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Abstract 

 

Introduction: Placental mitochondria are subjected to micro-environmental changes throughout 

gestation, in particular large variations in oxygen. How placental mitochondrial respiration adapts to 

changing oxygen concentrations remains unexplored.  Additionally, placental tissue is often studied 

in culture; however, the effect of culture on placental mitochondria is unclear. 

Material and methods: Placental tissue was obtained from first trimester and term (laboured and 

non-laboured) pregnancies, and selectively permeabilized to access mitochondria. Respirometry was 

used to compare respiration states and substrate use in mitochondria. Additionally, explants of 

placental tissue were cultured for four, 12, 24, 48, or 96 hours and respiration measured.  

Results: Mitochondrial respiration decreased at 11 weeks compared to earlier gestations, and 

increased from 12 weeks compared to 11 weeks of gestation (p=0.05–0.001). In term placentae, 

oxidative phosphorylation (OXPHOS) through mitochondrial complex IV (p<0.001), the relative 

proportion of OXPHOS CI (p<0.001), and the total capacity of the respiratory system (p=0.003) were 

higher compared to first trimester. Respiration was increased (p≤0.006–0.001) in laboured 

compared to non-laboured placenta. After four hours of culture, respiration was depressed 

compared to fresh tissue from the same placenta and continued to decline with time in culture. 

Markers of apoptosis were increased, while markers of autophagy and mitochondrial biogenesis 

were decreased, after four hours of culture. 

Discussion: Respiration alters over gestation and with labour. Decreased respiration at 11 weeks may 

relate to onset of maternal blood flow, and increased respiration as a result of labour may be an 

adaptation to ischaemia-reperfusion. At term, mitochondria were more susceptible to changes in 

respiratory function relative to first trimester when cultured in vitro, perhaps reflecting changes in 

metabolic demands as gestation progresses. Metabolic plasticity of placental mitochondria has 

relevance to placenta-mediated diseases.  
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Introduction 

 

The placenta performs many key functions throughout gestation, transporting nutrients, gases and 

waste between maternal and fetal systems, and modifying maternal systems to maintain the 

pregnancy [1]. During gestation the placenta undergoes significant growth and structural changes; 

initially sustaining  the fetus in a low-oxygen environment before the onset of maternal blood flow, 

then in the third trimester delivering oxygen rich blood to support the exponential rise in energy 

demands of the growing fetus [2-6].  

 

Mitochondria have an array of roles within the placenta, including the generation of ATP, synthesis 

of proteins, the urea cycle, lipid synthesis, steroid synthesis, and regulation of programmed cell 

death. Placental mitochondria must adapt to these shifting roles including changes in the energetic 

demands of the placenta throughout gestation. However, information about temporal changes in 

mitochondrial function with gestation is lacking.  

 

The syncytiotrophoblast is formed through the fusion of underlying cytotrophoblasts. 

Cytotrophoblast mitochondria have a more classical morphology, whereas syncytiotrophoblast 

mitochondria are smaller and have an irregular shape and cristae structure potential related to their 

role in progesterone production [7-10]. Both the syncytiotrophoblast and cytotrophoblasts also have 

important roles in metabolic reactions and transport to support the fetus, and mitochondria are 

likely to be critical organelles in these processes [11].  

 

While the placenta receives maternal blood through the uterine spiral arteries, until about weeks 

10–12 of gestation these vessels are blocked by plugs of trophoblast that restrict the flow of 

maternal red blood cells, resulting in a low oxygen environment (~2.7 kPa) during fetal 

organogenesis [2,12]. After 10 to 12 weeks of gestation, full maternal blood flow to the placenta is 
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commences as the trophoblast plugs clear and oxygen tension rises three fold (~8 kPa) then falls at 

term (~5.4 kPa) [2,12]. Over this transition in oxygenation heat shock proteins and antioxidant 

enzymes appear to be required to support the placenta [12-14]. Placental oxygen consumption in 

the second and third trimesters is required for the high levels of protein synthesis and transport 

needed to support the growing fetus [5,6]. The placenta is also subjected to ischemic events during 

uterine contractions with labour. While it has been suggested that mitochondrial oxidative 

phosphorylation may vary with gestation [1], how placental mitochondrial respiration is affected by 

fluctuating oxygen availability is unknown.  

 

Because mitochondria are central to many tissue functions, mitochondrial dysfunction is often 

implicated in disease states [15]. Obesity and pregnancy related pathologies such as preeclampsia 

and intrauterine growth restriction (IUGR) impact placental mitochondrial function [10,16-19]. 

Multiple studies of preeclampsia and IUGR have shown increases in mitochondrial content [16,19-

22], indicating placental mitochondrial biogenesis is initiated in reaction to adverse conditions [23]. 

In addition, placental tissues are also routinely held in vitro to study aspects of placental biology. 

However, in vitro culture likely leads to experimental artefacts, especially over extended timeframes 

in oxygen conditions that differ from those in vivo [14,24-27]. Altered mitochondria function 

following in vitro manipulation may have implications when testing bioenergetics function of 

placentae.  

 

Given the importance of placental mitochondrial respiration in both healthy and pathological 

pregnancies, and the use of in vitro models to investigate placental function, understanding how 

mitochondria respond is critical. This study has investigated the respiration of mitochondria in 

healthy tissue from first trimester and term pregnancies to gain a detailed understanding of how 

respiration responds to the different stages of gestation and to in vitro culture. 
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Materials and methods  

 

Materials, tissue collection and culture  

 

All chemicals were purchased from Sigma Aldrich, Australia unless noted. This study was approved 

by the Auckland Regional Ethics Committee, New Zealand and the Queensland Government Human 

Research Ethics Committee, Australia. All tissues were obtained following written informed consent. 

First trimester placental tissues were obtained from 19 pregnancies (7.2–13.0 weeks of gestation; 

gestation determined by ultrasound measurement of crown-rump length and cardiac activity) 

following elective surgical termination, and rinsed briefly in PBS within 10 mins of delivery. Tissues 

were immediately transferred to histidine-tryptophan-ketoglutarate transplant solution (Essential 

Pharmaceuticals LLC, USA) on ice and transported to the laboratory. Term placental tissues were 

collected from 28 normal singleton pregnancies (i.e. no known pathologies; Supplementary table 1) 

and processed as above within 15 min of delivery following elective caesarean section or vaginal 

delivery. Tissue was then washed in the laboratory in PBS and dissected into approximately 50 mg 

samples.  

 

High-resolution respirometry 

 

The plasma membrane of tissue samples were permeabilized with 50 μg/mL saponin in 1 mL BIOPS 

solution (2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 5.77 mM Na2ATP, 6.56 mM MgCl2⋅6H2O, 20 mM 

taurine, 15 mM Na2 phosphocreatine, 20 mM imidazole, 0.5 mM dithiothreitol, 50 mM MES, pH 7.1) 

for 30 min at on ice, washed twice for 10 minutes on ice in MiR05 respiration medium (0.5 mM 

EGTA, 3 mM MgCl2·6H2O, 60 mM K-lactobionate, 20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES, 

110 mM Sucrose, 1 g/L BSA essentially fatty acid free, pH 7.1) and blot-dried before measuring wet 
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weight. To measure mitochondrial respiration, 10–20 mg wet weight of tissue was added to an 

Oxygraph-2k respirometers (Oroboros Instruments, Austria) chamber containing MiR05 at 37°C.  

 

The activity of specific respiratory states was determined by the addition of substrates and ETS 

inhibitors [28,29]. Two different substrate-uncoupler-inhibitor titration (SUIT) protocols were used 

to assess mitochondrial function (Figure 1): For SUIT protocol one (Figure 1A), pyruvate (5mM), 

glutamate (10mM) and malate (2mM) were added to determine complex I (CI) mediated LEAK 

respiration, then oxidative phosphorylation (OXPHOS) through CI was stimulated by the addition of 

ADP (1–5mM). Cytochrome c (10µM) was then added to test the integrity of the outer mitochondrial 

membrane. Rotenone (1µM) was added to inhibit CI. Succinate (10mM) addition then stimulated 

OXPHOS through complex II (CII), and this was followed by titration of the uncoupler carbonyl 

cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) or carbonyl cyanide m-chloro phenyl 

hydrazone (CCCP; 1mM) to investigate electron transport system (ETS) capacity with CII mediated 

flux alone. The addition of antimycin A inhibited complex III (CIII), and residual oxygen consumption 

was measured (indicating non-ETS respiration). N,N,N',N'-Tetramethyl-p-phenylenediamine 

dihydrochloride (TMPD; 0.5mM) and ascorbate (2mM) were added to determine OXPHOS through 

complex IV.  

SUIT protocol two (Figure 1B) differed by the addition of succinate directly after cytochrome c, to 

elevate OXPHOS through complexes I and II (OXPHOS CI,II). Titrations of CCCP were used to 

investigate the ETS capacity with CI and CII (ETS CI,II). Rotenone and antimycin A were added to 

inhibit complexes I and III, respectively, followed by TMPD and ascorbate. 

 

Respirational fluxes were corrected for residual oxygen consumption (ROX), where CI and CIII were 

fully inhibited. For SUIT protocol two, OXPHOS CII was calculated as the difference between 

respiratory flux in OXPHOS with CI and CII substrates (glutamate, malate, pyruvate and succinate), 

and respiratory flux with saturating ADP and CI supporting substrates (glutamate, malate and 
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pyruvate). The flux control ratio (FCR) for oxygen flux in different respiratory states was calculated as 

OXPHOS at that state as a proportion of the ETS maximum capacity. The LEAK control ratio was 

calculated as LEAK respiration flux with CI substrates, as a fraction of OXPHOS capacity with CI 

substrates and saturating ADP. The respiratory control ratio (RCR) was calculated as OXPHOS 

capacity with CI substrates and saturating ADP as a fraction of LEAK respiration with CI substrates. 

The reserve respiratory capacity was calculated as the difference between the ETS CI,CII and 

OXPHOS CI,CII, and this represents the apparent ETS excess capacity following uncoupling. 

 

Mitochondrial content 

 

Mitochondrial content was determined by real-time PCR normalizing two mitochondrial genes 

(mtF3163 GCCTTCCCCCGTAAATGATA, mtR3260 TTATGCGATTACCGGGCTCT and MTRT2_f 

TCCTCCTATCCCTCAACCCC, MTRT2_r CACAATCTGATGTTTTGGTTAAAC) to a nuclear gene (MTBA_f 

AGCGGGAAATCGTGCGTGAC, MTBA_r AGGCAGCTCGTAGCTCTTCTC). DNA was extracted via 

isopropanol precipitation. Briefly, approximately three mg of tissue was incubated at 55oC overnight 

in lysis buffer with proteinase K then protein was predicted by ammonium acetate. DNA was 

predicated by isopropanol and washed with 70% ethanol. DNA concentration was measured on a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Australia). PCR reactions were run 

with 10 ng of DNA and QuantiNova SYBR Green PCR Kit (Qiagen, Australia) following the 

manufacturer’s instructions on a QuantStudio 3 Real-time PCR Thermal Cycler (Thermo-Fisher, 

Australia), and mitochondrial content was calculated using the 2-ΔCt method. 

 

Tissue culture 

 

Explants of placental tissue (first trimester Supplementary table 2; term 36.4–39.6 weeks gestation) 

of approximately 400 mg wet weight were cultured in 12-well plates in Advanced DMEM/F12 
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medium (Gibco, Australia) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin 

streptomycin (Gibco) at 37°C with 5% CO2 for four, 12, 24, 48, or 96 hours [28,29].  

 

Western blot 

 

Primary antibodies used in Western blot analyses were B-cell CLL/lymphoma 2 (BCL2; 2870; Cell 

Signaling), nuclear respiratory factor 1 (NRF1; 12381; Cell Signaling), microtubule associated protein 

1 light chain 3 alpha (LC3; 4108; Cell Signaling) and glutathione peroxidase 1 (GPx; ab108427; 

Abcam). All primary antibodies were used at a concentration of 1 in 1,000, and secondary antibody 

at a concentration of 1 in 5,000. Proteins were extracted from whole placental tissue and Western 

blot analysis was conducted as previously described [28,29]. 

 

Statistical analysis 

 

Statistical analysis was performed using Graph Pad, PRISM version 6 (GraphPad, USA). A minimum of 

four individual placentae were included per experimental group. Data were analysed by the 

D'Agostino and Pearson test to determine normality, and parametric or non-parametric tests used 

where appropriate. Changes in respiration and mitochondrial content across early gestation were 

determined by Kruskal-Wallis. Differences between first trimester and term tissue respiration were 

determined by Mann-Whitney test for respiratory flux and flux control factors, and t test for 

comparison of spare respiratory capacity in term tissue. Changes in respiration in laboured and non-

laboured placentae were determined by t-test. The effects of in vitro culture on mitochondrial 

function in first trimester and term placenta were determined by ANVOA or Kruskal-Wallis test. 

Changes in protein expression term placentae after in vitro culture were determined by paired t test. 

For comparison of respiration in first trimester and term placentae, pooled results from first 

trimester (n=13) and term (n=10) were compared. 
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Results 

 

Respiration across early gestation 

 

Respiration was monitored in tissues from ~7–13 weeks of gestation. In most respiratory states 

there was a relative decrease at 11 weeks and an increase after 12 weeks of gestation (p=0.05–

0.001; Figure 2). Normalising respiration to the maximum uncoupled respiratory capacity revealed 

that oxidative phosphorylation (OXPHOS) through mitochondrial complex I (CI) as a proportion of 

maximum respiration was greater after 12 weeks and that OXPHOS through complex II (CII) as a 

proportion of maximum respiration was significantly lower after 12 weeks relative to tissues 

collected before 11 weeks of gestation (Figure 2B). Mitochondrial content was significantly (p=0.042) 

increased by 2.42 fold after 12 weeks when compared to 7–10 weeks but not different at 11 weeks 

(Figure 2C). When OXPHOS was normalized to mitochondrial content there was a significant 

(OXPHOS CI p=0.013; OXPHOS CII p=0.018; OXPHOS CIV p=0.024) decrease in relative respiration 

after 11 weeks (Figure 2C). 

 

Respiration in first trimester and term placenta 

 

Respiration in non-laboured first trimester and term tissue was similar in several respiratory states, 

however mitochondrial respiration increased in term tissue in specific states (Figure 3). OXPHOS CI 

and OXPHOS CII, non-phosphorylating respiration, and the electron transport system (ETS) maximum 

capacity were not significantly different between first trimester and term tissue. However, OXPHOS 

through complex IV (CIV) was significantly (p<0.001) higher in term placentae (fold change 1.60), and 

residual oxygen consumption was significantly (p<0.001) lower, decreasing by 49% (Figure 3A). 

OXPHOS CI as a proportion of respiratory capacity, and OXPHOS CI relative to OXPHOS CII were 
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respectively 41% and 48% higher in term tissues (p<0.001; Figure 3B). Reserve respiratory capacities 

were 3.79 fold higher in term tissues (p=0.003; Figure 3B).  

 

To further explore the involvement of the different mitochondrial complexes, term placentae were 

also investigated with the SUIT protocol two (Figure 1B), where ETS was determined without 

inhibition of CI. Reserve respiratory capacity was significantly (p=0.001) increased when CI and CII 

were assayed together, compared to CII alone (Figure 3C). 

 

Effects of labour on respiration  

 

Mitochondrial respiration increased by 37% and 73% (p≤0.006–0.001) in all tested states in labour 

delivered to non-laboured placenta, whereas non-ETS respiration did not change (Figure 4A). 

OXPHOS CI exhibited the greatest proportional change (fold change 1.73); similarly, OXPHOS CI was 

also increased in proportion to the respiratory capacities of laboured placentae (fold change 1.16; 

p=0.022; Figure 4B). OXPHOS capacity through mitochondrial complex I as a fraction of non-

phosphorylating LEAK respiration (RCR) was increased in laboured placentae (fold change 1.26; 

p=0.002; Figure 4B). 

 

Effects of in vitro culture  

 

Oxygen flux was similar to fresh tissue after four hours in vitro culture. By 12 hours of culture (first 

trimester; term 24 hours) a decrease was apparent in most respiratory states (p<0.05–0.001; Figure 

5A and B). However, CIV mediated flux did not decrease significantly in term tissues (fold change 

0.62–0.94), but did in the first trimester tissues (fold change 0.42–0.54; Figure 5A and B). In term 

tissues, CI flux as a proportion of OXPHOS respiratory capacity decreased with culture duration 

(Figure 5D and E). Complex-specific respiration was also normalised to respiration through CI and CII 
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(SUIT protocol two). In fresh tissues, the fractional contribution of CI and CII to the ETS was greater 

(complex I: 0.37±0.09; complex II: 0.41±0.11), but in cultured tissues CII became increasingly 

dominant (p<0.05–0.0001; Figure 5E). An increase in the cytochrome c flux control factor, indicative 

of mitochondrial damage, was observed in term tissue after 24 hours, but not until 96 hours in first 

trimester tissue (Figure 5F). To further investigate potential consequences of mitochondrial damage 

following in vitro culture, markers of cellular processes linked to mitochondrial function were 

investigate in term tissue after four hours in culture. BCl2 (anti-apoptosis marker; p=0.001), NRF1 

(regulator of mitochondrial biogenesis; p<0.001), and in the ratio of LC3 I/II (autophagy marker; 

p=0.030) were significantly decreased. No change was seen in the antioxidant GPx-1 (Figure 6). 

 

Discussion  

 

Here we present data illustrating dynamic changes in human placental mitochondrial respiration 

throughout gestation, and in mitochondrial respiration in tissues derived from laboured birth and 

Caesarean section. We show that respiration changes over gestation, as on comparison the 

mitochondrial complex utilisation differs between first trimester and term tissues. Mitochondria in 

skeletal muscles have been shown to adapt their respiration in response to training [30,31] and 

mitochondria in the fetal brain also respond to hypoxia [32]. Placental mitochondria are reported to 

be altered in disease states [10,16-18,20-22], many of which are thought to include 

hypoxia/reperfusion insults [10]. As the oxygen pressure increases three fold between 10 and 12 

weeks of gestation when maternal blood flow to the placenta is established [12], placental 

mitochondria will  likely experience profound changes in functional requirements  [33].  

 

When provided with excess oxygen in vitro, most respiratory states of first trimester and term 

tissues were similar (e.g. OXPHOS CI and CII, and LEAK), suggesting minimal differences in 

mitochondria respiratory behaviour in the placenta over gestation. However, term placenta had 60% 
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greater mitochondrial respiration through CIV, and a 0.4 fold higher proportional flux through 

OXPHOS CI, as well as nearly seven fold increased reserve capacity with CI+CII than with CII alone. 

Respiratory flux through CI accepts electrons from NADH + H+, while CII accepts electrons from 

succinate to form FADH2 with ~300 mV less reducing power than NADH. Hence, CI supported 

respiratory chains transfer a predicted 10 protons (NADH: CI 4 H+, CIII 4 H+, CIV 2 H+), relative to the 

six protons from CII driven chains (FADH2: CII 0 H+, CIII 4 H+, CIV 2 H+). This effectively represents a 

greater efficiency of ATP production though CI, and decreased CI flux represents a substantial loss of 

OXPHOS capacity. The lower proportionate O2 flux that is supported by CI in the first trimester 

perhaps indicates a greater reliance on succinate, which can be derived from γ-amino butyric acid 

and glutamate metabolism [34].  

 

Placental mitochondria are in the immediate zone of gas transfer and theoretically supply the bulk 

ATP to placental tissues that mediate fetal growth, nutrient transport, and ion regulation [7,33]. 

Bustamante et al. [35] found a low respiratory control ratio (RCR; 1.1±0.4) in syncytiotrophoblast 

mitochondria using substrates for CI and suggest that these mitochondria have impaired respiratory 

efficiency. Conversely, using succinate as a substrate (OXPHOS CII), De Los Rios Castillo et al. [7] 

found a RCR of ~7.1 in syncytiotrophoblast, suggesting strong coupling of mitochondrial respiration 

and ATP synthesis. In the current study, the RCR in the relevant tissue (laboured term) was 4.2±0.7 

at OXPHOS CI.  In both previous reports mitochondria were isolated from tissue and the observed 

differences may be due to assaying isolated mitochondria, as opposed to mitochondria retained 

within tissue. Isolated mitochondria can lose cristae structure which may impact OXPHOS, although 

activity of mitochondrial complexes is maintained [7].  

 

During early human pregnancy, placental oxygen pressures are low as the maternal supplied 

circulation is incomplete. Following unplugging of the uterine spiral arteries at 10–12 weeks of 

gestation, oxygen pressures rise steeply from ~20 mm Hg (2.5%) to ~60 mm Hg (8.5%). Over this 
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time there are changes in placental antioxidant function, amniotic pH, and PCO2 in the exocoelomic 

cavity [3,12-14,36]. In the current study, mitochondrial respiration and content also followed a 

distinct pattern that is potentially related to the onset of maternal blood flow. At ~11 weeks of 

gestation mitochondrial respiration decreased, and then rose sharply from 12–13 weeks of 

gestation. The syncytiotrophoblast has low levels of antioxidants, and mitochondria in this tissue are 

particularly sensitive to oxygen-mediated damage [14]. The morphology of syncytiotrophoblast 

mitochondria changes between 6–14 weeks of gestation, with cristae structure becoming less 

ordered and their numbers diminished at 9–10 weeks the recovering after 12 weeks [12]. These 

changes potentially reflect the changed mitochondrial respiration we report here, which may be 

related to the onset of maternal circulation. Increased mitochondrial biogenesis might also be 

initiated at this time with enhanced antioxidant defences [23]. Indeed, oxidative stress and 

endogenous antioxidant function are positively correlated with gestational age [12]. We found that 

mitochondrial content did not change between ~11 weeks and earlier gestations but was increased 

after 12 weeks, indicating that mitochondrial biogenesis is initiated after maternal blood flow has 

been established. Therefore, the decrease in respiration may be indicative of oxidative damage 

which leads to tissue adaptation to the increased oxygen supply via increased mitochondrial content 

and respiration, as is seen in other tissues [31,32].  

 

Mitochondrial content was lower in early gestations (below ~11 weeks) compared to later in the first 

trimester. Glycolytic or polyol-based metabolic pathways are utilised by the placenta in early 

gestation when oxygen is limited, and placental mitochondria may therefore be less important in the 

production of ATP during this stage [1,36,37]. Alternatively, as OXPHOS is 15 fold more efficient at 

synthesising ATP than substrate level phosphorylation, a greater load may be placed on fewer 

mitochondria in early gestation.  
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Culture conditions may be damaging, as in vitro culture of term tissue at standard O2 pressures 

showed markers of increased autophagy and apoptosis after 24 hours, and a marker of decreased 

mitochondrial biogenesis after only four hours. Conversely, no evidence of mitochondrial damage 

was observed in first trimester tissue until 96 hours. Term tissue mitochondrial respiration also 

showed greater depression in vitro than first trimester, suggesting that first trimester tissues are 

more tolerant to oxidative stress. These results contrast with previous findings that early gestational 

tissues may be more prone to oxidative damage in vitro [14]; however, mitochondrial activity in the 

Watson et al. [14] study was investigated over 7–15 weeks of gestation, and did not extend to term 

tissue. Placental tissue can maintain metabolically active functions after extended time in vitro 

[14,38], and it is possible that this is achieved through a switch to anaerobic metabolism.   

 

In this present study all mitochondrial respiratory states were increased in placentae subject to 

vaginal deliveries and the RCR increased in laboured placenta, suggesting improved coupling to ATP 

production and/or decreased oxidative damage, as a decrease in the RCR often coincides with 

elevated oxidative stress. However, previous workers have reported decreased placental ATP [39] 

and  increased markers of placental oxidative stress [40-43] with labour. Uterine contractions will 

constrict blood flow, and lead to placental ischaemia-reperfusion [2]. Therefore increased 

mitochondrial respiration resulting from labour may represent an acute response that induces 

mitochondrial adaptations and antioxidant defences [23].  

 

Conclusion 

 

Placental mitochondria are responsive to different in vivo and in vitro environments. Components of 

the ETS respond variably throughout gestation and the overall respiratory output of the 

mitochondria changes in response to gestational age and with labour. Of note, OXPHOS CI had the 

greatest relative increase over early gestation and with labour, and was also increased 



 

15 
 

proportionally in term compared to first trimester placenta. Oxygen levels also fluctuate over early 

gestation [12] and during labour [2], as maternal blood flow to the placenta is established or 

interrupted. Variations in OXPHOS CI flux may relate to changes in oxidative stress loads, as CI 

appears to be more sensitive to damage than other ETS components [44], and CI appears to be most 

labile to damage in vitro placental culture.  

 

Oxygen tensions and demands of fetal growth increase between the first and third trimesters with 

shifts from the utero-placental development to fetal-placental growth [6,45], and these changing 

placental roles may lead to distinct mitochondrial requirements. The required metabolic plasticity of 

placental mitochondria in healthy tissue may provide insights to how mitochondria respond in 

pathological settings.   
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Supplementary table 1. Patient characteristics for term placental collection.  

Maternal age (years) 30.44±5.27 

Maternal BMI 27.71±5.35 

Gestation (weeks) 39.01±1.12 

Baby weight (g) 3857.56±355.88 

Placental weight (g) 657.49±99.06 

Mean±standard deviation; BMI=body mass index 
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Supplementary table 2. Gestational ages of first trimester placentae used in tissue culture 

experiments.  

Gestation  
(weeks) 

Culture time 
(hours) 

7.2 0 

8.3 0 

8.5 0 

8.5 0 

10.2 0 

10.3 0 

11.0 0 

11.5 0 

12.0 0 

12.1 0 

13.0 0 

7.2 4 

8.3 4 

8.5 4 

8.5 4 

10.2 4 

10.3 4 

11.0 4 

11.5 4 

12.0 4 

12.1 4 

13.0 4 

8.0 12 

10.3 12 

11.0 12 

11.5 12 

12.0 12 

13.0 12 

9.1 14 

10.3 14 

10.6 14 

11.0 14 

11.5 14 

12.0 14 

13.0 14 

9.1 24 

9.2 24 

9.5 24 

11.3 24 

9.2 48 

11.3 48 

9.1 48 

9.5 48 

10.6 48 

8.5 96 

8.6 96 

10.2 96 

12.1 96 
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Figure 1. Substrate-uncoupler-inhibitor titration (SUIT) protocols. Representative oxygraph traces 

of oxygen flux relative to tissue mass, vertical hashed lines show the introduction of substrates or 

inhibitors. (A) SUIT protocol one, (B) SUIT protocol two. In each plot: LEAK=non-phosphorylating 

respiration; OXPHOS CI, CII and CIV=oxidative phosphorylation through mitochondrial complex I, II 

and IV, respectively; ETS max=electron transfer system maximum capacity; ROX=non-ETS 

respiration; G+M+P=glutamate, malate and pyruvate; CytC=cytochrome c; Rot=rotenone; 

Scc=succinate; UC=uncoupler, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone or carbonyl 

cyanide m-chloro phenyl hydrazone; Ant=antimycin A; TA= N,N,N',N'-tetramethyl-p-

phenylenediamine dihydrochloride and ascorbate. 
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Figure 2. Respiration varies across early gestation. (A) Mitochondrial and non-electron transfer 

system respiration, (B) flux control factors, (C) mitochondrial content and OXPHOS CI relative to 

mitochondrial content in first trimester tissues ordered by gestation.   OXPHOS=Oxidative 

phosphorylation; LEAK=non-phosphorylating respiration; ETS max=electron transfer system 

maximum respiration; ROX= non-electron transfer system respiration. *≤0.05; **≤0.01; ***≤0.001. 

Significance determined by Kruskal-Wallis test. Data are presented as median ± interquartile ranges. 
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Figure 3. Respiration differs between first trimester and term tissue. (A) Mitochondrial and non-

electron transfer system respiration; Oxidative phosphorylation with substrates for mitochondrial 

complexes I (OXPHOS CI) and CII, non-phosphorylating respiration (LEAK) and electron transfer 

system maximum respiration (ETS max) were not significantly different between first trimester and 

term tissue. OXPHOS CIV was significantly increased, and non-electron transfer system respiration 

(ROX) was significantly decreased, in term compared to first trimester tissue. (B) Flux control factors; 

OXPHOS CI as a proportion of maximal respiratory capacity, OXPHOS CI as a proportion of OXPHOS 

CII, and spare respiratory capacity were significantly increased in term compared to first trimester 

tissue. OXPHOS CII as a proportion of maximal respiratory capacity and LEAK were not significantly 

different between first trimester and term tissue. (C) In term tissue, reserve respiratory capacity at 
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mitochondrial complex I+II (CI+II; uncoupled respiration with glutamate, malate, pyruvate, succinate, 

and FCCP or CCCP) was significantly increased compared to spare respiratory capacity at complex II 

(CII; uncoupled respiration with glutamate, malate, pyruvate, succinate, FCCP or CCCP, and 

rotenone). *≤0.05; **≤0.01; ***≤0.001; ****≤0.0001. Significance determined by Mann-Whitney 

test for respiratory flux and flux control factors, and t test for comparison of spare respiratory 

capacity in term tissue; n=30 first trimester, n=13 tem; 1st=first trimester; 3rd=term. Data are 

presented as median ± interquartile ranges for differences between first trimester and term tissue, 

and mean ±s.d. for comparison of spare respiratory capacity in term tissue. 
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Figure 4. Respiration is increased by labour. (A) Oxidative phosphorylation (OXPHOS) through all 

mitochondrial complexes, LEAK respiration, and ETS max respiration were significantly increased in 

vaginal birth (v) compared to Caesarean section (CSect). Non-electron transfer system respiration 

(ROX) did not change. (B) OXPHOS CI as a proportion of maximal respiratory capacity, and OXPHOS 

as a proportion LEAK respiration were significantly increased in vaginal birth compared to Caesarean 

section. Other flux control factors did not change. OXPHOS=Oxidative phosphorylation; LEAK=non-

phosphorylating respiration; ETS max=electron transfer system maximum respiration; ROX= non-

electron transfer system respiration. *≤0.05; **≤0.01; ***≤0.001; ****≤0.0001. Significance 

determined by t-test. Data are presented as mean ± standard deviation.   
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Figure 5. In vitro culture decreases mitochondrial function to different degrees in first trimester 

and term placenta. (A) By 12 hours, first trimester placenta respiration rates were depressed 

regardless of substrate or respiration state. (B) In term placenta, oxidative phosphorylation through 

complex I (OXPHOS CI) decreased with time in culture, OXPHOS CII remained intact until 24 hours 

and OXPHOS CIV remained intact for 48hrs. (C) In first trimester placenta, OXPHOS CI decreased in a 

similar proportion relative to complex II over time. (D) When compared within the same substrate-

uncoupler-inhibitor titration protocol (SUIT protocol one), term tissue OXPHOS CI was significantly 

higher than OXPHOS CII at all time points. OXPHOS CI decreased after 24 and 48 hours relative to 

fresh placenta.  (E) A second SUIT protocol tested maximal respiratory capacities for combined 

OXPHOS CI and OXPHOS CII flux in term placenta, and while OXPHOS CI and OXPHOS CII 

contributions were similar in fresh term placenta, after 4 hours OXPHOS CI flux was depressed 

relative to OXPHOS CII flux.  (F) The cytochrome c flux control factor increased after 24 and 48 hours 

culture, relative in term placenta (circles), and after 96 hours of culture in first trimester tissues 

(squares). 1st=first trimester; 3rd=term; OXPHOS=oxidative phosphorylation; LEAK=non-

phosphorating respiration with complex I substrates; ETS= electron transfer system maximum 

respiration; RCR=respiratory acceptor control ratio; CI=oxidative phosphorylation through 

mitochondrial CI as a proportion of maximal respiratory capacity; CII=oxidative phosphorylation 

through mitochondrial complex II as a proportion of maximal respiratory capacity. *≤0.05; **≤0.01; 

***≤0.001; ****≤0.0001. Significance determined by Kruskal-Wallis (A–E) or ANVOA (F). Data are 

presented as median ± interquartile ranges for A–E, and mean ± standard deviation for F. 
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Figure 6. Protein expression changes in term placentae after four hours in vitro culture. Western 

blot analysis of protein levels of anti-apoptotic (A; BCL2), autophagy (B; LC3 I to II ratio), 

mitochondrial biogenesis (C; NRF1), and endogenous antioxidant (D; GPx) markers in whole term 

tissue. Plots show full densitometry data, above plots are representative images of three samples. 

Compared to fresh placenta, after four hours in vitro culture protein levels of (A) BCL2, (B) LC3 I/II 

and (C) NRF1 decreased significantly; (D) GPx did not change significantly. BCL2=B-cell 

CLL/lymphoma 2; LC3=microtubule associated protein 1 light chain 3 alpha; NRF1=nuclear 

respiratory factor 1; GPx=glutathione peroxidase 1. *≤0.05; **≤0.01; ****≤0.0001. Significance 

determined by paired t test. Data are presented as mean ± standard deviation. 

  



 

27 
 

References 

 

1 Burton GJ, Fowden AL: The placenta: A multifaceted, transient organ. Philosophical 
transactions of the Royal Society of London Series B, Biological Sciences 2015;370:20140066. 
2 Burton GJ: Oxygen, the janus gas; its effects on human placental development and function. 
Journal of Anatomy 2009;215:27-35. 
3 Rodesch F, Simon P, Donner C, Jauniaux E: Oxygen measurements in endometrial and 
trophoblastic tissues during early pregnancy. Obstetrics and Gynecology 1992;80:283-285. 
4 Hustin J, Schaaps JP: Echographic [corrected] and anatomic studies of the 
maternotrophoblastic border during the first trimester of pregnancy. American Journal of Obstetrics 
and Gynecology 1987;157:162-168. 
5 Schneider H: Placental oxygen consumption. Part ii: In vitro studies--a review. Placenta 
2000;21 Suppl A:S38-44. 
6 Carter AM: Placental oxygen consumption. Part i: In vivo studies--a review. Placenta 2000;21 
Suppl A:S31-37. 
7 De los Rios Castillo D, Zarco-Zavala M, Olvera-Sanchez S, Pardo JP, Juarez O, Martinez F, 
Mendoza-Hernandez G, Garcia-Trejo JJ, Flores-Herrera O: Atypical cristae morphology of human 
syncytiotrophoblast mitochondria: Role for complex v. The Journal of Biological Chemistry 
2011;286:23911-23919. 
8 Martinez F, Kiriakidou M, Strauss JF, 3rd: Structural and functional changes in mitochondria 
associated with trophoblast differentiation: Methods to isolate enriched preparations of 
syncytiotrophoblast mitochondria. Endocrinology 1997;138:2172-2183. 
9 Martinez F, Olvera-Sanchez S, Esparza-Perusquia M, Gomez-Chang E, Flores-Herrera O: 
Multiple functions of syncytiotrophoblast mitochondria. Steroids 2015 
10 Holland O, Dekker Nitert M, Gallo LA, Vejzovic M, Fisher JJ, Perkins AV: Review: Placental 
mitochondrial function and structure in gestational disorders. Placenta 2016 
11 Kolahi KS, Valent AM, Thornburg KL: Cytotrophoblast, not syncytiotrophoblast, dominates 
glycolysis and oxidative phosphorylation in human term placenta. Scientific reports 2017;7:42941. 
12 Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN, Burton GJ: Onset of maternal 
arterial blood flow and placental oxidative stress. A possible factor in human early pregnancy failure. 
The American Journal of Pathology 2000;157:2111-2122. 
13 Soothill PW, Nicolaides KH, Rodeck CH, Campbell S: Effect of gestational age on fetal and 
intervillous blood gas and acid-base values in human pregnancy. Fetal Therapy 1986;1:168-175. 
14 Watson AL, Skepper JN, Jauniaux E, Burton GJ: Susceptibility of human placental 
syncytiotrophoblastic mitochondria to oxygen-mediated damage in relation to gestational age. The 
Journal of Clinical Endocrinology and Metabolism 1998;83:1697-1705. 
15 Burton GJ, Yung HW, Murray AJ: Mitochondrial - endoplasmic reticulum interactions in the 
trophoblast: Stress and senescence. Placenta 2016 
16 Mando C, De Palma C, Stampalija T, Anelli GM, Figus M, Novielli C, Parisi F, Clementi E, 
Ferrazzi E, Cetin I: Placental mitochondrial content and function in intrauterine growth restriction 
and preeclampsia. American Journal of Physiology Endocrinology and Metabolism 2014;306:E404-
413. 
17 Mele J, Muralimanoharan S, Maloyan A, Myatt L: Impaired mitochondrial function in human 
placenta with increased maternal adiposity. American Journal of Physiology Endocrinology and 
Metabolism 2014;307:E419-425. 
18 Muralimanoharan S, Maloyan A, Mele J, Guo C, Myatt LG, Myatt L: Mir-210 modulates 
mitochondrial respiration in placenta with preeclampsia. Placenta 2012;33:816-823. 



 

28 
 

19 Vishnyakova PA, Volodina MA, Tarasova NV, Marey MV, Tsvirkun DV, Vavina OV, 
Khodzhaeva ZS, Kan NE, Menon R, Vysokikh MY, Sukhikh GT: Mitochondrial role in adaptive response 
to stress conditions in preeclampsia. Scientific Reports 2016;6:32410. 
20 Lattuada D, Colleoni F, Martinelli A, Garretto A, Magni R, Radaelli T, Cetin I: Higher 
mitochondrial DNA content in human iugr placenta. Placenta 2008;29:1029-1033. 
21 Wang Y, Walsh SW: Placental mitochondria as a source of oxidative stress in pre-eclampsia. 
Placenta 1998;19:581-586. 
22 He L, Wang Z, Sun Y: Reduced amount of cytochrome c oxidase subunit i messenger rna in 
placentas from pregnancies complicated by preeclampsia. Acta Obstetricia et Gynecologica 
Scandinavica 2004;83:144-148. 
23 Barbour JA, Turner N: Mitochondrial stress signaling promotes cellular adaptations. 
International Journal of Cell Biology 2014;2014:156020. 
24 Yung HW, Colleoni F, Atkinson D, Cook E, Murray AJ, Burton GJ, Charnock-Jones DS: 
Influence of speed of sample processing on placental energetics and signalling pathways: 
Implications for tissue collection. Placenta 2014;35:103-108. 
25 Kuhn DC, Crawford MA, Gordon GB, Stuart MJ: Aspects of in vitro placental perfusion: 
Effects of hyperoxia and phenol red. Placenta 1988;9:201-213. 
26 Burton GJ, Mayhew TM, Robertson LA: Stereological re-examination of the effects of varying 
oxygen tensions on human placental villi maintained in organ culture for up to 12 h. Placenta 
1989;10:263-273. 
27 Chen B, Longtine MS, Nelson DM: Pericellular oxygen concentration of cultured primary 
human trophoblasts. Placenta 2013;34:106-109. 
28 Khera A, Dong LF, Holland O, Vanderlelie J, Pasdar EA, Neuzil J, Perkins AV: Selenium 
supplementation induces mitochondrial biogenesis in trophoblasts. Placenta 2015;36:863-869. 
29 Viall CA, Chen Q, Liu B, Hickey A, Snowise S, Salmon JE, Stone PR, Chamley LW: 
Antiphospholipid antibodies internalised by human syncytiotrophoblast cause aberrant cell death 
and the release of necrotic trophoblast debris. Journal of Autoimmunity 2013;47:45-57. 
30 Zoll J, Sanchez H, N'Guessan B, Ribera F, Lampert E, Bigard X, Serrurier B, Fortin D, Geny B, 
Veksler V, Ventura-Clapier R, Mettauer B: Physical activity changes the regulation of mitochondrial 
respiration in human skeletal muscle. The Journal of Physiology 2002;543:191-200. 
31 Pesta D, Hoppel F, Macek C, Messner H, Faulhaber M, Kobel C, Parson W, Burtscher M, 
Schocke M, Gnaiger E: Similar qualitative and quantitative changes of mitochondrial respiration 
following strength and endurance training in normoxia and hypoxia in sedentary humans. American 
Journal of Physiology Regulatory, Integrative and Comparative Plled by ucp2 determine hypoxia-
induced synaptic remodeling in the cortex and hippocampus. Neurobiology of Disease 2016 
33 Schneider H: Oxygenation of the placental-fetal unit in humans. Respiratory Physiology & 
Neurobiology 2011;178:51-58. 
34 Brose SA, Marquardt AL, Golovko MY: Fatty acid biosynthesis from glutamate and glutamine 
is specifically induced in neuronal cells under hypoxia. Journal of Neurochemistry 2014;129:400-412. 
35 Bustamante J, Ramirez-Velez R, Czerniczyniec A, Cicerchia D, Aguilar de Plata AC, Lores-
Arnaiz S: Oxygen metabolism in human placenta mitochondria. Journal of Bioenergetics and 
Biomembranes 2014;46:459-469. 
36 Jauniaux E, Watson A, Burton G: Evaluation of respiratory gases and acid-base gradients in 
human fetal fluids and uteroplacental tissue between 7 and 16 weeks' gestation. American Journal 
of Obstetrics and Gynecology 2001;184:998-1003. 
37 Jauniaux E, Hempstock J, Teng C, Battaglia FC, Burton GJ: Polyol concentrations in the fluid 
compartments of the human conceptus during the first trimester of pregnancy: Maintenance of 
redox potential in a low oxygen environment. The Journal of Clinical Endocrinology and Metabolism 
2005;90:1171-1175. 



 

29 
 

38 Ditchfield AM, Desforges M, Mills TA, Glazier JD, Wareing M, Mynett K, Sibley CP, 
Greenwood SL: Maternal obesity is associated with a reduction in placental taurine transporter 
activity. International Journal of Obesity (2005) 2015;39:557-564. 
39 Bloxam DL, Bobinski PM: Energy metabolism and glycolysis in the human placenta during 
ischaemia and in normal labour. Placenta 1984;5:381-394. 
40 Cindrova-Davies T, Yung HW, Johns J, Spasic-Boskovic O, Korolchuk S, Jauniaux E, Burton GJ, 
Charnock-Jones DS: Oxidative stress, gene expression, and protein changes induced in the human 
placenta during labor. The American Journal of Pathology 2007;171:1168-1179. 
41 Diamant S, Kissilevitz R, Diamant Y: Lipid peroxidation system in human placental tissue: 
General properties and the influence of gestational age. Biology of reproduction 1980;23:776-781. 
42 Many A, Roberts JM: Increased xanthine oxidase during labour--implications for oxidative 
stress. Placenta 1997;18:725-726. 
43 Lee KJ, Shim SH, Kang KM, Kang JH, Park DY, Kim SH, Farina A, Shim SS, Cha DH: Global gene 
expression changes induced in the human placenta during labor. Placenta 2010;31:698-704. 
44 Smeitink J, van den Heuvel L: Human mitochondrial complex i in health and disease. 
American Journal of Human Genetics 1999;64:1505-1510. 
45 Freemark M: Regulation of maternal metabolism by pituitary and placental hormones: Roles 
in fetal development and metabolic programming. Hormone Research 2006;65 Suppl 3:41-49. 

 


