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Abstract 
Early-life malnutrition results in structural alterations to fetal kidney and heart, 

predisposing offspring to later life cardio-renal dysfunction. Epidemiologic studies 

link low birth weight to predisposition to cardiovascular disease (CVD) later in life 

with both sex and diet impacting the incidence of CVD. Kidneys of adults who 

suffered from growth restriction at birth have substantial variation in nephron 

endowment. Animal models suggest cardio-renal structural and functional 

consequences in the offspring exposed to sub-optimal intrauterine nutrition. 

Mitochondrial bioenergetics plays a key role in cardiac and renal energy metabolism, 

growth and function. In this relevant work, we hypothesized that moderate maternal 

nutrient reduction (MNR) would adversely impact fetal cardio-renal mitochondrial 

metabolism in a well-established non-human primate model which produces intra-

uterine growth reduction at term. 

Female pregnant baboons were fed normal chow diet or 70% of control diet 

(maternal nutrient reduction, MNR). Cesarean sections were performed at 0.9 

gestation (165 days gestation) under anesthesia. Maternal fasting blood was drawn 

from the femoral vein in the morning before cesarean section and before the fetus 

was exteriorized from the uterine cavity. Umbilical vein blood was also sampled. The 

mother, the placenta and the fetus were analyzed for morphometric measurements 

and tissue sampling. Fetal kidneys and heart were rapidly harvested and appropriately 

processed, flash frozen or fixed, for posterior analyses. Biochemical and amino acid 

analyses were performed in the maternal and fetal blood samples. Analysis of 

mitochondrial DNA was performed by quantitative real-time PCR, and Human 

Mitochondrial Energy Metabolism and Human Mitochondria Pathway PCR Arrays 

were used to analyze mitochondrial relevant mRNA. In situ protein content was 

detected by immunohistochemistry and semi-quantification was performed by 

Western blot. Enzymatic activity of mitochondrial proteins was determined by 

alterations in the absorbance of specific substrates or products. Adenine nucleotide 

levels and energy charge were determined by HPLC, as well determination of vitamin 

E and reduced and oxidized glutathione contents. Other indicators of oxidative state, 

as malondialdehyde content (MDA), glutathione peroxidase and glutathione 

reductase activities were determined spectrophotometrically. Ultimately, transmission 

electron microscopy was used to assess mitochondrial morphology. 



 

 

MNR until 0.9 gestation decreased maternal weight gain and placental weight, being 

the effects more severe in MNR mothers carrying a male fetuses. Despite the smaller 

overall fetal size, fetal kidney weight-to-body weight or the heart weight-to-body 

weight ratios were not affected. MNR caused adjustments in the protein metabolism 

reflected in altered maternal amino acids concentrations and impaired glucose 

metabolism, with MNR mothers displaying higher levels of cortisol and glucose in 

blood circulation. 

Regarding the fetal kidney, we demonstrated fetal gender-specific differential mRNA 

expression encoding mitochondrial metabolite transport and dynamics proteins. 

MNR-related differential gene expression was more evident in female fetuses, with 

16 transcripts significantly altered, including 14 downregulated and 2 upregulated. 

MNR impacted 10 transcripts in male fetuses, with 7 downregulated and 3 

upregulated. Alteration in mRNA levels was accompanied by a decrease in 

mitochondrial protein cytochrome c oxidase subunit VIc. In conclusion, transcripts 

encoding fetal renal mitochondrial energy metabolism proteins are nutrition sensitive 

in a gender-dependent manner.  

For the fetal cardiac left ventricle, we found that MNR increased mtDNA content 

and the transcription of key mitochondrial genes involved in mitochondrial dynamics 

and oxidative phosphorylation (OXPHOS), resulting in increased content of several 

mitochondrial proteins, namely components of the mitochondrial respiratory chain 

(NDUFB8, UQCRC1 and cytochrome c) and ATP synthase. However, the activity 

of OXPHOS enzymes was significantly decreased in MNR fetuses, possibly 

contributing to a decreased ATP content and an increased oxidative stress in the 

cardiac left ventricle tissues, as seen by increased lipid peroxidation marker, MDA. 

Microscopy of the fetal cardiac left ventricles reflected the disturbance induced by 

MNR, revealing mitochondria with sparse and disarranged cristae. These checkpoints 

suggest that MNR orchestrated a serial of events that ultimately resulted in an 

impaired capacity of fetal cardiac left ventricle tissue to produce energy through the 

OXPHOS system. 

The present study provides for the first time evidence of an association between 

MNR and mitochondrial remodeling in the fetus. Although the MNR fetal 

manifestation were tissue and gender specific, the overall scenario point to and 

impairment in mitochondrial function in the fetal tissues analyzed. We speculate that 



 

 

these differences lead to decreased mitochondrial fitness that contributes to cardio-

renal dysfunction in later life. Our work has a translational application in human 

health, showing that control of maternal health during pregnancy may reduce long 

term disease risk in the offspring with greatest benefit for the individual and for 

national health care systems. 

 

Keywords: fetal programming; fetal under-nutrition; metabolic disease; baboon; 

mitochondria; heart; kidney 

  



 

 

  



 

 

Resumo 

A ocorrência de subnutrição durante o período gestacional tem como consequência 

alterações estruturais ao nível dos rins e coração fetais, predispondo a descendência a 

disfunções cardiorenais. Estudos epidemiológicos associam o baixo peso ao nascer 

com a predisposição para ocorrerem mais tarde doenças cardiovasculares (DCV) 

nesses indivíduos, estando o género e a dieta directamente relacionados com a sua 

incidência. Os rins de adultos que sofreram de subnutrição à nascença apresentam 

uma variação substancial do número de nefrónios. Modelos animais sugerem existir 

consequências estruturais e funcionais ao nível cardiorenal associadas à exposição a 

uma nutrição intra-uterina insuficiente. A bioenergética mitocondrial desempenha 

um papel-chave no metabolismo energético, no crescimento e funcionamento 

cardíaco e renal. Neste trabalho com relevância médica, estabelecemos como 

hipótese que a redução maternal de nutrientes (RMN) teria um impacto negativo no 

metabolismo mitocondrial cardiorenal do feto num modelo estabelecido de primata 

não-humano que exibe uma redução do crescimento fetal intra-uterino numa 

gravidez de termo. 

Fêmeas de babuínos grávidas foram alimentadas com uma dieta normal (ad libitum, 

100%) ou com 70% da dieta normal (redução maternal de nutrientes, RMN). Foram 

realizadas cesarianas ao tempo gestacional 0,9 (165 dias de gestação), sob anestesia. 

Foi recolhido sangue maternal em jejum, a partir da veia femoral, na manhã do dia da 

cesariana e antes da extração do feto da cavidade uterina. O sangue da veia umbilical 

também foi recolhido. A mãe, a placenta e o feto foram submetidos a medições 

morfométricas e à recolha de tecidos. Rins e coração fetais foram rapidamente 

recolhidos e processados de forma adequada, por rápida congelação ou por fixação, 

de forma a serem posteriormente analisados. Efectuaram-se análises bioquímicas 

clínicas e do conteúdo em aminoácidos às amostras de sangue maternal e fetal. A 

análise do ADN mitocondrial foi realizada por PCR quantitativo em tempo real, e 

foram usados PCR arrays de Metabolismo Energético Mitocondrial Humano e de 

Vias Mitocondriais Humanas para avaliar ARNm  relevantes relacionados com a 

mitocôndria. O conteúdo proteico foi detectado in situ por imunohistoquímica e 

semi-quantificado por Western blot. A actividade enzimática de proteínas 

mitocondriais foi determinada pela avaliação de alterações na absorvância de 



 

 

substratos ou de produtos específicos formados. Os níveis de nucleótidos de adenina 

e a carga energética foram determinados por HPLC, bem como a determinação de 

vitamina E e do conteúdo de glutationa reduzida e oxidada. Outros indicadores de 

estado oxidativo, como o conteúdo de malondialdeído (MDA), de glutationa 

peroxidase e de glutationa redutase, foram determinados espectrofotometricamente. 

Por último, utilizou-se microscopia electrónica de transmissão para avaliar a 

morfologia mitocondrial. 

RMN até ao tempo gestacional 0,9 implica a diminuição do ganho de peso maternal e 

placentário, sendo os efeitos mais graves em mães RMN em gestação de fetos do 

sexo masculino. Apesar do menor tamanho fetal global, as proporções peso renal-

peso corporal e peso cardíaco-peso corporal não foram afectadas. A RMN causou 

ajustes no metabolismo de proteínas, reflectido na alteração das concentrações de 

aminoácidos maternais e no comprometimento do metabolismo da glicose, de forma 

que as mães RMN apresentavam níveis elevados de cortisol e glicose na circulação 

sanguínea. 

Relativamente ao rim fetal, demonstrámos que a expressão de ARNm codificante de 

proteínas mitocondriais de transporte e dinâmica de metabolitos era diferenciada 

entre géneros. A expressão génica diferencial relacionada com a RMN foi mais 

evidente nos fetos do sexo feminino, apresentando estes indivíduos 16 transcritos 

significativamente alterados, incluindo 14 que diminuíram e 2 que aumentaram. A 

RMN alterou 10 transcritos em fetos do sexo masculino, e destes, 7 apresentaram-se 

diminuídos e 3 aumentaram. A alteração dos níveis de ARNm foi acompanhada por 

uma diminuição da proteína mitocondrial subunidade VIc da citocromo c oxidase. 

Em conclusão, os transcritos que codificam proteínas do metabolismo energético 

mitocondrial do rim fetal são sensíveis aos níveis nutricionais, de uma forma 

dependente do género. 

Para o ventrículo esquerdo do coração fetal, descobrimos que a RMN aumenta os 

níveis de ADNmt e a transcrição de genes de proteínas mitocondriais-chave 

envolvidas na dinâmica mitocondrial e na fosforilação oxidativa (FOX), resultando 

no aumento do teor de várias proteínas mitocondriais, nomeadamente componentes 

da cadeia respiratória mitocondrial (NDUFB8 , UQCRC1 e citocromo c) e da ATP 

sintase. No entanto, a actividade de enzimas associadas à FOX revelou-se 

significativamente mais baixa em fetos RMN, podendo estar associada à diminuição 



 

 

da quantidade de ATP, e ao aumento do stress oxidativo nos tecidos do ventrículo 

esquerdo cardíaco revelado pelo aumento do marcador de peroxidação lipídica 

MDA. A microscopia dos ventrículos esquerdos cardíacos fetais reflectiu a 

perturbação induzida pela RMN, revelando mitocôndrias com cristas em menor 

número e mais desordenadas. Estes pontos de controlo sugerem que a RMN 

orquestrou uma série de eventos que resultaram, em última instância, na diminuição 

da capacidade do tecido do ventrículo esquerdo cardíaco fetal de produzir energia 

através do sistema FOX. 

O presente estudo fornece, pela primeira vez, a evidência de uma associação entre 

RMN e a remodelação mitocondrial no feto. Embora a manifestação fetal RMN seja 

específica de tecidos e género, o cenário global aponta para comprometimento da 

função mitocondrial em ambos os tecidos fetais analisados. Nós especulamos que 

essas diferenças levam a uma diminuição da performance mitocondrial, contribuindo 

para a disfunção cardiorenal a longo termo. O nosso trabalho tem uma aplicação 

translacional em saúde humana, mostrando que o controlo da saúde materna durante 

a gravidez pode reduzir o risco de doença a longo termo na descendência, com 

grandes benefícios para o indivíduo mas de igual modo  para os sistemas nacionais de 

cuidado de saúde. 

 

Palavras-Chave: Programação fetal; subnutrição fetal; doença metabólica; babuíno; 

mitocôndria; coração; rim. 
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1.1 Fetal development 
 
Embryonic development is an extraordinary event that involves tightly regulated cell 

proliferation, the establishment of unique cell lineages that adopt distinct cell roles, 

and ultimately the regulated collaboration amongst cell types to generate different 

tissues 1,2. In placental mammals, these processes take place within the uterus of the 

mother after implantation of the conceptus. Beyond regulating its own development, 

it is also required the conceptus ability to orchestrates additional events associated to 

adjusting maternal physiological functions, development of the uterus and 

establishment of a supply of oxygen and nutrients through the establishment of the 

placenta. These processes are among the initial actions of embryogenesis, being 

critical steps of the fetal development that must be achieved for the embryo to 

survive 1,2.  

Following fertilization, the zygote experiences symmetrical cell divisions originating 

the morula. Primary differentiation episodes occur in the first days of development 

by formation of the blastocyst from the morula. External morula cells differentiate to 

become trophectoderm, leaving undifferentiaded cells of the inner cell mass 

surrounded by trophectoderm. In humans, the blastocyst implants into the uterus 7-8 

days after conception and soon after implantation the trophectoderm gives rise to 

distinct differentiated cell types, while placental development is initiated 1,2. 

Abnormalities in placental formation can compromise the growth of the fetus 

leading to intrauterine growth restriction (IUGR), or if too severe, causing fetal 

death. After the formation of the placenta, the heart is the first critical organ to 

develop in the fetus. The heart develops from two distinct cell lineages, with the 

majority of the heart being developed from anterior mesodermal cells. The layers of 

the heart wall (endocardium, myocardium and epicardium), and the valves all 

progress from the mesodermal progenitors. The “cardiogenic region” begins 

contracting as early as day 21 in human embryos or day 8 for murine 1,2. Cardiac 

defects are common in newborns and estimated to be present in one of every 100 

liveborn babies. Importantly, many tissues and organs such as the brain, lung, gut 

and kidneys are not so essential for intrauterine life. By contrast, fetal survival is 

highly dependent on function of the placenta, fetal liver and the cardiovascular 

system 1,2. 
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1.2 Role of the mitochondria in fetal development 
 
1.2.1 Mitochondrial Biology 
 
During several decades mitochondria were mostly considered as the cell furnaces, 

producing energy by chemiosmosis 3. It has been estimated that almost 90% of 

oxygen consumption by mammals occurs in mitochondria with the ultimate objective 

of synthesizing adenosine triphosphate, ATP 4,5. Further advances established that 

this organelle not only provide cell energy but is also involved in calcium 

homeostasis 6, in intermediate metabolism, in the generation of reactive oxygen 

species (ROS) and most importantly, in the progression or initiation of cell death 7,8. 

Mitochondria are also implicated in the majority of human diseases including cancer 
9, diabetes 10, cardiovascular and neurodegenerative diseases 10, triggering the 

scientific attention in mitochondrial bioenergetics in cells. 

 
1.2.1.1 Mitochondrial DNA 
Mitochondrial DNA (mtDNA, Figure 1.1) accounts for less than one percent of total 

cellular DNA. Nevertheless, mitochondrial gene products are essential for normal 

cellular function 11. The human mtDNA is maternally inherited, being a closed 

circular, double-stranded DNA molecule of 16,569 base pair located within the 

mitochondrial matrix. The entire mitochondrial genome encodes 37 genes which 

encodes for two rRNAs, 22 tRNAs and 13 polypeptides that are essential 

components of the multi-subunit complexes of the oxidative phosphorylation system 

(OXPHOS, Figure 1.2). Most of these genes are encoded in the heavy strand, with 

only eight mitochondrial tRNAs and a single polypeptide encoded by the light strand. 

The mtDNA also contains a short non-coding region with control elements, 

including three hypervariable regions and a displacement loop (D-loop). The D-loop 

region harbors regulatory elements required for replication and transcription. All the 

other proteins required for mtDNA maintenance and expression are encoded by the 

nuclear genome translated in the cytosol and are targeted and imported into the 

mitochondrial matrix 12.  

It is important to remember that there are some unique characteristics of mtDNA 

and mitochondrial genetics which are dissimilar from the features of nuclear genes 

and the principles of nuclear inheritance. A very special feature is that only the 

mother contributes to the mtDNA offspring patrimony 13. mtDNA does not contain 
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introns, making mtDNA mutations or deletions more prone to result in an affected 

phenotype. The occurring of mtDNA mutations is more than 10 times higher in 

comparison with the nuclear DNA mutation rate 14, which can result from the 

absence of protective histones, the nonexistence of effective DNA repair systems 

within mitochondria and additionally by being exposed to remarkable fluxes of 

oxygen, making mtDNA a presumable target for reactive oxygen species produced as 

by-products of OXPHOS. Another special feature is heteroplasmy, meaning that an 

individual may carry several allelic forms of mtDNA, present in singular proportions 

in special tissues 15,16. In the context of the present thesis we will focus in some of the 

major mitochondrial biological functions, including, mitochondria dynamics, energy 

production, reactive oxygen species generation and antioxidant capacity, calcium 

buffering ability and apoptosis regulation, which had been associated with the 

pathogenesis of disease.  

 

Figure 1.1 Human mitochondrial DNA map. 
mtDNA showing location of selected genes. Human mtDNA is a 16569 base pair circular 
molecule that encodes seven (ND1, ND2, ND3, ND4, ND4L, ND5 and ND6) of the 43 
subunits of complex I, shown in blue; one (cytochrome b) of the 11 subunits of complex III, 
shown in green; three (COI, COII and COIII) of the13 subunits of complex IV, shown in 
red; and two (ATPase 6 and 8) of the 16 subunits of complex V, shown in yellow. mtDNA 
also codes for two ribosomal RNAs (rRNAs; 12S and 16S), shown in purple; and 22 tRNAs, 
indicated by black lines and denoted by their single letter code, which are required for 
mitochondrial protein synthesis. The displacement loop (D-loop), or non-coding control 
region, contains sequences that are vital for the initiation of both mtDNA replication and 
transcription, including the proposed origin of heavy-strand replication (shown as OH). The 
origin of light-strand replication is shown as OL. Image adapted from Taylor et al 2005 17 
with permission (see appendix A1).  
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1.2.1.2 Mitochondrial morphology 
The number of mitochondria varies widely by organism and tissue type. One 

mitochondrion can range from 2-10 µm length in different species 18. Mitochondria 

also vary considerably in shape and size during different phases of the cell cycle 19. 

Nevertheless, all mitochondria have a common basic structure (Figure 1.2) 

composed by compartments that carry out specialized functions. These 

compartments include the outer mitochondrial membrane (OMM), the 

intermembrane space, the inner mitochondrial membrane (IMM), the cristae, and the 

matrix (Figure 1.2). The outer membrane has rather identical amount of 

phospholipids and proteins, containing numerous integral channels called porins, 

which are permeable to all molecules up to 5,000 Da, including ATP, ADP, nutrient 

molecules and ions. One example is the voltage dependent anion channel (VDAC, 

Figure 1.2, element 13) that acts as a general diffusion pore for small hydrophilic 

molecules 20. The inner mitochondrial membrane has numerous invaginations that 

form the “cristae” and supports the electron transport chain (ETC) components 

(Figure 1.2 panel C). IMM contains also the adenine nucleotide translocase (ANT), 

responsible for the exchange of adenine nucleotide (ADP) across the IMM 21. The 

matrix is delimited by the IMM and contains mtDNA and several metabolic 

enzymes, including those from the Krebs cycle, where pyruvate is converted to acetyl 

coenzyme A and completely oxidized and degraded to generate energy in the form of 

ATP and reducing agents such as NADH or succinate-derived FADH2 co-factor, 

carbon dioxide and water 5.  
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Figure 1.2 Representation of mitochondrial functions. 
Mitochondria are dynamic organelles which can undergo fission and fusion, remodeling of 
the cristae, and alteration of the mitochondrial network (Panel A). These events are regulated 
by specific proteins, e.g. mitofusin (1), and several phenomena can interfere with their 
normal physiology. Although mitochondria are effective ‘machines’ in the conversion of O2 
to water, 1-4% of the O2 used in respiration is converted to superoxide anion by electrons 
from the mitochondrial respiratory chain (MRC; lower Panel B). The superoxide anion 
radical can damage lipid membranes and proteins, or can be dismutated by the superoxide 
dismutase enzyme (SOD2) to hydrogen peroxide, which is capable of diffusing to remote 
areas of the cytoplasm. As a detoxification mechanism, mitochondria convert H2O2 to water 
by means of catalase (3) or glutathione peroxidase (4). The latter enzyme oxidizes glutathione 
(GSH), which is recycled by glutathione reductase (5) through oxidation of NADPH. Panel 
C shows oxidative phosphorylation. Pyruvate is the bridge between glycolysis and the 
tricarboxylic acid (TCA) cycle, which produce substrates for the MRC. The electron flux 
from Complex I to Complex IV creates a proton motive force which can be used to 
phosphorylate ADP by the ATP synthase (6), or can be dissipated by the uncoupling 
proteins (UCPs; 7). Mitochondria can also participate in calcium homeostasis (Panel D). 
After uptake by the mitochondrial calcium uniporter (8), matrix calcium accumulation can 
have two distinct effects: at lower physiological concentrations, calcium can stimulate 
dehydrogenases in the TCA cycle, while, at higher concentrations, it can be harmful and 
induce the opening of the mitochondrial permeability transition pore (MPTP). The 
consequence of this last is outer membrane rupture and consequent release of cytochrome c 
(9) into the cytoplasm and cell death. However, cytochrome c can also be released without 
the loss of membrane integrity, through the formation of Bax oligomers (10) in the outer 
membrane. 11, cyclophilin D; 12, adenine nucleotide translocase (ANT); 13, voltage-
dependent anion channel (VDAC); outer mitochondrial membrane (OMM) and inner 
mitochondrial membrane (IMM). Novel data has shown that the MPTP appears to be 
composed mostly from ATP synthase dimers 22. Image from Pereira et al. 2009 23 with 
permission (see appendix A2). 
 
 
1.2.1.3 Mitochondrial dynamics  
Mitochondrial dynamics has implications in many aspects of mitochondrial function 

and appears to be particularly important in mitochondria quality control 24. 

Mitochondria form dynamic tubular networks that continually adjustment their shape 

and move through the cell (Figure 1.3). New proteins and pathways that control 

mitochondrial dynamics continue to be identified, demonstrating that the pathways 

orchestrating mitochondria behavior are more sophisticated than previously thought. 

Still, the most studied pathways are fusion and fission, which act by GTPases and 

their binding partners to regulate organelle connectivity, copy number, the 

redistribution of lipids and proteins along the cell 25–34. Fission is a necessary event 

for the correct redistribution of mtDNA during cell division and also for the 

transport of mitochondria to daughter cells during mitosis and meiosis (Figure 1.3) 35. 

On the other hand, fusion is a mechanism by which neighboring mitochondrial 

membranes fuse (Figure 1.3). It is accepted that this event occurs as a mean of 

recovering the activities of damaged/depolarized membranes, which ensures the 
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proper mixing of metabolites and mtDNA 30. Another perspective may be that 

fission allows for genetic complementation between two mitochondria, which 

promotes ATP synthesis in oxygen-deprived regions of a cell through electrical 

transmission of mitochondrial transmembrane electrical potential across the 

mitochondrial network. Actually, the energy from GTP hydrolysis is crucial to 

facilitate the transmission of calcium signals and transmembrane electrical potential 

across distances in the cell 36. Loss of fission results in a large network of fused 

mitochondria, whereas fusion disruption results in smaller mitochondria. Fusion is 

regulated by the proteins Mfn1, Mfn2, and Opa1 35,37, while fission is regulated by the 

proteins Drp1 and Fis1 38. These proteins and others were found in both cardiac and 

non-cardiomyocyte cells and are regulated by post-translational modifications, 

mediated by ubiquitin and small ubiquitin-like modifier (SUMO) ligases 39. 

Importantly, the mitochondrial dynamic behavior is not identical in all cell types and 

is strongly conditioned by the intracellular motility and the cytoskeleton dynamics 40. 

Along these lines, the striated contractile cells of the adult heart and skeletal muscle 

have a very rigid cytoskeleton and their mitochondria are mostly stationary 41. 

Nevertheless, the expression of Mfn 1 and Mfn 2 is significant in these cells with 

immotile mitochondria, indicating that mitofusins are biologically important in 

different contexts. Parra and collaborators described that ceramide-induced 

mitochondrial fragmentation in primary neonatal cardiomyocytes was co-occurring 

with elevated levels and co-localization of Drp1 and Fis1 and increased cell death 42. 

By other side, Brady and collaborators were the first to show extensive fragmentation 

of mitochondria in HL-1 cells (a murine atrial derived cardiac cell line) as a response 

to simulated ischemia-reperfusion 43. Importantly, cardiomyocyte-specific genetic 

interruption of either mitochondrial fusion or fission is incompatible with 

mammalian life 44–46. Nevertheless, the actual interplay between mitochondrial 

dynamics, ROS production and mitochondrial respiration impact requires further 

investigation. 
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Figure 1.3 Mitochondrial dynamics. 
Diagram of mitochondrial fusion–fission. Mitochondria are dynamic organelles that 
constantly undergo fusion and fission processes to maintain an interconnected network in 
healthy cells. Mitochondrial fusion is mediated by Mfn1, Mfn2, and OPA1, whereas fission 
mainly involves Drp1 and Fis1. 
 
 
1.2.1.4 Mitochondrial oxidative phosphorylation and ATP 

production 
Mitochondria produces about 90-95% energy to cells by electron transfer in the 

respiratory chain through a process called OXPHOS (Figure 1.4) 3,47. Aerobic tissues 

rely on OXPHOS for ATP production and the overall process is greatly controlled 

and involves integration and balance of the oxidation of fatty acids, pyruvate, 

ketoacids and a range of other intermediary metabolites and regulatory ions such as 

calcium. Throughout glycolysis, glucose is converted to pyruvate in the cytosol, 

reducing cytosolic NAD+ to NADH. Pyruvate is channeled to mitochondria via 

pyruvate dehydrogenase (PDH) yielding acetyl coenzyme A (acetyl CoA), NADH + 

H+, and CO2. Acetyl CoA enters the tricarboxylic acid cycle or Krebs cycle, 

generating NADH + H+ 48. Another energy pathway involved is the mitochondrial 

fatty acids oxidation via β-oxidation to generate Acetyl-CoA, NADH + H+ and 

reduced FAD co-factor. Electrons originating from nutrients are carried to the 

electron transport chain by NADH and succinate and then transferred along a series 

of carrier molecules in the inner mitochondrial membrane (complexes I to IV). In 
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detail, two electrons are then transferred from NADH to the OXPHOS complex I 

(NADH dehydrogenase or NADH:ubiquinone oxidoreductase) or from fatty 

acids/succinate oxidation to the electron transfer flavoprotein dehydrogenase or 

complex II (succinate dehydrogenase, SDH; or succinate:ubiquinone oxidoreductase) 

respectively, to reduce ubiquinone (coenzyme Q10, CoQ) to ubiquinol (CoQH2). 

Electrons are then transferred to complex III (ubiquinol cytochrome c 

oxidoreductase or cytochrome bc1 complex), followed by electron passage through 

cytochrome c to complex IV (cytochrome c oxidase, COX; or cytochrome c: oxygen 

oxidoreductase), and ultimately to oxygen, generating H2O.  

The energy that is then released as electrons flow down the redox potential through 

the ETC is used to pump protons across the mitochondrial inter membrane space by 

complexes I, III and IV creating a proton electrochemical gradient, which is acidic 

and positive in the intermembrane space and negative and alkaline in the matrix side. 

The potential energy stored in the proton gradient is used to import proteins and 

calcium to the mitochondrial matrix, to generate heat and to synthesize ATP. The 

energy to convert ADP+Pi to ATP derives from the flow of protons through 

complex V (ATP synthase) back into the matrix. The matrix ATP can also be 

exchanged by cytosolic ADP through the ANT located in the IMM (Figure1.2). The 

production of ATP is conditioned by the effectiveness by which the protons are 

ejected out of the matrix by ETC complexes and by the proficiency by which proton 

flux through complex V can yield ATP. This means that the electron transfer is 

coupled to ATP synthesis via proton gradient, but OXPHOS machinery is actually 

prone to proton leakage, leading to variations in the coupling efficiency of the 

respiratory chain 3,5. During OXPHOS, ATP production yield is up to 38 molecules 

of ATP, while during glycolysis, only 2 molecules of ATP are formed 5,49. 
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Figure 1.4 Mitochondrial oxidative phosphorylation system. 
OXPHOS is composed by the mitochondrial respiratory chain, formed by four enzyme 
complexes (complexes I - IV) and two intermediary substrates (coenzyme Q, Q; and 
cytochrome c, Cyt c), plus the complex V. The NADH+, H+ and succinate produced by the 
intermediate metabolism are oxidized further by the mitochondrial respiratory chain to 
establish an electrochemical gradient of protons, which is finally used by the ATP synthase 
(complex V) to produce ATP, the only form of energy used by the cell. Legend: DNA, 
deoxyribonucleic acid; mt, mitochondrial; n, nuclear; IMM, inner mitochondrial membrane; 
H+, proton; NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine 
dinucleotide (reduced form); e-, electron; Cyt c, cytochrome c; ADP, adenosine diphosphate; 
ATP, adenosine triphosphate; Q, ubiquinone. Adapted from Bellance et al. 2009 49. 
 
 
1.2.1.5 Mitochondrial role in oxidative stress 
Mitochondrial reactions are one intracellular source of superoxide anion (·O2

–) and 

other reactive oxygen species that may result from subsequent reactions of 

superoxide anion. During the transfer of electrons along the respiratory chain, single 

electrons occasionally leak out (Figure 1.5) and react with molecular oxygen to form 

the superoxide anion. Even though superoxide anion is not a strong oxidant, it is a 

precursor of other more reactive ROS, and it also becomes involved in the 

propagation of oxidative chain reactions. ROS are highly reactive and uncontrolled 

increase in the steady-state concentrations of these oxidants lead to free radical-
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mediated chain reactions, which indiscriminately target proteins, lipids, 

polysaccharides and DNA (for review see Turrens 2003 50). Mitochondrial reactions 

are a major source of superoxide anion and other ROS that may result from 

subsequent reactions of superoxide anion 51. The latter is converted into hydrogen 

peroxide (H2O2) by the mitochondrial enzyme superoxide dismutase (MnSOD or 

SOD2). Hydrogen peroxide is further metabolised by glutathione peroxide (Gl-Px) 

into H2O. Hydrogen peroxide may lead to the generation of the highly-reactive 

hydroxyl radical (·OH) in the presence of ferrous iron, via the Fenton reaction. 

Superoxide anion can also react with nitric oxide to form the highly-reactive 

peroxynitrite anion (ONOO–). Once mitochondrial enzymatic and non-enzymatic 

antioxidant systems are overwhelmed by ROS, oxidative damage and cell death can 

occur. Mitochondrial superoxide anion production can be significantly enhanced by 

functional impairment of the redox chain, especially of Complexes I and III 52,53. 

Besides the detrimental side of ROS, we should also mention it beneficial side, which 

is acting as critical intermediates of cellular signaling pathways. A review from 

Hamanaka and Chandel 54 underlines a new insight into modulation of local oxidative 

stress and its advantages to the cell, low levels of ROS are required for cellular 

processes such as proliferation and differentiation, pointing a new direction for the 

modulation of ROS production as a means to achieve a beneficial therapeutic 

outcome. 

Figure 1.5 The mitochondrial electron transport chain and its relationship to ROS 
production. 
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Each of the inner mitochondrial membrane (IMM) ETC enzymatic complexes is colored and 
indicated by their respective roman numerals (I-V). Electrons are transferred between 
complexes (dotted arrows), promoting proton (H+) transport (dashed arrows) from the 
matrix to the intermembrane space. Proton flow through ATP synthase (complex V) 
converts ADP to ATP. Normally, O2    is the terminal electron (e-) acceptor from complex 
IV. Electron leak from complexes I or III of damaged mitochondria can produce toxic 
reactive ·O2– and H2O2. mtDNA mutations can affect complexes I, III, IV, and V, but not 
complex II that is comprised entirely of nuclear-encoded proteins. Image from Dom 2015 34 
under the terms of the Creative Commons Attribution License (see appendix A3). 
 
 
1.2.1.6  Mitochondrial antioxidant capacity  
Cellular antioxidant defenses have evolved to an efficient network system for 

prevention, interception and repair of oxidative damage. Antioxidant defenses 

consist of nonenzymatic scavengers and quenchers, known as antioxidants, as well as 

enzymatic systems including superoxide dismutases and hydroxyperoxidases, such as 

glutathione peroxidase, catalase and other hemoprotein peroxidases 55. 

Superoxide dismutase (SOD) exists as three different isoforms: SOD1 is a Cu/Zn 

SOD located in the cytoplasm and in the intermembrane space 56, SOD2 is a 

manganese superoxide dismutase that is exclusively located in the mitochondrial 

matrix (MnSOD) 57,58 and SOD3 is a Cu/Zn SOD that has an extracellular 

localization 59. Mice lacking mitochondrial MnSOD (SOD2) cannot survive more 

than a few days after birth suggesting that control of a tight level of mitochondrial 

superoxide anion is critical for cell survival 60. 

Among the arsenal of antioxidants and detoxifying enzymes present in mitochondria, 

mitochondrial glutathione (GSH) emerges as the main line of defense for the 

maintenance of the appropriate mitochondrial redox environment to avoid or repair 

oxidative modifications leading to mitochondrial dysfunction and cell death. GSH 

acts by reducing cysteine disulfide bonds formed within cytoplasmic proteins by 

serving as an electron donor 61,62. GSH importance is based not only on its 

abundance, since the concentration of the two glutathione forms (GSSG/GSH) is so 

much higher than that of any other system 63 with mitochondrial matrix glutathione 

representing 10-15% of the total glutathione in the liver as well as in renal proximal 

tubules 64,65, but also on its versatility to counteract hydrogen peroxide, lipid 

hydroperoxides, or xenobiotics, mainly as a cofactor of enzymes such as glutathione 

peroxidase (Gl-Px) or glutathione-S-transferase 65. Glutathione peroxidase exists in 

two forms in mitochondria: Gl-Px1 and phospholipid-hydroperoxide Gl-Px 

(PHGPx) 66. The phospholipid hydroperoxide glutathione peroxidase is inducible 
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under various stress conditions. This enzyme catalyzes the regeneration of 

phospholipid hydroperoxides using the reducing power of GSH, being present in the 

cytosol and in the inner mitochondrial membrane of animal cells, while GPX1 occurs 

mainly in the mitochondrial matrix. Both enzymes use reduced glutathione (GSH) in 

order to reduce hydrogen peroxide into water, generating glutathione disulfide 

(GSSG) in the process, which can form protein-mixed disulfides and thus inhibit 

protein function 67. The enzyme glutathione reductase can regenerate GSSG to GSH 

by using NADPH as a co-factor 62. GSSG is accumulated inside the cells, and the 

ratio of GSH to GSSG is a good indicator of oxidative stress 68. The GSH/GSSG 

redox couple can readily interact with most of the physiologically relevant redox 

couples, undergoing reversible oxidation or reduction reactions, thereby maintaining 

the appropriate redox balance in the cell 62,65.  

In physiological conditions, the primary defense against superoxide anion and 

hydrogen peroxide in mitochondria not containing catalase is performed by the 

concerted action of the above mentioned superoxide dismutase and Gl-Px. However, 

despite the activity of these enzymes, significant amounts of hydrogen peroxide can 

diffuse out from mitochondria to cytosol, where detoxification occurs through 

cytosol Gl-Px or by peroxisome catalase, with catalase representing a key antioxidant 

defense mechanism for myocardial tissue 69. Catalase enzyme activity may control the 

amount of hydrogen peroxide available to produce hydroxyl radical, with these 

species likewise causing peroxidation of the phospholipid bilayer, with consequent 

severe damage to membrane integrity. Also, excessive ROS production can trigger 

the MPTP with release of cytochrome c and activation of cell death 70. Also, it is 

known that electron chain complexes and Krebs cycle enzymes in heart 

mitochondria can be inactivated by hydrogen peroxide. Target enzymes include 

succinate dehydrogenase, alpha-ketoglutarate dehydrogenase and aconitase 70. 

Catalase represents the most economical way of removing hydrogen peroxide is 

through, since no reducing equivalents are consumed in the process 70. 

We would like to highlight that despite glutathione and other systems to keep redox 

balance, mtDNA is highly susceptible to ROS-generated damage due to proximity to 

oxidant generation and limited DNA repair 71. 
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1.2.1.7 Mitochondrial role in calcium homeostasis 
Regulation of cytosolic Ca2+concentration provide signals to central events such as 

muscle contraction, neurotransmitter release, alterations in gene transcription and 

even cell death 72. Mitochondria play a major role in shaping cellular calcium 

signaling. Mitochondria not only take up Ca2+ at physiological cytosolic Ca2+ 

concentrations but it has also been shown that mitochondrial Ca2+ accumulation 

rigorously controls the energetic metabolism of the cells. Mitochondria participate in 

Ca2+ signaling as a result of their close apposition to Ca2+ release (endoplasmic 

reticulum, ER 73 and Ca2+ entry sites (plasma membrane), where microdomains with 

high local Ca2+ concentrations are formed. Mitochondrial Ca2+ accumulation 

contributes to influential cytosolic Ca2+ fluctuation, in turn modulating cellular 

functions regulated by Ca2+ variations 74. The capacity of mitochondria to accumulate 

calcium in the matrix depends on the proton gradient, and involves the 

mitochondrial calcium uniporter (MCU) for uptake, and the antiporters (Na+/Ca2+ or 

H+/Ca2) which export Ca2+ from mitochondria. Upon accumulation, mitochondria 

slowly release calcium back to the cytosol via the antiporters 75,76. Mitochondria acts 

as localized cytosolic calcium buffering organelles, modulating several events of Ca2+ 

feedback inhibition or activation 77. Calcium regulation directly modulate the activity 

of enzymes located in the matrix such as several dehydrogenases (liver and heart), 

metalloproteinases (e.g. in cancer cells) and ATP synthase (in heart and skeletal 

muscle) 78. On the other hand, in contrast to the beneficial effects of Ca2+, its excess 

can trigger the MPTP, representing the pathological effects of Ca2+on mitochondria, 

by triggering cell death and necrosis 74,79–81. 

 
1.2.1.8 Mitochondrial role in cell death 
Mitochondria are pivot organelles of convergence and integration of both survival 

and death signaling pathways. Mitochondria can diffuse death signals between each 

other and to other organelles such as the sarco-/ER and the nucleus. The 

mitochondrial power to cause cell death can be tracked by three main factors: 

increased ROS production, impaired Ca2+ homeostasis and mitochondrial 

permeability transition pore (MPTP) activity. 

When a stress stimulus reaches the death/survival threshold, several changes in 

mitochondrial physiology and ultrastructure, can occur, leading to lethal alterations in 

the cell. Cell calcium overload, in addition to several stressors, including oxidants, 
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can cause a sudden increase in the permeability of the IMM, a phenomenon called 

mitochondrial permeability transition (MPT) that is caused by the opening of the 

MPTPs. The MPT was initially proposed by Haworth and Hunter in 1979, to be one 

result of the interaction between excessive calcium accumulation and the alteration 

of mitochondrial physiology 82. Up to that time, the MPT was considered to be an in 

vitro artifact with little pathophysiological relevance. Today, however, it has received 

considerable attention as a potential mechanism for the induction of cell death in 

different pathologies including neurodegeneration and cardiac disease 5,83,84. The MPT 

is normally associated with a deregulation of Ca2+ homeostasis. This phenomenon 

increases the IMM permeability to molecules of less than 1450 Da 5,84–86, and leads to 

a loss of ionic homeostasis, then to matrix swelling, OMM rupture and cell death. 

MPTP forms at contact sites between the IMM and OMM 5,84,85. Based upon initial 

biochemical and pharmacological studies, it was proposed that the MPTP contains a 

restricted set of proteins, including the unselective voltage-dependent anion channel 

(VDAC) in the OMM, the adenine nucleotide translocase (ANT) in the IMM, and 

cyclophilin D (CypD) in the matrix 86. Knockout studies, however, indicate that 

CypD is the only mandatory component of the MPTPs 5,83. A role for the phosphate 

transporter in the MPTP complex was later proposed 22,86.  Lately, novel data has 

shown that the MPTP is actually composed mostly from ATP synthase dimers. The 

opening of MPTPs requires matrix Ca2+ and Pi, and is regulated by the H+ 

electrochemical gradient, in the sense that depolarization favors MPTP opening, 

while extra-mitochondrial acidification inhibits the phenomenon 87. Oxidative stress 

is also a known inducer of the MPT, decreasing the calcium threshold for MPTP 

opening 83. Irrespective of the initiating mechanism, MPT can cause in some 

circumstances mitochondrial swelling with matrix expansion and unfolding of the 

cristae, although this is rarely seen in vivo. When matrix expansion exceeds the 

viscoelastic resistance of the OMM, the latter will burst, and the release of pro-

apoptotic intermembrane space proteins, most notably cytochrome c and 

Smac/DIABLO) will occur. Apoptosis or necrosis may follow, depending on the 

local ATP levels 86. 

As we described, upon different apoptotic stimuli, mitochondria release different 

proteins such as cytochrome c, Smac/DIABLO and the AIF (apoptotic-inducing 

factor), which contribute to the apoptotic phenotype 88. Protein release from 

mitochondria is complex and includes the oligomerization on the outer 
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mitochondrial membrane of the pro-apoptotic proteins Bax and Bak, which form a 

channel permeable to cytochrome c. Nevertheless, despite the initial assumption that 

the MPT is only involved in necrosis, it appears that MPTP opening is a strong 

candidate to mediate Ca2+-dependent induction of apoptosis 89,90. These changes were 

prevented by Bcl-2 expression as well as by experimental conditions that prevented 

the rise in cytosolic Ca2+ 91. The alteration of the Ca2+ signal reaching mitochondria 

and/or the combined action of apoptotic agents or pathophysiological conditions 

(i.e. oxidative stress) can induce a profound alteration of the organelle structure and 

function 92,93. Zamzami and collaborators found that mitochondrial fragmentation 

during apoptosis was closely related with the collapse of the mitochondrial 

membrane potential. The collapse of mitochondrial membrane potential was 

considered a point of no return in the death cascade 94, with the integrity and 

function of outer mitochondrial membrane regulated by proteins of the Bcl-2 family 
95,96. Bcl-2 family members regulate mitochondrial outer membrane permeabilization 

resulting in the release of cytochrome c, Smac/DIABLO and Omi/HtrA2 and 

subsequent caspase activation. The Bcl-2 family includes pro- and anti- apoptotic 

proteins 97 with anti-apoptotic proteins, including Bcl-2 or Bcl-XL, inhibiting the 

function of pro-apoptotic proteins, such as Bax or Bak. An important subgroup of 

pro- apoptotic Bcl-2 members is the ‘BH3-only’ proteins (Bik, Bid, Bim, Bad, Puma), 

which have a pro-apoptotic role by either activating pro-apoptotic proteins (Bax and 

Bak) or inhibiting anti-apoptotic members (Bcl-2, Bcl-XL). However, the 

mechanisms by which the pro-apoptotic Bcl-2 family members regulate the 

permeabilization of the outer mitochondrial membrane remains controversial 98.  

Another form of programmed cell death, autophagic cell death, which is 

morphologically characterized by the occurrence of numerous autophagic vacuoles 

has been described 99. Autophagy is a fundamental route by which macromolecules 

and organelles can be dispensed to lysosomal degradation. It is assumed that 

uncontrolled or excessive autophagy can cause cell death via the broad degradation 

of cytoplasmic constituents 99. However, it is possible to act though pharmacological 

or molecular means to inhibit this phenomena preventing cell death 99. One of the 

critical homeostasis events requiring autophagy is the removal of damaged or 

excessive mitochondria (mitophagy). Mitophagy refers to the specific elimination of 

mitochondria by autophagy 100. Mitophagy prevents the release of pro-apoptotic 

proteins from permeable-damaged mitochondria in mammalian cells, with loss of 
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mitochondrial membrane potential appearing to be a common feature of mitophagy 
100–103. Mitophagy is observed in starved hepatocytes treated with glucagon 104 and in 

serum-starved neurons treated with caspase inhibitor 105. Emerging studies suggest 

mitochondrial morphology to be essential in the selection of damaged depolarized 

mitochondria for removal by mitophagy 30. It is now accepted that mitochondrial 

fusion enables the transfer of soluble and membranous components (including 

mtDNA) between neighboring mitochondria, thereby providing a mechanism for 

renewing function in damaged mitochondria 106. Specifically, selective mitochondrial 

fusion between two polarized mitochondria occurs along with mitochondrial fission 

(division) that results in one polarized daughter mitochondria and one depolarized 

mitochondria to be degraded 30. This mechanism further supports the theory that the 

frequency and selectivity of fusion is required to maintain healthy mitochondrial 

function and allow mitophagy to take place 107. 

The seminal work from Huang and collaborators highlight the importance of 

autophagy and mitophagy in cardiac function, with mitophagy playing a critical role 

in protecting the heart during ischemia/reperfusion injury 108,109 These results 

suggested that mitophagy is part of the final common pathway for various 

cardioprotective interventions, and indeed, may be the ultimate effector 109. 

Mitophagy and mitochondrial biogenesis are opposing forces that govern the rate of 

mitochondrial turnover. This dynamic tension allows for a readily adjustable 

population of mitochondria to match cellular demands. 

 
1.2.1.9 Mitochondria: from heroes to villains 
In addition to the functions previously described we could cite other specific roles of 

mitochondria related to the cell type in which they are found. Although 

mitochondria are present in every nucleated cell, they are found in high 

concentrations in cells with higher energy requirements, such as skeletal muscle cells 

or in cells with fat storage functions, such as brown fat cells 110. For instance, 

mitochondria participate in the production of hormones such as estrogen and 

testosterone 111. They are required for cholesterol metabolism, neurotransmitter 

metabolism, and detoxification of ammonia in the urea cycle 112–114. Therefore, if 

mitochondria become dysfunctional, the cell-energy production becomes unbalanced 

as well as the production of cell-specific components needed for a normal cell 

functioning (Figure 1.6). Imbalance between energy production and energy demand, 
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and a disturbance in energy transfer networks, play an important role in various 

pathologies. Mitochondria regulate the cellular redox state and play very important 

roles in ionic regulations, namely in Ca2+ homeostasis, and in apoptosis 88,115 and can 

be contemplated as an fundamental part of multiple cellular signaling and a 

intermediary of cell communication and survival 116,117. Moreover, mitochondria are 

mediators in pathophysiological mechanisms of ischemia-reperfusion injury, 

oxidative stress, preconditioning, inherited diseases, toxicological injury, and side-

effects of pharmacological treatments 5,118. Damaged mitochondria cause organ injury 

also by several mechanisms, including the diminished cellular energy status (energy 

stress), production of reactive oxygen species (oxidative stress), disturbance of ionic 

balance, cytochrome c release and induction of apoptosis (Figure 1.6). 

 

Figure 1.6 Key roles of mitochondria. 
(A) In normal cell function. (B) In injury. 
 
 
1.2.2 Role of mitochondria in cardiac development 
 
1.2.2.1 Cardiac development 
The development of the heart is a complex process of interaction between molecular 

and cellular mechanisms as well as haemodynamic forces. Its complexity is reflected 

in the fact that cardiac defects represent more than a third of all congenital 

malformations in humans 119. During fetal developmental stages, the heart actually 

takes on several distinct appearances. These heart structures are similar to what 

occurs in other animal hearts. When the human heart first begins to form, it looks 
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much like a fish heart, with the structure of a simple tube. Then, fast growth origins 

the tube to bend and twist backward, starting the establishment of the familiar shape. 

The second phase of heart development creates two chambers, resembling a frog 

heart. The third phase initiates when the two atria become completely separate and 

the ventricles are just beginning to separate, with the fetal heart resembling that of a 

turtle or a snake heart. Finally, the ventricles gain their individuality completely 

originating the four-chambered heart structure that distinguishes the human heart 

from other living creatures 119. 

Myocytes are capable of contraction from their first appearance in the heart. As 

gestation proceeds, myocytes elongate, develop sarcoplasmic reticulum and t-tubules, 

and their myofilaments become orientated to increase contractile force. Throughout 

gestation myocytes divide, so that the heart increases in size through hyperplasia. 

Interestingly, just before or after birth (depending in the species) myocytes cease to 

divide, and any further growth throughout life must occur by hypertrophy. It is 

admirable that the same cardiomyocytes that produce heartbeats in our early life 

must continue to do so throughout our lives! However, a seminal work from 

Mollova and collaborators in 2013, revealed that cardiomyocytes proliferation 

contributes to heart growth in young humans, occurring between the age 1-20 years 

of life, in where the number of cardiomyocytes in the left ventricle increased 3.4 fold, 

showing that cardiomyocytes proliferation contributes to development heart growth 

in young humans. This also is a clue that children and adolescents may be able to 

regenerate myocardium 120.  

Hom and collaborators 121 reported that cardiomyocytes differentiation in the 

embryonic heart is coordinated by mitochondrial maturation. The authors described 

that at embryonic day (E) 9.5 the mouse heart contains scarce and immature 

mitochondria, which exhibited rare and disorganized cristae. At E13.5, hearts 

presented matured mitochondria exhibiting abundant laminar cristae and an 

increased mitochondrial mass. We could look at these outcomes as a consequence, 

rather than a cause of cardiomyocytes differentiation and assume that might be 

regarded to increased contractile and therefore metabolic demands of the developing 

heart. However, the authors validate that mitochondrial maturation induces 

cardiomyocytes differentiation. Cardiomyocytes from E9.5 hearts display increased 

levels of ROS and a reduced mitochondrial membrane potential in comparison to 

E13.5 cardiomyocytes. These characteristics have been associated with the inducting 
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of the MPTP within the inner mitochondrial membrane and propose that in early 

embryonic cardiomyocytes, the MPTP is open but closes during developmental 

progression. Indeed, Hom and collaborators were able to block the MPTP by 

pharmacological or genetic manipulation in E9.5 cardiomyocytes, resulting in 

morphological maturation and functional mitochondria. This effect was determined 

by intracellular ROS levels, which are elevated in E9.5 cardiomyocytes but drop upon 

physiological levels as well as induced closure of the MPTP. In this relevant work, 

the authors demonstrated that reducing ROS levels pharmacologically in early 

cardiomyocytes mimics the effect of MPTP closure and promotes cardiac 

differentiation. However, we should take in consideration that the effect of ROS on 

embryonic heart might be dependent on the stage and dose, evidencing that the 

balance between ROS and antioxidant enzymes can modulate embryogenesis 121,122. 

Kasahara and collaborators 45 presented another mitochondrial mechanism involved 

in cardiomyocytes differentiation. Mitochondrial fusion was required for proper 

cardiomyocytes development in the embryonic mouse heart. When the authors 

performed the ablation of mitochondrial fusion proteins (Mfn1 and Mfn2), this 

resulted in arrested mouse heart development by interrupting cardiomyocytes 

proliferation and blocking fetal cardiac development. The findings by Cheng and 

collaborators also support the idea of a crucial role for Mfn1 and Mfn2, since 

combined Mfn1/Mfn2 ablation was lethal after E9.5 and conditional combined 

Mfn1/Mfn2 ablation in adult hearts induced mitochondrial fragmentation, 

cardiomyocytes respiratory dysfunction, and a rapidly progressive and lethal dilated 

cardiomyopathy 123. For a better understanding of this theme consult the excellent 

review by Dorn et al 2013 124. 

 
1.2.2.2 Mitochondria and the cardiac metabolism  
The heart has the largest metabolic demands per gram of any organ in the body. 

Adequate amounts of chemical fuel, namely ATP, must be generated to support the 

heart’s contractile demands and maintain viability. Fatty acids, carbohydrates and 

ketone bodies are the principal substrates of the heart metabolized to generate ATP 

(Figure 1.7). In cardiomyocytes, ATP is mostly used by myofibrillar actin-myosin 

ATPase to fuel contraction and relaxation processes. ATP is also consumed by Ca2+ 

ATPase in the sarcoplasmatic reticulum to support Ca2+ reuptake and by 

sarcolemmal Na+/K+ ATPase to maintain membrane potential, as well as by anabolic 
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reactions and by signaling systems 125,126.  

Although the concentrations of high-energy phosphates are higher in muscle than in 

many organs, the levels are still small when compared to the rates of cardiac ATP 

consumption. For a better notion, if ATP synthesis stopped and utilization rates are 

kept unchanged, the myocardial ATP stores would be depleted in less than 15 

seconds 127. So, for myocardial life, ATP production and utilization must be narrowly 

adjusted. There are primarily two pathways for ATP synthesis, oxidative 

phosphorylation and substrate phosphorylation, with OXPHOS providing more 

than 95% of the ATP synthesized in the heart 128. The principal types of carbon 

substrates used for myocardial ATP synthesis are fatty acids, carbohydrates, and 

ketone bodies 129–131. Fatty acids are the predominant substrate used in the heart and 

generate largest amount of ATP. Succeeding uptake of free fatty acids from plasma 

with specific sarcolemmal fatty acid transport proteins, they are activated by fatty acyl 

coenzyme A (acyl-CoA) synthetase and esterified with coenzyme A to form fatty 

acyl-CoA, which is soluble. After entry into mitochondria, fatty acyl-CoA condenses 

with carnitine to form acylcarnitine and regenerates fatty acyl-CoA, which undergoes 

a process of beta-oxidation that takes place in the mitochondrial matrix, producing 

acetyl-CoA that can enter the Krebs cycle, and NADH and succinate-derived 

FADH2 co-factor that can enter the electron transport chain 132. Other source of 

energy are ketone bodies, they are formed in the liver at times of low blood glucose 

or during caloric restriction or fasting. They are not metabolized in the liver but 

other tissues, including muscles, can use them. Two ketone bodies used by the heart 

are acetoacetate and 3-hydroxybutyrate. In the heart, both molecules are converted 

into acetyl-CoA, which enters the TCA 125,133. Myocardial glucose transport depends 

on the blood glucose concentration and activity of transport proteins, GLUT 1 and 

GLUT 4 134, being primarily regulated by insulin 134,135. The first step of intracellular 

glucose metabolism is phosphorylation, after which glucose can either enter 

glycolysis or be stored as glycogen. Glycolysis account for about 4% of myocardial 

ATP 136. The pyruvate dehydrogenase reaction is a central step feeding the products 

of glycolysis or lactate directly into acetyl-CoA for entry into the TCA cycle. 

Modulation of PDH by fatty acids, for example, limits glucose entry into the TCA 

and is a critical step regulating myocardial substrate choice and utilization 137. Lactate 

oxidation is another important source of pyruvate for PDH, meaning that lactate 

produced by other organs and skeletal muscle can be obtained from the blood and 
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rapidly oxidized by lactate dehydrogenase into pyruvate. Pyruvate enters 

mitochondria with H+ by means of a special channel located in IMM, in co-transport 

with H+. PDH activity depends on the activation state of the enzyme, which is 

inactivated by PDHK and activated by dephosphorylation by PDH phosphatase 
137,138. 

 

 
 
Figure 1.7 Pathways involved in cardiac energy metabolism. 
Fatty acid (FA) and glucose oxidation are the main ATP-generating pathways in the adult 
mammalian heart. Acetyl-CoA derived from FA and glucose oxidation is further oxidized in 
the TCA cycle to generate NADH and succinate-derived FADH2 co-factor, which enter the 
OXPHOS pathway and drive ATP synthesis. CPT1 and CPT2, carnitine palmityl transferase 
1 and 2; PDH, pyruvate dehydrogenase; Cyt c, cytochrome c. Image adapted from Huss et al. 
2005 126 under the terms of the Creative Commons Attribution License (see appendix A4). 
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1.2.2.3 Mitochondria, the heart of the matter 
Remodeling a fetal into an adult heart is a complex process and relies on important 

transitions that are triggered shortly after birth. During this early postnatal stage the 

heart undergoes a switch in substrate utilization to catabolize fatty acids, and 

carbohydrates become a secondary source of energy 139. Furthermore, mitochondrial 

density doubles in cardiac myocytes during early post-natal development, and the 

small, round and tubular mitochondria that are found in fetal hearts are reformed 

into large ovoid and rectangular mitochondria 140. This histological evidence supports 

that mitochondrial remodeling is important for the passage of the heart from a fetal 

to an adult state. The proposal that mitochondria are essential to many different 

aspects of normal heart functioning seems unquestionable. Mitochondria are the 

source of ATP that drives excitation/contraction coupling. These organelle sense 

smooth endoplasmic reticulum calcium release to adjust metabolism and anticipate 

actual physical need 124. They are a major source of ROS that can act as either 

physiological signals or damaging elements 141. Mitochondria can also control the fate 

of the cell and regulate cardiomyocytes cell death 142. Finally, mitochondria regulate 

cardiomyocytes differentiation and embryonic cardiac development 45,143. Given the 

multifaceted impact of mitochondria on cardiac development, minute by minute 

heart functioning, and cardiomyocytes suicide, one might adversely impacting 

mitochondrial function would be a common cause of cardiac disease 144. So an 

understanding of mitochondrial cardiac metabolism is critical for appreciating the 

causes and consequences of deranged cardiac metabolism in pathologic states. 
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1.2.3 Role of mitochondria in renal development and 
disease 

 
However, scarce information exists on kidney energy and metabolism during fetal 

life. High glycolytic-enzyme activity has been reported as well as oxidation of long-

chain fatty acids towards the end of fetal life. Since long-chain fatty acids are the 

main energy source in the adult renal cortex, this suggests some mitochondrial 

oxidative capacity 145. After birth, acute kidney injury is a common clinical entity that 

is associated with high mortality and morbidity. Acute kidney injury is actually a risk 

factor for the development and progression of chronic kidney disease. Currently, no 

successful treatment for acute kidney disease is available, and novel therapeutic 

approaches are desperately needed. Accumulating evidence highlights mitochondrial 

dysfunction as an important factor in this pathogenesis 146. Mitochondrial disease 

affecting the kidney usually involves the proximal tubules. Ninety percent of oxygen 

consumption by the kidney is used to generate ATP for Na+/K+ ATPase in the 

proximal tubules and ascending Henle’s loop. Dysfunction results in renal Fanconi 

syndrome with urinary losses of electrolytes, glucose, bicarbonate, amino acids, 

calcium and phosphate, and water 147. This occurs more often in children than adults. 

Loss of phosphate can result in rickets, which consists in softening and poor 

mineralization of the bones leading to skeletal deformities, and loss of water can 

produce a dehydrated state. The loss of bicarbonate and subsequent metabolic 

acidosis can be associated with tissue failure. Less common presentations include 

more isolated renal tubular acidosis, Bartter syndrome (people affected by Bartter 

syndrome loose too much sodium through the urine) 148, nephrotic syndrome 

associated with glomerulosclerosis 149 and tubulo-interstitial nephropathy. 

Taking in consideration that mitochondrial OXPHOS provides the ATP that kidneys 

require for tubular reabsorption, and that the enzymes primarily involved in the 

metabolism of free ammonium ions are the cytosolic enzyme glutamine synthetase 

and the mitochondrial enzymes glutaminase 150 and glutamate dehydrogenase 151, it 

becomes clear that mitochondrial homeostasis is critical for kidneys function 152. The 

main pathological phenotype of acute kidney injury is tubular damage, including 

apoptosis 153 and what has also been largely labeled as a state of tubular ATP 

depletion 154. Thus, the present consensus view is that mitochondria play an 

important role in the pathogenesis of acute kidney injury. In fact, mitochondrial 

dysfunction is an established component of the pathogenesis of acute kidney injury, 
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especially as a cause of renal tubular dysfunction and cell death 155. Under the stress 

conditions that induce acute kidney injury, mitochondrial fragmentation and the 

MPT make a significant contribution to tubular cell death. For review about the 

mitochondrial participation in kidney diseases please consider the review by Ishimoto 

and Inagi 146.  

 

1.3  The renal-cardiac axis in human disease 
 
As nephrons are the functional units of the kidney a reduction in its number is 

considered unfavorable to kidney physiology. Nephron deficit is implicated in 

hypertension and renal disease in adult kidney 156. The causal link between nephron 

number and cardiovascular/renal function was first proposed by Brenner and 

collaborators 157. The Brenner’s hypothesis was that a decline in renal filtration 

surface area, mainly resulting to either reduced nephron number or diminished 

filtration surface area per glomerulus, would limited sodium excretion, inducing 

secondary hypervolaemia, which is characterized by an increased volume of 

circulating blood, which promotes an increase in glomerular capillary pressure. Over 

time this excessive workflow and pressure causes glomerular sclerosis 157, trigging a 

vicious cycle with more reduction in filtration surface area and increasing in systemic 

blood pressure. Keller and collaborators 158 reported an inverse association between 

nephron endowment and hypertension in humans. However, it was unclear whether 

the lower numbers of nephrons in subjects with a history of hypertension were 

responsible for hypertension or a consequence of hypertension.  Strong evidence 

supports the hypothesis that there is an association between nephron number and 

blood pressure. Unfortunately, due to the fact that present methods for estimating 

human nephron endowment can only be conducted post mortem, it is not possible 

to determine cause and effect. 

 

1.4  The maternal testament 
 
1.4.1 Implications of the nutrition during pregnancy 
 
Deficient maternal nutrition in pregnancy impairs fetal development 159. In the first 

half of gestation, placental size and growth are superior than fetal, and the placenta 
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itself has substantial nutritional requirements for proper formation and function. 

However, in a situation of reduced food intake by the mother, a higher proportion of 

glucose and amino acids leaving the uterine circulation crosses to the fetuses instead 

of being utilized by the placenta. These phenomena can account, at least in part, for 

the vast diversity of outcomes in fetal growth for the same condition, the reduced 

nutrition of the pregnant woman. However, several epidemiologic studies reported 

that the consequences of reduced nutrition in pregnancy could be extensive, even if 

the effect appears to be subtle during fetal and neonatal life. It is now well accept 

that the intrauterine environment, including nutrition, determine the risk for several 

diseases including coronary heart disease, hypertension, stroke and type 2 diabetes 160. 

Large human epidemiological studies have indicated that the risk of renal and cardiac 

diseases in adult life is correlated with low birth weight (LBW) for the age, however, 

it is unlikely that the condition is so simple, as birth weight is determined by a 

multifaceted interaction of factors. We should also take into account that body 

proportions at birth, growth rate and diet during childhood play important roles. 

Nevertheless, these elegant studies raised the notice of a “womb environment” and 

the crucial role of the maternal nutrition during fetal development, generating a 

drastic revision of the concept that risk of cardiovascular disease is uniquely an 

arrangement of genetics predisposition and lifestyle in adulthood 160–164. 

The emergence of the developmental origins of health and disease (DOHaD) 

hypothesis, also known as fetal programming or the Barker hypothesis, was derived 

from observed long-term effects for adult health in persons of low birth weight 163. 

The first studies pointing at relationships between early life experience and adult 

health were presented by Forsdahl 165 and Wadsworth 166, however, it was with 

Barker’s works that the scientific community got awareness of the contribution of 

the gestational environment to the long-term health of the offspring. 

These studies revealed a strong relationship between fetal growth restriction and 

adult sequelae, demonstrating that adults who had been small at birth as a result of 

growth failure, but not for premature, were at increased risk for heart disease 167. A 

similar relationship between birth weight and non-fatal coronary heart disease has 

also been revealed in the USA population 168. The developmental origins hypothesis 

was also corroborated by an epidemiological cohort of approximately 6000 subjects 

in Finland associating hypertension to health status at birth 169. During the Dutch 
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famine, 1944–1945, the caloric intake for the adults in Amsterdam was abruptly 

reduced to less than 1000 kcal (∼1400–1800 kcal in late 1943), reaching a minimum 

between 400 and 800 kcal during the peak of the famine, from December 1944 to 

April 1945, whereas after liberation in early May, rations improved rapidly to over 

2000 kcal in June 1945. Several pregnant women were subjected to these conditions, 

becoming an exceptional opportunity to evaluate the DOHaD hypothesis in humans, 

namely representing the impact of the effects of nutrient restriction at specific 

periods of pregnancy on fetal development. Since the nutrient restriction occurred in 

a known and specific time (5 and 6 months), investigators could determine the 

impact of under nutrition in early, mid or late gestation on birth weight. A major 

discovery was that babies exposed to enduring famine during early gestation only 

(i.e., famine was released throughout the rest of gestation) presented a normal birth 

weight, however these subjects presented an augmented incidence of coronary heart 

disease in later life compared with persons not exposed to famine during gestation. 

These results unequivocally determined that poor maternal nutrition account for 

poor fetal development in humans, even if LBW does not reveal these impacts, these 

fetuses will have their future mapped in route for an increased incidence of cardiac 

and renal diseases 169,170. Another interesting finding was the existence of a 

conditional adaptive response by the fetus, in a way that the adaptive response of the 

fetus confers a survival advantage when the postnatal diet remains suboptimal, but 

becomes harmful when postnatal nutrition is adequate or in excess 171,172. 

 

1.5 Compromised womb: how does it happen? 
 
Pregnancy and the period leading up to conception are critical periods during which 

adequate nutrition is essential to facilitate the maternal adaptations required to 

sustain pregnancy and to support proper fetal growth and development 159,163,170,173,174. 

Besides poverty or economic instability, maternal dietary insufficiently can result 

from different causes. Aside from dietary deficiencies, several conditions can 

contribute to impaired nutritional status during pregnancy. In humans, hyperemesis 

gravidarum, a clinical condition characterized by persistent and severe vomiting 

leading to weight loss and dehydration, bulimia, anorexia nervosa and fear of 

disproportionate weight gain during pregnancy can account to an inadequate diet 

during gestation 175. Women with short interpregnancy pauses and young women 
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(within 2 years of menarche, who may themselves still be growing) may also be at 

risk and require controlled nutrition 176. Additionally, factors such as smoking, 

alcohol, drug may also contribute to poor maternofetal nutrition during gestation 177. 

Given that the developmental origins of health and disease area of research is 

markedly related to data collected from disadvantaged working class populations in 

Britain and the victims of the Dutch hunger winter during the Second World War, 

we could just look towards poor populations in developing countries as benefactors 

of this line of research. Nevertheless, the probability of women in the developed 

world to consume inadequate diets during pregnancy is well recognized. Hickey and 

collaborators reported cases of underprivileged women that experienced low prenatal 

weight gain in southern Alabama 177. Surprisingly, a cohort with middle class 

Caucasian women indicated that the majority of the study participants did not 

consume adequate amounts of micronutrients, such as iron and folate, during 

pregnancy 178. It can also occur that due to the negative attitudes to weight gain, 

young women will scarify an adequate caloric intake and, consequently, weight gain 

during pregnancy 179,180. Complementarily, studies reported that women with eating 

disorders are at greater risk of delivering small-for-gestational age babies 180, that 40% 

of primigravid women in the UK fear weight gain in pregnancy, and 72% fear an 

inability to return to prepregnancy weight 181. Studies in Australia indicate that 

women that report disordered eating during pregnancy are at a heightened risk of 

delivering a low birth weight baby 182. If these observations are viewed in concert 

with the DOHaD hypotheses, it becomes clear that the consequences of suboptimal 

nutrition during pregnancy are not confined to women in developing countries. 

Although the socioeconomic and nutritional realities faced by pregnant mothers in 

both developed and developing nations in the present day are quite diverse, the 

importance of maintaining an adequate diet during pregnancy remains the same. 

Worldwide, low birth weight is found in 16% of infants (7% in industrialized 

countries), while 27% of children under 5 years of age are moderately to severely 

underweight. In addition to inadequate maternal nutrition, fetal malnutrition can also 

be caused by placental insufficiency 183. We should also take in consideration that 

some disorders can conditioned the nutritional availability for the fetus, for example 

hypertensive disorders that affect placental blood flow and occur independently of 

nutritional status are the most common medical complications of pregnancy, and 

comprise a significant proportion of maternal and perinatal morbidity and mortality 
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worldwide 184. Maternal disease states, such as gestational hypertension, essential 

hypertension, pre-eclampsia, as well as complications of pregnancy, such as cord 

occlusion, all reduce uterine blood flow and compromise fetal development 174,184. 

The reduced uterine blood flow to the fetus that is common to hypertensive 

disorders of pregnancy is strongly related, in animal studies, to compromised fetal 

and placental development and hypertension in offspring 185. Moreover, recent 

studies have demonstrated that maternal nutrient restriction during pregnancy 

induces pathological vascular dysfunction in the maternal vasculature, further 

compromising the pregnancy 186. Thus, the two seemingly independent pathways to 

fetal nutrient restriction may in fact be strongly linked. 

 

1.6 Animal models to investigate diet-induced in 
utero  programming of human disease 

 
When mechanisms of human function are investigated, the preferred modality is 

evaluation of humans or human tissues. Nevertheless, this approach is not always 

possible or even practicable in many instances (e.g., many aspects of fetal 

physiology), and efforts to elucidate mechanisms underlying the DOHaD hypothesis 

have led to the expansion and characterization of several animal models. Choice of 

an appropriate experimental model is clearly not an error-free matter, as all animal 

models have strengths and weaknesses. Rat and mouse models are clearly the 

preferred nonhuman models, as reflected by the contemporary literature 187, and both 

have many advantageous traits, including small size, and thus reduced cost of 

husbandry, as well as short gestation length, which allows for rapid generation of 

study subjects. Extensive work studying DOHaD has been completed in rodents, 

primarily in the rat. The long-term effects of modifications in motherly diet in the rat 

include deviations in postnatal growth, organ size and changed metabolism in the 

offspring. Feeding pregnant rats a diet low in protein results in lifelong elevations in 

blood pressure in the progeny 188. Though small size may be advantageous, it 

becomes a problem in many physiological studies, as it places limitations on sample 

collection and instrumentation. Rodent fetal development also occurs at a different 

rate to that followed by larger animals and humans, with substantial development of 

organs, including the kidney, occurring ex utero. In addition, these animals are 

typically polytocous and have a different intrauterine environment to that in 
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monotocous species 189–191. It still to prove that the same phenomenon observed in 

the rat holds true in long-gestation, precocial species, such as the sheep or baboon. 

Previous studies in the sheep and in humans have demonstrated that an extended 

period of maternal nutrient deprivation during the first half of pregnancy results in 

relatively normal birth weights, but leads to increases in the length and thinness of 

the offspring.  

To overcome these uncertainties, sheep have become a valuable model in the study 

of DOHaD, and there are several reasons for considering the sheep a desirable 

model for fetal research. Perhaps foremost is the fact that the sheep has attained a 

robust historical position in fetal physiological investigation 187. In addition, there are 

strong temporal similarities between sheep and human fetal renal and cardiac 

development and maturation during gestation, and sheep have a relatively long 

gestation term (145–150 days), which facilitates study of the specific windows of 

susceptibility during fetal development. Furthermore, the widespread use of the 

sheep as a model for pregnancy and fetal research has established well-defined 

baseline values for many physiological processes. As a result, the literature is replete 

with studies that have used the sheep as a model for pregnancy and fetal research. 

Nevertheless, there are several differences between the pregnant ewe as a model 

organism and the human as the target organism for experimental extrapolation. 

These differences include, but are not limited to, different placentation, differences 

in the gastrointestinal tract, digestion, absorption and metabolism, and uncertainty of 

each animal’s genetic background. Of these, perhaps the most important is that the 

placenta in pregnant ewes is a cotyledonary epitheliochorial placenta, containing 

three maternal and fetal layers, with discrete placental attachment sites throughout 

the uterus. The pregnant human has a discoid hemochorial placenta that has no 

maternal cell layers, with three fetal layers and a single point of interaction between 

the fetus and the uterus. These differences may alter comparison across species of 

the dynamics of nutrient supply and waste product removal 187. Recent efforts have 

been made to develop a nonhuman primate model for the study of nutrient 

restriction during pregnancy 187. Although the nonhuman primate model of 

pregnancy research is both costly and time consuming, the increased degree of 

similarity with human gestation offers the opportunity for greater insight into the 

effects of a suboptimal intrauterine environment on the primate fetus and offspring.
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The hypothesis to be tested in this study is that maternal nutrition reduction by 30% 

during gestation affects renal and cardiac mitochondria heritage and function of the 

progeny.  

A secondary question is if these effects are dependent on the fetus's gender. 
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3.1 Reagents 
 
All reagents used were of the highest grade of purity commercially available 

(analytical grade or better). All aqueous solutions were prepared in ultrapure (type I) 

water (Milli-Q Biocel A10 with pre-treatment via Elix 5, Millipore, Billerica, 

Massachusetts, USA). For nonaqueous solutions, ethanol (99.5 %, Sigma-Aldrich, 

Barcelona, Spain) or dimethyl sulfoxide (DMSO, Sigma-Aldrich) were used as 

solvents. 

 

3.2 Animal care and maintenance  
 
3.2.1 Ethical approval 
 
All animal procedures, including pain relief, were approved by the Animal Care and 

Use Committees of the Texas Biomedical Research Institute and the University of 

Texas Health Science Center at San Antonio (no. 1134PC), and were conducted in 

Association for Assessment and Accreditation of Laboratory Animal Care-approved 

facilities. 

 
3.2.2 Housing and weighing conditions 
 
Before pregnancy, maternal morphometric determinations were made to guarantee 

consistency of weight and general morphometrics in animals used in the present 

study. Non-pregnant outbred female baboons (Papio spp.) of similar morphometric 

phenotype were selected for the study. Animals were housed at the Southwest 

National Primate Research Center at the Texas Biomedical Research Institute (TBRI) 

in Association for Assessment and Accrediton of Laboratory Animal Care 

(AAALAC)-approved facilities. Groups up to 16 female baboons were initially 

housed with a vasectomized male to establish a stable social group in outdoor gang 

cages, thereby providing full social and physical activity. 

Each outdoor concrete gang cage (see Figure 3.1 and Figure 3.2) was covered with a 

roof and had open sides that allowed exposure to normal lighting. Each cage hold 

10-16 females and had a floor area of 21 x 37 m, being about 3.5 m high. The 

enrichment within the cages included nylon bones (Nylabone, Neptune, New Jersey, 
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USA), rubber Kong toys (Kong Company, Golden, Colorado, USA), and plastic Jolly 

Balls (Horseman’s Pride, Inc., Ravenna, Ohio, USA). A 0.6 m-wide platform, built 

from expanded metal grating was placed at a height of 1.7 m and ran the full length 

of the cage. A similar perch was built at the front of the cage, also running the length 

of the entire cage. Tube perches were present at the back in the corner of each cage. 

Each cage had an exit into a chute 0.6 m wide by 1 m high positioned along the side 

of each set of cages. A fine mesh was placed on the side of the chute adjacent to the 

other group cages between groups of animals as they passed along the chute to the 

individual feeding cages. The two chutes merged and passed over a scale and into 

individual feeding cages, which were 0.6 by 0.9 m in floor area and 0.69 m high. All 

metal components were made of galvanized steel. Prior to pregnancy, animals were 

trained to be fed in individual cages. Briefly, at feeding time, all baboons passed 

along a chute into individual feeding cages. Once in the individual cages, they were 

fed with the designated amount of normal primate chow (Purina Monkey Diet 5038, 

Purina, St. Louis, Missouri, USA). 

Each baboon’s weight was obtained while crossing an electronic scale (GSE 665; 

GSE Scale Systems, Milwaukee, Wisconsin, USA). A commercial software 

application designed to capture weight data was modified to permit the recording of 

50 individual measurements over 3 seconds. If the standard deviation of the weight 

measurement was great than 0.01 of the mean weight, the weight was automatically 

discarded and the weighing procedure was re-initiated again. 
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Figure 3.1 Cages plan. 
Floor plan of the holding cages, chutes, group cage, scale, and individual feeding cages. 
Adapted from Schlabritz-Loutsevitch et al 2004 192. 
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A    

B    

C D 

 
Figure 3.2 Model characterization. 
A: physical features of baboons from Papio spp. These baboons are highly sexually 
dimorphic in size and pelage characters. Adult males normally weigh almost the double of 
females. Male pelage is basically grayish-brown in color, with the ventrum colored like the 
back or darker. Hairs on the cheeks are lighter. Females are a plain olive-brown color. The 
skin may be very colorful in some animals. In both males and females, the skin surrounding 
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the ischial callosities is pink or bright red. Males have skin of a similar color on their muzzle 
and face, whereas females possess a muted, grayish-brown face. The tail is long, and curved, 
with a graceful arch at the base. The natal pelage is black (D), although this is lost by 
approximately six months of age, when it is replaced by an olive-brown coat like that of the 
adult female 193. B: image of a group cage. C: environmental enrichment within the cages. D: 
all animals were assigned a unique identification tag, which was used consistently throughout 
the study. This tag (80 x 87 mm) was placed around the baboon neck and was easily readable 
from 5 m. Images available in the Southwest National Primate Research Center. 
 

 

3.2.3 Groups formation for the study 
 
All female baboons were observed twice a day for well-being and three times a week 

for turgescence (sex skin swelling) and signs of vaginal bleeding for assessing their 

reproductive cycle and to enable timing of pregnancy. After a 30-day period of 

adaptation to the feeding system, a fertile male was introduced into each breeding 

cage. Pregnancy was dated initially by following the changes in the swelling of the sex 

skin and confirmed at 30 days of gestation by ultrasonography. On day 30 of 

pregnancy (term ~ 183 days gestation), twenty-four female baboons were randomly 

assigned to eat normal primate chow ad libitum (control diet) or to receive 70% of the 

average daily amount of feed eaten by the control female baboons (MNR group) on 

a body weight-adjusted basis at same gestational age (12 baboons/dietary group, 6 

control male fetuses – C-M, 6 control female fetuses – C-F, 6 MNR male fetuses – 

MNR-M, and 6 MNR female fetuses – MNR-F). Animals remained in these groups 

until cesarean section at 165 days gestation (0.9 gestation, see Figure 3.3 for study 

timeline). Each fetus from a singleton pregnant female baboon is considered an 

experimental unit; in some cases the pregnant female baboon as also assumed as the 

experimental unit when maternal data is presented. 

 
 
 
 

 

Figure 3.3 Timeline of maternal nutrition during baboon fetal development.  
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3.2.4 Food consumption 
 
Food was provided once a day as Purina Monkey Diet 5038, standard biscuits. The 

biscuit is described as a “complete life-cycle diet for all Old World Primates” and 

contains stabilized vitamin C as well as all other required vitamins. The basic 

composition includes crude protein (≥ 15%), crude fat (≥ 5%), crude fiber (≤ 6%), 

ash (≤ 5%) and added minerals (≤ 3%). The full composition of Monkey Diet 5038 

can be found at producer’s web site (site 1) 192. 

At the beginning of the feeding period, between 7-9 h or 11-13 h, each baboon 

received 60 biscuits in the feeding tray at the individual feeding cage. At the end of 

the 2 h feeding period, after the baboon had returned to the group cage, the 

remaining biscuits in the tray and on the floor of the cage were counted and 

weighted. Following confirmation of pregnancy, food intake was recorded in 8 

female baboons fed ad libitum, and was calculated as 50.61 ± 3.61 kcal/kg of body 

weight per day. Before the start of the controlled diet, baboons were fed with the 

same diet without biscuit limit. 

Water was continuously available in the feeding cages via individual waterers (Lixit, 

Napa, California, USA) and at several locations in the group housing. Food 

consumption of animals, their weights, and health status were daily recorded. 

This feeding system allowed us to manipulate and monitor food intake in a 

controlled fashion while still maintaining female baboons in group housing in 

distinction to isolation in individual cages, thereby permitting normal social and 

physical activity. 

More details of housing and environmental enrichment have been previously 

published 192.  

 
3.2.5 Cesarean section, fetal and maternal morphometry, 

and blood sampling 
 
Cesarean sections were performed at 165 days of gestation (0.9 gestation) under 

premedication with ketamine hydrochloride (10 mg/kg) followed by isoflurane 

anesthesia (2%, 2 l/min) to collect fetal samples and the placenta. 

Before the fetus was exteriorized from the uterine cavity, umbilical vein blood 
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sampling was performed as previously described 192. Maternal fasting blood samples 

were drawn from the femoral vein on the morning before cesarean section directly 

into a 4 ml Vacutainer clot tubes (Becton Dickinson, Franklin Lakes, New Jersey, 

USA). 

The fetus was euthanized by exsanguination while still under general anesthesia. The 

placenta and fetus were analyzed for morphometric measurements, complete 

pathological evaluation, and tissue sampling. Fetal kidneys were rapidly removed and 

longitudinally cut in half. One half was immediately snap-frozen in liquid nitrogen 

and then stored at -80ºC until used for RNA extractions. The other kidney half was 

fixed in 10% buffered formalin and embedded in paraffin for histological analyses. 

Cardiac samples were taken from the free wall of the cardiac left ventricle that was 

cut transversely in at least four pieces, some pieces were flash frozen and stored at -

80oC until analyses and one piece was fixed for histological analyses. 

Maternal analgesia was provided with Buprenorphine hydrochloride 0.015 mg/kg/d 

during 3 postoperative days (Buprenex Injectable, Reckitt Benckiser Healthcare (UK) 

Ltd, Hull, England). After recovery from cesarean section in individual cages, 

mothers were returned to their group. Techniques used and postoperative 

maintenance of the mother have been previously described in detail 195. Cesarean 

sections were evenly spread throughout the year and took place in the morning 

period, usually between 8 - 12 h. Surgical procedures were performed by a fully 

certified doctor of medicine or a doctor of veterinary medicine, and postsurgical care 

was prescribed and monitored by a veterinarian. 

 

3.3 Biochemical analyses 
 
Within 1 h of collection, clotted blood was centrifuged at 10,000 g for 10 min and 

the serum was removed within 1 hour of collection. Biochemical determinations of 

glucose, blood urea nitrogen (BUN), creatinine, total protein, albumin and globulin 

were made in serum using a Beckman Synchron CX5CE Analyzer (Beckman 

Coulter, Irving, Texas, USA) by a certificated laboratory. 
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3.4 Amino acid analyses 
 
Heparinized plasma samples (0.1 ml) were deproteinized with 0.1ml of 1.5 M HClO4 

and neutralized with 0.05 ml of 2 M K2CO3. The solution was centrifuged at 12,000 g 

at 4°C for 1 min and the supernatant used for analyses. Amino acids were 

determined by HPLC involving pre-column derivatisation with ο-phthaldialdehyde, 

as previously described in detail 196. All amino acids were quantified through the use 

of appropriate standards (Sigma-Aldrich, St. Louis, Missouri, USA) using Millenium-

32 Software (Waters, Milford, Massachusetts, USA). 

 

3.5 Analysis of mtDNA copy number by 
quantitative real-time PCR 

 
Total DNA was extracted from ~20 mg of cardiac left ventricle tissue using the 

QIAamp DNA mini-kit (#50951304 Qiagen, Düsseldorf, Germany), following the 

manufacturer’s instructions. Briefly, the tissue was cut into small pieces and lysed 

with proteinase K in buffer ATL (tissue lysis buffer for use in purification of nucleic 

acids) provided by the kit. When the tissue was completely lysed, buffer AL (tissue 

lysis buffer containing guanidine salts and detergent) and ethanol 96% were added. 

The mixture was applied to the QIAamp column and centrifuged at 6,000 g for 1 

min in Eppendorf 5415R benchtop centrifuge equipped with a FA-45-24-11 rotor 

(Eppendorf, Hamburg, Germany). After centrifugation, the column was placed in a 

new collection tube and the DNA was washed sequentially with buffers AW1 

(washing buffer 1) and AW2 (washing buffer 2). Ethanol was completely removed by 

centrifugation at full speed for 1 min. DNA was eluted with 200 µl Buffer AE and 

quantified using a Nanodrop 2000 (ThermoFischer Scientific, Waltham, 

Massachusetts, USA). 

RT-PCR was performed using the SsoFast Eva Green Supermix (Bio-Rad, Hercules, 

California, USA), in a CFX96 real time-PCR system (Bio-Rad), with the primers 

defined in Table 3.1, at 500 nM each. Amplification of 25 ng DNA was performed 

with an initial cycle of 2 min at 98ºC, followed by 40 cycles of 5 sec at 98ºC plus 5 

sec at 60ºC. At the end of each cycle, Eva Green fluorescence was recorded to 

enable determination of Ct. For quality control, melting temperature of the PCR 

products was determined after amplification by performing melting curves, and no 
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template controls were run.  

For absolute quantification and assessment of amplification efficiency, standards at 

known copy numbers were produced by purification of PCR products. After 

optimization of the annealing temperature, products were amplified for each primer 

pair (Table 3.1), using the HotstarTaq Master Mix Kit (#203445 Qiagen). Briefly, 1 

µl of a DNA sample was added to a PCR tube containing the HotStar Taq Master 

Mix and the specific primers, and placed in a CFX96 real time-PCR system. The 

amplification protocol started with an initial activation step of 15 min at 95ºC 

degrees, followed by 35 cycles of 1 min at 94ºC (denaturation) plus 1 min at 60ºC 

(annealing), plus 1 min at 72ºC (extension), and a final extension step of 10 min at 

72ºC. After amplification, the products were purified using the MiniElute PCR 

purification kit (#280006 Qiagen) following the manufacturer’s instructions. Eluted 

DNA was quantified in a Nanodrop 2000, the copy numbers were adjusted to 5 x 109 

copies/µl, and tenfold serial dilutions were prepared. 

mtDNA copy number was determined by the ratio between the absolute amounts of 

mitochondrial genes ND1 or ND6 versus the absolute amount of the B2M nuclear 

gene in each sample, using the CFX96 Manager software (v. 3.0; Bio-Rad). 
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3.6 Gene expression analysis by PCR array 
 
3.6.1 RNA extraction 
 
RNA extraction was performed in accordance with the protocol previously described 

by Cox et al. 197. Briefly, approximately 20 mg section of frozen tissue was cut (from 

one pole of a longitudinally sliced kidney half and transversely for heart). The tissue 

was homogenized in 1 ml Trizol Reagent using a Power General Homogenizer 

(Omni International, Wilmington, Delaware, USA). Genomic DNA in the sample 

was sheared by passing the homogenate three times through a 22-gauge needle 

attached to a 1 ml syringe. The homogenized samples were incubated for 5 min at 

25°C. Two hundred microlitres of chloroform was added to each sample, and the 

samples were shaken vigorously by hand for 15 s and incubated at 25ºC for 3 min. 

Samples were then centrifuged at 12,000 x g for 15 min at 4ºC. The aqueous phase 

containing RNA was transferred to a fresh tube and RNA precipitated by addition of 

0.5 ml of isopropyl alcohol. Samples were incubated for 10 min at 25ºC and then 

centrifuged at 12,000 x g for 10 min at 4ºC. The RNA precipitate was washed with 1 

ml of 75% ethanol and centrifuged at 7,500 x g for 5 min at 4ºC. After air-drying, the 

RNA pellet was dissolved in diethylpyrocarbonate (DEPC)-treated ddH2O. The 

RNA was quantified spectrophotometrically using Thermo Scientific NanoDrop 

2000 spectrophotometer (ThermoFischer Scientific) and stored at −80ºC. The RNA 

purity and quality were checked by Ultraviolet spectrophotometry by the ratios of 

A260/A280 and A260/A230 and electrophoretically by visualization of the ribosomal band 

integrity for both the 18S and 28S ribosomal RNA. Only RNA samples that 

demonstrated consistent quality were used. 

 
3.6.2 cDNA Preparation 
 
After RNA preparation, the samples were treated with DNase to ensure elimination 

of genomic DNA, while extracted RNA was converted to cDNA using the RT2 First 

Strand Kit from SuperArray Bioscience Corporation (SA Biosciences, Qiagen, 

Valencia, California, USA) according to the manufacturer’s instructions. Briefly, 1 µg 

RNA was combined with 2 µL gDNA elimination buffer and brought up to a final 

volume of 10 µL using RNAse-free H20. This mixture was incubated at 42ºC for 5 

min, and then chilled in ice. Ten µL of RT Cocktail was then added to this mixture 
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and incubated at 42ºC for exactly 15 min followed by 5 min at 95ºC for stop the 

reaction. Ninety-one µL ddH20 was added to each 20 µL cDNA synthesis reaction 

and well mixed. The cDNA mixture was stored at -20ºC until used for gene 

expression profiling. 

 
3.6.3 Quantitative gene expression profiling 
 
The RT2 Profiler polymerase chain reaction (PCR) Array System (SuperArray 

Bioscience, SA Biosciences, Qiagen), was used to evaluate the different renal 

mitochondrial transcripts between control and MNR fetuses. We used the Human 

Mitochondrial Energy Metabolism (Table 3.2 and Figure 3.4) and the Human 

Mitochondria (Table 3.3 and Figure 3.5) PCR Pathway Arrays. Real-time PCR 

detection was carried out per the manufacturer’s instructions. The experimental 

cocktail was prepared by adding 1350 µL of the SuperArray RT2 qPCR master mix 

and 1248 µL ddH20 to 102 µL of the diluted cDNA mixture. For real-time PCR 

detection, 25 µL of this cocktail was added to each well in the 96-well PCR array. 

The array was then processed on a real-time thermal cycler (Applied Biosystems 

StepOnePlus, ThermoFischer Scientific, Applied Biosystems) by using the following 

program: 1 cycle of 10 min at 95ºC followed by 40 cycles of 15 seconds at 95ºC and 

1 min at 60ºC. A melting curve program for quality control was immediately 

performed after the cycling program. SYBR Green fluorescence was detected from 

each well during the annealing step of each cycle, and values were exported to an 

Excel template file for analysis. Each PCR array contained 84 transcripts of the 

corresponding signaling pathway, a set of five housekeeping genes as internal 

controls and additional controls for efficiency of reverse transcription, PCR and the 

absence of contaminating genomic DNA. Data were normalized with three 

endogenous controls that did not differ between groups [hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13a (RPL13A) and Beta-

actin (ACTB) and analyzed with the ΔΔCt method (where Ct is threshold cycle) 

using the PCR Array Data Analysis Web Portal (SA Biosciences). 
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Table 3.2 Panel of gene expression analyzed using The Human Mitochondrial 
Energy Metabolism RT² Profiler PCR Array. 
This array profiled the expression of 84 key genes involved in mitochondrial energy 
metabolism, including genes encoding components of the electron transport chain and 
oxidative phosphorylation complexes. Position indicates the location in the 96-well plate 
where the gene was assessed, Symbol denotes the gene identification, RefSeq denotes the 
Reference Sequence from the National Center for Biotechnology Information collection, 
Description gives summary information about the gene identification and/or function. 
 

Position Symbol Refseq Description 
A01 ATP12A NM_001676 ATPase, H+/K+ transporting, nongastric, alpha polypeptide 
A02 ATP4A NM_000704 ATPase, H+/K+ exchanging, alpha polypeptide 
A03 ATP4B NM_000705 ATPase, H+/K+ exchanging, beta polypeptide 
A04 ATP5A1 NM_004046 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1 
A05 ATP5B NM_001686 ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide 
A06 ATP5C1 NM_005174 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 
A07 ATP5F1 NM_001688 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit B1 
A08 ATP5G1 NM_005175 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C1 
A09 ATP5G2 NM_001002031 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C2 
A10 ATP5G3 NM_001689 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit C3 
A11 ATP5H NM_006356 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit d 
A12 ATP5I NM_007100 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E 
B01 ATP5J NM_001685 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit F6 
B02 ATP5J2 NM_004889 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit F2 
B03 ATP5L NM_006476 ATP synthase, H+ transporting, mitochondrial Fo complex, subunit G 
B04 ATP5O NM_001697 ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit 
B05 ATP6V0A2 NM_012463 ATPase, H+ transporting, lysosomal V0 subunit a2 
B06 ATP6V0D2 NM_152565 ATPase, H+ transporting, lysosomal 38kDa, V0 subunit d2 
B07 ATP6V1C2 NM_144583 ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2 
B08 ATP6V1E2 NM_080653 ATPase, H+ transporting, lysosomal 31kDa, V1 subunit E2 
B09 ATP6V1G3 NM_133262 ATPase, H+ transporting, lysosomal 13kDa, V1 subunit G3 
B10 BCS1L NM_004328 BCS1-like (S. cerevisiae) 
B11 COX4I1 NM_001861 Cytochrome c oxidase subunit IV isoform 1 
B12 COX4I2 NM_032609 Cytochrome c oxidase subunit IV isoform 2 
C01 COX5A NM_004255 Cytochrome c oxidase subunit Va 
C02 COX5B NM_001862 Cytochrome c oxidase subunit Vb 
C03 COX6A1 NM_004373 Cytochrome c oxidase subunit VIa polypeptide 1 
C04 COX6A2 NM_005205 Cytochrome c oxidase subunit VIa polypeptide 2 
C05 COX6B1 NM_001863 Cytochrome c oxidase subunit Vib polypeptide 1 
C06 COX6B2 NM_144613 Cytochrome c oxidase subunit VIb polypeptide 2 
C07 COX6C NM_004374 Cytochrome c oxidase subunit VIc 
C08 COX7A2 NM_001865 Cytochrome c oxidase subunit VIIa polypeptide 2 
C09 COX7A2L NM_004718 Cytochrome c oxidase subunit VIIa polypeptide 2 like 
C10 COX7B NM_001866 Cytochrome c oxidase subunit VIIb 
C11 COX8A NM_004074 Cytochrome c oxidase subunit VIIIA 
C12 COX8C NM_182971 Cytochrome c oxidase subunit VIIIC 
D01 CYC1 NM_001916 Cytochrome c-1 
D02 LHPP NM_022126 Phospholysine phosphohistidine inorganic pyrophosphate phosphatase 
D03 NDUFA1 NM_004541 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 
D04 NDUFA10 NM_004544 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 10 
D05 NDUFA11 NM_175614 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 11 
D06 NDUFA2 NM_002488 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 
D07 NDUFA3 NM_004542 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 
D08 NDUFA4 NM_002489 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 
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D09 NDUFA5 NM_005000 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 
D10 NDUFA6 NM_002490 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 
D11 NDUFA7 NM_005001 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 
D12 NDUFA8 NM_014222 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 
E01 NDUFAB1 NM_005003 NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 
E02 NDUFB10 NM_004548 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 
E03 NDUFB2 NM_004546 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 
E04 NDUFB3 NM_002491 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 3 
E05 NDUFB4 NM_004547 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 4 
E06 NDUFB5 NM_002492 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 
E07 NDUFB6 NM_182739 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 
E08 NDUFB7 NM_004146 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7 
E09 NDUFB8 NM_005004 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8 
E10 NDUFB9 NM_005005 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 
E11 NDUFC1 NM_002494 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1 
E12 NDUFC2 NM_004549 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 
F01 NDUFS1 NM_005006 NADH dehydrogenase (ubiquinone) Fe-S protein 1 
F02 NDUFS2 NM_004550 NADH dehydrogenase (ubiquinone) Fe-S protein 2 
F03 NDUFS3 NM_004551 NADH dehydrogenase (ubiquinone) Fe-S protein 3 
F04 NDUFS4 NM_002495 NADH dehydrogenase (ubiquinone) Fe-S protein 4 
F05 NDUFS5 NM_004552 NADH dehydrogenase (ubiquinone) Fe-S protein 5 
F06 NDUFS6 NM_004553 NADH dehydrogenase (ubiquinone) Fe-S protein 6 
F07 NDUFS7 NM_024407 NADH dehydrogenase (ubiquinone) Fe-S protein 7 
F08 NDUFS8 NM_002496 NADH dehydrogenase (ubiquinone) Fe-S protein 8 
F09 NDUFV1 NM_007103 NADH dehydrogenase (ubiquinone) flavoprotein 1 
F10 NDUFV2 NM_021074 NADH dehydrogenase (ubiquinone) flavoprotein 2 
F11 NDUFV3 NM_021075 NADH dehydrogenase (ubiquinone) flavoprotein 3 
F12 OXA1L NM_005015 Oxidase (cytochrome c) assembly 1-like 
G01 PPA1 NM_021129 Pyrophosphatase (inorganic) 1 
G02 PPA2 NM_176869 Pyrophosphatase (inorganic) 2 
G03 SDHA NM_004168 Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 
G04 SDHB NM_003000 Succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 
G05 SDHC NM_003001 Succinate dehydrogenase complex, subunit C, integral membrane protein 
G06 SDHD NM_003002 Succinate dehydrogenase complex, subunit D, integral membrane protein 
G07 UQCR11 NM_006830 Ubiquinol-cytochrome c reductase, complex III subunit XI 
G08 UQCRC1 NM_003365 Ubiquinol-cytochrome c reductase core protein I 
G09 UQCRC2 NM_003366 Ubiquinol-cytochrome c reductase core protein II 
G10 UQCRFS1 NM_006003 Ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 
G11 UQCRH NM_006004 Ubiquinol-cytochrome c reductase hinge protein 
G12 UQCRQ NM_014402 Ubiquinol-cytochrome c reductase, complex III subunit VII, 9.5kDa 
H01 B2M NM_004048 Beta-2-microglobulin 
H02 HPRT1 NM_000194 Hypoxanthine phosphoribosyltransferase 1 
H03 RPL13A NM_012423 Ribosomal protein L13a 
H04 GAPDH NM_002046 Glyceraldehyde-3-phosphate dehydrogenase 
H05 ACTB NM_001101 Actin, beta 
H06 HGDC SA_00105 Human Genomic DNA Contamination 
H07 RTC SA_00104 Reverse Transcription Control 
H08 RTC SA_00104 Reverse Transcription Control 
H09 RTC SA_00104 Reverse Transcription Control 
H10 PPC SA_00103 Positive PCR Control 
H11 PPC SA_00103 Positive PCR Control 
H12 PPC SA_00103 Positive PCR Control 
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Figure 3.4 Layout of the Human Mitochondrial Energy Metabolism RT² Profiler 
PCR Array. 
Housekeeping assay panel: wells H1 through H5 contained a housekeeping gene panel to 
normalize PCR array data. Genomic DNA controls (HGDC): well H6 contained a replicate 
genomic DNA controls that detects non-transcribed genomic DNA contamination with a 
high level of sensitivity. Reverse transcription controls (RTC): wells H7 through H9 
contained replicate reverse transcription controls that tests the efficiency of the RT2 First 
Strand Kit reaction with a primer set detecting the template synthesized from the kit’s built-
in external RNA control. Positive PCR controls (PPC): Wells H10 through H12 contained 
replicate positive PCR controls that tested the efficiency of the polymerase chain reaction 
itself using a pre-dispensed artificial DNA sequence and the primer set that detects it. The 
sets of replicate control wells (GDC, RTC, & PPC) also tested for inter-well, intra-plate 
consistency. 
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Table 3.3 Panel of gene expression analyzed using The Human Mitochondria RT² 
Profiler PCR Array. 
This array profiled the expression of 84 genes involved in the diverse cellular functions of 
mitochondrial biology. The genes monitored by this array included regulators of 
mitochondrial biogenesis, regulators and mediators of mitochondrial molecular transport and 
genes involved in apoptosis. Position indicates the location in the 96-well plate where the 
gene was assessed, Symbol denotes the gene identification, RefSeq denotes the Reference 
Sequence from the National Center for Biotechnology Information collection, Description 
gives a summary information about the gene identification and/or function. 
 

Position Symbol Refseq Description 
A01 AIFM2 NM_032797 Apoptosis-inducing factor, mitochondrion-associated, 2 
A02 AIP NM_003977 Aryl hydrocarbon receptor interacting protein 
A03 BAK1 NM_001188 BCL2-antagonist/killer 1 
A04 BBC3 NM_014417 BCL2 binding component 3 
A05 BCL2 NM_000633 B-cell CLL/lymphoma 2, apoptosis regulator 
A06 BCL2L1 NM_138578 BCL2-like 1, apoptosis regulator BCLX 
A07 BID NM_001196 BH3 interacting domain death agonist 
A08 BNIP3 NM_004052 BCL2/adenovirus E1B 19kDa interacting protein 3, pro-apoptotic factor 
A09 CDKN2A NM_000077 Cyclin-dependent kinase inhibitor 2A, inhibits CDK4 
A10 COX10 NM_001303 COX10  cytochrome c oxidase assembly protein homolog 
A11 COX18 NM_173827 COX18 cytochrome c oxidase assembly homolog  
A12 CPT1B NM_004377 Carnitine palmitoyltransferase 1B 
B01 CPT2 NM_000098 Carnitine palmitoyltransferase 2 
B02 DNAJC19 NM_145261 DnaJ (Hsp40) homolog, subfamily C, member 19, TIMM14 
B03 DNM1L NM_005690 Dynamin 1-like, mitochondrial and peroxisomal division 
B04 FIS1 NM_016068 Mitochondrial fission 1 protein  homolog 
B05 TIMM10B NM_012192 Translocase of inner mitochondrial membrane 10 homolog B 
B06 GRPEL1 NM_025196 GrpE-like 1, mitochondrial protein import 
B07 HSP90AA1 NM_001017963 Heat shock protein 90kDa alpha, class A member 1, folding of  target proteins 
B08 HSPD1 NM_002156 Heat shock 60kDa protein 1, chaperonin family, folding and assembly of proteins 
B09 IMMP1L NM_144981 Mitochondrial inner membrane protease subunit 1-like 
B10 IMMP2L NM_032549 Mitochondrial inner membrane protease Subunit 2-like 
B11 LRPPRC NM_133259 Leucine-rich PPR-motif containing, cytoskeletal organization and vesicular transport 
B12 MFN1 NM_033540 Mitofusin 1, mediator of mitochondrial fusion 
C01 MFN2 NM_014874 Mitofusin 2, mediator of mitochondrial fusion 
C02 MIPEP NM_005932 Mitochondrial intermediate peptidase,  maturation of OXPHOS-related proteins 
C03 MSTO1 NM_018116 Misato homolog 1, mitochondrial distribution and morphology regulator 
C04 MTX2 NM_006554 Metaxin 2, mitochondrial outer membrane import complex protein 2 
C05 NEFL NM_006158 Neurofilament, light polypeptide, protein phosphatase 1 

C06 OPA1 NM_130837 Optic atrophy 1, mitochondrial dynamin-like GTPase, related to mitochondrial 
network 

C07 PMAIP1 NM_021127 Phorbol-12-myristate-13-acetate-induced protein 1, related to activation of caspases 
and apoptosis 

C08 RHOT1 NM_018307 Ras homolog gene family, member T1, mitochondrial GTPase involved in 
mitochondrial trafficking 

C09 RHOT2 NM_138769 Ras homolog gene family, member T2, mitochondrial GTPase involved in 
mitochondrial trafficking 

C10 SFN NM_006142 Stratifin 

C11 SH3GLB1 NM_016009 SH3-domain GRB2-like endophilin B1, Bax-interacting Factor 1, apoptotic signaling 
pathway 

C12 SLC25A1 NM_005984 Solute carrier family 25 (mitochondrial carrier; citrate transporter), member 1 

D01 SLC25A10 NM_012140 Solute carrier family 25 (mitochondrial carrier; dicarboxylate transporter), member 
10 

D02 SLC25A12 NM_003705 Solute carrier Family 25 (aspartate/glutamate carrier), member 12, calcium carrier 
D03 SLC25A13 NM_014251 Solute carrier Family 25 (aspartate/glutamate carrier), member 13 
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D04 SLC25A14 NM_003951 Solute carrier family 25 (mitochondrial carrier), member 14, UCP5  
D05 SLC25A15 NM_014252 Solute carrier family 25 (mitochondrial carrier; ornithine transporter) member 15 
D06 SLC25A16 NM_152707 Solute carrier family 25 (mitochondrial carrier), member 16 

D07 SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial carrier; peroxisomal membrane protein), 
member 17 

D08 SLC25A19 NM_021734 Solute carrier family 25 (mitochondrial thiamine pyrophosphate carrier), member 19 

D09 SLC25A2 NM_031947 Solute carrier family 25 (mitochondrial carrier; ornithine transporter) member 2, 
ORNT2 

D10 SLC25A20 NM_000387 Solute carrier family 25 (carnitine/acylcarnitine translocase), member 20 
D11 SLC25A21 NM_030631 Solute carrier family 25 (mitochondrial oxodicarboxylate carrier), member 21 
D12 SLC25A22 NM_024698 Solute carrier family 25 (mitochondrial carrier: glutamate), member 22 
E01 SLC25A23 NM_024103 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 23 
E02 SLC25A24 NM_013386 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 24 
E03 SLC25A25 NM_052901 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 25 
E04 SLC25A27 NM_004277 Solute carrier family 25, member 27, UCP4 
E05 SLC25A3 NM_002635 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 
E06 SLC25A30 NM_001010875 Solute carrier family 25, member 30 

E07 SLC25A31 NM_031291 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), 
member 31, ANT4  

E08 SLC25A37 NM_016612 Solute carrier family 25, (mitochondrial iron transporter), member 37 

E09 SLC25A4 NM_001151 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), 
member 4, ANT1 

E10 SLC25A5 NM_001152 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), 
member 5, ANT2  

E11 SOD1 NM_000454 Superoxide dismutase 1, soluble, Cu/Zn superoxide dismutase  
E12 SOD2 NM_000636 Superoxide dismutase 2, mitochondrial, Fe/Mn superoxide dismutase 
F01 STARD3 NM_006804 StAR-related lipid transfer (START) domain containing 3, lipid trafficking protein 
F02 TAZ NM_000116 Tafazzin 
F03 TIMM10 NM_012456 Translocase of inner mitochondrial membrane 10 homolog (yeast) 
F04 TIMM17A NM_006335 Translocase of inner mitochondrial membrane 17 homolog A (yeast) 
F05 TIMM17B NM_005834 Translocase of inner mitochondrial membrane 17 homolog B (yeast) 
F06 TIMM22 NM_013337 Translocase of inner mitochondrial membrane 22 homolog (yeast) 
F07 TIMM23 NM_006327 Translocase of inner mitochondrial membrane 23 homolog (yeast) 
F08 TIMM44 NM_006351 Translocase of inner mitochondrial membrane 44 homolog (yeast) 
F09 TIMM50 NM_001001563 Translocase of inner mitochondrial membrane 50 homolog (S. cerevisiae) 
F10 TIMM8A NM_004085 Translocase of inner mitochondrial membrane 8 homolog A (yeast) 
F11 TIMM8B NM_012459 Translocase of inner mitochondrial membrane 8 homolog B (yeast) 
F12 TIMM9 NM_012460 Translocase of inner mitochondrial membrane 9 homolog (yeast) 
G01 TOMM20 NM_014765 Translocase of outer mitochondrial membrane 20 homolog (yeast) 
G02 TOMM22 NM_020243 Translocase of outer mitochondrial membrane 22 homolog (yeast) 
G03 TOMM34 NM_006809 Translocase of outer mitochondrial membrane 34 
G04 TOMM40 NM_006114 Translocase of outer mitochondrial membrane 40 homolog (yeast) 
G05 TOMM40L NM_032174 Translocase of outer mitochondrial membrane 40 homolog (yeast)-like 
G06 TOMM70A NM_014820 Translocase of outer mitochondrial membrane 70 homolog A (S. cerevisiae) 
G07 TP53 NM_000546 Tumor protein p53, P53 tumor suppressor 
G08 TSPO NM_000714 Translocator protein (18kDa), transport of cholesterol  
G09 UCP1 NM_021833 Uncoupling protein 1 (mitochondrial, proton carrier), SLC25A7, proton leak 
G10 UCP2 NM_003355 Uncoupling protein 2 (mitochondrial, proton carrier), SLC25A8, proton leak 
G11 UCP3 NM_003356 Uncoupling protein 3 (mitochondrial, proton carrier), SLC25A9, proton leak  
G12 UXT NM_004182 Ubiquitously-expressed transcript 
H01 B2M NM_004048 Beta-2-microglobulin 
H02 HPRT1 NM_000194 Hypoxanthine phosphoribosyltransferase 1 
H03 RPL13A NM_012423 Ribosomal protein L13a 
H04 GAPDH NM_002046 Glyceraldehyde-3-phosphate dehydrogenase 
H05 ACTB NM_001101 Actin, beta 
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H06 HGDC SA_00105 Human Genomic DNA Contamination 
H07 RTC SA_00104 Reverse Transcription Control 
H08 RTC SA_00104 Reverse Transcription Control 
H09 RTC SA_00104 Reverse Transcription Control 
H10 PPC SA_00103 Positive PCR Control 
H11 PPC SA_00103 Positive PCR Control 
H12 PPC SA_00103 Positive PCR Control 

 
 
 
 
 

 
 
Figure 3.5 Layout of the Human Mitochondria RT² Profiler PCR Array. 
Housekeeping assay panel: wells H1 through H5 contained a housekeeping gene panel to 
normalize PCR array data. Genomic DNA controls (HGDC): well H6 contained a replicate 
genomic DNA controls that detects non-transcribed genomic DNA contamination with a 
high level of sensitivity. Reverse transcription controls (RTC): wells H7 through H9 
contained replicate reverse transcription controls that tests the efficiency of the RT2 First 
Strand Kit reaction with a primer set detecting the template synthesized from the kit’s built-
in external RNA control. Positive PCR controls (PPC): Wells H10 through H12 contained 
replicate positive PCR controls that tested the efficiency of the polymerase chain reaction 
itself using a pre-dispensed artificial DNA sequence and the primer set that detects it. The 
sets of replicate control wells (GDC, RTC, & PPC) also tested for inter-well, intra-plate 
consistency. 
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3.7 Protein extraction and quantification 
 
A small piece of frozen tissue (≈30 mg) was used for whole tissue protein extraction. 

All the extraction procedures were performed on ice. Tissue was homogenized in a 

20% (w/v) RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0 (HCl), 0.5% sodium 

deoxycholate (DOC), 1% IGEPAL (CA-630) and 0.1% sodium dodecyl sulfate 

(SDS)), supplemented with 5 µl/100 mg (tissue) of protease inhibitors cocktail 

(P8340, Sigma-Aldrich) and sodium orthovanadate, a phosphatase inhibitor, using an 

electric homogenizer PowerGen Model 125 (ThermoFischer Scientific, Fisher 

Scientific). The suspension was kept on ice for 5 min and then centrifuged at 14,000 

g for 5 min at 4ºC to remove cellular debris. The pellet was discarded and protein 

concentration in the supernatant was determined by the Bicinchoninic acid assay 

(BCA) using the commercial Pierce BCA assay kit protocol (#9981, ThermoFischer 

Scientific, Fisher Scientific), using bovine serum albumin (BSA type V, Sigma-

Aldrich) ranging from 0.25 to 2 mg/ml as standard. The amount of protein was 

calculated after determining the absorbance of the dye at 545 nm in a Victor X3 plate 

reader (PerkinElmer, Waltham, Massachusetts, USA). Standards and unknown 

samples were performed in triplicates. After protein determination, all the proteins 

were diluted for the same final concentration with RIPA and stored at -80ºC until 

forward use. 

 

3.8 Protein analysis by Western blot 
 
Initially, extracted proteins were solubilized to achieve a working concentration of 

1mg/ml or 2 mg/ml of protein with Laemmli buffer (62.5 mM Tris pH 6.8 (HCl), 

50% glycerol, 2% SDS, 0.005% bromophenol blue, supplemented with 5% β-

mercaptoethano) and boiled for 5 min in a water bath and then centrifuged at 14,000 

g for 5 min to remove cellular debris. Equivalent amounts of total protein (10 µg per 

lane) were loaded in a 10-20% gradient Tris-HCl polyacrylamide gel as well two 

distinct molecular weight standard for molecular weight estimation and for 

monitoring the electrophoresis, the Precision Plus Protein Dual Color Standards 

(Bio-Rad) and the SeeBlue Plus2 Pre-Stained Standard (ThermoFischer Scientific, 

Invitrogen). Electrophoresis was carried at room temperature in a Criterion system 

(Bio-Rad) using 150 V until the sample buffer (blue) reached the bottom of the gel 
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(≈ 90 min).  

After separation of proteins by SDS-PAGE, proteins were electrophoretically 

transferred in a TransBlot Cell system (Bio-Rad) to a polyvinylidene difluoride 

(PVDF) membrane previously activated, a constant amperage (0.5 A) during 2 h at 

4ºC using a CAPS transfer buffer (10 mM 3-(Cyclohexylamino)-1-propanesulfonic 

acid pH 11 (NaOH), 10% methanol). Good electrophoretic transfer was indicated by 

the complete transfer of prestained molecular weight markers below 100 kDa and by 

Ponceau staining. Ponceau results were also used to confirm equal amount of protein 

loading and to normalize the data. 

Subsequently, after Ponceau removal the membranes were blocked in 5% non-fat 

milk/PBS overnight at 4ºC with agitation. Before incubation with primary antibodies 

the membrane was washed for 10 min in PBS 0.05% Tween-20 (PBS-T). Primary 

antibodies in Table 3.4 were prepared in 1% non-fat milk/PBS to a final volume of 5 

ml and incubated overnight at 4ºC.  

After incubation with primary antibodies, membranes were washed with PBS-T 

solution three times, 5 min each and incubated with the correspondent alkaline 

phosphatase conjugated secondary antibodies (against the animal where the primary 

antibody was produced for 2 h at room temperature with stirring (see Table 3.5). 

Finally, for immunodetection, membranes were washed three times for 5 min each 

with PBS-T, rinsed in PBS to remove any Tween-20, which could be inhibitory to 

the detection method, dried and incubated with enhanced chemifluorescence (ECF) 

system (#RPN5785, GE Healthcare, Little Chalfont, Buckinghamshire, UK) during a 

maximum of 5 min. The ECF substrate allows the formation of fluorescence at 540 

nm to 560 nm when excited at approximately 450 nm and images were collected with 

a UVP BioSpectrum 500 Imaging System (UVP, Upland, California, USA). Density 

analysis of bands was carried out with VisionWorks.LS Image Acquisition and 

Analysis Software (UVP). 

Resulting images were analyzed and densities were normalized to Ponceau 198. The 

average value of the control males (C-M) group was assumed as one unit and the 

values of each sample were determined proportionally. 
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Table 3.4 Panel of antibodies used in immunodetection. 
Symbol denotes the protein identification, Description gives a summary information about 
the protein identification and/or function, Acession number denotes the reference from The 
Universal Protein Resource (UniProt) and Dilution represent the incubation conditions for 
the respective primary antibody. 
 

Symbol Description Acession 
numbera Manufecturer code 

Host 
Species 

MW 
(KDa) 

Dilution 

     
   

NDUFB8 NADH dehydrogenase 1 beta 
subcomplex subunit 8 

O95169 abcam ab110242 Mouse 20 1:500 

SDHB Succinate dehydrogenase complex 
subunit B 

P21912 abcam ab14714 Mouse 29 1:500 

SDHC Succinate dehydrogenase complex 
subunit C 

Q99643 Santa Cruz sc-49491 Goat 12 1:100 

UQCRC1 Ubiquinol-cytochrome c reductase 
core protein II 

P31930 abcam ab110252 Mouse 49 1:500 

UQCRC2 Ubiquinol-cytochrome c reductase 
core protein II 

P22695 abcam ab14745 Mouse 47 1:500 

MT-CO2 Cytochrome c oxidase subunit 2 P00403 abcam ab110258 Mouse 24 1:500 
COX6C Cytochrome c oxidase subunit Vic P09669 abcam ab150422 Rabbit 9 1:1000 
ATP5A1 ATP synthase subunit alpha, 

mitochondrial 
P25705 abcam ab14748 Mouse 53 1:500 

ATP5A ATP synthase subunit alpha P25705 abcam ab110273 Mouse 55 1:500 
Cyt c Cytochrome c P99999 abcam ab110325 Mouse 12 1:500 
VDAC1 Voltage-dependent anion-selective 

channel protein 1 
P21796 abcam ab14734 Mouse 39 1:500 

Cyc D Cyclophilin D P30405 abcam ab110324 Mouse 21 1:500 
CS Citrate synthase O75390 abcam ab129088 Rabbit 52 1:1000 
CAT Catalase P04040 abcam ab1877 Rabbit 59 1:1000 
SOD1 Superoxide dismutase 1 P00441 Santa Cruz sc-11407 Rabbit 23 1:100 
Fis1 Mitochondrial fission 1 protein Q9Y3D6 Santa Cruz sc48865 Goat 17 1:500 

 

a as provided by the manufacturer and available on http://www.uniprot.org 
Antibodies were diluted in 1% non-fat milk in PBS supplemented with 0.02% sodium azide, as a 
preservative, to a final volume of 5 ml and stored at 4ºC for no longer than 3 months or use to a 
maximum, of 5 times. 
 
 
 
 
Table 3.5 List of secondary antibodies used in immunodetection.  
 

Symbol Description Manufacturer code Host Species Dilution 

      
G@R goat anti-rabbit IgG-AP Santa Cruz sc-2007 Goat 1:5000 

G@M goat anti-mouse IgG-AP Santa Cruz sc-2008 Goat 1:5000 

R@G rabbit anti-goat IgG-AP Santa Cruz sc-2771 Rabbit 1:5000 
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3.9 Tissue Immunohistochemistry 
 
Tissue immunohistochemistry was performed by a standard avidin-biotin 

histochemical technique as previously described 199. Initial titrations were performed 

with three different concentrations of primary antibody that contained the suggested 

dilution of the manufacturer. The final primary antibody concentration was adjusted 

to give the cleanest immunostaining achievable. Once the final dilution of the 

primary antibody was determined, all sections to be analyzed were immunostained in 

the same assay to assure identical conditions. Briefly, fixed tissues sections (5 µm) 

were deparaffinized with xylene and rehydrated in decreasing grades of ethanol to 

water (100, 95, 70, and 50%). Antigen retrieval was performed for 15 min using 

citrate buffer (0.01 M citrate buffer, pH 6.0) in a microwave and heated to boiling. 

After cooling for 15 min, the section was rinsed for 5 min in potassium PBS (KPBS; 

0.04 M K2HPO4, 0.01 M KH2PO4, 0.154 M NaCl, pH 7.4) and washed for 10 min in 

a solution of 1.5% H2O2/methanol and then for 5 min in KPBS. Sections were 

placed in diluted (10%) normal serum for 10 min and covered with primary antibody 

(Table 3.6) overnight at 4ºC [cytochrome c oxidase subunit VIc (COX6C): mouse 

monoclonal antibody (sc-65240); mitofusin 2 (Mfn2): mouse monoclonal antibody 

(sc-100560); and translocase of inner mitochondrial membrane 9A homolog 

(Tim9A): mouse monoclonal antibody (sc-101285) from Santa Cruz Biotechnology 

(Dallas, Texas, USA); sirtuin 3 (SIRT3): rabbit monoclonal antibody (2627); sirtuin 3 

(SIRT3): rabbit monoclonal antibody (5490) from Cell Signaling Technology 

(Danvers, Massachusetts, USA) and anti-cytochrome c isoform 1 (CYC1): rabbit 

polyclonal antibody (HPA001247) from Sigma-Aldrich (St. Louis, Missouri, USA)] 

and incubated for 1 h at room temperature with the secondary antibody. All 

biotinylated secondary antibodies were obtained from Vector Laboratories 

(Burlingame, California, USA): goat anti-rabbit (BA-1000) and horse anti-mouse 

(BA-2000). All were used at a 1:1,000 dilution. The appropriate negative controls 

were also run in the absence of the primary antibody but in the presence of normal 

serum. Three slides per animal were analyzed, and six pictures/slide per section (for 

kidney samples, two sections, cortex and medulla, were assumed) were randomly 

taken and analyzed with ImageJ software (National Institutes of Health, New York, 

USA) for fraction (area immunostained/area of the field of interest x 100%) and 

density (arbitrary density units). 
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Table 3.6 Panel of antibodies used in immunohistochemistry. 
Symbol denotes the protein identification, Description gives a summary information about 
the protein identification and/or function, Acession number denotes the reference from The 
Universal Protein Resource (UniProt) and Dilution represent the incubation conditions for 
the respective primary antibody. 
 

Symbol Description Accession 
number a Manufacturer code 

Host 
Species 

     
 

CYC1 Cytochrome c-1, UQCR4 P08574 Sigma-Aldrich HPA001247 Rabbit 
COX6C Cytochrome c oxidase subunit VIc P09669 Santa Cruz sc65240 Mouse 
MFN2 Mitofusin 2 P25705 Santa Cruz sc100560 Mouse 
SIRT3 Sirtuin 3 Q9NTG7 Cell signaling 2627 Rabbit 
SIRT3 Sirtuin 3 Q9NTG7 Cell signaling 5490 Rabbit 
TIM9A Translocase of inner mitochondrial 

membrane 9A 
P25705 Santa Cruz sc101285 Mouse 

 
a as provided by the manufacturer and available on http://www.uniprot.org 
 
 
 

3.10  Enzymatic activity of mitochondrial proteins 
 
3.10.1 NADH dehydrogenase activity 
 
Activity of complex I was measured by a method previously described by Long and 

collaborators 200 with some modifications. Succinctly, 30 µg of tissue homogenate 

was ressuspended in reaction buffer containing 25 mM KH2PO4 pH 7.5, 5 mM 

MgCl2, 300 µM KCN, 4 µM antimycin A, 3 mg/ml BSA, 60 µM coenzyme Q1, 160 

µM 2,6- dichlorophenolindophenol (DCPIP). Complex I activity was determined by 

the decrease in absorbance  (600 nm) of DCPIP upon addition of 100 µM freshly-

prepared NADH in a VICTOR X3 plate reader (PerkinElmer) at 37ºC. Enzymatic 

activity was determined through the mean of slopes obtained during the linear phase 

of duplicates. Particular mitochondrial complex I activity was computed as the 

difference among basal activity in the absence or presence of 10 µM rotenone, a 

specific inhibitor of complex I. Normalization was performed taking in consideration 

the protein concentration and the molar extinction coefficient of ε600 = 19.1 

mM−1.cm−1. Complex I activity was expressed as nmol DCPIP/min/mg protein. 

 
3.10.2 Succinate dehydrogenase activity 
 
Activity of complex II/III was analyzed by a method previously defined by Tisdale 
201 with minor modifications. Concisely, 100 µg of tissue homogenate was pre-
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incubated in 200 µL of phosphate buffer (166 mM KH2PO4/K2HPO4, pH 7.4) 

supplemented with 100 mM KCN and 500 mM sodium succinate during 5 min at 

37°C. Initiation of the reaction occurred by the addition of 120 µL of phosphate 

buffer supplemented with 2 mM oxidized cytochrome c (cyt c ox) plus 15 mM 

EDTA-dipotassium. Enzyme activity was measured through the mean of slopes 

obtained during the linear phase for duplicates. Complex II/III activity was 

determined by following the reduction of cyt c ox (increased absorbance at 550 nm), 

using a VICTOR X3 plate reader. Mitochondrial complex II/III specific activity was 

computed as the difference between basal activity in the absence or presence of 4 

mM antimycin A (specific inhibitor of complex III). Normalization was performed 

taking in consideration the protein concentration and the molar extinction coefficient 

of ε550 = 18.5 mM−1.cm−1. Results were express as nmol cyt c ox/min/mg protein. 

 
3.10.3 Ubiquinol cytochrome c oxidoreductase activity 
 
Activity of complex III was analyzed by adaptation of the method described by Luo 

and collaborators 202. Briefly, 100 µg of tissue homogenate was suspended in reaction 

buffer containing 25 mM KH2PO4 pH 7.5, 4 µM rotenone, 0.025% Tween-20, 100 

µM fresh decylubiquinone solution at 37°C. Enzymatic activity was measured as an 

increase in absorbance of cyt c ox at 550 nm, upon addition of 75 µM cyt c ox in a 

VICTOR X3 plate reader. Enzyme activity was determined through the mean of 

slopes obtained during the linear phase for duplicates. For determination of the 

specific complex III activity, 2.5 mM antimycin A (complex III specific inhibitor) 

was used and the difference between basal activity in the absence or presence of 

antimycin A was determined. Normalization was performed taking in consideration 

the protein concentration and the molar extinction coefficient of ε550 = 18.5 

mM−1.cm−1. Results were express as nmol cyt cox min/mg protein. 

 
3.10.4 Cytochrome c oxidase activity 
 
Activity of complex IV was measured by adaptation of the method previously 

described by Brautigan and collaborators 203. Briefly, 25 µg of tissue homogenate was 

suspended in reaction buffer containing 50 mM KH2PO4 pH 7.0, 4 µM antimycin A, 

0.05% n-dodecyl-β-D-maltoside at 37°C. Enzymatic activity was followed in a 

VICTOR X3 plate reader as a decrease in absorbance of reduced cytochrome c (cyt c 
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red) at 550 nm, upon addition of 57 µM freshly-prepared cyt c red. Enzyme activity 

was calculated through the mean of slopes obtained during the linear phase for 

duplicates. Cyanide, a complex IV specific inhibitor, was use for determination of 

mitochondrial complex IV specific activity that was computed as the difference 

between basal activity in the absence or presence of 10 mM of KCN. Normalization 

was performed taking in consideration the protein concentration and the molar 

extinction coefficient of ε550 = 18.5 mM−1.cm−1. Activity was expressed as nmol cyt 

c red min/mg protein. 

 
3.10.5 Citrate synthase 
 
Activity of citrate synthase was analyzed by adapting the method previously 

described by Core and collaborators 204. Concisely, 25 µg of tissue homogenate was 

suspended in a reaction buffer containing 100 mM Tris pH 8.0 plus 200 µM Acetyl-

CoA, 200 µM 5,5′- dithiobis-2-nitrobenzoic acid at 37°C. Enzymatic activity was 

measured by following the increase in absorbance (412 nm) upon addition of 100 µM 

freshly-prepared oxaloacetate in a VICTOR X3 plate reader at 37°C. Enzyme activity 

was calculated through the mean of slopes obtained during the linear phase for 

duplicates. Specific citrate synthase activity was determined by subtracting the basal 

activity in the presence of 0.1% Triton-X100. Normalization was performed taking 

in consideration the protein concentration and the molar extinction coefficient of 

ε412 = 13.6 mM−1·cm−1. Enzyme activity was expressed as nmol of oxaloacetate 

min/mg protein. 

 

3.11  Analysis of adenine nucleotides 
 
Adenine nucleotide levels were measured according to the method previously 

described by Santos and collaborators 205. Briefly, by using an electric homogenizer, 

the tissue was homogenized in 0.3 M perchloric acid (equal parts of PBS and 0.6 M 

perchloric acid) and kept for 5 min on ice.  The acid homogenates were centrifuged 

at 14,000 g for 10 min and at 4°C. Supernatants were transferred to 1.5 ml tubes and 

brought to neutral pH with 3 M KOH in 1.5 mM Tris. The pellets were 

ressuspended in 1 M NaOH and stored at -80ºC for future determination of protein 

concentration by BCA, using BSA standards. After neutralization of the 
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supernatants, the samples were centrifuged at 14,000 g, for 10 min at 4ºC, and stored 

at -80ºC until HPLC injection. 

The supernatants were assayed for ATP, ADP, and AMP by separation in a reverse-

phase high-performance liquid chromatography (HPLC), as described by Stocchi and 

collaborators 206. The chromatographic apparatus used was a Beckman-System Gold 

(Beckman Instruments, Fullerton, California, USA), consisting of a binary pump 

(model 126) and a variable UV detector (model 166), controlled by a computer. The 

detection wavelength was 254 nm, and the column used was a LiChrospher 100 RP-

18 (5 µm) from Merck. An isocratic elution with 100 mmol/l phosphate buffer 

(KH2PO4; pH 6.5) and 1.0% methanol was performed with a flow rate of 1 ml/min. 

The required time for each analysis was 6 min. Peak identity was determined by the 

retention time compared with standards. The amounts of nucleotides and 

metabolites were determined by a concentration standard curve. Concentration of 

adenylates was expressed as nmol/mg of protein and adenylate energy charge (AEC) 

was determined according to the formula (ATP + 1/2 ADP) /(ATP + ADP + 

AMP). 

 

3.12  Oxidative stress evaluation 
 
Oxidative stress was evaluated by measuring malondialdehyde (MDA) levels and 

oxidized glutathione (GSSG), while the antioxidant capacity was evaluated by 

determination of reduced glutathione (GSH) and vitamin E contents. The enzymatic 

activities of glutathione peroxidase (Gl-Px) and glutathione reductase (Gl-Red) were 

also determined. 

 
3.12.1 Lipid peroxidation evaluation by malondialdehyde 

contents 
 
Levels of lipid peroxidation were assessed by adaptation of the method previously 

described by Draper and collaborators 207 using fluorimetric determination (excitation 

at 515 nm and emission at 553 nm; FP-2020/2025, Jasco, Tokyo, Japan) of 

malondialdehyde adducts separated by high-performance liquid chromatography 

(HPLC; Gilson, Lewis Center, Ohio, USA) using the ClinRep complete kit 

(RECIPE, Munich, Germany). Results were expressed as µM of MDA. 
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3.12.2 Measurement of reduced glutathione and 

oxidized glutathione contents 
 
Reduced and oxidized glutathione (GSH and GSSG) were evaluated by adaptation of 

the method previously described by Tsao and collaborators 208 operating an HPLC 

system (Gilson) with fluorimetric detection (excitation at 385 nm and emission at 515 

nm; FP-2020/2025, Jasco), using the Immunodiagnostik kit (Immunodiagnostik AG, 

Bensheim, Germany). Results were expressed as µM of GSH and µM of GSSG. 

 
3.12.3 Measurement of Vitamin E levels 
 
Vitamin E present in tissue was extracted in n-hexane (Merck) and quantified by 

reverse-phase HPLC (Gilson), using an analytic column Spherisorb S10w (250 x 4.6 

mm), eluted at 1.5 ml/min with n-hexane modified with 0.9% of methanol (Merck) 

and spectrophotometric detection at 287 nm. Results were expressed as µM of Vit E. 

 
3.12.4 Determination of glutathione peroxidase activity 
 
The activity of glutathione peroxidase (Gl-Px) was evaluated by adaptation of the 

method previously described by Palia and collaborators 209 and through means of 

spectrophotometry using tert-butylperoxide (Sigma-Aldrich) as a substrate the assay 

monitored the formation of oxidized glutathione through the quantification of the 

oxidation of NADPH (Sigma-Aldrich) to NADP+ at 340 nm in a thermostatized 

spectrophotometer (UVIKON 933 double bean UV/Visible spectrophotometer, 

Kontron instruments, Milan, Italy). Results were expressed in international units of 

enzyme per liter (U/l). 

 
3.12.5 Evaluation of glutathione reductase activity 
 
Glutathione reductase (Gl-Red) activity was evaluated by adaptation of the method 

previously described by Goldberg and collaborators 210 operating spectrophotometry 

at 340 nm, using GSSG (Sigma) as a substrate and monitoring its reduction to GSH 

through the quantification of NADPH (Sigma) oxidation at 37ºC in a thermostatized 

spectrophotometer (UVIKON 933 double bean UV/Visible spectrophotometer). 

Gl-Red activity was expressed in international units of enzyme per liter (U/l). 
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3.13  Transmission Electron Microscopy 
 
Samples were processed by the certificated Electron Microscopy Lab at the 

Department of Pathology at UTHSCSA using the Transmission Electron 

Microscope (TEM) JEOL 1230 (JEOL, Peabody, Massachusetts, USA). After the 

primary fixation at the cesarean section samples were rinsed with PBS and pos-fixed 

durin 30 min with 1% buffered Osmium Tetroxide, according to Zetterqvist (1956) 
211. Samples were dehydrated in increasing grades of ethanol (70, 95 and 100%) and 

placed in propylene oxide at the end of the dehydration. After being in propylene 

oxide during 20 min, samples were infiltrated with a mixture 1:1 of propylene oxide / 

resin followed by 30 min in 100% resin under 25 psi vacuum. Longitudinal pieces 

were flat-embedding in molds and filled to the top with resin. Resin was polymerized 

at 80ºC overnight. Tissues were sectioned in 0.5-1 µm sections and stained with T-

blue during 10 seconds on a hot plate. Sections quality was checked using a light 

microscope.  Cardiac sections were either left unstained or stained with uranyl acetate 

during 30 sec, followed by Reynold’s Lead Citrate stain during 20 sec for imaging. A 

series of 5-6 images at 3,300x magnification demonstrating areas of interest were 

obtained. 

 

3.14  Data analysis and statistics 
 
The hypothesis to be tested in this study is that maternal nutrition reduction by 30% 

during gestation affects renal and cardiac mitochondria heritage and function of the 

progeny. A secondary question is whether these effects are dependent on the fetus's 

gender. 

By definition the experimental unit is the unit which could be independently assigned 

to any treatment. In this study, each pregnant female baboon and the correspondent 

fetus were considered as an experimental unit. Outbred pregnant female baboons 

were randomly assigned to control or MNR groups. The resource equation method 

was used for determining the sample size where E = (total number of animals) – 

(number of treatment groups) and 10 < E < 20. Whenever possible, we performed 

blind assessment of the diet effects and blind determination of the parameters to be 

statistically analyzed. 
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Data are expressed as mean ± standard error of the mean. Whenever possible, 

parametric tests were employed, assessed by the Kolmogorov-Smirnov normality test 

and Levene variance homogeneity test. If a normal distribution was absent or groups 

were considered to small, the equivalent non-parametric tests were employed, 

essentially the Mann-Whitney test. Statistical tests were performed considering a 

significance level of α=0.05. PCR array data were analyzed using the ΔΔCt method 

and the web tools of SA Biosciences (SA Biosciences, Qiagen, 

http://www.sabiosciences.com/pcr/arrayanalysis.php). Statistical analyses were 

performed using SPSS version 17.0 (IBM corporation, Armonk, New York, USA) 

with significance set at P<0.05 by two independent investigators for diminish the 

influence of natural human biases and corroboration. Graphical representations were 

obtained using GraphPad Prism version 6.0 (GraphPad Software, San Diego, 

California, USA). 

 

3.15  The 3 R’s application 
 
The authors are truthfully committed with animal wellbeing. During this study the 

reduction of animals used and the refinement of testing to reduced suffering were 

important goals. Refinement was performed by environmental enrichments, favoring 

group housing, performing more humane practices with less stressful and less painful 

procedures using training (route to the feeding cages), non-invasive monitoring 

(weighing procedure), pain killers and humane endpoints. 

By applying an appropriated experimental design, truly independent replicates, blind 

assessment, the correct statistical analysis and collecting and stored several biological 

samples from each animal which were shared by several collaborations we do believe 

that we reduced the number of animals needed to get strong evidences of the 

maternal diet effects in fetuses. 

In this study we did not perform animal replacement but we are making sincerely 

efforts so that in the future it will be possible to continue these studies in humans. 
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4.1 Introduction 
 
Suboptimal prenatal development predisposes to adult onset diseases such as 

hypertension, diabetes, cardiovascular and renal disease 212–215. Importantly, there is 

clear evidence that the developing nonhuman primate kidney is sensitive to 

decreased maternal nutrition 216. Poor intrauterine nutrition is associated with 

reduced nephron number in both animals and humans 217–220. Analysis of renal 

autopsies of adults born with low birth weight has shown substantial variation in 

renal composition 221. Remarkably, little attention has been given to the possible 

involvement of mitochondria as putative mediators between maternal nutrient 

reduction and altered renal development in their offspring. This is surprising, 

because healthy nephron and organ function rely on polarized mitochondria 

abundant in epithelial cells 222. Mitochondria not only produce energy by using the 

oxidative phosphorylation system, but are also a source of guanosine triphosphate 

(GTP) and amino acids, the hub of cell death signaling pathways, a reservoir of cell 

calcium and an important site for the production of reactive oxygen species 118,223–225. 

Mitochondria also play a crucial role in numerous regulatory functions during oocyte 

maturation 226, fertilization, initiation and progression of preimplantation embryos 227. 

A postmortem study 228 of muscles from premature neonates demonstrated a 

functional respiratory chain showing that mitochondria are functional during fetal 

development. 

Dysfunctional mitochondrial OXPHOS is a key player in a variety of human 

disorders including primary mitochondrial diseases caused by mutations in 

mitochondrial and/or nuclear DNA229 as well as in aging 230, drug toxicity 118,224,231,232, 

diabetes 233 and several neurodegenerative disorders 234. Both the quality and quantity 

of mitochondria are essential prerequisites for successful embryo and fetal 

development 235. For all these reasons we propose that regulation of mitochondrial 

metabolism during fetal development is not only important for neonatal life but also 

may have implications for health and disease in adulthood. 

Baboons are valuable models for the study of complex physiological and disease 

processes because they exhibit similarity to human health and disease phenotypes. 

The baboon also exhibits a pattern of disease susceptibility and health complications 

that is very similar to that seen in humans 236. Our previous study 237 demonstrated 
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that pregnant baboons that consumed 70% of the global ad libitum diet from 0.16 to 

0.5 gestation had an 11% decrease in maternal body weight accompanied by 

intrauterine growth reduction and a similar decrease in fetal body weight, whereas the 

fetal kidney weight-to-body weight ratio was not significantly altered. However, this 

moderate level of MNR altered the subcellular histology of the kidney at 50% 

gestation by decreasing tubule density and altering renal transcriptome expression, 

with several transcripts for mitochondrial components being downregulated 

including subunits of the respiratory chain and ATP synthase 197,216. 

In accordance with these previous observations, the aim of the present study was to 

determine the effects of a controlled and moderate global MNR on fetal baboon 

renal mitochondrial transcripts and proteins at term (0.9 gestation). We hypothesized 

that poor maternal nutrition during pregnancy impairs the mitochondrial 

transcriptome, potentially influencing kidney development and contributing to the 

development of renal disease in adult life.  
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4.2 Results 
 
4.2.1 Biological changes resulting from MNR 
 
Control and MNR groups did not differ in maternal body weight before pregnancy. 

However, at 0.9 gestation, ad libitum-fed control mothers weighed more than MNR 

mothers. The maternal control group gained 11.30 ± 3.05% of their body weight 

during pregnancy. In contrast, MNR mothers significantly lost weight (5.63 ± 

3.89%). Maternal weight loss was more pronounced in MNR mothers carrying male 

fetuses (-10.51 ± 5.41% vs -0.76 ± 4.78%). Placental weight was also significantly 

decreased in MNR mothers (-19.55 ± 5.13%, Table 4.1). 

At cesarean section, measurements of biomarkers for maternal renal function, such 

as BUN, creatinine, BUN creatine ratio, sodium (Na+), potassium (K+), and carbon 

dioxide (CO2), were not altered by MNR, only serum chloride (Cl-) content was 

significantly decreased in the MNR mothers carrying female fetuses. A statistical 

tendency was found for a diet-effect on serum triglycerides (P=0.056), namely for 

MNR mothers carrying male fetuses. In this group, an increase of 79% of circulating 

blood serum triglycerides was observed compared with mothers that received the 

control diet and carrying a male fetus. In terms of fetal morphometrics, MNR 

decreased the fetal body mass index by 16.7% (P=0.02). In addition, femoral length 

from MNR female fetuses was decreased compared with the control group 

(P=0.046). However, MNR did not alter fetal kidney weight or the kidney weight-to-

body weight ratio, although the brain weight-to-body weight ratio increased 

significantly in MNR fetuses. 

 

4.2.2 Fetal and maternal cortisol, glucose, and insulin 
levels 

 
Circulating cortisol in ad libitum-fed control mothers was about 2.7 fold higher than 

in their offspring at 0.9 gestation (Figure 4.1). A proportional increase in cortisol was 

observed in both maternal and fetal blood serum in MNR baboons. However, this 

increase only reached statistical significance in the MNR mothers carrying male 

fetuses and in the serum of MNR fetuses, namely due to effects on MNR female 

fetuses. The results also show an analogous maternal-to-fetal circulating cortisol 

gradient in control and MNR pregnancies (Figure 4.1A). 
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Figure 4.1 Cortisol, glucose, and insulin levels in maternal and fetal plasma of control 
(C) and maternal nutrient reduction (MNR) groups. 
These parameters were determined in maternal and fetal plasma of control ad libitum-fed 
pregnancies and in the presence of MNR, characterized as 70% of the food consumed by 
control mothers on a weight-adjusted basis of baboons at 0.9 gestation. A: cortisol levels in 
maternal and fetal plasma of control and MNR baboons (male fetuses n=3; female fetuses 
n=3). C-M, male fetuses from control group; C-F, female fetuses from control group; MNR-
M, male fetuses from MNR group; MNR-F, female fetuses from MNR group. B: glucose 
levels in maternal and fetal plasma of control and MNR (n=6) baboons (male fetuses n=3; 
female fetuses n=3). C: insulin levels in maternal and fetal plasma of control and MNR 
baboons (male fetuses n=3; female fetuses n=3). Means ± SEM; n=3 (when separated by 
gender) or n=6 (genders combined) animals/group. Comparison between groups was 
performed using a non-parametric Mann-Whitney test. P-value less than 0.05 was considered 
significant. *P<0.05 vs. respective controls or as indicated. 
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The maternal-to-fetal cortisol gradient was not different in MNR compared to 

control pregnancies. 

Plasma glucose in control mothers fed ad libitum was 1.8 fold higher than that of 

their fetuses at 0.9 gestation (P<0.05). However, no difference was observed in 

glucose levels between control and MNR fetuses when genders were either 

combined or separated (Figure 4.1B). Only MNR mothers carrying male fetuses 

registered a significant increase in glucose levels. There was a trend for increased 

maternal insulin levels in all MNR mothers; however, due to variability in the data 

obtained, the difference did not reach significance. Insulin levels in control mothers 

were 4.1 fold greater than in fetuses (0.9 gestation). Diet effects were observed only 

in the fetal male insulin levels (Figure 4.1C). 

 
4.2.3 MNR affects key mitochondrial genes in the fetus 

kidney 
 
The Human Mitochondrial Energy Metabolism and the Human Mitochondria 

Pathway Arrays were used for expression profiling in fetal kidney RNA samples. The 

complete set of data is shown in Table 4.1 and summarized in Fig. 4.1. PCR arrays 

presented a residual percentage of absent calls (7.5% and 3% for the respectively 

array). The mitochondrial genes investigated showed diet-dependent effects, with a 

significant overall decreased expression of mitochondrial genes in the MNR fetuses 

compared with control fetuses, with the greatest alterations occurring when genders 

were combined (Fig. 4.2.E). There were 46 genes differentially expressed in the MNR 

group, with 93% of the alterations involving downregulation. Most of the 

downregulated transcripts encoded subunits of mitochondrial OXPHOS, including 

18 of 33 subunits analyzed from complex I: NDUFA1, NDUFA2, NDUFA4, 

NDUFA5, NDUFA7, NDUFA8, NDUFA10, NDUFA11, NDUFAB1, NDUFB5, 

NDUFB9, NDUFC1, NDUFC2, NDUFS3, NDUFS4, NDUFS5, NDUFS8 and 

NDUFV3; 2 of 4 subunits analyzed for complex II: SDHA and SDHB; 2 of 6 

subunits analyzed for complex III: UQCRC1 and UQCRFS1; 4 of 14 subunits 

analyzed for complex IV: COX4I1, COX5A, COX5B and COX8C; OXA1L, an 

essential factor for the activity and assembly for this complex; and 8 of 21 subunits 

analyzed for ATP synthase: ATP4A, ATP4B, ATP5B, ATP5G1, ATP5J, ATP5O, 

ATP6V0A2 and ATP6V1C2. In addition, transcripts for regulators and mediators 

of mitochondrial molecular transport, namely small-molecule transporters 
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(SLC25A15, SLC25A16, SLC25A23, SLC25A27, SLC25A31) and two members of 

the inner membrane translocation system (TIMM23 and FXC1) were also 

downregulated in the MNR group. Finally, two members of the inorganic 

pyrophosphatase family, which catalyze the hydrolysis of pyrophosphate to inorganic 

phosphate (PPA1 and PPA2) and ultimately the mitochondrial apoptosis-inducing 

factor (AIFM2), which plays a role as a caspase-independent apoptotic factor, were 

also downregulated. 

A significant sexual dimorphism was shown in the mitochondrial profile of the 

control fetuses. Female fetuses presented a higher content in transcripts for 

NDUFV1, a complex I subunit; COX6A1, a cytochrome c oxidase subunit; 

ATP5C1, an ATP synthase subunit; IMMP1L, a subunit of the mitochondrial inner 

membrane peptidase (IMP); TIMM9, an inner mitochondrial membrane protein 

translocase; BID, a member of the Bcl-2 family of cell death regulators and SFN, a 

p53-regulated inhibitor of G2/M progression. On the other hand, female fetuses 

contained decreased abundance of transcripts for OPA1, which is required for 

mitochondrial fusion and regulation of apoptosis; SLC25A17, a peroxisomal 

transporter for multiple cofactors such as coenzyme A (CoA), flavin adenine 

dinucleotide (FAD), flavin mononucleotide (FMN) and nucleotide adenosine 

monophosphate (AMP); TIMM17A, an essential component of the TIM complex, a 

complex that mediates the translocation of proteins across the mitochondrial inner 

membrane; TOMM70A, which encodes a component of the outer membrane 

translocase complex, and SOD1, the cytosolic superoxide dismutase. 

Diet-induced transcript differences were also observed within the same gender. In 

summary, multiple components of the mitochondrial respiratory chain were reduced 

in MNR male fetuses, including two subunits of complex I (NDUFA1, NDUFA4), 

one subunit of complex II (SDHB), and one ATP synthase subunit of (ATP6V1C2). 

Decreased transcripts also included SOD1, as well as TIMM23, a gene encoding a 

component of the inner mitochondrial membrane import system. On the other hand, 

one complex IV subunit (COX6A1) was significantly increased (1.7 fold), as well as 

stratifin (SFN), which has been implicated in the regulation of a large spectrum of 

both general and specialized signaling pathways. In the MNR female fetus, the same 

trend was found, although with a slight difference in the subunits affected by 

maternal diet. MNR resulted in a significant decrease in the abundance of transcripts 

for the mitochondrial respiratory chain, including NDUFS5 and NDUFV3, two 
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subunits from complex I, COX6C and COX7B, two subunits from complex IV, as 

well as ATP synthase subunit F6 (ATP5J). Other significant diet-induced 

downregulated gene-expression occurred for MFN2, which is involved in 

mitochondrial fusion; three solute mitochondrial carrier family 25 genes (SLC25A16, 

SLC25A17, and SLC25A31 an adenine nucleotide translocator), pro-apoptotic Bcl-

2-binding component 3 (BBC3), BID, a mediator of mitochondrial damage induced 

by caspase-8, and the STAR-related lipid transfer domain 3 (STARD3), which 

encodes for a lipid trafficking protein that may be involved in exporting cholesterol. 

The two transcripts that were significantly upregulated in the MNR female fetuses 

were cyclin-dependent kinase inhibitor 2A (CDKN2A), a stabilizer of the tumor 

suppressor protein p53, and one solute mitochondrial carrier family 25 gene 

(SLC25A15, coding for an ornithine transporter). 

 

 

 

 

 

 

 

 
Figure 4.2 Renal gene expression analysis of control and MNR baboon fetuses at 0.9 
gestation. (following page) 
mRNA abundance for mitochondrial proteins was assessed by PCR array in whole kidney 
samples from baboon fetuses from mothers fed ad libitum (control group) or 70% of the 
control diet (MNR group) at 0.9 gestation. A: Sexual dimorphism in the mitochondrial 
profile of control fetusus B: and C: comparison of transcripts expression based on maternal 
diet for the same gender [male fetuses (B) and female fetuses (C)]. D: gender dimorphism in 
the mitochondrial profile of the MNR fetus and E: global diet-dependent effects in the 
mitochondrial expression profile. Transcripts related to oxidative phosphorylation system 
(OXPHOS), complex I (CI; NADH dehydrogenase, complex II (CII; succinate 
dehydrogenase), complex III (CIII; ubiquinol cytochrome c oxidoreductase), complex IV 
[CIV; cytochrome c oxidase (COX)], and complex V (CV; ATP synthase). Values were 
normalized to endogenous controls [hypoxanthine phosphoribosyltransferase 1 (HPRT1), 
ribosomal protein L13a (RPL13A), and Beta-actin (ACTB)] and expressed relative to their 
normalized values. Means ± SEM; n=3 (when separated by gender) or n=6 (genders 
combined) animals/group. All transcripts presented have P<0.05 vs. respective paired group. 
See the Table 4.2 from this section or the Material and Methods Table 3.2 and Table 3.3 for 
gene abbreviations used. 
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Table 4.2 mRNA abundance for mitochondrial proteins. 
mRNA abundance was assessed by PCR array in whole kidney samples from baboon fetuses 
from mothers fed ad libitum (controls, C) or 70% of the control diet (maternal nutrient 
reduction, MNR) at 0.9 gestation. Symbol denotes the gene identification, RefSeq denotes 
the Reference Sequence from the National Center for Biotechnology Information collection, 
Description gives a summary information about the gene identification and/or function, 
Fold difference was calculate between the groups enunciated, positive values for up 
regulation and negative values for a down regulation. Fold differences relevant to the 
mitochondrial profile of the control fetus (control female, C-F vs. control male, C-M) were 
presented in the C-F vs. C-M section, as well the comparison of transcripts expression based 
on maternal diet for the same gender (in the MNR-M vs. C-M and MNR-F vs. C-F sections), 
the gender dimorphism in the mitochondrial profile of the MNR fetus (in the MNR-F vs. 
MNR-M section) and global diet-dependent effects in the mitochondrial expression profile 
(MNR vs. C section). The transcripts presented have either 0.05<p<0.1 or p<0.05 in bold. 
 

Symbol Refseq Description Fold difference P-value 

     

    C-F vs. C-M     

NDUFB8 NM_005004 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex 2.656 0.075 

NDUFV1 NM_007103 NADH dehydrogenase (ubiquinone) 
flavoprotein 1 2.302 0.048 

COX6A1 NM_004373 Cytochrome c oxidase subunit VIa 
polypeptide 1 1.758 0.001 

ATP5C1 NM_005174 ATP synthase, H+ transporting, 
mitochondrial F1 complex 9.543 0.005 

IMMP1L NM_144981 IMP1 inner mitochondrial membrane 
peptidase-like 1.397 0.016 

OPA1 NM_130837 Optic atrophy 1 -1.138 0.024 
CPT2 NM_000098 Carnitine palmitoyltransferase 2 3.063 0.061 

SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial 
carrier), member 17 -1.170 0.037 

TIMM17A NM_006335 Translocase of inner mitochondrial 
membrane 17 -1.131 0.016 

TIMM9 NM_012460 Translocase of inner mitochondrial 
membrane 9  1.787 0.010 

TOMM70A NM_014820 Translocase of outer mitochondrial 
membrane 70 -1.155 0.052 

SOD1 NM_000454 Superoxide dismutase 1, soluble -1.289 0.034 
SOD2 NM_000636 Superoxide dismutase 2, mitochondrial 1.679 0.076 
BID NM_001196 BH3 interacting domain death agonist 5.864 0.030 

SFN NM_006142 Stratifin 1.863 0.050 

  
 

  

  MNR-M vs. C-M     

NDUFA1 NM_004541 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 1. -1.755 0.044 

NDUFA2 NM_002488 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 2. -1.540 0.078 

NDUFA4 NM_002489 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 4. -5.377 0.045 

NDUFA8 NM_014222 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 8. -1.192 0.086 

NDUFA10 NM_004544 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 10. -1.756 0.052 

NDUFAB1 NM_005003 NADH dehydrogenase (ubiquinone) 1, 
alpha/beta subcomplex, 1. -1.510 0.098 

NDUFC1 NM_002494 NADH dehydrogenase (ubiquinone) 1, -1.502 0.097 
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subcomplex unknown, 1. 

NDUFS3 NM_004551 NADH dehydrogenase (ubiquinone) 
Fe-S protein 3. -1.269 0.080 

NDUFS5 NM_004552 NADH dehydrogenase (ubiquinone) 
Fe-S protein 5. -1.250 0.051 

NDUFV3 NM_021075 NADH dehydrogenase (ubiquinone) 
flavoprotein 3. -1.290 0.080 

SDHB NM_003000 Succinate dehydrogenase complex, 
subunit B, iron sulfur (Ip) -1.240 0.006 

COX6A1 NM_004373 Cytochrome c oxidase subunit VIa 
polypeptide 1 1.741 0.000 

OXA1L NM_005015 Oxidase (cytochrome c) assembly 1-
like -1.484 0.042 

ATP5B NM_001686 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, beta 
polypeptide 

-1.602 0.059 

ATP5J NM_001685 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit F6 -1.406 0.085 

ATP6V1C2 NM_144583 ATPase, H+ transporting, lysosomal 
42kDa, V1 subunit C2 -2.032 0.027 

OPA1 NM_130837 Optic atrophy 1 -1.152 0.087 

FIS1 NM_016068 Fission 1 (mitochondrial outer 
membrane) -1.185 0.080 

SLC25A13 NM_014251 Solute carrier family 25, member 13 -1.271 0.099 

SLC25A16 NM_152707 Solute carrier family 25 (mitochondrial 
carrier), member 16 -1.185 0.072 

SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial 
carrier), member 17 -1.112 0.073 

TIMM23 NM_006327 Translocase of inner mitochondrial 
membrane 23 -1.152 0.042 

TIMM9 NM_012460 Translocase of inner mitochondrial 
membrane 9 1.886 0.014 

SOD1 NM_000454 Superoxide dismutase 1, soluble -1.375 0.009 

AIFM2 NM_032797 Apoptosis-inducing factor, 
mitochondrion-associated, 2 -1.222 0.072 

SFN NM_006142 Stratifin 1.385 0.021 

     

    C-F vs. MNR-F     

NDUFA11 NM_175614 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 11 -1.443 0.098 

NDUFB9 NM_005005 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 9 -1.438 0.072 

NDUFB10 NM_004548 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 10 -1.391 0.082 

NDUFS5 NM_004552 NADH dehydrogenase (ubiquinone) 
Fe-S protein 5 -1.193 0.042 

NDUFV3 NM_021075 NADH dehydrogenase (ubiquinone) 
flavoprotein 3 -1.949 0.040 

SDHA NM_004168 Succinate dehydrogenase complex, 
subunit A, flavoprotein -1.356 0.087 

UQCRC2 NM_003366 Ubiquinol-cytochrome c reductase core 
protein II -1.393 0.088 

COX6A2 NM_005205 Cytochrome c oxidase subunit VIa 
polypeptide 2 -1.206 0.049 

COX6C NM_004374 Cytochrome c oxidase subunit VIc -1.686 0.075 
COX7B NM_001866 Cytochrome c oxidase subunit VIIb -1.304 0.050 

ATP4B NM_000705 ATPase, H+/K+ exchanging, beta 
polypeptide -1.761 0.071 
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ATP5H NM_006356 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit d -1.249 0.069 

ATP5J NM_001685 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit F6 -1.440 0.047 

ATP12A NM_001676 ATPase, H+/K+ transporting, 
nongastric, alpha polypeptide -1.162 0.036 

CPT1B NM_004377 Carnitine palmitoyltransferase 1B 
(muscle) -1.633 0.091 

MFN2 NM_014874 Mitofusin 2 -1.374 0.008 
DNM1L NM_005690 Dynamin 1-like -1.220 0.097 
GRPEL1 NM_025196 GrpE-like 1, mitochondrial -1.102 0.021 

SLC25A3 NM_002635 Solute carrier family 25 (mitochondrial 
carrier; phosphate carrier), member 3 -1.945 0.083 

SLC25A12 NM_003705 Solute carrier family 25 (mitochondrial 
carrier), member 12 -1.618 0.068 

SLC25A15 NM_014252 
Solute carrier family 25 (mitochondrial 
carrier; ornithine transporter) member 
15 

1.777 0.036 

SLC25A16 NM_152707 Solute carrier family 25 (mitochondrial 
carrier), member 16 -1.331 0.047 

SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial 
carrier), member 17 -1.183 0.033 

SLC25A31 NM_031291 
Solute carrier family 25 (mitochondrial 
carrier; adenine nucleotide 
translocator), member 31 

-2.481 0.016 

AIFM2 NM_032797 Apoptosis-inducing factor, 
mitochondrion-associated, 2 -1.456 0.070 

BBC3 NM_014417 BCL2 binding component 3 -3.749 0.001 
BID NM_001196 BH3 interacting domain death agonist -6.046 0.029 
CDKN2A NM_000077 Cyclin-dependent kinase inhibitor 2A 2.701 0.024 

STARD3 NM_006804 StAR-related lipid transfer (START) 
domain containing 3 -1.147 0.023 

LHPP NM_022126 Phospholysine phosphohistidine 
inorganic pyrophosphate phosphatase -1.291 0.081 

     
    MNR-F vs. MNR-M     

NDUFA8 NM_014222 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 8 -1.188 0.067 

NDUFB9 NM_005005 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 9 -1.193 0.043 

NDUFC1 NM_002494 NADH dehydrogenase (ubiquinone) 1 -1.091 0.033 

NDUFS4 NM_002495 NADH dehydrogenase (ubiquinone) 
Fe-S protein 4 -1.182 0.056 

NDUFS5 NM_004552 NADH dehydrogenase (ubiquinone) 
Fe-S protein 5 -1.120 0.062 

SDHA NM_004168 Succinate dehydrogenase complex, 
subunit A, flavoprotein -1.226 0.071 

UQCRH NM_006004 Ubiquinol-cytochrome c reductase 
hinge protein -1.218 0.034 

UQCRQ NM_014402 Ubiquinol-cytochrome c reductase, 
complex III subunit VII -1.453 0.233 

COX4I1 NM_001861 Cytochrome c oxidase subunit IV 
isoform 1 -1.151 0.004 

COX4I2 NM_032609 Cytochrome c oxidase subunit IV 
isoform 2 -1.293 0.038 

COX6A2 NM_005205 Cytochrome c oxidase subunit VIa 
polypeptide 2 1.718 0.004 
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COX6B2 NM_144613 Cytochrome c oxidase subunit VIb 
polypeptide 2 1.750 0.026 

COX7B NM_001866 Cytochrome c oxidase subunit VIIb -1.121 0.093 

ATP5C1 NM_005174 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, gamma 
polypeptide 1 

5.818 0.002 

ATP5F1 NM_001688 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit B1 1.235 0.090 

ATP5O NM_001697 ATP synthase, H+ transporting, 
mitochondrial F1 complex, O subunit -1.171 0.059 

MFN2 NM_014874 Mitofusin 2 -1.302 0.053 
DNM1L NM_005690 Dynamin 1-like -1.306 0.039 
CPT1B NM_004377 Carnitine palmitoyltransferase 1B -1.494 0.075 
MSTO1 NM_018116 Misato homolog 1 -1.330 0.021 
MIPEP NM_005932 Mitochondrial intermediate peptidase -1.380 0.062 
RHOT1 NM_018307 Ras homolog gene family, member T1 -1.301 0.092 

SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial 
carrier), member 17 -1.244 0.007 

SLC25A4 NM_001151 
Solute carrier family 25 (mitochondrial 
carrier; adenine nucleotide 
translocator), member 4 

-1.216 0.012 

LRPPRC NM_133259 Leucine-rich PPR-motif containing -1.141 0.070 
SOD1 NM_000454 Superoxide dismutase 1, soluble 1.132 0.099 
BBC3 NM_014417 BCL2 binding component 3 -2.537 0.030 

SH3GLB1 NM_016009 SH3-domain GRB2-like endophilin B1 -1.131 0.060 

     

    MNR vs. C      

NDUFA1 NM_004541 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 1 -1.540 0.014 

NDUFA2 NM_002488 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 2 -1.455 0.014 

NDUFA4 NM_002489 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 4 -2.782 0.008 

NDUFA5 NM_005000 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 5 -1.926 0.028 

NDUFA7 NM_005001 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 7 -1.332 0.043 

NDUFA8 NM_014222 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 8 -1.251 0.021 

NDUFA10 NM_004544 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 10 -1.623 0.009 

NDUFA11 NM_175614 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 11 -1.420 0.034 

NDUFAB1 NM_005003 NADH dehydrogenase (ubiquinone) 1, 
alpha/beta subcomplex, 1 -1.436 0.026 

NDUFB5 NM_002492 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 5 -1.298 0.035 

NDUFB9 NM_005005 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 9 -1.327 0.023 

NDUFB10 NM_004548 NADH dehydrogenase (ubiquinone) 1 
beta subcomplex, 10 -1.325 0.055 

NDUFC1 NM_002494 NADH dehydrogenase (ubiquinone) 1 -1.415 0.016 
NDUFC2 NM_004549 NADH dehydrogenase (ubiquinone) 1 -1.926 0.028 

NDUFS1 NM_005006 NADH dehydrogenase (ubiquinone) 
Fe-S protein 1 -1.277 0.062 

NDUFS3 NM_004551 NADH dehydrogenase (ubiquinone) 
Fe-S protein 3 -1.236 0.029 
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NDUFS4 NM_002495 NADH dehydrogenase (ubiquinone) 
Fe-S protein 4 -1.188 0.049 

NDUFS5 NM_004552 NADH dehydrogenase (ubiquinone) 
Fe-S protein 5 -1.221 0.011 

NDUFS8 NM_002496 NADH dehydrogenase (ubiquinone) 
Fe-S protein 8 -1.274 0.038 

NDUFV2 NM_021074 NADH dehydrogenase (ubiquinone) 
flavoprotein 2 -1.208 0.075 

NDUFV3 NM_021075 NADH dehydrogenase (ubiquinone) 
flavoprotein 3 -1.586 0.004 

SDHA NM_004168 Succinate dehydrogenase complex, 
subunit A, flavoprotein -1.321 0.038 

SDHB NM_003000 Succinate dehydrogenase complex, 
subunit B, iron sulfur -1.176 0.012 

UQCRC1 NM_003365 Ubiquinol-cytochrome c reductase core 
protein I -1.516 0.032 

UQCRC2 NM_003366 Ubiquinol-cytochrome c reductase core 
protein II -1.411 0.053 

UQCRFS1 NM_006003 Ubiquinol-cytochrome c reductase, 
Rieske iron-sulfur polypeptide 1 -1.366 0.024 

CYC1 NM_001916 Cytochrome c-1 -1.307 0.101 

COX4I1 NM_001861 Cytochrome c oxidase subunit IV 
isoform 1 -1.281 0.017 

COX4I2 NM_032609 Cytochrome c oxidase subunit IV 
isoform 2 -1.245 0.082 

COX5A NM_004255 Cytochrome c oxidase subunit Va -1.296 0.037 
COX5B NM_001862 Cytochrome c oxidase subunit Vb -1.254 0.028 

COX6A1 NM_004373 Cytochrome c oxidase subunit VIa 
polypeptide 1 1.306 0.078 

COX6B1 NM_001863 Cytochrome c oxidase subunit Vib 
polypeptide 1 -1.367 0.057 

COX7B NM_001866 Cytochrome c oxidase subunit VIIb -1.188 0.072 
COX8A NM_004074 Cytochrome c oxidase subunit VIIIA 1.234 0.672 
COX8C NM_182971 Cytochrome c oxidase subunit VIIIC -1.926 0.028 

COX10 NM_001303 COX10 homolog, cytochrome c 
oxidase assembly protein -1.309 0.063 

OXA1L NM_005015 Oxidase (cytochrome c) assembly 1-
like -1.450 0.016 

ATP4A NM_000704 ATPase, H+/K+ exchanging, alpha 
polypeptide -1.345 0.038 

ATP4B NM_000705 ATPase, H+/K+ exchanging, beta 
polypeptide -1.926 0.028 

ATP5B NM_001686 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, beta 
polypeptide 

-1.421 0.027 

ATP5G1 NM_005175 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit C1 -2.588 0.023 

ATP5G3 NM_001689 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit C3 9.231 0.018 

ATP5I NM_007100 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit E -1.194 0.063 

ATP5J NM_001685 ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit F6 -1.423 0.003 

ATP5O NM_001697 ATP synthase, H+ transporting, 
mitochondrial F1 complex, O subunit -1.290 0.029 

ATP6V0A2 NM_012463 ATPase, H+ transporting, lysosomal 
V0 subunit a2 -1.856 0.020 

ATP6V1C2 NM_144583 ATPase, H+ transporting, lysosomal, -1.606 0.028 
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V1 subunit C2 

SLC25A13 NM_014251 Solute carrier family 25, member 13 
(citrin) -1.148 0.085 

SLC25A15 NM_014252 
Solute carrier family 25 (mitochondrial 
carrier; ornithine transporter) member 
15 

1.853 0.014 

SLC25A16 NM_152707 Solute carrier family 25 (mitochondrial 
carrier), member 16 -1.256 0.003 

SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial 
carrier), member 17 -1.147 0.069 

SLC25A23 NM_024103 Solute carrier family 25 (mitochondrial 
carrier; phosphate carrier), member 23 -1.269 0.050 

SLC25A27 NM_004277 Solute carrier family 25, member 27 10.446 0.029 

SLC25A31 NM_031291 
Solute carrier family 25 (mitochondrial 
carrier; adenine nucleotide 
translocator), member 31 

-2.199 0.035 

FXC1 NM_012192 Fracture callus 1 homolog -1.155 0.029 

TIMM23 NM_006327 Translocase of inner mitochondrial 
membrane 23 -1.120 0.024 

TOMM20 NM_014765 Translocase of outer mitochondrial 
membrane 20 -1.159 0.062 

TOMM34 NM_006809 Translocase of outer mitochondrial 
membrane 34 -1.339 0.082 

TOMM70A NM_014820 Translocase of outer mitochondrial 
membrane 70 -1.214 0.073 

MIPEP NM_005932 Mitochondrial intermediate peptidase -1.211 0.097 
OPA1 NM_130837 Optic atrophy 1 -1.096 0.072 

AIFM2 NM_032797 Apoptosis-inducing factor, 
mitochondrion-associated, 2 -1.334 0.007 

BBC3 NM_014417 BCL2 binding component 3 -1.836 0.056 

CDKN2A NM_000077 Cyclin-dependent kinase inhibitor 2A ( 
inhibits CDK4) 1.751 0.088 

SH3GLB1 NM_016009 SH3-domain GRB2-like endophilin B1 -1.125 0.082 
UXT NM_004182 Ubiquitously-expressed transcript -1.109 0.078 
PPA1 NM_021129 Pyrophosphatase (inorganic) 1 -1.392 0.038 

PPA2 NM_176869 Pyrophosphatase (inorganic) 2 -1.798 0.031 

 
 
 
4.2.4 MNR offspring present altered mitochondrial protein 

content 
 
The tissue content of four mitochondrial proteins (COX6C, CYC1, MFN2, and 

TIMM9A) was also measured by immunohistochemistry. Due to the structural and 

functional diversity of the kidney accompanied by a wide variation in the local 

presence of different mitochondrial enzymes, we decided to quantify mitochondrial 

proteins in two regions of the kidney, the cortex (CX) and medulla (MD). In 

agreement with the observed decrease in mRNA expression of respiratory chain 

subunits, a decrease in COX6C, a subunit of complex IV, was measured in MNR 

male fetuses (Figure 4.3). Under control diet conditions, control female fetuses had a 
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1.82-fold decrease content of COX6C fraction stained (%) and a 1.14-fold decrease 

in density (AU) in the renal cortex compared to control male fetal samples (for 

details, see Figure 4.4). Notwithstanding, MNR female fetuses presented a significant 

increase in complex III subunit CYC1, detected by a increase of 1.37-fold in cortex 

fraction stained (%) and in density (AU; Figure 4.5). 

There were no differences between diets or genders in the quantitative 

immunohistochemistry of MNF2 or TIMM9A in the renal tissue analyzed (Figure 

4.6).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3 Quantitative immunohistochemistry of mitochondrial subunit COX6C in 
renal tissue of fetal baboon. (following page) 
The fetuses analyzed were from mothers that were fed ad libitum (control group) or 70% of 
the control diet (MNR group). A: representative micrographs (magnification: x20) of cortex 
(CX) and medulla (MD) sections of male and female fetus. Immunoreactivity was expressed 
as fraction stained (in %; B) and density [C; in arbitrary units (AU)]. Data are expressed as 
mean and SEM; n=3 (when separated by gender) or n=6 (genders combined) 
animals/group. Comparison between groups was performed using a non-parametric Mann-
Whitney test. P-value less than 0.05 was considered significant. *P<0.05 vs. respective 
controls or as indicated.  
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Figure 4.4 Magnification of immunohistochemistry images shown in Figure 4.3A. 
[CX (A), MD (B) of a control male fetuses]. A: immunolabeling for COX6C was associated 
with distal tubuli (DT), proximal tubuli (PT), collecting ducts (CD), and glomeruli (Glm) in 
cortex samples from a male fetal baboon from mothers that were fed ad libitum. B: COX6C 
was associated with distal tubuli (DT), collecting ducts (CD), limbs of Henle’s Loop (HL), 
and proximal tubuli (PT) in medulla from control male kidney samples. However, the 
immunolabeling for COX6C was more consistent in DT in medulla section. Scale bar = 50 
µm. 
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Figure 4.5 Quantitative immunohistochemistry of mitochondrial subunit CYC1 in 
renal tissue of fetal baboon. (previous page) 
The fetuses analyzed were from mothers that were fed ad libitum (control group) or 70% the 
control diet (MNR group). A: representative micrographs (magnification: x20) of cortex 
(CX) and medulla (MD) sections of males and females fetuses. Immunoreactivity expressed 
as fraction stained (B; in %) and density (C; in AU). Data are expressed as mean and SEM; 
n=3 (when separated by gender) or n=6 (genders combined) animals/group. Comparison 
between groups was performed using a non-parametric Mann-Whitney test. P-value less than 
0.05 was considered significant. *P<0.05 vs. respective controls. 
 
 

 

Figure 4.6 Representative immunohistochemistry of mitochondrial subunit MFN2 
and TIMM9A. 
(A) MFN2 and (B) TIMM9 in renal tissue of fetal baboon from mothers that were fed ad 
libitum (control group) or 70% of the control (MNR group). Micrographs (magnification: 
x20) of cortex (CX) and medulla (MD) sections of male and female fetuses are shown.  
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4.3 Discussion 
 
 
4.3.1 The Baboon model in intrauterine programming 

studies 
 
Several studies exist on developmental programming in altricial, polytocous rodent 

species 238–240 but few in precocial, monotocous species 197,241. Much of prenatal renal 

development in primates, including humans and baboons, occurs postnatally in 

rodents 242,243. This difference is important because the intrauterine environment 

differs from the postnatal environment in many different ways, which can 

significantly affect that developmental trajectory of development. Oxygen tension 

and hence potential for oxidative stress, metabolite concentrations such as glucose, 

and of particular importance, fetal glucocorticoid levels, which rise prenatally in 

precocial species 244,245 and postnatally in altricial species 245 can be factors of 

segregation. Studies in nonhuman primates are important since they allow for a more 

direct translation to the human developmental programming. To our knowledge, the 

model we present here is the first to test the concept of developmental programming 

as modified by reduced maternal nutrition. In our experimental animal model, a 

careful selection of mothers of similar phenotype before breeding was performed, 

which added power to the observations and were unable to be replicated in human 

studies.  

Fetal baboon development closely resembles that of the human fetus, allowing 

targeted nutritional manipulations during specific periods of organogenesis. Most 

notably, development of the metanephros or “final” kidney occurs at a similar 

gestational time in humans and baboons. Kidney development in humans begins in 

the 9th week of gestation and ends around the 36th week of gestation 246. This 

corresponds to 0.9 gestation of the human fetus, exactly the same time point 

analyzed in our baboon model. The evolutionary similarity of mitochondrial genes 

between baboons and humans was also evident by the efficacy of human primers in 

baboon samples. In addition, baboons and humans share a broad range of 

physiological similarities that make baboons particularly valuable for analysis of gene-

gene and gene-environment interactions 236, while both breeding and environmental 

factors can still be carefully controlled to suit experimental purposes. Furthermore, 

baboons develop spontaneous diabetes and diabetic nephropathy with morphological 
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changes that resemble diabetic nephropathy found in humans 247. Diabetic baboons 

have larger glomeruli, increased glomerular and tubular basement membranes 

thickness, and matrix expansion with increased deposition of fibronectin and 

laminin, thus making this animals an attractive, although expensive, model for human 

diabetic nephropathy 247 or hypertension 248.  

 
4.3.2 Intrauterine programming of adult life phenotype by 

maternal diet in the baboon 
 
The majority of studies on developmental programming by maternal nutrition has 

been performed in rodents, and much less is known about the impact of nutrient 

reduction on fetal primate development. The strength and relevance of the baboon 

fetal experiments we have performed lie not only in its phylogenetic and 

developmental proximity to humans but also in the moderate level of MNR used, 

which produces a level of IUGR (approximately 14% birth weight reduction) that is 

commonly seen in human pregnancy. We have previously demonstrated that 

consumption of 70% of a global ad libitum control diet by female baboons carefully 

selected to be of similar age and phenotype at conception resulted in impaired 

development of the fetal kidney 197,249, brain 250, liver 199 and pancreatic islets 251. In 

addition, MNR during pregnancy and lactation programs offspring behavioral 

function 252 and metabolic responses, increasing insulin resistance and β-cell 

responsiveness, resulting in emergence of an overall phenotype that would 

predispose to later life type 2 diabetes 253. We hypothesize that permanent alterations 

in gene expression related to mitochondrial function and communication, set in 

motion by a suboptimal intrauterine environment, contribute to the development of 

cardiovascular or kidney diseases later in life. The present study is the first to 

demonstrate significant alterations in mitochondrial gene expression profile in fetal 

baboon kidneys challenged by MNR in utero.  

 
4.3.3 Morphological and biochemical data 
 
IUGR associated with MNR affects organ development. In fact, nephron numbers 

are lower in IUGR neonates. One hypothesis is that when challenged by limited 

resources, energy resource allocation is prioritized for brain, cardiac and adrenal 

growth, whereas organs such as the kidneys and lungs receive lower priority 254. This 
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allocation process is thought to be the root mechanism by which relative brain 

sparing and increased compromise in nonprotected organs takes place. A significant 

decrease in maternal weight gain during pregnancy was found for MNR mothers, 

which culminated in offspring with lower body mass indexes and with higher brain 

weight-to-body weight ratios. This diet effect was more visible for the MNR female 

fetuses, with a significant decrease in femur length. However, MNR did not 

significantly affect kidney weight or kidney weight-to-body weight ratio. These 

results indicate that the MNR protocol used in this work has a significant influence 

on body weight gain in the mother and influences fetal body mass index. 

MNR significantly altered maternal and fetal endocrine factors, causing increased 

circulating cortisol and glucose in MNR mothers carrying male fetuses, significantly 

increasing circulating cortisol in the fetus independently of fetal gender (Figure 4.1). 

Maternal glucose metabolism was also impaired, since circulating glucose was 

significantly increased by MNR in mothers carrying male fetuses. Despite MNR 

promoting a decrease in fetal insulin in male fetuses, these changes did not appear to 

impact overall fetal glucose levels, since circulating fetal glucose was not significantly 

affected by MNR. 

Increased circulating cortisol resulting from MNR is nonetheless important. 

Exposure of the fetus to glucocorticoid levels higher than required for the current 

stage of maturation triggers the expression of glucocorticoid target genes involved in 

energy metabolism and adipocyte differentiation, having been linked to the 

development of hyperglycemia, insulin resistance, and obesity later in life 255. 

Glucocorticoid-induced gene demethylation likely also contributes to the “memory” 

of the developmental nutritional challenge 256. 

Concerning markers of renal and hepatic functions, no significant alteration in serum 

alanine aminotransferase (ALT) or in the BUN or BUN/creatinine levels were 

found, suggesting no alterations in that metabolic pathway. In general, the lack of 

difference in total protein between control and MNR mothers may imply that MNR 

mothers manage to successfully maintain amino acid levels. Since the reduction in 

total caloric intake by MNR mothers was moderate compared with the control diet, 

we cannot eliminate the possibility that MNR mothers blunted the decrease in fetal 

nutrient availability through utilization of endogenous stores. 
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4.3.4 Mitochondrial transcripts are decreased in MNR 
fetuses 

 
A modified embryonic-fetal developmental trajectory resulting in low birth weight 

has been associated with a reduced nephron endowment, hypertension, and renal 

diseases in adulthood 246,257,258. Several molecular mechanisms have been suggested as 

contributing to impaired nephrogenesis 213; however, little attention has been given to 

the involvement of mitochondria as mediators linking fetal MNR with later lifetime 

consequences.  

The postnatal switch from glycolytic to oxidative metabolism is of crucial importance 

for all mammalian neonates and is essential for successful adaptation to extrauterine 

life 259. After birth, more than 90% of ATP is produced by mitochondrial ATP 

synthase, which uses energy of the proton electrochemical gradient generated by 

respiratory chain complexes during substrate oxidation. The cellular capacity for 

energy provision relies on adequate biosynthesis of respiratory chain complexes and 

their proper assembly in the inner mitochondrial membrane. This process is under 

direct influence of numerous genes in nuclear and mitochondrial DNA 226. 

Alterations of mitochondrial gene expression are likely important determinants for 

the development and function of major organ systems as well for susceptibility to 

disease. 

A recent study from Fedovora et al. 260 using a model of chronic renal failure in male 

Sprague–Dawley rats observed mitochondrial impairments involving a 30% decrease 

in mitochondrial DNA copy number and an approximated 50% decrease in inner 

mitochondrial membrane proteins. 

In a previous work 197, we found decreased tubule size in IUGR baboon fetal kidneys 

at 0.5 gestation, suggesting that IUGR alters kidney developmental trajectory. We 

also found that mammalian target of rapamycin signaling (mTOR), a key nutrient 

sensing pathway, was inhibited in IUGR 0.5 gestation fetal kidneys compared with 

control kidneys. These findings suggest that mTOR signaling via nutrient status 

influences tubule size 241. Because alterations of mitochondrial function are important 

determinants of development and function for major organ systems, we investigated 

the role of mitochondrially related genes and proteins in the near-term baboon fetal 

kidney, i.e. are the effects of MNR observed at 0.5 gestation persistent at 0.9 
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gestation, and, if so, what are the potential underlying mechanisms? 

In accordance, our transcriptomic analysis showed significant alterations in 

mitochondrially relevant transcripts in the MNR fetal kidney. A large number of 

transcripts encoding subunits of the respiratory chain, ATP synthase, and 

cytochrome c and other regulators and mediators of mitochondrial metabolite 

transport were found to be decreased by MNR. When examined using 

immunohistochemistry, changes were observed in protein abundance of COX6C, a 

COX subunit. Differences in gene expression do not always lead to altered protein 

and enzyme activity, and, as in our findings, protein and mRNA measurements are 

not always in agreement. However, these findings, when taken together, suggest that 

MNR kidney mitochondrial alterations can potentially significantly affect the renal 

energy balance and act as a primer for later disease during adulthood. The changes 

likely account, at least in part, for an impairment of mitochondrial function and ATP 

production in MNR fetuses. The passage from a predominantly in utero anaerobic to 

postbirth aerobic metabolism can potentially exacerbate the observed effects of 

altered expression of mitochondrial genes. This should be confirmed in the future 

using freshly obtained samples containing functional mitochondria. Moreover, sex 

differences are apparent early in fetal development, suggesting that innate 

mitochondrial differences between genders can give particularly useful insights to 

predict the development of hypertension later in life. In this regard, male subjects 

seem disadvantaged in the mitochondrial background, presenting lower content of 

several mitochondrial transcripts (Figure 4.2), suggesting hormone-dependent 

effects. 

Gender dissimilarities in the progression of various renal diseases have been reported 

in animal and humans studies, with men at higher risk of developing renal diseases, 

with the tendency to develop it earlier in life and with a faster progression and 

deterioration of renal function than in women 261–266. Apart from the genetically 

coded dissimilarities between the genders in renal structure and function, sex 

hormones may affect several of the routes implicated in the pathogenesis of renal 

disease development. Possible mechanisms include receptor-mediated effects of sex 

hormones on glomerular hemodynamics and cell proliferation as well as effects on 

the synthesis and release of cytokines, vasoactive agents, and growth factors. In 

addition, estrogens can also provide a protective effect in female subjects due to their 

antioxidant action 267.  
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Some studies concerning MNR have reported complementary results to our findings. 

For example, in term rat placentas, mitochondrial abnormalities are observed with 

reduced ATP levels found, despite increased mitochondrial biogenesis and activity 
268. Using a maternal low-protein diet rat model, the expression of malate 

dehydrogenase, as well as the mitochondrial DNA-encoded subunit 6 of the ATP 

synthase, was lower in the pancreatic islets, reducing the capacity of ATP production 

through mitochondrial oxidative metabolism. Interestingly, in agreement with our 

results, several consequences of protein restriction during fetal life were more 

marked in male offspring 269. 

There is ample evidence that the intrauterine environment is extremely important for 

the future health of the individual. This has been shown for cardiovascular diseases, 

hypertension, obesity, type 2 diabetes and metabolic syndrome, as well as renal 

diseases, such as albuminuria and chronic kidney disease 213,254. 

The findings presented here, for the first time, demonstrate the tissue-specific nature 

of mitochondrial protein development that may reflect differences in functional 

adaptation after birth. The divergence in mitochondrial response between tissues to 

maternal nutrient manipulations early in pregnancy further reflects these differential 

ontogenies.  

It is also tempting to speculate that, by defining and delivering optimal maternal 

nutrition during critical time windows during fetal development, long-term health 

benefits for the offspring can be achieved. 
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5.1 Introduction 
 
Cardiovascular disease is the leading cause of mortality worldwide 270. A plethora of 

epidemiologic studies have demonstrated that adverse intrauterine environment can 

modulate the risk of developing cardiovascular disease later in adult life. 

Low birth weight is defined as a birth weight below the 10th percentile, or 2 standard 

deviation below the mean for the gestational age, that may result from intrauterine 

growth restriction, preterm birth, or both. Therefore, infants born with low birth 

weight at term (< 2500 g) are considered to have IUGR. The global incidence of low 

birth weight is around 15.5% for all births, or over 20 million infants each year, 

according to United Nations Children´s Fund (UNICEF). 

Low birth weigh is associated with an increased risk for coronary artery disease 271,272  

as well as type 2 diabetes 273,274, hypertension 271, hypercholesterolemia 275 and 

hypercoagulopathies 276,277.  

In their seminal work, Barker and collaborators described that fetuses born with low 

birth weight have more than a 2-fold increase in the prevalence of coronary artery 

disease as adults 278. Barker´s findings have been corroborated by subsequent studies 

in different human populations 279–281. It has been further demonstrated in several 

animal models that an insult during fetal development can induce permanent 

phenotypic and physiological effects in the organism. For example, in the 

developmental programming of adult cardiovascular disease models, including the 

maternal low-protein diet in rats 282 and a 48-h steroid infusion in the first trimester 

in sheep 283, the exposed fetuses were born with a normal cardiovascular phenotype 

but would later develop cardiac hypertrophy and hypertension in adult life 282,283. 

Although there is a strong association between IUGR and cardiovascular disease, the 

direct effects of the exposure to maternal nutrient reduction on fetal heart 

metabolism and mitochondrial biology have not been investigated. Given the fact 

that the heart is the second largest oxygen-consuming organ within the body and that 

oxidation of fatty acids and glucose in mitochondria accounts for the vast majority of 

ATP generation in the healthy adult heart 284, mitochondria appears as a plausible 

target of MNR effects. 

The mitochondrion contains an inner and an outer membrane which define a large 

matrix and the narrow intermembrane space. The outer membrane is permeable to 
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small molecules and contains well/regulated channels, whereas the inner membrane 

is strictly selective in terms of permeation to solutes which is controlled by the 

presence of several selective transporters that are critical for the exchange of 

molecules. Furthermore, the inner mitochondrial membrane is invaginated, creating 

cristae structures that allocated the respiratory chain proteins for the production of 

ATP. These cristae allow for the delimitation of microdomains of ATP, ADP, small 

soluble proteins, ions and nutrient molecules 5,285. There are specific sites where the 

outer and inner mitochondrial membranes contact, and normally these loci are 

characterized by the presence of complexes such as the voltage dependent anion 

channel (VDAC), the mitochondrial creatine kinase, and the adenine nucleotide 

translocase (ANT) 5. Mitochondria cannot be generated “de novo”, as the increase in 

mitochondrial mass derive from the division of existing mitochondria. Mitochondrial 

enzymes are encoded by both nuclear and mitochondrial genes. All the enzymes of 

beta-oxidation and the TCA cycle, and most of the subunits of the OXPHOS are 

encoded by nuclear genes. In humans, the mtDNA is 16,569 base-pair, circular and 

double-stranded, encoding 37 polypeptides. Twenty four genes encode RNAs 

necessary for protein synthesis (22 transfer RNAs and 2 ribosome RNAs) and the 

remaining 13 genes encode for proteins that are critical subunits of the oxidative 

phosphorylation complexes I, III, IV and V 286. Each mitochondrion has several 

mtDNA molecules ranging from 103 to 104, although the total copy number of the 

mitochondrial genome varies between cell type and development stage 286. So the 

mtDNA can be replicated multiple times during each cell cycle. Therefore when 

mutations occurs this mechanism enhances their effects that ultimately could 

generate a dysfunctional oxidative phosphorylation system, leading to the 

accumulation of dysfunctional mitochondria 286,287 

There are multiple diseases associated with mitochondrial DNA depletions or 

alterations, including Alper’s syndrome, progressive external ophthalmoplegia (PEO), 

and other recessive myopathies 288. More notably, mtDNA alteration is also 

implicated in more common diseases such as type 2 diabetes 289, cancer 290, and 

neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease 291. 

In this study, we hypothesize that alterations in mitochondrial performance may be 

instrumental for the later appearance of cardiac disease displayed by IUGR offspring. 

This concept is supported by previous studies showing that mitochondrial 

dysfunction caused by mutations in mtDNA can lead to myocardial dysfunction 292–
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294. Also, the reports of maternally-inherited familial cardiomyopathy 295,296 as well as 

of the cardiac involvement in primary mitochondrial diseases 287,297 sustain our 

hypothesis. Even more relevant for our rationale were the studies showing an 

association between abnormal mitochondrial function and obesity, diabetes and 

hypertension, the exact same biological consequences resulting from IUGR 170,298. 

Nevertheless, mitochondria are also major sites for generation of oxygen free 

radicals, which have a central role in the pathogenesis of cardiovascular diseases 299. 

In accordance with these previous observations, the goal of our study was to 

determine the effects of a 30% global maternal nutrient reduction on the fetal heart 

left ventricle. Hence, we investigated whether the reduction by 30% of global 

maternal nutrient intake in pregnant baboons conditions fetal development and 

reprograms heart metabolism by affecting cardiac mitochondria. Our secondary 

hypothesis was that the effects of MNR in the fetuses are gender-specific. 
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5.2 Results 
 
5.2.1 Biological changes resulting from MNR 
 
Control and MNR groups did not differ in maternal body weight before pregnancy 

(16.30 ± 0.73 kg vs. 16.64 ± 1.16 kg, Table 5.1). However, at 0.9 gestation, ad libitum-

fed control mothers weighed more than MNR mothers. The maternal control group 

gained 12.84 ± 2.11% of their body weight during pregnancy. In contrast, MNR 

mothers significantly lost weight (-3.13 ± 3.02%). Maternal weight loss was more 

pronounced in MNR mothers carrying male fetuses (16.15 ± 3.17% vs. -7.06 ± 

3.67%). Placental weight was also significantly decreased in MNR mothers (213.29 ± 

14.35 g vs. 164.05 ± 11.165 g) and that effect was also more pronounced in MNR 

mothers carrying male fetuses, which displayed a decrease of 26.15%. 

At cesarean section, measurements of biomarkers for maternal renal function (Table 

5.1), such as BUN, creatinine, BUN creatine ratio, sodium (Na+), potassium (K+), 

and carbon dioxide (CO2), were not altered by MNR. Nevertheless, serum chloride 

(Cl-) content was significantly decreased in the MNR mothers carrying female fetuses, 

suggesting an imbalance of body fluids, namely in the body’s acid-base balance. 

Aspartate aminotransferase (AST), a sensitive indicator of liver injury, was 

significantly augmented in MNR mothers. Triglycerides can be important for 

cardiovascular health and a tendency was found for a diet-effect on serum 

triglycerides, with MNR mothers registering an increase of 61.88% in these 

compounds. These results became even more relevant because creatine 

phosphokinase (CPK), a biomarker for stress or injury to the heart, the brain or the 

muscle tissue, also registered an increase of 27.19% for this group. Interestingly this 

enzyme is significant higher in control mothers carrying male fetuses. 

 

Table 5.1 Notes (following page) 

MNR, maternal nutrient reduction. 
a maternal Blood serum at cesarean section was only analyzed in 3 C-M, 4 C-F, 3 MNR-M and 3 MNR-F, 
which resulted in n=7 in C group and n=6 in MNR group when genders were combined. 

Comparison between groups was performed using a non-parametric Mann-Whitney test. P-value less than 
0.05 was considered significant. 
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5.2.2 Maternal and fetal plasma concentrations of essential 
and non-essential amino acids 

 
Our data showed an increase in maternal plasma amino acids at 0.9 gestation in the 

MNR group (Table 5.2). MNR increased plasma concentrations of the amino acids 

arginine (ARG), histidine (HIS), lysine (LYS), valine (VAL), asparagine (ASN) and 

serine (SER). Histidine was almost 2-fold increased in the maternal plasma of the 

MNR group, with a more pronounced effect in mothers carrying a male fetus (77.93 

± 2.78 µM vs. 189.02 ± 36.62 µM). Curiously, tyrosine (TYR) level was also 2-fold 

augmented in maternal plasma of the MNR group, however due to the variability in 

data, this change did not reach significance. The only exception was the significant 

diminution of the essential amino phenylalanine (PHE, 54.93 ± 7.34 µM vs. 34.50 ± 

1.42 µM) in the maternal plasma of the MNR group. 

In general, circulating amino acid concentrations in the control fetus were about 2-

fold higher than in their mothers (Table 5.3). Still, the essential amino acid threonine 

(THR) showed the higher variation between fetal and maternal levels, reaching a 5.5 

fold increase in the fetus. Only two amino acids, aspartic acid (ASP) and glutamic 

acid (GLU), showed the opposite tendency, being about 2-fold less in fetal samples. 

A diet effect was noted for the amino acid arginine (ARG, 101.48 ± 7.62 µM vs. 

150.03 ± 16.64 µM) and glutamine (GLN, 714.61 ± 41.37 µM vs. 558.42 ± 37.21 

µM), that was exacerbated in the female fetus. In male fetuses, the amino acid taurine 

(TAU) was significantly decreased in the MNR group. A fetal gender effect was also 

detected for the taurine amino acid in the MNR group. 
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5.2.3 Fetal and maternal cortisol, glucose, and insulin 
levels 

 
Circulating cortisol in ad libitum-fed control mothers was about 2-fold greater than in 

their offspring at 0.9 gestation (Figure 5.1A, 40.70 ± 3.60 µg/l vs. 20.06 ± 2.04 µg/l). 

A proportional rise in cortisol was observed in both maternal and fetal blood serum 

in MNR baboons. However, this increase only reached statistical significance in the 

MNR mothers, particularly due to effects on MNR mothers carrying male fetuses. 

The maternal-to-fetal cortisol gradient was not different in MNR compared to 

control pregnancies with MNR fetuses similarly presenting half of the cortisol levels 

detected in their mothers. 

Plasma glucose in control mothers fed ad libitum was 1.8-fold higher than that of their 

fetuses at 0.9 gestation (Figure 5.1B, 61.87 ± 7.21 mg/l vs. 33.83 ± 4.71 mg/l). 

However, no difference was observed in glucose levels between control and MNR 

fetuses when genders were either combined or separated (Figure 5.1B). Only MNR 

mothers carrying male fetuses showed a significant increase in glucose levels. There 

was a trend for increased maternal insulin levels in all MNR mothers compared to 

the fetuses, with insulin levels in control mothers were 1.8-fold greater than in 

fetuses at 0.9 gestation (Figure 5.1C). However, due to variability in the data 

obtained, the difference did not reach significance. The MNR treatment did not 

affect insulin levels in the maternal groups. However, MNR treatment reduced fetal 

insulin in male fetuses, while gender differences were observed for MNR males vs. 

MNR females (MNR-M vs. MNR-F) for maternal and fetal samples.  
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Figure 5.1 Cortisol, glucose, and insulin levels in maternal and fetal plasma of control 
(C) and maternal nutrient reduction (MNR) groups. 
These parameters were determined in maternal and fetal plasma of control ad libitum-fed 
pregnancies and in the presence of MNR, characterized as 70% of the food consumed by 
control mothers on a weight-adjusted basis of baboons at 0.9 gestation. A: cortisol levels in 
maternal and fetal plasma of control and MNR baboons (male fetuses n=12; female fetuses 
n=12). C-M, male fetuses from control group (n=6); C-F, female fetuses from control group 
(n=6); MNR-M, male fetuses from MNR group (n=6); MNR-F, female fetuses from MNR 
group (n=6). B: glucose levels in maternal and fetal plasma of control and MNR baboons (C 
n=7; MNR n=6; C-M n=3; C-F n=4; MNR-M n=3; MNR-F n=3). C: insulin levels in 
maternal and fetal plasma of control and MNR baboons (C n=12; MNR n=12; C-M n=6; C-
F n=6; MNR-M n=6; MNR-F n=6). Means ± SEM; Comparison between groups was 
performed using a non-parametric Mann-Whitney test. P-value less than 0.05 was considered 
significant. *P<0.05 vs. respective controls or as indicated. 
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5.2.4 Determination of mitochondrial DNA copy number 
in cardiac left ventricle by quantitative PCR 

 
The first step in the evaluation of MNR effects on fetal mitochondrial fitness was the 

determination of the mtDNA copy number in a total of 23 samples from fetal 

cardiac left ventricle from control and MNR groups (Figure 5.2). The average 

mtDNA copy number in control group was 714.50 ± 84.89 copies per nucleus when 

using the mitochondrially encoded NADH dehydrogenase 1 (ND1) gene as reference 

and the nuclear encoded gene for beta-2-microglobulin (B2M) for normalization per 

nucleus. This amount is slightly different when the mitochondrially encoded NADH 

dehydrogenase 6 (ND6) gene was used as reference (1372.00 ± 206.70). However, 

both gave the same information, MNR induced an augment in mtDNA copy number 

in female fetuses. We found a relationship between MNR and increased mtDNA 

copy number per nucleus when using ND1 but that difference was not uncovered 

when using ND6. Due to the significant increase registered in the MNR female 

fetuses, the number of mtDNA copies was significantly higher that in the MNR male 

fetuses, but once again, this observation was only significant using ND1 as the 

mitochondrial reference gene. 
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Figure 5.2. Variation of mitochondrial DNA (mtDNA) copy number in fetal cardiac 
left ventricle tissue from control (C) and maternal nutrient reduction (MNR) groups. 
mtDNA was determined in fetal cardiac tissue of control ad libitum-fed pregnancies and in 
the presence of MNR, characterized as 70% of the food consumed by control mothers on a 
weight-adjusted basis of baboons at 0.9 gestation. A: mtDNA copy number was calculated 
for control and MNR baboons fetuses as the ratio between the mitochondrially encoded 
NADH dehydrogenase 1 (ND1) gene and the nuclear encoded gene for beta-2-
microglobulin (B2M). C-M, male fetuses from control group (n=6); C-F, female fetuses from 
control group (n=6); MNR-M, male fetuses from MNR group (n=6); MNR-F, female 
fetuses from MNR group (n=5). B: mtDNA copy number for control and MNR fetuses 
baboons determined using the mitochondrially encoded NADH dehydrogenase 6 (ND6) and 
the nuclear encoded gene for B2M (C n=12; MNR n=11; C-M n=6; C-F n=6; MNR-M n=6; 
MNR-F n=5). Means ± SEM; Comparison between groups was performed using a non-
parametric Mann-Whitney test. P-value less than 0.05 was considered significant. *P<0.05 vs. 
respective controls or as indicated. 
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profiling in fetal cardiac left ventricle RNA samples. The complete set of data is 

shown in Table 5.4 and summarized in Figure 5.3, 5.4 and 5.5. PCR arrays presented 

a residual percentage of absent calls, approximately 10% of genes were not 

determined or were detectable but the gene’s average threshold cycle was greater 

than the defined cut-off value (Ct = 35), these genes will appear colored as gray in 

Figure 5.3 and 5.4. The heat maps in Figure 5.3 and 5.4 provide a summary graphical 

representation of fold regulation expression data for maternal diet effects in fetus 

cardiac left ventricle (C vs. MNR, Figure 5.3) and for gender differences between the 

control fetuses (C-M vs. C-F, Figure 5.4).  Qualitatively, our results support the 

notion that MNR increased several mitochondrial transcripts and that female fetuses 

had higher levels of mitochondrial transcripts. The statistical analyses confirmed that 

the mitochondrial transcripts investigated showed diet-dependent effects, with a 

significant overall increased mitochondrial-relevant transcripts in the MNR fetuses 

compared with control fetuses, with the greatest alterations occurring when genders 

were combined (Figure 5.5E). There were 21 transcripts differentially present in the 

MNR group, with 85% of the alterations showing upregulation. Most of the 

upregulated transcripts encoded subunits of mitochondrial OXPHOS system, 

including 3 of 33 subunits analyzed from complex I: NDUFB6, NDUFB7, and 

NDUFV1; 2 of 4 subunits analyzed for complex II: SDHC and SDHD; 1 of 6 

subunits analyzed for complex III: UQCR11; and 5 of 21 subunits analyzed for ATP 

synthase: ATP5A1, ATP5B, ATP5F1, ATP5G3 and ATP5L. In addition, transcripts 

for regulators and mediators of mitochondrial molecular transport, namely small-

molecule transporters (SLC25A24 and SLC25A27); one member of the outer 

membrane translocation system (TOMM34); the mitochondrial outer membrane 

import complex protein 2 (MTX2); the mediator of mitochondrial fusion (MFN2); 

the heat shock protein 1 (HSPD1) and the one pro-apoptotic factor (BNIP3) were 

also upregulated in the MNR group. Finally, two members related to apoptosis 

pathway (PMAIP1 and TP53) and one related with cholesterol transporter (TSPO) 

were downregulated. 

A significant sexual dimorphism was present in the mitochondrial-related expression 

profile of the control fetuses. Female fetuses presented a higher content in 

transcripts for NDUFB5 and NDUFC1, complex I subunits; COX6C, a cytochrome 

c oxidase subunit; MSTO1, a regulator of mitochondrial morphology and 

distribution; SLC25A3, SLC25A4, SLC25A20, regulators and mediators of 
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mitochondrial molecular transport and SOD1 that encodes for the cytosolic 

superoxide dismutase. However, the gender differences were attenuated by maternal 

MNR with just one transcript being different between genders for this group, the 

subunit of complex I NDUFB7. 

Diet-induced transcript differences were also observed within the same gender. In 

summary, multiple components of the mitochondrial respiratory chain were 

increased in MNR male fetuses, including two subunits of complex I (NDUFA1, 

NDUFS6), one subunit of complex II (SDHD), one subunit of complex III 

(UQCR11) and two ATP synthase subunits (ATP5A1, ATP5G3). Increased 

transcripts also included SLC25A24, MTX2, HSPD1, BNIP3 as well as one member 

of the outer membrane translocase complex (TOMM70A). 

In the MNR female fetus, MNR resulted in a significant increase in the abundance of 

two transcripts for the mitochondrial respiratory chain, including NDUFB6 and 

NDUFB7. On the other hand, female fetuses exhibited a significant decrease in 

transcripts related to cell death pathways, such as the pro-apoptotic Bcl-2-binding 

component 3 (BBC3), BID, a mediator of mitochondrial damage induced by caspase-

8, PMAIP1, which is related to the activation of caspases and apoptosis and TP53. 

Other significant diet-induced downregulated gene-expression occurred for 

TIMM22, an inner mitochondrial membrane protein translocase and TSPO, which 

has been connected with the transport of cholesterol. 
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Figure 5.3 Diet effects in gene expression profile.  
Maternal nutrient reduction to 70% of the food eaten by the control mothers on a weight-
adjusted basis leads to changes in gene expression profile on fetus cardiac left ventricle 
tissue. The heat map represents the transcriptome profile assessed in The Human 
Mitochondrial Energy Metabolism (top) and in the Human Mitochondria (bottom) pathway 
arrays in response to MNR when both genders were combined. Red and green indicate 
increased and decreased expression, respectively, relative to control group. Values were 
normalized to endogenous controls [hypoxanthine phosphoribosyltransferase 1 (HPRT1), 
ribosomal protein L13a (RPL13A), and Beta-actin (ACTB)] and expressed relative to their 
normalized values. n=12 (genders combined) animals/group. Cells in the heat map which are 
colored gray correspond to genes with erroneous fold changes, that is, this transcript average 
threshold cycle was either not determined or greater than the defined cut-off value (Ct = 35), 
in at least one of the groups, meaning that its expression was undetected, making this fold-
change result erroneous and un-interpretable. See the Material and Methods Table 3.2 and 
Table 3.3 for gene abbreviations used. 

Fold-change -2.32 2.32 

Fold-change -4.02 4.02 
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Figure 5.4 Gender effect in gene expression profile. 
Expression profile comparison for control fetuses cardiac left ventricle tissue. The heat map 
represents the transcriptome profile assessed in The Human Mitochondrial Energy 
Metabolism (top) and in the Human Mitochondria (bottom) pathway arrays in response to 
fetus gender only for the control group. Red and green indicate increased and decreased 
expression, respectively, relative to control male fetuses. Values were normalized to 
endogenous controls [hypoxanthine phosphoribosyltransferase 1 (HPRT1), ribosomal 
protein L13a (RPL13A), and Beta-actin (ACTB)] and expressed relative to their normalized 
values. n=12 (genders combined) animals/group. Cells in the heat map which are colored 
gray correspond to genes with erroneous fold changes, that is, this transcript average 
threshold cycle was either not determined or greater than the defined cut-off value (Ct = 35), 
in at least one of the groups, meaning that its expression was undetected, making this fold-
change result erroneous and un-interpretable. See the Material and Methods Table 3.2 and 
Table 3.3 for gene abbreviations used. 

Fold-change -2.98 2.98 

Fold-change -1.45 1.45 
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Figure 5.5 Cardiac left ventricle gene expression analysis. 
Gene expression analysis of control and MNR baboon fetuses at 0.9 gestation. mRNA 
abundance for mitochondrial proteins was assessed by PCR array cardiac left ventricle 
samples from baboon fetuses from mothers fed ad libitum (control group) or 70% of the 
control diet (MNR group) at 0.9 gestation. A: Sexual dimorphism in the mitochondrial 
profile of control fetuses; B: and C: comparison of transcripts expression based on maternal 
diet for the same gender [male fetuses (B) and female fetuses (C)]; D: gender dimorphism in 
the mitochondrial profile of the MNR fetus and E: global diet-dependent effects in the 
mitochondrial gene expression profile. Transcripts related to oxidative phosphorylation 
system (OXPHOS), complex I (CI; NADH dehydrogenase), complex II (CII; succinate 
dehydrogenase), complex III (CIII; ubiquinol cytochrome c oxidoreductase), complex IV 
[CIV; cytochrome c oxidase (COX)], and complex V (CV; ATP synthase). Values were 
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normalized to endogenous controls [hypoxanthine phosphoribosyltransferase 1 (HPRT1), 
ribosomal protein L13a (RPL13A), and Beta-actin (ACTB)] and expressed relative to their 
normalized values. Means ± SEM; n=6 (when separated by gender) or n=12 (genders 
combined) animals/group. All transcripts presented have P<0.1 vs. respective paired group. 
*P<0.05 vs. respective controls. See the Table 5.4 or the Material and Methods Table 3.2 and 
Table 3.3 for gene abbreviations used. 
 
 
Table 5.4. mRNA abundance of mitochondrial proteins was assessed by PCR array. 
mRNA levels in cardiac left ventricle samples from baboon fetuses originating from mothers 
fed ad libitum (controls, C) or 70% of the control diet (maternal nutrient reduction, MNR) at 
0.9 gestation. Symbol denotes the gene identification, RefSeq denotes the Reference 
Sequence from the National Center for Biotechnology Information collection, Description 
gives a summary information about the gene identification and/or function, Fold difference 
was calculate between the groups enunciated, positive values for up regulation and negative 
values for a down regulation. Fold differences relevant to the mitochondrial profile of the 
control fetus (control female, C-F vs. control male, C-M) were presented in the C-F vs. C-M 
section, as well the comparison of transcripts expression based on maternal diet for the same 
gender (in the MNR-M vs. C-M and MNR-F vs. C-F sections), the gender dimorphism in the 
mitochondrial profile of the MNR fetus (in the MNR-F vs. MNR-M section) and global diet-
dependent effects in the mitochondrial expression profile (MNR vs. C section). The 
transcripts presented have either 0.05<P<0.1 or P<0.05 in bold. 
 

Symbol Refseq Description Fold difference P-value 

         C-F vs. C-M     

ATP6V0A2 NM_012463 ATPase, H+ transporting, 
lysosomal V0 subunit a2 1,339 0,070 

BCS1L NM_004328 BCS1-like (S. cerevisiae) 1,272 0,053 
COX6C NM_004374 Cytochrome c oxidase subunit VIc 1,563 0,010 

NDUFB5 NM_002492 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 5 1,404 0,034 

NDUFC1 NM_002494 
NADH dehydrogenase 
(ubiquinone) 1, subcomplex 
unknown, 1 1,376 0,042 

SDHC NM_003001 
Succinate dehydrogenase complex, 
subunit C, integral membrane 
protein 1,339 0,089 

SDHD NM_003002 
Succinate dehydrogenase complex, 
subunit D, integral membrane 
protein 1,537 0,066 

UQCRH NM_006004 Ubiquinol-cytochrome c reductase 
hinge protein 1,264 0,086 

MFN2 NM_014874 Mitofusin 2, mediator of 
mitochondrial fusion 1,570 0,092 

MSTO1 NM_018116 
Misato homolog 1, mitochondrial 
distribution and morphology 
regulator 1,370 0,034 

MTX2 NM_006554 
Metaxin 2, mitochondrial outer 
membrane import complex protein 
2 1,661 0,068 

SLC25A17 NM_006358 
Solute carrier family 25 
(mitochondrial carrier; peroxisomal 
membrane protein), member 17 1,271 0,073 

SLC25A20 NM_000387 
Solute carrier family 25 
(carnitine/acylcarnitine 
translocase), member 20 1,300 0,045 
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SLC25A3 NM_002635 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 3 2,044 0,016 

SLC25A4 NM_001151 

Solute carrier family 25 
(mitochondrial carrier; adenine 
nucleotide translocator), member 4, 
ANT1 1,471 0,049 

SOD1 NM_000454 Superoxide dismutase 1, soluble, 
Cu/Zn superoxide dismutase  1,583 0,015 

TIMM10 NM_012456 Translocase of inner mitochondrial 
membrane 10 homolog (yeast) 1,309 0,099 

TP53 NM_000546 Tumor protein p53, P53 tumor 
suppressor 1,593 0,070 

TSPO NM_000714 Translocator protein (18kDa), 
transport of cholesterol  1,395 0,083 

UXT NM_004182 Ubiquitously-expressed transcript 1,308 0,060 

         MNR-M vs. C-M     

ATP5A1 NM_004046 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, alpha 
subunit 1 3,019 0,012 

ATP5G3 NM_001689 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
C3 2,287 0,010 

ATP5L NM_006476 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
G 2,294 0,058 

COX4I2 NM_032609 Cytochrome c oxidase subunit IV 
isoform 2 1,464 0,071 

NDUFA1 NM_004541 NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex, 1 1,495 0,041 

NDUFA11 NM_175614 
NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex, 
11 2,103 0,070 

NDUFB5 NM_002492 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 5 1,368 0,079 

NDUFB6 NM_182739 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 6 1,666 0,084 

NDUFS6 NM_004553 NADH dehydrogenase 
(ubiquinone) Fe-S protein 6 2,194 0,027 

NDUFS7 NM_024407 NADH dehydrogenase 
(ubiquinone) Fe-S protein 7 1,563 0,094 

NDUFV1 NM_007103 NADH dehydrogenase 
(ubiquinone) flavoprotein 1 1,396 0,081 

SDHD NM_003002 
Succinate dehydrogenase complex, 
subunit D, integral membrane 
protein 1,830 0,047 

UQCR11 NM_006830 Ubiquinol-cytochrome c reductase, 
complex III subunit XI 2,145 0,026 

BNIP3 NM_004052 
BCL2/adenovirus E1B 19kDa 
interacting protein 3, pro-apoptotic 
factor 3,367 0,023 

HSPD1 NM_002156 
Heat shock 60kDa protein 1, 
chaperonin family, folding and 
assembly of proteins 2,018 0,018 

MTX2 NM_006554 
Metaxin 2, mitochondrial outer 
membrane import complex protein 
2 2,271 0,019 

SLC25A24 NM_013386 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 24 2,745 0,019 
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SOD1 NM_000454 Superoxide dismutase 1, soluble, 
Cu/Zn superoxide dismutase  1,293 0,098 

TIMM50 NM_001001563 
Translocase of inner mitochondrial 
membrane 50 homolog (S. 
cerevisiae) -3,232 0,053 

TOMM34 NM_006809 Translocase of outer mitochondrial 
membrane 34 1,446 0,099 

TOMM70A NM_014820 
Translocase of outer mitochondrial 
membrane 70 homolog A (S. 
cerevisiae) 1,612 0,048 

UCP2 NM_003355 
Uncoupling protein 2 
(mitochondrial, proton carrier), 
SLC25A8, proton leak 1,380 0,073 

         MNR-F vs. C-F     

ATP5G3 NM_001689 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
C3 1,575 0,093 

ATP5J2 NM_004889 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
F2 1,586 0,082 

ATP5L NM_006476 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
G 1,721 0,037 

NDUFB6 NM_182739 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 6 1,542 0,008 

NDUFB7 NM_004146 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 7 3,336 0,001 

BBC3 NM_014417 BCL2 binding component 3 -1,596 0,032 

BID NM_001196 BH3 interacting domain death 
agonist -1,622 0,028 

BNIP3 NM_004052 
BCL2/adenovirus E1B 19kDa 
interacting protein 3, pro-apoptotic 
factor 2,278 0,098 

PMAIP1 NM_021127 

Phorbol-12-myristate-13-acetate-
induced protein 1, related to 
activation of caspases and 
apoptosis -1,624 0,025 

SLC25A23 NM_024103 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 23 -1,405 0,080 

SLC25A24 NM_013386 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 24 1,570 0,052 

TIMM22 NM_013337 Translocase of inner mitochondrial 
membrane 22 homolog (yeast) -1,631 0,024 

TP53 NM_000546 Tumor protein p53, P53 tumor 
suppressor -1,933 0,021 

TSPO NM_000714 Translocator protein (18kDa), 
transport of cholesterol  -1,651 0,020 

         MNR-F vs. MNR-M     

NDUFB6 NM_182739 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 6 1,447 0,057 

NDUFB7 NM_004146 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 7 2,084 0,014 

         MNR vs. C     

ATP5A1 NM_004046 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, alpha 
subunit 1 2,071 0,004 



MNR effects on fetal cardiac mitochondria 

Programming of fetal cardio-renal mitochondria by maternal nutrition                                           119 

ATP5B NM_001686 
ATP synthase, H+ transporting, 
mitochondrial F1 complex, beta 
polypeptide 1,360 0,048 

ATP5F1 NM_001688 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
B1 2,120 0,024 

ATP5G3 NM_001689 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
C3 1,898 0,002 

ATP5J NM_001685 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
F6 1,168 0,094 

ATP5J2 NM_004889 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
F2 1,380 0,069 

ATP5L NM_006476 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit 
G 1,987 0,003 

NDUFB5 NM_002492 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 5 1,202 0,088 

NDUFB6 NM_182739 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 6 1,603 0,004 

NDUFB7 NM_004146 NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex, 7 1,966 0,013 

NDUFC1 NM_002494 
NADH dehydrogenase 
(ubiquinone) 1, subcomplex 
unknown, 1 1,207 0,090 

NDUFS3 NM_004551 NADH dehydrogenase 
(ubiquinone) Fe-S protein 3 1,209 0,066 

NDUFS7 NM_024407 NADH dehydrogenase 
(ubiquinone) Fe-S protein 7 1,363 0,051 

NDUFV1 NM_007103 NADH dehydrogenase 
(ubiquinone) flavoprotein 1 1,328 0,012 

SDHC NM_003001 
Succinate dehydrogenase complex, 
subunit C, integral membrane 
protein 1,379 0,040 

SDHD NM_003002 
Succinate dehydrogenase complex, 
subunit D, integral membrane 
protein 1,491 0,027 

UQCR11 NM_006830 Ubiquinol-cytochrome c reductase, 
complex III subunit XI 1,790 0,023 

BBC3 NM_014417 BCL2 binding component 3 -1,309 0,054 

BID NM_001196 BH3 interacting domain death 
agonist -1,304 0,066 

BNIP3 NM_004052 
BCL2/adenovirus E1B 19kDa 
interacting protein 3, pro-apoptotic 
factor 2,770 0,003 

HSPD1 NM_002156 
Heat shock 60kDa protein 1, 
chaperonin family, folding and 
assembly of proteins 1,766 0,009 

MFN2 NM_014874 Mitofusin 2, mediator of 
mitochondrial fusion 1,465 0,041 

MTX2 NM_006554 
Metaxin 2, mitochondrial outer 
membrane import complex protein 
2 1,754 0,004 

PMAIP1 NM_021127 

Phorbol-12-myristate-13-acetate-
induced protein 1, related to 
activation of caspases and 
apoptosis -1,375 0,023 

SLC25A22 NM_024698 Solute carrier family 25 
(mitochondrial carrier: glutamate), -1,449 0,045 
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member 22 

SLC25A23 NM_024103 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 23 -1,363 0,061 

SLC25A24 NM_013386 
Solute carrier family 25 
(mitochondrial carrier; phosphate 
carrier), member 24 2,076 0,001 

SLC25A27 NM_004277 Solute carrier family 25, member 
27, UCP4 4,942 0,044 

TIMM22 NM_013337 Translocase of inner mitochondrial 
membrane 22 homolog (yeast) -1,336 0,051 

TIMM50 NM_001001563 
Translocase of inner mitochondrial 
membrane 50 homolog (S. 
cerevisiae) -2,031 0,062 

TIMM8B NM_012459 Translocase of inner mitochondrial 
membrane 8 homolog B (yeast) -1,223 0,052 

TOMM34 NM_006809 Translocase of outer mitochondrial 
membrane 34 1,383 0,026 

TOMM70A NM_014820 
Translocase of outer mitochondrial 
membrane 70 homolog A (S. 
cerevisiae) 1,305 0,100 

TP53 NM_000546 Tumor protein p53, P53 tumor 
suppressor -1,468 0,027 

TSPO NM_000714 Translocator protein (18kDa), 
transport of cholesterol  -1,332 0,041 

 

 
5.2.6 MNR offspring presented altered mitochondrial 

protein content  
 
After detecting alterations in mtDNA and mRNA levels, we next investigated MNR 

effects on offspring specific mitochondrial proteins content. Ultimately, we would 

like to assess whether the changes at the transcript levels were translated to the 

protein level, so we performed Western blot and immunohistochemistry analysis.  

In agreement with the observed increase in mRNA expression of the respiratory 

chain subunits, Western blot analysis (Table 5.5 and Figure 5.6) revealed an increase 

in mitochondrial proteins in the fetal MNR group, which was particularly evident for 

components of the mitochondrial respiratory chain, such as subunits of complex I 

(NDUFB8), complex II (UQCRC1) and cytochrome c (Cyt c), an electron 

transporter of the mitochondrial electron transport chain and a major player in cell 

death regulation. VDAC1, an isoform of the voltage-dependent anion-selective 

channel that behaves as a general diffusion pore for small hydrophilic molecules 

facilitating the exchange of ions and molecules between mitochondria and cytosol, 

and cyclophilin D (Cyc D), which is a modulator of the mitochondrial permeability 

transition pore that is located in the mitochondrial matrix were also increased in the 

MNR group. However, the major increase was observed for the mitochondrial 
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fission 1 protein (Fis1, 0.89 ± 0.08 vs. 1.33 ± 0.16), that is implicated in 

mitochondrial fission and regulation of mitochondrial morphology, cell cycle and 

apoptosis with this protein being 1.5-fold increased in the MNR group.  

Diet-induced proteins differences were also observed within the same gender. In 

summary, from the 14 components of the mitochondria that were detectable, 11 

were increased in MNR male fetuses and only two in the MNR female fetuses 

(COX6C and Fis1), denoting a more pronounced effect of the MNR on the male 

fetuses. It is important to take in consideration the pronounced gender dimorphism 

was already present in the control fetuses, with the female fetuses displaying a higher 

amount of nine mitochondrial proteins (UQCRC1, UQCRC2, MT-CO2, ATP5A1, 

ATP5A, Cyt c, VDAC, CyC D and CAT). Interestingly, MNR attenuated this 

gender-related difference by decreasing to four the number of the mitochondrial 

proteins that were distinct between genders in the MNR groups (NDUFB8, COX6C, 

CAT and FIS1). 

Besides Western blot analysis, the tissue content of four mitochondrial proteins 

(COX6C, CYC1, MFN2, and TIMM9A) was also measured by 

immunohistochemistry (Figure 5.7 and Figure 5.8). In agreement with the overall 

mitochondrial proteins pattern, an increase in mitofusin 2 (MFN2), a mitochondrial 

membrane protein that participates in the mitochondrial fusion contributing to the 

maintenance and operation of the mitochondrial network, was measured in the left 

ventricle of MNR female fetuses (Figure 5.7). Although, under control diet 

conditions, female fetuses had decreased content of MFN2 when compared to male 

fetal samples (fraction stained (%) and in density (AU)). There were no differences 

between diets or genders in the quantitative immunohistochemistry of CYC1, 

COX6C or TIMM9A in the analyzed cardiac tissue (Figure 5.8). 
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Figure 5.6 Representative protein immunoblot detection on fetal cardiac left ventricle 
tissue from control (C) and maternal nutrient reduction (MNR) groups. 
Protein contents were determined in fetal cardiac tissue of control ad libitum-fed pregnancies 
and in the presence of MNR, characterized as 70% of the food consumed by control 
mothers on a weight-adjusted basis of baboons at 0.9 gestation. C-M, male fetuses from 
control group; C-F, female fetuses from control group; MNR-M, male fetuses from MNR 
group; MNR-F, female fetuses from MNR group; T1, left ventricle cardiac sample from an 
adult male baboon; T2, left ventricle cardiac sample from an adult female baboon; T3, 
cardiac human sample, not used in all membranes. Ponceau staining for the respective 
membrane was used for normalization and as a loading control since common protein used 
for that objective may be altered by the nutritional manipulations. 
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Figure 5.7 Quantitative immunohistochemistry of mitochondrial protein MFN2 in 
cardiac left ventricle tissue of fetal baboon. 
The fetuses analyzed were from mothers that were fed ad libitum (control group) or fed with 
70% of the control diet (MNR group). A: representative micrographs (magnification: x20) 
from cardiac sections of C-M, male fetuses from control group; C-F, female fetuses from 
control group; MNR-M, male fetuses from MNR group; MNR-F, female fetuses from MNR 
group. Immunoreactivity was expressed as fraction stained (in %; B) and density [C; in 
arbitrary units (AU)]. Data are expressed as mean and SEM; n=5 (when separated by gender) 
or n=10 (genders combined) animals/group. Comparison between groups was performed 
using a non-parametric Mann-Whitney test. P-value less than 0.05 was considered significant. 
*P<0.05 vs. respective controls. 
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Figure 5.8. Representative 
immunohistochemistry of 
mitochondrial subunit 
CYC1, COX6C and 
TIMM9A. 
The mitochondrial subunits 
CYC1 (A), COX6C (B) and 
TIMM9A (B) were analyzed 
in cardiac left ventricle 
tissue of fetal baboon from 
mothers that were fed ad 
libitum (control group) or 
fed with 70% of the control 
(MNR group). C-M, male 
fetuses from control group; 
C-F, female fetuses from 
control group; MNR-M, 
male fetuses from MNR 
group; MNR-F, female 
fetuses from MNR group. 
Micrographs (magnification: 
x20).  
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5.2.7 MNR impaired the activity of cardiac mitochondrial 
proteins in the offspring 

 
The next step was the evaluation of the activity of selected enzymes involved in 

mitochondrial metabolic pathways (Table 5.6). We started by measuring the activity 

of citrate synthase (CS), a mitochondrial matrix enzyme, commonly used as a 

mitochondrial marker and as a normalization factor for mitochondrial mass between 

experimental groups. MNR decreased the activity of citrate synthase; the value of the 

control group was almost 1.8-fold higher than the MNR group (1798.74 ± 145.87 

nmol/min/mg protein vs. 1011.39 ± 189.87 nmol/min/mg protein), for female 

fetuses the maternal reduced diet had a larger effect, reaching a 2-fold difference 

between C-F and MNR-F (1526.98 ± 187.18 nmol/min/mg protein vs. 741.41 ± 

97.94 nmol/min/mg protein). Citrate synthase activity also varied among genders in 

the control group. Considering that the decrease in citrate synthase activity may 

reflect inherent mitochondrial dysfunction caused by maternal nutrient reduction, we 

decided to express the activities of mitochondrial respiratory chain complexes before 

and after normalization with citrate synthase. 

The activity of mitochondrial respiratory chain complex was also measured for the 

same samples. Mitochondrial complex I, complex II/III and complex IV activities 

were significantly decreased in the MNR group, with complex II/III being the most 

severely affected by the reduced maternal diet, presenting a decrease of 80% in its 

activity. By analyzing the MNR effects for the male fetuses, we found that complex I 

and complex II/III activities were significantly decreased, with complex II/III 

activity reaching a 4.5-fold decline. Conversely, complex IV activity was 3.5-fold 

increased for the same group. We found a similar pattern in female fetuses, with 

MNR inducing a 6.4-fold decrease in the activity of complex II/III and a 10.4-fold 

increase in complex IV activity. Once again, a gender dimorphism was already 

present in control groups, with female fetuses presenting a higher activity for 

complex III and a decreased activity for complex II/III when compared with the 

male fetuses. The MNR completely abolished these gender-related differences 

between fetuses.  

After the normalization with citrate synthase activity, we were still able to detect an 

effect of maternal diet in fetal mitochondrial respiratory chain activities, leading to a 

significant decrease in complex II/III activity and an increase in complex IV activity. 

However, only complex III activity remained distinct between genders in the control 
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group (C-M vs. C-F). 

 
 
 
5.2.8 MNR caused a decline in fetal cardiac tissue energy 

state as determined by adenine nucleotides content 
 
We further determined possible differences in adenine nucleotide levels in control 

and MNR fetuses (Table 5.7). Although no significant differences were observed in 

mitochondrial ADP and AMP levels, a decrease of 73% in ATP levels occurred in 

MNR fetuses when compared to controls. Moreover, this result was mostly due to 

the effect of MNR in male fetus. Diet-induced reduction of adenylate energy charge 

(AEC) was also observed for male fetuses. Once again, gender dimorphism was 

noted in control groups, with males exhibiting 5.2-fold higher ATP content and an 

increase of 2.2-fold in adenylate energy charge.  

 
5.2.9 MNR increased lipid peroxidation in the fetal 

cardiac tissue 
 
We next evaluated antioxidant and oxidant balance in the cardiac left ventricle from 

fetuses. Oxidative stress was evaluated based on oxidative lesion of lipids caused by 

ROS production (MDA content) and by measuring antioxidant enzymes and 

molecules, including activity of glutathione peroxidase (Gl-Px), glutathione reductase 

(Gl-Red) and the quantification of reduced and oxidized glutathione (GSH and 

GSSG) and vitamin E (Table 5.8). 

MNR animals presented an increase of 40% in MDA levels, a biomarker of lipid 

damage by oxidative stress, indicating an oxidative environment in the cardiac left 

ventricle tissue. Likewise, this result was mostly due to the effect of MNR in male 

fetuses, since MDA was 60% increased in MNR-M. Another dissimilarity detected 

regarded the effect in the levels of GSH between fetuses of the MNR group, with the 

MNR-F group exhibiting 2.4-fold more GSH than MNR-M. Nevertheless, when 

comparing the GSH values for the controls, it appears that MNR induced a decrease 

in that antioxidant compound in males and an increase in female fetuses. Still, the 

variations did not reach significance when considering the diet effect. 
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5.2.10 MNR altered mitochondrial morphology of 

cardiac left ventricle 
 
Finally we used transmission electron microscopy to analyze the mitochondrial 

morphology and their overall organization within the left ventricle tissue (Figure 5.9 

and Figure 5.10).  

MNR resulted in drastically altered mitochondrial ultrastructure. (Figure 5.9). The 

ultrastructural variations in mitochondrial architecture occur mainly due to the 

differences in cristae amount and shape, which derived from the infolded inner 

mitochondrial membrane, in which protein complexes of oxidative phosphorylation 

and intermediate metabolism are embedded. Abundant cristae are found in 

mitochondria from control hearts, whereas MNR left ventricle samples displayed 

mitochondria with sparse cristae, disarrangement and distortion of cristae, partial or 

total cristolysis and electron-lucent matrix. MNR also appeared to induce an increase 

in mitochondria number, although this was not quantified. 

Diet-induced mitochondrial morphological alterations were more prominent in the 

MNR male fetuses, presenting defective mitochondria with few cristae and some 

resembling onion-like structure, characterized by multi-layered inner membranes 

suggesting concentric spherical rings (the arrow in Figure 5.9 indicates a 

mitochondrion with multiple concentric sheets of the inner membrane). Although 

more images must be analyzed, it appears that multiple double-membrane structures 

exist in the two MNR groups. Though no evidence exists at this point, one may 

wonder if at least some of these structures represent autophagic vacuoles. 
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Figure 5.9 Representative transmission electron microscopy of cardiac left ventricle 
tissue of fetal baboon from mothers that were fed ad l ib i tum (control group) or 70% 
of the control (MNR group). 
C-M, male fetuses from control group; C-F, female fetuses from control group; MNR-M, 
male fetuses from MNR group; MNR-F, female fetuses from MNR group. Arrow indicates 
one mitochondrion with multiple concentric sheets of the inner membrane. Method of 
staining: uranyl acetate/lead citrate. Micrographs were taken with a magnification of 3,300x. 
Scale bar = 500 nm.  

C-M    

MNR-M    MNR-F    

C-F    
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Figure 5.10. Magnification of the image shown in Figure 5.9 of a control female for 
detailed mitochondrial morphology. 
Mitochondria are delimited by double membranes, enclosing the matrix (Ma), section that 
contains the mitochondrial DNA. The topology of the inner mitochondrial membrane 
(IMM) is dynamically controlled, allowing a vast variation in the morphology of the cristae 
(Cri). The outer mitochondrial membrane (OMM) is more uniform and establishes the 
organelle border. OMM, outer mitochondrial membrane; IMM, inner mitochondrial 
membrane; Ma, matrix; Cri, cristae; Mi, mitochondrion. Method of staining: uranyl 
acetate/lead citrate. Micrographs were taken with a magnification of 3,300x. Scale bar = 500 
nm. 
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5.3 Discussion  
 
5.3.1 Morphological and biochemical implications of 

MNR 
 
During pregnancy, maternal metabolism undergoes a series of adaptations to sustain 

the needs of the developing fetus and placenta 300. The present study demonstrates 

that MNR until 0.9 gestation altered multiple physiological outcomes in the fetal 

baboons cardiac left ventricle. Maternal weight gain was decreased in MNR mothers, 

as well the placental weight, being the effects more severe in MNR mothers carrying 

a male fetuses. MNR reduced the fetal weight, femur length and chest circumference 

of the MNR offspring. However, fetal heart weight or heart weight-to-body weight 

ratio were similar between the groups. Only brain weight-to-body weight ratio was 

increased in the MNR fetuses, which can be an indicator of the redistribution of fetal 

blood flow to favor the brain in response to reduced supply of nutrients. As a 

consequence, brain growth was maintained while other viscera atrophied. For 

humans, it is widely accepted that the determination of brain-to-liver weight ratio is a 

marker of nutritional growth restriction, with a normal value of 2.8:1, and values 

higher than 4 indicating asymmetrical intrauterine growth restriction 301,302. Applying 

this calculation to our baboon model, we obtained a ratio of 3.31 in the control 

group and the value of 4.18 for the MNR group was obtained, suggesting fetal IUGR 

occurred in the MNR group; however, this indicator is not commonly used in NHP. 

We should also consider the epidemiologic evidence found by Barker in a birth 

cohort of more than 12,000 people in Finland, where those that later in life 

developed heart failure had small placentas, indicating that placental insufficiency 

may predispose the fetus for heart diseases later in life 303.  

Adjustment of protein metabolism is also a vital component of maternal adaptation 

to pregnancy, since amino acids are substrates for protein synthesis, tissue formation 

and other biologically important molecules 304. Typically, human maternal amino acid 

concentrations are diminished during pregnancy 305. In accordance with what 

happens in human pregnancies, previous data published for our model also reported 

a decrease in circulating concentrations of several amino acids at 0.5 gestation 

compared with pre-pregnancy 306. In human pregnancies, differences in maternal 

amino acid concentrations in pathologic conditions, such as spontaneous abortion 
307, diabetes 308, or IUGR 309 have been reported. In a seminal work from Cetin and 
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collaborators, IUGR in human pregnancies was associated with increased maternal 

plasma amino acid concentrations for alanine, arginine, histidine, isoleucine, leucine, 

lysine, phenylalanine, tyrosine, and valine, comparing with normal pregnant women 

of the same gestational age 305. In agreement with the reported elevation in the 

concentration of most essential amino acids in maternal plasma in women with 

IUGR 305 our MNR model evidenced similar effects, with a marked increase of 

arginine, histidine, isoleucine, lysine, and valine in maternal plasma from MNR 

group. In our model, asparagine and serine were also significantly increased in the 

MNR group, tyrosine was also 2.2-fold higher in the MNR group but did not reach 

the statistical significance. The only exception was phenylalanine that was decreased 

in the maternal plasma from the MNR group. It was surprising how well the 

maternal amino acid plasma profile of our model correlated with amino acids in 

maternal plasma in women with IUGR. The increased plasma concentrations of 

these amino acids can be a result from increased protein breakdown, such as a 

mobilization of maternal protein reserve normally from skeletal muscle, or reduced 

hepatic catabolism. 

However, we should take in consideration that placental metabolism may be also 

impaired, resulting in a deficient amino acid transport to fetuses. Amino acids were 

actively transported by the placenta resulting in a fetal concentration of amino acids 

almost 2-fold higher than in maternal plasma, being this feto-maternal gradient in 

accordance with what has been described for human fetuses 309. Despite all the 

maternal alterations, only two fetal amino acids were affected by MNR: arginine that 

was increased in MNR fetuses and glutamine that was decreased in the same group. 

Glutamine is the most abundant amino acid in the human body, being mainly 

produced in the muscles. Several important metabolic products are derived from 

glutamine, for example it is involved in the biosynthesis of DNA and RNA and the 

antioxidant glutathione contains glutamate (derived from glutamine). Glutamine is 

also involved in the regulation of the immune system and gut function, as well as in 

the removal of excess ammonia, keeping in this way the acid-base balance. 

Glutamine entrance into the citric acid cycle via alpha-ketoglutarate can be an 

important pathway for energy production. Considering the numerous metabolic 

processes where glutamine is a part of, it is not surprising that this imbalance can 

have adverse effects in numerous organ systems 310,311. 

Glucose is a major energy substrate and essential for fetal metabolism and growth. 
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Glucose metabolism is regulated by a relatively complex set of mechanisms that tend 

to keep its concentration relatively constant 312–314. Maternal glucose concentration 

can be maintained by enhancing rates of maternal glucose production or acquisition 

of glucose intolerance and insulin resistance until a certain level. Maternal glucose is 

transferred to the fetus through the placenta. Placental glucose uptake and transport 

are dependent on maternal glucose concentration, uterine blood flow and placental 

glucose utilization 312,313. In our study, glucose level in control mothers fed ad libitum 

was almost 2-fold higher than that of their fetuses at 0.9 gestation. However, no 

difference was observed in glucose levels between control mothers fed ad libitum and 

MNR mothers when genders were combined. Only for mothers carrying male 

fetuses, MNR caused an increase in circulating glucose. However, the levels of 

glucose in their offspring remained unaltered. We need to take into consideration the 

fetal production of insulin by the emergent pancreas, which can contribute to an 

increase in glucose utilization in the insulin-sensitive developing tissues such as heart, 

skeletal muscle, liver and adipose tissue 253,312,315,316. However, MNR-M fetuses 

exhibited a reduction in the insulin levels in plasma. In accordance with these 

findings, it was previously described that MNR decreased the size, number, and 

insulin staining density of pancreatic islets in this model 251. On the other hand, no 

measurable effects of maternal nutrition on insulin maternal plasma were detected. 

Nonetheless, an association between increased insulin levels and MNR female fetuses 

for maternal and fetal blood plasmas was found. Ultimately, we should take in 

consideration that glucose uptake by fetal tissues is controlled by glucose 

transporters, whose expression can be influenced by changes in fetal glucose 

concentration and intrauterine conditions 312,317,318. Another important aspect is that 

without the anabolic effect of insulin, no amount of substrate will induce optimal 

growth 319. Despite the limited fetal effects of MNR at 0.9 gestation, a seminal 

validation of this model was described by Choi and collaborators when a 

manifestation of insulin resistance in juvenile baboon offspring of MNR mothers 

was found associated with an overall phenotype that would later influence type 2 

diabetes. Juvenile offspring showed an increased fasting glucose and fasting insulin as 

well beta cells responsiveness accompanied by decreased peripheral glucose disposal 
253. 

Fetal cortisol production is very low in early gestation, but it rises markedly shortly 

before birth 320. Pregnant women also exhibit increasing plasma cortisol near term 321. 
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Cortisol promotes the maturation of fetal organ systems, including the lungs, heart, 

liver, thyroid, and gut, needed for extrauterine life 320,322. In the current study, 

circulating cortisol concentrations in control mothers fed ad libitum were about 2-fold 

higher than in their offspring at 0.9 gestation. Proportional increases in cortisol were 

observed in both maternal and fetal plasma in MNR baboons, thereby maintaining a 

similar maternal-to-fetal circulating cortisol gradient in control and MNR 

pregnancies. However, MNR significantly increased the maternal circulation cortisol 

levels, in special for the MNR mothers carrying male fetuses. Excess cortisol levels 

had been previously associated with metabolic syndrome 255, so increased maternal 

cortisol can predispose MNR fetuses to the development of hyperglycemia, insulin 

resistance and obesity later in life. 

 
 
5.3.2 Mitochondrial DNA was increased in MNR fetuses 
 
The present study was focused into the cardiac left ventricle because it is the thickest 

heart chamber being responsible in the adult life for pumping oxygenated blood to 

tissues all over the body. By contrast, the right ventricle solely pumps blood to the 

lungs. This choice was also done because the cardiac left ventricle exhibited a 

relatively high rate of oxygen consumption (approximately twice that of the right 

ventricle). Moreover, left ventricle hypertrophy and increased ventricular wall 

thickness are generally agreed to be powerful and independent risk factors for 

coronary heart disease, stroke and sudden death, and ultimately because the cardiac 

left ventricle has been most frequently studied in clinical and animals models 323. On 

the other hand, analysis of fetal human hearts of third gestational trimester did not 

show a significant difference between any of the stereological parameters of the 

human fetal myocardial structures evaluated comparing right and left ventricular 

myocardium 324. Nevertheless, for a non-human model, the fetal sheep, Smolich and 

collaborators described morphological differences for cardiac left and right ventricles 

for late-gestation fetuses, with the right ventricle exhibiting larger myocytes. 

However, after birth a dominance of the left ventricle emerges and that dissimilarity 

disappeared after the first postnatal week. Eight weeks after birth, morphometrics 

changed and left ventricle myocardium presented larger myocytes and a lower 

myocytes-to-capillary ratio 325. So, we believe that the effects of the MNR 

programming would be exacerbated with the passage from an anaerobic life, such as 
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in utero, to an aerobic metabolism after birth, in which ATP synthesis through TCA in 

mitochondria becomes predominant. By using cardiac left ventricle, that has been 

described to be affected in cardiovascular diseases in adults, we potentiated our 

chances of identifying MNR-related developing program on fetus for later emergence 

of cardiac diseases. We will namely test the possibility of this phenotype being 

imprinted by mitochondrial adaptations already present in the fetus. It is relevant to 

use a more active tissue, since organs with higher metabolic demands are more likely 

to have manifestations of mitochondrial dysfunction by exacerbating the 

mitochondrial defects. 

Mitochondria are implicated in numerous critical functions for the fetal heart 

development, such as ATP production, reduction of oxidative stress, calcium 

homeostasis, control of cell apoptosis and production of hormones 225,326. The first 

mitochondrial indicator that we measured was the mtDNA content. We used a 

quantitative PCR-based assay to accurately determine total mtDNA copy number 

relative to the diploid chromosomal DNA content in a series of fetal cardiac left 

ventricle samples. Since a limited number of publications on baboon mtDNA is 

available 327–329, prior to selecting any region of the mtDNA to act as a reliable marker 

of mtDNA copy number, we designed several sets of primers for four short regions 

(CYTB, D-loop, ND1 and ND6) for mtDNA and three region of the nDNA (B2M, 

HBB and RNA16S) and amplified them by PCR for seven left ventricle cardiac 

DNA extracts, randomly selected to include at least one animal for each group. The 

sample with higher DNA yield was used to create a serial dilution of 10x to 

determine the efficiency of amplification. Taking in consideration the reaction 

efficiency, we selected two sets of primers for mtDNA-encoded genes that have 

better performance and Cts values in the expected range, taking into account the 

experience of mtDNA analysis for other species and human cells. From these, ND1 

and ND6 seemed to be the better indicators. It should be noted that the selected 

genes ND1 and ND6 are encoded each one by a different chain of mtDNA (heavy 

and light strand respectively). From the nuclear genes, we selected B2M, widely used 

as a reference for nuclear gene of mtDNA copy number in other species.  Standards 

were prepared for absolute quantification of mtDNA and nDNA copies, the results 

show that B2M is approximately half of the copies of HBB, suggesting that HBB has 

more than one allele or the primers are amplifying more than one genomic product. 

A blast analysis, comparing the sequence of the HBB primers with the Papio spp. 
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genome data base, showed that these primers originated two genomic products, 

although it appears as only amplifying a product in the cDNA database for the genus 

Papio spp., which was used when designing primers. So, for mtDNA estimation per 

nuclei, we selected B2M as nuclear reference, since the used primers only amplified a 

gene product, as confirmed by analysis of the Papio spp. genome data base. B2M is an 

example of a single copy gene of known sequence that conveniently acts as a marker 

of diploid content (2N). 

On average, each cell contains thousands of mtDNA molecules 330–332. Using ND1 as 

mtDNA reference and B2M as nDNA reference, we determined 714 ± 58 mtDNA 

copies per nuclei in the fetal control cardiac left ventricle and a significant increase in 

the MNR group 1070 ± 122 mtDNA/nDNA. This increase was mainly due to the 

effect of MNR in the mothers carrying a female fetuses.  

The results obtained are in the same range as those previously published, namely a 

mean of 1811 ± 546 mtDNA copy number per diploid nuclear genome for human 

muscle tissues from 16 healthy humans aged 2-45 years 333. In a study from Miller 

and collaborators 332 the human myocardium was found to contain approximately 

twice the number of mtDNA genomes per diploid nucleus as detected for skeletal 

muscle. mtDNA copy number in the human skeletal muscle age 1 h to 95 years was 

3650 ± 620 mtDNA of copies/nDNA and was 6970 ± 920 mtDNA copies per 

diploid nuclear genome in the cardiac muscle, namely the right atrial myocardium 

aged 3 weeks to 80 years. However, we should take in consideration that these 

authors performed a correction, indicating that “the relative copy number of 

mtDNA genome per diploid nuclear genome in a given tissue extract was readily 

computed by taking twice the ratio of the mtDNA and beta-globin plasmid 

equivalent values” 332. This means that for a direct comparison we should multiply 

our values by two. When performing absolute quantifications and comparisons we 

should take in consideration the fact that neonatal human myocardium (0 - 1 year 

old) exhibited around 68% mononucleated cardiomyocytes that remain unchanged 

throughout life 120. In conclusion, humans do not display the transition to 

predominantly binucleated cardiomyocytes which is known to occur in murine 

models after birth 334,335. Another aspect to take into consideration is ploidy. Mollova 

and collaborators found that at the age of 0–1 year, 16.3 ± 5.2% of mononucleated 

human cardiomyocytes were hyperploid (>2N), which increased to 39.5 ± 5.2% 

between 10 to 20 years old and intensified to 54.2 ± 5.8% above 40 years old 120. 
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These results illustrated that human cardiomyocytes undergo significant changes in 

their nuclear ploidy after birth presenting cardiomyocytes with a total nuclear DNA 

content higher than 2N. Because the number of nucleus and ploidy can significantly 

affect the number of copies for the same nuclear gene, we decided not to correct our 

values of nDNA since none of the referred characterizations were performed for the 

baboon heart. However, we consider important to alert to these differences between 

species and warrant caution when comparing absolute values of cardiac mtDNA 

between species and different developmental stages. Nevertheless, it is still valid to 

perform a comparative analysis between the MNR group and control to assess the 

effect of MNR in our study, although not performing the corrections that are 

sometimes made in humans. Still, since we would like to validate the baboon as a 

good model for studying human diseases, it would be beneficial to further investigate 

the necessary corrections for multi-nucleated cells. 

The work form Mollova and collaborators altered the general paradigm that human 

heart grows exclusively by enlargement of cardiomyocytes. Using healthy hearts from 

humans 0-59 years old they found that between the first 20 years of life the number 

of cardiomyocytes increased 3.4-fold in the left ventricle, proving that 

cardiomyocytes proliferation contributes to developmental of heart growth in young 

humans 120. 

 
 
5.3.3 MNR impaired the activity of mitochondrial 

respiratory chain proteins and energy charge 
 
Mitochondrial function and integrity depends on the presence and balance of 

different metabolic pathways. For example, the activities of respiratory chain 

enzymes, tricarboxylic acid cycle, and fatty acid oxidation are interconnected. 

Oxidative phosphorylation occurs through five multienzyme complexes: complex I, 

also known as NADH dehydrogenase, that oxidizes NADH produced by the 

tricarboxylic acid cycle; complex II, succinate dehydrogenase; complex III, ubiquinol 

cytochrome c oxidoreductase which oxidizes ubiquinol produced by succinate 

dehydrogenase or complex I, complex IV, cytochrome c oxidase and complex V, 

also designated as ATP synthase 23. Mitochondrial energy production is already 

present in several human fetal tissues during development 336,337. Minai and 

collaborators 337 described that fetal OXPHOS complexes are fully assembled and 
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enzymatically functional in the human heart, though with lower activity than those 

registered after birth. 

In the present study, we showed that in utero undernutrition in baboons resulted in 

increased mtDNA content with a significant increase in several mitochondrial 

transcripts encoding for OXPHOS subunits, transcripts associated with the proteins 

translocators in the mitochondrial membranes, the TIM and TOM complexes and 

others related to the transport of small molecules. These transcriptional alterations 

were associated with an overall increase in mitochondrial proteins assessed by 

Western blot. All this indicators point out to an increase in mitochondrial content 

and an expected improvement in mitochondria function. However, the activity of 

mitochondrial proteins was significantly decreased in the MNR fetuses, accompanied 

by a decreased ATP content and an increased oxidative stress reported by an 

augmented MDA levels. It seems like the reduction of the activity of mitochondrial 

enzymes and ATP production was not due to a decrease in mitochondrial content or 

the expression of the respiratory chain complexes. The observed differences can be 

due to a decrease in their activity or post-translational modifications. These 

differences can also be in part due to structural changes in the mitochondria 

morphology. 

Our finding of decreased activity of mitochondrial proteins and ATP content is 

consistent with the altered energetics reported in heart tissue of patients with cardiac 

diseases and diabetes. It has been shown that mitochondria from diabetic human 

heart have impaired capacity to oxidize palmitoylcarnitine 338. Furthermore, there is a 

decrease in myocardial energy production in heart failure patients 339. Therefore, our 

results suggest that the decreased activity of mitochondria in the heart of in utero 

undernourished offspring may contribute to the increase risk of cardiovascular and 

other metabolic diseases.  

Studies have shown that IUGR fetuses and neonates show changes in cardiac 

morphology and function 340,341, which combined with our findings suggest that 

IUGR may be associated with cardiac metabolic adaptations in utero that become 

detrimental in later life. Interestingly, in individuals with type 2 diabetes, 

mitochondrial metabolism was impaired in cardiac and skeletal muscle raising the 

hypothesis of using less invasive approaches to determine MNR effects. The present 

study was limited to the left ventricle, so it remains to be determined whether 

impaired energetics exist in other regions of the heart.  
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5.3.4 MNR altered the fetal cardiac mitochondrial 

morphology 
 
Mitochondrial morphology is regulated by continuous fusion and fission events that 

are essential for maintaining a normal mitochondrial function. Mitochondrial fusion 

consist in a single mitochondrion being formed from existing isolated and 

independent mitochondrion, while mitochondrial fission refers to the separation of a 

single mitochondrion into two or more daughter organelles 342. 

Mitochondrial fission and fusion machinery is crucial for the division, dynamics, 

distribution, and morphology of this organelle 343. The principal components of this 

machinery include Opa1, Mfn1 and Mnf2, responsible for mitochondrial fusion and 

Fis1, Mtp18, and Drp1 or DNM1L, related with mitochondrial fission. In our study, 

we found elevated levels of mitofusin 2 transcripts in the cardiac left ventricle of 

MNR fetuses, which were accompanied by increased protein detected by 

immunohistochemistry for the MNR female fetuses. Mitofusin 2 is located in the 

outer mitochondrial membrane and its primary function is to induce the fusion of 

this membrane. Mitofusin 2 has also been implicated as a mitochondrial assembly 

regulator factor 344. Perturbation of the fission/fusion balance causes mitochondrial 

deformation and has been found to be associated with numerous human diseases 
29,37. Genetic deregulation of the mitochondrial fusion protein mitofusin 2 has been 

associated with obesity and type 2 diabetes 344, as well with vascular proliferative 

disorders 345.  

In order to assess putative modifications in mitochondrial morphology, we used 

transmission electron microscopy. We found considerable alterations in the 

mitochondrial ultrastructure for the MNR fetuses. The ultrastructural variations in 

mitochondrial architecture occur mainly due to the differences in the amount and 

shape of cristae. Abundant cristae were found in mitochondria from control tissues, 

whereas MNR tissues displayed mitochondria with sparse cristae, disarrangement and 

distortion of cristae, partial or total cristolysis and electron-lucent matrix. 

Mitochondrial cristolysis has been linked to loss of the mitochondrial inner 

membrane potential and serious defects in the respiratory chain 346.  Since the 

enzymes involved in oxidative phosphorylation are located in the inner 

mitochondrial membrane, its surface area and number of cristae are generally 
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correlated with the grade of metabolic activity exhibited by a cell 347. In reality, 

Gilkerson and collaborators 348, predicted that the cristal membrane of mitochondria 

is the principal site of oxidative phosphorylation of the bovine heart tissue, using 

immunolabeling and transmission electron microscopy, and abnormalities in 

mitochondrial morphology, reflected as disorganized cristae within the mitochondria, 

have been described in cardiac and skeletal muscle biopsies from left ventricular non-

compaction cardiomyopathy (LVNC) patients 349. Although an abnormal 

mitochondria phenotype consisted in ultrastructural alterations seen by electron 

microscopy, we suspect that the identified ultrastructural alterations underlie a 

relevant impact on mitochondrial energetics in MNR conditions. Indeed, the 

prevalent existence of partial or total cristolysis observed in the MNR fetuses in this 

study supports the idea that the capacity of fetal cardiac left ventricle to generate 

energy by mitochondrial OXPHOS would be critically compromised, consequently 

these cardiomyocytes would be destined to a low bioenergetic state, what is in 

conformity with the low adenine nucleotides and energy charge found in the MNR 

fetal tissue. 

 
 
5.3.5 Mito-GENDER? 
 
In this study, we also reported that the effects of MNR demonstrated a gender 

specificity with different outputs depending on the fetuses gender. For example, only 

MNR male fetuses displayed a decrease in insulin levels, and only mothers that were 

carrying a MNR male fetuses had an increase in cortisol and glucose in circulation. 

On the other hand, MNR induced an increase in mtDNA of MNR female fetuses 

that was not observed for the MNR male fetuses. However, MNR male fetuses also 

exhibited an increase in mitochondrial transcripts and proteins. Conversely, the 

energy charge of the fetal cardiac left ventricle for the MNR male fetuses was 

significantly depleted, and remains unaffected by MNR for the female fetuses. It is 

also relevant to mention that the MNR male fetuses registered a 59% increase in 

MDA levels. Taking together, all the information seems to indicate that MNR male 

fetuses were more severely affected by the manipulation of maternal diet. These 

findings were in accordance with the numerous studies documenting gender 

differences, namely for the incidence and severity of cardiovascular diseases such as 

heart failure, cardiac hypertrophy, sudden cardiac death and coronary artery disease 
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261. These differences can be in part associated to mitochondrial mechanism 

underlying these dissimilarities. Mitochondria provides more than 90% of the energy 

essential for cardiac tissue to perform physiological and biochemical functions, so if 

mitochondria were affected, the capacity for energy production would be 

compromised, as we found for the MNR male fetuses. By other side, mitochondria 

are also a major site for generation of oxygen free radicals, which perform a central 

role in the pathogenesis of cardiovascular diseases 299, and MNR male fetuses already 

exhibited higher levels of MDA. Additionally, women show delayed progress of 

atherosclerosis, lower occurrence of heart failure 350–352, and acquire heart disease later 

in life than men 353,354. It is believed that steroid sex hormones perform a substantial 

role in sexual dimorphism in cardiovascular diseases 355,356. Also, intrinsic 

dissimilarities in cardiac morphology and function observed in healthy humans and 

animal model systems have been advanced as plausible risk factors for sex-associated 

vulnerability to cardiovascular diseases 357. In females, hearts are smaller than males 
358. However, for our model at the 0.9 gestation we did not find that difference. Also, 

hearts from females show greater contractility 357, and better calcium handling 359, 

functions for which the mitochondria plays an important role. Although there are 

many studies describing sex-related cardiovascular risk, the molecular basis 

underlying the differences in the development of cardiovascular diseases between the 

genders is not yet well-defined and we would like to point out mitochondria as a 

possible contributor, since mitochondria are crucial for major features of 

cardiomyocytes, such as, excitability, contractility and conductibility 360 and ultimately 

the rate and force of contraction of heart relies on ATP utilization 360. 

Our data support the view that challenges in pregnancy can have differential effects 

in the presence of a male or female fetus, reinforcing the need to observe effects 

taking in consideration the fetal gender.  

Our data also demonstrate that maternal nutrient reduction alters mitochondrial 

metabolism in the fetal heart, which can influence the cardiovascular health and 

disease risk in the offspring. This relevant study is unique and warrants important 

translational findings for cardiovascular health in humans. 
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“Do you ever get the feeling like you already know the entire contents 

of the universe somewhere inside of your head, as if you were born with 

a complete map of this world already grafted onto the folds of your 

cerebellum and you are just spending your entire life figuring out how 

to access this map?”  

by Reif Larsen  
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Final conclusions 
 
The findings presented here demonstrate that MNR until 0.9 gestation in a 

nonhuman primate model had the ability to modulate the offspring mitochondrial 

legacy. However, the effects exhibited a tissue-specific nature in mitochondrial 

effects, that may reflect differences in functional adaptation after birth. The 

divergence in mitochondrial response between tissues to maternal nutrient 

manipulation early in pregnancy, further reflects these differential ontogenies.  

Taken together, these findings suggest that a programmed low mitochondrial content 

in the nephron likely constitutes a “first hit” to the kidney, which subsequently can 

cause a reduction in the intrinsic reserve to compensate to an imposed renal 

challenge or injury. 

We have shown here for the first time that in utero MNR resulted in dysfunctional 

cardiac mitochondrial performance with morphological alterations. These findings 

support the hypothesis that MNR is implicated with a maladaptive programming 

process and dysfunctional cardiac energetics in the offspring. 

The present work also demonstrated clear gender differences in the effects of MNR. 

Our findings suggest a pronounced sensitivity of male for detrimental effects in 

mitochondrial performance, presenting lower energy charge and higher oxidative 

stress. This can in part be the root of the differential gender-related risk for 

cardiovascular and renal disease. 

Some authors described that physical activity in adult men is able to reduce the risk 

of metabolic syndrome associated with smallness at birth, which suggests that these 

risks can be attenuated. So, ideally LBW babies should be closely monitored and 

considered for mitochondrial impairments tests to attempt to prevent the advance of 

more serious diseases. It would be possible to modulate mitochondrial function by 

exercise, nutrition or pharmacologically. While the “treatment time” does not arrive, 

an investment should be made to prevent IUGR, because the effects of 

developmental programming suggest that early attention paid to reducing the long 

term disease risk will produce greatest benefit for the individuals. Attention to 

maternal health must start with young girls, ensuring that they have adequate access 

to nutrition to optimize they growth. Social change that addresses nutritional 

education, especially in younger ages, teenage pregnancy must be advocated for, and 
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access to family planning and prenatal care must be improved globally. Optimization 

of early nutrition to all children, monitoring growth velocity and percentiles, and 

encouragement of physical activity are important public health goals that can be 

implemented and should reduce the risk of hypertension and cardiac and renal 

diseases in future generations.  

The results from the present work are critical in the process of understanding in utero 

metabolic reprogramming and long-term disease incidence in the offspring. This 

work is clear translational and responds to many social changes. 

 

Figure 6.1 represent some of the factors that can modulate the effects of maternal 

nutrition reduction in the fetuses, and our work highly propose that mitochondrial 

can be one of the important players.  

 

 
Figure 6.1 Factors which may impact on the final disease outcome following a 
prenatal insult. 
It should be noted that other organs and systems may interact with renal and cardiac changes 
to exacerbate or ameliorate the onset of disease and that Developmental abnormalities that 
arise during the embryonic period can manifest themselves much later during gestation or 
even during postnatal life, particularly if the defects are not major. 
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This chapter includes the summaries of further experimental work performed by the 

author during her registration as graduated student, however by decision of the 

author that work was not included as full length chapters in this thesis. 
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7.1 Effect of 30% maternal nutrition reduction on 
cardiac gene expression relevant to 
mitochondrial oxidative phosphorylation in the 
fetal baboon at 0.5 gestation 

 
Malnutrition has been associated with alterations in cardiac metabolism and 

performance. Disruption of myocardial bioenergetics can be clinically devastating. 

Mitochondrial dysfunction has been related to more than 50 distinct diseases ranging 

from neonatal fatalities to cardiac dysfunction or neurodegeneration in the adult, and 

is a likely contributor to cancer and type 2 diabetes. In the heart, the pre-disposition 

to mitochondrial bioenergetic failure can start well before birth, when signaling 

pathways maturation is being achieved. 

The hypothesis of the present work is that MNR alters the cardiac mitochondrial 

transcriptional profile at 0.5G. 

Pregnant baboons of similar body weight were fed ad libitum (C, n=5) or, starting at 

0.16 G, 70% of ad libitum fed C (MNR, n=5). Samples from the fetal cardiac left 

ventricle (LV) were obtained by c-section at 0.5 G and stored at -80 C. Quantitative 

PCR array was used to determine mRNA expression. 

At 0.5G, several transcripts relevant to heart mitochondrial bioenergetics were 

decreased in the female (F) fetus, while only two transcripts were down-regulated in 

male (M) fetuses. Seven of the transcripts altered in F relate to mitochondrial 

Complex I (NDUFS2, NDUFS3, NDUFA11, NDUFA3, NDUFB2, NDUFB3, 

NDUFA10), one to Complex II (SDHB), one with Complex III (UQCRC1), one to 

Complex IV (COX4I1) and two in complex V (ATP4A, ATP6V1G3). Only two 

mitochondrial transcripts were different between the sexes in C fetuses, NDUFB10 

and ATP5A1, and both were up-regulated in F.  

MNR at 0.5 G had a marked effect on components of the mitochondrial oxidative 

phosphorylation apparatus, particularly in F fetuses. The data indicates that MNR 

promotes alterations in oxidative phosphorylation transcripts in the heart which can 

impact normal myocyte differentiation and cardiac development.  



Chapter 7 

154                                                                                                  Susana P. Pereira |PD Biosciences 

 
 
 
 

 
 
 

Figure 7.1 Timeline of maternal nutrition during baboon fetal development until 0.5 
gestation (90 days). 
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7.2 Implications of maternal nutrient reduction on 
fetal nonhuman primate cardiac mitochondria 
at 0.65 gestation 

 
Epidemiologic studies link poor maternal nutrition to later life cardiovascular disease. 

We examined the effect of Maternal Nutrient Reduction (MNR) on mitochondrial 

transcript expression, content and function of cardiac left ventricular mitochondrial 

protein changes in fetal baboons at 0.65G.  

Pregnant baboons ate ad libitum (C, n=10) or, from 0.16G, fed 70% C diet (MNR, 

n=9). Samples were obtained by c-section at 0.65G and stored at -80°C. mRNAs 

were analyzed by qPCR and protein by Western Blotting. Enzymatic activities of 

citrate synthase and of respiratory chain enzymes (Complex I, Complex II/Complex 

III, Complex III and Complex IV) were spectrohotometrically determined. 

Antioxidant capacity and oxidative stress were evaluated by GSH, GSSG, 

GSH/GSSG, GI-Px, Gl-Red, Vit E and MDA. Adenine nucleotides were quantified 

by HPLC. Significance reported was p<0.05. 

Maternal body weight at c-section was similar between C and MNR mothers (16.6 ± 

0.44 Kg vs. 16.4 ± 0.76 Kg). However, fetal body length of C female (F) vs. MNR F 

(26.6 ± 0.25 cm vs. 25.0 ± 0.76 cm) was longer. MNR did not affect fetal heart 

weight or heart:body weight ratio. At 0.65G, several transcripts relevant to cardiac 

mitochondrial bioenergetics were altered in MNR fetuses in a sex dependent fashion, 

11 transcripts down-regulated in Females (F) while only 3 transcripts were down-

regulated in males (M). Up regulation of several transcripts in the mitochondrial 

carrier family (SLC25A19, SLC25A23, SLC25A37, TIMM44, TOMM40 and 

TOMM40L) occurred in males. UCP1 increased in both genders. Protein analysis 

showed citrate synthase, NDUFB8 and TOMM20 increased in MNR. In contrast, 

citrate synthase enzyme activity significantly decreased in MNR fetuses (648.8±73.18 

nmol/min/mg protein vs. 278.9 ± 71.34 nmol/min/mg protein) whereas Complex 

I/citrate synthase increased (2.3 ± 0.34 vs.  12.7 ± 4.41). Total adenine nucleotides, 

ADP and AMP were decreased in MNR group. No alterations were found 

antioxidant capacity factors or MDA. 

Our study provides evidence of an association between MNR and fetal cardiac 

mitochondrial remodeling and transcription and translation changes, which may 

impact heart development and predispose for metabolic disturbances later in life. 
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Figure 7.2 Timeline of maternal nutrition during baboon fetal development until 0.65 
gestation (120 days).  
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7.3 The impact of maternal nutrition excess (MNE) 
on fetal cardiac mitochondrial transcripts and 
protein at 0.9 gestation in nonhuman primates 
(NHP) 

 
Maternal obesity predisposes offspring to metabolic dysfunction and type 2 diabetes, 

with implications in organ dysfunction, namely in the cardiovascular system. We 

hypothesize that maternal nutrient excess (MNE) during gestation can impact 

mitochondrial biogenesis and function. 

Female baboons were fed regular chow (12% energy fat, n=12) or MNE diet (45% 

energy fat and ad libitum fructose sodas, n=5). 

At conception, MNE mothers were more obese and weighed more than regular 

chow controls. MNE fetuses were lighter (816.9±33.9g vs. 675.2±35.7g) and 

presented a lower BMI. At 0.9G, MNE did not affect fetal heart weight or 

heart:body weight ratio. Transcriptome analysis of the free wall of the cardiac left 

ventricle of MNE 0.9G fetuses showed 3,033 diferently expressed genes, with more 

than 100 related with mitochondria. Transcripts for Complex I (NDUFB3 and 

NDUFB6), Complex II (SDHC), Complex IV (COX6C and COX7C), Complex IV 

(ATP6VOA2 and ATP5A1) and the phosphate carrier were decreased in the MNE 

fetus. Variations in mRNA levels were accompanied by decreased protein levels of 

subunits from Complex III (CIII-core I), Complex IV (COX-II), Complex V (CV α), 

as well as cyclophilin D. 

MNE induces 0.9G mitochondrial transcriptional and protein alterations in the 

cardiac left ventricle, which may impact normal heart development and predispose 

for metabolic disturbances later in life. 

 

 

Figure 7.3 Timeline of maternal nutrition during baboon fetal development until 0.9 
gestation (165 days).  



 

 

  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“I would not know what to say to you, except this: there was never a 

map that got it all right…”  

 

by Reif Larsen  
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link http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1052011/ 
 
I would like to use the "Figure 1"  in the introduction of my thesis. The title of my 
thesis would be "PROGRAMMING OF FETAL CARDIO-RENAL 
MITOCHONDRIA BY MATERNAL NUTRITION" and will be present to the 
University of Coimbra, in Portugal. 
 
Best regards,  
 
Susana P. Pereira 
CNC - Center for Neuroscience and Cell Biology  
MitoXT - Mitochondrial Toxicology and Experimental Therapeutics 
UC Biotech Building I Biocant Park Lot 8A I 3060-197 Cantanhede I Portugal 
phone: (00351) 231249170 I  
fax: (00351) 231249179 I pereirasusan@gmail.com 



 

 

 


