

  ijms-20-03090




ijms-20-03090







Int. J. Mol. Sci. 2019, 20(12), 3090; doi:10.3390/ijms20123090




Article



Diabetic Pregnancy and Maternal High-Fat Diet Impair Mitochondrial Dynamism in the Developing Fetal Rat Heart by Sex-Specific Mechanisms



Tricia D. Larsen 1, Kyle H. Sabey 2, Alexis J. Knutson 1, Tyler C. T. Gandy 1, Eli J. Louwagie 1,2, Lothar Lauterboeck 1, Kennedy S. Mdaki 1,4 and Michelle L. Baack 1,2,3,*





1



Environmental Influences on Health and Disease Group, Sanford Research, 2301 E 60th Street North, Sioux Falls, SD 57104, USA






2



Sanford School of Medicine of the University of South Dakota, Sioux Falls, SD 57117, USA






3



Boekelheide Neonatal Intensive Care Unit, Sanford Children’s Hospital, Sioux Falls, SD 57117, USA






4



Barshop Institute for Longevity and Aging Studies, UT Health, San Antonio, TX 78245, USA









*



Correspondence: michelle.baack@sanfordhealth.org; Tel.: +605-312-6420; Fax: +605-312-6971







Received: 21 May 2019 / Accepted: 18 June 2019 / Published: 25 June 2019



Abstract

:

Infants born to diabetic or obese mothers are at greater risk of heart disease at birth and throughout life, but prevention is hindered because underlying mechanisms remain poorly understood. Using a rat model, we showed that prenatal exposure to maternal diabetes and a high-fat diet caused diastolic and systolic dysfunction, myocardial lipid accumulation, decreased respiratory capacity, and oxidative stress in newborn offspring hearts. This study aimed to determine whether mitochondrial dynamism played a role. Using confocal live-cell imaging, we examined mitochondrial dynamics in neonatal rat cardiomyocytes (NRCM) from four prenatally exposed groups: controls, diabetes, high-fat diet, and combination exposed. Cardiac expression of dynamism-related genes and proteins were compared, and gender-specific differences were evaluated. Findings show that normal NRCM have highly dynamic mitochondria with a well-balanced number of fusion and fission events. Prenatal exposure to diabetes or a high-fat diet impaired dynamism resulting in shorter, wider mitochondria. Mechanisms of impaired dynamism were gender-specific and protein regulated. Females had higher expression of fusion proteins which may confer a cardioprotective effect. Prenatally exposed male hearts had post-translational modifications known to impair dynamism and influence mitophagy-mediated cell death. This study identifies mitochondrial fusion and fission proteins as targetable, pathogenic regulators of heart health in offspring exposed to excess circulating maternal fuels.
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1. Introduction


Infants born to women with diabetic pregnancy (IDM), obesity, or both, are at greater risk of heart disease including cardiomyopathy at birth [1,2,3,4,5,6,7,8,9] and throughout life [10,11,12,13,14,15,16,17,18]. While cardiomyopathy is rare among infants born to non-diabetic mothers [19], up to one third of IDM have cardiac dysfunction at birth [5] and some develop severe or even fatal cardiomyopathy [20,21,22]. Those surviving improve but remain at higher risk of cardiovascular disease when they are adults [11,13,17,18]. While it is well-recognized that diabetic pregnancy increases the risk of heart disease in the developing baby, prevention and treatment are significantly hindered because the underlying mechanisms remain unknown.



Mitochondrial dynamism is the intracellular movement of mitochondria for fusion and fission, and it plays an important role in both cardiac development and long-term heart health [23]. Dynamism influences mitochondrial number, morphology, function, and cell fate through important processes including mitochondrial replication (biogenesis), intracellular organelle communication, reticular arrangement (subsarcolemmal, myofibrillar, and perinuclear migration), cristae structure, respiratory complex assembly, mitochondrial DNA homeostasis, quality control (mitophagy or culling), and cell fate through apoptosis and necrosis [23,24,25,26,27,28,29,30,31,32,33]. As shown in Figure 1, dynamism is regulated by GTPase proteins located in the cytosol, outer mitochondrial membrane (OMM), and inner mitochondrial membrane (IMM).



Fusion (joining) is regulated by mitofusin 1 and 2 (MFN1, MFN2) and optic atrophy 1 (OPA1) [34]. MFN1 and MFN2 are transmembrane proteins bound to the OMM. They aid in mitochondria–mitochondria and mitochondria–organelle fusion by forming homotypic (MFN1–MFN1 or MFN2–MFN2) and heterotypic (MFN1–MFN2, MFN1–OPA1) complexes that link membranes [26,34]. Fusion is influenced by post-translational modifications including mitofusin ubiquitination which interferes with fusion and can result in unopposed fission [26,35]. MFN2 has additional non-dynamic roles in mitochondrial-endoplasmic/sarcoplasmic reticulum (ER/SR) communication, calcium flux, and cell survival through mitophagy induced apoptosis and necrosis pathways [26]. Fusion at the IMM is regulated by OPA1 which also regulates cristae structure and mitophagy induced apoptosis under the influence of oligomerization, splicing, and other post-translational modifications [23,26,28,36,37]. Fission (division) is primarily regulated by dynamin related protein 1 (DRP1), also known as dynamin-1-like protein (DNM1L), a cytosolic GTPase that is recruited to OMM binding partners including mitochondrial fission factor (MFF) [26,36]. Phosphorylation of DRP1 at Ser637 blocks recruitment and prevents fission [36]. Mitochondrial fission process 1 (MTFP1) and death associated protein 3 (DAP3) influence fission and mitophagy through DRP1 phosphorylation and recruitment [38,39,40]. It is not known how exposure to maternal diabetes or dyslipidemia may affect mitochondrial dynamism, thus cardiac development and disease risk.



Our lab and others have described a normal transition of cardiac metabolism from fetal to adult life [41,42]. Using a rat model, we also demonstrated that in utero exposure to maternal diabetes and a high-fat diet was associated with diastolic and systolic dysfunction, myocardial lipid accumulation, decreased glycolytic and respiratory capacity, oxidative stress, and mitochondrial fragmentation in newborn offspring hearts [43]. Our findings mimicked those described in models of adult diabetic cardiomyopathy (left ventricular dysfunction independent of hypertension or coronary artery disease) [44,45,46,47] which reportedly results from mitochondrial damage and impaired dynamism following exposure to long-standing diabetes and dyslipidemia [44,48,49,50,51]. This study used a well-described rat model [42,43,52,53] to answer the critical question of whether maternal diabetes, diet, or both, can impair mitochondrial dynamism to influence cardiac health. Findings describe gender-specific differences and identify mitochondrial fusion and fission proteins as targetable, pathogenic regulators of cardiomyopathy in the fetus exposed to excess circulating maternal fuels.




2. Results


2.1. Maternal Diabetes or High-Fat Diet Impairs Mitochondrial Dynamism in the Developing Offspring’s Heart


This study used live-cell imaging studies to objectively measure fusion and fission events in primary isolated neonatal rat cardiomyocytes (NRCM) from controls and offspring that were prenatally exposed to streptozocin-induced diabetes, maternal high-fat diet, or a combination of both. Representative videos are available as Video 1. The average number of fusion and fission events in each group is shown in Figure 2. Normal NRCM had highly dynamic mitochondria with approximately 1.4 paired fission and fusion events/cell/minute. Measuring fission and fusion as either the average number of events/cell/5 min video or as the events/100 µm2/5 min video to account for potential variance in cell size led to similar outcomes (Supplemental Figure S1). Dynamism was well balanced in normal NRCM with 7.00 ± 0.57 fusion events/cell and 6.99 ± 0.67 fission events/cell in 5 min of imaging leading to a balanced fission:fusion ratio of approximately 1 in controls. Maternal diabetes and/or a high-fat diet impaired mitochondrial dynamism in NRCM. On average, diabetes-exposed NRCM had 50% fewer fusion events and 30% fewer fission events with a pro-fission ratio of 1.8 (1.8 fission events for every 1 fusion event). Diet-exposed NRCM had 50% fewer fusion events and 44% fewer fission events with a similar trend in fission:fusion ratio (1.3). Combination exposed NRCM had a 50% decline in both fission and fusion, resulting in a balanced fission:fusion ratio of 0.99, but more mitochondria were adynamic and fragmented. While both fusion and fission were impaired, prenatal exposure to diabetes or a high-fat diet most often led to a pro-fission imbalance (Figure 2D).




2.2. Prenatal Exposures Alter Mitochondrial Morphology


Differences in mitochondrial morphology are shown in Figure 3. As predicted by fission:fusion ratios, diabetes- and diet-exposed mitochondria were shorter and wider. Combination-exposed mitochondria had an equal decline in fission and fusion resulting in a balanced ratio, however, their mitochondria were also shorter and wider. By our observation, this was due to an overall higher number of poorly charged and adynamic (fragmented) mitochondria in that sub-group (Figure 3A).




2.3. Fetal Sex Influences Dynamic Events in Prenatally Exposed, but Not Normal Cardiomyocytes


To determine whether an offspring’s sex influenced dynamism and morphology, group comparisons were made separately for female and male offspring (Figure 2 and Figure 3). Gender-related differences were evaluated by t-test within each group (Table 1). Fetal sex did not influence the number of dynamic events or the balance of fission and fusion in normal NRCM. While normal males had slightly wider mitochondria, mitochondrial length was similar between sexes. Diabetes and diet impaired dynamism in both female and male NRCM. However, females had a more robust decline in mitochondrial fusion compared to males (3-fold fewer events compared to 1.5-fold fewer events). Since fission was equally impaired in diet-exposed NRCM, we found a gender-related divergence in mitochondrial balance. Female NRCM developed a pro-fission ratio (1.7), but males developed an anti-fission ratio (0.88). Despite equal decline in fission and fusion events, combination exposed female and male NRCM had significantly different fission:fusion ratios (Table 1), which may reflect differences in mitochondrial quality. Overall, our findings suggest that diabetes exposure impairs NRCM dynamism similarly in both sexes, but a maternal high-fat diet causes a sex-divergent response.




2.4. Expression of Genes Regulating Dynamism Do Not Explain Impaired Mitochondrial Dynamism


To help delineate mechanisms of impaired dynamism, we compared whole heart mRNA expression of key genes regulating fusion (Mfn1, Mfn2, and Opa1) and fission (Drp1 and Mff). As shown in Figure 4A, neither diabetes, nor high-fat diet exposure significantly influenced relative expression of dynamism regulatory genes.



To determine if an offspring’s sex influenced gene expression, we analyzed exposure related differences for females and males separately. In doing so, we found that diet-exposed male, but not female hearts had a higher Mfn2 expression than controls (Figure 4B,C). While this does not explain impaired dynamism, it may partially explain why diet-exposed males have less of a decline in fusion than diet-exposed females. Gender-related differences within each group were also evaluated by t-test. There was no sex-specific differences in expression of cardiac dynamism related genes in the control, diabetes- or diet-exposed hearts. However, combination-exposed females had a higher expression of Drp1 than combination-exposed males (Supplemental Table S3).




2.5. Cardiac Proteins Regulating Dynamism Are Influenced by Prenatal Exposure and Fetal Sex


Next, we used Western blot to compare relative expression of cardiac proteins involved in fusion (MFN1, MFN2, and OPA1) and fission (DRP1, MFF, and MTFP1). When combining sexes for comparison, few differences were found. Diabetes- and diet-exposed offspring had a 50% lower MFN1 expression compared to controls; however, this trend did not reach statistical significance, likely due to inter-sample variance. Combined data also demonstrated that diet-exposed offspring had a significantly higher MFN2 expression. Western blot bands were variable between samples (Figure 5D). Since mitochondrial protein expression appeared variable between female and male offspring, male and female protein expression was analyzed separately to evaluate exposure related differences. High-fat diet-exposed hearts had higher MFN2 expression in males (44%); the trend was similar, but less robust in females (26%). Diet-exposed male, but not female, hearts also had higher OPA1 expression. These diet-related differences in protein expression may partially explain sex-divergent differences in fusion (females have a more robust decline in fusion than males).



When analyzing expression separately for females and males, we found that much of the protein expression variability was related to offspring sex. We used a t-test to determine gender-related differences within each group (Table 2). Results were surprising. Female hearts had a 2- to 9-fold higher expression of fusion proteins compared to male hearts; this difference spanned across nearly every group. Using voltage-dependent anion channel or porin (VDAC) as a mitochondrial reference protein, we found that female hearts had a higher expression of VDAC than male hearts across all groups. Indeed, normal females had a 16-fold higher expression of VDAC than normal males. Prenatal exposures did not change the relative expression of VDAC in offspring hearts which suggests this is specifically a gender-related difference. This sex-related difference remained when calculating VDAC:actin ratios (Figure 5C,D). To assure this was not related to changes in our housekeeper protein, we reanalyzed actin expression using several blots with samples from both sexes on the same gel. Consistently, actin expression was not different between females and males. We also compared mitochondrial copy number as previously described [43] and found no differences between control females and males. This data could suggest that females have a higher expression of fusion proteins and more well-charged (healthy) mitochondria compared to males.




2.6. Prenatal Exposure to High-Fat Diet Alters Dynamism in the Offspring’s Heart Following Sex-Specific Post-Translational Modifications of Fusion and Fission Proteins


In our study, we identified multiple MFN1 bands: an active 70 kDa and an inactive (di-ubiquitinated) 86 kDa band [35] (Figure 5D). This is significant because mitofusin function is dependent on post-translational modifications including phosphorylation and ubiquitination [50,54]. Specifically, mono-ubiquitination (8.5 kDa) and di-ubiquitination (17 kDa) promote mitofusin degradation and impair fusion [35]. Analyzing expression of both MFN1 bands together (70 kDa + 86 kDa) uncovered a trend towards lower MFN1 in both diabetes- and high-fat diet-exposed offspring. When comparing each band separately and in both sexes, we found a sex-divergent response to prenatal exposure (Figure 6A). In females, the relative decline in cardiac MFN1 was observed for both the 70 kDa (active) and 86 kDa (inactive) bands which is consistent with overall less cardiac expression. However, in males we observed a diabetes and diet-related decline in the 70 kDa (active) band alongside an increase in the 86 kDa (inactive) band which is consistent with di-ubiquitination and inactivation of the fusion protein [35].



We also identified two MFN2 bands. One corresponded to the predicted band near 75 kDa. A second band was consistently found at 50 kDa (Figure 5B) using several anti-MFN2 antibodies (Cell Signaling 94825, Abcam AB56889, Novos H00009927-M03 and Sigma Aldrich M6310 MFN2-N terminus Ab). Garcia-Perez et al. previously characterized differences in these two bands (using Sigma Aldrich M6310) showing that the 75 kDa protein was predominantly found in fractions of isolated OMM while the 50 kDa band was predominantly found in fractions that isolated OMM, IMM, and the ER/SR together making it a marker ofmitochondria that is tethered to ER/SR [55]. Therefore, the 50 kDa band is likely a muscle specific marker of nonconventional fusion related functions including MFN2 to ER/SR communication, calcium homeostasis, network morphology, and mitophagy-induced apoptosis [56,57]. In our experiments, the total expression of MFN2 (50 kDa + 75 kDa) was significantly higher in high-fat diet-exposed offspring hearts. Analyzing the MFN2 bands separately and in both sexes, we found that this difference was primarily due to an increase in the 75 kDa band in females (Figure 6B). There was no exposure-related difference in expression of the MFN2 50 kDa band.



Post-translational processing of OPA1 from long to short bands modifies its function which includes fusion at the IMM, mitochondrial cristae structure, and resistance to apoptosis [58]. OPA1 long (pro-survival) bands are associated with fusion; short (anti-survival) bands are associated with decline in cristae density and respiration [59], as well as an increase in fission and mitophagy [58]. Measuring these separately, we found that the higher expression of OPA1 found in high-fat diet-exposed male hearts was primarily due to accumulation of short OPA1 (Figure 6C). Comparing OPA1 short:long ratio is another way to assess OPA1 processing. Control female and male hearts had a similar ratio (0.5 vs. 0.7), however, exposure to maternal high-fat diet increased the ratio 2-fold in females and 5-fold in males. This suggests that diet-exposed male hearts are prone to impaired respiration due to cristae remodeling and mitophagy.



Relative cardiac expression of DRP1 fission protein and its binding partner MFF were not affected by prenatal exposure. MFF expression is detailed in Supplemental Figure S2. However, DRP1 function is dependent on recruitment from the cytosol which is regulated by post-translational modifications, including phosphorylation (inactivation). DRP1 phosphorylation is under the influence of MTFP1 and DAP3. When both female and male offspring were analyzed together, we found no exposure-related differences in MTFP1, DAP3, or DRP1-Ser637 expression (Figure 6E,G). However, female controls had a 3.5-fold higher DAP3 (p = 0.05) and 20-fold higher DRP1-Ser637 phosphorylation (p = 0.006) than male controls. Analyzing exposure-related differences separately for female and male offspring, we found that maternal diabetes and high-fat diet altered DRP1 phosphorylation in a sex-divergent manner. Diet-exposed females had lower DRP1-Ser637 phosphorylation than controls, while diabetes- and diet-exposed males had higher DRP1-Ser637 phosphorylation than controls (Figure 6G). In males, an increase in DAP3 expression correlated downstream DRP1-Ser637 phosphorylation and inactivation may partially explain impaired fission in prenatally exposed male hearts. However, a diet-related increase in MTFP1 expression also occurred in males. Taken together this may lead to a diet-related increase in mitophagy in males. Female hearts had no significant difference in MTFP1 or DAP3 expression and diet-exposed hearts had lower DRP1-Ser637 phosphorylation favoring fission or fragmentation by non-DAP3 mediated mechanisms.





3. Discussion


Mitochondrial dysfunction, including impaired dynamism, contributes to the pathogenesis of adult diabetic cardiomyopathy [44,45,48,49,50,51,60]. Interestingly, there is substantial phenotypic overlap between adult diabetic cardiomyopathy and cardiac dysfunction in IDM [4,5,9,61,62]. This study demonstrated that normal developing cardiomyocytes have highly dynamic mitochondria with a relatively balanced number of fusion and fission events, but both fusion and fission were impaired by prenatal exposures. To our knowledge, we are the first to show that prenatal exposure to maternal diabetes and a high-fat diet impairs mitochondrial dynamism in the developing offspring’s heart. Since dynamism is critical for cardiac development, maturation and function, it is possible that diabetes- or diet-related impairment in mitochondrial dynamism is a key contributor to developmentally programmed heart disease in IDM which impacts cardiac health at birth and over a lifetime.



We have previously shown that maternal diabetes, especially in combination with a high-fat diet, led to impaired respiratory capacity, oxidative stress, myocardial lipid accumulation, and diastolic and systolic dysfunction in a newborn offspring’s heart [43]. In this study, we show that impaired dynamism plays a role. Our findings are summarized in Supplemental Table S4. Overall, diabetic pregnancy impaired fusion (50% decline) more than fission (28% decline) which resulted in a pro-fission imbalance, shorter, and wider mitochondria. High-fat diet during pregnancy also adversely affected dynamism causing an imbalance of fusion and fission in a sex-divergent manner. High-fat diet during diabetic pregnancy led to an equal decline in both fusion and fission that resulted in a more severe phenotype with adynamic and fragmented mitochondria. Findings demonstrate that while diabetes or diet alone can cause mitochondrial dysfunction through an imbalance of dynamism, the combination may be more detrimental, causing significantly fewer fusion and fission events that likely influence mitochondrial quality. Perhaps this is why we previously found that combination-exposed NRCM have the lowest respiratory and fatty acid oxidation capacity despite having a higher number of mitochondria (previous findings in the same model) [43]. The above findings highlight that maternal fat intake, especially during diabetic pregnancy, is a modifiable risk factor that directly affects mitochondrial dynamism and cardiac health of the developing fetus.



In addition to these important findings, we also found that in normal and exposed groups, female newborn hearts had a 2–9-fold higher expression of fusion proteins and MTFP1, but not DRP1 or MFF (Table S4). We also found a 16-fold higher expression of VDAC in female hearts compared to their male littermates. This suggests that female hearts either have a higher mitochondrial quantity or a higher fraction of healthier mitochondria. Others have reported a greater number of mitochondria in female hearts as well as shorter, wider (more fragmented mitochondria) in male hearts [63]. Additionally, they showed that females had slightly higher mitochondrial respiration, but males had more ROS production during state 4 respiration [63]. John et al. also reported a higher protein expression of mitochondrial complexes in female hearts compared to males [64]. They went on to show that in a model of type 2 diabetes, male but not female, high-fat fed New Zealand Obese (NZO) mice developed cardiac dysfunction by echocardiography [64]. In this study we found that fetal sex influenced mitochondrial dynamism contributing to gender differences in developmentally programmed heart disease. This important finding may have potential implications for the reported differences observed in the incidence and mortality rate of heart disease between men and women [65]. Additional work is necessary to clarify whether females are protected by inherent protective mechanisms that preserve healthy mitochondria.



Other studies have reported on the deleterious role of a high-fat diet on mitochondrial physiology. Chen et al. found that feeding male rats a high-fat diet for 28 weeks led to cardiomyopathy which was associated with a lower mitochondrial density/copy number, greater variation in size, and abnormal cristae structure consistent with impaired dynamism, biogenesis, and quality control [66]. However, they did not report the effect of high-fat feeding on female hearts. Although not cardiac specific, Khamoui et al. also examined the effects of pre- and post-natal high-fat diet on mitochondrial function in skeletal muscle [67]. Like us, they found a sexually divergent response to prenatal high-fat diet; diet-exposed females who remained on a high-fat diet into adulthood (compared to post-weaning transition to normal chow) had impaired respiratory capacity of skeletal muscle, but males had increased respiratory capacity if they maintained a high-fat diet into adulthood [67]. Another recent study by Ostadal et al. adds evidence that gender differences in mitochondria bestow cardioprotection to females following ischemia and reperfusion injury well into adulthood [68]. In our study we showed that a high-fat diet during pregnancy impairs dynamism in a sex-divergent manner. Both male and female NRCM had approximately 45% decline in fission, but the decline in fusion was dependent on fetal sex. Females had a 65% decline in fusion resulting in a pro-fission balance, while males had only a 24% decline in fusion with an anti-fission balance that could adversely affect replication/biogenesis and mitochondrial quality control mechanisms. Taken together, our study adds growing support that prenatal exposures to high-fat diet can impair mitochondrial dynamism in a gender-specific manner to influence cardiac development, bioenergetics, and aging which directly contributes to gender discrepancies in developmentally programmed disease.



This study goes a step further to identify fusion and fission proteins as targetable, pathogenic regulators of heart health in the fetus exposed to excess circulating maternal fuels. Although we found little difference in the expression of common genes regulating dynamism in the heart, protein expression and post-translational modifications were identified. This suggests that excess circulating maternal fuels or associated metabolic changes in the maternal–placental–fetal environment (inflammation, ROS, hormonal) can incite direct, adaptive mitochondrial responses in the developing fetus. Specifically, MFN1 expression was approximately 50% lower in diabetes, diet, and combination exposed offspring hearts. We speculate that this is the primary cause of impaired fusion found in all exposure groups. The sex-divergent decline in fusion following diet exposure supports this. Diet-exposed females had a 65% decline in fusion events, but males had only a 25% decline. This may be because normal female hearts had a higher MFN1 expression than male hearts, so exposure led to a more robust decline in relative expression and function. Moreover, diet-exposed females had a lower expression of all MFN1 bands (active and inactive) compared to controls, but diet-exposed males had a lower expression of the 70 kDa (active) MFN1 band alongside an increase in the 86 kDa (inactive) MFN1, which is more consistent with di-ubiquitination (inactivation) which marks mitochondria for mitophagy [35]. We also speculate that this sex-divergent response contributes to poorer mitochondrial quality in exposed male hearts.



We also found that prenatal exposure to a high-fat diet led to an increase in both the Mfn2 gene in males and MFN2 protein expression in both females and males. When only fusion-related effects are considered, an increase in MFN2 may seem beneficial. However, MFN2 has many non-fusion related roles including ER/SR communication, calcium homeostasis, mitochondrial reticulum formation, and regulation of mitophagy induced apoptosis [55,56,57,69]. Specifically, in the heart, MFN2 predisposes cardiomyocytes to mitochondrial permeability transition and cell death following stress or ischemia/reperfusion [69,70]. Over expression of Mfn2 has reportedly been associated with impaired cell proliferation through the Ras-Raf-ERK signaling pathway [71]. This points to a feasible pathogenic mechanism of cardiomyopathy in IDM because higher expression of MFN2 during cardiac development could contribute to a decreased number of cardiomyocytes, secondary hypertrophy, and impaired diastolic and systolic function.



Interestingly, MFN1 and MFN2 expression influence OPA1 activity at the IMM. Specifically, OPA1 requires MFN1 to promote fusion. Conversely, OPA1 requires MFN2 for proteolytic cleavage to short forms that decrease cristae density and subsequent respiratory capacity [59,72,73]. In our study, both MFN2 and OPA1 protein expression were higher in diet-exposed male hearts; and the increase in OPA1 was primarily due to an increase in short bands, consistent with OPA1 cleavage. Tsushima et al. have also shown that myocardial lipotoxicity induces OPA1 cleavage to promote fragmentation, ROS generation, and mitochondrial reticulum remodeling [36]. Their work supports our findings that OPA1 processing is one mechanism involved in myocardial lipotoxicity. Our work goes one step further to show that second-hand exposure to excess circulating maternal lipids can impair fusion, respiratory capacity, and ultimately ventricular function in high-fat diet-exposed newborn offspring [43].



Prenatal exposures also influenced expression and post-translational modification of fission-related proteins in a sex-divergent manner. Diet-exposed males had a higher expression of MTFP1 which recruits DRP1 to the mitochondrial membrane. MTFP1 is a downstream target of the PI3K-AKT pathway which is under the influence of insulin signaling [38,74]. This is of interest to us because we have previously observed fetal hyperinsulinemia and downstream alterations of PI3K-AKT activity in our model [53]. We propose that in our study, MTFP1 incites mitochondrial fragmentation by non-fission mediated mechanisms. This theory stems from the fact that diet- and combination-exposed male NRCM had 42% fewer fission events than controls even though they had higher MTFP1 expression. This is likely due to an opposing diet mediated DRP1-Ser637 phosphorylation (inactivation) that was also found in male hearts. Indeed, Zhang et al. showed that Drp1-Ser637 must be dephosphorylated in order for it to interact with MFF [75]. Unlike MFF and MiD49/51 which are competitive DRP1 binding partners on the OMM [76], MTFP1 is located on the IMM. It is feasible that simultaneous DAP3-mediated phosphorylation (inactivation) of DRP1-Ser637 alongside increased MTFP1 leads to fragmentation (leaking IMM) that incites mitophagy-associated cell death. DAP3 is a mitochondrial ribosomal protein that localizes to the mitochondrial matrix. Work by Xiao et al. showed that DAP3 regulates phosphorylation (inactivation) of DRP1-Ser637 and retention time of DRP1 on the OMM which sensitizes cells to mitochondrial-mediated cell death [40]. If proven, this may be another mechanism contributing to poorer mitochondrial quality in male NRCM which sets the foundation for gender differences in developmentally programmed heart disease. Indeed, diet-exposed females in our study did not have higher expression MTFP1 or DAP3. Conversely, they had a relative de-phosphorylation of DRP1-Ser637 which would favor fission and fragmentation. These sex-specific differences in DRP1 phosphorylation partially explain why females exposed to maternal high-fat diet (but not diabetes) had a pro-fission imbalance (1.7 fission:fusion ratio) and males did not (0.88).



More recent studies have demonstrated that dynamic changes regulate mitochondrial function by variable oligomerization and site-specific phosphorylation, ubiquitination, summolation, and O-GlcNAcylation [77]. For example, Pyakurel et al. showed that MFN1 function is altered by ERK-mediated phosphorylation at threonine 562 which resulted in fragmentation, BAK oligomerization, and cell death by cytochrome c release [54]. Insulin and insulin growth factor, which are elevated in developing offspring exposed to diabetic pregnancy, are common regulators of ERK activity. Furthermore, Toyama et al. showed that AMPK-regulated phosphorylation of MFF at Ser155 and Ser172 regulates fission and mitophagy in response to cellular metabolic signals [78,79]. Additional studies are needed to test these post-translational modifications as well as targetable upstream regulators of dynamism including MAPK, ERK, and AMPK [80] with the goal to improve mitochondrial and cardiovascular health in IDM.




4. Methods


4.1. Animal Model


Animal care followed guidelines set forth by the Animal Welfare Act, The National Institutes of Health Guide for the Care and Use of Laboratory Animals under approval from the Sanford Institutional Animal Care and Use Committee (Protocol 93-08017B, initially approved 8/8/2015). As previously described [42,43,52,53,81], female Sprague–Dawley rats (Harlan Laboratories Inc., Indianapolis, IN, USA) received either a control diet with 18% of daily calories as fat (TD2018 Teklad, Harlan Laboratories, Madison, WI, USA) or a high-fat diet with 40% of calories as fat (TD95217 custom diet Teklad, Harlan Laboratories, Madison, WI, USA) for 28 days prior to timed-breeding with males. On gestational day 14 either citrate buffer (diluent) or streptozotocin (65 mg/kg) was administered for diabetes induction. Twice daily blood glucose levels were measured by tail nick sampling and insulin was administered to keep glucose in a target range of 200–400 mg/dL. Dams delivered spontaneously on gestational day 22 yielding newborn offspring from four groups: controls, diabetes-exposed, high-fat diet-exposed, and combination-exposed. Newborn offspring from each litter were euthanized by cervical dislocation. Hearts were harvested for primary cardiomyocyte isolation or snap frozen and stored at –80 °C for RNA and protein. Maternal and offspring characteristics, including echocardiography, have been well-described elsewhere [43,52,53,81]. In short, dams fed a high-fat diet gained more weight. Diabetic rats had hyperglycemia in the last third of pregnancy. Diabetic and high-fat-fed dams developed higher triglyceride levels and combination-exposed dams developed marked hypertriglyceridemia (>5-fold higher). Offspring exposed to diabetes had significantly higher insulin levels which was exacerbated by combination exposure. High-fat diet-exposed litters had more than 4-fold higher perinatal mortality rate [52]. Pups that survived developed diastolic and systolic dysfunction, with combination-exposed offspring being most severely affected [43].




4.2. Isolation of Neonatal Ventricular Rat Cardiomyocytes


Newborn offspring hearts were harvested to Hank’s Balanced Salt Solution (HBSS) on ice. The aorta was flushed with PBS and the atria was removed. Neonatal ventricular rat cardiomyocytes (NRCM) were isolated using a 0.15% trypsin and DNase digestion, as previously described [42,43,81]. After pelleting, cells were re-suspended in Dulbecco’s Modified Eagle Medium-1 (DMEM supplemented with 10% bovine serum albumin and 1% penicillin/streptomycin), then plated to an uncoated 35 mm dish and incubated for 1 h (5% CO2, 37 °C) so that rapidly attaching fibroblasts could be separated. NRCM were lifted and transferred to 0.1% gelatin coated plates in DMEM-2 (DMEM-1 + 100 μM bromodeoxyuridine or BrdU) for incubation (5% CO2, 37 °C) until used for confocal live-cell imaging within hours after isolation and plating.




4.3. Confocal Live-Cell Imaging and Quantification of Mitochondrial Dynamism


Isolated NRCM were pooled from 2–4 female or 2–4 male same-sex pups per litter. NRCM (150,000 cells) were plated in DMEM-2 to a 35 mm glass bottom FluoroDish (FD3510, World Precision Instruments). NRCM were stained with 2 µM Hoechst (AS-83218, AnaSpec Inc.) for nuclei, 1 µM MitoTracker Green FM (M7514, Thermo Fisher Scientific) for mitochondrial identification, and 20 nM tetramethylrhodamine ethyl ester (TMRE) Red (T669, Thermo Fisher Scientific) to assess the mitochondrial membrane potential [43]. Three to ten cells/plate were imaged (60×) at baseline and a rate of 6 s per acquisition (no delay) for 5 min using a Nikon Eclipse A1 confocal laser microscope system with a stage top incubator (Supplemental Video S1). Images were analyzed in blinded fashion using NIS-Elements Software with a 10 µm grid overlay and measuring tool. Mitochondrial length and width were recorded by systematically measuring 10 mitochondria/cell in at least two representative cells/sample, starting around the nucleus and working out peripherally through the grid overlay. The average of 20 mitochondria/sample was used for comparisons. Dynamism was evaluated by counting the number of fusion and fission events observed in each 100 µm2 square grid. A fission event was recorded when one strand of stained mitochondria divided in two or more smaller strands of mitochondria. Care was taken that no mitochondria smaller than 2 µm was used, because this indicates mitochondrial fragmentation. Fusion was noted when two separate mitochondria combined and formed one longer mitochondrion. Note that this method is limited by the ability to count events imaged in one plane. Dynamism was calculated as the average number of events/cell/5 min video, as well as the events/100 µm2/5 min video to account for potential variance in cell size. A fission:fusion ratio was calculated to detect imbalanced dynamism.




4.4. Quantitative Real-Time PCR


Newborn (P1) rat whole hearts from different litters were homogenized in RLT buffer using Precellys 24 lysis and homogenization system (Bertin Technologies, Rockville, MD). RNA was extracted using the RNeasy Fibrous Tissue Mini kit (Qiagen, Germantown, MD, USA). RNA integrity was assessed by electropherograms using 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and demonstrated RNA Integrity Numbers of 9.2–10 (average = 9.8). RNA concentration was measured by Epoch spectrophotometer (BioTek, Winooski, VT). Using 1 ug of RNA, complementary DNA (cDNA) was synthesized using iScript cDNA Synthesis Kit and T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) via manufacturer’s protocol. Quantitative PCR (qPCR) was performed by TaqMan approach in an ABI7500 qPCR system with Absolute Blue qPCR Mix (ThermoFisher, Waltham, MA, USA). Beta-2-microglobulin (B2m) was used as the reference gene. Probe/primer sets were obtained from ThermoFisher (Waltham, MA, USA) and Integrated DNA Technologies (Coralville, IA, USA) and are detailed in Supplemental Table S1.




4.5. Protein Analyses


Newborn (P1) rat whole hearts from different litters were homogenized and sonicated in radioimmunoprecipitation assay buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate) with cOmplete™ protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein concentrations were measured using the DC Protein Assay kit (Bio-Rad, Hercules, and CA, USA) and a SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA). Samples were prepared using Laemmli buffer and reducing agent then subjected to electrophoresis on 4–15% Criterion TGX™ Gels using Tris/Glycine/SDS buffer (Bio-Rad). MagicMark™ XP Western Protein Standard and EZ-RUN™ Pre-stained Recombinant Protein ladder 10-170 KDa (ThermoFisher, Waltham, MA, USA) were used to identify band size. Gels were transferred to polyvinylidene difluoride membranes using Trans-Blot Turbo™ Transfer System (Bio-Rad). Membranes were dried, rehydrated in methanol, washed 2 times in TBS for 2 min each, blocked in TBS containing 10% Clear Milk Blocking Buffer (ThermoFisher) for 10 min and then incubated overnight at 4 °C with primary antibody as specified in Supplemental Table S2. After washing 2 times in TBS-T for 2 min each, membranes were blocked again and incubated with secondary antibody of goat anti-rabbit IgG-HRP (Southern Biotech, Birmingham, AL, USA) or donkey anti-mouse IgG IRDye 800CW (LI-COR, Lincoln, NE, USA) for 1 h. Bands were visualized using Luminata Forte HRP Chemiluminescence Substrate (ThermoFisher). Images were captured using a LI-COR Oydssey Imaging System and analyzed using VisionWorks LS Software (UVP, Upland, CA, USA). Reference protein was β-actin. Voltage-dependent anion channel or porin (VDAC), an OMM protein, was used as a secondary reference and a VDAC:actin ratio was calculated as a way to identify differences in mitochondria number/sample.




4.6. Statistics


Statistical analyses were performed using GraphPad Prism 5 software (La Jolla, CA, USA). Group data were averaged and expressed as mean ± SEM. Diabetes, diet, and interaction effects were interrogated using two-way ANOVA with Bonferroni post hoc test. When a significant interaction was found, two-way ANOVA was invalid and so differences between controls and each exposed group were interrogated using one-way ANOVA and Dunnett’s post hoc test. Sex-specific differences were evaluated using two-tailed, unpaired, Student’s t-test. Differences were considered statistically significant at a value of p < 0.05.





5. Conclusions


In conclusion, this study identifies mitochondrial dynamism and potential upstream regulators as targetable mechanisms involved in the pathogenesis of cardiomyopathy in infants born to diabetic or obese mothers. The value of this study comes in four key points. First, we are one of the first to demonstrate that exposing the developing fetal heart to excess circulating maternal fuels including glucose, lipid, or both, impairs both fusion and fission during critical periods of development which could impact heart health over a lifetime. Second, we compared four offspring groups to show that either maternal diabetes or a high-fat diet alone can impair mitochondrial dynamism by overlapping mechanisms. Importantly, a high-fat diet in combination with diabetic pregnancy exacerbates mitochondrial dysfunction and serves as a modifiable risk factor that may improve outcomes. Third, we showed that an offspring’s gender influences mitochondrial dynamism and may confer cardioprotective effects in female hearts. Fourth, we uncovered potential mechanisms of mitochondrial dysfunction that serve as targetable pathways for intervention. Our findings add to a growing foundation of knowledge needed to develop pre- and post-natal interventions that will prevent developmentally programmed disease in IDM.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/12/3090/s1.





Author Contributions


M.L.B. and K.S.M. conceived and designed the study with help from K.H.S. who assisted with methods development and literature searches. T.D.L., K.H.S., A.J.K., T.C.H.G., E.J.L., L.L., and M.L.B. executed the study which included animal work, cardiomyocyte isolation, confocal imaging, video analyses, PCR, and Western blot assays. M.L.B., with the help of K.H.S., analyzed and interpreted the data. M.L.B. and T.D.L. wrote the manuscript with figure development by T.C.H.G., followed by review and editing from all authors. M.L.B. is the principal investigator who funded the project and is responsible for the work as a whole.




Acknowledgments


The authors would like to thank Sanford’s Animal Research Center staff for excellent animal husbandry, Kelly Graber for imaging consultation, Kristi Egland for Western blot assistance, and Randolph Faustino and Claudia Preston for array analyses that uncovered changes in DAP3 and MTFP1. This work was supported by the National Institutes of Health/NICHD Clinical Scientist Research Career Development Award (K08HD078504) and an Institutional Development Awards (IDeA) (NIH—General Medical Sciences P20GM103620 (Pediatrics)). AJK was a Sanford Program for Undergraduate Research recipient via National Science Foundation (NSF) Research Experiences for Undergraduates (DBI-1262744 and NSF EPSCoR Cooperative Agreement with the State of South Dakota #IIA-1355423).




Conflicts of Interest


The authors have no potential conflicts of interest, financial or otherwise.




References


	



Abu-Sulaiman, R.M.; Subaih, B. Congenital heart disease in infants of diabetic mothers: Echocardiographic study. Pediatr. Cardiol. 2004, 25, 137–140. [Google Scholar] [CrossRef]

	



Aman, J.; Hansson, U.; Ostlund, I.; Wall, K.; Persson, B. Increased fat mass and cardiac septal hypertrophy in newborn infants of mothers with well-controlled diabetes during pregnancy. Neonatology 2011, 100, 147–154. [Google Scholar] [CrossRef]

	



Kozak-Barany, A.; Jokinen, E.; Kero, P.; Tuominen, J.; Ronnemaa, T.; Valimaki, I. Impaired left ventricular diastolic function in newborn infants of mothers with pregestational or gestational diabetes with good glycemic control. Early Hum. Dev. 2004, 77, 13–22. [Google Scholar] [CrossRef]

	



Ren, Y.; Zhou, Q.; Yan, Y.; Chu, C.; Gui, Y.; Li, X. Characterization of fetal cardiac structure and function detected by echocardiography in women with normal pregnancy and gestational diabetes mellitus. Prenat. Diagn. 2011, 31, 459–465. [Google Scholar] [CrossRef]

	



Ullmo, S.; Vial, Y.; Di Bernardo, S.; Roth-Kleiner, M.; Mivelaz, Y.; Sekarski, N.; Ruiz, J.; Meijboom, E.J. Pathologic ventricular hypertrophy in the offspring of diabetic mothers: A retrospective study. Eur. Heart J. 2007, 28, 1319–1325. [Google Scholar] [CrossRef]

	



Weber, H.S.; Copel, J.A.; Reece, E.A.; Green, J.; Kleinman, C.S. Cardiac growth in fetuses of diabetic mothers with good metabolic control. J. Pediatr. 1991, 118, 103–107. [Google Scholar] [CrossRef]

	



Brite, J.; Laughon, S.K.; Troendle, J.; Mills, J. Maternal overweight and obesity and risk of congenital heart defects in offspring. Int. J. Obes. 2014, 38, 878–882. [Google Scholar] [CrossRef]

	



Pauliks, L.B. The effect of pregestational diabetes on fetal heart function. Expert Rev. Cardiovasc. Ther. 2015, 13, 67–74. [Google Scholar] [CrossRef]

	



Zablah, J.E.; Gruber, D.; Stoffels, G.; Cabezas, E.G.; Hayes, D.A. Subclinical decrease in myocardial function in asymptomatic infants of diabetic mothers: A tissue doppler study. Pediatr. Cardiol. 2017, 38, 801–806. [Google Scholar] [CrossRef]

	



Manderson, J.G.; Mullan, B.; Patterson, C.C.; Hadden, D.R.; Traub, A.I.; McCance, D.R. Cardiovascular and metabolic abnormalities in the offspring of diabetic pregnancy. Diabetologia 2002, 45, 991–996. [Google Scholar] [CrossRef]

	



Eriksson, J.G.; Sandboge, S.; Salonen, M.K.; Kajantie, E.; Osmond, C. Long-term consequences of maternal overweight in pregnancy on offspring later health: Findings from the helsinki birth cohort study. Ann. Med. 2014, 46, 434–438. [Google Scholar] [CrossRef]

	



Weintrob, N.; Karp, M.; Hod, M. Short- and long-range complications in offspring of diabetic mothers. J. Diabetes Complicat. 1996, 10, 294–301. [Google Scholar] [CrossRef]

	



Simeoni, U.; Barker, D.J. Offspring of diabetic pregnancy: Long-term outcomes. Semin. Fetal Neonatal Med. 2009, 14, 119–124. [Google Scholar] [CrossRef]

	



Moore, T.R. Fetal exposure to gestational diabetes contributes to subsequent adult metabolic syndrome. Am. J. Obstet. Gynecol. 2010, 202, 643–649. [Google Scholar] [CrossRef]

	



Gaillard, R.; Steegers, E.A.; Duijts, L.; Felix, J.F.; Hofman, A.; Franco, O.H.; Jaddoe, V.W. Childhood cardiometabolic outcomes of maternal obesity during pregnancy: The generation r study. Hypertension 2014, 63, 683–691. [Google Scholar] [CrossRef]

	



Walter, J.R.; Perng, W.; Kleinman, K.P.; Rifas-Shiman, S.L.; Rich-Edwards, J.W.; Oken, E. Associations of trimester-specific gestational weight gain with maternal adiposity and systolic blood pressure at 3 and 7 years postpartum. Am. J. Obstet. Gynecol. 2015, 212, 499.e1–499.e12. [Google Scholar] [CrossRef]

	



Godfrey, K.M.; Reynolds, R.M.; Prescott, S.L.; Nyirenda, M.; Jaddoe, V.W.; Eriksson, J.G.; Broekman, B.F. Influence of maternal obesity on the long-term health of offspring. Lancet Diabetes Endocrinol. 2017, 5, 53–64. [Google Scholar] [CrossRef]

	



Stuart, A.; Amer-Wahlin, I.; Persson, J.; Kallen, K. Long-term cardiovascular risk in relation to birth weight and exposure to maternal diabetes mellitus. Int. J. Cardiol. 2013, 168, 2653–2657. [Google Scholar] [CrossRef]

	



Mongiovi, M.; Fesslova, V.; Fazio, G.; Barbaro, G.; Pipitone, S. Diagnosis and prognosis of fetal cardiomyopathies: A review. Curr. Pharma. Des. 2010, 16, 2929–2934. [Google Scholar] [CrossRef]

	



Udine, M.L.; Romp, R.L.; Jackson, K.W. Extracorporeal membrane oxygenation support for hypertrophic cardiomyopathy in an infant of a diabetic mother. Cardiol. Young 2017, 27, 993–995. [Google Scholar] [CrossRef]

	



Vincent, M.; Benbrik, N.; Romefort, B.; Colombel, A.; Bezieau, S.; Isidor, B. Three patients presenting with severe macrosomia and congenital hypertrophic cardiomyopathy: A case series. J. Med. Case Rep. 2017, 11, 78. [Google Scholar] [CrossRef]

	



McMahon, J.N.; Berry, P.J.; Joffe, H.S. Fatal hypertrophic cardiomyopathy in an infant of a diabetic mother. Pediatr. Cardiol. 1990, 11, 211–212. [Google Scholar] [CrossRef]

	



Dorn, G.W., II; Vega, R.B.; Kelly, D.P. Mitochondrial biogenesis and dynamics in the developing and diseased heart. Genes Dev. 2015, 29, 1981–1991. [Google Scholar] [CrossRef]

	



Mitra, K. Mitochondrial fission-fusion as an emerging key regulator of cell proliferation and differentiation. BioEssays News Rev. Mol. Cell. Dev. Biol. 2013, 35, 955–964. [Google Scholar] [CrossRef]

	



Murphy, E.; Ardehali, H.; Balaban, R.S.; DiLisa, F.; Dorn, G.W., II; Kitsis, R.N.; Otsu, K.; Ping, P.; Rizzuto, R.; Sack, M.N.; et al. Mitochondrial function, biology, and role in disease: A scientific statement from the american heart association. Circ. Res. 2016, 118, 1960–1991. [Google Scholar] [CrossRef]

	



Ong, S.B.; Kalkhoran, S.B.; Hernandez-Resendiz, S.; Samangouei, P.; Ong, S.G.; Hausenloy, D.J. Mitochondrial-shaping proteins in cardiac health and disease—The long and the short of it! Cardiovasc. Drugs Ther. 2017, 31, 87–107. [Google Scholar] [CrossRef]

	



Dorn, G.W., II. Mitochondrial dynamism and heart disease: Changing shape and shaping change. EMBO Mol. Med. 2015, 7, 865–877. [Google Scholar] [CrossRef]

	



Liesa, M.; Palacin, M.; Zorzano, A. Mitochondrial dynamics in mammalian health and disease. Physiol. Rev. 2009, 89, 799–845. [Google Scholar] [CrossRef]

	



Shirihai, O.S.; Song, M.; Dorn, G.W., II. How mitochondrial dynamism orchestrates mitophagy. Circ. Res. 2015, 116, 1835–1849. [Google Scholar] [CrossRef]

	



Song, M.; Gong, G.; Burelle, Y.; Gustafsson, A.B.; Kitsis, R.N.; Matkovich, S.J.; Dorn, G.W., II. Interdependence of parkin-mediated mitophagy and mitochondrial fission in adult mouse hearts. Circ. Res. 2015, 117, 346–351. [Google Scholar] [CrossRef]

	



Song, M.; Mihara, K.; Chen, Y.; Scorrano, L.; Dorn, G.W., II. Mitochondrial fission and fusion factors reciprocally orchestrate mitophagic culling in mouse hearts and cultured fibroblasts. Cell Metab. 2015, 21, 273–285. [Google Scholar] [CrossRef]

	



Westermann, B. Mitochondrial fusion and fission in cell life and death. Nat. Rev. Mol. Cell Biol. 2010, 11, 872–884. [Google Scholar] [CrossRef]

	



Cao, Y.P.; Zheng, M. Mitochondrial dynamics and inter-mitochondrial communication in the heart. Arch. Biochem. Biophys. 2019, 663, 214–219. [Google Scholar] [CrossRef]

	



Chen, Y.; Liu, Y.; Dornll, G.W. Mitochondrial fusion is essential for organelle function and cardiac homeostasis. Circ. Res. 2011, 109, 1327–1331. [Google Scholar] [CrossRef]

	



Gegg, M.E.; Cooper, J.M.; Chau, K.Y.; Rojo, M.; Schapira, A.H.; Taanman, J.W. Mitofusin 1 and mitofusin 2 are ubiquitinated in a pink1/parkin-dependent manner upon induction of mitophagy. Hum. Mol. Genet. 2010, 19, 4861–4870. [Google Scholar] [CrossRef]

	



Tsushima, K.; Bugger, H.; Wende, A.R.; Soto, J.; Jenson, G.A.; Tor, A.R.; McGlauflin, R.; Kenny, H.C.; Zhang, Y.; Souvenir, R.; et al. Mitochondrial reactive oxygen species in lipotoxic hearts induce post-translational modifications of akap121, drp1, and opa1 that promote mitochondrial fission. Circ. Res. 2018, 122, 58–73. [Google Scholar] [CrossRef]

	



Burke, N.; Hall, A.R.; Hausenloy, D.J. Opa1 in cardiovascular health and disease. Curr. Drug Targets 2015, 16, 912–920. [Google Scholar] [CrossRef]

	



Morita, M.; Prudent, J.; Basu, K.; Goyon, V.; Katsumura, S.; Hulea, L.; Pearl, D.; Siddiqui, N.; Strack, S.; McGuirk, S.; et al. Mtor controls mitochondrial dynamics and cell survival via MTFP1. Mol. Cell 2017, 67, 922–935. [Google Scholar] [CrossRef]

	



Aung, L.H.H.; Li, R.; Prabhakar, B.S.; Li, P. Knockdown of MTFP1 can minimize doxorubicin cardiotoxicity by inhibiting dnm1l-mediated mitochondrial fission. J. Cell. Mol. Med. 2017, 21, 3394–3404. [Google Scholar] [CrossRef]

	



Xiao, L.; Xian, H.; Lee, K.Y.; Xiao, B.; Wang, H.; Yu, F.; Shen, H.M.; Liou, Y.C. Death-associated protein 3 regulates mitochondrial-encoded protein synthesis and mitochondrial dynamics. J. Biol. Chem. 2015, 290, 24961–24974. [Google Scholar] [CrossRef]

	



Lopaschuk, G.D.; Jaswal, J.S. Energy metabolic phenotype of the cardiomyocyte during development, differentiation, and postnatal maturation. J. Cardiovasc. Pharmacol. 2010, 56, 130–140. [Google Scholar] [CrossRef]

	



Mdaki, K.S.; Larsen, T.D.; Weaver, L.J.; Baack, M.L. Age related bioenergetics profiles in isolated rat cardiomyocytes using extracellular flux analyses. PLoS ONE 2016, 11, e0149002. [Google Scholar] [CrossRef]

	



Mdaki, K.S.; Larsen, T.D.; Wachal, A.L.; Schimelpfenig, M.D.; Weaver, L.J.; Dooyema, S.D.; Louwagie, E.J.; Baack, M.L. Maternal high-fat diet impairs cardiac function in offspring of diabetic pregnancy through metabolic stress and mitochondrial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 2016, 310, H681–H692. [Google Scholar] [CrossRef]

	



Duncan, J.G. Mitochondrial dysfunction in diabetic cardiomyopathy. Biochim. Biophys. Acta 2011, 1813, 1351–1359. [Google Scholar] [CrossRef]

	



Fuentes-Antras, J.; Picatoste, B.; Ramirez, E.; Egido, J.; Tunon, J.; Lorenzo, O. Targeting metabolic disturbance in the diabetic heart. Cardiovasc. Diabetol. 2015, 14, 17. [Google Scholar] [CrossRef]

	



Nakanishi, T.; Kato, S. Impact of diabetes mellitus on myocardial lipid deposition: An autopsy study. Pathol. Res. Pract. 2014, 210, 1018–1025. [Google Scholar] [CrossRef]

	



Nunes, S.; Rolo, A.P.; Palmeira, C.M.; Reis, F. Diabetic cardiomyopathy: Focus on oxidative stress, mitochondrial dysfunction and inflammation. In Cardiomyopathies—Types and Treatments; Kirali, K., Ed.; In Tech: Munich/Garching, Germany, 2017. [Google Scholar]

	



Galloway, C.A.; Yoon, Y. Mitochondrial dynamics in diabetic cardiomyopathy. Antioxid. Redox Signal. 2015, 22, 1545–1562. [Google Scholar] [CrossRef]

	



Rovira-Llopis, S.; Banuls, C.; Diaz-Morales, N.; Hernandez-Mijares, A.; Rocha, M.; Victor, V.M. Mitochondrial dynamics in type 2 diabetes: Pathophysiological implications. Redox Biol. 2017, 11, 637–645. [Google Scholar] [CrossRef]

	



Abel, E.D. Mitochondrial dynamics and metabolic regulation in cardiac and skeletal muscle. Trans. Am. Clin. Climatol. Assoc. 2018, 129, 266–278. [Google Scholar]

	



Popov, L.D. Mitochondrial networking in diabetic left ventricle cardiomyocytes. Mitochondrion 2017, 34, 24–31. [Google Scholar] [CrossRef]

	



Louwagie, E.J.; Larsen, T.D.; Wachal, A.L.; Baack, M.L. Placental lipid processing in response to a maternal high-fat diet and diabetes in rats. Pediatr. Res. 2018, 83, 712–722. [Google Scholar] [CrossRef]

	



Baack, M.L.; Forred, B.J.; Larsen, T.D.; Jensen, D.N.; Wachal, A.L.; Khan, M.A.; Vitiello, P.F. Consequences of a maternal high-fat diet and late gestation diabetes on the developing rat lung. PLoS ONE 2016, 11, e0160818. [Google Scholar] [CrossRef]

	



Pyakurel, A.; Savoia, C.; Hess, D.; Scorrano, L. Extracellular regulated kinase phosphorylates mitofusin 1 to control mitochondrial morphology and apoptosis. Mol. Cell 2015, 58, 244–254. [Google Scholar] [CrossRef]

	



Garcia-Perez, C.; Schneider, T.G.; Hajnoczky, G.; Csordas, G. Alignment of sarcoplasmic reticulum-mitochondrial junctions with mitochondrial contact points. Am. J. Physiol. Heart Circ. Physiol. 2011, 301, H1907–H1915. [Google Scholar] [CrossRef]

	



Bach, D.; Pich, S.; Soriano, F.X.; Vega, N.; Baumgartner, B.; Oriola, J.; Daugaard, J.R.; Lloberas, J.; Camps, M.; Zierath, J.R.; et al. Mitofusin-2 determines mitochondrial network architecture and mitochondrial metabolism. A novel regulatory mechanism altered in obesity. J. Biol. Chem. 2003, 278, 17190–17197. [Google Scholar] [CrossRef]

	



Basso, V.; Marchesan, E.; Peggion, C.; Chakraborty, J.; von Stockum, S.; Giacomello, M.; Ottolini, D.; Debattisti, V.; Caicci, F.; Tasca, E.; et al. Regulation of er-mitochondria contacts by parkin via mfn2. Pharmacol. Res. 2018, 138, 43–56. [Google Scholar] [CrossRef]

	



Wai, T.; Garcia-Prieto, J.; Baker, M.J.; Merkwirth, C.; Benit, P.; Rustin, P.; Ruperez, F.J.; Barbas, C.; Ibanez, B.; Langer, T. Imbalanced opa1 processing and mitochondrial fragmentation cause heart failure in mice. Science 2015, 350, aad0116. [Google Scholar] [CrossRef]

	



Sood, A.; Jeyaraju, D.V.; Prudent, J.; Caron, A.; Lemieux, P.; McBride, H.M.; Laplante, M.; Toth, K.; Pellegrini, L. A mitofusin-2-dependent inactivating cleavage of opa1 links changes in mitochondria cristae and er contacts in the postprandial liver. Proc. Natl. Acad. Sci. USA 2014, 111, 16017–16022. [Google Scholar] [CrossRef]

	



Wada, J.; Nakatsuka, A. Mitochondrial dynamics and mitochondrial dysfunction in diabetes. Acta Med. Okayama 2016, 70, 151–158. [Google Scholar]

	



Weber, H.S.; Botti, J.J.; Baylen, B.G. Sequential longitudinal evaluation of cardiac growth and ventricular diastolic filling in fetuses of well controlled diabetic mothers. Pediatr. Cardiol. 1994, 15, 184–189. [Google Scholar] [CrossRef]

	



Al-Biltagi, M.; Tolba, O.A.; Rowisha, M.A.; Mahfouz Ael, S.; Elewa, M.A. Speckle tracking and myocardial tissue imaging in infant of diabetic mother with gestational and pregestational diabetes. Pediatr. Cardiol. 2015, 36, 445–453. [Google Scholar] [CrossRef]

	



Khalifa, A.R.; Abdel-Rahman, E.A.; Mahmoud, A.M.; Ali, M.H.; Noureldin, M.; Saber, S.H.; Mohsen, M.; Ali, S.S. Sex-specific differences in mitochondria biogenesis, morphology, respiratory function, and ros homeostasis in young mouse heart and brain. Physiol. Rep. 2017, 5. [Google Scholar] [CrossRef]

	



John, C.; Grune, J.; Ott, C.; Nowotny, K.; Deubel, S.; Kuhne, A.; Schubert, C.; Kintscher, U.; Regitz-Zagrosek, V.; Grune, T. Sex differences in cardiac mitochondria in the new zealand obese mouse. Front. Endocrinol. 2018, 9, 732. [Google Scholar] [CrossRef]

	



Ho, K.K.; Pinsky, J.L.; Kannel, W.B.; Levy, D. The epidemiology of heart failure: The framingham study. J. Am. Coll. Cardiol. 1993, 22, 6a–13a. [Google Scholar] [CrossRef]

	



Chen, D.; Li, X.; Zhang, L.; Zhu, M.; Gao, L. A high-fat diet impairs mitochondrial biogenesis, mitochondrial dynamics, and the respiratory chain complex in rat myocardial tissues. J. Cell. Biochem. 2018, 119, 9602. [Google Scholar] [CrossRef]

	



Khamoui, A.V.; Desai, M.; Ross, M.G.; Rossiter, H.B. Sex-specific effects of maternal and postweaning high-fat diet on skeletal muscle mitochondrial respiration. J. Dev. Orig. Health Dis. 2018, 9, 670–677. [Google Scholar] [CrossRef]

	



Ostadal, B.; Drahota, Z.; Houstek, J.; Milerova, M.; Ostadalova, I.; Hlavackova, M.; Kolar, F. Developmental and sex differences in cardiac tolerance to ischemia/reperfusion injury: The role of mitochondria. Can. J. Physiol. Pharmacol. 2019. [Google Scholar] [CrossRef]

	



Papanicolaou, K.N.; Khairallah, R.J.; Ngoh, G.A.; Chikando, A.; Luptak, I.; O’Shea, K.M.; Riley, D.D.; Lugus, J.J.; Colucci, W.S.; Lederer, W.J.; et al. Mitofusin-2 maintains mitochondrial structure and contributes to stress-induced permeability transition in cardiac myocytes. Mol. Cell. Biol. 2011, 31, 1309–1328. [Google Scholar] [CrossRef]

	



Chandhok, G.; Lazarou, M.; Neumann, B. Structure, function, and regulation of mitofusin-2 in health and disease. Biol. Rev. Camb. Philos. Soc. 2018, 93, 933–949. [Google Scholar] [CrossRef]

	



Chen, K.H.; Dasgupta, A.; Ding, J.; Indig, F.E.; Ghosh, P.; Longo, D.L. Role of mitofusin 2 (mfn2) in controlling cellular proliferation. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 382–394. [Google Scholar] [CrossRef]

	



Lee, H.; Smith, S.B.; Yoon, Y. The short variant of the mitochondrial dynamin opa1 maintains mitochondrial energetics and cristae structure. J. Biol. Chem. 2017, 292, 7115–7130. [Google Scholar] [CrossRef]

	



Lee, H.; Yoon, Y. Mitochondrial membrane dynamics-functional positioning of OPA1. Antioxidants 2018, 7, 186. [Google Scholar] [CrossRef]

	



Tondera, D.; Santel, A.; Schwarzer, R.; Dames, S.; Giese, K.; Klippel, A.; Kaufmann, J. Knockdown of MTP18, a novel phosphatidylinositol 3-kinase-dependent protein, affects mitochondrial morphology and induces apoptosis. J. Biol. Chem. 2004, 279, 31544–31555. [Google Scholar] [CrossRef]

	



Zhang, Z.; Liu, L.; Wu, S.; Xing, D. Drp1, mff, fis1, and mid51 are coordinated to mediate mitochondrial fission during uv irradiation-induced apoptosis. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2016, 30, 466–476. [Google Scholar] [CrossRef]

	



Osellame, L.D.; Singh, A.P.; Stroud, D.A.; Palmer, C.S.; Stojanovski, D.; Ramachandran, R.; Ryan, M.T. Cooperative and independent roles of the drp1 adaptors mff, mid49 and mid51 in mitochondrial fission. J. Cell Sci. 2016, 129, 2170–2181. [Google Scholar] [CrossRef]

	



Hu, Y.; Suarez, J.; Fricovsky, E.; Wang, H.; Scott, B.T.; Trauger, S.A.; Han, W.; Hu, Y.; Oyeleye, M.O.; Dillmann, W.H. Increased enzymatic o-glcnacylation of mitochondrial proteins impairs mitochondrial function in cardiac myocytes exposed to high glucose. J. Biol. Chem. 2009, 284, 547–555. [Google Scholar] [CrossRef]

	



Zhang, C.S.; Lin, S.C. Ampk promotes autophagy by facilitating mitochondrial fission. Cell Metab. 2016, 23, 399–401. [Google Scholar] [CrossRef]

	



Toyama, E.Q.; Herzig, S.; Courchet, J.; Lewis, T.L., Jr.; Loson, O.C.; Hellberg, K.; Young, N.P.; Chen, H.; Polleux, F.; Chan, D.C.; et al. Amp-activated protein kinase mediates mitochondrial fission in response to energy stress. Science 2016, 351, 275–281. [Google Scholar] [CrossRef]

	



Hubbard, P.A.; Moody, C.L.; Murali, R. Allosteric modulation of ras and the pi3k/akt/mtor pathway: Emerging therapeutic opportunities. Front. Physiol. 2014, 5, 478. [Google Scholar] [CrossRef]

	



Upadhyaya, B.; Larsen, T.; Barwari, S.; Louwagie, E.J.; Baack, M.L.; Dey, M. Prenatal exposure to a maternal high-fat diet affects histone modification of cardiometabolic genes in newborn rats. Nutrients 2017, 9, 407. [Google Scholar] [CrossRef]








[image: Ijms 20 03090 g001 550]





Figure 1. Mitochondria are highly dynamic, which allows adaptive energy production under changing metabolic conditions (starvation, feeding, exercise, rest, high and low oxygen supply). Mitochondria sense metabolic signals to trigger fusion (joining) and fission (division) which allows a change in their number, shape, and function through replication, culling, and recycling of mtDNA. Fusion (left) is regulated by homotypic and heterotypic interactions between dynamin related GTPases including mitofusin (MFN) 1 and 2 at the outer mitochondrial membrane (OMM) and optic atrophy (OPA1) at the inner mitochondrial membrane (IMM). Fission (right) is mediated by recruitment of dynamin related protein (DRP1) from the cytosol to binding proteins including OMM, mitochondrial fission factor (MFF), and IMM mitochondrial fission process 1 (MTFP1). 
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Figure 2. Maternal diabetes and a high-fat diet impaired mitochondrial dynamism in newborn rat cardiomyocytes (NRCM). Confocal live-cell imaging was used to count fusion and fission events of mitochondria in primary NRCM from controls and those prenatally exposed to maternal diabetes, a high-fat diet, or a combination of both. (A) Representative time lapsed images show mitochondrial fusion (joining of two separate mitochondria into one) in the top panels and fission (division of one mitochondrion into two) in the bottom panels. The average number of (B) fusion and (C) fission events/cell were counted in a 5 min recording. (D) A fission:fusion ratio was calculated to demonstrate imbalance and predict mitochondrial morphology. Group comparisons are shown for females (n = 4–7/group) and males (n = 4–6/group), respectively. Significant differences (p ≤ 0.05) are indicated for ± diabetes and * diet by two-way ANOVA and ^ for interaction effect remaining by one-way ANOVA with comparison to controls by Dunnett’s post hoc analysis. 
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Figure 3. Prenatal exposure to diabetes and a high-fat diet alters cardiac mitochondrial morphology. (A) NRCM from control, diabetes, high-fat diet, and combination exposed offspring were stained with MitoTracker Green, tetramethylrhodamine ethyl ester (TMRE) (membrane potential), and Hoechst so that well-charged mitochondria appear yellow. (B) Mitochondrial length and (C) width from 20 mitochondria per sample (10 mitochondria/cell × 2 cells/sample and samples from individual litters) were measured and averaged. Group comparisons are shown for females (n = 4–7/group) and males (n = 4–6/group), respectively. Significant differences (p ≤ 0.05) are indicated with ± for diabetes effect by two-way ANOVA and ^ for interaction effect with significance remaining by one-way ANOVA with comparison to controls by Dunnett’s post hoc analysis. 
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Figure 4. Cardiac expression of dynamism regulating genes cannot explain impaired dynamism in NRCM exposed to maternal diabetes, high-fat diet, or the combination of both. Whole heart mRNA was isolated from newborn offspring and relative expression of mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), optic atrophy 1 (Opa1), dynamin related protein 1 (Drp1), and mitochondrial fission factor (Mff) was determined using qPCR; B2m was the reference gene. Bar graphs illustrate the average (mean ± SEM) fold change in expression compared to controls. Data are shown for (A) females (n = 8/group) and (B) males (n = 8–9/group), respectively. Significant (p < 0.05) group differences are shown for * diet effect by two-way ANOVA. There was no statistically significant difference when males and females were pooled. 
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Figure 5. Maternal high-fat diet and diabetes influences cardiac expression of dynamism regulating proteins in a sex-specific manner. Whole heart protein was isolated and Western blot analysis was used to determine differences in relative expression of (A) fusion proteins MFN1, MFN2, OPA1 and (B) fission proteins, DRP1 and MFF. Single data points represent individual female or male offspring from different litters. Bars represent median and interquartile range. Data points show relative expression compared to the reference protein, β-actin. Regardless of exposure, females had significantly higher expression of all fusion proteins. (C) Voltage-dependent anion channel or porin (VDAC) was used as an additional mitochondrial housekeeper. VDAC:actin did not vary between exposure groups, however relative expression of VDAC was 16-fold higher in female compared to male hearts, which suggests a higher number of well-charged mitochondria per sample. (D) Immunoblots are shown. Significant group differences are annotated * for dietary effect by two-way ANOVA; p ≤ 0.05. n = 4 males and 4 females/group. 
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Figure 6. Post-translational modifications of dynamism regulatory proteins may explain altered dynamism in diabetes- and high-fat diet-exposed offspring hearts. Whole heart protein lysate from control, diabetes, high-fat diet, and combination exposed newborn rats was analyzed for known post-translational modifications known to affect (A–D) fusion and (E–G) fission. (A) MFN1 blots had two bands, the primary 70 kDa (active) band and an 86 kDa (inactive) diubiquitinated band (16 kDa higher) [35]. Diabetes- and diet-exposed females had a trend towards lower expression of both bands. Diet-exposed males had lower 70 kDa alongside higher 86 kDa MFN1, that is consistent with diet-related inactivation. (B) MFN2 blots had bands at 50 kDa (mitochondrial-endoplasmic/sarcoplasmic reticulum (ER/SR) junction) and 70 kDa (OMM) [55]. Diet-exposed offspring had higher expression of 70 kDa MFN2. There was no difference in expression of the 50 kDa band. (C) OPA1 had two long (pro-survival) bands and three short (anti-survival) bands. Long and short bands were averaged for group comparisons. Diet-exposed males, but not females, had higher expression of short (pro-fission) OPA1. (D) Proposed mechanisms of impaired fusion are expressed in graphical form. (E) MTFP1 pro-fission and pro-mitophagy protein was more abundant in female than male hearts in every group. Diet exposure increased expression of MTFP1 in males. (F) Diet-exposed male, but not female hearts had higher DAP3 expression than controls. DAP3 inactivates DRP1 through Ser637 phosphorylation. (G) Downstream DRP1-Ser637 phosphorylation was higher in diabetes- and diet-exposed male hearts. However, diet-exposed female hearts had decreased phosphorylation that could promote fission and explain the pro-fission imbalance in female but not male diet-exposed hearts. (H) Proposed mechanisms of impaired fission are expressed in graphical form. Single data points represent individual offspring from different litters within each group. Data show relative expression of all bands by densitometry when compared to β-actin (mean ± SEM). Bars represent median and interquartile range. Significant differences are annotated by * for diet by two-way ANOVA or ˄ for interaction effects that remain by one-way ANOVA with Dunnett’s post-test; p ≤ 0.05. n = 4/group for female and male comparisons. 
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Table 1. An offspring’s sex influences mitochondrial dynamism and morphology in neonatal rat cardiomyocytes.
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	Event
	Offspring Group
	Female

Mean (SEM)
	Male

Mean (SEM)
	p-Value





	Fusion
	Controls
	1.03 (0.12)
	0.82 (0.14)
	0.31



	(events/100 μm2/5 min)
	Diabetes exposed
	0.53 (0.13)
	0.39 (0.06)
	0.42



	
	Diet exposed
	0.35 (0.05)
	0.58 (0.08)
	0.04 *



	
	Combination exposed
	0.58 (0.10)
	0.42 (0.06)
	0.18



	Fission
	Controls
	0.98 (0.16)
	0.84 (0.11)
	0.46



	(events/100 μm2/5 min)
	Diabetes exposed
	0.66 (0.06)
	0.64 (0.05)
	0.72



	
	Diet exposed
	0.52 (0.03)
	0.48 (0.05)
	0.47



	
	Combination exposed
	0.42 (0.13)
	0.49 (0.02)
	0.55



	Fission:Fusion
	Controls
	0.91 (0.09)
	1.14 (0.17)
	0.40



	(Ratio)
	Diabetes exposed
	1.87 (0.48)
	1.80 (0.30)
	0.68



	
	Diet exposed
	1.71 (0.13)
	0.88 (0.16)
	0.06



	
	Combination exposed
	0.77 (0.19)
	1.27 (0.05)
	0.02 *



	Length
	Controls
	5.26 (0.26)
	5.08 (0.36)
	0.73



	(μm)
	Diabetes exposed
	4.17 (0.20)
	4.36 (0.30)
	0.58



	
	Diet exposed
	4.53 (0.32)
	4.41 (0.23)
	0.79



	
	Combination exposed
	3.88 (0.26)
	4.15 (0.22)
	0.44



	Width
	Controls
	0.59 (0.03)
	0.73 (0.03)
	0.008 *



	(μm)
	Diabetes exposed
	0.76 (0.03)
	0.85 (0.03)
	0.06



	
	Diet exposed
	0.83 (0.03)
	0.88 (0.04)
	0.37



	
	Combination exposed
	0.77 (0.05)
	0.77 (0.05)
	0.41







NRCM, neonatal rat cardiomyocytes. Significant differences (p ≤ 0.05) between female and male offspring by t-test are indicated by boldface and *.
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