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A B S T R A C T   

Gestational diabetes mellitus (GDM) is a disease of pregnancy that is associated with D-glucose intolerance and 
foeto-placental vascular dysfunction. GMD causes mitochondrial dysfunction in the placental endothelium and 
trophoblast. Additionally, GDM is associated with reduced placental oxidative phosphorylation due to dimin-
ished activity of the mitochondrial F0F1-ATP synthase (complex V). This phenomenon may result from a higher 
generation of reactive superoxide anion and nitric oxide. Placental mitochondrial biogenesis and mitophagy 
work in concert to maintain cell homeostasis and are vital mechanisms securing the efficient generation of ATP, 
whose demand is higher in pregnancy, ensuring foetal growth and development. Additional factors disturbing 
placental ATP synthase activity in GDM include pre-gestational maternal obesity or overweight, intracellular pH, 
miRNAs, fatty acid oxidation, and foetal (and ‘placental’) sex. GDM is also associated with maternal and foetal 
hyperinsulinaemia, altered circulating levels of adiponectin and leptin, and the accumulation of extracellular 
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adenosine. Here, we reviewed the potential interplay between these molecules or metabolic conditions on the 
mechanisms of mitochondrial dysfunction in the foeto-placental unit in GDM pregnancies.   

1. Introduction 

Gestational diabetes mellitus (GDM) is a disease of pregnancy di-
agnosed between 24 and 28 weeks of gestation that is characterized by 
maternal and foetal altered D-glucose tolerance [1–4]. GDM is asso-
ciated with a higher risk of developing type 2 diabetes mellitus (T2DM) 
[5,6], metabolic syndrome [7,8], and obesity [9]. On the other hand, 
pre-gestational maternal obesity or overweight is associated with a 
higher risk of developing GDM [10,11]. Thus, becoming pregnant at a 
normal weight is essential for a healthy pregnancy. Unfortunately, the 
prevalence of overweight (body mass index (BMI) 25–29.9 kg/m2) and 
obesity (BMI ≥30 kg/m2) is increasing worldwide [12] and is reported 
for women of childbearing age [13,14]. Thus, a greater number of 
pregnant women with pre-gestational obesity or overweight are ex-
pected. 

Pregnant women with pre-gestational overweight or obesity show 
altered metabolism [3,10,15]. These metabolic disturbances result in 
dysfunction in various tissues, including the human placenta and the 
foeto-placental vasculature [1,3,15]. The metabolic status in pregnant 

women with pre-gestational overweight or obesity worsens when they 
develop GDM [16–18]. Recent reports suggested that women with pre- 
gestational obesity or adiposity who develop GDM would present a 
metabolic condition called ‘gestational diabesity’ [16,18,19]. Gesta-
tional diabesity is a different metabolic condition than that of women 
with pre-gestational normal weight who develop GDM. Maternal obe-
sity increases the risk of unhealthy pregnancies with perinatal disorders 
and the development of metabolic diseases in youth and adults 
[1,3,17]. As the prevalence of pre-gestational overweight or obesity is 
increasing worldwide, these adverse metabolic conditions will most 
likely lead to an unhealthy older population in a few years. 

GDM affects the mother and the human foeto-placental unit, re-
sulting in mitochondrial dysfunction [20–24]. Pregnancy is a physio-
logical condition of high energy demand by the growing foetus with 
permanent and strong dependency on a metabolically active placenta. 
Since mitochondria are a significant source of energy in mammalian 
cells, including the human placenta [23,25], structural and functional 
disorders in this organelle may either result from or contribute to al-
terations in placental function. Disturbances in placental metabolism 

Table 1 
Effect of gestational diabetes mellitus on mitochondrial function and morphology.       

Cell type or tissue Type of diabetes in pregnancy Medical intervention in the pregnant 
woman 

Effect Reference  

Placenta GDM Insulin therapy 
Glyburide treatment 

Lower expression of complexes I, II, III, IV [21] 

Placenta GDM Diet Lower expression of complexes III, IV [21] 
Placenta GDM Insulin therapy 

Glyburide treatment 
Diet 

Preferential anaerobic glycolysis [21] 

Placenta GDM Diet Loss of matrix density 
Disorganization of inner mitochondrial 
membrane cristae 

[35] 

Placenta Pre-pregnancy diabesity Diet Lower mtDNA content 
Lower activity of complexes I, II, and III 

[52] 

STB Pre-pregnancy overweight with 
GDM 

Insulin therapy 
Glyburide treatment 

Lower miR-143 expression and activity [21] 

STB Gestational diabesity Insulin therapy 
Glyburide treatment 

Lower miR-143 expression and activity [21] 

Umbilical blood lymphocytes GDM n.s. Higher MCAT expression [31] 
Placenta GDM Insulin therapy 

Glyburide treatment 
Diet 

Defective male placenta mitochondrial biogenesis [66] 

Placenta GDM n.s. Higher mtDNA oxidation 
Higher mtDNA copy number 

[78] 

STB GDM Diet Higher TXNIP expression 
Higher foetal weight 

[79] 

Placenta GDM Diet Lower TXNIP mRNA expression [83] 
STB  Insulin therapy 

Glyburide treatment 
Lower rates of mitochondrial respiration [21] 

CTB Pre-pregnancy overweight with 
GDM 

Insulin therapy Elongated mitochondria 
Lower number of mitochondria 
Larger size of mitochondria 

[23] 

CTB GDM Diet Elongated mitochondria 
Lower number of mitochondria 
Larger size of mitochondria 

[23] 

STB Pre-pregnancy overweight with 
GDM 

Insulin therapy Lower number of mitochondria [23] 

STB GDM Diet Lower number of mitochondria [23] 
Placental microvillous endothelium Pre-pregnancy overweight with 

GDM 
Insulin therapy Lower number of mitochondria [23] 

Placental microvillous endothelium GDM Diet Lower number of mitochondria [23] 
Placenta GDM Diet Lower number of mitochondria [108] 
Pregnant woman blood GDM n.s. Higher mitochondrial peroxiredoxin 3 [85] 

MCAT, malonyl-CoA-acyl carrier protein transacylase; miR-143, microRNA-143; mtDNA, mitochondrial DNA; TXNIP, thioredoxin-interacting protein; n.s, not spe-
cified.  
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alter foetal development and growth. The latter is a phenomenon that 
depends on the delivery of metabolic nutrients but also on the placental 
and foetal capacity to metabolize these nutrients to obtain enough en-
ergy to secure the progress of the pregnancy. 

In this review, we summarized the reported results on the potential 
malfunction of mitochondria in the human foeto-placental unit from 
GDM pregnancies. We emphasize the role of these organelles in the 
generation of ATP and its modulation by endogenous vasoactive mo-
lecules such as insulin, adenosine, free radicals, and adipokines. 

2. Mitochondria in the placenta from GDM 

2.1. GDM-reduced mitochondrial energy generation 

Mitochondria are multifunctional organelles whose primary func-
tion is the production of ATP through oxidative phosphorylation at the 
F0F1-ATP synthase (complex V) [26,27]. ATP is generated from the 
reduced equivalent electron carrier nicotinamide adenine dinucleotide 
(NADH or NAD + H+) (complex I, NADH dehydrogenase) and reduced 
flavin adenine dinucleotide (FADH2) (complex II, succinate dehy-
drogenase) [26]. For recent excellent reviews addressing the specific 
mechanisms of mitochondrial generation of ATP via oxidative phos-
phorylation, please see [26–30]. 

The mitochondria are highly dynamic and form a reticular network 
through continuous fusion and fission cycles, thus altering their mor-
phology and function [23,31]. Mitochondria play specific roles de-
pending on the cell type in the foeto-placental unit. The trophoblast is 
the outer layer surrounding the blastocyte in the early stages of mam-
malian embryonic development and serves as a physical and metabolic 
barrier between the maternal and foetal blood in human pregnancies 
[32–34]. Under normal physiological conditions, approximately one- 
third of the D-glucose reaching the placenta is metabolized through 
oxidative phosphorylation in the mitochondria, thus supporting the 
high metabolic demand shown by the trophoblast [32]. 

During implantation, trophoblasts differentiate into 

cytotrophoblasts (CTBs) and syncytiotrophoblasts (STBs) [34]. Mi-
tochondria in the STB show a high-density matrix and are round, 
spherical and punctate with no clear definition of cristae structure 
[27,35]. Meanwhile, mitochondria in the CTB are larger, ovoid or 
elongated and have a defined cristae structure [27]. The STB shows 
lower dimerization of F0F1-ATP synthase, a phenomenon associated 
with lower ATP production, compared with a higher capacity of the 
CTB for F0F1-ATP synthase dimerization and generation of this mac-
roergic molecule. 

CTB-derived ATP is used for the growth and development of the 
placenta and foetus [32]. STB-derived ATP is used for crucial placental 
membrane transport mechanisms, including the transport of cholesterol 
[31,36,37] and steroidogenesis [27]. The placenta reduces its high in-
itial use of carbohydrate stores as gestation progresses by utilizing 
mechanisms that ensure the supply of nutrients to the rapidly devel-
oping foetus [32]. Thus, adaptations of the role of mitochondria in 
trophoblast differentiation in the CTB and then the STB in human 
pregnancy are essential for foetal development. 

The expression of mitochondrial electron transfer complexes I, II, 
III, and IV in the placenta from women with GDM treated with insulin 
(i.e., insulin therapy) or glyburide, an oral hypoglycaemic drug, was 
lower compared with expression in placentas from women with normal 
pregnancies or GDM under diet [21] (Table 1). Additionally, placenta 
from women with GDM under diet showed lower expression of mi-
tochondrial electron transfer complexes III and IV compared with pla-
centa from normal pregnancies. Thus, reduced ATP synthesis due to less 
effective electron transfer via complexes I, II, III and IV rather than 
lower activity of complex V is likely in STBs from women with GDM 
under insulin therapy or glyburide treatment compared to women with 
GDM under diet or normal pregnancies. Thus, a preferential anaerobic 
glycolytic rather than oxidative phosphorylation phenotype is likely in 
these cells [21]. Since GDM does not alter the placental content of 
mitochondria, the possibility that reduced mitochondrial ATP genera-
tion in the placental tissue resulted from a lower number of mi-
tochondria is unlikely [22]. 

Fig. 1. Reduced ATP generation from mitochondrial oxidative phosphorylation in the human fetoplacental endothelium. Gestational diabetes mellitus associates 
with higher (⇧) Na+/H+ exchanger 1 (NHE1) activity increasing H+ efflux causing extracellular acidification and reduced (⇩) intracellular concentration of this 
proton (Alkalization). Lowering intracellular H+ reduces its delivery to the mitochondrial membrane interspace and its bioavailability for F0F1-ATP synthase 
(complex V) (F0) in the electron respiratory chain (Electron transport chain). The latter results in reduced ATP generation by the mitochondria. Composed from 
[42,43,45,46]. 
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The activity of complex V requires a H+ gradient from the inter-
membrane space of the mitochondria to the matrix as the proton 
driving force. The latter is generated by the difference in pH values and 
the membrane potential across the inner mitochondrial membrane 
[38,39]. The intracellular pH (pHi) is crucial in the activity of the mi-
tochondria [40,41] and may control its autophagic degradation, i.e., 
mitophagy [42]. A slightly alkaline mitochondrial matrix pH (mtpH) 
compared with the pHi is maintained in healthy cells [43]. Therefore, 
changes in pHi could modulate ATP generation at the mitochondrial 
matrix via complex V by altering the intermembrane space pH in this 
organelle. 

Cell metabolism is altered in several pathologies, including obesity, 
T2DM, GDM, gestational diabesity, and cancer, resulting in abnormal 
pHi regulation [44–46]. Human umbilical vein endothelial cells (HU-
VECs), a model of foetal macrovascular endothelium [47,48], from 
women with GDM or gestational diabesity showed an alkaline pHi 
compared with cells from normal pregnancies [46]. This phenomenon 
may result in a lower H+ concentration in the mitochondrial inter-
membrane space, lowering ATP generation and cell metabolism 
(Fig. 1). Additionally, HUVECs from GDM show reduced proliferation 
[49,50] and less efficient recovery in wound healing assays [51], pro-
cesses highly dependent on the intracellular levels of ATP. Thus, GDM- 
associated foeto-placental endothelial cell dysfunction may involve re-
duced ATP generation. However, different cell types in the human 
placenta (e.g., microvascular and macrovascular endothelium, CTB or 
STB, vascular smooth muscle cells) may show different states of acti-
vation or inactivation of complex V in GDM. 

2.2. The impact of maternal obesity and overweight 

Maternal obesity or overweight is associated with altered function 
of the human placental vasculature [3]. However, characterization of 
the pregnancy trajectory and new-borns born to gestational diabesity 
and pregnancies where the mother showed pre-gestational overweight 
is still waiting to be unveiled. One study in placentas from 11 patients 
with gestational diabesity showed that the content of mitochondrial 
DNA (mtDNA) was similar to that in normal pregnancies [35]. How-
ever, the STBs from these patients showed mitochondria with loss of 
matrix density and disorganization of the inner membrane cristae 
(Table 1, Fig. 2). However, whether the function of mitochondria was 

altered in gestational diabesity was not addressed. 
Another study showed that pregnant women with pre-gestational 

diabesity (obesity + T2DM) showed a higher generation of reactive 
oxygen species (ROS) and lower mtDNA content and placental mi-
tochondrial complexes I, II and III activity compared to women with 
normal pregnancies or women with T2DM only [52]. STBs isolated 
from women with overweight/obesity with GDM under insulin therapy 
or glyburide showed higher mRNA levels and protein abundances of 
hexokinase 2, phosphofructokinase 2 and lactate dehydrogenase, which 
are involved in anaerobic glycolysis, compared with STBs from women 
with overweight/obesity who did not develop GDM [21]. However, the 
expression of these molecules is unaltered in STBs from women with 
GDM under diet. Thus, the mitochondrial function in STBs from women 
with overweight/obesity and GDM is compromised, favouring an 
anaerobic glycolytic phenotype. 

2.3. Potential involvement of Na+/H+ exchanger 1 in the GDM effect 

Cancer cells show a glycolytic phenotype associated with higher H+ 

generation and reduced mitochondrial oxidative phosphorylation [44]. 
The latter is a phenomenon paralleled by activation of Na+/H+ ex-
changer 1 (NHE1, a member of the SCL9/NHE gene family) and perhaps 
other NHE family members [53] and vacuolar ATPases. These altera-
tions lead to intracellular alkalization and extracellular acidification, 
favouring the migration capacity of cancer cells [44]. Intracellular al-
kalization due to higher H+ efflux may be associated with an alkaline 
mtpH [43] (Fig. 1), yet there are no reports directly addressing this 
possibility [25,54,55]. 

HUVECs from women with normal pregnancies show a basal pHi in 
the alkaline range (pHi 7.2–7.3) [45,56,57], as in most endothelial cells 
[58]. The basal alkaline pHi is a phenotype resulting from higher 
anaerobic glycolysis compared to reduced oxidative phosphorylation in 
this cell type [59]. The metabolic alterations seen in GDM alter the 
function of HUVECs [60–62] and human placenta microvascular en-
dothelial cells (hPMECs) [63]. Thus, the intracellular alkalization in the 
foeto-placental endothelium from GDM [46] may result from higher 
NHE1 expression and activity [57]. 

HUVECs are considered ‘flexible’ in the sense that they adapt to the 
energetic requirements and the oxygen (O2) level shifting between 
glycolytic and oxidative phenotypes [59]. It is unknown whether the 

Fig. 2. Preferential placental glycolytic phenotype in gestational diabetes mellitus, gestational diabesity, and pre-gestational diabesity. Gestational diabetes mellitus 
(GDM) in women with pre-gestational normal weight, overweight or obesity (gestational diabesity) show alterations in the structure and function of mitochondria. 
GDM result in placentas that are highly glycolytic (Glycolytic phenotype) but with lower oxidative phosphorylation (Oxidative phenotype) resulting in altered placenta 
function. Similar consequences are seen in women with pre-gestational diabesity (obesity + T2DM). Mt., mitochondria; T2DM, type 2 diabetes mellitus; ROS, reactive 
oxygen species; mtDNA, mitochondrial DNA; ⇩, reduction; ⇧ increase. Composed from [3,16,19,21,35,52]. 
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latter occurs in the macro- and microvascular placental endothelium in 
GDM. Interestingly, HUVECs from women with gestational diabesity or 
pre-pregnancy overweight who developed GDM showed a higher basal 
pHi value (~0.4 pHi units), i.e., alkalization, compared with lean 
women who developed GDM [46]. The latter may result from a higher 
pHi recovery rate and H+ efflux via NHE1. However, it is unknown 
whether the changes in the basal pHi, the pHi recovery rate and H+ 

efflux have consequences on mtpH and mitochondrial function in HU-
VECs from women with gestational diabesity or pre-pregnancy over-
weight who develop GDM [25,43,54,55]. 

2.4. Involvement of miRNA-143 in mitochondrial oxidative 
phosphorylation in GDM 

The expression of miR-143 seems to be essential to maintain mi-
tochondrial oxidative phosphorylation in the STB, thus modulating D- 
glucose metabolism in the human placenta [21]. Lower miR-143 ex-
pression and activity reduced mitochondrial respiration but increased 
the expression of hexokinase 2, i.e., favouring a glycolytic phenotype in 
STBs from women with overweight/obesity who developed GDM under 
insulin therapy or glyburide treatment (Fig. 2, Table 1). Interestingly, 
these alterations are absent in STBs from women with GDM under diet 
compared with women with a normal pregnancy. Thus, insulin therapy 
or glyburide treatment in women with GDM may reduce oxidative re-
spiration in the STB. The latter is unlikely in women with GDM under 
diet where mitochondrial oxidative phosphorylation predominates. It is 
worth mentioning that using oral hypoglycaemic drugs (glyburide, 
metformin, and others) or insulin therapy in women with GDM may 
need to be reconsidered regarding the potential negative outcome in 
STB mitochondrial respiration. 

2.5. GDM-reduced fatty acid oxidation 

Placenta explants from women with GDM showed an ~30% re-
duction in mitochondrial fatty acid β-oxidation without changes in total 
mitochondrial content [64]. Placental explants from normal pregnan-
cies exposed to ~11 mmol/L D-glucose showed lower oxidation but 
higher synthesis and esterification of fatty acids compared with ex-
plants in 5 mmol/L D-glucose. Thus, GDM-associated hyperglycaemia is 
a metabolic environment that reduces the placental synthesis of ATP by 
limiting its steroidogenic function. 

The protein abundance of the mitochondrial malonyl-CoA-acyl 
carrier protein transacylase (MCAT), an enzyme involved in mi-
tochondrial fatty acid synthesis, is elevated in umbilical cord blood 
lymphocytes in GDM [31] (Table 1). Interestingly, an increase in the 
MCAT-dependent synthesis of mitochondrial fatty acids is involved in 
the insulin resistance in GDM [31]. Additionally, the foetus of GDM 
pregnancies shows signs of insulin resistance, such as supraphysiologic 
hyperinsulinaemia (~6 versus ~11 μU/mL in normal versus GDM 
pregnancies, respectively), increased HOMA-IR (Homeostasis Model 
Assessment for Insulin Resistance), and reduced HOMA-IS (Homeostasis 
Model Assessment for Insulin Sensitivity) [61,63]. Thus, altered meta-
bolism of mitochondrial fatty acids is expected in foetal blood cells in 
GDM pregnancies, which could result in insulin resistance in the foetus. 

2.6. GDM effects on mitochondrial function depend on foetal sex 

Changes in mitochondrial function may be conditioned by foetal or 
‘placental’ sex [65,66]. To date, the protein abundance of peroxisome 
proliferator-activated receptor-gamma coactivator-1α (PGC-1α) is 
lower in ‘male placentas’ (i.e., male foetus) compared with ‘female 
placentas’ (i.e., female foetus) from women with GDM and with ‘male 
placentas’ in normal pregnancies [66]. PGC-1α is a transcription 
coactivator that regulates cellular energy metabolism [67]. This mole-
cule increases mitochondrial biogenesis and decreases the generation of 
superoxide anion (O2%

–) by this organelle [68,69]. Similar results have 

been reported for mitochondrial transcription factor A (TFAM), which 
is involved in mitochondrial DNA packaging and biogenesis [70]. Thus, 
GDM may cause defective mitochondrial biogenesis in ‘male placentas’ 
rather than ‘female placentas’ [66]. PGC-1α also promoted oxidative 
metabolism and mitochondrial biogenesis associated with higher glu-
cose and fatty acid metabolism in patients with obesity and diabetes 
mellitus [67]. Thus, PGC-1α expression and modulation may differ 
depending on foetal or ‘placental’ sex in pregnancies where the women 
showed obesity, pre-gestational diabetes mellitus, or GDM. 

3. Mitochondria-generated free radicals in GDM 

In normal pregnancies, ROS generation increases at 8–12 weeks of 
gestation due to the onset of maternal blood flow [71], a physiological 
phenomenon thought to promote and control cellular fate. Mitochon-
dria generate ROS as described in recent excellent reports (see 
[25,28,72–74]). The various ROS species are deleterious for the func-
tion of proteins and cause oxidative DNA damage, including damage to 
the mtDNA [75]. GDM is associated with higher ROS generation com-
pared with normal pregnancies [30,50,52,71,76,77]. ROS-induced 
mtDNA damage is associated with the oxidation of guanine and the 
generation of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in most mam-
malian cells [75]. Since placentas from GDM pregnancies show elevated 
8-OHdG generation, a higher mtDNA oxidation compared with pla-
centas from normal pregnancies is likely [78]. Furthermore, GDM re-
sulted in a higher mtDNA copy number and higher 8-OHdG generation 
[78]. Thus, GDM modulates the total mtDNA content and its suscept-
ibility to oxidation by ROS in the human placenta (Table 1). The con-
sequences of these phenomena are increased lipid peroxidation leading 
to the formation of non-radical intermediates such as lipid hydroper-
oxides (LOOHs) damaging the fatty acid residues of the plasma mem-
branes. 

The lipid peroxidation/LOOH ratio is used as an index of stress 
signalling in the cellular adaptation process that goes from the induc-
tion of antioxidant enzymes to apoptosis. Lipid peroxidation limits 
mitochondrial respiration and ATP generation in GDM [79]. Ad-
ditionally, uncoupling of the mitochondrial electron transfer re-
spiratory chain and oxidative phosphorylation at complex V leads to O2 

leakage to form O2%
–, favouring the generation of hydrogen peroxide 

(H2O2) and hydroxyl radicals (%OH) [25,27,80]. The formation of H2O2 

and %OH is associated with the oxidative stress detected in vitro in the 
first-trimester human trophoblast cell line ACH-3P exposed to hy-
perglycaemia, where an increase in mitochondrial ROS generation and 
reduced antioxidant capacity by lowering the superoxide dismutase 
level are reported [80]. 

Other studies have shown that foetal growth in a hyperglycaemic 
intrauterine environment (i.e., prenatal hyperglycaemia) induces per-
manent changes in mtDNA, leading to defective mitochondrial bio-
genesis and function after birth [66]. The latter may be due to the 
overproduction of ROS and a state of oxidative stress. Indeed, STBs 
from normal pregnancies treated in vitro with ~25 mmol/L D-glucose 
for three days showed lower proliferation and higher mitochondrial 
O2%

– generation [80]. Interestingly, the antioxidants ascorbate, Trolox 
and N-acetylcysteine did not revert the high D-glucose-reduced STB 
proliferation, suggesting that this environmental condition effect on 
proliferation was likely independent of ROS generation. 

The thioredoxin-interacting protein (TXNIP) acts as an oxidative 
stress mediator by inhibiting thioredoxin (TXN) [81]. TXNIP migrates 
to the mitochondria from the nucleus and cytoplasm, thus altering the 
redox state of this organelle [82]. TXNIP expression was higher in STBs 
from women with GDM under diet [79], highlighting a potential 
TXNIP-associated induction of oxidative stress, mitochondrial damage 
and apoptosis in the placenta from this pathology (Table 1). GDM-in-
creased TXNIP expression was positively related to foetal weight, and 
this protein seems to be involved in GDM pathogenesis [79]. However, 
a lower TXNIP mRNA level was recently reported in placentas from 
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GDM [83]. Furthermore, the ratio of TXN/TXNIP protein, used as an 
index of the pro-inflammatory response, was unaltered in this disease of 
pregnancy. Therefore, the placenta seems to be protected by activation 
of these mechanisms in the GDM-associated inflammatory response. 
The unaltered TXN/TXNIP ratio in the placenta from GDM pregnancies 
may generate an appropriate environment for foetal development. The 
latter is reinforced since mitochondria contain peroxiredoxin 3, a sca-
venger for the H2O2 generated at this organelle [84]. Since the level of 
peroxiredoxin 3 was elevated in the plasma of women with GDM after 
an oral glucose tolerance test at 24–28 gestational weeks [85], mi-
tochondria are likely protected against self-generated ROS in GDM. 

Studies in vitro with HTR-8/SVneo cells (human chorionic villi- 
derived cells of the first-trimester placenta) [86] showed higher TXNIP 
expression and ROS generation when exposed to 11–25 mmol/L D- 
glucose [79]. These changes may reflect the response of STBs at early 
stages in pregnancy to maternal hyperglycaemia in GDM. Additionally, 
exposure of this cell line to extracellular high D-glucose impaired mi-
tochondrial function, promoting cell apoptosis and inhibiting migra-
tion. Thus, a potential link between ROS generation and mitochondrial 
dysfunction with consequences associated with GDM is likely. Detailed 
studies are still pending regarding the specific mechanisms that are 
altered by ROS in mitochondrial electron transfer and oxidative phos-
phorylation in this disease of pregnancy [30]. 

4. Other factors regulating mitochondrial function in GDM 

4.1. Insulin 

Insulin controls whole-body D-glucose levels and cell growth and 
proliferation [87–89] via activation of insulin receptors A (IR-A) and B 
(IR-B) in HUVECs and hPMECs [47,61,90]. Insulin-triggered signalling 
is different depending on what subtype of insulin receptor is activated 
[91]. The involvement of IR-A and IR-B in the response to insulin is 
critical in most tissues. Since a reduced response to this hormone relates 
to a state of insulin resistance [87–89,92], modulation of cell metabo-
lism by insulin might also rely on differential activation of insulin re-
ceptors. A number of women with GDM (~20%) do not have their 
glycaemia levels return to normal values even after treatment with diet, 
physical activity or changing their lifestyle [93,94]. These women go on 
to treatment with insulin, i.e., insulin therapy. Despite achieving 
normal blood D-glucose levels after insulin therapy, this approach does 
not restore the placental vascular alterations caused by GDM 
[62,93–100]. To date, insulin therapy has not reverted the GDM-asso-
ciated increase in the membrane transport capacity of the cationic 
amino acid L-arginine, the substrate for nitric oxide (NO) synthesis 
[101], and the activity of the endothelial NO synthase (eNOS) isoform 
[62,99]. 

Placentas from women with GDM under insulin therapy or gly-
buride show altered expression of mitochondrial subunit electron 
transfer complexes compared with women with GDM under diet [21]. 
Thus, insulin therapy, oral hypoglycaemic drugs and diet may differ-
entially regulate placental mitochondrial function in GDM. The re-
spiration rates in STBs isolated from women with GDM under insulin 
therapy or glyburide were ~50% lower compared with cells from 
women with GDM under diet and women with normal pregnancies 
[21]. These findings may result from the fact that pregnant women 
were in a pool mixed with pre-pregnancy overweight and obesity. The 
BMI range reported in this study was from 26.3 kg/m2 in women under 
diet to 29.3 kg/m2 (lowest reported BMI was 29.1 kg/m2) in women 
with a normal pregnancy, reaching 32.7 kg/m2 in women treated with 
insulin or glyburide. Even when the results are compared against BMI- 
matched controls, altered mitochondrial respiration may result from 
maternal overweight or obesity (see Fig. 2). Indeed, reduced respiration 
rates in STBs from obese mothers without GDM were reported [101]. 
Unfortunately, the factor(s) associated with insulin therapy, oral hy-
poglycaemic drugs, diet or lifestyle therapies causing abnormal 

expression of mitochondrial complexes in GDM are still unknown [94]. 
CTBs from women with GDM under insulin therapy or diet showed 

elongated mitochondria with a lower number and larger size compared 
with normal pregnancies [23]. The results also showed that CTBs from 
GDM had increased mitochondrial fusion compared with CTBs from 
normal pregnancies. Additionally, a lower number of mitochondria 
were reported in the STBs and microvillous endothelium in GDM. Thus, 
insulin treatment of women with GDM did not correct this phenomenon 
in the CTB and STB or the placental microvillous endothelium. It is 
worth noting that in the latter study, the BMI of women with GDM 
under insulin treatment was 29.8 kg/m2 (range 24.7–35.3 kg/m2), 
suggestive of pre-gestational obesity. These observations are relevant 
since obesity and hyperglycaemia alter placental mitochondrial func-
tion [35]. Intriguingly, insulin therapy seems to trigger different re-
sponses in women with pre-gestational obesity, overweight or normal 
weight [46]. Therefore, changes in mitochondrial fusion may also de-
pend on whether women under insulin therapy had pre-gestational 
obesity, were overweight or were normal weight. 

The nuclear level of ceramide (sphingolipids that induce insulin 
resistance) [102–104] was elevated in STBs from women with GDM on 
insulin therapy compared with normal pregnancies or GDM under diet 
[105]. These findings complement the ceramide-reduced mitochondrial 
respiration described in the human choriocarcinoma trophoblastic cell 
line JEG-3 [106]. Additionally, staurosporine-induced apoptosis in 
U251 MG cells (a human malignant glioblastoma tumour cell line) re-
sulted in a higher generation of C16-ceramide (a pro-apoptosis cer-
amide) by mitochondria [107]. Thus, insulin-increased ceramide levels 
in the early stages of apoptosis may inhibit placental mitochondrial 
function in women with GDM under insulin therapy. 

GDM also increased the betatrophin hormone level in the umbilical 
[108] and maternal [109] blood. Betatrophin may facilitate insulin-like 
actions in GDM since it increases the proliferation of pancreatic β cells, 
expands the β cell mass and improves D-glucose tolerance [110]. The 
GDM-increased betatrophin level in the cord blood was positively cor-
related with the cord blood insulin level and HOMA-IR value but ne-
gatively correlated with the content of placental mitochondria [108]. 
Thus, the foetal insulin resistance associated with GDM 
[61,63,111,112] may result from foetal metabolic alterations leading to 
modulation of placental cell respiration. There are no reports available 
for an existing link between the level of ceramide and betatrophin in 
GDM [103,104]. Thus, it is uncertain whether ceramide-associated in-
sulin resistance is involved in betatrophin generation in the foetal cir-
culation in this disease. However, ceramide increased the level of per-
oxiredoxin 3 hyperoxidation, causing apoptosis of rat insulinoma INS-1 
cells (an insulin-secreting beta cell-derived line) via mitochondrial 
dysfunction [113]. Interestingly, since GDM-increased plasma levels of 
mitochondrial peroxiredoxin 3 correlated with the plasma insulin level 
in women with GDM after a load with 75 g of glucose [85], lowering 
peroxiredoxin 3 hyperoxidation may protect against harmful ROS in the 
insulin resistance condition seen in GDM. 

4.2. Metformin 

Metformin (N,N-dimethylbiguanide) is an insulin sensitizer used as 
an oral anti-hyperglycaemic drug [114–116]. The biological actions of 
this molecule include reduced hepatic D-glucose generation by sup-
pressing gluconeogenesis and glycogenolysis, enhanced D-glucose up-
take and fatty acid oxidation, and modulation of appetite and ster-
oidogenesis [115,117–119]. Metformin activates adenosine 
monophosphate protein kinase (AMPK) signalling, the master regulator 
of metabolism and energy expenditure in most cells [114,120], sug-
gesting a pivotal role of this kinase in the biological effects of this drug. 
However, AMPK-independent signalling may also account for the 
metformin effects [114], as it has been shown to ameliorate the in-
flammatory profile detected in old (sexagenarians) compared with 
young (~30-year-old) subjects [121]. 

L. Sobrevia, et al.   BBA - Molecular Basis of Disease 1866 (2020) 165948

6



Metformin crosses the human placenta, reaching similar con-
centrations in the umbilical cord and maternal blood (0.1–2.9 mg/L, 
~0.6–17 μmol/L) [122]. In intact cells, metformin reversibly blocks 
mitochondrial respiratory-chain complex I, leading to a lower rate of O2 

consumption [123,124]. The latter resulted from the capacity of met-
formin to bind to complex I, disturbing the transfer of electrons from 
NADH to the ubiquinone pool [123,125]. Other studies showed that 
incubation of mitochondria with millimolar concentrations of met-
formin inhibited mitochondrial complexes III and IV, leading to re-
duced ATP generation [123,126]. Thus, treating women with GDM 
with metformin may result in the downregulation of mitochondrial 
function in the human placenta. 

The biological actions of metformin are well described in hepatic 
cells, cancer cells [123,125], and skeletal muscle [127]. However, less 
is known about its effect on endothelial and vascular function in GDM 
pregnancy. Metformin reduced the skeletal muscle oxidative capacity in 
normal and diabetic rats [127], suggesting that it has an independent 
effect in skeletal muscle from its hypoglycaemic action in the liver 
[128]. Studies evaluating endothelial function in patients with T2DM 
show that metformin together with its hypoglycaemic effect protects 
against microvascular disease [129–132]. 

Metformin reduced the age-related T cell (particularly Th17 subset) 
cytokine profile (interleukins 6, 17A, 17F, 21, and 23), reducing in-
flammation in old compared with young subjects [121]. This phe-
nomenon restored mitochondrial bioenergetics, increasing the O2 con-
sumption rate and oxidative phosphorylation. Metformin also 
attenuated atherosclerosis associated with diabetes mellitus due to in-
hibition of mitochondrial fission in the mouse aortic endothelium 
[133]. This drug may also reduce hyperglycaemia-associated en-
dothelial dysfunction in patients with uncontrolled diabetes mellitus. 
The latter is supported by findings showing that metformin restored the 
reduced dilation to bradykinin seen in human omental arteries in-
cubated with placental explant media from preeclamptic women [134]. 
That study also showed that metformin reduced tumour necrosis factor 
α (TNFα)-induced vascular cell adhesion molecule 1 (VCAM-1) ex-
pression in HUVECs and CTBs from women with preeclampsia. How-
ever, although metformin regulates gene expression in HUVECs, villous 
CTBs, and placental villous explants, likely due to inhibition of the 
mitochondrial electron transport chain [134], the effect of this drug on 

the placental endothelium from GDM pregnancies is still unknown. 

4.3. Adiponectin and leptin 

Adiponectin and leptin are adipokines (i.e., adipocyte-secreted 
hormones) that play a role in metabolic disease-associated vascular 
dysfunction, including obesity and T2DM [135]. Adiponectin activates 
AMPK, a kinase involved in the control of mitochondrial homeostasis 
[120], improving mitochondrial function [136]. Additionally, this 
adipokine protects against cardiovascular disease [137,138] by trig-
gering an anti-inflammatory response, thus preventing endothelial 
dysfunction [139]. The biological actions of adiponectin result from 
activation of adiponectin receptors 1 and 2 [140] expressed in the 
placenta, pancreatic β-cells, endothelium, and other tissues 
[91,141,142]. Interestingly, adiponectin, via activation of AMPK, pro-
tects endothelial function by reducing ROS generation from the mi-
tochondria in HUVECs and bovine aorta endothelial cells (BAECs) 
[143,144]. The latter may reflect an adiponectin-mediated protective 
mechanism against GDM-increased ROS generation by the mitochon-
dria in the foeto-placental vascular endothelium [30,50,52,71,76,77]. 
Additionally, adiponectin activation of AMPK improved endothelial 
function [145–147] by activating the transcription factor PGC-1α, 
which regulates cellular energy metabolism [67–69]. These findings 
together implicate AMPK in the adiponectin protective actions in en-
dothelial mitochondrial function. 

Hyperleptinaemia is associated with AMPK activation and sub-
sequent protein kinase B/Akt and eNOS activation, increasing NO 
generation in HUVECs [91,148]. It has also been reported that hy-
perleptinaemia causes leptin resistance, reducing NO generation and 
resulting in endothelial dysfunction [149–151]. The mechanisms be-
hind the apparent bimodal effect of leptin on cardiovascular function 
remain to be clarified. The biological actions of leptin on mitochondrial 
function are less explored. Mitochondrial O2%

– generation is increased 
by acute leptin exposure of BAECs [152]. The latter response of BAECs 
may suggest an adverse effect of this adipokine, causing mitochondrial 
dysfunction. However, other studies showed that acute exposure to 
leptin increases AMPK activity in human aorta endothelial cells [148] 
and PGC-1α expression in other cell types [153,154]. Thus, it is pro-
posed that activation of AMPK/PGC-1α signalling by leptin may result 

Fig. 3. Adenosine modulates mitochondrial 
ATP generation in gestational diabetes 
mellitus. Gestational diabetes mellitus 
(GDM) reduces (⇩) the expression and ac-
tivity of human equilibrative nucleoside 
transporters 1 and 2 (hENT1/2) for adeno-
sine resulting in higher (⇧) extracellular 
concentrations of adenosine and activation 
of A2AAR and A2BAR adenosine receptors. 
Activation of both of these receptors re-
duces the GDM-increased reactive oxygen 
species (ROS) generation restoring the mi-
tochondrial transmembrane potential 
(Restored Mt Ψ). Activation of A2BAR re-
duces the GDM-elevated nitric oxide (NO) 
generation limiting the inhibition of cyto-
chrome c oxidase activity at complex IV 
(Lower inhibition of complex IV). Cells show a 
restored mitochondrial oxidative phos-
phorylation (Oxidative phosphorylation) 
ending in normal ATP generation. 
Composed from [19,61–63,164,167]. 
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in improved mitochondrial biogenesis. 
Few studies address the potential involvement of adiponectin and 

leptin in the mitochondrial function of foeto-placental tissues in GDM 
[91,94]. Interestingly, a role for AMPK/PGC-1α is likely. To date, 
AMPK activation and expression are reduced in placentas from women 
with gestational diabesity [155] or in women with GDM presenting 
foetal macrosomia [156]. Moreover, PGC-1α mRNA expression was 
lower, and the promoter of the PPARGC1A gene (coding for PGC-1α) 
was hypermethylated in placentas from GDM pregnancies [112]. These 
findings complement the reduced β-oxidation of fatty acids seen in 
placental mitochondria from GDM [157]. The latter may suggest re-
duced mitochondrial activity in the human placenta in this disease of 
pregnancy. 

4.4. Adenosine 

Adenosine acts as a vasodilator by increasing NO generation in re-
sponse to the activation of adenosine receptors in the plasma membrane 
of endothelial cells [61,158–160]. There are four subtypes of adenosine 
receptors, i.e., adenosine receptor 1 (A1AR), 2A (A2AAR), 2B (A2BAR) 
and 3 (A3AR), of which A2AAR and A1AR play critical roles in GDM 
[60,161–163]. GDM is associated with reduced adenosine transport via 
human equilibrative nucleoside transporters 1 and 2 (hENT1/2) but 
increased L-arginine transport and NO synthesis [60,61,63]. This phe-
nomenon resulted from A2AAR activation due to the elevated extra-
cellular concentration of adenosine (~0.7 versus ~0.2 μmol/L for GDM 

versus normal pregnancies, respectively) detected in the umbilical vein 
blood [60]. The functional relationship between adenosine and L-ar-
ginine/NO signalling is referred to as the ALANO (Adenosine/L-Argi-
nine/Nitric Oxide) signalling pathway in HUVECs from GDM preg-
nancies [162] 

A2AAR activation by adenosine modulates mitochondrial function in 
the human chondrocyte cell line T/C-28a2 [164]. The highly specific 
A2AAR agonist CGS-21680 [165,166] stabilized the mitochondrial 
membrane potential and ATP generation when exposed to interleukin- 
1β (IL-1β) in T/C-28a2 cells and in primary human chondrocytes. The 
proposed mechanism for this beneficial effect of adenosine via A2AAR 
activation on mitochondrial function was lower ROS generation and IL- 
1β–increased A2AAR expression [164]. This phenomenon may be a 
mechanism counteracting the GDM-reduced mitochondrial respiration 
seen in endothelial cells from GDM pregnancies (Fig. 3). Higher NO 
synthesis, as seen in the foeto-placental endothelium in GDM [60,61], 
blocks the mitochondrial electron chain at complex IV by inhibiting 
cytochrome c oxidase activity [167,168]. However, even when mi-
tochondrial biogenesis is increased by NO [169], the biological actions 
of this free radical end in altering O2 homeostasis. Thus, A2AAR acti-
vation-increased NO synthesis in the human foeto-placental en-
dothelium from GDM may result in NO-dependent defective mi-
tochondrial function. However, A2AAR activation may also reduce ROS 
generation in these cells, improving mitochondrial respiration. 

A role for A2BAR in regulating mitochondrial function in the foeto- 
placental vasculature is less known. A2BAR is also activated by the 

Fig. 4. Reduced mitochondrial respiration in the fetoplacental unit in gestational diabetes mellitus. Cell metabolism is altered in gestational diabetes mellitus by 
Extracellular modulators via activation of Membrane receptors involving Membrane transporters. Also, Intracellular modulators participate in this phenomenon in GDM 
ending in reduced mitochondrial oxidative phosphorylation. The final result of these alterations in the placenta tissue in GDM is a reduced (⇩) generation of ATP from 
the mitochondrial oxidative phosphorylation process. NHE1, Na+/H+ exchanger 1; hENT1, human equilibrative nucleoside transporters 1; hENT2, human equili-
brative nucleoside transporters 2; A2AAR, A2A adenosine receptors, A2BAR, A2B adenosine receptors; IR-A, insulin receptor A; IR-B, insulin receptor B; AdipoR1, 
adiponectin receptor 1; AdipoR2, adiponectin receptor 2; ROS, reactive oxygen species; AMPK, adenosine monophosphate protein kinase; PGC-1α, peroxisome 
proliferator-activated receptor-gamma coactivator-1α; NO, nitric oxide; Mt Ψ, mitochondrial transmembrane potential; mtDNA, mitochondrial DNA. 
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accumulated extracellular adenosine in HUVECs from GDM. 
Interestingly, adenosine activation of A2BAR in HUVECs from gesta-
tional diabesity was proposed to reduce GDM-increased NO, ROS and 
inflammation [19]. Whether the reduced ROS and NO generation was 
due to restoration of mitochondrial function in gestational diabesity 
merits further characterization (Fig. 3). 

GDM-associated foeto-placental endothelial dysfunction was re-
versed by insulin (up to 1 nmol/L, 8 h) [61,63,90]. The concentration of 
insulin in the human umbilical vein blood in GDM pregnancies (i.e., 
~0.07 nmol/L) was ~2.3-fold higher than that in normal pregnancies 
(i.e., ~0.03 nmol/L) [63]. However, the half-maximal effective con-
centration (EC50) of insulin in HUVECs from GDM (EC50 ~0.3 nmol/L) 
[61] was ~10-fold higher than the insulin concentration in umbilical 
vein blood in normal pregnancies [61,63]. Thus, GDM-increased insulin 
levels in the umbilical blood may not be enough to restore the en-
dothelial dysfunction seen in this disease. There is a negative correla-
tion between umbilical blood insulin and placental mitochondrial 
content in GDM [108]. Thus, the possibility that insulin restores foeto- 
placental endothelial dysfunction by increasing mitochondrial activity 
in the foeto-placental vasculature is unlikely. Indeed, the higher con-
centration of insulin in the umbilical vein blood in GDM may result in 
reduced mitochondrial activity due to higher insulin-stimulated NO 
generation from the umbilical vein endothelium. Interestingly, A1AR 
activation is required in the response of umbilical vein endothelium to 
insulin in GDM [163]. Whether insulin and adenosine receptors, par-
ticularly A1AR, interact to revert GDM-altered mitochondrial function 
in the foetal endothelium is still unknown. 

5. Concluding remarks 

GDM is associated with mitochondrial dysfunction [24,170]. A 
lower ATP synthase activity (i.e., mitochondria complex V) is a sig-
nificant mitochondrial disturbance resulting in the defective generation 
of ATP in the human placenta (Fig. 4). The latter may be due to reduced 
mitochondrial electron transfer as a consequence of disturbances in 
complexes I, II, III and IV. Thus, reduced ATP generation by oxidative 
phosphorylation is due to lower delivery of electrons to complex V. 
Since GDM is associated with an alkaline pHi, a reduced intracellular 
content of H+, likely due to overactivation of plasma membrane NHE1 
transport activity, may lower ATP synthase activity in mitochondria in 
the human foeto-placental endothelium. 

Reduced ATP generation due to reduced mitochondrial oxidative 
phosphorylation is also likely to result from mitochondrial inner 
membrane cristae disorganization in GDM. Altered ATP synthase ac-
tivity is also plausible in placentas from women with obesity (and po-
tentially overweight) and gestational diabesity. However, whether the 
mechanisms involved in the deleterious effect of GDM on mitochondrial 
function are the same in obesity or gestational diabesity is still un-
known. Other factors include downregulated expression and activity of 
miRNAs, where miR-143 plays a significant role by inducing a glyco-
lytic phenotype in STBs from GDM pregnancies. Alternatively, GDM- 
reduced mitochondrial respiration activity may result from decreased 
placental steroidogenic function and increased ROS generation (parti-
cularly O2%

–). 
Insulin signalling is defective in GDM, resulting in foeto-placental 

endothelial dysfunction, and insulin therapy in women with GDM does 
not reverse the vascular dysfunction associated with this disease of 
pregnancy [93,94,99]. Furthermore, insulin therapy, as well as gly-
buride and metformin, may lower mitochondrial function, likely due to 
higher ceramide-inhibited respiration rates in the human placenta. In-
terestingly, adiponectin decreases, but leptin increases, ROS generation 
from placental mitochondria in GDM via mechanisms involving the 
regulation of AMPK activity. The placental cells express adenosine re-
ceptors, and a role for these plasma membrane proteins in regulating 
mitochondrial function is likely. However, the available literature is 
contradictory since A2AAR activation may downregulate mitochondrial 

respiration owing to higher NO generation as a result of ALANO sig-
nalling pathway activation. In contrast, A1AR activation may improve 
GDM-reduced mitochondrial respiration in the presence of insulin. 

In conclusion, GDM is a disease associated with lower mitochondrial 
activity in the human foeto-placental unit, limiting ATP generation due 
to reduced oxidative phosphorylation. This phenomenon may in part 
explain the placental endothelium and STB dysfunction detected in this 
disease of pregnancy. Insulin and adenosine receptors may be func-
tionally linked to restore the reduced mitochondrial respiration in 
GDM, a phenomenon also likely to occur in gestational diabesity. 
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