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Abstract. 

Mitochondrial dysfunction has been associated with diabetic phenotypes, yet the involvement 

of placental mitochondria in gestational diabetes mellitus (GDM) remains inconclusive. This 

is in part complicated by the different mitochondrial subpopulations present in the two major 

trophoblast cell lineages of the placenta. To better elucidate the role of mitochondria in this 

pathology, this study examined key aspects of mitochondrial function in placentae from 

healthy pregnancies and those complicated by GDM in both whole tissue and isolated 

mitochondria. Mitochondrial content, citrate synthase activity, reactive oxygen species 

production and gene expression regulating metabolic, hormonal and antioxidant control was 

examined in placental tissue, before examining functional differences between mitochondrial 

isolates from cytotrophoblast (Cyto-Mito) and syncytiotrophoblast (Syncytio-Mito). Our 

study observed evidence of mitochondrial dysfunction across multiple pathways when 

assessing whole placental tissue from GDM pregnancies compared to healthy controls. 

Furthermore, by examining isolated mitochondria from the cytotrophoblast and 

syncytiotrophoblast cell lineages of the placenta we established that although both 

mitochondrial populations were dysfunctional, they were differentially impacted.  These data 

highlight the need to consider changes in mitochondrial sub populations at the feto maternal 

interface when studying pregnancy pathologies.  
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Research in Context 

 

 Mitochondrial dysfunction is known to occur in diabetic phenotypes including type 1 

and 2 diabetes mellitus. 

 The incidence of Gestational diabetes mellitus (GDM) is increasing and defined as the 

onset of a diabetic phenotype during pregnancy. 

 The role of placental mitochondria in the aetiology of GDM remains unclear and an 

emerging area of research. 

 Differing mitochondrial morphologies within the placenta may influence the 

pathogenesis of the disorder. 

 This study observed mitochondrial dysfunction in GDM placenta when assessing 

whole tissue. 

 Upon further investigation into mitochondrial isolates from the cytotrophoblast and 

syncytiotrophoblast mitochondrial dysfunction appears exaggerated in 

syncytiotrophoblast. 

 Assessing mitochondrial populations individually enabled the determination of 

differences between cell lineages of the placenta and established varying levels of 

mitochondrial dysfunction in GDM, in some instances establishing significance in 

pathways previously inconclusive or confounded when assessing whole tissue.  

 This research lays the foundation for future work into mitochondrial dysfunction in 

the placenta and the role it may play in the aetiology of GDM. 

 

Introduction 

 Appropriate and adequate placental function is essential for the development of the 

fetus, integral to both immediate infant growth and lifelong health (Cheong et al., 2016) . The 

placenta consists of a complex vascular network essential for optimal transport of oxygen and 

nutrients between the maternal and fetal circulations. The site of this exchange occurs at the 

microvilli, comprised of underlying cytotrophoblasts which fuse to form the multinucleated 

overlaying syncytiotrophoblast. During this transformation the associated organelles undergo 

distinct modification. Mitochondrial changes, which occur during the differentiation into the 

two cell lineages in the healthy placenta, include alterations to morphology, bioenergetics, 

and biochemistry (Kolahi et al., 2017; Fisher et al., 2019a). Mitochondria from the 

syncytiotrophoblasts have decreased rates of respiration, adenosine triphosphate (ATP) 

generation and alterations in expression of mitochondrial complex proteins ATP5α, ATP5β, 

as well as a decrease in a number of metabolic pathways (Fisher et al., 2019a; Fisher, 2019). 

 Mitochondria are dynamic organelles constantly changing through mitochondrial 

fission and fusion pathways (Fisher et al., 2019b), responsible for the homeostatic 

maintenance of many cellular functions crucial for pregnancy. These include, regulation of 

metabolism and nutrient availability, ATP generation through oxidative phosphorylation, 
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generation of reactive oxygen species, and hormone synthesis. Mitochondrial function is vital 

for a healthy placenta and pregnancy and it has long been established that mitochondrial 

dysfunction may be central to many pregnancy pathologies (Holland et al., 2017a) including 

gestational diabetes mellitus (GDM).  

 GDM is defined by onset of hyperglycaemia during pregnancy. Along with lifelong 

impacts on fetal/child health such as increased risk of cardiovascular disease (CVD), GDM 

increases the risk of maternal pregnancy complications like preeclampsia (Plows et al., 2018) 

, as well as maternal risk of type 2 diabetes, all of which have a significant impact and burden 

of disease (extensively reviewed elsewhere (Burlina et al., 2016)). While links between 

mitochondria and other diabetic phenotypes, both type 1 (T1DM) and type 2 (T2DM) 

diabetes mellitus are well established, conjecture over the involvement of mitochondrial 

dysfunction within the placenta in GDM remains. Evidence of mitochondrial dysfunction in 

diabetic patients outside of pregnancy include decreases in oxidative phosphorylation, 

increased ROS production and alterations in mitochondrial content (Kwak et al., 2010; Sivitz 

& Yorek, 2010) . It is probable that mitochondria from the placenta are similarly 

dysfunctional and may play a role in the development of GDM. Additionally, mitochondrial 

function of the placenta may be more central to GDM development than previously thought. 

Placental mitochondria play a role in the production of hormones within the placenta, 

hormones which upon release are known modulators of maternal metabolism and are shown 

to adapt to differing in-utero conditions (Napso et al., 2018b; Sferruzzi-Perri et al., 2019). 

Therefore, placental dysfunction may not only be a consequence, but a cause of GDMso it is 

critical to understand if mitochondrial function is altered in placentas from women with 

GDM compared to control women. This research is complicated by the differing morphology 

and physiological functionality associated with mitochondria from the cytotrophoblast and 

syncytiotrophoblast cell lineages. Given the strong links between mitochondrial dysfunction 

and other diabetic phenotypes, the nonuniformity of placental mitochondria, if dysfunctional, 

may impact on all aspects of GDM. These include placental physiology, metabolism, 

signalling and hormone production. Thus, investigation into the role of the differing 

mitochondrial subpopulations at the feto-maternal interface is important for understanding the 

development of GDM.  

This study explores the relationship between placental mitochondrial function and 

GDM by comparing mitochondria from healthy control pregnancies to that of mitochondria 

in GDM pregnancies. The aim of this study is to characterise mitochondria from the 
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cytotrophoblast (Cyto-Mito) and syncytiotrophoblast (Syncytio-Mito) cell lineages in terms 

of mitochondrial respiration, relative number, antioxidant response, hormonal production, 

dynamics and metabolic activity, many of the common findings associated with dysfunction 

in other diabetic phenotypes. Given the differences in mitochondria present in the placenta, 

this study will examine if separating mitochondria by cell lineage will eliminate confounding 

factors associated with whole tissue examination, providing an important insight into 

involvement and contribution of placental mitochondria to the pathogenesis of GDM.  

Methods 

Ethical approval, sample collection and preparation 

 Ethical approval for all aspects of this research was granted by; Queensland Health 

Human Research Ethics Committee, Australia; HREC/14/QPCH/246 and Griffith University 

Human Research Ethics Committee; MSC/05/15/HREC in compliance with the standards set 

by the Declaration of Helsinki, except for registration in a database. Placental samples were 

collected with informed consent, from healthy control pregnancies (n=16) and from women 

clinically diagnosed with GDM (n=15). Gestational diabetes was diagnosed as per current 

Queensland clinical guidelines; “Gestational diabetes mellitus.” published in 2015 under the 

document number MN15.33-V1-R20 by the Department of Health, Queensland Government. 

Samples were collected following the methodology previously published (Burton et al., 

2014)  with information collected on gestational age, maternal age, maternal BMI, baby 

weight, and placental weight. Samples were included if treated with dietary modifications or 

insulin and excluded if treated with metformin. Samples were collected and processed with 

45 minutes of delivery and washed in PBS to limit maternal blood contamination before snap 

freezing and storage at -80 oC. 

Determination of Mitochondrial Content 

DNA was extracted from placental tissue using isopropanol precipitation. Briefly, 10-

-30mg of placental tissue was incubated at 55oC for 4hrs in 100uL of DNA lysis buffer and 

proteinase K-(10%). Protein was precipitated with 40uL of 6M ammonium acetate. DNA was 

precipitated with 100uL of isopropanol and washed with 50uL of 70% EtOH. DNA was 

resuspended in 20uL of MilliQ H20, and DNA concentrations were assessed via a NanoDrop 

1000 Spectrophotometer-(Thermo-Fisher-Scientific,-MA,-USA). 30ug of DNA was used and 

RT-qPCR was performed with QuantiNova SYBR Green PCR Master Mix-

(Qiagen,Australia). Predesigned mitochondrial primers were purchased from Signa-Aldrich-

(Table 1). RT-qPCR was conducted using the QuantStudio6 Flex Real-Time PCR System-
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(Thermo-Fisher-Scientific,MA,-USA). Relative mitochondrial content was determined 

following normalisation of two mitochondrial genes to the geometric mean of two nuclear 

housekeeping genes (Table 1) which remain stable across the samples, quantified using the 

2−ΔΔCT  method, and reported as ratio normalised to controls as per previous publications 

(Holland et al., 2017b; Holland et al., 2018).  

Gene Expression Studies 

 RNA was extracted from placental tissue utilising an RNAeasy Mini Kit-(Qiagen,-

Doncaster,-Australia), with 600uL of buffer RLT and -mercaptoethanol added to 20-30mg 

of placental tissue. The remainder of the protocol was performed as detailed in the 

manufacturer’s instructions. Following quantification on the NanoDrop 1000 

Spectrophotometer-(Thermo-Fisher-Scientific, MA,-USA), 140ng of cDNA was synthesised 

using the iScript gDNA Clear cDNA Synthesis Kit-(Bio-Rad,-Gladesville,-Australia) as per 

manufacturers’ instructions. RT-qPCR was conducted using QuantiNova SYBR Green PCR 

Master Mix (Qiagen, Australia) with predesigned primers purchased from Sigma-Aldrich-

(Table 1). RT-qPCR was conducted using the QuantStudio6 Flex Real-Time PCR System 

(Thermo-Fisher-Scientific, -MA,-USA). Relative gene expression was determined following 

normalisation to geometric mean of housekeeper genes, quantified using the 

2−ΔΔCT  method, and reported as arbitrary units. 

Protein Extraction and Determination 

 Protein was extracted and quantified following our previously published 

methodology (Holland et al., 2018). Briefly, 20-30mg of placental tissue was homogenised in 

1000uL of RIPA (50mM Tris (pH 7.4), 150mM NaCl, 1% Non-Idet P40, 1% Sodium 

deoxycholate, and 1% SDS) buffer. Supernatants were collected following centrifugation at 

11,000rpm for 5mins. Protein concentrations of whole tissue and mitochondrial isolates 

(detailed below) were determined using the Pierce BCA Protein Assay Kit (Thermo 

Scientific, Australia) following the manufacturer’s instructions. 

Citrate Synthase Assay 

 Citrate synthase activity-(CSA) was determined using an assay designed by 

Eigentler et al.(Eigentler et al., 2015). Briefly, 15uL of reaction mixture containing Triton X-

100, Acetyl CoA and 5,5-Dithiobis-(2-nitrobenzoic-acid) was added to 60uL of placental 

protein extract (2mg/mL) plus 20uL of MilliQ H2O in a 96-well plate. The reaction was 

initiated with the addition of 5uL of oxaloacetate. Absorbance was read at 412nm on the 

SpectraMax M4 Multi-Mode Microplate Reader-(Molecular-Devices,-LLC) as previously 
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described. CSA values were additionally normalised to their respective mitochondrial content 

values. 

Hydrogen Peroxide Levels 

 Hydrogen peroxide (H2O2) levels in 2mg/mL of protein extract were determined 

using Amplex Ultra Red-(Thermo-Fisher-Scientific) using the peroxide/enzyme-coupled 

assay protocol provided by the manufacturer. Briefly, a reaction mixture consisting of 

Amplex Ultra Red-(Invitrogen), superoxide dismutase and horseradish peroxidase was added 

in equal volume to samples in a 96-well plate. Absorbance was measured at 560nm on the 

SpectraMax M4 Multi-Mode Microplate Reader (Molecular-Devices, LLC).  

Mitochondrial Isolation 

 Isolation of enriched mitochondrial fractions was performed utilising our previously 

optimised methodology (Fisher et al., 2019a). Tissue homogenate was centrifuged at 1,500g 

for 10 minutes, with the supernatant collected and subsequently centrifuged at 4,000g for a 

further 15 minutes to produce a cytotrophoblast (Cyto-Mito) pellet. The supernatant was 

collected and centrifuged at 12,000g to produce enriched syncytiotrophoblast mitochondria 

isolates (Syncytio-Mito) (Fisher et al., 2019a).  

Real time respirometry 

 Mitochondrial respiration was measured at 37°C via polarographic oxygen sensors 

within the Oxygraph-2k instrument (OROBOROS Instruments, Innsbruck, Austria). 

Mitochondrial respiration was assessed by performing a SUIT (substrate-uncoupler-inhibitor-

titration) protocol examining oxygen flux and recorded via DataLab 7.0 software 

(OROBOROS Instruments, Innsbruck, Austria). The SUIT protocol was performed as 

previously described (Fisher et al., 2019a).  Briefly, isolated mitochondrial fractions were 

added to the Oxygraph-2k chamber in MiRO5 respiration media, allowed to calibrate to 

establish baseline prior to the addition of Glutamate, Malate, Pyruvate and ADP to activate 

Complex I linked respiration. Succinate was added to activate Complex I + II linked 

respiration. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was added to determine 

uncoupled or Maximum respiratory capacity. Antimycin A was used to inhibit complex III 

respiration providing a measurement of non-mitochondrial respiration. Units of respiration 

are expressed as p/mol O2/sec per mg protein 

ATP production 

 ATP production was quantified utilising an ATP Assay Kit (Abcam, Australia) 

following the manufacturer’s instructions. To remove enzymes that may interfere with ATP 
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quantification, protein was removed from the mitochondrial extracts using the Deproteinizing 

Sample Preparation Kit (Abcam) following the manufacturer’s recommendation in the initial 

assay. ATP content is expressed as umol/mg of mitochondrial extract.   

Antioxidant Capacity 

 Measurement of antioxidant activity was performed for superoxide dismutase (SOD), 

glutathione peroxidase (GPx) and thioredoxin reductase (TrxR). Superoxide dismutase 

activity was quantified by fluorometric analysis performed utilising a Superoxide Dismutase 

Assay Kit (Cayman Chemicals) following the manufacturer’s instructions. Enzyme activity 

was expressed a Units/mg of protein. A glutathione peroxidase assay was performed based on 

the protocol from Flohe and Gunzer and modified to work in a 96 well plate (Flohe & 

Gunzler, 1984; Smith & Levander, 2002) expressed as moles/min/mg. Thioredoxin reductase 

was measured utilising colorimetric assay kit (Cayman Chemicals) in accordance to the 

manufacturer’s instructions. 

Progesterone Production 

 Progesterone production was assessed using the Human Total Progesterone ELISA 

(DuoSet, Australia) in accordance with manufacturer’s guidelines. Progesterone 

concentration is expressed as pg/ml. 

Western Blotting 

 Protein concentrations of mitochondrial isolates were determined using the Pierce 

BCA Protein Assay Kit (Thermo Scientific, Australia) following the manufacturer’s 

instructions and normalised to 20 μg of protein prior to loading onto 12% Polyacrylamide 

gels and separated by electrophoresis. Upon completion, proteins were wet-transferred to 

polyvinylidene fluoride (PVDF) membranes which were blocked with Odyssey® blocking 

buffer. Membranes were incubated with the primary antibody overnight with agitation at 4˚C. 

Primary antibodies utilised in these experiments consisted of β-actin (ab8227) at 1:1000, 

MFN1 (ab57602) at 1:1000 dilution, MFN2 (ab56889) at 1:1000 ATPB (ab14730) at 1:1000 

dilution, PCK2 (ab187145) at 1:1000 dilution, ACADVL (ab155138) at 1:1000, and VDAC1 

(ab14734) at 1:1000. The membranes were washed extensively with Tris Buffered Saline 

(TBS/Tween) and TBS followed by a subsequent incubation with secondary antibodies anti-

rabbit (IRDye 680 goat, Licor, Lincoln, NE,USA) at 1:20000 dilution and anti-mouse (IRDye 

800 donkey, Licor, Lincoln, NE,USA) at 1:20000 dilution. The developed blot was then 

imaged by Licor Odyssey and quantified by Image studio v 5.2. 

Statistical Analysis 
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 All values are mean ± SD with Grubbs test for outliers performed. Linear regression 

analysis was performed to assess relationships between variables in Table 2, student’s T tests 

were used to determine significance between control and GDM groups (n=16 and 15 

respectively, with n corresponding to a single placenta) for mitochondrial content, citrate 

synthase, gene expression, reactive oxygen species and enzymatic activity data with Pearson 

correlation run between BMI and gestational outcome to assess the effect of BMI on 

outcome. Normality and lognormality of the data was assessed via Anderson-Darling, 

D’Agostino & Pearson, Shapiro-Wilk and Kolmogorov-Smirnov prior to T-test being run, 

and when required Mann-Whitney test was performed. For comparison between Cyto-Mito 

and Syncytio-Mito across both groups, two-way ANOVAs were performed, with established 

significance leading to post hoc analysis via Tukey Test. Statistical significance was set at 

p=0.05. Analyses were performed using SPSS v22 (IBM SPSS software, Australia) and 

GraphPad PRISM 7.02 (GraphPad, USA). Statistical power analysis was not performed prior 

to this study commencing; however, n numbers were chosen based on previous publications. 

 

Results 

Mitochondrial phenotype in whole tissue sample from GDM 

 Healthy control and GDM pregnancies were matched for clinical characteristics. No 

significant differences were observed between control and GDM pregnancies in, age of 

mothers, maternal pregestational BMI, baby weight, or placental weight (Table 2). 

Gestational length while significantly different between the groups remained within the 

clinical guidelines for term birth (Table 2). Pearson correlation between BMI and gestational 

outcomes was not significant (P=0.066 r = 0.41) along with no association between BMI and 

mitochondrial variables, as expected when no significance occurred between BMI and 

outcome..  

Mitochondrial DNA copy number was significantly higher in GDM compared to 

control (Figure 1A, p=0.04). Citrate synthase activity was significantly lower in placental 

tissue from women with GDM compared to healthy controls (Figure 1B, p=0.03), a finding 

conserved when assessing citrate synthase activity per mitochondria once normalised to 

mitochondrial content (Figure 1C, p=0.04). Hydrogen peroxide production was not 

significantly different between groups (Figure 1 F).  
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Expression of key genes involved in metabolic, antioxidant and hormonal processes 

were subsequently assessed. Gene expression of G6Pc and PPARG was greater in placentas 

from GDM women (Figure 1; D p=0.01 and E p=0.02). Gene expression of GPX1, HSD3B1, 

CSH1 and CYP11A1 was not significantly different between groups (Figure 1 G, H, I, J).  

Given these biological processes were identified to likely contribute to GDM, subsequent 

analyses were performed in isolated mitochondrial subtypes to ascertain if changes occurred 

within GDM in a specific mitochondrial subpopulation that may be masked when assessing 

whole tissue.  

Isolated Placental Mitochondria 

Mitochondrial Bioenergetics 

Following isolation of Cyto-Mito and Syntio-Mito populations, our initial 

experiments were to investigate if bioenergetic differences existed between placental 

mitochondria from healthy gestations and women with GDM. This study confirmed previous 

literature examining control placenta, observing decreased respiratory capacity in the 

Syncytio-Mito compared to the Cyto-Mito (Fisher et al., 2019a). Placentae from GDM 

pregnancies had reduced respiratory levels in both the Cyto-Mito and Syncytio-Mito isolate 

groups when compared to controls. This decrease was significant in respiration linked to 

complexes I+II (CI+II), and maximum respiratory capacity (ETS) (Figure 2; A p=<0.0001, B 

p=0.0015), with the most significant decreases between GDM and controls observed in 

Syncytio-Mito (Cyto-Mito: CI+II p=<0.001, ETS: p=<0.01; Syncytio-Mito CI+II p=0.0004, 

ETS p=0.0005; Figure 2 A, B).  

In control pregnancies, placental ATP production was reduced in Syncytio-Mito 

compared to Cyto-Mito (Figure 2 C, p=0.01); this reduction was not observed in GDM 

placentae. While ATP production was not statistically different between isolated 

mitochondria from control and GDM placentas when assessed overall, post-hoc analysis 

demonstrated that ATP production from Cyto-Mito was significantly reduced in women with 

GDM compared to that of control (Figure 1 C, p=0.0001). 

Antioxidant Capacity 

Antioxidant capacity was measured to ascertain the placentas’ capacity to mitigate 

levels of reactive oxygen species (ROS). Superoxide dismutase was significantly increased in 

women with GDM when compared to control (p=0.0107, Figure 3A). Following post-hoc 

analysis, Syncytio-Mito from GDM placenta had significantly higher superoxide dismutase 

(SOD) activity when compared to control Syncytio-Mito (p=<0.05). Upon examination of 
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glutathione peroxidase (GPx) activity levels by ANOVA women with GDM showed no 

change compared to controls, although  post-hoc analysis observed a decreased in GDM 

Cyto-Mito when compared to control Cyto-Mito (p=<0.01, Figure 3 B). Activity levels were 

found to be greater in Cyto-mito when compared to Syncytio-Mito (p=0.002) regardless of 

disorder. . Similarly, thioredoxin reductase (TrxR) activity showed no change between in 

GDM and controls following ANOVA examination, although post-hoc analysis found that 

there were significant decreases in activity of TrxR between Cyto-Mito from placentas of 

GDM women when compared to controls (p=<0.01 Figure 3 C). Again, greater activity levels 

were identified in Cyto-Mito compared to Syncytio-Mito .  

Hormonal Regulation 

Investigation of progesterone synthesis was performed on isolated mitochondria from 

both control and GDM placenta. Mitochondrial isolates from placentas of GDM women 

produced greater levels of progesterone compared to control placentas (p=0.0002). 

Furthermore, the Syncytio-Mito were found to produce more progesterone than Cyto-Mito 

(p=0.0026) (Figure 4).  

Mitochondrial dynamics and metabolism 

Mitochondrial dynamic proteins MFN1 and MFN2 were significantly increased in 

GDM samples (Figure 5 A, p=0.038 and B, p=0.006) but were similarly expressed within 

mitochondria from the two different cell populations. Post-hoc analysis revealed that MFN2 

was significantly increased in the Syncytio-Mito population when compared to that of 

controls (p<0.05). This study also investigated the expression of key proteins that may 

contribute to decreased respiratory capacity in GDM. While the selected proteins were not 

different between control and GDM placentas, PCK2 (p=0.0027), ATP5β (p=0.015) and 

ACADVL (p=0.022) were all significantly lower in Syncytio-Mito when compared to Cyto-

Mito (Figure 5 C, D, E). VDAC1, an integral protein associated with mitochondrial ER 

tethering and calcium mediation, was not different between control and GDM placentas, but 

was significantly reduced (p=0.0061) in Syncytio-Mito when compared to Cyto-Mito (Figure 

5 F). 

Discussion 

This study examined key aspects of mitochondrial function in placentae from healthy 

control pregnancies and those complicated by GDM. This study initially characterised 

mitochondrial content, citrate synthase activity, and the expression of genes implicated in 

mitochondrial function in whole placental tissue; finding impaired mitochondrial activity and 
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increased expression of key mitochondrial genes G6Pc and PPARG. However, given the 

structure of the human placenta and the unique mitochondria sub populations as previously 

discussed, we further explored differences between control, and GDM samples in 

mitochondria isolated from cytotrophoblast and syncytiotrophoblast cell linages. Our findings 

indicate both Cyto-Mito and Syncytio-Mito display deficits in placental tissue from women 

with GDM, but that these two differing populations are differentially impacted in GDM 

pregnancies. 

Mitochondrial content and function 

Reports on changes in placental mitochondrial activity and content associated with 

GDM are not consistent, with increases, decreases and no change observed (reviewed 

elsewhere (Holland et al., 2017a). In the present investigation we measured the copy number 

of DNA sequences found within the mitochondrial genome, referred to as mitochondrial 

content, which was found to increase in GDM placenta. Activity of citrate synthase however 

was significantly decreased, suggesting a reduction in functionality of placental mitochondria 

and a potential compensatory mechanism through increased number. To further examine 

functionality citrate synthase activity per mitochondria was accessed and found to be 

significantly reduced, indicating a level of mitochondrial dysfunction is present in GDM 

placenta. 

The reason for reduced mitochondrial function associated with GDM is not clear, but 

previous studies have suggested it may be linked to obesity, finding that placental tissue from 

obese women had lower mitochondrial content than non-obese women (Hastie & Lappas, 

2014).  This may suggest that a diabetic phenotype exaggerates observations of mitochondrial 

dysfunction associated with obesity. To account for this our study attempted to examine 

control and GDM women for BMI as best as possible.  Although BMI was not statistically 

different between groups, the mean BMI in the control group fell within the healthy BMI 

range while the mean value in the GDM group fell within the obese range.  To address this 

Pearson correlation analysis was performed, with no linear relationship observed between 

BMI and gestational outcomes. This finding supports our statistical analysis and establishes 

that in this instance BMI does not appear to underpin the changes to mitochondrial function 

in GDM. A finding supported by studies which reported that GDM combined with obesity, 

and not obesity alone results in altered placental mitochondrial morphology, and is associated 

with dysfunction (Mando et al., 2018). Although our study identified a level of mitochondrial 

dysfunction when assessing whole tissue, the remaining inconsistencies highlight the need for 
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further studies to separate the role of obesity and GDM in placental mitochondrial 

dysfunction.  

Gene expression studies 

We investigated the expression of key genes associated with metabolism and linked to 

diabetes and observed significant increases in G6Pc and PPARG expression in GDM placenta 

when compared to controls. The product of G6Pc is glucose-6-phophatase, a an enzyme that 

catalyses the hydrolysis of glucose-6-phosphate to glucose in the final stage of both 

glycogenolytic and gluconeogenic pathways. This would enhance the ability of GDM 

placentae to produce more free glucose through gluconeogenesis or increased breakdown of 

glycogen potentially increasing the fuel supply to the fetus. As excess glycogen deposition, 

has been shown to occur in the GDM placenta (Desoye & Hauguel-de Mouzon, 2007), 

literature suggests that the placenta likely acts as a buffer to reduce fetal exposure to 

hyperglycaemia (Desoye et al., 2002). However, excess glycogen is also cytotoxic, 

suggesting that the results of the present study may indicate that, in late gestation, the GDM 

placenta upregulates G6Pc expression in order to reduce tissue burden. This also indicated 

that the placenta contributes to the pathophysiology of GDM later in gestation via increased 

glucose release, and the inability to utilise the excess substrate at a mitochondrial level.  

Similarly, this study established that GDM had an increased gene expression of 

PPARG, a multifunctional regulator responsible for the stimulation of fat cells to uptake 

lipids via adipogenesis, insulin sensitivity and mitochondrial biogenesis. PPARG has been 

shown to facilitate glucose-sensing in the liver and β-Cells through activating glucose 

transporter 2 (GLUT2) (Kim & Ahn, 2004), which in turn converge on glucose and glucose-

6-phosphate downstream altering insulin sensitivity. This may help explain why placental 

levels of G6Pc were increased. PPARG also coactivates peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), a crucial activator of mitochondrial 

biogenesis, thus, our observations of increased PPARG could be an adaptive response to the 

low citrate synthase activity of the poorly functioning mitochondria within the placenta of 

GDM pregnancies.   

The placenta produces many hormones that modulate maternal physiology, including 

increasing maternal blood glucose levels and reducing insulin sensitivity late in pregnancy 

(Napso et al., 2018a). Therefore, we investigated the potential role of placental mitochondria 

in altering hormonal responses. In the current study, expression of the CSH1 gene which 

encodes for hPl was not altered significantly between control and GDM placentas. This is 
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perhaps not surprising as any change in hPL implicated in the development of GDM would 

have likely occurred earlier in pregnancy. Another key placental hormone thought to be 

involved in the pathophysiology of GDM is progesterone, with studies showing increased 

progesterone levels, above the already high concentrations critical for pregnancy 

maintenance, are associated with the development of glycaemic abnormalities in pregnancy 

(Branisteanu & Mathieu, 2003). Progesterone is a key modulator of pancreatic beta-cell 

proliferation in response to insulin, with progesterone-receptor knockouts in female mice 

showing a more efficient insulin response to hyperglycaemic stress relative to their wild-type 

counterparts (Picard et al., 2002). To assess this hormonal regulation, genes that regulate the 

production of progesterone CYP11A1 and HSD3B1 were examined. CYP11A1 remained 

unchanged in whole tissue from GDM, which is consistent with the literature (Uzelac et al., 

2010). Although HSD3B1 expression increased, this did not reach significance. As with hPL, 

the observed results may be because the proposed changes in hormone synthesis are not 

evident in the term placenta. recent findings As have demonstrated via gene set enrichment 

analysis, that GDM placental gene expression profiles from the first and second trimesters of 

pregnancy had a significant up-regulation of steroidogenic pathways (Zhao & Li, 2019). 

Additionally, elevated plasma progesterone levels have been reported during the second 

trimester in women who developed GDM (Ngala et al., 2017). These findings would coincide 

with the emergence of GDM symptoms and may implicate mitochondrial dysfunction in the 

second trimester in the hormonal dysregulation associated with this pathology. Given that the 

present study examined gene expression and observed placental mitochondrial dysfunction in 

term tissue, while  not directly measuring plasma steroid hormone levels, the non-significant 

difference in gene expression of associated enzymes is not sufficient evidence to rule out the 

role of altered placental steroidogenesis in whole placental tissue from GDM. Given the 

involvement of mitochondria in the synthesis of hormones and the significantly different 

mitochondria present in the cytotrophoblast and syncytiotrophoblast cell lineages, the 

assessment of mitochondrial involvement in hormonal dysregulation may not be discernible 

when assessing whole tissue. 

Analysis of isolated mitochondria subpopulations 

Given the strong evidence of mitochondrial dysfunction in other diabetic phenotypes 

and the alterations in citrate synthase activity and gene expression that was observed in whole 

tissue associated with GDM; further investigation was warranted on the placental 

mitochondria from different cell linages that have structural and functional differences 
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(Kolahi et al., 2017; Fisher et al., 2019a). Therefore, to better characterise the involvement of 

mitochondria from the placenta in the pathogenesis of GDM, isolation of placental 

mitochondria from the cytotrophoblast (Cyto-Mito) and syncytiotrophoblast (Syncytio-Mito) 

cell lineages was performed.  

Mitochondrial respiration  

The reduced respiratory function in both Cyto-Mito and Syncytio-Mito from GDM 

placenta supports our observations in whole placental tissue of decreased functional capacity. 

This finding would agree with the previous literature which established a 50% reduction in 

mitochondrial respiration from trophoblasts isolated from GDM placenta treated with 

glyburide or insulin throughout gestation (Muralimanoharan et al., 2016). Furthermore, 

Syncytio-Mito function was decreased when compared to Cyto-Mito across both control and 

GDM groups, confirming our previous results in healthy placental samples (Fisher et al., 

2019a) and further validating similar observations which found mitochondria from 

cytotrophoblast are more metabolically active than in the syncytiotrophoblast (Kolahi et al., 

2017). 

This study found physiological changes in mitochondria from the different cell 

lineages appear to be exaggerated in GDM, supporting the premise that mitochondrial 

dysfunction is central to the progression of the disease. Bioenergetic assessment of ATP 

production was reduced in Syncytio-Mito when compared to Cyto-Mito in healthy control 

tissue, but this alteration was not observed in GDM. This observation further established a 

level of mitochondrial dysregulation to be present in GDM. 

Antioxidant capacity  

Our findings may indicate an increased necessity of SOD in GDM mitochondria due 

to an increase in ROS production, a finding greatest in Syncytio-Mito. Our data concurs with 

previous publications which place increased ROS and mitochondrial dysfunction at the centre 

of disease progression in placenta from T1DM placenta (Hastie & Lappas, 2014). 

Furthermore, our findings allude to the potential for Syncytio-Mito dysfunction in GDM, due 

to poorly functioning mitochondria and proposed increased ROS observed through greater 

levels of SOD. This statement is supported in the literature which observed increases in 8-

isoprostane, SOD activity and protein carbonyl content in GDM placentae and determined 

these to be a result of increased oxidative stress (Coughlan et al., 2004). This, when 

combined with decreases in both GPx and TrxR activity in placental mitochondria, may 

elucidate mechanisms and implicate placental mitochondria directly in the increased systemic 
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oxidative damage and inflammation observed in maternal circulation during GDM 

pregnancies (Gelaleti et al., 2015; Li et al., 2016; Rueangdetnarong et al., 2018).  

Steroidogenesis 

To examine the implications that mitochondrial dysfunction may impose on 

steroidogenesis and therefore hormone production and the potential role this may play in the 

development of a diabetic phenotype, progesterone production was assessed in isolated 

mitochondria from both cell lineages of GDM and control placenta. In whole placental tissue, 

CYP11A1 gene expression was not significantly altered by glycaemic status. However, 

functional differences in the capacity of the mitochondrial subpopulations to produce 

progesterone was observed once the mitochondria were isolated, with mitochondria from 

GDM placenta possessing the ability to produce significantly more progesterone than control 

isolates, suggesting that in GDM placental production of progesterone is increased. This 

increased progesterone production may be an important finding when assessing the role 

mitochondria play in the pathogenesis of GDM, given the evidence of glycaemic 

abnormalities and modulation of pancreatic beta-cell proliferation associated with 

progesterone (Chatuphonprasert et al., 2018). Given the potential for progesterone to affect 

insulin sensitivity, increased placental progesterone productions in combination with 

mitochondrial dysfunction may drive the pathogenesis of GDM. As such, these observed 

changes establish the need to further assess the effect of mitochondrial dysfunction on 

hormonal regulation and the impact on pathogenesis; in whole tissue, and in an isolated 

mitochondrial model to further understand this complex process.  

Mitochondrial dynamics and metabolic function 

Markers of mitochondrial dynamics (the process in which mitochondria undergo 

fission and fusion to remove poorly functioning mitochondria (Fisher et al., 2019b) and 

metabolic function were also assessed in isolated mitochondria from GDM placenta. 

Mitochondrial dynamics have been shown to be modulated in response to metabolic 

dysregulation, with excessive fatty acid or glucose causing mitochondrial fragmentation (Yu 

et al., 2006; Molina et al., 2009), which is often shown to be decreased in response to 

metabolic abnormalities and glucose intolerance when assessing whole tissues (Zorzano et 

al., 2015). This study has shown MFN2 upregulation in an isolated mitochondrial population 

when compared to controls and may suggest that a pro fusion state has been adopted in 

response to the dysfunction identified in GDM. By adopting a pro fusion state, the 

mitochondria in GDM may be attempting to overcome the poor functionality and allow for 
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selected mitochondria to avoid mitophagy, thus correcting for the observed decreases in 

respiratory capacity and citrate synthase activity. With distinct mitochondrial dysfunction 

associated with many key physiological changes in GDM, a selection of metabolic and 

structural proteins associated with morphologic and bioenergetic adaptions between Cyto-

Mito and Synctyio-Mito were assessed (PCK2, ACADVL, ATP5β and VDAC1). No 

significant differences were found with GDM; however, the findings did validate the 

previous observations with all proteins significantly decreased in Syncytio-Mito when 

compared to Cyto-Mito, regardless of pathology (Fisher, 2019).  

 

Limitations 

This study acknowledges that due to the nature of clinical sample collection some 

information was unavailable or not routinely collected that may provide further insights into 

the mechanisms or correlation between groups examined in this study. These include 

reporting of pregestational BMI, weight gain throughout gestation, birth complications and 

detailed characterisation of diet vs diet plus insulin control in mothers e.g. dietary 

information and frequency of insulin use. All factors which may affect the GDM phenotype 

and therefore mitochondrial dysfunction. Whilst this study eliminated GDM when treated by 

metformin the extent to which diet vs diet plus insulin management affects placental 

mitochondria is unknown and may influence the placental mitochondria. Furthermore, this 

study identified that future research may need a larger population to determine intricate shifts 

between in GDM and mitochondrial function given the differences in function presented 

between the groups. As such, separating data into groups by BMI bracket (underweight, 

healthy, overweight and obese) and fetal sex rather than just presenting control vs GDM and 

examining correlation may be important considerations. This study also examined antioxidant 

capacity in frozen tissue and isolated mitochondria and while not directly examining 

oxidative damage, mechanisms of birth such as labour, caesarean and laboured caesarean 

may all influence inflammation and oxidative pathways and as such contribute to indicators 

of oxidative stress. This study while one of the first to examine mitochondria separated by 

cell lineage within GDM placenta also notes that the n numbers used in the isolated 

mitochondria are not as large as those used to assess function in whole GDM tissue. 

Conclusions 

This study has established placental mitochondrial dysfunction as central to the progression 

of the GDM. However, our findings have highlighted the need to assess mitochondria from 
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the different trophoblast cell lineages in the placenta due to their vastly different functionality 

and morphology. Evidence of mitochondrial dysfunction, while often inconsistent when 

assessing whole tissue samples, was observed when studying mitochondrial function in 

isolation. Distinct differences associated with GDM were observed between Cyto-Mito and 

Sycytio-Mito in respiratory capacity, ATP production, antioxidant function, and hormonal 

regulation. Decreased mitochondrial respiration and increased progesterone production are 

factors that may independently drive a hyperglycaemic phenotype and, when combined, may 

be critical to the emergence of GDM. These findings lay the foundation for future work into 

the complex interactions between placental mitochondria from both cytotrophoblast and 

syncytiotrophoblast and the effect that dysfunction in these organelles may have on overall 

placental function, and therefore fetal and maternal health across gestation. 
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Table 1: PCR primers . Primers designed to target nuclear and mitochondrial DNA to allow the 

quantification of mitochondrial content by the 2
−ΔΔCT

 method (above the line in table). Genes 

examined in response to physiological function of placental mitochondria in Control and GDM 

women (below the line in table). 

 

 Primer Name Primer Sequence Primer Marker 

M
it

o
ch

o
n

d
ri

a
l 

C
o
n

te
n

t 

MTAIB F 5’ – 

GAGTTTCCTGGACAAATGAG – 3’ 

Nuclear DNA 

 R 5’ – 

CATTGTTTCATATCTCTGGCG – 3’ 

 

MTBA F 5’ – 

AGCGGGAAATCGTGCGTGAC – 3’ 

Nuclear DNA 

 R 5’ – 

AGGCAGCTCGTAGCTCTTCTC – 3’ 

 

MTRT5 F 5’ – GCCTTCCCCCGTAAATGATA 

– 3’ 

Mitochondrial DNA 

 R 5’ – TTATGCGATTACCGGGCTCT 

– 3’ 

 

MTRT4 F 5’ – 

ATGGCCCACCATAATTACCC – 3’ 

Mitochondrial DNA 

 R 5’ – 

CATTTTGGTTCTCAGGGTTTG – 3’ 

 

G
en

e 
E

x
p

re
ss

io
n

 

HSD3B1 F 5’ – CTCTTCTGTCCAGCTTTTAAC 

– 3’ 

Steroidogenesis: 

 R 5’ – CATCCAAAGTAGCAGGAATC 

– 3’ 

Progesterone and Estrogens 

G6Pc F 5’ – ACTGTGCATACATGTTCATC – 

3’ 

Gluconeogenesis and 

Glycogenolysis: 

 R 5’ – TGAATGTTTTGACCTAGTGC – 

3’ 

Glucose-6-Phosphatase catalytic 

subunit 

PPARG F 5’ – AAAGAAGCCAACACTAAACC 

– 3’ 

Glucose and Lipid Metabolism: 

 R 5’ – TGGTCATTTCGTTAAAGGC – 

3’ 

Peroxisome Proliferator-Activated 

Receptor Gama 

TBP F 5’ – GCCAAGAGTGAAGAACAG – 

3’ 

Housekeeper: 
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 R 5’ – GAAGTCCAAGAACTTAGCTG 

– 3’ 

Tata Box Binding Protein  

ACTB F 5’ – GACGACATGGAGAAAATCTG 

– 3’ 

Housekeeper: 

 R 5’ – ATGATCTGGGTCATCTTCTC – 

3’ 

Beta Actin  

CSH1 5’ – CTATCACCTCCTAAAGGACC – 

3’ 

Placental Hormone: 

 R 5’ – TTGTGTCAAACTTGCTGTAG 

– 3’ 

Human Placental Lactogen 

Precursor 

CYP11A1 F 5’ – 

AGCATCAAGGAGACACTAAG – 3’ 

Steroidogenesis: 

 R 5’ – 

GCAGGAATCATGTAATCTCG – 3’ 

Side-chain cleavage enzyme 

 

 

 

 

 

 

Table 2: Clinical characteristics of recruited subjects. Data expressed as mean±SD 

 

 CONTROL (N=16) GDM (N=15) P 

GESTATIONAL AGE (WEEKS) 39.20.6 38.60.5 0.003 

MATERNAL AGE (YEARS) 30.25.5 32.55.8 0.29 

MATERNAL BODY MASS INDEX 

(KG/M2) 
24.43.7 29.35.1 0.066 

BABY WEIGHT (G) 3448310.4 3678.5354.2 0.12 

PLACENTAL WEIGHT (G) 644.3104.6 743.9122.7 0.12 

MODE OF DELIVERY (VAGINAL %) 72 82  
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Figure 1: Changes to mitochondrial content, activity, and metabolism associated with gestational 

diabetes mellitus (GDM). A) Mitochondrial DNA copy number. B) Citrate synthase activity. C) Ratio 

citrate synthase activity per mitochondria. D) Glucose-6-phophatase 3 gene expression. E) 

Peroxisome proliferator-activated receptor gamma gene expression. F) Hydrogen peroxide 

production. G) Glutathione peroxidase 1 gene expression. H) 3 beta-hydroxysteroid dehydrogenase 

gene expression. I) CSH1 gene expression. J) CYP11A1 between gene expression. All data is 

presented as mean ± SD.  Healthy controls represented as circles (N=16), GDM as squares (N=15). 

Statistical analysis was performed by students T -Test. *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001. 
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Figure 2: Changes in mitochondrial bioenergetics associated with gestational diabetes mellitus 

(GDM) in mitochondria isolated from cytotrophoblasts and the syncytiotrophoblast. A) 

Mitochondrial respiration through complex I+II linked oxidative phosphorylation. B) Maximum 

respiratory capacity C) ATP production. Control (Circle), GDM (Square), data expressed as mean 

±SD A,B (N=5-7). C (N=9–10). *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.  
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Figure 3: Changes in antioxidant capacity associated with gestational diabetes mellitus (GDM) in 

mitochondria isolated from cytotrophoblasts and the syncytiotrophoblast. A) Superoxide dismutase 
activity. B) Glutathione peroxidase (GPx) activity C) Thioredoxin reductase (TrxR) activity. Control 
(Circle), GDM (Square), data expressed as mean ±SD (N=8–10). *=p<0.05, **=p<0.01, 
***=p<0.001, ****=p<0.0001. 
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Figure 4: Changes in progesterone levels, and cholesterol converting enzyme CYP11A1 associated 

with gestational diabetes mellitus (GDM) in mitochondria isolated from cytotrophoblasts and the 

syncytiotrophoblast. A) Progesterone production (N=9). Control (Circle), GDM (Square). Data is 

expressed as mean ± SD. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.  
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Figure 5: Changes in levels of mitochondrial dynamic and metabolic proteins associated with 

gestational diabetes mellitus (GDM) in mitochondria isolated from cytotrophoblasts and the 

syncytiotrophoblast. A) Mitofusin 1. B) Mitofusin 2. C) Phosphoenolpyruvate carboxykinase 2. D) 
ATP synthase subunit β. E) Acyl-CoA dehydrogenase very long chain. F) Voltage dependent anion 
channel 1. Control (Circle), GDM (Square), data expressed as mean ± SD (N=6). Representative 

blots shown. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 


