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Fetal exposure to an unfavorable intrauterine environment programs an individual to have
a greater susceptibility later in life to non-communicable diseases, such as coronary heart
disease, but the molecular processes are poorly understood. An article in Clinical Science
recently reported novel details on the effects of maternal nutrient reduction (MNR) on fetal
heart development using a primate model that is about 94% genetically similar to humans
and is also mostly monotocous. MNR adversely impacted fetal left ventricular (LV) mito-
chondria in a sex-dependent fashion with a greater effect on male fetuses, although mito-
chondrial transcripts increased more so in females. Increased expression for several respi-
ratory chain and adenosine triphosphate (ATP) synthase proteins were observed. However,
fetal LV mitochondrial complex | and complex Il/lll activities were significantly decreased,
likely contributing to a 73% decreased LV ATP content and increased LV lipid peroxida-
tion. Moreover, MNR fetal LV mitochondria showed sparse and disarranged cristae. This
study indicates that mitochondria are targets of the remodeling and imprinting processes
in a sex-dependent manner. Mitochondrial ROS production and inadequate energy produc-
tion add another layer of complexity. Altogether these observations raise the possibility that
dysfunctional mitochondria in the fetus may contribute in turn to epigenetic memory of in
utero stress in the adult. The role of mitoepigenetics and involvement of mitochondrial and
genomic non-coding RNAs in mitochondrial functions and nuclei-mitochondria crosstalk
with in utero stress awaits further investigation.
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Introduction

Genetics and lifestyle are two commonly acknowledged determinants of non-communicable chronic dis-
eases in adults; however, early-life adaptations that result in long-term dysfunction are now recognized to
be important as well, a concept articulated as the Developmental Origins of Health and Disease (DOHaD)
hypothesis. One aspect of this hypothesis is that fetal exposure to an unfavorable intrauterine environment
programs an individual to have a greater susceptibility later in life to non-communicable diseases, such as

Received: 17 June 2021 coronary heart disease [1]. The unfavorable environment may result from among others things maternal
Revised: 13 July 2021 nutrient reduction (MNR), a common case of intrauterine growth restriction (IUGR) in the developing
Accepted: 16 July 2021 world [1] or placental dysfunction and/or preeclampsia [2]. Evidence from numerous epidemiological
Version of Record published: studies support the connection between fetal stress and adult disease. For instance, in a cohort in the
27 July 2021 United Kingdom, Barker and colleagues linked ischemic heart disease in adults to low birth weight [3].
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Figure 1. Mitochondrion-nucleus crosstalk in fetal imprinting

Mitochondria determine gene expression by affecting genomic DNA methylation and histone markers, with alterations in ROS,
ATP, and metabolites playing a role. Aberrant expression of mitochondrial genes can further exacerbate mitochondrial dysfunction,
synergistically contributing to stress-related epigenetic markings. Mitochondrial and genomic ncRNAs likely contribute to fetal
programing also. The protective role of estrogen/estradiol (E2) in mitochondrial function and dynamics, operating via the estrogen
receptor (e.g., ERx) and GPER1, at the nuclear and perhaps mitochondrial levels, adds another layer of complexity. Some of the
content is adapted from Servier Medical Art (https://smart.servier.com/). See text for additional details.

Other studies have demonstrated a link between low birth weight and other chronic diseases, such as hypertension,
diabetes, obesity, and atherosclerosis [4-9]. Numerous animal studies have aftfirmed this relationship as well, demon-
strating in many cases an impact in particular of fetal stress on heart development [10-12]. In a remarkable study
appearing recently in Clinical Science, Pereira et al. reported findings on the impact of MNR on the fetal heart using
baboons [13]. Their findings are obviously of great interest given the fact that baboons are close evolutionary rela-
tives to humans, but also for providing mechanistic insights into the programing process that underlies the DOHaD
hypothesis.

IUGR and fetal heart remodeling: polytocous versus
monotocous

The impact of MNR on the fetal heart has been studied experimentally using various animal models, such as ro-
dents (e.g., mice, rats, and guinea pigs) [14-17], rabbits [18-20], and sheep [21,22]. These studies have revealed that
with MNR the fetal heart undergoes structural remodeling, including cardiac hypertrophy with increased myocardial
interstitial fibrosis, a reduced number of cardiomyocytes, and a reduction in microvascularization [10,23,24]. Ultra-
structural changes observed involve shorter sarcomeres, mitochondrial rearrangements, and increased cytoplasmic
volume of cardiomyocytes [19,23,25-27]. Altered gene expression related to oxygen and energy homeostasis have
been reported [19,23], as well as cardiac mitochondrial complex II dysfunction and an increase in Sirt3 expression as
perhaps a compensatory response [10,18]. Notably, the right ventricles of adult IUGR-born male rats were reported
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to exhibit reduced contractility as well as mitochondria that were more susceptible to a brief period of hypoxia [28].
Cardiac tissue of adult female mice that underwent in utero undernutrition had mitochondria that showed reduced
respiration, although no effect on the total number of mitochondria or the levels of complexes I-IV were noted [29].
Other preclinical studies have provided evidence for reactive oxygen species (ROS) in the remodeling process, but
the source of this ROS is not well established [2,11].

While these studies have provided an understanding of the impact of IUGR on heart development, a drawback is
that the pregnancies are polytocous and thus the pregnant dams have a greater nutritional burden than the human,
which is monotocous. For this reason, and genetically, the baboon model of MNR on fetal development is antici-
pated to provide findings that are more relevant to humans and are more translational. A series of studies reported
the effect on the adult offspring of feeding baboon mothers 70% of the control ad libitum diet during pregnancy.
They showed that ITUGR caused premature cardiac aging with reduced systolic and diastolic function [30]. Both right
and left ventricles were affected with sex differences noted in the rates and directions of right ventricular (RV) vol-
ume changes and decreased end-systolic RV sphericity [31]. The extent of adult RV dysfunction was indicative of the
combined hemodynamic effects of impaired LV function and pulmonary hypertension [32]. These data show that al-
terations in cardiac function in IUGR baboons make them more susceptible to early cardiac aging and cardiovascular
diseases. Examination of exhaled breath volatile organic compounds of juvenile IUGR baboon offspring with doc-
umented cardiometabolic dysfunction provided evidence for sex-dependent altered metabolism [33]. In addition,
Muralimanoharan et al. reported sex-dependent dysregulations in cardiac structure, miRNA expression, and lipid
metabolism in near-term IUGR baboon fetuses [34]. Only IUGR male fetuses exhibited LV myocardial fibrosis, the
extent of which was inversely correlated to birthweight. Sex-related differences in miRNAs were partially explained
by differential expression of upstream transcription factors [34]. Lipidomics analysis of fetal cardiac tissue showed
that there was a net increase in plasmalogens and diacylglycerol, along with a decrease in phosphatidylcholines and
triglycerides.

Mitochondrial dysfunction: sex differences

The recent study of Pereira et al. in Clinical Science is noteworthy for its detailed analysis of the impact of MNR on
LV mitochondria and the finding of sexual dimorphism in the process [13]. Analyses were performed on near-term
fetuses (0.9 gestation) of mothers fed a control diet or who received 70% of control nutrition for most of the preg-
nancy (from 0.16 gestation). MNR caused a 2-fold increase in fetal LV mitochondrial DNA (mtDNA) copy number
in female fetuses but not males. Moreover, there were 21 mitochondrial transcripts that were differentially expressed
between control and MNR fetuses, with the majority (85%) being up-regulated. Most of these encoded subunits of the
mitochondrial oxidative phosphorylation system and adenosine triphosphate (ATP) synthase proteins. The changes
were more notable in female MNR fetuses. A number of increases were noted in LV mitochondrial protein levels
from NMR fetuses, but surprisingly nearly all were restricted to males. These included complex I subunit NDUFBS,
complex IIT subunit UQCRCI, and cytochrome C (CYT C), which can contribute to apoptosis. Also increased in
male MNR fetuses were outer membrane channel VDACI and cyclophilin D, a modulator of the mitochondrial per-
meability transition pore (mPTP) and related cell death. In both sexes, MNR was associated with an increase in
mitochondrial fission 1 protein (Fisl), whereas the mitochondrial fusion protein MFN2 was increased by MNR in
females only.

It is difficult to interpret what the particular pattern of altered mitochondrial proteins represents, particularly in
the context of what has been reported for differential mitochondrial protein expression in other studies, for instance
related to aging [35-37]. However, Pereira et al. did observe that LV mitochondrial complex I and complex II/III
activities were significantly decreased by MNR in males and in male and female fetuses, respectively [13]. Consistent
with that, LV ATP content was decreased by 73% in MNR fetuses, mostly in males. The alterations in mitochondrial
protein expression profile may simply reflect dysfunctional mitochondria or have caused disturbances in mitochon-
drial respiratory complex or supercomplex assembly. Notably, the latter has been associated with ROS generation
[37]. Pereira et al. did report indirect evidence for increased oxidative stress and lipid peroxidation [13]. LV malondi-
aldehyde (MDA) levels were increased by MNR, most notably in male fetuses. In contrast reduced glutathione (GSH)
levels were 2.4-fold greater with MNR in females than males, indicating greater protection against oxidative stress or
lower levels of such stress. In addition, while sparse and disarranged cristae were seen with MNR in mitochondria
of both sexes, these changes were more prominent in males. However, as seems to be the case with aging [38], al-
terations in mitochondrial function and increased ROS generation may not be a direct driving force for phenotypic
changes associated with MNR in either the fetus or adult. Additional studies in this regard are warranted. In any case,
mitochondrial alterations induced by MNR were more severe in male fetuses, suggesting that females are protected
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somehow. The major female sex hormone estradiol is known to regulate mitochondrial metabolism and morphology
via both nuclear and mitochondrial-mediated events, including activation of nuclear respiratory factor-1 (NRF-1)
[39]. Recently, evidence was reported that activation of G protein-coupled estrogen receptor 1 (GPER1) by estra-
diol protects H9¢2 cardiomyoblasts from cell death due to oxidative stress by preserving mitochondrial structure and
function, and delaying the opening of mPTP [40]. There is also the intriguing possibility that GPER1 may be located
in mitochondria or endoplasmic reticulum [41].

Mitochondria in fetal imprinting

Population and preclinical studies support the conclusion that epigenetics forms the link between in utero stress, such
as MNR, hypoxia, maternal obesity, and hypertension, and the adult phenotype [1,2,23,42]. Epigenetics includes tra-
ditional factors, histone modifications (acetylations and methylations) and DNA methylations, as well as non-coding
RNAs (ncRNAs). The driving force for these changes has been ascribed to increased glucocorticoids and/or activity of
the hypothalamic-pituitary-adrenal axes, in the case of MNR, as well as oxidative stress [1,2,42]. The study by Pereira
et al. raises the possibility that mitochondria are master regulators of both the remodeling and imprinting processes.
Mitochondria are anticipated to affect genomic DNA methylation and histone acetylation, methylation, and phos-
phorylation via either coupling of the folate and methionine cycles or alterations in tricarboxylic acid (TCA) cycle
metabolites, including «-ketoglutarate, succinate, and fumarate [42] (Figure 1). Increased ROS and decreased ATP
are likely contributors as well. Mitochondrial dysfunction in turn induces changes in the expression of mitochon-
drial genes that can further exacerbate both the dysfunction and aberrant epigenetic imprinting. Mitoepigenetics,
including mitochondrial DNA methylation, and the involvement of both mitochondrial and genomic ncRNAs in mi-
tochondrial functions and nucleus-mitochondria crosstalk, are rapidly developing areas of investigation that likely
contribute to fetal programing also [43,44]. The protective role of estrogen/estradiol (E2) in mitochondrial function
and dynamics, operating at the nuclear and perhaps mitochondrial levels, adds another layer of complexity [39].

Conclusions and future directions

The study by Pereira et al. [13] is the first report that MNR impacts fetal cardiac LV mitochondria, in a close evo-
lutionary relative to humans, and in a sex-dependent fashion. The basis for the protection in females needs to be
defined. Network or pathway analyses are needed to define the underlying molecular events that account for these
changes, including the role of ncRNAs. Further studies are needed to unravel the processes by which fetal cardiac
mitochondria have epigenetic impacts that determine the adult susceptibility to cardiovascular disease.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by grants to FAZ from the American University of Beirut Faculty of Medicine [grant number
MPP —320145/320095; URB - 103949] and by Centre National de la Recherche Scientifique (CNRS) [grant number
103507/103487/103941/103944]; and Collaborative Research Stimulus (CRS) [grant number 103556].

Acknowledgements
GWB gratefully acknowledges the support of the Department of Pharmacology and Toxicology at UMMC.

Abbreviations

E2, estrogen/estradiol; GSH, glutathione; GPER1, G protein-coupled estrogen receptor 1; LV, left ventricular; MDA, malondi-
aldehyde; MNR, maternal nutrient reduction; mPTP, mitochondrial permeability transition pore; ncRNA, non-coding RNA; NRF-1,
nuclear respiratory factor-1; TCA, tricarboxylic acid.

References

1 Mandy, M. and Nyirenda, M. (2018) Developmental origins of health and disease: the relevance to developing nations. /nt. Health 10, 6670,
https://doi.org/10.1093/inthealth/ihy006

2 Morton, J.S., Cooke, C.L. and Davidge, S.T. (2016) In utero origins of hypertension: mechanisms and targets for therapy. Physiol. Rev. 96, 549-603,
https://doi.org/10.1152/physrev.00015.2015

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

20z Iy 8| UO Josn Jnuieg JO AISIBAIUN UedLBWY Aq Jpd-opZG0-1Z02-SO/6E8LLE/LOL LI LISE L/IPd-aloiie/osulo/woo sseidpueod//:dpy Woly papeojumoq


https://doi.org/10.1093/inthealth/ihy006
https://doi.org/10.1152/physrev.00015.2015

Clinical Science (2021) 1356 1767-1772 °
https://doi.org/10.1042/CS20210524 '. (] ESE%ELAND
°

3 Barker, D.J., Winter, P.D., Osmond, C., Margetts, B. and Simmonds, S.J. (1989) Weight in infancy and death from ischaemic heart disease. Lancet 2,
577-580, https://doi.org/10.1016/S0140-6736(89)90710-1

4 Hovi, P, Vohr, B., Ment, L.R., Doyle, L.W., McGarvey, L., Morrison, K.M. et al. (2016) Blood pressure in young adults born at very low birth weight: adults
born preterm international collaboration. Hypertension 68, 880-887, https://doi.org/10.1161/HYPERTENSIONAHA.116.08167

5 Fagerberg, B., Bondjers, L. and Nilsson, P. (2004) Low birth weight in combination with catch-up growth predicts the occurrence of the metabolic
syndrome in men at late middle age: the Atherosclerosis and Insulin Resistance study. J. Intern. Med. 256, 254—259,
https://doi.org/10.1111/j.1365-2796.2004.01361.x

6 Barker, D.J., Gelow, J., Thornburg, K., Osmond, C., Kajantie, E. and Eriksson, J.G. (2010) The early origins of chronic heart failure: impaired placental
growth and initiation of insulin resistance in childhood. Eur. J. Heart Fail. 12, 819-825, https://doi.org/10.1093/eurjhf/hfq069

7 Eriksson, J.G., Kajantie, E., Lampl, M. and Osmond, C. (2015) Trajectories of body mass index amongst children who develop type 2 diabetes as adults.
J. Intern. Med. 278, 219-226, https://doi.org/10.1111/joim.12354

8 Ravelli, G.P, Stein, Z.A. and Susser, M.W. (1976) Obesity in young men after famine exposure in utero and early infancy. N. Engl. J. Med. 295,
349-353, https://doi.org/10.1056/NEJM197608122950701

9 Stansfield, B.K., Fain, M.E., Bhatia, J., Gutin, B., Nguyen, J.T. and Pollock, N.K. (2016) Nonlinear relationship between birth weight and visceral fat in
adolescents. J. Pediatr. 174, 185-192, https://doi.org/10.1016/j.jpeds.2016.04.012

10 Langmia, I.M., Kraker, K., Weiss, S.E., Haase, N., Schutte, T., Herse, F. et al. (2019) Cardiovascular programming during and after diabetic pregnancy:
role of placental dysfunction and IUGR. Front. Endocrinol. (Lausanne) 10, 215, https://doi.org/10.3389/fend0.2019.00215

11 Rodriguez-Rodriguez, P., Ramiro-Cortijo, D., Reyes-Hernandez, C.G., Lopez de Pablo, A.L., Gonzalez, M.C. and Arribas, S.M. (2018) Implication of
oxidative stress in fetal programming of cardiovascular disease. Front. Physiol. 9, 602, https://doi.org/10.3389/fphys.2018.00602

12 Savasta, M., Dubois, A. and Scatton, B. (1986) Autoradiographic localization of D1 dopamine receptors in the rat brain with [3H]SCH 23390. Brain Res.
375, 291-301, https://doi.org/10.1016/0006-8993(86)90749-3

13 Pereira, S.P,, Tavares, L.C., Duarte, A.l, Baldeiras, I., Cunha-Oliveira, T., Martins, J.D. et al. (2021) Sex-dependent vulnerability of fetal nonhuman
primate cardiac mitochondria to moderate maternal nutrient reduction. Clin. Sci. (Lond.) 135, 1103—-1126, https://doi.org/10.1042/CS20201339

14 Corstius, H.B., Zimanyi, M.A., Maka, N., Herath, T., Thomas, W., van der Laarse, A. et al. (2005) Effect of intrauterine growth restriction on the number
of cardiomyocytes in rat hearts. Pediatr. Res. 57, 796—800, https://doi.org/10.1203/01.PDR.0000157726.65492.CD

15 Wadley, G.D., McConell, G.K., Goodman, C.A., Siebel, A.L., Westcott, K.T. and Wlodek, M.E. (2013) Growth restriction in the rat alters expression of
metabolic genes during postnatal cardiac development in a sex-specific manner. Physiol. Genomics 45, 99-105,
https://doi.org/10.1152/physiolgenomics.00095.2012

16 Masoumy, E.P.,, Sawyer, A.A., Sharma, S., Patel, J.A., Gordon, PM.K., Regnault, T.R.H. et al. (2018) The lifelong impact of fetal growth restriction on
cardiac development. Pediatr. Res. 84, 537-544, https://doi.org/10.1038/s41390-018-0069-x

17 Botting, K.J., Loke, X.Y., Zhang, S., Andersen, J.B., Nyengaard, J.R. and Morrison, J.L. (2018) IUGR decreases cardiomyocyte endowment and alters
cardiac metabolism in a sex- and cause-of-IUGR-specific manner. Am. J. Physiol. Regul. Integr. Comp. Physiol. 315, R48-R67,
https://doi.org/10.1152/ajpregu.00180.2017

18 Guitart-Mampel, M., Gonzalez-Tendero, A., Ninerola, S., Moren, C., Catalan-Garcia, M., Gonzalez-Casacuberta, |. et al. (2018) Cardiac and placental
mitochondrial characterization in a rabbit model of intrauterine growth restriction. Biochim. Biophys. Acta Gen. Subj. 1862, 1157-1167,
https://doi.org/10.1016/j.bbagen.2018.02.006

19 Gonzalez-Tendero, A., Torre, I., Garcia-Canadilla, P., Crispi, F., Garcia-Garcia, F., Dopazo, J. et al. (2013) Intrauterine growth restriction is associated
with cardiac ultrastructural and gene expression changes related to the energetic metabolism in a rabbit model. Am. J. Physiol. Heart Circ. Physiol.
305, H1752-H1760, https://doi.org/10.1152/ajpheart.00514.2013

20 Simoes, R.V., Cabanas, M.E., Loreiro, C., llla, M., Crispi, F. and Gratacos, E. (2018) Assessment of prenatal cerebral and cardiac metabolic changes in a
rabbit model of fetal growth restriction based on 13C-labelled substrate infusions and ex vivo multinuclear HRMAS. PLoS ONE 13, 0208784,
https://doi.org/10.1371/journal.pone.0208784

21 Vranas, S., Heinemann, G.K., Liu, H., De Blasio, M.J., Owens, J.A., Gatford, K.L. et al. (2017) Small size at birth predicts decreased cardiomyocyte
number in the adult ovine heart. J. Dev. Orig. Health Dis. 8, 618-625, https://doi.org/10.1017/S2040174417000381

22 Jonker, S.S., Kamna, D., LoTurco, D., Kailey, J. and Brown, L.D. (2018) IUGR impairs cardiomyocyte growth and maturation in fetal sheep. J. Endocrinol.
239, 253-265, https://doi.org/10.1530/JOE-18-0382

23 Crispi, F., Miranda, J. and Gratacos, E. (2018) Long-term cardiovascular consequences of fetal growth restriction: biology, clinical implications, and
opportunities for prevention of adult disease. Am. J. Obstet. Gynecol. 218, S869-S879, https://doi.org/10.1016/j.ajog.2017.12.012

24 Sehgal, A., Alexander, B.T., Morrison, J.L. and South, A.M. (2020) Fetal growth restriction and hypertension in the offspring: mechanistic links and
therapeutic directions. J. Pediatr, 224, 115-123e2 , https://doi.org/10.1016/j.jpeds.2020.05.028

25 Schipke, J., Gonzalez-Tendero, A., Cornejo, L., Willfuhr, A., Bijnens, B., Crispi, F. et al. (2017) Experimentally induced intrauterine growth restriction in
rabbits leads to differential remodelling of left versus right ventricular myocardial microstructure. Histochem. Cell Biol. 148, 557-567,
https://doi.org/10.1007/s00418-017-1587-z

26 Torre, |., Gonzalez-Tendero, A., Garcia-Canadilla, P., Crispi, F., Garcia-Garcia, F., Bijnens, B. et al. (2014) Permanent cardiac sarcomere changes in a
rabbit model of intrauterine growth restriction. PLoS ONE9, 113067, https://doi.org/10.1371/journal.pone.0113067

27 Iruretagoyena, J.l., Gonzalez-Tendero, A., Garcia-Canadilla, P, Amat-Roldan, I., Torre, I., Nadal, A. et al. (2014) Cardiac dysfunction is associated with
altered sarcomere ultrastructure in intrauterine growth restriction. Am. J. Obstet. Gynecol. 210, 550e1-7, https://doi.org/10.1016/j.ajog.2014.01.023

28 Keenaghan, M., Sun, L., Wang, A., Hyodo, E., Homma, S. and Ten, V.S. (2016) Intrauterine growth restriction impairs right ventricular response to
hypoxia in adult male rats. Pediatr. Res. 80, 547553, https://doi.org/10.1038/pr.2016.124

(© 2021 The Author(s). Published by Portiand Press Limited on behalf of the Biochemical Society 1771

20z Iy 8| UO Josn Jnuieg JO AISIBAIUN UedLBWY Aq Jpd-opZG0-1Z02-SO/6E8LLE/LOL LI LISE L/IPd-aloiie/osulo/woo sseidpueod//:dpy Woly papeojumoq


https://doi.org/10.1016/S0140-6736(89)90710-1
https://doi.org/10.1161/HYPERTENSIONAHA.116.08167
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1093/eurjhf/hfq069
https://doi.org/10.1111/joim.12354
https://doi.org/10.1056/NEJM197608122950701
https://doi.org/10.1016/j.jpeds.2016.04.012
https://doi.org/10.3389/fendo.2019.00215
https://doi.org/10.3389/fphys.2018.00602
https://doi.org/10.1016/0006-8993(86)90749-3
https://doi.org/10.1042/CS20201339
https://doi.org/10.1203/01.PDR.0000157726.65492.CD
https://doi.org/10.1152/physiolgenomics.00095.2012
https://doi.org/10.1038/s41390-018-0069-x
https://doi.org/10.1152/ajpregu.00180.2017
https://doi.org/10.1016/j.bbagen.2018.02.006
https://doi.org/10.1152/ajpheart.00514.2013
https://doi.org/10.1371/journal.pone.0208784
https://doi.org/10.1017/S2040174417000381
https://doi.org/10.1530/JOE-18-0382
https://doi.org/10.1016/j.ajog.2017.12.012
https://doi.org/10.1016/j.jpeds.2020.05.028
https://doi.org/10.1007/s00418-017-1587-z
https://doi.org/10.1371/journal.pone.0113067
https://doi.org/10.1016/j.ajog.2014.01.023
https://doi.org/10.1038/pr.2016.124

+. = PORTLAND
09 rress

1772

Clinical Science (2021) 135 1767-1772
https://doi.org/10.1042/CS20210524

29 Beauchamp, B., Thrush, A.B., Quizi, J., Antoun, G., Mcintosh, N., Al-Dirbashi, 0.Y. et al. (2015) Undernutrition during pregnancy in mice leads to
dysfunctional cardiac muscle respiration in adult offspring. Biosci. Rep. 35, https://doi.org/10.1042/BSR20150007

30 Kuo, A.H., Li, C., Li, J., Huber, H.F., Nathanielsz, P.W. and Clarke, G.D. (2017) Cardiac remodelling in a baboon model of intrauterine growth restriction
mimics accelerated ageing. J. Physiol. 595, 1093-1110, https://doi.org/10.1113/JP272908

31 Kuo, A.H., Li, C., Huber, H.F., Nathanielsz, PW. and Clarke, G.D. (2018) Ageing changes in biventricular cardiac function in male and female baboons
(Papio spp. J. Physiol. 596, 5083-5098, https://doi.org/10.1113/JP276338

32 Kuo, A.H., Li, C., Huber, H.F., Schwab, M., Nathanielsz, PW. and Clarke, G.D. (2017) Maternal nutrient restriction during pregnancy and lactation leads to
impaired right ventricular function in young adult baboons. J. Physiol. 595, 4245-4260, https://doi.org/10.1113/JP273928

33 Bishop, A.C., Libardoni, M., Choudary, A., Misra, B., Lange, K., Bernal, J. et al. (2018) Nonhuman primate breath volatile organic compounds associate
with developmental programming and cardio-metabolic status. J. Breath Res. 12, 036016, https://doi.org/10.1088/1752-7163/aaba84

34 Muralimanoharan, S., Li, C., Nakayasu, E.S., Casey, C.P., Metz, T.0., Nathanielsz, PW. et al. (2017) Sexual dimorphism in the fetal cardiac response to
maternal nutrient restriction. J. Mol. Cell Cardiol. 108, 181-193, https://doi.org/10.1016/j.yjmcc.2017.06.006

35 Pamplona, R., Jove, M., Mota-Martorell, N. and Barja, G. (2021) Is the NDUFV2 subunit of the hydrophilic complex | domain a key determinant of animal
longevity? FEBS J., https://doi.org/10.1111/febs.15714

36 Mota-Martorell, N., Jove, M., Pradas, I., Sanchez, |., Gomez, J., Naudi, A. et al. (2020) Low abundance of NDUFV2 and NDUFS4 subunits of the
hydrophilic complex | domain and VDAC1 predicts mammalian longevity. Redox. Biol. 34, 101539, https://doi.org/10.1016/j.redox.2020.101539

37 Miwa, S., Jow, H., Baty, K., Johnson, A., Czapiewski, R., Saretzki, G. et al. (2014) Low abundance of the matrix arm of complex | in mitochondria
predicts longevity in mice. Nat. Commun. 5, 3837, https://doi.org/10.1038/ncomms4837

38 Wang, Y. and Hekimi, S. (2015) Mitochondrial dysfunction and longevity in animals: untangling the knot. Science 350, 1204-1207,
https://doi.org/10.1126/science.aac4357

39 Klinge, C.M. (2020) Estrogenic control of mitochondrial function. Redox Biol. 31, 101435, https://doi.org/10.1016/j.redox.2020.101435

40 Imam Aliagan, A., Madungwe, N.B., Tombo, N., Feng, Y. and Bopassa, J.C. (2020) Chronic GPER1 Activation protects against oxidative stress-induced
cardiomyoblast death via preservation of mitochondrial integrity and deactivation of mammalian Sterile-20-like kinase/yes-associated protein pathway.
Front. Endocrinol. (Lausanne) 11, 579161, https://doi.org/10.3389/fendo.2020.579161

41 Ronda, A.C. and Boland, R.L. (2016) Intracellular distribution and involvement of GPR30 in the actions of E2 on C2C12 cells. J. Cell. Biochem. 117,
793-805, https://doi.org/10.1002/jch.25369

42 Grilo, L.F,, Tocantins, C., Diniz, M.S., Gomes, R.M., Oliveira, P.J., Matafome, P. et al. (2021) Metabolic disease programming: from mitochondria to
epigenetics, glucocorticoid signaling and beyond. Eur. J. Clin. Invest. e13625, https://doi.org/10.1111/eci.13625

43 Cavalcante, G.C., Magalhaes, L., Ribeiro-Dos-Santos, A. and Vidal, A.F. (2020) Mitochondrial epigenetics: non-coding RNAs as a novel layer of
complexity. Int. J. Mol. Sci. 21, 1838, https://doi.org/10.3390/ijms21051838

44 Sharma, N., Pasala, M.S. and Prakash, A. (2019) Mitochondrial DNA: Epigenetics and environment. Environ. Mol. Mutagen. 60, 668—682,
https://doi.org/10.1002/em.22319

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

20z Iy 8| UO Josn Jnuieg JO AISIBAIUN UedLBWY Aq Jpd-opZG0-1Z02-SO/6E8LLE/LOL LI LISE L/IPd-aloiie/osulo/woo sseidpueod//:dpy Woly papeojumoq


https://doi.org/10.1042/BSR20150007
https://doi.org/10.1113/JP272908
https://doi.org/10.1113/JP276338
https://doi.org/10.1113/JP273928
https://doi.org/10.1088/1752-7163/aaba84
https://doi.org/10.1016/j.yjmcc.2017.06.006
https://doi.org/10.1111/febs.15714
https://doi.org/10.1016/j.redox.2020.101539
https://doi.org/10.1038/ncomms4837
https://doi.org/10.1126/science.aac4357
https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.3389/fendo.2020.579161
https://doi.org/10.1002/jcb.25369
https://doi.org/10.1111/eci.13625
https://doi.org/10.3390/ijms21051838
https://doi.org/10.1002/em.22319

