.5 45.5±2.3 N/A N/A 0.039 

10WK ♂ 41.4±2.7 45.9±1.4 *53.6±3.7 *49.5±3.8 0.937 0.008 0.125 

10WK ♀ 
CO, mL/min 

67.6±5.1 67.4±3.9 71.5±5.7 68.5±6.3 0.771 0.642 0.801 

10WK ♂ 83.8±4.7 92.0±5.7 102.0±9,9 87.6±6.9 0.657 0.315 0.106 

10WK ♀ 
E:A ratio 

1.52±1.16 1.41±0.07 1.69±0.11 1.35±0.18 0.095 0.669 0.407 

10WK ♂ 1.44±0.28 1.66±0.11 1.71±0.17 1.14±0.07 N/A N/A 0.048 

10WK ♀ 
LV mass, mg 

980±96 1027±71.9 996±88 917±106 0.865 0.619 0.503 

10WK ♂ 1489±105 1415±63 1511±116 1374±153 0.333 0.930 0.769 

10WK ♀ 
IVSd, mm 

2.08±0.19 2.39±0.16 2.29±0.20 2.09±0.33 0.783 0.834 0.249 

10WK ♂ 2.40±0.17 2.35±0.11 2.48±0.18 2.35±0.17 0.573 0.809 0.787 

10WK ♀ PAAT:RVET 

ratio 

0.35±0.02 0.35±0.02 0.35±0.02 0.36±0.04 0.857 0.933 0.701 

10WK ♂ 0.37±0.02 0.36±0.01 0.34±0.03 0.32±0.03 0.369 0.068 0.756 

6MO ♀ Heart:body wt 

ratio (x10-3) 

4.7±0.1 5.7±2.0 4.8±0.1 4.8±0.0 0.549 0.593 0.525 

6MO ♂ 5.1±0.2 4.3±0.3 4.4±0.2 5.2±0.4 N/A N/A 0.022 

6MO ♀ 
EF, % 

74.4±1.8 79.0±2.1 76.9±2.1 70.6±2.9 N/A N/A 0.018 

6MO ♂ 70.4±3.2 69.7±1.9 73.5±2.3 72.1±3.3 0.709 0.315 0.896 

6MO ♀ 
FS, % 

45.0±1.7 49.5±2.2 47.4±2.0 41.8±2.6 N/A N/A 0.022 

6MO ♂ 42.2±2.8 41.2±1.5 44.8±2.2 43.6±2.8 0.647 0.302 0.974 

6MO ♀ CO, mL/min 58.8±3.3 55.7±2.0 *67.1±4.7 *62.9±4.6 0.339 0.049 0.894 



6MO ♂ 69.9±6.5 80.1±3.7 85.5±4.4 78.2±6.2 0.743 0.224 0.095 

6MO ♀ 
E:A ratio 

1.65±0.12 1.64±0.14 1.47±0.14 1.40±0.14 0.730 0.125 0.749 

6MO ♂ 1.62±0.16 1.50±0.18 1.50±0.12 1.48±0.09 0.687 0.693 0.748 

6MO ♀ 
LV mass, mg 

1019±68 952±56 1062±59 971±65 0.238 0.643 0.858 

6MO ♂ 1591±153 1630±107 1639±124 1487±43 0.651 0.701 0.448 

6MO ♀ 
IVSd, mm 

2.0±0.1 2.2±0.1 1.9±0.1 2.0±0.1 0.266 0.551 0.768 

6MO ♂ 2.6±0.2 2.5±0.1 2.4±0.2 2.2±0.1 0.581 0.191 0.799 

6MO ♀ PAAT:RVET 

ratio 

0.41±0.02 0.35±0.03 0.40±0.02 0.39±0.03 0.227 0.582 0.293 

6MO ♂ 0.45±0.03 0.39±0.02 0.40±0.03 0.46±0.03 N/A N/A 0.035 

12MO ♀ Heart:body wt 

ratio (x10-3) 

4.0±0.4 4.3±0.3 4.0±0.3 4.0±0.2 0.601 0.611 0.667 

12MO ♂ 3.1±0.2 3.6±0.3 ^3.9±0.2 3.3±0.1 N/A N/A 0.017 

12MO ♀ 
EF, % 

83.0±1.5 +74.5±3.4 80.0±2.6 +76.2±2.9 0.041 0.833 0.424 

12MO ♂ 74.7±2.7 71.5±5.1 68.0±3.8 66.9±4.3 0.591 0.163 0.803 

12MO ♀ 
FS, % 

53.6±1.8 46.0±3.3 50.6±2.6 46.9±2.7 0.054 0.718 0.488 

12MO ♂ 45.9±2.7 44.0±4.3 40.3±3.0 39.5±3.6 0.696 0.148 0.869 

12MO ♀ 
CO, mL/min 

67.8±4.0 62.1±2.6 68.3±6.8 62.9±4.3 0.213 0.872 0.978 

12MO ♂ 77.1±5.1 87.8±7.7 86.7±7.2 87.3±7.1 0.407 0.505 0.457 

12MO ♀ 
E:A ratio 

1.9±0.4 1.6±0.1 1.6±0.2 1.6±0.1 0.591 0.454 0.508 

12MO ♂ 1.5±0.1 +1.4±0.2 1.9±0.2 +1.2±0.2 0.031 0.705 0.188 

12MO ♀ 
LV mass, mg 

1231±163 1204±90 1431±132 1359±117 0.699 0.174 0.862 

12MO ♂ 2021±198 2315±272 2325±130 2462±250 0.311 0.331 0.723 

12MO ♀ 
IVSd, mm 

2.4±0.2 2.1±0.1 2.7±0.2 2.5±0.2 0.172 0.071 0.664 

12MO ♂ 2.6±0.2 2.7±0.2 3.2±0.1 3.0±0.3 0.649 0.112 0.638 

12MO ♀ PAAT:RVET 

ratio 

0.61±0.04 0.60±0.03 0.48±0.04 0.62±0.07 0.141 0.265 0.119 

12MO ♂ 0.63±0.04 0.61±0.07 0.62±0.06 0.60±0.05 0.727 0.778 0.978 

Cardiac function was assessed by echocardiography at all five time points for both sexes. For heart:body weight ratios, NP1=216-250 

offspring/group; N3WK=27-41; N10WK=21-35; N6MO=4-9; N12MO=15-20. For echocardiographic parameters, NP1=119-144 

offspring/group; N3WK=18-30; N10WK=10-19; N6MO=17-28; N12MO=15-18. ♀, females; ♂, males; P1, postnatal day one; WK, weeks 

old; MO, months old; EF, ejection fraction; FS, fractional shortening; CO, cardiac output; E:A ratio, mitral valve flow velocity from 

early:late diastole; LV, left ventricle; IVSd, interventricular septal thickness during diastole; PAAT, pulmonary artery acceleration 

time; RVET, right ventricular ejection time. Significant differences (p≤0.05): +diabetes or *diet effect by 2-way ANOVA, ^group 

effect significant by 1-way ANOVA and Dunnett's post hoc test when interaction was significant by 2-way ANOVA. 

  



Table S4: Summary of age-related changes in offspring from birth (P1) to aged adulthood (12MO), Related to Figures 1-4.  

P1, postnatal day one; MO, months old; LV, left ventricle; ECHO, echocardiography; EF, ejection fraction; FS, fractional shortening; 

E:A ratio, mitral valve flow velocity from early:late diastole. 

Parameter 

Normal development 

from P1 to 12MO Exposure-related differences in females Exposure-related differences in males 

Weight gain 

↑ 60-fold (females) 

and 100-fold (males) 

Diet-exposed (but not combination-

exposed) females gain more weight from 

P1 to 12MO  Not different from controls 

Heart weight 

↑ 34-fold (females) 

and 42-fold (males) 

Diabetes-exposed females lose 20% of 

heart mass between 6MO to 12MO 

Diabetes-exposed males gain 13% heart mass 

from 6MO to 12MO when controls plateau 

LV mass by 

ECHO 

↑ 31-fold (females) 

and 48-fold (males) 

Diet-exposed females have more (~35-

fold) LV growth from P1 to 12MO  Not different from controls 

Systolic 

function 

EF: ↑ 14% (females) 

and 7% (males) 

 FS: ↑ 16% (females) 

and 10% (males) 

Systolic dysfunction at birth resolves. 

Diabetes-exposed adult females have 

decline in EF and SF from 6MO to 12MO  

Systolic dysfunction at birth improves.  

Diet-exposed males have EF and SF peak 

prematurely at 10WK   

Diastolic 

function 

E:A ratio: ↑ 3-fold 

(females) and 2-fold 

(males) 

Diastolic dysfunction at birth resolves by 

3WK, then not different from controls 

Diastolic dysfunction at birth resolves. 

Diabetes-exposed adult males have decline in 

E:A from 6MO to 12MO  

Cardiac 

output 

↑ 12-fold (females) 

and 14-fold (males) Not different from controls Not different from controls 

Basal 

respiration ↑ 70-fold Rate of ↑ is higher in diet-exposed offspring, especially females from 6MO to 12MO 

Maximal 

Respiration ↑ 55-fold Not different from controls 

ATP-linked 

oxygen 

consumption ↑ 60-fold 

Rate of ↑ is higher in diet-exposed females and combination-exposed males 

 (>100-fold) 

Basal 

acidification ↑ 70-fold Rate of ↑ is lower in diabetes-exposed offspring (55-fold) 

Maximal 

acidification ↑ 20-fold Not different from controls 

Palmitate 

oxidation ↑ 30-fold Not different from controls 

mtDNA copy 

number ↑ 5-fold Rate of ↑ is higher in diet-exposed offspring  



Table S5: Summarized changes in mitochondrial respiratory complex function, Related to Figure 5. 

Age Complex Respiratory Control Ratio Fuel Responses 

P1 

I 
Lower in all exposed females 

Lower in diabetes-exposed males 

No significant differences II 

No significant differences III 

IV 

12MO 

I No significant differences 
Lower in HF diet-exposed females 

Controls: females > males 

II Lower in HF diet-exposed females 
Lower in HF diet-exposed females 

Controls: trended (p=0.107) females > males 

III Lower in diabetes-exposed females 

Trended lower (p=0.073) in HF diet-exposed 

females 

Trended lower in diabetes-exposed (p=0.084) and 

HF diet-exposed (p=0.068) males 

IV No significant differences 

Trended lower (p=0.054) in HF diet-exposed 

females 

Higher in diabetes-exposed males 

Controls: females > males 

Summary of changes in mitochondrial respiratory complex function following prenatal exposure to gestational diabetes and maternal 

high-fat (HF) diet.   



Table S6: Sex-specific differences in 12MO cardiac protein expression, Related to Results section “Expression of 

mitochondria-mediated cell death regulators varies by sex.” 

Protein Group Females 

Mean±SE 
Males 

Mean±SE 

P value 

DRP1 Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.22±0.16 

2.42±0.49 

3.38±0.52 

2.20±0.41 

6.28±0.24 

12.74±1.61 

8.67±1.26 

4.08±0.28 

*<0.001 

*0.004 

*0.018 

‡0.019 

MFF Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

8.82±1.98 

11.86±2.84 

2.85±0.24 

3.10±1.25 

1.68±0.25 

1.46±0.47 

1.01±0.28 

0.71±0.14 

*0.023 

*0.023 

*0.007 

0.130 

MTFP1 Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

0.64±0.18 

0.56±0.11 

0.77±0.35 

0.27±0.09 

0.18±0.02 

0.16±0.00 

0.43±0.05 

0.45±0.06 

0.060 

*0.020 

0.391 

0.189 

MFN1 

(86kDa) 

Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

0.06±0.01 

0.07±0.02 

0.13±0.03 

0.11±0.06 

0.21±0.02 

0.24±0.02 

0.20±0.03 

0.22±0.04 

*0.002 

*0.006 

0.187 

0.241 

MFN2 

(70kDa) 

Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

0.10±0.02 

0.19±0.01 

0.09±0.01 

0.25±0.15 

0.13±0.02 

0.08±0.02 

0.10±0.02 

0.08±0.01 

0.478 

*0.010 

0.741 

0.326 

OPA1 

(short 

band) 

Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.14±0.16 

1.36±0.24 

0.57±0.06 

0.42±0.14 

1.91±0.31 

1.66±0.26 

1.10±0.07 

0.93±0.14 

0.090 

0.439 

‡0.005 

0.065 

DAP3 Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

0.37±0.03 

0.47±0.01 

0.30±0.04 

0.14±0.10 

0.47±0.02 

0.46±0.04 

0.45±0.07 

0.37±0.02 

‡0.050 

0.808 

0.134 

0.074 

VDAC Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

7.98±0.17 

14.33±1.07 

14.25±0.98 

17.58±4.23 

6.28±0.24 

12.74±1.61 

8.67±1.26 

4.08±0.28 

*<0.001 

*0.003 

*0.001 

*0.038 

CYPD Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.79±0.19 

2.68±0.23 

2.23±0.31 

1.94±0.50 

7.47±0.73 

9.13±1.00 

8.03±0.76 

5.83±0.56 

*0.002 

*0.003 

*0.002 

*0.007 

NDUFA2 Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

0.54±0.06 

0.53±0.03 

1.27±0.09 

1.26±0.11 

0.54±0.06 

0.53±0.03 

1.27±0.09 

1.26±0.11 

0.342 

0.381 

‡0.004 

‡0.014 

SDHA Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.63±0.05 

1.75±0.09 

0.96±0.05 

0.79±0.10 

1.07±0.09 

1.14±0.23 

1.09±0.10 

0.92±0.10 

0.426 

0.069 

0.290 

0.396 

UQCRH Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.13±0.05 

1.35±0.04 

1.63±0.19 

2.31±0.65 

2.07±0.22 

1.82±0.28 

1.89±0.08 

1.74±0.11 

‡0.013 

0.181 

0.290 

0.433 

COX5B Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

2.47±0.14 

3.64±0.16 

2.55±0.20 

2.43±0.19 

2.19±0.06 

2.45±0.25 

2.18±0.22 

2.30±0.19 

0.142 

‡0.016 

0.291 

0.638 

ADRP Controls 

Diabetes-exposed 

Diet-exposed 

Combination-exposed 

1.41±0.12 

1.05±0.12 

0.64±0.02 

0.77±0.13 

1.28±0.07 

0.65±0.04 

0.64±0.03 

0.71±0.22 

0.400 

‡0.032 

0.870 

0.816 

Whole heart ventricle lysates from adult offspring were used to compare relative expression of proteins involved in mitochondrial 

fission, fusion, regulated cell death, complex expression, and lipid storage. Values were obtained by Western blotting and shown 

above as group mean ± SEM expression relative to β-actin. Sex-specific differences by T-test (P<0.05) are marked by boldface and *. 

Statistically significant differences (P<0.05) less than 2-fold different are instead marked by ‡. N = 3 males and 3 females/group. 

 

 

 



TRANSPARENT METHODS 

Experimental Animals 

This study followed guidelines of The National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Animal 

Welfare Act and was approved by the Sanford Institutional Animal Care and Use Committee (protocols 40-10-14B, 93-08-17B, and 

131-06-20B). Facilities were temperature-controlled and light-dark cycled. Animals had free access to chow and water. Female 

Sprague Dawley rats (Envigo, Indianapolis, IN) were placed on either control diet (TD2018 Teklad, Envigo; 18% fat, 24% protein, 

58% carbohydrates) or HF diet (TD95217 custom diet Teklad, Envigo; 40% fat, 19% protein, 41% carbohydrates) at least 28 days 

before breeding and throughout pregnancy. Females were bred with normal males fed control diet and monitored by vaginal swab for 

spermatozoa. Following ultrasound to confirm pregnancy on gestational day 14, dams received intraperitoneal injection of either 

citrate-buffered saline (Thomas Scientific, Swedesboro, NJ) diluent or 65mg/kg streptozotocin (Sigma-Aldrich, Inc., St. Louis, MO) to 

induce diabetes. Thereafter, dams were partially treated with twice-daily sliding scale insulin (regular and glargine, Eli Lilly and Co., 

Indianapolis, IN) to keep blood glucose levels at 200-400mg/dL. Tail-nick whole blood sampling was done to measure ketones and 

blood glucose (Precision Xtra ketone meter and glucometer, Abbott Laboratories, Abbott Park, IL). Dams not manifesting diabetes 

(blood glucose >200mg/dL) within 48 hours were excluded from this study. While maternal diabetes was induced by pancreatic 

damage, the developing offspring were consistently exposed to maternal hyperglycemia, hyperlipidemia and fetal hyperinsulinemia in 

the last 1/3 or pregnancy (Baack et al., 2016; Louwagie et al., 2018; Mdaki et al., 2016a) (Tables S1 and S2).  

Dams delivered spontaneously to yield offspring of both sexes from four distinct groups: controls, diabetes-exposed, HF diet-

exposed, and combination-exposed as previously described in detail (Louwagie et al., 2018; Mdaki et al., 2016a; Mdaki et al., 2016b; 

Upadhyaya et al., 2017). Litter size included live and dead pups as defined by counting the number of live and dead pups in the cage 

alongside direct uterine examination to count placentations, resorptions, or retained stillborns in each uterine horn. Perinatal mortality 

was calculated as: (litter size – live pups)/litter size x 100. On P1, litter size was equalized (8 pups/dam) and offspring were cross-

fostered to normal timed pregnant dams fed a control diet and delivering 0-7 days prior to corresponding experimental offspring. To 

ensure that exposure to diabetes and/or diet was only prenatal, all pups were weaned to a control diet before being aged to preset time 

points (3WK, 10WK, 6MO, or 12MO). At all five time points, hearts were collected under 5% isoflurane anesthesia and immediately 

used to isolate primary ventricular cardiomyocytes (CM) or snap frozen in liquid nitrogen and stored at -80oC. 

Isolation of Primary Cardiomyocytes 

Primary ventricular CM were isolated from offspring as previously described (Mdaki et al., 2016b). In brief, newborn (P1) hearts were 

collected immediately following euthanasia and transferred to Hank’s Balanced Salt Solution (HBSS) on ice. Atria were removed 

before mincing ventricles. Ventricular pieces were digested via 5-6 alternating cycles of: 1) stirring for 5 min at 50rpm in 0.1% trypsin 

with 0.02% DNase I (in 0.15M NaCl), and 2) trituration at 1-2mL/sec for 5 min. Trypsin/DNase I mix was deactivated with bovine 

serum before centrifuging cells at 1600rpm at 22C for 10 min (centrifuge: Eppendorf Centrifuge 5810 R). Cell pellets were 

resuspended in DMEM-1 (DMEM supplemented with 10% BS and 1% penicillin/streptomycin) with 0.0002% DNase I, seeded to 

uncoated 35mm dishes, and incubated for 1 hr in humidified 37C, 5% CO2 to allow fibroblast attachment. CM were then gently 

detached, resuspended in DMEM-1, and counted with Trypan Blue and hemocytometer before seeding to 0.1% gelatin-coated 

Seahorse XF24 V7 PS cell culture microplates at 150,000 viable CM/well for Extracellular Flux Analyses (see below) or at 40,000 

CM/well for Permeabilized Extracellular Flux Analyses (see below). CM were allowed to adhere overnight (12-16 hr) before 

experimentation. 

 To isolate CM from 3WK, 10WK, 6MO, and 12MO offspring, following euthanasia hearts were placed in Perfusion Buffer 

(PB; 120.4mM NaCl, 14.7mM KCl, 0.6mM KH2PO4, 0.6mM Na2HPO4, 1.2mM MgSO4-7H2O, 10mM HEPES, 4.6mM NaHCO3, 

30mM taurine, and 5.5mM glucose) on ice. Still-beating hearts were then cannulated and perfused for 5 min with PB before digestion 

with type 2 collagenase (Worthington Biochemical Corp., Lakewood, NJ) in PB. Following approximately 35 min digestion, 

ventricles were cut away from atria, teased into smaller pieces, and transferred to PB supplemented with 12.5µM CaCl2 and 1% 

bovine serum albumin. Following 10 min of gravity sedimentation at room temperature, CM were reintroduced to calcium with step-

wise additions of 0.25mM, 0.25mM, 0.5mM, 0.5mM, and 0.3mM CaCl2 to ensure calcium-tolerant CM for plating. Viable CM were 

counted with Trypan Blue and hemocytometer before seeding to 18µg/mL laminin-coated 35mm glass-bottom FluoroDishes (World 

Precision Instruments) at 51,000 CM/dish or to Seahorse XF24 V7 PS cell culture microplates (3WK at 17,000 CM/well; 10WK and 

6MO at 10,000 CM/well; 12MO at 6,000 CM/well) for Extracellular Flux Analyses or 3,000 12MO CM/well for Permeabilized 

Extracellular Flux Analyses in MEM (Gibco Cat. #11575032, Grand Island, NY) containing 2mM L-glutamine and 5.6mM D-

glucose. CM were allowed to attach for at least 1 hr before experimentation. As authors observed functional and morphologic 

differences in CM (particularly from 12MO offspring) with the amount of time in culture, consistent experimental timing was 

prioritized.  

Echocardiography 

Structural and functional cardiac physiology was followed over time using serial echocardiography at P1, 3WK, 10WK, 6MO, and 

12MO as previously detailed (Baack et al., 2016; Mdaki et al., 2016a). In short, echocardiography was done using the Vevo 2100 

Imaging System (FUJIFILM VisualSonics Inc., Toronto, Canada). While under light (1-3%) isoflurane/oxygen anesthesia, hair was 

removed from the ventral chest, and offspring were secured on a prewarmed (37C) imaging stage with embedded electrocardiogram 

leads. Temperature and EKG were monitored continuously to assure physiologic stability. Parasternal long axis (PLAX), parasternal 



short axis (PSAX), and the apical four chamber views were acquired in B mode (brightness), M mode (motion), and pulsed-wave 

(PW) Doppler mode using MS700 (P1), MS400 (3WK), or MS250 (10WK-12MO) MicroScan high-frequency transducers according 

to animal size (FUJIFILM VisualSonics Inc.). All echocardiograms were acquired by one trained individual, and image analysis was 

done by a separate technician using the Vevo LAB analysis software (FUJIFILM VisualSonics Inc.). Reported ventricular 

measurements are from left ventricular trace in PLAX, systolic function (ejection fraction and fractional shortening) is from M mode 

in PSAX, and diastolic function (E:A ratio) is from PW Doppler apical images. Right ventricular function is reported as the ratio of 

pulmonary artery acceleration time (PAAT) to right ventricular ejection time (RVET) as calculated from PW Doppler modified PLAX 

images of the right ventricular outflow tract (RVOT). 

Hepatic Lipid Analyses 

Whole livers were weighed and snap frozen in liquid nitrogen immediately upon collection and stored at -80C for future processing 

and analyses. For hepatic TG analysis, liver tissue (100mg) was homogenized in 1mL of an aqueous 5% NP-40 solution, heated at 

90C for 10 min, and spun at top speed in a microcentrifuge for 2 min. TG concentrations in liver extracts were quantified with a 

commercial kit (Zenbio, STG-1-NC) according to manufacturer’s instructions. Hepatic cholesterol was extracted and analyzed by gas 

chromatography as previously described (Rideout et al., 2015). 

Serum Analyses 

Blood was collected from dams and offspring via venipuncture or intracardiac puncture under anesthesia or immediately following 

humane euthanasia. Whole blood and serum fractions were stored at -80C for analysis. To validate fetal hyperinsulinemia, a subset of 

P1 offspring (n=40-68 pups/group) was delivered by cesarean section with immediate jugular venous sampling prior to cutting the 

umbilical cord as previously described (Louwagie et al., 2018). Milliplex MAP Magnetic Bead Panels (MilliporeSigma, Burlington, 

MA) with Luminex 200 Analyzer (Luminex Corp, Austin, TX) were used to measure serum concentrations of insulin, C-peptide, and 

leptin (Cat. #RMHMAG-84K) as well as adiponectin, E-selectin, and ICAM-1 (Cat. #RV2MAG-26K). Serum HbA1c levels were 

measured with Rat Hemoglobin A1C Assay Kit (Cat. #80300, Crystal Chem, Elk Grove Village, IL), brain natriuretic peptide with Rat 

BNP 45 ELISA Kit (Cat. #ab108816, Abcam, Cambridge, MA), serum TG with Pointe Scientific colorimetric assay and TG standards 

(Cat. #23-666-410 and #23-666-422, ThermoFisher Scientific, Waltham, MA), and NEFA levels with Wako HR Series NEFA-HR 

Colorimetric Kit (Wako Diagnostics, Richmond, VA). Serum total and HDL cholesterol was measured using EnzyChrom AF HDL 

and LDL/VLDL Assay Kit (Cat. # E2HL-100, Universal Biologics, Cambridge, UK); non-HDL cholesterol (representing VLDL, IDL, 

LDL, chylomicron remnants and lipoprotein) was calculated by subtracting HDL from total cholesterol. Serum renin concentrations 

were measured with SensoLyte 520 Rat Renin Assay Kit (Cat. #AS-72140, Anaspec, Fremont, CA). All assays were run per 

manufacturer’s instructions and read on Cytation3 plate reader (BioTek, Winooski, VT) unless otherwise noted.  

Extracellular Flux Analyses 

CM bioenergetics were assessed using a mitochondrial stress test (MST), glycolytic stress test (GST), and fatty acid oxidation test 

(FAOT) on Seahorse XF24 extracellular flux analyzer at all five time points. Methods have been previously described in detail (Mdaki 

et al., 2016a). Specifically, before beginning each assay CM were washed twice in assay media and incubated for 1hr in absence of 

CO2. Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured at baseline and following 

injections to determine respiratory, glycolytic, and FAO capacities. All media were heated to 37C with pH adjusted to 7.40. Assays 

used the following injection strategies (listed concentrations are final) and media types: 

MST: 2µM Oligomycin, FCCP (0.3µM for P1, 0.6µM for 3WK-6MO, 0.9µM for 12MO), and then 2µM rotenone plus 4µM 

Antimycin A; XF assay medium supplemented with 10mM glucose and 1mM pyruvate. 

FAOT (P1-6MO): 0.15mM Palmitate-BSA conjugate followed by two injections of 40µM etomoxir; KHB medium (111mM NaCl, 

4.7mM KCl, 1.25mM CaCl2, 2mM MgSO4, 1.2mM NaH2PO4) supplemented with 0.5mM carnitine, 2.5mM glucose, and 5mM 

HEPES. 

FAOT (12MO): 4µM Oligomycin, 0.9µM FCCP, and then 2µM rotenone plus 4µM Antimycin A. Run in four different conditions 

(with 0.15mM Palmitate-BSA conjugate or BSA control +/- 30 min 40µM etomoxir pretreatment) to determine both basal and 

palmitate-stimulated oxidation as well as reserve capacities for endogenous and exogenous FA oxidation (Rogers et al., 2014); KHB 

medium supplemented with 0.5mM carnitine, 2.5mM glucose, and 5mM HEPES. 

GST: 10mM Glucose, 2µM Oligomycin (P1-6MO) or 2µM rotenone plus 4µM Antimycin A (12MO), and then 100mM 2-

deoxyglucose (P1-6MO) or 100μM Monensin (12MO) to additionally ascertain maximal and glycolytic reserve capacities (Mookerjee 

et al., 2016); XF base medium. Proton production rate (PPR) was calculated as described by Mookerjee et al (Mookerjee et al., 2015). 

Oil Red O Staining and Quantification 

Following euthanasia, right ventricle section from 12MO hearts were frozen in optimal cutting temperature (O.C.T.) tissue 

preservative (Sakura Finetek) and stored at -80C. Batched hearts were sectioned (10μm), fixed with 40% formaldehyde, stained for 10 

min with Oil Red O (Sigma-Aldrich) suspended in 98% isopropanol, stained with hematoxylin (background), and blued in ammonia 

water before mounting. Five to six images per heart were systematically captured using an Aperio Versa 8 microscope (Leica 



Biosystems) at 40x magnification. Oil Red O was systematically quantified using ImageJ (NIH) with Color Threshold settings of Hue 

at 119-210 (no pass), Saturation at 4-255, and Brightness at 66-195. 

Mitochondrial DNA Copy Number 

Snap-frozen hearts from all five time points were used to isolate total DNA using a Qiagen DNeasy Blood and Tissue Kit according to 

manufacturer’s instructions. Relative mtDNA copy number was then determined using real-time PCR as previously described (Mdaki 

et al., 2016a). All reactions were performed in triplicate using ABsolute Blue QPCR Mix (ThermoFisher Scientific) and a Stratagene 

Mx3000P thermocycler (Agilent Technologies). Primers were designed for cytochrome-c oxidase I (Mt-co1; ThermoFisher). Methods 

were previously validated using a second primer for mitochondrial control region (D-loop; Integrated DNA Technologies) as 

previously described (Mdaki et al., 2016a). Gene-specific standard curves were generated with MxPro software (Agilent 

Technologies) and used to calculate relative mtDNA copy number. 

Permeabilized Cell Analyses 

To determine mitochondrial electron transport chain complex function, CM from P1 and 12MO CM mitochondria were evaluated 

using extracellular flux analyses after permeabilization via 1nM Seahorse XF Plasma Membrane Permeabilizer as described by 

Salabei, et al (Salabei et al., 2014). CM isolation was as described for MST, GST, and FAOT above and methods were technically 

similar and illustrated in Figure 5A. Key exceptions include: CM were only washed once and assay was started immediately following 

wash. MAS assay medium (220mM mannitol, 70mM sucrose, 10mM KH2PO4, 5mM MgCl2, 2mM HEPES, 1mM EGTA, 0.6% FA-

free BSA) was heated to 37C with pH adjusted to 7.20 before washing. Seeding density, fuel and drug doses were validated at each 

time point according to the manufacturer’s recommendations. Injection strategies were as follows (listed concentrations are final): 

P1 CM: (10mM methyl pyruvate plus 2mM dichloroacetate plus 1mM malate) or (4mM glutamine plus 1mM malate) or (40µM 

palmitoyl-L-carnitine plus 1mM malate) or (10mM succinate) or (0.5mM duroquinol) or (0.1mM N,N,N′,N′-tetramethyl-p-

phenylenediamine (TMPD) plus 5mM ascorbate) with 4mM ADP and 1nM XF PMP permeabilizer, next 2µM Oligomycin, and then 

lastly (2µM rotenone plus 4µM Antimycin A for complex I and II wells) or (40mM sodium azide for complex III and IV wells).  

12MO CM: Modification to P1 CM methods include the following differences: 50µM palmitoyl-L-carnitine, 0.5mM TMPD, and 

2mM ascorbate. ADP and permeabilizer were added to final wash step, prior to the run (rather than with first injection as in P1 CM). 

This was done to ensure more time for complete permeabilization. Lastly, while evaluating complex III oxidation of duroquinol, a 

second injection of 40mM sodium azide was done to ensure complete inhibition prior to TMPD/ascorbate. 

FCCP Challenge 

Staining and Imaging: 12MO CM were transferred from MEM to 2mL confocal solution (Seahorse XF Assay Medium [Agilent] + 

10mM D-(+)-glucose [Sigma] + 1.0mM sodium pyruvate [Sigma]) containing 1.0μM MitoTracker Green FM (Invitrogen, Waltram, 

MA) + 2.0μM Hoechst 33342 (AnaSpec, Fremont, CA) + 15nM Tetramethylrhodamine Ethyl Ester Perchlorate (TMRE) (Invitrogen) 

or 1.0μM LysoTracker Red DND-99 (Invitrogen) and incubated for 20 min at 37C with humidified, 2% CO2. CM were washed twice 

with 1xPBS and given fresh confocal medium for imaging. All staining procedures were conducted in minimal lighting with dark 

tubes and light-protected culture dishes to minimize photobleaching. 

Images were captured using a Nikon A1 TIRF Ti-Eclipse inverted confocal microscope (Nikon Instruments Inc., Melville, 

NY) equipped with a live cell chamber (37C with humidified 5% CO2), Nikon Perfect Focus System, injection apparatus, and NIS-

Elements AR image acquisition software (version 5.02; Nikon). Individual CM were selected for imaging in a standard manner by a 

single technician based on morphology and stain quality at the start of imaging. Baseline images were obtained and video was 

captured using Perfect Focus System throughout. Two minutes after beginning video acquisition, FCCP was cautiously injected (final 

concentration = 0.6µM) as not to interrupt the cells. Imaging was maintained through cell death. Importantly, each video capture was 

performed using standardized parameters at x60 magnification and 1024x1024 pixels with 1.1µs pixel dwell (6.27 seconds/frame). 

Representative video-images are shown in Figures 6 and 7. Representative videos are online as Supplementary Videos S1 (Mitophagy) 

and S2 (Cell Death).  

Image Analyses: NIS-Elements’ Measure tool was used to estimate baseline cell morphology and time to cell death by retraction, 

defined as the first post-FCCP frame in which cell length became 50% of baseline. Videos were exported as sequential Tagged Image 

Format (TIF) files into High-Content Screening (HCS) Navigator software (version 6.6.0; PerkinElmer, Waltham, MA) using the 

Image Import and Conversion Tool. Following conversion, videos were analyzed using HCS Colocalization.V4 protocol for TMRE 

intensity, colocalization, and time to cell death by pyknosis, defined as the first post-FCCP frame in which nuclear area became 90% 

of baseline. ROI recognition settings were adjusted to place a mask around the CM of interest from each frame. This step was 

necessary to remove artifacts and focus on individual CM. ROI settings were standardized between all samples. Data were exported 

using the HCS Data/Image Export Tool.  

Protein Isolation and Western Blotting 

Left ventricle sections were homogenized and sonicated in RIPA (150mM NaCl, 50mM Tris (pH=7.5), 1% Triton X, 0.5% 

deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with cOmplete Protease Inhibitor Cocktail (Roche, Indianapolis IN) and 

phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Proteins were quantified using DC Protein Assay (Bio-Rad, Hercules, 



CA) and Cytation3 plate reader (BioTek, Winooski, VT). Western solutions were prepared with Laemmli and beta-mercaptoethanol, 

heated at 95C for 5 min, and run through 4-15% Criterion TGX gels (Bio-Rad) alongside EZ-Run Prestained Rec Protein Ladder and 

MagicMark XP Western Protein Standard (ThermoFisher, Waltham, MA). 20µg protein was loaded per lane. Transfer to PVDF 

membranes was performed using Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked for 10 min in 10% Clear 

Milk Blocking Buffer (ThermoFisher) before overnight incubation with primary antibody at 4C. Following TBS-T washes, 

membranes were again blocked and incubated 1 hr in secondary antibody. Membranes were washed four times before imaging with 

Luminata Forte HRP Chemiluminescence Substrate (ThermoFisher) and ChemiDoc MP Imaging System (Bio-Rad) with Image Lab 

Touch Software (version 2.2.0.08; Bio-Rad). Densitometry was performed using VisionWorks LS Analysis Software (version 8.1.2, 

UVP, Upland, CA). Before analysis, image brightness and contrast was uniformly adjusted using Adobe Photoshop (version 13.0; 

Adobe Inc., San Jose, CA) to capture bands in their entirety. Beta-actin served as reference protein (Figure S6E). All antibodies are 

shown in the below table. 

Antibody Source Identifier 

Anti-DRP1 (H-300), diluted 1:350 Santa Cruz Biotechnology Cat#SC-32898 

Anti-MFF, diluted 1:1000 Cell Signaling Technology Cat#84580; RRID:AB_2728769 

Anti-MTFP1, diluted 1:1000 Antibodies-online Cat#ABIN3047683 

Anti-MFN1, diluted 1:200 Santa Cruz Biotechnology Cat#SC-50330; RRID:AB_2250540 

Anti-MFN2, diluted 1:1000 Sigma-Aldrich Cat#M6319; RRID:AB_477221 

Anti-OPA1, diluted 1:1000 Cell Signaling Technology Cat#80471; RRID:AB_2734117 

Anti-DAP3, diluted 1:1000 BD Biosciences Cat#610662; RRID:AB_397989 

Anti-VDAC1/Porin, diluted 1:1000 Abcam Cat#Ab14734; RRID:AB_443084 

Anti-CYPD, diluted 1:1000 Abcam Cat#Ab110324; RRID:AB_10864110 

Anti-NDUFA2, diluted 1:500 LifeSpan Biosciences Cat#LS-C409672 

Anti-SDHA, diluted 1:5000 Abcam Cat#ab14715; RRID:AB_301433 

Anti-UQCRH, diluted 1:5000 Abcam Cat#ab134949; RRID:AB_2800504 

Anti-COX5B, diluted 1:10,000 Abcam Cat#ab180136 

Anti-ADRP, diluted 1:1000 Abcam Cat#ab108323; RRID:AB_10863476 

Anti-β-Actin (HRP-conj.), diluted 1:1000 Cell Signaling Technology Cat#5125S; RRID:AB_1903890 

Goat anti-rabbit IgG-HRP, diluted 1:5000 SouthernBiotech Cat#4030-05; RRID:AB_2687483 

Goat anti-mouse IgG(H+L) human ads-HRP, 

diluted 1:5000 

SouthernBiotech Cat#1031-05; RRID:AB_2794307 

 

Experimental Optimization 

Non-experimental rats were used to optimize cell seeding densities, reagent concentrations, and staining/imaging parameters. To do 

this, CM were isolated from each time point as described above and seeded onto Seahorse XF24 V7 PS cell culture microplates or 

FluoroDishes. MST (see above) was used to determine the FCCP concentrations that elicit maximal respiratory capacities. MST 

methods have previously been described in detail (Mdaki et al., 2016a; Mdaki et al., 2016b), but optimization steps for this study 

compared 0.1-1.2μM FCCP. Although 0.9μM FCCP elicited the maximal respiratory capacity in plated 12MO CM, the concentration 

causing the second-highest response (0.6μM) was chosen to prevent over-stressing and immediate cell death under harsher confocal 

imaging conditions.  

Statistical Analyses 

All statistical analyses were conducted using Prism 7.05 (GraphPad Software) and are represented as mean ± standard error of the 

mean. Statistical parameters including replicate numbers (n) are shown in tables and figure legends. Diabetes, diet, and interaction 

effects were evaluated by two-way ANOVA. When a significant interaction was present, data were analyzed by one-way ANOVA 

with Dunnett post-test to compare each treatment group (diabetes, HF diet, or combination) to controls. Sex-specific comparisons 

were interrogated by two-tailed, unpaired t-test. For mitolysosome formation, Pearson correlation coefficient values were calculated 

from baseline to time of cell death for each video frame and interrogated by linear regression analysis. Baseline levels of 

mitolysosomes and rate of mitolysosome formation were analyzed by ANOVA as described above. Rate of mitochondrial biogenesis, 

defined as the rise in mitochondrial copy number over time (P1 to 12MO), was also interrogated using similar linear regression 

analyses. To compare age-related differences, one-way ANOVA was used to compare time points within exposure groups and linear 

regression analysis and two-way ANOVA were used to compare rates of change between groups from P1 to 12MO. Statistical 

significance was set to P<0.05 for all cases. 
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