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Thesis Abstract

Background

Gestational diabetes mellitus (GDM) is one of the most prevalent obstetric
complications, with a growing incidence resulting from upward trends in global
obesity and metabolic syndrome. GDM pathology is considered a state of
exaggerated insulin resistance in pregnancy, mediated by pancreatic p-cell
insufficiency, adipose dysregulation and systemic meta-inflammation. Although the
pathophysiology of GDM is complex, adipose tissue dysfunction is an established
cause of metabolic dysfunction and systemic insulin resistance. Furthermore, the
placental microenvironment is highly sensitive to GDM physiology and there is
significant evidence that the hyperglycaemic state of GDM drives placental
dysfunction, in part mediated by exaggerated oxidative stress and inflammation. This
thesis aims to characterise the role of systemic and local tissue mitochondrial

dysfunction and meta-inflammation in promoting GDM pathology.

Methods

In this study, the inflammatory and metabolic profiles of omental visceral adipose
tissue (VAT), placental tissue and fasting maternal blood were extensively studied to
identifiy pathways which may drive insulin resistance in GDM and contribute to
both acute and chronic adverse maternal and fetal outcomes. Samples were collected
at term pregnancy from nulliparous women with normal glucose tolerant pregnancies
and women diagnosed with GDM. Various immune-endocrine mediators were
investigated in VAT, placental tissue and the maternal circulation including markers
of mitochondrial dysfunction, monocyte/macrophage population frequency,

hormones, inflammatory cytokines and insulin signalling transduction.



Results

Firstly, distinct phenotypes of GDM were confirmed, relating to both insulin-
deficient and insulin-resistant pathologies. Insulin-deficient GDM participants had
lower body mass indexes (BMIs) and were significantly hypoinsulinaemic compared
to insulin-resistant GDM participants, who had elevated BMIs with substantial VAT
dysfunction, including adipocyte hypoplasia and dysregulated insulin signalling
capacity. The placental microenvironment was also negatively affected in GDM,
with a potent pro-inflammatory secretome including increased release of 1L-6, TNF-
a and IL-18. This inflammatory phenotype was mirrored in the maternal circulation,
confirming that systemic low-grade inflammation is present in term GDM
physiology and is, in part, facilitated by placental signalling. Mitochondrial
dysfunction was also confirmed in GDM participants, characterised by exaggerated
mitochondrial superoxide production in placental macrophages and elevated
circulating levels of cell-free mitochondrial DNA. Ex vivo mitochondrial antioxidant
therapy attenuated excessive placental inflammation in GDM, proposing a promising

therapeutic avenue for alleviating systemic inflammation in GDM patients.

Conclusion

In this thesis, we have provided substantial evidence of metabolic dysfunction and
inflammation in the maternal circulation, omental VAT and placental tissue of
women with GDM. This includes evidence of defects in adipocyte expansion and
impaired insulin signal transduction, in addition to placental and systemic
mitochondrial dysfunction and inflammation, which may ultimately orchestrate

GDM pathophysiology. These findings identify novel pathological pathways in



GDM, which may be further delineated to establish their potential as therapeutic

targets to alleviate adverse maternal outcomes.



Chapter 1

Introduction

In this introductory chapter, an overview of the available literature on the clinical
considerations and pathophysiology of gestational diabetes mellitus (GDM) is
provided. Firstly, an outline of diagnostic guidelines, risk factors and adverse clinical
outcomes of GDM are given to highlight the relevance of this condition in the
context of our research. Finally, a background of the current findings on various
aspects of GDM patholophysiology, with a particular focus on meta-inflammatory

pathways, highlights the areas which require further investigation.

Excerpts from this chapter appear in the following publications:

— McElwain CJ, Tuboly E, McCarthy FP, McCarthy CM. Mechanisms of
Endothelial Dysfunction in Pre-eclampsia and Gestational Diabetes Mellitus:
Windows Into Future Cardiometabolic Health? Front Endocrinol (Lausanne).

2020 Sep 11;11:655.

— McElwain CJ, McCarthy FP, McCarthy CM. Gestational Diabetes Mellitus and
Maternal Immune Dysregulation: What We Know So Far. International Journal

of Molecular Sciences. 2021; 22(8):4261.



1.1 Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is defined as any degree of glucose intolerance
with onset or first recognition during pregnancy. GDM is a serious obstetric
complication that affects approximately 5-10% of pregnancies worldwide and is
characterised by an insufficient insulin response to compensate for the insulin
resistant state of pregnancy (1, 2). The global prevalence of GDM has risen in the
last decade, largely due to increased maternal age and maternal BMI at conception
(3). A recent systematic review has estimated that the European prevalence of GDM
in pregnancy is 10.9%. There is a reported 2.14-fold increased risk of GDM
complications in pregnancies with maternal age >30 years and a 1.47-fold increased
risk if the diagnosis was made in the third trimester (versus second trimester).
Maternal BMI is also a contributory risk factor for GDM diagnosis as there is a 6.79-
fold increased risk in obese women and 2.29-fold increased risk in overweight

women (4).

1.2 Clinical Diagnosis of Gestational Diabetes Mellitus

The International Association of Diabetes and Pregnancy Study Groups (IADPSG)
recently updated the diagnostic criteria for GDM where an oral glucose tolerance test
(OGTT) is performed in a fasting state using 75g of glucose at 24-28 weeks of
pregnancy. GDM is diagnosed if any one of the following cut-off’s is met i.e. fasting
plasma glucose > 92 mg/dl (> 5.2 mmol/l) or > 180 mg/dl (> 10 mmol/l) at 1 hour
post-OGTT or > 153mg/dl (> 8.5 mmol/l) at 2 hours post-OGTT (5). A recent study
found that in Europe, 82.1% (23 out of 28 surveyed) of clinical guidelines
recommend screening for GDM at the first prenatal visit and 67.9% (19 out of 28)

recommend screening before 24 weeks of pregnancy. All guidelines recommend



screening for GDM >24 weeks. However, universal screening with a 75g OGTT was
only recommended in 36.8% of European guidelines included in this survey study,
with other screening methods largely based on risk factor assessment (6). In contrast,
national clinical guidelines in Australia recommend GDM screening with a 75¢g
OGTT for all pregnant women, regardless of existing risk factors (7). In cases of
diagnosed GDM, lifestyle modifications, dietary control and pharmacological
intervention have reduced the development of maternal type 2 diabetes mellitus
(T2DM) by up to 40%, emphasising the importance of accurate diagnosis, early

intervention and monitoring practices (8).

1.3 Risk Factors for Gestational Diabetes Mellitus

Currently, risk prediction for GDM in Europe is largely based on the mother’s
medical history and other clinical risk factors. In Ireland, the Health Service
Executive (HSE) recommends a 75g OGTT at 24-28 weeks if any of the following

risk factors are identified at the initial antenatal visit:

Family history of diabetes in a first degree relative
- Body mass index > 30kg/m?

- Maternal age > 40 years

- Previous unexplained perinatal death

- Current glycosuria

- Long term use of steroids

- Previous delivery of a baby weighing > 4.5kg

- Polycystic Ovary Syndrome (PCOS)

- Polyhydramnios and/or macrosomia in existing pregnancy



- Ethnicity associated with a high prevalence of diabetes: (India/ Pakistan/
Bangladesh/ Black Caribbean/ Saudi Arabia/ United Arab Emirates/ Irag/

Jordan/ Syria/ Oman/ Qatar/ Kuwait/ Lebanon/Egypt) (9)

Obesity and PCOS are particularly common risk factors for GDM. PCOS drives
metabolic dysfunction, including dysregulation in hormone release and insulin
resistance. Although not fully elucidated, these metabolic alterations may be the
cause for increased incidence of GDM in women with PCOS (10). Recently, other
non-traditional risk factors have been identified which may increase GDM incidence.
Elevated exposure to environmental toxins, including endocrine disrupting chemicals
(EDCs) such as arsenic, polychlorinated biphenyls and polybrominated diphenyl
ethers, are associated with impaired glucose tolerance and GDM in pregnancy (11,
12). Furthermore, maternal depression in the first and second trimester has been

prospectively related to increased GDM risk (13).

Like most European countries, pregnant women in the Irish healthcare system are
selectively screened for GDM based on the presence of maternal or fetal risk factors,
with no universal screening procedures. However, compliance with implementation
of selective GDM screening based on appropriate risk factor evaluation is not

monitored on a national level (14).

1.3.1 Genetic Predisposition to Gestational Diabetes Mellitus

Development of GDM during pregnancy is considered an interplay between genetic
risk factors and environmental influence. GDM often occurs in family clusters
suggesting a significant role for genetic predisposition (15). A recent Chinese
population study found that genetic variants associated with susceptibility to obesity

and metabolic diseases were also associated with GDM risk, including FTO (fat-



mass and obesity-associated gene) rs1121980, KCNQ1 (potassium voltage-gated
channel subfamily Q member 1) rs163182, MC4R (melanocortin 4 receptor)
rs12970134, and PROX1 (prospero homeobox 1) rs340841 (16). Genetic variants
that are significantly associated with T2DM are also genetic risk factors for GDM,
including genetic variants in CDKAL1 (CDKS5 regulatory subunit associated protein
1 like 1), CDKN2A/2B (cyclin dependent kinase inhibitor 2A/B), HHEX
(hematopoietically expressed homeobox), IGF2BP2 (insulin-like growth factor 2
mRNA-binding protein 2), SLC30A8 (solute carrier family 30 member 8),

and TCF7L2 (transcription factor 7 like 2) (17-19). A recent review of 83 GDM
candidate genes found that polymorphisms in TCF7L2, MTNR1B (melatonin
receptor 1B), CDKALL1, IRS1 (insulin receptor substrate 1) and KCNQL1 are the most
prevalent genetic risk factors for GDM (20). Polymorphisms in these genes were
found to modulate pancreatic B-cell dysfunction, adiposity, obesity and insulin
resistance through several mechanisms. Environmental stressors, such as poor diet,
cause epigenetic changes in these genes, resulting in a loss of insulin sensitivity.
Genome-wide association studies represent an exciting new avenue in diabetic
research to further understand the genetic determinants of exaggerated insulin

resistance in GDM pregnancy.

1.3.2 Maternal Obesity in Gestational Diabetes Mellitus

Maternal obesity is the most significant modifiable risk factor for GDM diagnosis
(4). Due to the increase in the global prevalence of obesity, GDM incidence has
continued to increase in the last decade (1). Pre-pregnancy maternal obesity, rather
than excessive gestational weight gain (GWG), is the predominant risk factor, with
women who are obese pre-pregnancy being 4-8 times more likely to develop GDM

compared with normal weight women (21). GWG should also be monitored, as



women who gain excessive weight during pregnancy are more likely to retain weight
in the postpartum period, leading to other obesity-related metabolic complications
including pre-pregnancy obesity for subsequent pregnancies (22). High pre-
pregnancy BMI and excessive GWG are risk factors for pregnancy complications
other than GDM, including a higher incidence of large for gestational age (LGA)
babies, requirement for caesarean section and gestational hypertension (23). The risk
of childhood obesity for the offspring of GDM pregnancies is also significant,
however this risk drops significantly after adjustment for pre-pregnancy BMI (24).
The nature of this relationship between obesity and GDM may result in a vicious

cycle of intergenerational obesity and subsequent diabetes diagnosis.

1.4 Gestational Diabetes Mellitus and Future Cardiometabolic Risk

1.4.1 Maternal Outcomes

Unmanaged GDM can cause significant maternal morbidity. GDM is an independent
risk factor for future maternal adverse outcomes such as T2DM, recurrent GDM,
cardiovascular disease, metabolic syndrome, as well as ophthalmic, psychiatric, and
renal disease (25). The cause of GDM-associated T2DM risk has been linked to
long-term alteration of maternal endothelial function due to insulin resistance and
hyperglycaemia (26). Women diagnosed with GDM have a significantly lower flow-
mediated dilation (FMD) compared with healthy pregnancies, suggestive of
increased endothelial damage (27). Persistent endothelial dysfunction in these
women may lead to maternal cardiovascular disease (CVD) and poor
cardiometabolic health. A recent US study established a 63% increased risk of CVD
amongst women with a history of GDM, which was only partly explained by

correlation with BMI (28), suggesting other key players in GDM pathophysiology



are driving poor maternal outcomes. In women with no history of diabetes or
hypertension, those diagnosed with GDM develop impaired myocardial contractility
and higher left ventricular mass (29). Similarly, the shift in glucose metabolism,
during which maternal hyperinsulinemia compensates to support fetal growth, serves
as a cardiometabolic stressor that may culminate in long-term cardiovascular
complications (30). The compensatory systemic hyperinsulinaemia associated with
insulin resistance has been linked to vascular plaque formation in atherosclerosis,

induced by changes in gene expression of the estrogen receptor (31, 32).

Insulin resistance-induced dyslipidaemia is also postulated to be a significant risk
factor for CVD, as it is characterised by increased circulating triglycerides,
decreased high-density lipoproteins (HDLs) as well as the formation of small dense
low-density lipoproteins (sdLDLs) (31). The detrimental effects of both insulin
resistance and altered lipid signalling on metabolic function are believed to stem
from endothelial-derived nitric oxide (NO) deficiency and reactive oxygen species
(ROS) production. This relationship exists as a negative feedback loop where insulin
resistance and cellular metabolic disturbances increase the production of ROS and
reactive nitrogen species (RNS). These species deleteriously affect the function of
endothelial nitric oxide synthase (eNOS) and NO, rendering them incapable of their
homeostatic vascular function. In turn, induced endothelial dysfunction impairs
insulin action due to damage of microcirculatory blood flow and the capillary

network, reducing insulin fluency in circulation (33).

GDM is also strongly associated with the long term development of non-alcoholic
fatty liver disease (NAFLD), a recognised hepatic manifestation of the metabolic
syndrome (34). GDM during pregnancy increases the risk of future maternal
neurological complications, including development of psychological disorders and
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increased incidence of antenatal depression (35). GDM can also cause short-term
implications for the mother during pregnancy, including increased risk of gestational

hypertension and pre-eclampsia (PE) (36).

Improvement in risk prediction, early intervention and prophylaxis of adverse GDM

symptoms could negate the short and long-term complications of GDM diagnosis.

1.4.2 Fetal Outcomes

GDM is associated with an elevated risk of neonatal morbidity and mortality, with
an increased risk of adverse perinatal complications such as macrosomia, respiratory
distress syndrome and fetal hyperinsulinaemia (37). Maternal hyperglycaemia,
whether from pre-existing diabetes or from gestational diabetes, can lead to fetal
hyperglycaemia as glucose is easily distributed across the placenta (38), therefore
maintaining optimal blood glucose levels is crucial to reducing these risks for mother
and fetus. Population-based studies have shown that neurodevelopmental disorders,
including autism spectrum disorders (ASD) and attention-deficit/hyperactivity
disorder (ADHD), and type 1 diabetes mellitus (T1LDM) are more prevalent in
children from GDM pregnancies (39, 40). The significant implications of GDM-
related obstetric complications on the fetus, such as an increased risk of endocrine,
nutritional, and metabolic disturbances, including T2DM, are often evident in

adolescence and early-adulthood (41, 42).

A randomized clinical trial to assess the therapeutic benefit of aggressive multipartite
treatment of women with GDM (including comprehensive dietary advice, blood
glucose monitoring, and insulin therapy) reported a reduction from a 4% to 1%
incidence of severe perinatal and postnatal fetal outcomes (defined as death, shoulder

dystocia, bone fracture, and nerve palsy) (43). Furthermore, a systematic review of
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ten studies consisting of 3317 pregnant women who were treated for mild GDM
reported a reduced the risk of adverse maternal outcomes including preeclampsia,
macrosomia, LGA babies, caesarean section and shoulder dystocia without

increasing the risk of small for gestational age (44).

1.5 Pathophysiology of Gestational Diabetes Mellitus

During healthy pregnancy, the maternal physiological response adapts to compensate
for many changes in energy demands, including glucose metabolism. As the fetus
develops, a surge in maternal hormone secretion, including placental lactogen and
estrogen, promotes a state of insulin resistance, which facilitates a rise in blood
glucose levels to support fetal growth (45). Appropriate blood glucose levels are then
maintained through homeostatic mechanisms such as hypertrophy and hyperplasia of
pancreatic 3-cells (46). However, in GDM, normal metabolic adaptions to pregnancy
fail to adequately control glycaemic levels, resulting in hyperglycaemia and

secondary complications such as vasculopathy and complications at delivery (47).

The pathophysiological origins of GDM are not fully understood and there are
conflicting opinions on how, and where, the condition originates. The primary
hypothesis proposes that pancreatic B-cell insufficiency and an inability to produce
sufficient insulin to counteract pregnancy-induced insulin resistance instigates GDM
pathology (45). There is a secondary hypothesis which suggests that aberrant
placental hormone expression may stimulate maternal metabolic dysfunction and
diminished insulin functionality (48). This concept originates from our
understanding that, as pregnancy develops, the placenta plays a key role in the
regulation of peripheral insulin resistance through the release of hormones such as

estrogen, progesterone, prolactin, leptin, cortisol, placental lactogen, and placental
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growth hormone. Alteration in the levels of these hormone mediates an increase in
glycaemic levels by reducing insulin sensitivity and consequently increasing glucose
levels to fuel fetal growth. This theory is supported by the fact that maternal insulin
sensitivity returns to pre-pregnancy levels within days of delivery (49). A further
hypothesis proposes that adipocyte dysfunction and the resultant disruption in the
maternal insulin signalling pathway, which may subclinically precede pregnancy,

can also contribute to GDM pathophysiology (50).

A likely scenario is that several biological factors contribute to the diabetic
syndrome observed in GDM. Two endocrine organs which undoubtedly play a
prominent pathophysiological role in GDM are the placenta and adipose tissue (AT).
Both metabolic organs release a myriad of signals, which can induce deleterious
effects on the maternal vasculature, with probable long-term consequences. Potential
mediators directing this deleterious communication between both metabolic organs
and the maternal endothelium include ROS, mitochondrial DNA (mtDNA), pro-
inflammatory cytokines, adipokines and lipid-derived signals. In this thesis, we
explore the intertwined signalling relationships of placenta and AT on the maternal
syndrome and characterise how these mediators play a pathophysiological role in

GDM pregnancies.

1.5.1 Pancreatic Beta Cell Dysfunction

Healthy uncomplicated pregnancy is characterised by a significant level of insulin
resistance, where fasting insulin levels are 29% higher in the second trimester of
pregnancy and 61% higher in the third trimester, compared with non-pregnant
controls (51). The development of the insulin resistant state is required to increase
circulating glucose levels, facilitating the additional maternal energy needs of
pregnancy (approximately 300 kcal/day over routine energy intake) in addition to

13



providing the necessary nutritional requirements of the growing fetus (approximately
33umol/kg/min by the 3rd trimester). B-cell adaptions compensate for peripheral
insulin resistance and maintain glucose homeostasis through increased insulin
secretion. These compensatory adaptions are in part stimulated by pregnancy-related
hormones prolactin and human placental lactogen (hPL), which promote B-cell mass

proliferation and reduce B-cell apoptosis (52, 53).

GDM may be viewed as an inability to compensate for the insulin resistance of
pregnancy and pathological outcomes have been linked to impaired insulin
sensitivity caused by insufficient B-cell compensation (54). -cell dysfunction has
also been implicated in T2DM pathology as well as TLDM, where autoimmunity
drives B-cell loss and insulin depletion (55). However, the mechanism by which [3-
cell insufficiency drives GDM pathology remains somewhat unclear. 3-carboxy-4-
methyl-5-propyl-2-furanpropanoic acid (CMPF), a furan fatty acid metabolite, has
emerged as a potential negative regulator of B-cell function. A clinical study found
that CMPF was an independent predictor of reduced insulin secretion in GDM and
was not sufficiently compensated for by increased prolactin or hPL release,
suggesting it as a circulating determinant of B-cell dysfunction and hyperglycemia in
women with GDM. (56). In vitro analysis of differentially methylated cell-free DNA
(cfDNA), as a potential biomarker of B-cell loss, reported that B-cell death is reduced
in GDM, suggesting that deficiency in pancreatic f-cell number is not a factor for
GDM-related insulin resistance (57). Although there is established impairment of -
cell function in the majority of women who develop GDM, the origin and cause of
this, in the context of GDM-related lipotoxicity, inflammation, oxidative stress and

impairments in adipokine and placental signalling, remain unclear (53, 58).
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1.5.2 Insulin Resistance

As previously mentioned, healthy pregnancy is characterised by systemic insulin
resistance, which facilitates a rise in blood glucose levels to fuel fetal growth and
maternal energy needs. At 12-14 weeks' gestation, there is a subtle increase in insulin
sensitivity which gradually declines for the remainder of the pregnancy (59). By the
third trimester, insulin sensitivity may gradually drop to 50% of normal function
(60). GDM emerges when the maternal system fails to compensate for this maternal
insulin resistance. Obesity-related adipose dysfunction, a significant risk factor for
both GDM and non-pregnancy related insulin resistance, is likely to be a significant
culprit. In the last decade there has been a significant increase in our understanding
of the pathogenic role of AT inflammation in mediating the disruption of insulin
signalling with resulting insulin resistance, particularly in T2DM (61). Immune cell
infiltration, and an increase in meta-inflammation and lipid signalling, disrupts
triglyceride storage resulting in increased free fatty acid (FFA) release. Increased
FFAs further amplify insulin resistance in both the muscle and liver (62). There is
significant heterogeneity in insulin resistance levels in GDM pregnancies (63), hence
a more detailed description of the mechanisms contributing to maternal insulin

resistance will be dicussed in the remaining sections.

1.5.3 Insulin Signalling Cascade

Insulin stimulates glucose uptake into fat and muscle cells through activation of
insulin receptors. Receptor mediated activation initiates the trafficking of various
intracellular cascades leading to the increased membrane translocation of glucose
transporter type 4 (GLUT4), an insulin-sensitive glucose transporter that acts to
promote insulin-stimulated glucose uptake by adipose, skeletal and cardiac tissues

(64). Two main pathways involved in insulin signalling are activated upon insulin
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binding to the insulin receptor, namely the phosphatidylinositol 3-kinase (PI3K, a
lipid kinase)/AKT (also known as PKB or protein kinase B) pathway and the
Raf/RassMEK/MAPK pathway (65). While the mitogen-activated protein Kinase
(MAPK) pathway predominantly controls cellular growth and differentiation, the
PI3K pathway is responsible for the metabolic activity of insulin and impairment of
this pathway is linked to many insulin-resistant disease states, including diabetes

(66).

Insulin receptor substrate (IRS) proteins are a family of cytoplasmic adaptor proteins
that transmit signals from the insulin receptor to mediate a cellular response. Two of
these substrates, IRS-1 and IRS-2 are ubiquitously expressed and are the primary
mediators of insulin-dependent regulation of glucose metabolism in most cell types
(67). Insulin receptor activation stimulates PI3K-dependent signalling cascade by
phosphorylating IRS proteins, thereby providing docking sites for the recruitment
and activation of PI3K. This kinase converts phosphatidylinositol-4,5-diphosphate
(PIP2) to phosphatidylinositol-3,4,5-trisphosphate (P1P3), which functions as a
platform for the recruitment of phosphoinositide-dependent kinase 1 (PDK1) and
AKT. At the plasma membrane, AKT is phosphorylated by PDK1 and mammalian
target of rapamycin complex 2 (nTORC2). AKT promotes GLUT4 storage vesicle
(GSV) exocytosis by phosphorylating and inactivating two GTPase-activating
proteins (GAPs), AS160 and the RAL-GAP complex (RGC), which regulate small
GTPases that are involved in GSV retention and targeting, respectively (Figure 1.1)

(64).
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Figure 1.1. Insulin signalling regulates GLUT4 exocytosis by engaging
intracellular trafficking machinery. Created with Biorender.com. Insulin binding
to the insulin receptor stimulates an intracellular signalling cascade which leads to

GSV exocytosis resulting in GLUT4 mediated glucose uptake (64).

Various modifications of proteins in the insulin signalling cascade are evident in
GDM. The rate of insulin-stimulated glucose uptake is reduced by 54% in GDM
relative to healthy uncomplicated pregnancy (68). While it appears that the
expression of the insulin receptor in skeletal muscle is unaffected in GDM, the
capacity for insulin-stimulated tyrosine phosphorylation of the insulin receptor -
subunit is hindered in GDM patients (69, 70). GDM-related defects of IRS-1 include
decreased IRS-1 expression, reduced IRS-1 tyrosine phosphorylation and increased

basal serine phosphorylation (68, 71, 72). Phosphorylation of IRS-1 at the serine
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residue impairs its ability to bind to PI3K and stimulate glucose metabolism,

resulting in significant insulin resistance (73).

However, these findings are largely evident in skeletal muscle with little known
about the regulation of the insulin signalling cascade in VAT in GDM. Interestingly,
abnormal glucose metabolism in AT, caused by adipocyte dysregulation and
insufficient insulin signalling, can negatively affect systemic glucose homeostasis at
other tissue sites. For example, disruption of stimulated adipocyte GLUT4
translocation has been shown to limit the suppressive action of insulin on hepatic
glucose production (74). Insulin signalling is also altered in the placental tissue of
insulin-controlled GDM patients, including a significant increase in IRS-1
expression, reduction in IRS-2 expression and a decrease in expression of PI3K p85a

and GLUT4, relative to healthy control pregnancies (75).

1.5.4 Adipose Tissue

Adipose tissue is comprised of stromal cells such as preadipocytes, mature
adipocytes and immune cells, which support the proliferation and differentiation of
preadipocytes to adipocytes through the secretion of various growth factors and
cytokines. Adipogenesis is the process by which precursor cells differentiate into
mature adipocytes. Mature adipocytes are believed to have lost the ability to divide
following the completion of terminal differentiation. Adipose tissue is composed of
various types of adipocytes, including white adipocytes, brown adipocytes and beige
adipocytes. Brown adipogenesis is distinct from that of white adipose tissue (WAT)
and occurs mainly during embryonic development and in response to cold exposure.
While WAT stores excess energy as triglycerides, brown and beige adipose tissue
are specialized in dissipating energy as heat, a process known as thermogenesis (76).
Subcutaneous AT (SAT) exists directly beneath the skin whereas VAT
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predominantly surrounds the abdominal organs. VAT has been characterized as a
predominantly metabolic pro-inflammatory organ, which produces hormones and
adipokines in addition to possessing a substantial immune cell population and VAT
adipocyte hypertrophy is associated with a higher risk for T2DM, hypertension and
dyslipidemia (77). Increased energy intake can often result in insufficient number of
mature adipocytes and a deficiency in their storage capacity in both SAT and VAT
depots (78). Adipose tissue physiologically responds to this deficiency via two
mechanisms, initiating hyperplasia and/or hypertrophy. Adipocyte hyperplasia
results from the activation of adipogenesis. Secondly, adipocyte hypertrophy
responds to increased energy intake, by increasing the size of mature adipocytes
which facilitates extra lipid content in these depots. During healthy pregnancy, AT
expands to support the nutritional needs of the growing fetus, reaching a peak
towards the end of the second trimester, and deficient AT expansion is associated
with insulin resistance, attributed to ectopic lipid deposition (79). Adipocytes play a
key regulatory role in dyslipidaemia. Impaired adipocyte function leads to a
reduction in the suppression of FFA release in response to insulin, as well as
inducing hypertriglyceridaemia and decreasing HDL concentrations (80), which can

account for an increased CVD risk.

Maternal AT morphology and adipocyte function are dysregulated in GDM, with
reduced hyperplasia and excessive hypertrophy contributing to a reduced ability to
retain fatty acids, resultant ectopic fat accumulation and impaired glucose
metabolism (78, 79). Due to this altered adipocyte phenotype, women with GDM are
prone to insufficient insulin-mediated suppression of lipolysis, resulting in
exaggerated FFA and glucose production, and excessive insulin resistance (81).

Maternal VAT mass is a key component in the regulation of FFA and glucose
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uptake. Ultrasound measurement of increased maternal VAT depth during the first

half of pregnancy reported a positive association with GDM diagnosis (82, 83).

1.5.5. Insulin-like Growth Factor (IGF) and IGF-Binding Proteins in Adipocyte
Expansion

An important mediator of preadipocyte differentiation and AT mass is insulin-like
growth factor-1 (IGF-1), which is primarily produced by the liver. Most circulating
and tissue-localised IGF molecules are bound by one of the IGF-binding protein
(IGFBP) family, produced in many peripheral tissues including AT, which function
to regulate IGF signalling, potentiating the effects of IGF-1 by increasing local
retention. Another important function of IGFBPs, particularly those in circulation, is
to prevent IGFs from binding to insulin receptors and activating the insulin
signalling pathway, which could potentially induce hypoglycaemia (84). Circulating
levels of IGF-1, believed to be orchestrated by placental hormone release, are

significantly higher in the third trimester of healthy pregnancy (85).

Various mediators of the IGF pathway are dysregulated in GDM. Firstly, circulating
IGF-1 levels are increased in GDM. Findings in 24-28 weeks gestation have found
that circulating IGF-1 concentrations significantly correlate with BMI, insulin levels
and HOMA-IR scores in GDM (86). Zhao et al. found that IGF-1 levels correlated
with fasting blood glucose levels, suggesting a potential homeostatic role in IGF-1 in
these women (87). Local functional dysregulation is also evident, as Rojas-
Rodriguez et al. found significantly decreased gene expression of IGFBP-5 and IGF-
1in SAT from GDM pregnancies versus normal glucose tolerance (NGT)
pregnancies (79). IGFBP-5 expression levels did not correlate with BMI in these
women, suggesting that the observed differences were independent of maternal BMI.
However, a recent systematic review has highlighted inconsistencies as to the exact
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role of the IGF axis in GDM. Wang et al. found that, in two studies, GDM was
associated with lower IGFBP-2 concentrations in early, mid-, or late gestation, while
five other studies reported increased IGFBP-3 concentrations in third trimester GDM
patients (88). These studies only recorded circulating levels, with no supportive
information on local tissue expression. These aforementioned findings suggest a
pathogenic link between adipocyte dysregulation and concurrent maternal metabolic
dysfunction in GDM pathology but emphasize the need for further characterisation

of the role of IGFBPs in regulating IGF.

1.5.6 Adipokines in Gestational Diabetes Mellitus

Adipokines are hormones secreted predominantly by adipose tissue but also by other
organs such as the placenta. They play a pivotal role in regulating crucial biological
processes including metabolic adaptation to pregnancy. Various studies have
established significant changes in the secretion of adipokines during pregnancy and
altered adipokine production is evident in obstetric complications such as GDM, PE

and fetal growth abnormalities (89).

Adiponectin

Adiponectin possesses both anti-inflammatory and insulin-sensitising properties.
Adiponectin acts on two main receptors, adiponectin receptor type 1 (ADIPOR1),
predominantly expressed in skeletal muscle, and adiponectin receptor type 2
(ADIPOR?2), largely expressed in the liver (90). Once adiponectin binds to its
receptors, the adaptor protein containing a pleckstrin homology domain 1 (APPL1)
binds intracellularly to ADIPOR1 or ADIPOR?Z, triggering a complex signal
transduction cascade resulting in the activation of peroxisome proliferator-activated
receptor-alpha (PPAR-a) and phosphorylation of adenosine monophosphate (AMP)-
activated protein kinase (AMPK) in peripheral tissues. This cascade regulates fatty
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acid oxidation and glucose uptake in skeletal muscle, in addition to suppression of
glucose production, lipogenesis and inflammation in the liver, positively modifying

systemic insulin sensitivity (91).

Adiponectin also has potent anti-inflammatory properties as it can promote cellular
differentiation of monocytes to M2-like macrophages and suppress the release of
leptin and pro-inflammatory cytokines such as interleukin (IL)-6 and tumour
necrosis factor (TNF)-a (92). It has also been shown in vitro to attenuate NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome activation, a
protein complex responsible for the release of pro-inflammatory cytokines IL-13 and
IL-18, by modulating the AMPK-ROS signalling pathway, via up-regulation of
AMPK phosphorylation and the suppression of ROS generation (93-95).
Adiponectin plays a critical role in regulating the metabolic adaptions of pregnancy
and systemic levels of adiponectin gradually decrease over the gestational period,
with the lowest levels evident in the third trimester, when insulin resistance peaks
(96). Adiponectin levels are systemically lower and are inversely correlated with
fetal growth in GDM pregnancies compared to healthy NGT pregnancies (96-98). A
reduction in adiponectin secretion during pregnancy is thought to be a significant

risk factor for decreased insulin sensitivity and the development of GDM (99).

Leptin

Leptin is a hormone which predominantly regulates satiety and energy homeostasis
(100). It is now understood that leptin is produced by a variety of tissues, including
the placenta, in addition to AT (101). Leptin levels are elevated in obesity,
hyperglycaemia, hyperinsulaemia and in response to inflammatory cytokine
signalling (102). In AT, leptin expression is increased in response to pro-

inflammatory markers such as TNF-o and IL-1P (103). Equally, leptin has pro-
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inflammatory properties, increasing the secretion of various pro-inflammatory
cytokines including IL-6, IL-12 and TNF-a, which may instigate a deleterious
inflammatory feedback loop that promotes chronic low-grade inflammation (104).
During pregnancy, leptin plays a crucial role in regulating trophoblast proliferation,
protein synthesis, invasion and apoptosis, particularly in the first trimester.
Disruption in leptin secretion is evident in PCOS, recurrent miscarriage, PE and
intrauterine growth restriction (IUGR) (105). GDM is characterized by increased
leptin and leptin receptor expression, which increases pro-inflammatory cytokine
release and positively correlates with insulin resistance (106, 107). Although
placental leptin production appears to play a prominent role in this phenotype (108,
109), it is likely that AT also contributes to the leptin-related pathology in GDM as
circulating leptin levels generally correlate with AT size (110). Although findings to
date are conflicting, hyperinsulinaemia also appears to stimulate leptin release
suggesting an important relationship between these hormones in regulating

metabolic homeostasis (111).

Adipsin

Adipsin is a protease with close homology to human complement D and is secreted
by muscle, lung, peripheral nerves, placenta and AT. Adipsin is the rate-limiting
enzyme in the formation of acylation stimulating protein (ASP), a factor contributing
to lipid storage in AT. ASP enhances both glucose and fatty acid uptake, an effect
independent and additive to the lipogenic effect of insulin, promoting the
accumulation of fat in AT through the inhibition of lipolysis and the stimulation of
glucose transport (112). Adipsin has also been shown to have a beneficial role in
maintaining B-cell function (113). While there is little known about the biological

role of adipsin in healthy pregnancy, levels are lower in pregnant women compared
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to non-pregnant women and increase postpartum (114). In non-pregnant individuals,
serum adipsin levels are significantly increased in obesity and positively relate to
BMI (115). However, Zhou et al. found that levels were lower in T2DM and
impaired glucose tolerance (IGT) patients (116). Elevated circulating levels of
adipsin have been reported in GDM pregnancies (117, 118) but no studies to date
have investigated tissue-specific regulation of adipsin release and the contribution

that his may have to GDM pathology.

Resistin

Resistin is another secretory hormone that was originally thought to be adipocyte-
specific but has since been localised in various tissues. It is named due to its resistant
effect on insulin through the inhibition of insulin signalling in adipocytes. Resistin is
also considered a pro-inflammatory mediator which is expressed by immune cells
and contributes to chronic inflammatory diseases, metabolic diseases, infectious
diseases and cancers (119, 120). Resistin additionally acts as a host defence peptide
through anti-microbial activity and suppression of microbial product-induced
inflammation (121, 122). Resistin is thought to play a particularly important role in
the pathology of insulin resistance and diabetes (123). A recent systematic review
found that in T2DM and obesity, resistin levels positively correlated with insulin
resistance in those with elevated circulating levels (124). Increased mRNA
expression of resistin in SAT was reported in a cohort of obese women who had
significant insulin resistance, relative to non-obese women (125), suggesting AT as a

probable source of pathological resistin production.

In healthy pregnancy, it appears that elevated systemic resistin levels contribute to
insulin resistance, as increased plasma levels were reported in pregnant compared to
non-pregnant women. Plasma levels also increase with gestational age, in line with
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the gradual increase in insulin resistance that develops during pregnancy (126). A
recent meta-analysis reported that elevated circulating levels of resistin are
associated with an increased risk of developing GDM and that this increase may be
related to pathological severity (127). However, Megia et al. found significantly
lower serum resistin levels in their GDM cohort (128) while other studies found no
significant difference in circulating resistin levels in healthy and GDM pregnancies
(129, 130). In omental VAT, significantly increased protein expression of resistin
has been identified in GDM (118, 131). Although the exact role that resistin plays in
GDM pathophysiology is unclear, there is evidence that a pathological link may

exist.

1.5.7 Role of the Placenta in Gestational Diabetes Mellitus

Role of the placenta in Normal Pregnancy

During normal placentation, cytotrophoblast cells facilitate remodelling of the
maternal uterine spiral arteries, allowing for sufficient blood flow and nutrient
supply to the growing fetus (132). The fusion of cytotrophoblasts to terminally
differentiated syncytiotrophoblasts allows for the formation of gap junctions and the
exchange of small metabolites and secondary messengers (133). Beneath the
trophoblast layer is the extraembryonic mesoderm, fetal macrophages or Hofbauer
cells (HBCs), and capillaries originating from endothelial cells. These layers form
the maternal-fetal barrier, which regulates material transfer between the maternal and
fetal circulation (134). An essential structure in the regulation of placental function
are placental villi, or villous “trees”, which can be stratified based on their proximity
to either the fetal or maternal side of the placenta. Structural stem villi are connected
to the chorionic plate and are positioned closest to the umbilical cord. During the

first and second trimester, intermediate villi are formed and are the principal sites of
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exchange during the early stages of pregnancy. During the third trimester,
intermediate villi differentiate to smaller terminal villi, which are in contact with the
maternal surface and support efficient diffusive exchange between maternal and fetal
compartments and also serves as a physical barrier to protect the fetus from harmful
substances (135, 136).

Immunological Role of the Placenta in Healthy Pregnancy

One of the important functions of the placenta is to protect the semi-allogeneic fetus
from maternal immune recognition. During pregnancy, the mother's immune system
must tolerate the presence of the developing fetus, which has a unique set of genetic
material inherited from both parents. Therefore, the placenta acts as a barrier that
limits the transfer of immune cells and molecules between the maternal and fetal
circulation. This immunological barrier function is achieved through a combination
of different mechanisms, including the expression of specific proteins such as human
leukocyte antigen (HLA)-G. HLA-G is a non-classical major histocompatibility
complex (MHC) class | molecule that is expressed specifically by trophoblasts and
plays a critical role in regulating immune tolerance during pregnancy. HLA-G
inhibits the activation and proliferation of maternal immune cells, such as T cells and
natural Killer cells, which would otherwise recognize and attack fetal cells as foreign
(137). In healthy pregnancy, trophoblasts do not express other HLA class |
molecules, such as HLA-A and HLA-B and their absence likely serves as a
protective measure, preventing the presentation of antigens to maternal immune cells

which would trigger an immune response (138).

Morphological Changes in GDM Placenta
Numerous studies have reported macroscopic changes in placental tissue in GDM, in

particular increased placental weight and surface area (139, 140). Placental
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histological findings from GDM and hyperglycaemic pregnancies provide evidence
of villous immaturity, villous fibrinoid necrosis, chorangiosis (capillary hyperplasia
in terminal villi due to chronic placental hypoperfusion or low grade tissue hypoxia),
and increased angiogenesis with increased placental size. (141, 142). Distal villous
immaturity (DVI) is a placental phenotype characterized by enlarged villi with
excessive stroma and reduced villi growth. DVI results from excessive maternal
glucose levels leading to release of fetal insulin and other growth factors that
promote excessive placental growth at the expense of villous maturation, and is
thought to promote a hypoxic intrauterine environment in the third trimester which
may make the fetus more susceptible to adverse pregnancy outcomes (143, 144).
Therefore, while a hyperglycaemic environment drives villous immaturity and
reduced placental efficiency, modifications such as chornangiosis and angiogenesis
are believed to be a homeostatic response to maintain tissue efficiency in GDM. El-
Tarhouny et al. found that DV pathology, which is largely observed in term or near-
term placenta and in maternal conditions such as IGT, obesity and excessive GWG,

was significantly increased in GDM placenta (145).

Placental Hormones

The placenta is a highly active endocrine organ and the release of placental
hormones plays a vital role in mediating the maternal adaption to pregnancy. Certain
physiological changes are at least partly coordinated by hormones and other
mediators secreted by the placenta including estradiol, progesterone, prolactin,
cortisol, hPL, and human placental growth hormone (hPGH), which are proposed to
facilitate pregnancy-induced peripheral insulin resistance (146, 147). Placental
lactogen and prolactin increase maternal food intake by the induction of central

leptin resistance, and promote maternal B-cell expansion and insulin production to
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counteract hyperglycaemia (148). Inappropriate secretion of placental hormones
during pregnancy has been linked to obstetric complications including GDM, PE,

fetal growth restriction (FGR), macrosomia and pre-term birth (149).

Significant increases in prolactin levels during the first trimester positively correlate
with GDM risk, suggesting that impaired regulation of prolactin release contributes
to GDM pathology (150). While there is strong evidence for the potential
pathophysiological role of prolactin in GDM, a definitive role for hPL in GDM is
somewhat ambiguous. Elevated levels of first trimester hPL were found in pregnant
women with T1IDM but not in women who developed GDM (151). Other studies
also found no GDM-related effect on circulating maternal hPL levels, however
amniotic fluid concentrations of hPL were shown to be significantly higher in GDM

pregnancies (56, 152).

Adiponectin receptors ADIPOR1 and ADIPOR?2 are expressed in placental tissue
and while adiponectin is predominantly produced by AT the placenta also
contributes to adiponectin secretion during pregnancy (153, 154). Placental mRNA
expression of adiponectin is downregulated in GDM (97) and concentrations are
reduced in umbilical artery blood in GDM. Adiponectin levels in umbilical cord
blood negatively correlated with GDM development and risk of abnormal pregnancy
outcomes, although the source of adiponectin is believed to be of fetal, rather than
placental or maternal origin (155). A recent in vivo study found that placental
deficiency of adiponectin induces placental dysfunction, including diminished IGF-1

signalling and reduced nutrient transport (156).

Leptin is equally produced by syncytiotrophoblasts and endothelial cells of the

placenta and regulates placental function and the expression of tolerogenic maternal
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response molecules such as HLA-G (105, 157, 158). Given its previously mentioned
pleotrophic roles, increased placental expression of leptin and leptin receptor
expression is a significant culprit in GDM-related inflammation. It is also suggested
that the effect of altered placental leptin secretion in GDM contributes to endocrine
disruption, resulting in excessive maternal AT expansion and subsequent
exaggerated insulin resistance (159). Multiple studies have confirmed a significant
correlation between elevated systemic leptin concentrations and obesity in pregnancy

(160, 161).

Adipsin and ASP are equally produced by the placenta, with evidence that placental
production exceeds AT secretion, potentially explaining the elevated circulating ASP
levels at term (162). Although GDM has been associated with elevated adipsin
serum levels at term (118), there are no studies which have specifically measured

placental adipsin release in GDM.

Although predominantly produced by AT, the expression of resistin has been
established in human placental tissue, with an increased placental levels at term
compared to first trimester (163). Only two recent studies have quantified placental
resistin protein expression in GDM, where levels were significantly higher than in

healthy pregnancies (164, 165).

Pregnancy-associated plasma protein A (PAPPA) is a protease which is produced by
uterine tissue in non-pregnant women and is predominantly produced by the placenta
in pregnancy (166). PAPPA cleaves IGFBP-4 and IGFBP-5, thereby increasing IGF
bioavailability (167). First trimester circulating levels of PAPPA are significantly
reduced in GDM, possibly affecting placental and fetal development (168, 169).

Additionally, lower systemic PAPPA levels during pregnancy have been postulated
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to disrupt AT function and potentiate GDM pathology. Rojas-Rodriguez et al.
recently identified that PAPPA stimulates AT expansion ex-vivo and that PAPPA™
mice have impaired AT remodelling and exaggerated pregnancy-induced insulin
resistance (170). These findings highlight the potential impact of impaired placental

signalling on adipocyte function and glucose metabolism in GDM.

1.5.8 Mitochondrial Dysfunction and Oxidative Stress in Gestational Diabetes
Mellitus

Pregnancy is associated with oxidative stress, largely orchestrated by placental
mitochondrial activity and the production of ROS, by-products of normal cellular
activity (171). Mitochondria serve as the primary source of endogenous ROS,
however the endoplasmic reticulum and peroxisomes also produce ROS (172).
During pregnancy, placental development requires an increased mitochondrial
capacity to facilitate metabolic requirements, including adenosine triphosphate
(ATP) production, hormone synthesis and trophoblast oxygen sensing in addition to

supporting the fetal growth (173).

However, insufficient placentation and the resulting ischaemic placental
microenvironment result in excessive ROS generation leading to the release of
deleterious mediators into the maternal circulation (174). A recent in vitro study
investigating the role of placental redox protein thioredoxin-interacting protein
(TXNIP) and GDM pathology found that a high glucose environment increased
TXNIP expression, mitochondrial dysfunction and ROS generation (175).
Furthermore, Fisher et al. provided evidence of mitochondrial dysfunction in
isolated mitochondria from both the cytotrophoblast and syncytiotrophoblast cell
lineages in GDM compared to healthy placenta (176). In particular, their findings
indicated an increased requirement for superoxide dismutase (SOD) in mitochondria
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from the syncytial layer in GDM due to an increase in ROS production. These results
reflect previous findings by Coughlan et al., which showed that SOD activity and
protein carbonyl content (a marker of oxidative damage) were elevated in GDM

placenta (177).

Although no research to-date has explicitly examined adipocyte ROS production in
GDM pathology, related findings suggest that a pathogenic link may exist between
GDM pregnancies and oxidative stress responses. In non-pregnant individuals,
increasing VAT mass increases adipocyte dysfunction, with a resulting elevation in
adipocyte ROS production. This elevated ROS generation has been correlated with
an increase in insulin resistance in both adipose and other peripheral tissues (178).
Systemically, hyperglycaemic diabetic patients have significantly lower levels of
SOD activity, lower total antioxidant capacity and higher levels of malondialdehyde

(MDA), a marker of increased free radical production (179).

Exaggerated ROS generation thereby represents an important cause of metabolic
dysfunction in GDM, resulting in potentially permanent vascular damage which may

have significant long term consequences (180).

Mitochondrial DNA

An additional mechanism by which mitochondrial dysfunction can disrupt systemic
metabolic function is by releasing mitochondrial DNA (mtDNA) which can provoke
an inflammatory response by driving the expression of pro-inflammatory cytokines.
Previous studies have found that cell free mtDNA (cf-mtDNA) copy numbers
increase with mtDNA damage or mitochondrial dysfunction (181) and during

oxidative stress (182).
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Mitochondria have their own genome with multiple copies of small circular mtDNA
molecules, whose number is regulated through the processes of biogenesis and
mitophagy (183). MtDNA is particularly susceptible to oxidative damage because of
its proximity to the electron transport chain (ETC) and its deficiency of protective
histones (184). A change in membrane potential, as a result of increased oxidative
stress, induces mitochondrial membrane depolarisation and increases permeability
(185). Damage to mtDNA can induce malfunction of the ETC and ATP production,
resulting in overproduction of ROS by complex | and 111 (186). The above pathway
describes a pernicious feedback loop, where mtDNA can be damaged by ROS-
mediated oxidation leading to diminished oxidative phosphorylation capacity,
mtDNA fragment release and further ROS production (187). These biochemical
disruptions facilitate the release of mitochondrial components such as ROS and
mtDNA into the cytosol, triggering various inflammatory and apoptotic pathways
(188). A recent cohort study found significant correlations between women carrying
mtDNA oxidative phosphorylation mutations and an increased incidence of

pregnancy loss, GDM, IUGR and postpartum haemorrhage (189).

Secreted mtDNA fragments act as damage-associated molecular patterns (DAMPS),
endogenous signalling molecules that are released from damaged cells and activate
an innate immune response (190). Although the majority of circulating cf-mtDNA in
the maternal circulation during pregnancy is of maternal origin, approximately 5-
20% is of fetal/placental origin (191). MtDNA motifs can instigate a pro-
inflammatory response in the maternal circulation by binding to toll-like receptor
(TLR)-9 expressed on immune cells. Recent work in our group established that
pathogenic plasma mediators (including mtDNA) in PE increased TLR-9 activation

with ensuing neutrophil activation (192, 193). Our group has also provided evidence
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of increased circulating levels of mtDNA in GDM pregnancies, which was

associated with higher maternal BMI (194).

An additional source of cf-mtDNA in the maternal circulation could be from AT, as
mitochondrial dysfunction in the omental AT has been linked to a significant
increase in mtDNA content (195). Adipocyte mitochondria have been shown to play
an integral signalling role through their ability to influence key biochemical
processes central to the adipocyte, such as fatty acid esterification and lipogenesis, as

well as their impact on the production and release of key adipokines (196).

The importance of mitochondria in influencing metabolic function cannot be
underestimated, whether mediated directly via ROS-induced oxidative stress or

indirectly via the instigation of pro-inflammatory signalling pathways.

1.5.9 Role of Inflammation in Gestational Diabetes Mellitus

Inflammation is a key process in reproductive success as it is necessary for
implantation, pregnancy maintenance, and parturition (197). The maternal
physiological immune response to pregnancy is a complex process which is
delicately balanced between immune activation and suppression during healthy
pregnancy (198-200). Cytokines regulate the functions of the immune system and
facilitate metabolic and inflammatory communication between cells (201). The
placenta is a key instigator of inflammatory signalling during pregnancy. In healthy
NGT pregnancy, cytokine signalling in the placenta mediates local vascular growth
and development. Tissue-specific expression of cytokines facilitates additional
functions during gestation, for example, IL-8 expression in the myometrium has
been shown to be specifically upregulated during both term and preterm labour

(202).

33



It has been postulated that GDM may develop from aberrant adaption of the maternal
immune system to pregnancy and an increase in circulating inflammatory factors
linked to innate immunity, with ensuing endothelial dysfunction (203, 204).
Although the significance of immune dysregulation as a causative mediator in GDM
pathophysiology is currently unclear, aberrant maternal immune responses contribute
to secondary complications of GDM such as maternal, and fetal, cardiovascular and
metabolic disorders. This stems from evidence in individuals with T2DM, where
immune cell infiltration of VAT results in the pathological disruption of insulin
signalling contributing to insulin resistance (205). Hyperglycaemia can equally cause
immune dysfunction, resulting in altered neutrophil chemotaxis, macrophage
function and phagocytic responses (206). Hyperglycaemia in GDM is associated
with increased placental inflammation (207), and dysregulation of placental cytokine
release has been demonstrated to correlate with GDM pathology, leading to
inflammation, endothelial dysfunction and insulin resistance (208, 209). Individual
studies have found elevated circulating levels of pro-inflammatory cytokines such as
IL-8, IL-18, IL-6 and TNF-a in GDM (98, 210, 211). However, a review by Perez
Gomes et al. found that significant heterogeneity exists in the current evidence
investigating cytokine production in GDM with no significant collective
conclusions. This review included 22 studies reporting on 9 cytokines (IL-1B, IL-2,
IL-6, IL-10, IL-13, IL-18, IFN-y, TGF-B, TNF-a) measured in a total of 1982
participants, including 1027 participants diagnosed with GDM. Meta-analysis was
hindered in this review due to methodological differences in study design, including
participant selection criteria, gestational age at sampling, sample type, assay method
and data reporting. Furthermore, a lack of detailed information on sample collection,

handling, storage and assessment methods was evident in most studies. This review
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highlighted that additional studies are required to remove potential confounding
factors and provide clear, detailed evidence of alterations in circulating cytokine

levels (212).

Placental macrophages or Hofbauer cells (HBCs) have been implicated in regulating
placental inflammatory signalling in GDM. Sisino et al. demonstrated a shift in the
phenotype of HBCs from the anti-inflammatory M2 to the pro-inflammatory M1
phenotype in a rat model of gestational diabetes (213). However, analysis of primary
HBCs in GDM placenta showed an increase in M2 markers such as CD206,
compared to healthy placenta (214). Maternal adiposity can also disrupt placental-
derived cytokine signalling. Challier at al. reported that obese pregnant women had a
two-threefold increase in the number of placental macrophages, characterized by an
increased expression of IL-1, TNF-a and IL-6 mRNA (215). Similar studies have

found an increased placental expression of IL-8 and leptin in GDM (216).

The metabolically active VAT secretes adipokines and cytokines which regulate both
pro- and anti-inflammatory responses. Some of the key AT-derived mediators
involved in these responses are leptin, adiponectin, resistin, TNF-a, IL-6 and IL-13
(217). While adiponectin can act in both an anti- and pro-inflammatory capacity
(218), these mediators predominantly exert a pro-inflammatory response. Adipokines
can also regulate vascular function, in a deleterious or protective manner (219). For
example, adiponectin exerts cardioprotective effects in vascular disease, via
adiponectin receptor 1 and 2 activation, resulting in an increase in differentiation and
survival of both endothelial and vascular smooth muscle cells while reducing the
pro-inflammatory macrophage response (220). However, these inflammatory motifs
generally propagate a negative effect on metabolic health. TNF-a downregulates
insulin-stimulated cellular glucose uptake by interfering with GLUT4 translocation
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(221). Furthermore, obese mice deficient in either TNF-a or its receptors (both p55
and p75 subtypes) were protected against insulin resistance (222). TLR-4 activation
in adipocytes initiates AT inflammation and may contribute to insulin resistance
through ceramide biosynthesis (223). Although the exact mechanism of this TLR-4
receptor activation is still unclear, one potential mechanism is activation by FFAs,

which are increased in obesity.

1.5.10 Role of Immune Cells in Gestational Diabetes Mellitus

Pregnancy and fetal growth pose a substantial challenge for the maternal immune
system. From the early stages of implantation and decidual formation, to successful
fetal delivery, key maternal immunological mediators such as macrophages, natural
killer (NK) cells and regulatory T cells (Tregs) must be meticulously balanced by the
maternal immune system to avoid adverse pathology and/or disruption of pregnancy
(224). How various immune mediators adapt to the state of pregnancy will thereby
impact both fetal and maternal health outcomes. Both frequency and function of
various immune cell populations are altered in GDM pathophysiology (Table 1.1 and
Figure 1.2). These alterations are evident in maternal circulation and locally in the

placenta and AT.

36



Table 1.1. A summary of the studies describing immune cell populations in

maternal circulation, placental tissue and adipose tissue in GDM pregnancies

and how their cellular function is altered in GDM relative to uncomplicated

pregnancies (225).
Immune Cell Populations Functional Studies Alterations in GDM
Role
In Circulation
Neutrophils Phagocytosis; (226- Blood count 1
cytokine 232 o
secretion ) Activation 7
NK cells Regulates innate | (233- NKCD56dim cell count 1
immune 235) NKCD56bright cell count |,
response; Pro-inflammatory cytokine
cytokine release 1
secretion
NKT cells Cytokine (236, -
production 237)
Monocytes Phagocytosis; (238, CD14* cell count 1
antigen- 239) o
presenting cells Activation 1
Intermediate monocyte count |
Dendritic Antigen- (240) «
cells presenting cells
T cells T helper cells Inflammation; (204) Th1 cell count 1
defence against
IC bacterial Th17 cell count 1
pathogens
Regulatory T Regulates (204, Mixed findings on Treg count
cells immune 233, and functionality
response 241_245)
vo T cells Inflammation (240, v6 T cell count 1
and cytotoxicity | 246,
247)
Cytotoxic T (237, CD8+ T cell count 1
cells 247)
Naive/memory (236, Naive T cell count |
henotype
P yP 245) Memory T cell count 1
B cells Antibody (248) Blood count 1
secretion

Activation 1
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Platelets Coagulation; (228, Blood count 1

vasoconstriction
230, 232, Activation 1
249-259)

Placental tissue

Neutrophils Phagocytosis; (226) Infiltration 1
cytokine .
secretion Activation 1

Decidual NK Promoting (235) DNKCD56%M cell count 1

cells decidual
vascularization

Macrophages Homeostasis of | (214, Activation 1
placenta 260-263 . -
environment ) Mlxeq findings on M1/M2
and host defense polarity
against
infections

Adipose tissue (visceral and subcutaneous)

Macrophages Lipid and (261, Infiltration 1
energy 264) .
metabolism; Activation
adipocyte
mitochondrial
function

Immune Cells and Meta-inflammation

In the last decade there has been a significant increase in our understanding of the
pathogenic role of AT pro-inflammatory responses in mediating vascular damage
and disrupting insulin signalling with resulting insulin resistance (61). Meta-
inflammation refers to a chronic, low-grade inflammatory state that occurs in AT,
liver, and other organs in response to factors such as obesity, insulin resistance and
metabolic dysfunction. Meta-inflammation differs from classical inflammation that
occurs in response to an injury or infection, involving transient and acute
inflammatory responses of the innate immune system, and is mediated by immune
cell propulations such as monocytes, macrophages, dendritic cells, NK cells, mast
cells and granulocytes infiltrating VAT and disrupting energy homeostasis (265).

Meta-inflammation has been implicated in the development of a variety of chronic
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diseases, including T2DM, cardiovascular disease and NAFLD. In GDM, meta-
inflammation plays a role in the development of insulin resistance, a key feature of
the condition. During pregnancy, the placenta produces hormones that can impair
insulin action in the mother, leading to insulin resistance. In women predisposed to
insulin resistance due to obesity or a family history of diabetes, this can result in the
development of GDM (216, 266). Meta-inflammation exacerbates this process by
further impairing insulin signalling, and can lead to B-cell dysfunction and impaired
glucose tolerance. This deleterious level of insulin resistance impairs triglyceride
storage, resulting in increased FFA release. Increased FFAS secretion into circulation
futher induces insulin resistance and inflammation in both the muscle and liver (62).
VAT-infiltrating neutrophils are strongly linked to initiating a state of meta-
inflammation, partly by increased elastase production, an important mediator of
acute and chronic inflammatory responses (267). A recent preclinical study
demonstrated that naringenin, a citrus flavonoid, attenuated tissue inflammation and
adipokine dysregulation by suppressing immune cell infiltration of VAT, particularly

neutrophils, by inhibiting monocyte chemoattractant protein-3 (268).

There is substantial in vivo evidence from individuals with T2DM that both
monocyte and macrophage subpopulations are the dominant cellular mediators
involved in the development of meta-inflammation, by disrupting insulin signalling
cascades which leads to the development of insulin resistance. Infiltration of VAT by
monocyte/macrophage populations, and subsequent meta-inflammation, are
particularly relevant to GDM due to the contribution of shared pathophysiology
including insulin resistance, inflammation, oxidative stress and endothelial
dysfunction. The potency of these pathogenic mediators are further amplified in

obesity, a disease which itself increases the maternal risk of developing GDM.
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Monocytes

Monocytes are critical cells in the innate immune response and are characterised by
the expression of the CD14 receptor antigen which stratifies them into three
subtypes: the main ‘classical monocytes’ (CD14**CD16"), which have significant
phagocytic activity, and two additional subtypes, the ‘non-classical’ (CD14*
CD16™) and the ‘intermediate’ (CD14" CD16") (269). Monocytes promote an innate
immune response by recognising pathogenic molecules via pattern recognition
receptors and respond through phagocytosis, antigen presentation, chemokine
secretion and proliferation. These cells also exhibit high levels of plasticity enabling
them to alter their phenotype according to their local microenvironment, facilitating
differentiation into monocyte-derived macrophages or monocyte-derived dendritic

cells (DCs) (270, 271).

As maternal innate immunity adapts to the initial stages of pregnancy, the number of
circulating monocytes increases significantly, particularly the nonclassical and
intermediate subtypes (272). Placental cellular products are believed to act
systemically in activating monocytes, with increased expression of surface activation
markers such as CD11b, CD54 and CD64. Circulating monocytes in pregnancy also
have increased expression of 1L-12 and IL-1 cytokines relative to non-pregnant
women. Monocyte activation proportionally increases from first trimester through to
late gestation, confirming the critical role of innate immunity in maintaining a

healthy pregnancy (273).

A recent case-control study found that the percentage of circulating CD14" cells
were increased in GDM pregnancies. However, lower frequencies of intermediate
monocytes (CD14"CD16") and circulating monocytes (classical, intermediate and
non-classical) expressing TLR-4 were observed in GDM, while soluble CD14*
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levels (sCD14") were higher in GDM pregnancies compared to healthy pregnancies
(238). SCD14" is a complex moiety that can stimulate either pro-inflammatory or
anti-inflammatory responses and has been defined as a nonspecific marker of
monocyte activation (274). Further clinical assessment has confirmed that women
with pregnancy-associated hyperglycaemia exhibits higher absolute monocyte counts
with increased monocyte-lymphocyte ratios (MLR) (239). The described increase in
circulating monocyte numbers and activation levels in GDM may be linked to
elevated levels of circulating monocyte chemoattractant protein-1 (MCP-1), a key
factor in the recruitment and activation of both peripheral blood and adipose-resident
leukocytes. Telejko et al. reported that MCP-1 significantly correlated with fasting
glucose levels in GDM pregnancies, where MCP-1 levels increased with higher

plasma glucose levels in these women (275).

Macrophages

Macrophages are antigen presenting cells (APCs), derived from monocyte
differentiation, with distinct phenotypic classification into either M1-like, pro-
inflammatory and microbicidal, or M2-like, anti-inflammatory and
immunoregulatory subtypes (276). These subtypes are characterised by the
expression of specific markers including human leukocyte antigen—DR isotype
(HLA-DR), CD11c and CD86 on M1-like macrophages and CD163, CD204, CD206
and vascular endothelial growth factor (VEGF) on M2-like macrophages (277).
Specifically, CD86 (M1) and CD206 (M2) have been used as reliable
characterization markers of macrophage subtypes in recent studies on diabetes and
adipose tissue inflammation (278, 279). During pregnancy, macrophages play an
important role in mediating tolerance at the maternal-fetal interface, comprising 20-

30% of decidual leukocytes (280).
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Specific placental tissue-resident macrophages, namely HBCs, are located in the
chorionic villi and are largely associated with regulatory and anti-inflammatory
functions. These cells are of fetal origin and while their role in pregnancy is not yet
fully understood, their function is believed to be altered in GDM (281). The function
of HBCs resembles activated M2-like macrophage subtypes, playing an important
role in placental vasculogenesis and angiogenesis. High-dimensional flow cytometry
analysis identified ten functionally diverse HBC subsets present throughout
pregnancy, with varying expression of activation markers such as CD14, CD68 and
HLA-DR. However, upon pathogenic stimulation, HBCs can undergo pro-
inflammatory reprogramming to produce pro-inflammatory cytokines such as IL-6
and TNF-a (282, 283). Nonetheless, the described characteristics of HBCs suggest a
regulatory, tissue remodelling role in the placenta rather than that of an inflammatory

mediator (284).

Although, to date, no studies have explicitly measured specific peripheral
macrophage populations in GDM pregnancies, there has been some evidence
assessing the molecular communication between macrophage activation and GDM
pathophysiology. Upon activation, macrophages shed their haemoglobin-haptoglobin
scavenger receptor CD163, or soluble CD163 (sCD163), rendering it useful as an in
vivo marker of macrophage activation (285). Ueland et al. reported that GDM
pregnancies had increased circulating levels of SCD163 as early as 14-16 weeks
gestation and 5 years postpartum, compared with healthy uncomplicated
pregnancies. This increase in SCD163 was independent of BMI and other risk
factors, proposing monocyte/macrophage activation as an important early mediator
in GDM pathology (286). These women also had reduced circulating adiponectin

levels. Furthermore, transgenic murine models expressing human adiponectin have
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shown that macrophages expressing adiponectin can physiologically modulate
metabolic activities such as insulin sensitivity in vivo by improving metabolism in
distal tissues (287). In addition to its insulin-sensitising properties, adiponectin also
regulates macrophage proliferation and function, suggesting a possible link between
AT dysfunction and concurrent imbalance in peripheral immune regulation. Similar
results found that the significant increase in circulating sCD163 levels in GDM
women correlated with increased sCD163 release from both placenta and AT,
suggesting that these endocrine organs are sources of the circulating risk predictor

(261).

Elevated circulating levels of macrophage migration-inhibitory factor (MIF) have
also been associated with GDM (288). MIF is a ubiquitously expressed pro-
inflammatory cytokine that can stimulate T-helper 1 (Th1) cell type responses and
IL-17 release and increases TLR-4 expression on macrophages, priming them for
inflammatory stimulation (289). Furthermore, MIF-associated genotypes are
susceptibility factors in the pathogenesis of GDM (290, 291). These results further
indicate a potential interplay between maternal monocytes/macrophage activation

and metabolic cytokine production as a culprit in the early development of GDM.

In GDM pregnancies, HBCs were shown to maintain their M2-like anti-
inflammatory phenotype, characterised by CD206 and CD209 expression, with no
significant difference in cytokine production relative to healthy uncomplicated
pregnancies (214). This study was, however, limited by a small sample size. Further
research found increased expression of CD163 on macrophage-like cells in GDM
placental tissue samples with no difference in CD68 expression, suggesting a
decrease in the M1/M2 ratio and a dominant anti-inflammatory phenotype (260).
Bari et al. found similar results, where CD163" cells were significantly increased in
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GDM placenta compared with controls. GDM placental explants also released

increased concentrations of SCD163 compared to control explants (261).

Other studies have observed a pro-inflammatory shift towards an M1-like phenotype,
with an increased number of CD68" cells and increased expression of 1L-6, IL-8,
TNF-o and TLR-2 in GDM placental tissue compared to healthy placental tissue
(262, 263). Similar to the increase in maternal circulating levels of MIF reported in
GDM pregnancies, placental MIF expression is increased in GDM and this
correlated with maternal insulin resistance (292). These limited clinical findings
show contrasting results in the role that macrophages and HBCs may play in

placental-related immune dysregulation in GDM.

Similarly, current evidence exploring the role of AT inflammation in GDM is
limited. One study reported that macrophage infiltration is significantly increased in
the omental VAT in GDM pregnancies compared to uncomplicated pregnancies,
which significantly correlates with maternal insulin resistance (264). Furthermore,
Bari et al. found significantly increased CD163" infiltrates and increased
concentrations of SCD163 in SAT explants in GDM pregnancies relative to
uncomplicated pregnancies (261). In this thesis, the role of monocyte/macrophage
populations in maternal circulation, VAT and placental tissue in GDM pregnancies

will be characterised, particularly their function in inducing meta-inflammation.
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Figure 1.2. An overview characterising immune cell phenotypes in maternal

circulation, adipose tissue and placental tissue in healthy uncomplicated

pregnancy compared to a pregnancy complicated by GDM. Created with

Biorender.com. GDM, gestational diabetes mellitus; NK, natural killer; Th2, T-

helper 2 cell; Th1, T-helper 1 cell; Th17, T-helper 17 cell; Treg, regulatory T cell;

dNK, decidual NK cell (225).

1.6 Pharmacological Treatment Strategies for Gestational Diabetes

Mellitus

The American College of Obstetricians and Gynecologists (ACOG) categorises

GDM into two subgroups, dependent on their therapeutic management. GDM Class

1 (A1GDM) women are those who respond to dietary intervention (low glycemic
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index meals with low simple sugar and high fibre content) and exercise. GDM Class
2 (A2GDM) patients require pharmacologic intervention to achieve target glycaemic

levels (Figure 1.3) (293).

The current first line pharmacological intervention for the treatment of GDM, when
diet and lifestyle modification fail to adequately control glycaemic levels, focuses on
insulin therapy. Insulin is administered subcutaneously and maintains glucose
homeostasis by acting on skeletal muscle, liver and white adipocytes to stimulate
glycogen synthesis, suppress lipolysis and increase glucose transport (294). Insulin is
available in a range of formulations that can be tailored for individual patient needs
and does not cross the placental barrier into the fetal circulation. However, insulin
administration is invasive and inconvenient for the patient, with risk of injection site
infection and hypoglycaemic episodes. Recent evidence has suggested that insulin
may have additional effects on the immune system, as a range of cells not typically
involved in glucose homeostasis, including immune cells, express insulin receptors.
Both in vitro and in vivo clinical evidence from T2DM patients have shown that
insulin can mediate anti-inflammatory responses in circulating mononuclear cells,
through downregulation of TLR transcription (295, 296). In patients with TIDM,
insulin administration can suppress inflammatory markers such as C-reactive protein
(CRP), IL-1pB and TNF-a,, reduce CD14 transcription and lipopolysaccharide (LPS)-
stimulated apoptosis in macrophages, and attenuate neutrophil ROS generation
(297). Insulin also has indirect anti-inflammatory implications via the management
of hyperglycaemia, thereby reducing ‘glucose toxicity’, preventing cell stress and
reducing the generation of inflammatory mediators such as advanced glycation end

products (AGEs) (298).
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Oral anti-diabetic pharmacological therapies such as metformin or sulfonylureas may
also be considered for the treatment of GDM. The exact pharmacodynamic profile of
metformin is complex and not yet fully understood, however, it is an effective
insulin sensitising agent and reduces hepatic glucose production. Metformin has
minimal risk of inducing hypoglycaemic episodes and has a reduced impact on
weight gain, thereby improving patient outcomes (299). Although metformin crosses
the placenta, several studies assessing fetal outcomes in metformin-treated
pregnancies have indicated its safe use in pregnancy (300, 301). Evidence suggests
that metformin equally suppresses immune responses through induction of cellular
AMPK and subsequent inhibition of mMTORCL1 (302). Inhibition of mTORC results
in increased IL-12 production, altered antigen presentation in DCs, and increased
expression and proliferation of Tregs (303). In murine models fed a high fat diet,
metformin improved obesity-related inflammation by inducing polarisation of M2-
like macrophages via AMPK dependent mechanisms, resulting in decreased
circulating concentrations of IL-6 and TNF-a and an overall anti-inflammatory
phenotype (304). In vitro findings have shown that metformin also attenuates
mitochondrial ROS production, reducing mitochondrial-mediated apoptosis and

oxidative stress responses (305).

Sulfonylurea drugs, such as glyburide, appear to be more effective than metformin in
managing GDM-induced hyperglycaemia, however some studies have suggested a
correlation with PE, macrosomia and neonatal hypoglycaemia (306). The
predominant clinical effect of glyburide is through the stimulation of pancreatic
insulin release (307). Glyburide also stimulates an anti-inflammatory response,

particularly through M2-like polarisation and inflammasome inhibition in
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macrophages, which reduces the release of pro-inflammatory cytokines such as IL-

1B and IL-18 (308, 309).

Although a significant proportion of women with GDM will require pharmacological
intervention during pregnancy, lifestyle modification is the first line of intervention
for managing the symptoms of GDM. Reduction of dietary glucose intake and
careful glycaemic monitoring can successfully manage insulin resistance, without the

need for pharmacological intervention, in less severe GDM pregnancies.

Unfortunately, the availability of therapeutic options for obstetric complications are
hindered by the ethical and clinical reservations associated with the participation of
pregnant women in clinical trials for novel drug treatments. Nonetheless, the recent
EMERGE clinical trial (ClinicalTrials.gov Identifier: NCT02980276), is currently
investigating the most effective way to implement lifestyle modifications in addition
to metformin, to reduce the need for insulin and the occurrence of hypoglycaemic
episodes and maternal weight gain in GDM pregnancies. Extensive pre-clinical
investigations into safe and effective therapeutics, with appropriate pre-clinical
models targeting the diverse pathogenic mediators of GDM pathophysiology, is key

for clinical progression.
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1.7 Thesis Hypothesis, Aims, & Objectives

1.7.1 Hypothesis

A review of the current literature on GDM suggests that a link exists between
hyperglycaemia, metabolic dysfunction, and systemic low-grade inflammation,
which instigates diabetic symptoms and adverse maternal outcomes in GDM. This
relationship may be driven by local tissue meta-inflammation and the release of
mitochondrial-derived DAMPs, which propagate inflammatory pathways both
locally and systemically. Identifying these molecular signalling networks between
the placenta-adipose tissue- axis will allow us to identify clinical interventions to
effectively manage GDM pathology. To date no clinical cohort study has

comprehensively characterised these pathways by adopting a multi-organ approach.

1.7.2 Aims

The overaching aim of this thesis is to characterise maternal GDM-mediated meta-
inflammation and mitochondrial dysfunction locally in both the adipose and placenta
tissue and systemically in the maternal circulation. This will be the first translational
study to investigate global metabolic dysfunction in fasting blood, omental VAT and
placental tissue from the same cohort of GDM participants. Furthermore, many of
the pathways which we aim to characterise in this study have not previously been
investigated in GDM pathology, such as omental VAT dysfunction, which has been
largely implicated in T2DM etiology. This may allow the delineation of the
mechanistic pathways involved in promoting insulin resistance in GDM.
Additionally, in this thesis, the interactions between placental mediators and AT
dysfunction which may contribute to impaired insulin sensitivity will be

investigated.
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1.7.3 Objectives

In order to achieve these aims, the following objectives were identified:

. Objective 1: To characterise the metabolic, mitochondrial and inflammatory
mediators which adversely affect insulin sensitivity in the maternal circulation in

GDM (Chapter 2).

. Objective 2: To define whether omental VAT adipocyte dysfunction and

meta-inflammation drive insulin resistance in GDM (Chapter 3).

. Objective 3: To examine whether mitochondrial dysfunction activates the
NLRP3 inflammasome and induces immune dysregulation in the placenta in GDM

(Chapter 4).

. Objective 4: To identify if a bidirectional relationship exists between
placental tissue and AT in GDM, in particular how placental-derived mediators may

impact adipocyte function and impair insulin sensitivity (Chapter 5).

51



Chapter 2

Circulating Markers of Insulin
Resistance and Meta-
Inflammation in Gestational
Diabetes Mellitus

After the overview of available literature pertaining to the various pathogenic
mediators contributing to the pathophysiology of GDM and their clinical
implication, this chapter will explore circulating markers of metabolic dysfunction
and inflammation in GDM. More specifically, pathological insulin resistance in
GDM is characterised, followed by an investigation into the extent of systemic
mitochondrial dysfunction and meta-inflammation which adversely affects maternal

insulin sensitivity in GDM.
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Abstract

Background

GDM pathology is considered a state of exaggerated insulin resistance, mediated by
pancreatic B-cell insufficiency, adipose dysfunction and systemic meta-
inflammation. In mild cases, GDM symptoms can be managed by lifestyle
modification, promoting normal glucose metabolism. In more severe cases,
pharmacological intervention with either insulin or metformin is required. The
pathophysiology of GDM is complex with many potential contributors including
oxidative stress and immune imbalance. This chapter aims to characterise the
metabolic, mitochondrial and inflammatory mediators in the maternal circulation

which adversely affect insulin sensitivity in GDM.
Methods

GDM-diagnosed (n=30) and healthy NGT control (n=30) participants were recruited
on the day of elective caesarean section. Fasting whole blood was obtained pre-
surgery and plasma and serum samples were isolated. Plasma concentrations of
insulin, glucose, IGF-1 and serum concentrations of PAPP-A, triglycerides and FFAs
were quantified by ELISA. Serum cytokine and plasma adipokine profiles were
quantified using a multiplex immunoassay. Cell-free mitochondrial DNA (cf-
mtDNA) copy number was quantified by Real-time PCR. Peripheral blood
mononuclear cells were collected for phenotyping of circulating M1-like
(CD14"CD86"CD206") and M2-like (CD14"CD86"CD206") monocyte/macrophage
populations by flow cytometry. Mitochondrial superoxide production of circulating
monocyte/macrophage populations was measured by flow cytometry using

MitoTracker*MitoSOX™ staining.
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Results

GDM participants had significantly higher fasting circulating insulin (p=0.006) and
glucose (p=0.04) levels and a significantly higher maternal BMI (p=0.004), which
correlated with HOMA-IR scores (p=0.03). HOMA-IR scores were significantly
higher in metformin and insulin treated GDM groups, but not in the diet-controlled
group, when compared to the NGT group. Additionally, a subgroup of lean (BMI
<29 kg/m?) GDM participants had significantly lower insulin levels (p=0.007) and
HOMA-IR scores (p=0.01) relative to obese GDM participants, suggestive of insulin
deficiency. Serum triglyceride and FFA levels were not significantly altered in GDM
compared to NGT participants (p=0.19 and p=0.71, respectively). IGF-1 and PAPPA
plasma levels were not significantly different in GDM compared to NGT participants
(p=0.17 and p=0.61, respectively). Circulating cf-mtDNA copy numbers were
significantly higher in GDM when compared to NGT participants (109233 copies/pl
+ 111578 copies/ul vs. 16657 copies/ul + 18740 copies/ul, p=0.002). There were no
significant changes between study groups in the abundance of monocyte/macrophage
M1-like/M2-like populations or their production of mitochondrial superoxide.
However, GDM participants had significantly increased circulating concentrations of
pro-inflammatory cytokines I1L-6 (p=0.003), IL-17A (p=0.04), IL-12p70 (p=0.05)

and MCP-1 (p=0.03) and lower circulating levels of adiponectin (p=0.03).
Conclusion

Insulin resistance is significantly increased in GDM participants, which may be
mediated by higher maternal BMI. In the maternal circulation, GDM participants had
significantly higher cf-mtDNA levels, increased production of pro-inflammatory

cytokines and lower levels of the insulin-sensitizing adipokine, adiponectin. This
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study suggests that inflammation and mitochondrial dysfunction could contribute to

the pathophysiology of GDM by altering metabolic function.
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2.1 Introduction

Insulin resistance is a well-defined physiological response to healthy pregnancy,
providing sufficient glucose for maternal and fetal requirements (59). GDM
pathology results from a failure of the maternal system to regulate this systemic
insulin resistance response, resulting in uncontrolled hyperglycaemia. In this state,
physiological levels of circulating insulin cannot maintain normoglycaemia through
insulin receptor binding and subsequent glucose uptake and metabolism, which
promotes excessive insulin secretion. When this hyperinsulinemic state fails to
counteract insulin resistance, GDM develops. Aberrant glucose homeostasis during
pregnancy has significant health implications, including increased maternal risk of
hypertensive disorders of pregnancy, T2DM, metabolic syndrome and cardiovascular
disease (25) and an increased risk of LGA or macrosomia, respiratory distress
syndrome and hyperinsulinaemia in the neonate (37, 63). Furthermore, insulin
resistance in GDM can cause changes to maternal fat metabolism, promoting an
altered lipid profile with elevated circulating triglyceride and FFA levels. These pro-
inflammatory mediators can further impair insulin sensitivity and promote adverse

pregnancy outcomes (310, 311).

Hyperglycaemia-induced ROS and oxidative stress equally have the potential to
dysregulate maternal metabolism in GDM. Hyperglycaemia can disrupt the
mitochondrial ETC and increase the production of AGEs, which increase superoxide
production (312). Exaggerated production of ROS without an appropriate antioxidant
response results in deleterious oxidative stress, which orchestrates maternal
endothelial dysfunction evident in GDM. This can subsequently result in permanent
vascular damage with increased maternal cardiometabolic risk (180). Mitochondria

are the primary source of cellular ROS generation and mitochondrial dysfunction is
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associated with aberrant ROS production which can directly stimulate the production
of pro-inflammatory cytokines (313). In response to cellular injury and ROS-induced
oxidative stress, mitochondria release mtDNA into the extracellular space which can
induce inflammation, predominantly through TLR9 activation and subsequent
nuclear factor kappa B (NF-xB) activation, driving the expression of pro-IL-1p and -
18 (314). The pathogenic implications of ROS generation and concurrent
inflammation is established in many inflammatory diseases but has not been fully

investigated in GDM.

The role of circulating monocytes and macrophages as inflammatory mediators is
well established. The recruitment of monocytes to sites of inflammation is critical for
host defense, allowing monocytes to infiltrate sites of injury and differentiate into
macrophages which suppress inflammation and initiate wound repair. Macrophages
can also drive local low-grade inflammation, impairing localized insulin activity
(315). However, recent evidence from obesity and T2DM studies has established
that these immune cell populations can also directly influence metabolic signalling
leading to the development of insulin resistance. In obese individuals with insulin
resistance, an increase in scavenger receptor CD36 on monocytes increases oxidized
LDL (oxLDL) uptake, promoting the development of atherogenesis-induced insulin
resistance (316). Macrophage-specific expression of adiponectin can mediate
metabolic activities in vivo by improving metabolism in distal tissues (287). This
evidence shows that the physiological role of monocytes and macrophages extends
beyond direct inflammatory signalling, and systemic dysregulation of these

leukocyte populations may have substantial metabolic impacts on maternal health.

Furthermore, elevated levels of circulating inflammatory cytokines promote
inflammation, endothelial dysfunction and insulin resistance (209), however the role
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of circulating cytokines in GDM is poorly characterised. Perez Gomes et al.
extensively reviewed current GDM studies reporting circulating cytokine levels but
found significant variation in study methods and results, with no significant
collective conclusions (212). However, individual studies have found elevated levels
of pro-inflammatory cytokines such as IL-8, IL-18, IL-6 and TNF-o. in GDM (98,
210). This study aims to quantify 13 inflammatory cytokines in the maternal
circulations at term pregnancy using explicitly defined recruitment, sample
collection and analysis methods to address previous issues of heterogeneity in
circulating cytokine level reporting in GDM. Research reporting on circulating
adipokine levels in GDM is also lacking, however some consensus is available. The
expression of leptin, an adipokine implicated in energy intake and expenditure, has
been shown to be increased in GDM, which may increase pro-inflammatory cytokine
release and insulin resistance (106). Increased leptin production has been also linked
to decreased NO bioavailability through an increase in oxidative stress (317). On the
contrary, adiponectin levels are systemically lower in GDM and are inversely
correlated with fetal growth (96-98). Other secreted adipokines such as resistin,
which is elevated in GDM and significantly relates to GDM risk after 28 weeks
gestation, may also have significant influence on glucose homeostasis. Resistin has
been shown to impair insulin function through the regulation of IRS-1 and AKT,

thereby reducing GLUT4 translocation and glucose uptake (127, 318).

The principal aim of this study was to characterise the metabolic, mitochondrial and
inflammatory mediators in the maternal circulation which adversely affect maternal
insulin sensitivity in GDM. We wanted to test the hypothesis that GDM pathology
may be driven by systemic mitochondrial dysfunction, with subsequent activation of

a pro-inflammatory response which may disrupt metabolic homeostasis.
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2.2 Methods

2.2.1 Study design and participant recruitment

GDM-diagnosed (n=30) and healthy NGT control (n=30) participants were recruited
from Cork University Maternity Hospital (CUMH), Ireland between 2019 and 2022
as part of the COMRADES study, a non-interventional cohort study of nulliparous
singleton pregnancies with the aim of characterizing mitochondrial dysfunction and
meta-inflammation in GDM. The COMRADES study was conducted according to
the guidelines laid down in the Declaration of Helsinki, and all the procedures were
approved by the Clinical Research Ethics Committee of the Cork Teaching (ECM4
(ff) 04/12/18). All participants provided informed written consent. Inclusion criteria
for all study participants included; women aged between 18-50 years, nulliparous
pregnancy, singleton pregnancy as determined by ultrasound scan, opted for an
elective caesarean section and had provided written informed consent. As per
national HSE guidelines, selective screening for GDM was carried out on identified
at-risk pregnant women between 24-28 weeks gestation using the 75g oral glucose
tolerance test (OGTT). A diagnosis of GDM was confirmed if one of the following
values were met or exceeded: fasting blood glucose levels of 5.1mmol/L, blood
glucose levels of 10.0mmol/L 1 hour post-OGTT or blood glucose levels of

8.5mmol/L 2 hours post-OGTT.

Healthy NGT control participants were defined as pregnant women who had not
been diagnosed with GDM, as per the above guidelines, and did not present with any
other diagnosed comorbidities. Exclusion criteria included women who: had a
multiple pregnancy; were multiparous; had already started to labour, who were
outside the age range of 18-50 years of age or had an emergency caesarean section.
Women with known pregnancy or other health related conditions namely: pre
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pregnancy essential hypertension; known liver or renal diseases; known Human
Immunodeficiency Viruses (HIV), Hepatitis B or Hepatitis C positive; known
Systemic Lupus Erythematous; known antiphospholipid syndrome and known or

suspected fetal anomalies were excluded from the study.

Although our study cohort size for each group was n=30, smaller sample sizes were
used for individual assays. Where possible, samples were chosen from the pool of 30
samples to allow for matching by maternal age and/or BMI (e.g. histology and
immunoblotting analysis). Where this occured, it is explicitly stated. Where this was
not possible, samples were chosen to exclude participants with either extreme age
and/or BMI parameters and to include participants for which we had a complete

biological sample profile (fasting blood, placental tissue and omental tissue).

2.2.2 Sample collection

Fasting blood samples were collected from study participants with a gestational age
>37 weeks pre-surgery on the morning of elective caesarean section. Blood samples
were collected in ethylenediaminetetraacetic acid (EDTA) vacutainer tubes for
plasma collection and vacutainer serum tubes for serum collection. Samples were
centrifuged at 2400 g for 10 minutes at 4°C before plasma and serum was collected.
This method was performed according to a standardised lab protocol. Samples were

then stored at -80°C until analysis was performed.

2.2.3 Immunoassays

A variety of immunoassays were used in the quantification of circulating markers in
either plasma or serum samples from GDM (n=20) and NGT (n=20) participants.
Plasma insulin, glucose and IGF-1 were measured using the following kits: Insulin

Quantikine ELISA kit (Bio-Techne DINS00), Glucose assay (Abcam ab65333),
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IGF-1 Quantikine ELISA kit (Bio-Techne DG100B). Serum triglyceride and free
fatty acid (FFA) levels were quantified using a triglyceride assay (Abcam 65336)
and a FFA assay (Abcam 65341). Serum PAPPA was measured by PAPPA
Quantikine ELISA kit (Bio-Techne DPPAQO). To determine the extent of systemic
insulin resistance in our study cohort, circulating glucose and insulin levels were
used to calculate homeostatic model assessment for insulin resistance (HOMA-IR)
values according to the formula: fasting insulin (MU/L) x fasting glucose

(nmol/L)/22.5.

Cytokine panel including IL-1p, IFN-02, IFN-y, TNF-a, MCP-1, IL-6, IL-8, IL-10,
IL-12p70, IL-17A, IL-18, IL-23, 1L-33 were measured in participant serum samples
using the LEGENDPIlex Human Inflammation Panel 1 kit (BioLegend 740809).
Plasma adiponectin, adipsin, leptin, resistin were measured using the LEGENDplex
Human Metabolic Panel 1 (BioLegend 740212). All assays were performed as per

the manufacturer instructions.

2.2.4 Peripheral blood mononuclear cell (PBMC) isolation

Following sample collection, 1-3mis of whole blood collected in EDTA vacutainer
was overlaid onto 5SmL Histopaque (3.1ml Histopaque 1119 overlaid by 1.9ml
Histopaque 1077) in a 15ml falcon tube followed by centrifugation at 700g for 30
minutes, with reduced acceleration and deceleration. Cells at the interface were
collected with a pasteur pipette and washed in 5ml PBS. This suspension was passed
through a 70um cell strainer (Sigma CLS431751) to remove cells aggregates. The
resultant cell suspension was pelleted by centrifugation at 300g for 5 minutes.
Supernatant was discarded and the cell pellet was stained for flow cytometry

analysis.
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2.2.5 Flow cytometry analysis

Following maternal blood PBMC isolation, single cell suspensions were kept on ice.
Approximately 1x10° cells of the single cell suspensions were placed in 5ml round-
bottomed tubes (Falcon 352008) and centrifuged at 300g for 5 minutes and
supernatants were discarded. Cell pellets were incubated with 50ul FC blocking
buffer (10% human serum (heat-inactivated)(Sigma S1-M) in 1x PBS (without
Ca?*/Mg?")(Sigma P4417)) containing Fixable Viability Dye eFluor™ 455UV
(eBioscience 65-0868-14) (1:1000) on ice for 10 minutes. 50ul of the antibody mix
containing CD14 (eBioscience 25-0149-42)(61D3, 1:20), CD86 (BioLegend
374214)(BU63, 1:20), CD206 (eBioscience 48-2069-42)(19.2, 1:20), MitoTracker
DeepRed (Invitrogen M22426)(50nM) and MitoSOX Red (Invitrogen
M36008)(5uM) was added and cells were incubated for a further 20 minutes on ice.
Cell suspensions were then washed with 2ml FACS buffer (EDTA 2mM (Sigma
E6758), FBS 2% (heat-inactivated)(Gibco 16140071) in 1x PBS (without
Ca?*/Mg?")) and centrifuged at 300g for 5 minutes. The supernatant was discarded
and 100ul of fixation buffer (PFA 4% (Sigma 158127) in 1x PBS (without
Ca2*/Mg*")) was added. Cell suspensions were incubated for 30 minutes at room
temperature in the dark. Cell suspensions were then washed in 2ml PBS and
centrifuged at 300g for 5 minutes and supernatants were discarded. Finally, stained

cells were resuspended in 150ul PBS and stored in the dark at 4°C until acquisition.

Samples were analysed within 24 hours on a BD LSR Il flow cytometer. Rainbow
Calibration particles (BioLegend 422903) were used to standardise instrument
settings for longitudinal analysis. Data was analysed using FlowJo (v10.8.1)
according to the following initial gating strategy: singlet cells (as determined by

FSC-H/FSC-A), leukocytes (as determined by SSC-A/FSC-A), live cells (as
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determined by live/dead stain), monocytes/macrophages (defined as CD14%), M1-
like monocytes/macrophages (defined as CD14*CD86"CD206°), M2-like
monocytes/macrophages (defined as CD14*CD867CD206"), cells containing
superoxide-producing mitochondria (defined as MitoTracker*MitoSOX"). Gates
were set according to unstained control samples. Cell proportions were quantified as
a percentage of their parent gate e.g. CD14" as a percentage of live cells,
CD147CD86"CD206™ and CD14"CD86CD206" cells as a percentage of CD14" cells

and MitoSOX™ cells as a percentage of MitoTracker™ cells.

2.2.6 C-mtDNA quantification

DNA was isolated from plasma samples using the QlAamp DNA Mini Kit (Qiagen
51304), following manufacturer protocols. Isolated DNA was sonicated for 10
minutes to optimise DNA yield followed by quantification on a NanoDrop (Thermo
Scientific). Mitochondrial DNA copy number was determined by real-time PCR
determined using predesigned Tagman assays (hMitoF5, hMitoR5) (319) and
Tagman Mastermix (Bio-sciences 4369016) on the StepOne Plus Detection platform
(Thermo Scientific). Absolute quantification of cf-mtDNA concentration was

determined by standard curve analysis and presented as mtDNA copies/pl.

2.2.7 TLRO9 activation assay in HEK-blue hTLR9 cells

TLR9 ligand activity was monitored using HEK-blue TLR9 Reporter cells
(InvivoGen) which are designed for studying the stimulation of human TLR9
(hTLR9) by monitoring the activation of NF-xB. HEK-Blue hTLR9 cells were
seeded at 4x10° cells/well in a 96-well plate and cultured overnight in growth
medium containing DMEM, 4.5 g/l glucose, 10% (v/v) fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin, 100 pg/ml Normocin™, 2 mM L-glutamine.
Following a media change, adherent cells were treated for 24-hours with 5% plasma
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from NGT (n=20) and GDM (n=20) participants. 5% plasma treatment was selected
following preliminary experiments with 1%, 3% and 5% plasma treatments, where
only 5% treatment was sufficient to consistently stimulate activation above untreated
control. ODN 2006 (InvivoGen #tIrl-2006) was used as a positive control and sterile
distilled water was used as a negative control. HEK-Blue hTLR9 supernatants were
subsequently incubated with Quanti-Blue detection medium (InvivoGen) and the
NF-kB activity was read on a Tecan Spark spectrophotometer at a wavelength of 620

nm.

2.2.8 Statistics

Statistical analysis was performed using GraphPad Prism 5.03. Where applicable,
data is represented as mean * standard deviation for parametric analysis and median
[95% confidence interval] for non-parametric analysis. Where specified, GDM cases
were matched with controls by maternal age (+ 3 years) and BMI ( 3 kg/m? units).
P values < 0.05 were considered as statistically significant. The Kolmogorov—
Smirnov test was used to test for data normality. For statistical comparisons, either
the Student's t-test or the Mann-Whitney U test was used depending on data
normality and test suitability. Wilcoxon matched-pairs signed rank test was used to
compare matched samples. Fisher’s exact test was used to compare categorical
outcomes. Spearman’s correlation analysis was used to examine the correlation
between clinical parameters. The Benjamini-Hochberg method with a 20% false
discovery rate was used for multiple hypothesis testing in cytokine (n=13) panels to
decrease the false discovery rate. Grubbs's test was used to detect outliers in data

sets.
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2.3 Results

2.3.1 Baseline characteristics of study participants

Sixty nulliparous pregnant women were included in this study, including NGT

pregnancies (n=30) and GDM-complicated pregnancies (n=30). Of these 30 GDM

participants, 13 were diet-controlled, 9 were insulin-treated and 8 were metformin-

treated. Clinical characteristics were recorded from electronic clinical charts in

CUMH for each individual and any differences between participant groups were

assessed (Table 2.1). There were no significant differences observed between study

groups for maternal age, gestational age at caesarian delivery, fetal weight, placenta

weight or fetal gender. GDM participants had a significantly higher BMI relative to

NGT participants (p=0.004).

Table 2.1. Clinical characteristics of study participants.

Participant study group

NGT GDM p-value
Maternal age (years) 33.12+3.77 35.04 £5.52 0.16
Maternal BMI 27.11+6.31 32.41+5.94 0.004 **
Gestational age (weeks) 38.73 +0.67 38.62+0.5 0.55
Fetal weight (g) 3408.95 + 545.24 3595.65 * 342.66 0.18
Placenta weight (g) 682.32 £171.65 714.75 + 126.69 0.49
Fetal gender Male — 36.6% Male — 53.3% 0.3
Female — 63.3% Female — 46.6%
GDM intervention N/A Diet —43% N/A

Metformin — 27%

Insulin — 30%
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Clinical information for NGT (n=30) and GDM (n=30) participants. Student’s t-test
was used to compare means between continuous variables. Fisher’s exact test was
used to compare categorical outcomes. Where applicable, data is represented as

mean + standard deviation. Significance levels are shown as: ** p<0.01.

2.3.2 Elevated systemic insulin resistance in GDM

It has been well established that GDM pathology is associated with systemic insulin
resistance (68). GDM participants had significantly higher circulating levels of
insulin (39.24pmol/L £ 14.36pmol/L vs. 135.3pmol/L + 151.5 pmol/L, p=0.006)
(Figure 2.1A), significantly higher circulating levels of glucose (6.03mmol/L +
0.49mmol/L vs. 6.3mmol/L £ 0.26mmol/L, p=0.04) (Figure 2.1C) and significantly
higher HOMA-IR scores (1.73 £ 0.71 vs. 5.45 £ 6.11, p=0.009) (Figure 2.1D)
relative to NGT participants. However, due to the artificial effect that insulin therapy
has on plasma insulin levels and subsequently, HOMA-IR scores, the analysis of
circulating insulin levels was repeated excluding participants on insulin therapy
(39.24pmol/L + 14.36pmol/L vs. 74.16pmol/L + 90.17pmol/L, p=0.09) (Figure

2.1B).

Similarly, GDM subgroups were stratified and HOMA-IR scores were compared by
intervention (Figure 2.1E). There was no significant difference in HOMA-IR scores
between NGT and diet-controlled GDM participants (1.73 £ 0.71 vs. 1.69 + 0.88).
GDM participants treated with metformin (5.77 £ 5.71) and insulin (11.09 + 7.6) had
significantly higher HOMA-IR scores compared to NGT participants. Insulin-treated
participants were expected to have significantly higher HOMA-IR scores due to the
confounding effect of exogenous insulin administration. Finally, the potential effect
of maternal BMI on elevated HOMA-IR scores was determined in the GDM cohort
(excluding insulin-treated participants to reduce confounding effects). There was a
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significant correlation between HOMA-IR and maternal BMI in GDM (rs=0.60,
n=13, p=0.03) (Figure 2.1F), suggesting that elevated maternal BMI contributes to

exaggerated insulin resistance in GDM.
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Figure 2.1. GDM participants show significant systemic insulin resistance. All
values were measured in NGT (n=20) versus GDM (n=20) participants. (A) Plasma

insulin levels (pmol/L) in NGT and GDM participants and (B) plasma insulin levels
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(pmol/L) excluding GDM participants who were receiving insulin therapy. (C)
Glucose levels (mmol/L) in NGT and GDM participants. (D) HOMA-IR scores in
NGT and GDM participants. (E) Comparison of HOMA-IR scores between NGT
and GDM participants stratified by therapeutic intervention. (F) Correlation of
HOMA-IR score to maternal BMI in women with GDM excluding participants who
were receiving insulin therapy. Student's t-test was used to compare the means of
variables between dichotomous groups. One-way ANOVA and Dunnett's Multiple
Comparison Test was used to compare HOMA-IR scores between intervention
groups. Spearman’s correlation was used to assess the relationship between HOMA -
IR score and BMI. Grubb’s test was used to remove statistical outliers from figure C

and D. Significance levels are shown as: * p<0.05, ** p<0.01, *** p<0.001.

2.3.3 Phenotype heterogeneity in GDM classification

Recent work by Powe et al. identified heterogeneity in the classification of GDM and
characterised 3 pathological subtypes. Women with GDM may be (1) insulin-
deficient, (2) insulin-resistant or (3) a mix of these subtypes depending on the
relative contribution of B-cell insufficiency or insulin resistance to their pathology.
Lean GDM patients often present with a hyperglycemic but hypoinsulinemic
phenotype, whereas insulin resistance, with concurrent hyperinsulinemia, is more
evident in obese GDM patients (320). To identify if similar heterogeneity was
evident in GDM participants in this study, circulating insulin and glucose levels, as
well as HOMA-IR scores, were compared between GDM participants with a BMI
<29 and GDM participants with a BMI >29. To exclude the confounding effect of
insulin administration, GDM participants receiving insulin therapy were excluded
from this analysis. Relative to obese GDM participants (BMI >29), lean GDM

participants (BMI <29) had significantly lower plasma insulin levels (25.97pmol/L
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[13.54, 41.26] vs. 50.82pmol/L [19.43, 180.9], p=0.007) (Figure 2.2A) and HOMA-
IR scores (1.25 [0.61, 1.96] vs. 2.52 [0.90, 8.37], p=0.01) (Figure 2.2C). There was
no significant difference in plasma glucose levels (6.17mmol/L [6.0, 6.6] vs.
6.28mmol/L [6.05, 6.48], p=1.00) (Figure 2.2B) between groups. This suggests that,
in this study, lean GDM participants have a deficiency in insulin secretion which

drives GDM pathology, whereas insulin resistance drives GDM pathology in obese

GDM nparticipants.
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Figure 2.2. Lean GDM participants have significantly lower circulating insulin
levels and HOMA-IR scores relative to obese GDM participants. (A) Plasma
insulin, (B) plasma glucose and (C) HOMA-IR scores were measured in GDM
participants with a BMI <29 (n=5) and GDM participants with a BMI >29 (n=9),

excluding GDM participants who were receiving insulin therapy (n=6). The Mann-
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Whitney U test was used to compare differences between groups. Significance levels

are shown as: * p<0.05, ** p<0.01.

2.3.4 Serum triglyceride and FFA lipid profile is not altered in GDM

In conditions of insulin resistance and inadequate glucose utilization, adipose tissue
lipolysis is enhanced to provide an alternative source of fuel, resulting in
dyslipidaemia. Elevated circulating levels of triglycerides and FFAs are frequently
reported in women with GDM (311, 321, 322). To identify if dyslipidaemia was
evident in GDM in this study, triglyceride and FFA serum levels were measured
using biochemical assay Kits. There were no significant differences in triglyceride
(0.76mM £ 0.67mM vs. 1.12mM = 1.02mM, p=0.19) (Figure 2.3A) or FFA
(0.20mM £ 0.06mM vs. 0.11mM = 0.09mM, p=0.71) (Figure 2.3C) levels between
NGT and GDM participants. The GDM cohort was then subgrouped by therapeutic
intervention. Triglyceride levels were, again, not significantly different between
NGT participants when compared to diet-controlled (1.05mM % 0.99mM),
metformin-treated (1.05mM % 1.18mM) or insulin-treated (1.28mM £ 1.07mM)
GDM nparticipants (Figure 2.3B). Similarly, FFA levels were not significantly
different between NGT participants and diet-controlled (0.16mM % 0.09mM),
metformin-treated (0.09mM % 0.07mM) or insulin-treated (0.07mM £ 0.09mM)

GDM nparticipants (Figure 2.3D).
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Figure 2.3. Circulating levels of triglycerides and FFAs are not significantly
different in GDM. Triglyceride and FFA levels were measured in fasting serum
samples from NGT (n=20) and GDM (n=20) participants. Circulating levels of (A)
triglycerides (mM) and (B) subgrouped by therapeutic intervention in GDM.
Circulating levels of (C) FFA levels (mM) and (D) subgrouped by therapeutic
intervention in GDM. Student’s t-test was used to compare the means of variables
between dichotomous groups. One-way ANOVA was used to compare levels
between intervention groups. Grubb’s test was used to remove statistical outliers

from figure C and D.
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2.3.5 Circulating levels of IGF and PAPPA are not significantly different in
GDM

IGF-1 is a hormone which promotes tissue development and is also an important
signalling molecule for promoting insulin sensitivity. IGF-1 can bind to hybrid
insulin-1GF-1 receptors as well as insulin receptors to promote glucose metabolism
(323). The bioavailability of IGF-1 is modulated by PAPPA, a highly specific
metalloproteinase, through proteolysis of IGFBPs. In this study, there were no
significant differences in circulating plasma levels of IGF-1 (51.27ng/ml £
20.62ng/ml vs. 58.4ng/ml £ 9.55ng/ml, p=0.17) (Figure 2.4A) or serum PAPPA
(148.0ng/ml £ 48.25ng/ml vs. 156.5ng/ml + 55.31ng/ml, p=0.61) (Figure 2.4B) in

NGT compared to GDM participants respectively.

300 80
[ ]
—y 50-
— [ J
E 200+ - %
E-) L c
£ < 20-
1 Seay E
L 100- e o3 %
= o 20-
L ]
0 T T 0 L 4 T
A & £
() S
< & O &

Figure 2.4. Circulating levels of IGF-1 and PAPPA are not altered in GDM. (A)
Plasma IGF-1 (ng/ml) and (B) serum PAPPA levels (ng/ml) in NGT and GDM
participants. Student’s t-test was used to compare the means of variables between

groups.
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2.3.6 Adiponectin is significantly reduced in maternal circulation in GDM
Dysregulation of circulating adipokine levels have been associated with insulin
sensitivity in T2DM patients (324, 325). Four adipokines (leptin, adiponectin,
resistin and adipsin) were measured in fasting plasma samples from both study
groups. Circulating plasma levels of adiponectin were significantly lower in GDM
versus NGT participants (37.85ug/ml £ 20.22ug/ml vs. 49.7ug/ml + 10.85ug/ml,
p=0.033) (Figure 2.5A). There were no significant differences in the circulating
levels of leptin (22.07ng/ml = 14.12ng/ml vs. 28.93ng/ml + 17.31ng/ml, p=0.187)
(Figure 2.5B), adipsin (424.92ng/ml £ 53.78ng/ml vs. 463.39ng/ml £ 76.4ng/ml,
p=0.073) (Figure 2.5C) or resistin (2.77ng/ml + 1.33ng/ml vs. 2.62ng/ml £
0.98ng/ml, p=0.700) (Figure 2.5D) in NGT participants compared to GDM

participants.
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Figure 2.5. GDM participants have significantly lower circulating levels of
adiponectin. Adipokine levels were measured in fasting plasma samples from NGT
(n=20) and GDM (n=20) participants. Circulating levels of (A) adiponectin, (B)
leptin, (C) adipsin and (D) resistin. Student's t-test was used to compare the means of
variables between groups. Grubb’s test was used to remove statistical outliers from

figure A, B and D. Significance levels are shown as: * p<0.05.

2.3.7 Circulating cf-mtDNA, a marker of mitochondrial dysfunction, is
significantly increased in GDM

Cf-mtDNA, a marker of mitochondrial dysfunction, has been associated with
impaired insulin secretion and glucose intolerance through decreased p-oxidation
and ATP production and increased ROS production (326, 327). As such, cf-mtDNA

was explored in both study groups. Circulating copy numbers of cf-mtDNA were
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quantified in participant plasma and there was a significant increase in cf-mtDNA in
GDM compared to NGT (109233 copies/ul = 111578 copies/ul vs. 16657 copies/ul

+ 18740 copies/ul, p=0.002) (Figure 2.6A).

Cf-mtDNA copy number did not significantly correlate with maternal age in either
GDM (rs=-0.23, n=19, p=0.33) (Figure 2.6B) or NGT participants (rs=0.22, n=17,
p=0.39) (Figure 2.6C). Additionally, cf-mtDNA copy number did not significantly
correlate with maternal BMI in GDM (rs=-0.27, n=17, p=0.30) (Figure 2.6D) or
NGT participants (rs=-0.21, n=16, p=0.44) (Figure 2.6E). Next, we examined the
relationship between insulin resistance (HOMA-IR) and increased circulating cf-
mtDNA copy numbers in GDM participants. There was also no significant
correlation between GDM participant HOMA-IR and plasma mtDNA copies/pl

(rs=0.24, n=16, p=0.37) (Figure 2.6F).

Cell free mtDNA has been shown to induce inflammation in part by binding and
activating the endosomal TLR9 receptor, leading to an up-regulation of pro-
inflammatory transcription factors and increased release of pro-inflammatory
cytokines (328). In the next experiment, HEK-TLR9 cells were incubated with 5%
plasma from both study groups. There was no evidence of increased activation of the
TLR9 receptor between NGT and GDM participants following treatment with 5%

plasma (0.188 + 0.069 vs. 0.178 + 0.056, p=0.63) (Figure 2.6G).
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Figure 2.6. Increased circulating cf-mtDNA in GDM. Cf-mtDNA copy number
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was quantified by real-time PCR in plasma of NGT (n=20) and GDM (n=20)
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participants. (A) Relative circulating levels of cf-mtDNA were measured as
copies/pl. Cf-mtDNA levels did not significantly correlate with (B) maternal age in
GDM nparticipants, (C) maternal age in NGT participants, (D) BMI in GDM
participants or (E) BMI in NGT participants. (F) Correlation of HOMA-IR score to
circulating levels of cf-mtDNA in GDM participants. (G) 5% plasma-induced TLR9
activation was measured in NGT (n=20) versus GDM (n=20) samples. Student's t-
test was used to compare the mean of cf-mtDNA copy numbers and TLR9 activation
between groups. Spearman'’s rank correlation coefficient was used to examine
correlation between cf-mtDNA copy numbers and participant characteristics.
Grubb’s test was used to remove statistical outliers from figure A and G.

Significance levels are shown as: ** p<0.01.

2.3.8 No change in the phenotype of circulating monocyte/macrophage
populations in GDM

As monocyte/macrophages express insulin receptors, hyperinsulinaemia can instigate
metabolic dysregulation by modifying both pro-inflammatory and anti-inflammatory
responses in these cells, which can further affect insulin resistance (329). To
examine the potential contribution of circulating monocyte/macrophage populations
to systemic insulin resistance, circulating levels of CD14"CD86"CD206 cells (M1-
like) and CD14*CD86"CD206" cells (M2-like) were investigated by flow cytometry
in NGT and GDM participants. Cell population gating was performed as described in

section 2.2.5. (Figure 2.7A).

There were no significant differences in cell proportions of CD14*CD86"CD206
cells (97.35% [94.47, 98.39] vs. 98.05% [93.05, 99.5], p=0.45) (Figure 2.7B) or
CD14*CD86CD206" cells (2.17% [1.3, 2.87] vs. 1.26% [0.48, 3.49], p=0.89)
(Figure 2.7C) between NGT and GDM participants. The M1/M2 ratio was equally
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not significantly different between NGT and GDM participants (42.03 [26.09, 60.65]

vs. 52.18 [18.92, 90.22], p=0.68) (Figure 2.7D).
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Figure 2.7. Phenotype of circulating monocyte/macrophage populations in

GDM. Monocyte/macrophage cell phenotype was characterised in fasting blood
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samples from NGT (n=10) and GDM (n=8) participants. (A) Representative graphs
are shown for CD14*CD86"CD206/CD14*CD86°CD206" flow cytometry gating
strategies. Cell proportions, as a percentage of total CD14" cell count, are shown for
(B) CD14*CD86*CD206" cells (M1-like) and (C) CD14*CD86*CD206" cells (M2-
like). (D) M1/M2 ratio of cell populations for NGT and GDM participants. The
Mann-Whitney U test was used to compare cell proportion differences between

groups. Grubb’s test was used to remove statistical outliers from figure C and D.

2.3.9 Mitochondrial superoxide production by circulating CD14* cells is not
significantly altered in GDM

Given there was an increase in circulating cf-mtDNA in GDM participants, we
wanted to explore if circulating immune cells contributed to this phenotype of
mitochondrial dysfunction in GDM. Monocytes and macrophages are the
predominant instigators of meta-inflammatory signalling pathways, mediated in part
by the NLRP3 inflammasome cascade, which itself may be triggered by
mitochondrial superoxide (330). To investigate if circulating M1-like and M2-like
monocyte/macrophage populations identified in Figure 2.7 increase mitochondrial
ROS in GDM, mitochondrial-specific superoxide production was measured. The
total monocyte/macrophage (CD14" cells) population and stratified into M1-like
monocyte/macrophage (CD14*CD86"CD206°) and M2-like monocyte/macrophage
(CD14*CD86"CD206") populations, as identified in Figure 2.7A, were analysed for
their production of mitochondria-specific superoxide (defined as

MitoTracker'MitoSOX™) (Figure 2.8A).

There was no significant difference in total monocyte/macrophage production of
mitochondrial ROS (CD14"MitoTracker"MitoSOX™* ) (19.55% [11.36, 31.92] vs.
26.95% [18.35, 39.47], p=0.33) (Figure 2.8B) between NGT and GDM participants.
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Additionally, when stratifying monocyte/macrophage populations into M1-like
CD14*CD86"CD206 MitoTracker'MitoSOX™" cells (19.35% [11.82, 31.85] vs.
24.95% [17.57, 37.98], p=0.4) (Figure 2.8C) and M2-like
CD14*CD86"CD206"MitoTracker'MitoSOX™ cells (33.85% [16.08, 43.24] vs.
36.55% [21.62, 66.48], p=0.46) (Figure 2.8D), there was no significant difference in

mitochondrial ROS production between NGT and GDM participants.
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Figure 2.8. Mitochondrial-specific superoxide production in circulating
monocyte/macrophage populations in GDM. Mitochondrial superoxide production
was measured in circulating CD14" cell populations in NGT (n=10) and GDM (n=8).
(A) Representative graphs are shown for MitoTracker"MitoSOX™ flow cytometry

gating strategies of M1-like and M2-like monocyte/macrophage populations.
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Population frequencies are shown for (B) CD14"MitoSOX™ cells, (C) M1-like
CD14*CD86"CD206 MitoSOX™ cells and (D) M2-like
CD147CD86"CD206*MitoSOX™ cells. The Mann-Whitney U test was used to

compare cell proportion differences between groups.

2.3.10 Significant increase in circulating inflammatory mediators in GDM
Elevated levels of circulating inflammatory cytokines promote inflammation,
endothelial dysfunction and insulin resistance (209). A recent systematic review of
cytokine production in GDM by Perez Gomes et al. found significant variation in
findings, with no significant conclusions (212). To quantifycytokine dysregulation in
term GDM physiopathology, inclusive of strict participant exclusion criteria and
explicitly defined sample collection and analysis methods, the production of 13 key
cytokines were measured in the fasting serum samples from NGT (n=20) and GDM
(n=20) participants (Table 2.2). Circulating levels of four pro-inflammatory
cytokines were significantly increased in GDM participants, including I1L-6, IL-17A,

IL-12p70 and MCP-1.

Table 2.2. Circulating levels of pro-inflammatory cytokines in NGT and GDM

participants

Cytokine | NGT (Mean £ GDM (Mean £ P value
SD)(pg/ml) SD)(pg/ml)

IL-6 7.03+3.09 13.46 + 7.47 0.003

IL-17A 132+1.13 1.98 +1.36 0.04

IL-12p70 |3.3+1.83 6.29+5.21 0.05

MCP-1 277.1+162.4 441 + 253.9 0.03

TNF-a 9.49 +8.13 5.12+1.92 0.18
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IFN-02 4,92 +2.67 5.06 +2.44 0.79
IL-23 14.35+12.63 12.68 £ 9.6 0.87
IL-10 10.33+6.73 19.65 + 23.41 0.07
IFN-y 5.74 £5.12 4.94 + 453 0.56
IL-8 85.68 + 81.54 76.65 + 77.28 0.93
IL-33 67.13+33.4 99.11 + 66.89 0.25
IL-1B 29.0 £ 25.7 21.8+16.0 0.33
IL-18 978.7 +514.5 847.6 +407.4 0.39
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Figure 2.9. Increase in pro-inflammatory cytokines in the maternal circulation

in GDM. Serum concentration of 13 key cytokines were quantified in NGT (n=20)

and GDM (n=20) participants. Circulating levels of (A) IL-6, (B) IL-17A, (C) IL-

12p70, (D) MCP-1, (E) IFN-02, IFN-y, TNF-a, IL-8, IL-10, IL-23, IL-33, IL-1 and

IL-18. Student's t-test was used to compare the means of variables between groups.

Grubb’s test was used to remove statistical outliers from figure B, C, D and E. The
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Benjamini—Hochberg method with a false discovery rate of 20% was used for

multiple hypothesis testing.Corrected significance levels are shown as: * p<0.05.
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2.4 Discussion

The main objective of this chapter was to characterise the metabolic, mitochondrial
and inflammatory mediators in the maternal circulation which may adversely affect
maternal insulin sensitivity in GDM. Nulliparous women at term pregnancy from
two groups, those diagnosed with GDM during their pregnancy and those who had a
healthy, NGT pregnancy, were recruited. In our GDM participants, we found
significant evidence of systemic insulin resistance with lower levels of adiponectin,
elevated quantities of cf-mtDNA and increased abundance of circulating pro-

inflammatory cytokines, including IL-6, IL-17A, IL-12p70 and MCP-1.

Firstly, examination of a range of clinical characteristics of participants in this study
established that women diagnosed with GDM had a significantly higher BMI relative
to NGT participants. Given the global increase in obesity, which is equally evident in
the pregnant population, this study confirms the importance of BMI as a risk factor
for GDM development and reinforces the pathogenic role of obesity and concurrent
metabolic dysfunction as potent instigators of hyperglycaemia in pregnancy. GDM
participants in this study had an overall significant increase in systemic insulin
resistance as determined using the HOMA-IR score, a useful indirect measure of
insulin resistance that is calculated from fasting blood glucose and insulin levels. A
HOMA-IR score of >3.63 is a strong indicator of pathological insulin resistance and
a significant risk factor for future T2DM (331). As the mean HOMA-IR score of
GDM participants was 5.45 vs 1.73 in NGT participants, we have shown evidence of
deleterious insulin resistance in our term GDM cohort. This hyperinsulinsemic state
has been reported in other studies of GDM pregnancies (332). However, stratifying
GDM participants by maternal BMI identified that lean GDM participants (BMI

<29) presented with a hypoinsulinaemic phenotype, relative to obese (BMI >29)
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GDM nparticipants. In this lean cohort, diabetic pathology appears to be driven by
insulin deficiency rather than insulin resistance. Similar heterogeneity in GDM
phenotype has been established previously, suggesting that a number of diverse
pathways promote hyperglycaemia in GDM pathology (320). Stratification of GDM
participants, based on clinical intervention, established that insulin resistance was
increased in women who required pharmacological intervention but not in women
whose hyperglycaemia could be managed through lifestyle modification alone.
These findings likely portray an association between the severity of insulin
resistance in GDM, as characterised by HOMA-IR score, and the need for
pharmacological management. Those women who were diagnosed with GDM but
presented with only mild impairment in glucose metabolism were sufficiently treated
with lifestyle modification alone. Those with more severe impairment in glucose

metabolism required either metformin or insulin therapy to control glycaemic levels.

In our GDM cohort, HOMA-IR scores significantly correlated with maternal BMI
suggesting that increased maternal BMI may, at least partly, account for diminished
insulin sensitivity in GDM. This is unsurprising as previous research has established
that increased BMI is a risk factor for insulin resistance, largely mediated by
adipocyte hypertrophy which impairs glucose metabolism and promotes
inflammation (333-335). Dyslipidaemia, a hallmark of increased adiposity and
insulin resistance, was assessed in study participants to investigate the role of
alterations in maternal lipid profile in GDM. Elevated levels of triglycerides and
FFAs have been previously established in patients with GDM and higher triglyceride
levels are present in the first trimester, before GDM pathology is evident (311, 321,
322). However, neither triglyceride or FFA serum levels were significantly elevated

in GDM versus NGT participants in this study. It is important to note that our
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participants were recruited at term, on the day of their elective caesarean section. As
such, GDM-diagnosed participants had been diagnosed and treated for
approximately 15 weeks before our clinical samples were obtained. Any
improvements in insulin resistance with therapeutic intervention may be equally
effective in reducing dyslipidaemia and reversing the phenotype which may have

been present earlier in pregnancy.

To interrogate potential molecular drivers of established GDM-related insulin
resistance, circulating markers of IGF activity were investigated. IGF-1 and IGF-2
are peptide growth factors that are primarily produced by the liver and stimulate the
growth and development of a wide range of cell types, including the regulation of
adipogenesis in adipose tissue, an organ vital in regulating insulin resistance. IGF-1
and IGF-2 can also bind to insulin receptors, as well as IGF/insulin hybrid receptors,
and IGF-1 selectively activates insulin signalling, via the PI3K/AKT pathway, to
stimulate glucose metabolism (336). In this study, there was no evidence of
differential IGF-1 secretion between NGT and GDM-complicated pregnancies.
Circulating levels of PAPPA, a protease which is predominantly produced by the
placenta in pregnancy (166) and increases IGF bioavailability via cleavage of
IGFBP4 and IGFBP5, was also measured (167). Previous research reported that
circulating PAPPA concentrations during pregnancy are inversely correlated with
glycaemic control and the odds of developing GDM (170). However, there were no

significant differences in plasma PAPPA levels at term in GDM participants.

IGF-1 levels gradually increase over pregnancy and often the first and second
trimester concentrations of IGF-1 are used for the prediction of obstetric outcomes
such as fetal birth weight and PE (337, 338). Similarly, maternal PAPPA increases
dramatically over gestation, from 100 to 10,000 times non-pregnant levels in the first
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and third trimester respectively (339). Lower first trimester serum levels of PAPPA
have been observed in women who later develop GDM (168, 169). The levels of
both IGF-1 and PAPPA in the third trimester may not be clinically relevant for the
investigation of obstetric complications which develop earlier in pregnancy, such as

GDM.

Due to the metabolic impact of adipose tissue on systemic insulin resistance, the role
of adipokines in the pathophysiology of GDM is relatively well defined, with
adiponectin and leptin being the major adipokines involved in regulating insulin
sensitivity. Examples of established alterations in circulating adipokines in GDM
include increased amounts of leptin and chemerin and lower levels of adiponectin,
omentin-1 and visfatin (340, 341). Adiponectin acts as an endogenous insulin
sensitizer, promoting glucose metabolism while also exhibiting anti-inflammatory
and anti-atherogenic properties (342). From our study, there was no significant
change in circulating leptin levels but adiponectin levels were significantly lower in
GDM compared to NGT participants. This result is in agreement with multiple other
studies of GDM (341, 343, 344). Equally, adiponectin levels recorded at 10-14
weeks gestation are inversely related to GDM risk (345). These findings suggest a
pathogenic role of depleted systemic adiponectin early in pregnancy which

subsequently leads to the development of GDM.

Mitochondrial dysfunction has also been postulated to play a pathogenic role in
GDM by acting as a source of ROS and inducing oxidative stress (346).
Mitochondrial superoxide production has previously been shown to impair insulin-
stimulated glucose uptake and GLUT4 translocation to the plasma membrane of
adipocytes and myotubes (347). Increased generation of mitochondrial-specific
superoxide and mtDNA are recognised markers of mitochondrial dysfunction.
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Circulating cell-free DNA is composed of both nuclear and mtDNA, yet mtDNA is
particularly vulnerable to oxidative damage due to a proximity to the electron
transport chain and lack of protective histones (348). In a study of plasma samples
taken at 20 weeks' gestation, our group previously found that women with GDM
have higher circulating cf-mtDNA copy numbers relative to NGT, with BMI
presenting as a likely physiological mediator (194). In this study, mitochondrial
dysfunction was initially determined by measuring cf-mtDNA in maternal plasma
taken at term from GDM and NGT participants. Similar to previous work in our
group, cf-mtDNA copy numbers were significantly higher in plasma from GDM
compared to NGT participants. However, there was no correlation present in either
study group between mtDNA copy numbers and either maternal BMI or maternal
age, suggesting that BMI or age alone do not account for the exaggerated release of
circulating mtDNA present in GDM participants. Additionally, using specific
markers for measuring live mitochondria (MitoTracker) and superoxide-producing
mitochondria (MitoSOX), we investigated if circulating monocyte/macrophage
populations produced mitochondrial-specific ROS which may contribute to the
mitochondrial dysfunction evident in GDM. However, there was no significant
differences in mitochondrial superoxide production in these populations between our

study groups.

While our results suggest a potential role for mitochondrial dysfunction in GDM,
circulating macrophages do not appear to be major contributors, which suggests
other potential maternal cellular sources. It is recognised that circulating cf-DNA in
maternal plasma is mostly of maternal origin (haematopoietic and stromal derived),
depending on the gestational week, while approximately 5-20% of circulating cf-

DNA is derived from fetal/placental cells (191), which may equally account for our
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results. In obese T2DM patients, circulating mtDNA levels positively correlated with
individual insulin resistance (349). Although no such correlation was seen in our
participants, there is strong evidence that mitochondrial function has an important
role to play in maintaining insulin sensitivity, through the regulation of B-oxidation,

ATP production and ROS generation (350, 351).

In addition to its established role as a marker of mitochondrial dysfunction, cf-
mtDNA is equally classified as a DAMP which can induce inflammation. This
mtDNA-induced inflammation is mediated in part by binding and activation of the
endosomal TLR9 receptor (328). Given the increase in cf-mtDNA in GDM in our
study, its potential to stimulate inflammation was explored in vitro using a HEK-
TLRO cell assay treated with maternal plasma. However, there was no significant
difference in TLR9 activation between NGT and GDM plasma samples. One
possible explanation for this result may be the acute exposure conditions, as cells
were incubated for 24 hours, which may not be sufficient to replicate the chronic

biological conditions in the maternal system.

Although circulating M1/M2 phenotypes have not been examined to date in GDM,
there is evidence of increased frequency and activation of circulating CD14"
monocyte populations in GDM, in addition to a decreased intermediate monocyte
count (238, 239). To identify if these innate immune cells were involved in the
pathophysiology in GDM, the phenotype of circulating monocyte/macrophage
populations were characterised. The abundance of either circulating
CD14*CD86*CD206  (M1-like) or CD14*CD86*CD206* (M2-like)
monocyte/macrophage cells were not significantly different between study groups.
Despite the lack of alterations in the circulating CD14" cell populations in GDM,
these results only represent a snapshot of systemic inflammation. To further
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interrogate a possible pathogenic role for inflammation in GDM, a multiplex panel
of established cytokine mediators were measured. After statistical correction for
multiple testing, the concentrations of IL-6, IL-17A, 1L-12p70 and MCP-1 were all
significantly elevated in GDM relative to NGT participants. Furthermore, the mean
increase (%) of these cytokines in GDM fasting blood, relative to NGT, was
substantial (IL-6 —91%, IL-17A —50%, I1L-12p70 — 91% and MCP-1 — 59%). These
findings demonstrate that there is increased production of monocyte/macrophage-
specific pro-inflammatory cytokines (IL-12p70 and MCP-1) in GDM. This outcome
may also indicate that alterations in other immune cell populations may be more
relevant to GDM pathophysiology. For example, various other circulating
populations are affected in GDM, such as increased T helper type 1 (Thl) and T
helper type 17 (Th17) cell counts (204), increased CD8+ T cells (237, 247) and
increased neutrophil count and activation (226-232). In support of this, we have
shown in this study that T-cell related cytokines IL-6 and IL-17 are significantly

increased in GDM compared to NGT participants.

IL-6 is produced by a variety of cell types, including dendritic cells, macrophages
and T-cells, and is widely expressed in the gestational tissues. During pregnancy, IL-
6 is involved in the regulation of placental development and immune tolerance to
pregnancy (352). Elevated maternal serum IL-6 levels have previously been found at
24-28 weeks gestation in women with GDM, highlighting a chronic pro-
inflammatory state (353), and have also been linked to the development of insulin
resistance, potentially by inducing the expression of SOCS-3 which inhibits insulin
signalling (354). This pathway represents a potential mechanistic link between IL-6
levels and insulin resistance in our term GDM participants. IL-6 equally promotes

the differentiation of CD4" T cells into Th17 cells, the primary producer of IL-17A,
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a key cytokine in promoting chronic inflammation which was elevated in our GDM
participants (355). IL-17A can induce further production of TNF-a, IL-1P, and IL-6
in macrophages, contributing to a deleterious feedback cycle of chronic
inflammatory stimulus (356). Unlike IL-6 however, IL-17A does not appear to
impair insulin sensitivity or adipogenesis, suggesting it is predominantly responsible
for the propagation of an inflammatory state (357). Elevated IL-17A levels have
been associated with other obstetric complications, including prenatal distress and
PE (358, 359). Our findings suggest that this exaggerated I1L-6/IL17A feedback loop

Is driving inflammation in GDM, while also amplifying maternal insulin resistance.

IL-12p70 is a pro-inflammatory cytokine produced mainly by macrophages and DCs
and is believed to play a substantial role in the induction of NK cells. 1L-12p70 was
previously found to be elevated in individuals with T2DM (360, 361) and elevated
circulating levels have been linked to elevated HOMA-IR scores and reduced insulin
sensitivity (209, 362). Findings in individuals with T2DM suggest that elevated IL-
12 may be induced as a consequence of peripheral insulin resistance (361).
Therefore, successful management or prevention of exaggerated maternal insulin
resistance in GDM may prevent an increase of circulating mediators such as IL-

12p70 which further propagate maternal cardiometabolic risk (363).

Increased circulating levels of MCP-1 in women with GDM in this study is in
agreement with previous research (364, 365). In GDM, plasma MCP-1
concentrations are predicted by plasma glucose levels (364), which suggests that
MCP-1 is an insulin-responsive gene. Both in vitro studies in 3T3-L1 adipocytes and
in vivo studies of insulin-resistant obese mice have shown that insulin induces
substantial MCP-1 expression and secretion, with WAT being the predominant
source. Elevated MCP-1 may further aggravate insulin sensitivity by negatively
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affecting insulin-stimulated glucose uptake and the expression of several adipogenic

genes (366).

The strengths of our study include employing a strict exclusion criteria which
included only nulliparous women, without any significant co-morbidities or
physiological adaptive changes from previous pregnancies. lIdentical methods of
sample collection and processing were used for each participant. However, some
limitations do exist in this study. Firstly, our study is predominantly cross-sectional
in nature, with recruitment on the day of elective caesarean section, eliminating the
possibility to derive causation from our findings in the development of GDM. Our
study was also a single site study with a relatively small sample size, limiting the
scientific validity of the results required to influence widespread clinical practical.
This research was carried out in Cork, Ireland, resulting in a largely white Irish
participant group, thereby limiting the extrapolation of our findings to other
ethnicities. This is of particular relevance to GDM as race-ethnicity and country of
birth have a significant impact on the prevalence this condition (367). Overall, our
findings provide evidence of systemic insulin resistance, maternal mitochondrial
dysfunction and inflammation in women with GDM that warrant further examination

in future longitudinal studies to fully decipher their pathogenic role.
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2.5 Conclusion

GDM pathophysiology is a complex intersection of multi-organ communication
which results in reduced insulin sensitivity, hyperglycaemia and concurrent systemic
metabolic dysfunction. However, no causative pathological pathways, which precede
the clinical diagnosis of GDM, have been conclusively characterised or
therapeutically targeted. This study has identified multiple possible mechanisms of
meta-inflammation and exaggerated insulin resistance in GDM. Firstly, two distinct
phenotypes of GDM pathology were observed in this study; lean GDM participants
with a hyperglycemic but hypoinsulinemic phenotype and obese GDM participants
with significant insulin resistance and hyperinsulinemia. Cf-mtDNA levels were
significantly increased in GDM, proposing a pathogenic role for mitochondrial
dysfunction. Despite the lack of alteration in monocyte/macrophage populations
between study groups, there was significant evidence that GDM is associated with a
chronic inflammatory state, with increased pro-inflammatory cytokine levels of IL-6,
IL-17A, IL-12p70 and MCP-1 and lower adiponectin levels, an anti-inflammatory,
insulin-sensitizing adipokine. Prospective research, with sample collection at
multiple timepoints throughout gestation and targeted phenotyping of the pathways

highlighted in our findings, may uncover alternative therapeutic strategies.
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Chapter 3

Adipocyte Hypoplasia and
Impaired Insulin Signalling In

Gestational Diabetes Mellitus

Following on from the described evidence of peripheral insulin resistance and
systemic meta-inflammation in GDM pathology in Chapter 2, this chapter will
investigate the pathophysiological role of omental VAT in regulating insulin
sensitivity in GDM. Our hypothesis is that visceral adipocyte dysfunction impairs
glucose metabolism, resulting in exaggerated insulin resistance and
hyperinsulinaemia in GDM. Specifically, this chapter will examine mediators of
adipocyte morphology and adipogenesis, in addition to assessing the insulin
signalling pathway. Mediators of meta-inflammation will also be examined to
elucidate their role in altering adipocyte signal transduction and glucose uptake in

GDM.
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Abstract

Background

Due it to the established pathogenic role of adipose tissue in the etiology of insulin
resistance and T2DM, we propose that adipose tissue equally plays an integral role in
the pathophysiology of GDM. AT dysfunction is an established cause of metabolic
syndrome and systemic insulin resistance. Various mechanisms are responsible for
this, including impaired fatty acid metabolism, inflammatory signalling, altered
insulin signalling and diminished glucose uptake capacity. This chapter characterises
the morphology of omental VAT, in order to elucidate if disruption of adipocyte
function impairs insulin signalling and leads to systemic insulin resistance in GDM.
Secondly, we investigated if mediators of immune-endocrine signalling in adipocytes

also contribute to insulin resistance in GDM.
Methods

Visceral omental adipose tissue was collected post-elective caesarean section from
nulliparous women with normal glucose tolerant pregnancies (n=20) and women
diagnosed with GDM (n=20) in pregnancy. Immunohistochemical analysis was used
to characterise adipocyte morphology and tissue fibrosis. Immunoblotting was used
to quantify markers of adipocyte function including IGFBP-3, IGFBP-4, and
members of the insulin signalling pathway, IRS-1, IRS-2, phospho-IRS-1(ser312),
phospho-1RS-1(ser318), phospho-IRS-1(ser612), PDK1 and PI3K. Omental
production of adipokines (adiponectin, adipsin, leptin and resistin) and inflammatory
mediators (IFN-02, IFN-y, TNF-a, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-
23, 1L-33) were measured in VAT explant cultures by multiplex ELISA.

Characterisation of infiltrating M1-like (CD14"CD86"CD2067) and M2-like
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(CD14"CD86"CD206%) macrophage populations in VAT were determined by flow
cytometry. Infiltrating macrophage production of mitochondrial-specific-ROS was

measured by flow cytometry using MitoTracker*MitoSOX™" fluorescent staining.
Results

There was evidence of significant adipocyte hypoplasia (p=0.004) in VAT from

GDM participants relative to NGT participants. Adipocyte hypoplasia significantly

correlated with increased systemic insulin resistance, expressed as HOMA-IR score

(p=0.03) in GDM. There was a significant reduction in the protein expression of

IGFBP-4 (p=0.016) in VAT in GDM without a change in PAPPA secretion (p=0.39).

There was also a significant impairment of insulin signalling in GDM, with

increased phosphorylation of IRS-1 at the ser312 residue (p=0.04) and a reduction in

total IRS-2 expression (p=0.008). There were no significant changes in the
abundance of infiltrating macrophage M1-like/M2-like populations in VAT or in
their production of mitochondrial superoxide between study groups. There was
equally no significant differences in adipokine and cytokine profiles in VAT

explants between NGT and GDM participants.

Conclusion

These findings suggest that AT dysfunction may contribute to systemic insulin
resistance in GDM. Specifically, reduced adipogenesis may limit omental VAT
metabolic capacity in women who develop GDM, resulting in hindered insulin

activity and glucose metabolism.

97



3.1 Introduction

Adipose tissue performs a central role in regulating systemic glucose homeostasis
via two primary mechanisms, firstly efficient storage of lipids and secondly
modulating adipokine secretion. These mechanisms are pivotal in maintaining
numerous metabolic signalling cascades which prevent glucotoxicity and lipotoxic-

mediated effects (368).

Adipocyte dysfunction is a prominent driver of insulin resistance, with various
mechanisms responsible for this pathological link. Insufficient fat sequestration in
adipose tissue depots leads to elevated circulating levels of FFAs and triglycerides,
which negatively affect insulin action on glucose metabolism (369). Increased
adiposity can affect the ability of adipocytes to function as endocrine cells and
secrete appropriate biological mediators. This can lead to imbalances including
excessive release of MCP-1 with subsequent macrophage infiltration and meta-
inflammation (366), or diminished secretion of adiponectin, resulting in reduced
insulin sensitivity (370). Increased macrophage infiltration and activation in AT
positively correlates with insulin resistance in adults at risk of T2DM. This
association was established by quantification of soluble CD163 (sCD163), a marker

of macrophage activation and inflammation (371).

Altered adipocyte morphology may directly regulate metabolic dysfunction.
Adipocyte hypertrophy or increased adipocyte enlargement, in part due to excess
caloric intake, can result in an insufficient ability to buffer excess dietary fat (372).
Hypoplasia, a reduced adipocyte number in part caused by defective preadipocyte
differentiation, has also been associated with dysregulated glucose, insulin and lipid
profiles in obese female participants (373). An important mediator of normal
preadipocyte differentiation is the action of IGF-1, which is regulated locally by
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binding to IGFBPs. These binding proteins function to increase the half-life of IGF
both locally and in circulation, but may also block potential binding to IGF-1 and

insulin receptors (84).

Dysregulation of the intracellular adipocyte insulin signalling pathway can directly
hinder glucose uptake. Previous studies in women with GDM have found reduced
insulin-stimulated glucose uptake, with decreased IRS-1 expression, decreased
tyrosine phosphorylation and increased serine phosphorylation of the IRS-1 protein
(68, 71, 72). However, these findings were observed in serum and skeletal muscle
samples, with a paucity of evidence available on how this pathway may be affected
in VAT. However, a study by Ott et al. characterised a BMI-independent decrease in
VAT insulin receptor mRNA and protein expression at term in women with GDM

(374).

ROS are another important metabolic regulator of glucose-lipid balance. In vitro
findings suggest that transient and acute adipocyte exposure to ROS may improve
insulin signalling and glucose metabolism, however chronic ROS exposure leads to
insulin resistance, through the inhibition of GLUT4 translocation and subsequent

glucose uptake (375).

The AT secretome is vital to the maintenance of metabolic balance. VAT has been
characterized as a more potent inflammatory tissue compared to SAT, with a larger
number of infiltrating immune cells and hormone receptors (77). Adipocyte-derived
factors such as MCP-1 and adiponectin directly influence insulin sensitivity and
meta-inflammation. In addition, SAT and VAT explant cultures from GDM
participants secrete higher levels of leptin, relative to NGT participants (153, 376).

Various studies have reported increased IL-8 and chemerin mRNA expression in
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VAT in women with GDM, but these have not been translated into elevated protein

secretion (340, 377).

Dysregulation of the molecular cues that stimulate the physiological expansion of
adipose tissue depots during pregnancy may have a pathogenic role in the
development of insulin resistance, yet the mechanisms involved in GDM are yet to
be fully elucidated. This will be the first study to characterise omental VAT
metabolic function in GDM, by investigating adipocyte morphology, insulin
signalling, markers of adipogenesis, adipokines and inflammatory mediators and will
correlate these findings with clinical parameters that define GDM. The aim of this
chapter was to define if VAT adipocyte dysfunction and meta-inflammation distort
insulin signalling and promote the systemic insulin resistant state we have observed

in GDM participants.
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3.2 Methods

3.2.1 Study design and participant recruitment

GDM-diagnosed (n=30) and healthy, NGT control (n=30) participants were recruited
from Cork University Maternity Hospital (CUMH), Ireland between 2019 and 2022
as part of the COMRADES study, a non-interventional cohort study of nulliparous
singleton pregnancies with the aim of characterizing mitochondrial dysfunction and
meta-inflammation in GDM. The COMRADES study was conducted according to
the guidelines laid down in the Declaration of Helsinki, and all the procedures were
approved by the Clinical Research Ethics Committee of the Cork Teaching (ECM4
(ff) 04/12/18). Inclusion criteria for all study participants included; women aged
between 18-50 years, nulliparous pregnancy, singleton pregnancy as determined by
ultrasound scan, opted for an elective caesarean section and had provided written

informed consent.

After receiving participant consent, samples were collected from nulliparous,
singleton pregnancies undergoing elective pre-labour caesarean section. As per
national HSE guidelines, selective screening for GDM was carried out on identified
at-risk pregnant women between 24-28 weeks gestation using the 759 oral glucose
tolerance test (OGTT). A diagnosis of GDM was confirmed if one of the following
values were met or exceeded: fasting blood glucose levels of 5.1mmol/L, blood
glucose levels of 10.0mmol/L 1 hour post-OGTT or blood glucose levels of
8.5mmol/L 2 hours post-OGTT. Healthy, NGT control participants were defined as
pregnant women who had not been diagnosed with GDM, as per the above

guidelines, and did not present with any other diagnosed comorbidities.

Exclusion criteria included women who: had a multiple pregnancy; were

multiparous; had already started to labour, who were outside the age range of 18-50
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years of age or were having an emergency caesarean section. Women with known
pregnancy or other health related conditions namely: pre-pregnancy essential
hypertension; known liver or renal diseases; known Human Immunodeficiency
Viruses (HIV), Hepatitis B or Hepatitis C positive; known Systemic Lupus
Erythematous; known antiphospholipid syndrome and known or suspected fetal

anomalies were excluded from the study.

3.2.2 Sample collection

Omentum tissue was obtained during caesarean section and processed within 30
minutes post-surgery. Placental tissue samples were obtained immediately post
caesarean section. Before cryopreservation, placental tissue was sectioned from 5
regions of each placenta within 30 minutes post-surgery. Biological tissue samples
were stored in our biobank in the CUMH at -80 °C prior to analysis. Additionally,
tissue samples were taken for explant culture experiments or fixed in 10% formalin

for histological analysis.

3.2.3 Immunohistochemical analysis

Omentum tissue samples for histological investigation were fixed in 10% neutral
buffered formalin (NBF) within 30 minutes of surgical biopsy. Fixed samples were
dehydrated and embedded in paraffin as per standard laboratory protocols. 7um
tissue sections for each sample were sectioned using a Leica RM2125 RTS
microtome and mounted on SuperFrost glass slides (VWR 631-0446). H&E staining
was completed using the following protocol: sections were deparaffinized in xylene
for 2 minutes (x2) and rehydrated by immersion in ethanol (2 minutes each) using a
decreasing gradient concentration (96% - 70% - 50% - 30%), followed by immersion
in tap water for 1 minute. Slides were then immersed in haematoxylin stain (3
minutes), washed in tap water (1 minute), differentiated in 1% acid alcohol (30
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seconds), washed in tap water (1 minute), rinsed in Scott’s tap water (1 minute),
washed in tap water (1 minute) following by a 70% alcohol wash (1 min) and finally
immersed in eosin stain (3 minutes). After a quick wash in 30% ethanol, sections
were dehydrated in ethanol 70% and 100% (2 minutes each) and immersed in xylene
for 2 minutes (x2). Finally, slides were coverslipped using CV mounting media

(Leica 14046430011).

Brightfield microscopy was used to visualize sections at 20X magnification. All
samples were blinded prior to image acquisition and analysis. Images were imported
into Image J - Fiji software for analysis. Adipocyte cell counting was performed on
five 20X images (one representative images from each of five sections per sample).
Cell measurements were completed manually on ten 20X images images (two
representative images from each of five sections per sample). Adipocyte area (um?)
was calculated as the area of the ellipse from the perpendicular maximum (a) and

minimum (b) axes using the following equation : Area = a*b*pi (378).

Picro Sirius Red (PSR) staining (Abcam ab150681) was used to quantify the extent
of tissue fibrosis in omentum VAT. Sections were deparaffinized and hydrated prior
to staining with PSR solution for 1 hour. Slides were then rinsed twice with acetic
acid solution (0.5%). Dehydration and mounting steps were completed as per the
H&E protocol described above. Finally, collagen fibres (red) in omental VAT were
imaged using brightfield microscopy at 20X magnification. Pericellular fibrosis was
quantified in ImageJ software by converting the image to grayscale and segmenting
the red-stained collagen using thresholding as per an online ImageJ protocol titled
“Quantifying Stained Liver Tissue” (https://imagej.nih.gov/ij/docs/examples/stained-

sections/index.html).
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3.2.4 Protein isolation and immunoblotting

Omental tissue samples (50mg + 5mg) were incubated in T-PER™ Tissue Protein
Extraction Reagent (Thermo Scientific 78510) supplemented with phosphatase
inhibitor (Roche, PhosSTOP™) and protease inhibitor (Roche) and homogenized for
3x 20 seconds using a TissueLyser II (Qiagen). Isolated protein (30ug) was
separated at 100V by SDS-PAGE on a 7.5% Tris-Glycine polyacrylamide gel and
transferred to a methanol activated PVDF membrane (Amersham Hybond Sigma-
Aldrich) at 400mA on ice for 2 hours. A protein ladder (Thermo Scientific 26634)
was included in the run to confirm protein band kDa size. Membranes were blocked
with 5% BSA in 0.1% TBS-T (tris-buffered saline with 0.1% Tween detergent) for 1
hour at room temperature and incubated overnight at 4°C with the following primary
antibodies: IGFBP3 1:1000 (R&D Systems AF675), IGFBP4 1:3000 (R&D Systems
AF804), IRS1 1:1000 (Cell Signalling #3407), IRS2 1:1000 (Cell Signalling #4502),
phospho-IRS1(ser312) 1:1000 (Cell Signalling #2381), phospho-IRS1(ser318)
1:1000 (Cell Signalling #5610), phospho-IRS1(ser612) 1:1000 (Cell Signalling
#3203), PDK1 1:1000 (Cell Signalling #3062), PI3K 1:1000 (Cell Signalling #4249)

and GAPDH 1:1000 (Cell Signalling #97166).

After overnight incubation, membranes were washed and incubated at room
temperature for 1 hour with secondary HRP-linked antibody, either anti-rabbit
1:2000 (Cell Signalling #7074), anti-mouse 1:2000 (Santa Cruz 516102) or anti-goat
1:1000 (R&D Systems HAF019). Membranes were washed in 0.1% TBS-T and
developed using Pierce™ ECL Western Blotting Substrate (Thermo Scientific
32209) and LICOR Odyssey image analyser. Densitometry was performed using
LICOR Image Studio Lite Version 5.2. All densitometry values were normalised by

relative GAPDH expression.
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3.2.5 Omental VAT and placental explant culture

Tissue explants were prepared from omental VAT samples collected from both NGT
and GDM participants. 100mg £ 10mg of omental tissue were cultured in 12-well
plates, containing 2ml of culture media containing Medium 199 1x (Gibco
31150022), FBS (heat-inactivated) 10% (Gibco 16140071), penicillin-streptomycin
(10,000 U/mL) 1% (Gibco 15140122), amphotericin B 0.25ug/ml (Gibco
15290018). Tissue explants were also prepared from placental samples collected
from both NGT and GDM participants. Following the removal of outer membrane
and connective tissue, 200mg + 20mg of placental tissue (combined from three
regions of the placenta) was cultured in 12-well plates, containing 2ml of culture
media. Placental explant media consisted of RPMI-1640 1x (Gibco 21875034), FBS
(heat-inactivated) 10% (Gibco 16140071), penicillin-streptomycin (10,000 U/mL)
1% (Gibco 15140122), insulin 1pug/ml (SAFC 91077C), hydrocortisone 0.1pg/ml
(Sigma HO0888), retinol acetate 0.1ug/ml (Sigma R0300000), gentamicin 0.05ug/ml
(Sigma G1397). Tissue weight was recorded and used for normalisation of all
explant experimental analysis. Supernatants were subsequently stored at -80°C for

further analysis.

3.2.6 Immunoassays

A variety of immunoassays were used in the quantification of omental-derived
mediators in explant supernatants from GDM (n=10) and NGT (n=10) participants
respectively. PAPPA was measured in omental and placental explant culture
supernatant with the Pappalysin-1 ELISA kit (Bio-Techne DPPAQQ). Omental
adiponectin, adipsin, leptin and resistin were measured in VAT explant culture
supernatant using the LEGENDplex Human Metabolic Panel 1 (BioLegend 740212).

A cytokine panel including IL-1p, IL-18, IFN-02, IFN-y, TNF-a, MCP-1, IL-6, IL-8,
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IL-10, IL-12p70, IL-17A, IL-23, 1L-33 were measured in VAT explant culture
supernatant using the LEGENDPlex Human Inflammation Panel 1 kit (BioLegend

740809). All assays were performed as per the manufacturer protocols.

3.2.7 Isolation of leukocytes from omental tissue

Omental tissue samples were initially stored in cold tissue preservative buffer which
consisted of 154mM NacCl, 1.6mM CaClz, 10mM HEPES, 250mM sucrose, 5.4mM
K3POs, 1.2mM MgCl; in sterile, distilled water. Tissue samples were washed in PBS
to remove excess blood. Omental tissue was then weighed in a clean petri dish and
finely minced using a surgical scalpel, removing residual blood clots and connective
tissue. Minced tissue was placed in a clean 50ml falcon tube containing 20mL
DMEM/F-12 (Gibco 31330038), 10% FBS (heat-inactivated) (Gibco 16140071), 1%
penicillin-streptomycin (10,000 U/mL) (Gibco 15140122), 0.2% collagenase type |
(Sigma C0130), and 0.02% DNAse | (Sigma D5025). Tissue samples were incubated
in a water bath at 37°C for 45 minutes, with agitation every 15 minutes to facilitate
enzymatic digestion. Tissue suspensions were then filtered into a clean 50ml falcon
tube through one layer of gauze (Steroswab 1905/SF). The tube used for enzymatic
digestion was washed with 20ml PBS and the eluate was passed through the same
layer of gauze. The filtrate was centrifuged at 300g for 5 minutes and the resultant

cell pellet was re-suspended in 5mL PBS.

This mixture was overlaid onto 10mL Histopaque (6.2ml Histopaque 1119 overlaid
by 3.8ml Histopaque 1077) in a 50ml falcon tube followed by centrifugation at 700g
(room temperature) for 30 minutes, with reduced acceleration and deceleration. Cells
at the interface (white cloudy band) were collected with a pasteur pipette and washed
in 5ml PBS. This suspension was passed through a 70um cell strainer (Sigma
CLS431751) to remove cells aggregates. The resultant suspension was pelleted by
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centrifugation at 300g for 5 minutes. The supernatant was discarded and the cell

pellet was stained for flow cytometry analysis.

3.2.8 Flow cytometry analysis

Following isolation of immune cells from omental VAT tissue, single cell
suspensions were kept on ice until ready for staining. Approximately 1x10° cells
from the single cell suspensions were placed in 5ml round-bottomed tubes (Falcon
352008), centrifuged at 300g for 5 minutes and supernatants were discarded. Cell
pellets were incubated with 50ul FC block buffer (10% human serum (heat-
inactivated) (Sigma S1-M) in 1x PBS (without Ca?*/Mg?")) (Sigma P4417)
containing Fixable Viability Dye eFluor™ 455UV (eBioscience 65-0868-14)
(1:1000) on ice for 10 minutes. 50ul of the antibody staining mix containing CD14
(eBioscience 25-0149-42) (61D3, 1:20), CD86 (BioLegend 374214) (BU63, 1:20),
CD206 (eBioscience 48-2069-42) (19.2, 1:20), MitoTracker DeepRed (Invitrogen
M22426) (50nM) and MitoSOX Red (Invitrogen M36008) (5uM) was added and
cells were incubated for a further 20 minutes on ice. Cell suspensions were then
washed with 2ml FACS buffer (EDTA 2mM (Sigma E6758), FBS 2% (heat-
inactivated) (Gibco 16140071) in 1x PBS (without Ca?*/Mg?")) and centrifuged at
300g for 5 minutes. The supernatant was discarded and 100ul of fixation buffer
(PFA 4% (Sigma 158127) in 1x PBS (without Ca?*/Mg?*)) was added. Cell
suspensions were incubated for 30 minutes at room temperature in the dark. Cell
suspensions were then washed with 2ml PBS, centrifuged at 300g for 5 minutes and
supernatants were discarded. Finally, stained cell suspensions were resuspended in

150l PBS.

Samples were analysed within 24 hours on a BD LSR Il flow cytometer. Rainbow
Calibration particles (BioLegend 422903) were used to standardise instrument
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settings for longitudinal analysis. Data was analysed using FlowJo (v10.8.1)
according to the following initial gating strategy: singlet cells (as determined by
FSC-H/FSC-A), leukocytes (as determined by SSC-A/FSC-A), live cells (as
determined by live/dead stain), monocytes/macrophages (defined as CD14%), M1-
like monocytes/macrophages (defined as CD14*CD86"CD206°), M2-like
monocytes/macrophages (defined as CD14*CD867CD206"), cells containing
superoxide-producing mitochondria (defined as MitoTracker*MitoSOX"). Gates
were set according to unstained control samples. Cell proportions were quantified as
a percentage of their parent gate e.g. CD14" as a percentage of live cells,
CD147CD86"CD206™ and CD14*CD86*CD206" cells as a percentage of CD14" cells

and MitoSOX™ cells as a percentage of MitoTracker™ cells.

3.2.9 Statistics

Analysis was performed using GraphPad Prism 5.03. Where applicable, data is
represented as mean + standard deviation for parametric analysis and median [95%
confidence interval] for non-parametric analysis. Where specified, GDM cases were
matched with NGT controls by maternal age (+ 3 years) and BMI (z 3 kg/m? units).
P values < 0.05 were considered as statistically significant. The Kolmogorov—
Smirnov test was used to test for data normality. For statistical comparisons, either
the Student's t-test or the Mann-Whitney U test was used depending on data
normality and test suitability. Wilcoxon matched-pairs signed rank test was used to
compare matched samples. Spearman’s correlation analysis was used to examine the
correlation between non-parametric parameters. Pearson’s correlation analysis was
used to examine the correlation between parametric parameters. The Benjamini—

Hochberg method with a 20% false discovery rate was used for multiple hypothesis

108



testing in cytokine (n=13) panels to decrease the false discovery rate. Grubbs's test

was used to detect outliers in data sets.
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3.3 Results

3.3.1 Reduced adipocyte count in omental VAT in GDM

Adipose tissue responds to changes in energy requirement by expanding existing
adipocytes (hypertrophy) or forming new adipocytes (hyperplasia). While
hyperplasia is considered a protective function which contributes to systemic insulin
sensitivity, hypertrophy is a recognized feature of AT dysfunction associated with
cellular stress, metabolic imbalance and systemic diabetes (379). Additionally,
obesity can cause AT fibrosis, which contributes to disturbances in glucose
metabolism and insulin resistance (380). To evaluate omental adipocyte morphology
and tissue fibrosis in our participants, biopsies of omental VAT were stained with

haematoxylin and eosin (H&E) (Figure 3.1A).

To reduce the effect of confounding factors on our results, NGT and GDM
participant samples were matched by maternal age (+ 3 years). Although there was
no difference in adipocyte size in omental VAT from NGT compared to GDM
(7698um? [5583, 9251] vs. 9141um? [5663, 11338], p=0.5) (Figure 3.1C), GDM
omental VAT had a significantly lower adipocyte count (per 20X image) relative to
NGT (133.3 [124.8, 170.8] vs. 180.0 [158.8, 207.1], p=0.004) (Figure 3.1B). There
were no significant differences in pericellular fibrosis between NGT and GDM
omentum VAT (9.09% [6.64, 13.24] vs. 8.25% [5.48, 10.27], p=0.84) (Figure
3.1D). To further decipher the impact of hypoplasia in GDM, participants were
subgrouped by therapeutic intervention. Only the insulin-treated GDM group (115.4
[106.5, 150.7], p=0.046) held a significantly lower adipocyte count (per 20X image)
relative to NGT participants. No significant difference in adipocyte count (per 20X
image) was seen in diet-controlled (127.3 [98.9, 201.1]) or metformin-treated (155.0

[42.87, 307.3]) GDM participants relative to NGT participants (Figure 3.1E). In
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Chapter 2, we identified two phenotypes of GDM pathology where lean GDM
participants (BMI <29) had significant hypoinsulinaemia and obese GDM
participants (BMI >29) were hyperinsulinaemic and had significant insulin
resistance. To investigate if omental adipocyte hypoplasia was specific to the insulin
resistant GDM pathology, adipocyte counts were compared in these subgroups.
Obese GDM nparticipants had significantly lower adipocyte count (per 20X image)
(113.2 [107.6, 132.7]) relative to both lean GDM (181.8 [130.5, 231.5]) and NGT
(180.0 [158.8, 207.1]) participants, whereas no significant difference was seen in
lean GDM participants relative to NGT (Figure 3.1F). This strengthens the theory
that GDM pathology in insulin-resistant obese participants is orchestrated by

omental VAT dysfunction, unlike in hypoinsulinaemic, lean participants.
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Figure 3.1. Adipocyte hypoplasia in visceral adipose tissue in GDM. Histological
analysis of omental VAT samples from NGT (n=13) and GDM (n=15) pregnancies,
matched by maternal age. (A) Representative images of H&E staining of NGT and
GDM omental VAT samples. Comparison of (B) adipocyte count (per 20X field
image) (C) adipocyte size (um?) and (D) fibrosis (% of image area) between NGT
and GDM participants. Comparison of (E) adipocyte count (per 20X field image)
between NGT and GDM participants subgrouped by therapeutic intervention. (F)
Adipocyte count (per 20X image) was compared in NGT and GDM participants with
a BMI <29 (n=6) and with a BMI >29 (n=17). Wilcoxon matched-pairs signed rank
test was used to compare matched samples. The Kruskal-Wallis test and Dunnett's
Multiple Comparison test was used to compare adipocyte count between subgroups.

Significance levels are shown as: * p<0.05, ** p<0.01, *** p<0.001.

3.3.2 Elevated insulin resistance correlates with adipocyte hypoplasia in GDM
Adipocyte dysfunction has been linked to insulin resistance in obesity and T2DM.
To assess the relationship between adipocyte hypoplasia and insulin resistance in
GDM, HOMA-IR scores were compared with adipocyte count (per 20X image) in
GDM participants. HOMA-IR scores in GDM participants significantly inversely
correlated with omental adipocyte count (per 20X image), where a decrease in
adipocyte count correlated with increased HOMA-IR scores (rs=-0.53, n=17, p=0.03)
(Figure 3.2A). To account for the effect of insulin therapy on HOMA-IR scores, the
analysis was repeated excluding insulin-treated participants. In this case, HOMA-IR
did not significantly correlate with adipocyte count (per 20X image) (rs=-0.53, n=13,

p=0.06) (Figure 3.2B).
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Figure 3.2. Insulin resistance correlates with adipocyte hypoplasia in GDM
participants. Correlation of HOMA-IR and adipocyte count (per 20X image) in (A)
GDM nparticipants (n=11) and (B) GDM participants (n=7) not receiving insulin
therapy. Spearman's rank correlation coefficient was used to examine correlation

between adipocyte count and HOMA-IR value.

3.3.3 Expression of IGFBP-4 is significantly reduced in VAT in GDM

IGFBPs regulate IGF signalling, an important promoter of adipocyte proliferation
and differentiation from adipocyte progenitor cells. In the previous chapter, we
found that there was no significant difference in the circulating levels of plasma IGF-
1 between study groups. To elucidate the role of the IGF/IGFBP axis in regulating
adipocyte function in GDM, protein expression of IGFBP-3 and IGFBP-4 were
measured in maternal BMI and age-matched NGT and GDM omental VAT (Figure
3.3A). While there was no significant difference in the expression of IGFBP-3 (0.49
[0.25, 0.69] vs. 0.2 [0.02, 0.59], p=0.20) (Figure 3.3B) in VAT from NGT and
GDM, IGFBP-4 was significantly lower in omental VAT in GDM (0.21 [0.11, 0.29]
vs. 0.09 [0.05, 0.2], p=0.016) (Figure 3.3C). To examine the relationship between

IGFBP-4 expression and hypoplasia in GDM, correlation analysis was performed
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with adipocyte count (per 20X image) from GDM participants, however no

significant association was identified (r,=0.16, n=8, p=0.69) (Figure 3.3D).
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Figure 3.3. IGFBP-4 expression is significantly decreased in omental VAT in
GDM. (A) Representative images of IGFBP-3 and IGFBP-4 protein expression as
measured by Western blotting in omental VAT from NGT (n=8) and GDM (n=8),

matched by maternal age and BMI. Densitometric analysis was used to quantify
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expression of (B) IGFBP-3 and (C) IGFBP-4, with expression normalised to
GAPDH. (D) Correlation of IGFBP-4 omental expression with adipocyte count (per
20X image). Wilcoxon matched-pairs signed rank test was used to compare matched
samples. Pearson's correlation coefficient was used to examine correlation between

adipocyte count and IGFBP4 expression. Significance levels are shown as: * p<0.05.

3.3.4 Omental or placental secretion of PAPPA is not significantly altered in
GDM

PAPPA plays a role in increasing IGF bioavailability by cleaving IGFBP-4 and
IGFBP-5 (167). During pregnancy, PAPPA is predominantly produced by the
placenta, but is also expressed by other tissues such as AT. Despite the change in
omental IGFBP-4 expression, we previously reported in Figure 2.4 that there were
no changes in the circulating levels of either IGF-1 or PAPPA between study groups.
To further extend our investigations, we measured the secretion of PAPPA in both
omental and placental explant culture supernatants from NGT (n=10) and GDM
(n=10) participants. Similar to Chapter 2, there were no significant differences in
omental PAPPA in NGT compared to GDM (2.06ng/ml [1.3, 4.26] vs. 2.84ng/ml
[2.11, 4.42], p=0.39) (Figure 3.4A) or placental PAPPA (34.97ng/ml [31.83, 39.77]

vs. 38.75ng/ml [35.74, 41.89], p=0.21) (Figure 3.4B) between study groups.
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Figure 3.4. Release of PAPPA from placental tissue or VAT is not altered in
GDM. (A) Omental PAPPA levels (ng/ml) and (B) Placental PAPPA levels (ng/ml)
from NGT (n=10) and GDM (n=10) participants. The Mann-Whitney U test was
used to compare differences between groups in explant culture supernatants. Grubb’s

test was used to remove statistical outliers from figure B.

3.3.5 Disruption in insulin signalling in omental VAT in GDM

Insulin resistance can result from insulin signalling disruption in AT. To eludicate if
adipocyte dysfunction alters insulin signalling in GDM, protein expression of
members of the insulin signalling cascade were measured in maternal BMI and age-
matched NGT and GDM omental VAT (Figure 3.5A). Although there were no
significant differences in protein expression of total IRS-1 in VAT from NGT
compared to GDM (0.11 [0.003, 0.7] vs. 0.126 [0.03, 0.22], p=0.148) (Figure 3.5B),
total IRS-2 was significantly decreased in VAT in GDM (0.6 [0.22, 0.92] vs. 0.06
[0.01, 0.21], p=0.008) (Figure 3.5C). There was also significantly increased
phosphorylation of ser312 residue of IRS-1 relative to total IRS-1 in VAT in GDM
(0.004 [-0.01, 0.05] vs. 0.03 [-0.15, 0.43], p=0.039) (Figure 3.5D). Ser312 residue is
a key regulatory site that disrupts the IRS-1/IR interaction, inhibits insulin-mediated
activation of the PI3K and MAPK pathways and has been implicated as a causative

mechanism of insulin resistance (381, 382).

We found no significant difference in phosphorylation of other serine residues in
VAT in GDM, namely ser318 (1.0 [0.22, 2.94] vs. 0.91 [-4.44, 20.94], p=0.46)
(Figure 3.5E) or ser612 (10.06 [-5.63, 52.94] vs. 8.15 [-10.74, 83.87], p=0.74)
(Figure 3.5F). Additionally, there was no significant difference in the protein
expression of PDK1 (0.31 [0.26, 0.42] vs. 0.4 [0.25, 0.77] , p=0.55) (Figure 3.5G)
or PI3K (0.45 [0.31, 0.69] vs. 0.35 [0.19, 0.65], p=0.195) (Figure 3.5H) in omental
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VAT in NGT compared to GDM. These results suggest that the dysregulation of
insulin signalling evident in VAT in GDM occurs upstream of these intracellular
mediators. To investigate the relationship between insulin signalling disruption and
hypoplasia in GDM, correlation analysis was performed on GDM participant
adipocyte count (per 20X image) with both total IRS-2 and phospho-IRS-
1(ser312)/IRS-1 expression. In GDM, IRS-2 expression significantly correlated with
adipocyte count (per 20X image) (r,=0.76, n=8, p=0.03) (Figure 3.5I), which was
not evident for phospho-IRS-1(ser312)/IRS-1 expression (rs=-0.38, n=8, p=0.36)

(Figure 3.5J).
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Figure 3.5. Altered insulin signalling in omental VAT in GDM.
(A) Representative images of IRS-1, IRS-2, phospho-IRS-1(ser312), phospho-IRS-
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1(ser318), phospho-1RS-1(ser612), PDK1 and PI3K protein expression as measured
by immunoblotting in omental VAT from NGT (n=8) and GDM (n=8), matched by
maternal age and BMI (B) Densitometry analysis of total IRS-1, (C) total IRS-2, (D)
phospho-IRS-1(ser312)/IRS-1, (E) phospho-IRS-1(ser318)/IRS-1, (F) phospho-IRS-
1(ser612)/IRS-1, (G) PDK1 and (H) PI3K, with expression normalised to GAPDH.
Correlation of adipocyte count (per 20X image) with (I) total IRS-2 and (J)
phospho-IRS-1(ser312)/IRS-1 expression. Wilcoxon matched-pairs signed rank test
was used to compare matched samples. Pearson's and Spearman’s correlation
coefficient was used to examine correlation of adipocyte count with IRS-2 and
phospho-IRS-1(ser312)/IRS-1 expression, respectively. Significance levels are

shown as: * p<0.05, ** p<0.01.

3.3.6 Omental production of adipokines is not significantly altered in GDM

The production of adipokines by either adipocytes or AT-infiltrating macrophages
may lead to metabolic imbalance and meta-inflammation. Various adipokines have
been implicated in the pathogenesis of GDM, particularly adiponectin and leptin,
whose levels are altered as early as 10-18 weeks before GDM diagnosis (345).
However, at term, there was no significant difference in omental VAT production of
adiponectin (382.5ng/ml [290.2, 493.1] vs. 278.3ng/ml [226.4, 490.2], p=0.393)
(Figure 3.6A), leptin (3.07ng/ml [1.49, 5.06] vs. 2.56ng/ml [1.31, 5.86], p=0.971)
(Figure 3.6B), adipsin (67.71ng/ml [35.75, 192.6] vs. 70.32ng/ml [41.59, 90.92],
p=0.813) (Figure 3.6C) or resistin (0.71ng/ml [0.32, 3.45] vs. 0.7ng/ml [0.27, 2.21],

p=0.897) (Figure 3.6D) in NGT participants compared to GDM participants.
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Figure 3.6. Adipokine secretion from omental VAT in GDM. Omental secretion

of (A) adiponectin, (B) leptin, (C) adipsin and (D) resistin were measured in VAT

explants from NGT (n=10) and GDM (n=10) participants. The Mann-Whitney U test

was used to compare differences between groups. Grubb’s test was used to remove

statistical outliers from figure C and D.

3.3.7 Macrophage phenotype is not significantly altered in omental VAT in

GDM

Previous research has proposed that macrophage infiltration and accumulation in

VAT is associated with meta-inflammation and insulin resistance (383, 384). There

is limited evidence of increased macrophage infiltration and activation in both

visceral and subcutaneous adipose depots in GDM (261, 264). To assess the

phenotype of endogenous and infiltrating macrophage populations in omental VAT
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of study participants, CD14*CD86*CD206 (M1-like macrophages) and
CD147CD86"CD206" (M2-like macrophages) populations were quantified by flow
cytometry. Gating of cell populations was performed as described in section 3.2.8.
(Figure 3.7A). There were no significant differences in cell proportions, as a
percentage of total CD14" cell count, of CD14*CD867CD206" cells (56.5% [43.78,
65.8] vs. 52.75% [42.03, 67.32], p=0.88) (Figure 3.7B) or CD14*CD86*CD206*
cells (43.35% [33.92, 55.73] vs. 46.4% [32.11, 57.66], p=0.89) (Figure 3.7C)
between NGT and GDM omental tissues. The M1/M2 ratio was also not
significantly different between NGT and GDM participants (1.31 [0.68, 2.2] vs. 1.14

[0.71, 2.26], p=0.88) (Figure 3.7D).
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Figure 3.7. Macrophage phenotype is unchanged in omental VAT depot in
GDM. Monocyte/macrophage cell phenotype was characterised in NGT (n=8) and
GDM (n=8) omental VAT samples. (A) Representative graphs are shown for
CD14"CD86"CD206/CD14"CD867CD206" flow cytometry gating strategies. Cell
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CD147CD86"CD206" cells and (C) CD14"CD86"CD206" cells. (D) Comparison of
the M1/M2 ratio as calculated for NGT and GDM participants. The Mann-Whitney

U test was used to compare cell proportion differences between groups.

3.3.8 Macrophage production of mitochondrial superoxide is not altered in
GDM omental VAT

Hyperglycaemia can induce cellular hypoxia and mitochondrial ROS generation,
promoting diabetic symptoms (385). Mitochondrial ROS, and resulting oxidative
damage can impact adipose tissue metabolism and contribute to insulin resistance
(386, 387). To investigate the role of ROS production by omental macrophage
populations in driving insulin resistance in our GDM participants, mitochondrial
superoxide was measured in omental VAT CD14" cells in NGT and GDM tissues by
flow cytometry. Gating of cell populations was performed as outlined in Figure
3.7A. Macrophages (defined as CD14%), M1-like macrophages (defined as
CD147CD86"CD206°) and M2-like macrophages (defined as CD14*CD86*CD206")
were analysed for mitochondria-specific superoxide production (defined as

MitoTracker*MitoSOX™) (Figure 3.8A).

There were no significant differences in total monocyte/macrophage production of
CD14*MitoSOX* cells (81.9% [67.9, 92.2] vs. 64.55% [54.78, 90.37], p=0.57)
(Figure 3.8B) between NGT and GDM participants. Additionally, when stratifying
monocyte/macrophage populations into M1-like CD14*CD86"CD206 MitoSOX”*
cells (76.7% [56.76, 90.97] vs. 46.0% [34.73, 86.0], p=0.51) (Figure 3.8C) and M2-
like CD14*CD86*CD206"MitoSOX" cells (87.95% [83.06, 93.81] vs. 92.65%
[83.35, 97.48], p=0.65) (Figure 3.8D), there was also no significant difference in

mitochondrial ROS production between NGT and GDM participants.
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Figure 3.8. Mitochondrial-specific superoxide production in omental VAT
macrophages is not altered in GDM. Mitochondrial superoxide production was
measured in omental macrophage populations in NGT (n=8) and GDM (n=8). (A)
Representative graphs are shown for MitoTracker*MitoSOX™ flow cytometry gating
strategies. Population frequencies are shown for (B) CD14*MitoSOX" cells, (C)
CD14*CD86"CD206 MitoSOX™ cells, (D) CD14*CD86*CD206*MitoSOX™ cells.
The Mann-Whitney U test was used to compare cell proportion differences between

groups.

3.3.9 No evidence of localised inflammation in omental VAT in GDM
Increased inflammation in omental VAT has been shown to substantially contribute

to the development of insulin resistance by disrupting insulin signalling in T2DM
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patients (388). In order to determine if inflammatory mediators equally participate in

altering insulin signalling in omental VAT in GDM, 13 key cytokines were

measured in NGT and GDM explant culture supernatants (Table 3.1). These

findings suggest that localised inflammation in the VAT depot is not orchestrating

insulin resistance in GDM.

Table 3.1. Omental VAT levels of pro-inflammatory cytokines in NGT and

GDM participants.

Cytokine | NGT (Median [95% GDM (Median [95% P value
C1])(pg/mi) CI])(pg/ml)
IL-6 223340 [-4015530, 1156580 [-8038650, 0.28
16242500] 42111800]
IL-17A 6.42 [2.85, 8.23] 7.74 [5.06, 13.07] 0.13
IL-12p70 | 82.76 [42.41, 100.3] 90.20 [60.65, 146.9] 0.32
MCP-1 76413 [56655, 100765] 105179 [62778, 123308] 0.5
TNF-a 31.61 [13.63, 58.59] 31.43[14.86, 77.91] 0.78
IFN-a2 49.31 [25.41, 65.04] 62.42 [37.57,91.5] 0.22
IL-23 142.0 [71.15, 170.7] 154.3 [96.31, 245.1] 0.32
IL-10 365.5 [148.7, 494.1] 448.7 [218.4, 640.4] 0.3
IFN-y 41.51[12.61, 68.88] 43.91 [27.13, 113.0] 0.49
IL-8 467942 [173318, 506461] | 506295 [278868, 706501] | 0.19
IL-33 118.6 [17.5, 253.6] 161.9 [60.8, 490.4] 0.35
IL-1pB 2425 [134.8, 354.3] 293.9 [178.6, 507.3] 0.32
IL-18 244.7 [137.4, 306.7] 286.4 [195.9, 494.3] 0.35
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Figure 3.9. No change in inflammatory cytokines in omental VAT explants in

GDM. Omental production of IL-6, IL-17A, TNF-a, IL-8, IFN-02, IFN-y, MCP-1,

IL-10, IL-12p70, 1L-23, IL-33, IL-1P and IL-18 were measured in VAT explant

culture supernatants from NGT (n=10) and GDM (n=10) participants. The Mann-

Whitney U statistical test was used to compare cytokine level differences between

groups. Grubb’s test was used to remove statistical outliers.
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3.4 Discussion

In this chapter, we investigated the potential pathogenic contribution of adipocyte
dysfunction and omental tissue meta-inflammation to systemic insulin resistance in
GDM. We examined whether structural and functional changes in mature adipocytes
in the metabolically active VAT depot modify insulin signalling in GDM.
Additionally, we investigated if mediators of immune-endocrine signalling in the
VAT depot also contribute to insulin resistance in GDM. Initially, we provide
evidence of adipocyte hypoplasia in omental VAT which directly correlates with
systemic insulin resistance. IGFBP-4, a key regulator of adipogenesis, was
significantly reduced in omental VAT in GDM. Furthermore, we identified that
insulin signalling is distorted in VAT in GDM participants, with reduced expression
of IRS-2 and increased phosphorylation of IRS-1 at the ser312 residue, which
ultimately inhibits insulin signal transduction. Finally, this study established a lack

of localised meta-inflammation in VAT in GDM.

Firstly, we examined adipocyte morphology in omental VAT from NGT and GDM
participants. It is widely recognised that hypertrophic, or enlarged adipocytes are
insulin resistant and can develop due to lipid overload and defective differentiation
capacity. This pathological state is independent of localised inflammation in these
depots, with hypertrophy alone promoting insulin resistance in obese individuals
(389). Adipocyte hypertrophy also inversely correlates with insulin sensitivity in
non-obese individuals, suggesting that metabolic dysfunction, rather than obesity,
promotes systemic insulin resistance (390). It is believed that hypertrophy occurs
prior to hyperplasia in order to accommodate elevated requirements for fat storage.
Hyperplasia subsequently acts to balance local tissue metabolism and promote AT

homeostasis.
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A deficiency in preadipocyte proliferation will expose individuals to exaggerated
metabolic dysfunction and insulin resistance (391, 392). Although there were no
significant differences observed in the size of adipocytes between our study groups,
GDM nparticipants had a significantly lower adipocyte count in their VAT depots.
This reduction in adipocyte count significantly correlated with HOMA-IR score in
women with GDM, suggesting that adipocyte hypoplasia may impair insulin
sensitivity in omental VAT depots. The clinical relevance of this correlation is
strengthened by the large range of HOMA-IR scores in this analysis (0.6 to 19.4),
representing a potential link between reduced adipocyte count and severe insulin
resistance. We repeated this analysis excluding insulin-treated participants, as
exogenous insulin administration would have an artificial effect on calculated
HOMA-IR scores. Although statistical significance was lost once this data was
removed from the correlation analysis, it is important to note that this manipulation

also removes the most severe GDM cases from our analysis.

IGF-1, produced predominantly by the liver, serves as an important promoter of
adipocyte proliferation and differentiation (393). IGFBP family members bind
available IGF-1 and thereby regulate IGF signalling by increasing its half-life and
blocking receptor binding (84). Specifically, IGFBP-4 has been shown to potentiate
the effects of IGF-1 by increasing local retention and promoting adipogenesis (394).
The role of IGFBP-3 appears to be more complex. Certain in vitro findings suggest
that IGFBP-3 can promote insulin resistance by reducing insulin-stimulated GLUT4
translocation (395). Other findings propose that IGFBP-3 inhibits NF-xB activation
and has an anti-inflammatory affect while maintaining glucose uptake in human

adipocytes (396). Additionally, De Silva et al. showed that endogenous IGFBP-3
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may impair adipogenic differentiation by regulating adipocyte sensitivity towards the

inhibitory effect of TGF-p (397).

We measured the expression of both IGFBP-3 and IGFBP-4 in omental VAT. While
there was no difference in the omental expression of IGFBP-3 between study groups,
omental expression of IGFBP-4 was significantly reduced in GDM. This finding
suggests that although there were no difference in circulating plasma IGF-1 between
study groups at term, a reduction in VAT IGFBP-4 expression in GDM may impair
local retention of IGF-1. Equally, given the established role of IGBPP-4 in mediating
adipogenesis, this reduction in omental expression could contribute to the adipocyte
hypoplasia observed in VAT samples from GDM participants. Omental VAT
samples from NGT and GDM groups were matched for maternal BMI and age,
suggesting that reduction in omental IGFBP-4 expression in GDM is not age or

obesity driven.

To further dissect the possible mechanism behind omental hypoplasia in VAT depots
in our GDM cohort, we measured the localised secretion of PAPPA from omental
and placental explant cultures. PAPPA is predominantly secreted by the placenta
during pregnancy, but can also be produced by AT, and cleaves IGFBPs to increase
the proportion of free, receptor-accessible IGF-1. IGFBP-4 is a principal substrate
for PAPPA proteolysis activity (167). Rojas-Rodriguez et al. showed that PAPPA
stimulates AT expansion ex-vivo and that PAPPA”- mice had impaired AT
remodelling and exaggerated pregnancy-induced insulin resistance (170).
Furthermore, PAPPA expression is significantly higher in omental human
preadipocytes, relative to mesenteric or SC preadipocytes, and is elevated by
inflammatory cytokines such as TNF-a and IL-1p (398). However, we found no
significant difference in the secretion of PAPPA from omental or placental tissue
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explant cultures between NGT and GDM participants. This is in agreement with the
outcome from Chapter 2, where we equally saw no difference in term circulating
PAPPA levels between study groups. These findings suggest that reduced IGFBP-4
expression may be the rate-limiting step in the IGF-IGFBP-PAPPA axis, which
hinders protective preadipocyte proliferation and differentiation in GDM by reducing

the local retention of IGF-1 required for metabolic flexibility in VAT.

In order to elucidate if adipocyte dysfunction disrupts systemic glucose homeostasis,
we interrogated the intracellular machinery that regulates glucose metabolism via
GLUT4 translocation and glucose uptake. In this study, we found significantly lower
expression of total IRS-2 in VAT of GDM participants relative to NGT participants.
Catalano et al. quantified IRS-2 protein expression in subcutaneous AT and found
GDM participants had significantly higher expression than non-pregnant
participants, but did not observe a difference between NGT and GDM pregnancies
(81). However, to date no studies have examined the omental expression of IRS-2 in
GDM. In 3T3-L1 murine preadipocytes, knockdown of IRS-2 severely impaired
insulin-stimulated AKT phosphorylation and glucose uptake, hindered preadipocyte
differentiation into mature adipocytes and reduced the secretion of adiponectin, an
insulin-sensitising adipokine (399). These results mirror our findings in GDM
participants, where we have shown systemic insulin resistance and reduced omental
adipocyte count. Although we did not see a significant reduction in the omental
production of adiponectin, circulating plasma adiponectin levels were significantly
reduced in GDM. These in vitro findings propose that depleted omental IRS-2 in
VAT of our GDM participants may drive insulin resistance on three levels, by
diminishing insulin signalling transduction, preventing homeostatic adipogenesis and

reducing adiponectin production. The proposed impact of depleted IRS-2 expression
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on adipogenesis is further strengthened by the significant positive correlation
between omental VAT IRS-2 expression and adipocyte count in GDM participants in
this study. We also found increased phosphorylation at the ser312 residue of IRS-1
in our GDM participants, impairing the ability of IRS-1 to activate downstream

PI13K-dependent pathways.

Infiltrating macrophages and subsequent inflammation can distort insulin signalling
in omental VAT depots leading to insulin resistance in obesity and T2DM (400).
Serine phosphorylation of IRS-1 can be induced by the inhibitor kB kinase (IKK)
complex, in response to inflammatory stimuli such as TNF-a. Adiponectin can
inhibit this TNF-a induced IKK activation, thereby maintaining insulin sensitivity
(401, 402). Furthermore, I1L-6 also increases IRS-1 ser312 phosphorylation by
activating the Jun N-terminal protein kinase (JNK) and extracellular signal-regulated

kinase 1/2 (ERK1/2) pathways (403).

As such, we wanted to elucidate if localised VAT inflammation was involved in
GDM and explore if these inflammatory mediators were responsible for impairing
insulin signalling. However, the abundance of CD14"CD86"CD206™ (M1-like) and
CD147CD86"CD206" (M2-like) macrophage cells were not significantly different in
omental VAT between study groups. Excessive intracellular production of
mitochondrial ROS (mROS) in macrophages can induce pro-inflammatory gene
expression, hence we subsequently determined whether these macrophage
populations produce excessive mMROS. However, there were no significant
differences in the production of mitochondrial-specific superoxide by these
macrophage populations between study groups. Finally, we examined the local
adipokine and cytokine profiles of the omental VAT secretome and found no
significant difference in these mediators of meta-inflammaiton between study
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groups. While we did not see any significant difference in the localised expression of
adiponectin or inflammatory mediators in GDM, circulating plasma adiponectin
levels were reduced while pro-inflammatory mediators, such as IL-6, were increased
in our GDM participants. These systemic changes may leave IRS-1 susceptible to
exaggerated serine phosphorylation and subsequent insulin resistance. As such,
systemic meta-inflammation rather than a localised effect may be a greater

contributor to exaggerated insulin resistance in GDM.

The strengths of this study include the use of omental VAT tissue from NGT and
GDM nparticipants that were matched maternal BMI and age, suggesting that effects
were not mediated by age or obesity. Limitations include the cross-sectional nature
of our study. Furthermore, this is a single site study that recruited a largely white
Irish participant group, thereby limiting the extrapolation of our findings to other
clinical settings or ethnicities. Overall, our findings provide substantial evidence of
adipocyte dysregulation and impaired insulin signalling in GDM. Furthermore,
adipocyte hypoplasia may be mediated by reduced IGFBP-4 and IRS-2 expression.
These findings suggest a potential VAT-driven mechanism for the systemic insulin

resistance in our GDM participants.
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3.5 Conclusion

The physiological expansion of AT depots during pregnancy may have a direct
mechanistic relationship with alterations in AT function, systemic glucose
homeostasis and insulin resistance. In this study, we provide for the first time
evidence of reduced adipocyte count and reduced protein expression of IGFBP-4 and
IRS-2, key regulators of adipogenesis, which may be responsible for hypoplasia in
the omental VAT of GDM participants. These findings suggest that impaired
metabolic flexibility in omental VAT may contribute to systemic insulin resistance

in GDM by limiting insulin signal transduction.
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Supplementary material related to Chapter 3
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Figure S3.1. Omental VAT protein expression of IGFBP-3 and IGFBP-4 was
measured in NGT (n=8) and GDM (n=8) samples, matched by maternal age and
BMI. Matched pairs were loaded adjacent to each other over two separate blots (A +

B).
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Figure S3.2. Omental VAT protein expression of IRS-1, IRS-2, phospho-IRS-
1(ser312), phospho-IRS-1(ser318), phospho-IRS-1(ser612), PDK1 and PI3K was
measured in NGT (n=8) and GDM (n=8) samples, matched by maternal age and
BMI. Matched pairs were loaded adjacent to each other over two separate blots (A +

B).
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Chapter 4

Mitochondrial Dysfunction
Promotes a Dysregulated
Placental Inflammatory Response

IN Gestational Diabetes Mellitus

Following on from the evidence provided in Chapter 2 and Chapter 3 of peripheral
insulin resistance, systemic meta-inflammation and adipocyte dysfunction in GDM
pathology, this chapter investigates the potential pathogenic interaction between
mitochondrial dysfunction and inflammation at the local placental level. Our
hypothesis is that placental mitochondrial dysfunction may instigate a local pro-
inflammatory response which ultimately contributes to systemic inflammation and
insulin resistance in GDM. In particular this chapter will focus on the NLRP3
inflammasome, a critical regulatory multiprotein complex that facilitates the

intersection between mitochondrial dysfunction and inflammation.
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Abstract

Background

The placental microenvironment in utero is highly sensitive to hyperglycaemia and
hyperinsulinaemia which are evident in GDM. There is significant evidence that
GDM pathology drives placental dysfunction, in part mediated by exaggerated
oxidative stress. Equally there is evidence of increased placental inflammation in
GDM. NLRP3 inflammasome activity is responsive to endogenous signals of
mitochondrial dysfunction including mROS and mtDNA. Activation of the NLRP3
inflammasome results in the release of pro-inflammatory cytokines IL-1f and IL-18.
Here we tested our hypothesis that local placental mitochondrial dysfunction
orchestrates subsequent inflammatory signalling by activating the NLRP3
inflammasome, which may contribute to systemic inflammation in GDM. Secondly,
we investigated if treatment with the antioxidants MitoQ and L-ergothioneine limit

placental inflammation in GDM.

Methods

Placental tissue was collected post-elective caesarean section from nulliparous
women with normal glucose tolerant pregnancies and women diagnosed with GDM.
Characterisation of placental structure was performed by H&E staining. Placental
explants from GDM (n=10) and NGT (n=10) participants were cultured for 24 hours
with mitochondrial antioxidants (LmM L-ergothioneine, 1uM MitoQ) and the
NLRP3 inhibitor (1M MCC950). Placental production of adipokines (adiponectin,
adipsin, leptin and resistin) and inflammatory mediators (IL-1p, IFN-a2, IFN-y,
TNF-0, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, IL-33) were

measured in explant cultures by multiplex ELISA. Characterisation of endogenous
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and infiltrating M1-like (CD14*CD86*CD206") and M2-like (CD14*CD86*CD206")
macrophage populations in the placenta were determined by flow cytometry.
Placental macrophage production of mROS was measured by flow cytometry using
MitoTracker*MitoSOX™ fluorescent staining. Immunoblotting for protein expression
of members of the inflammasome cascade NLRP3, ASC and caspase-1 was
performed in maternal BMI and age-matched GDM (n=8) and NGT (n=8) placental

tissue. Statistical analysis was performed with GraphPad Prism 8.
Results

There was evidence of placental villous immaturity with a significantly higher
intermediate/terminal villi ratio (p=0.016) in GDM compared to NGT placental
tissues. There were no changes in the placental macrophage M1-like/M2-like
populations between study groups. However, placental populations of both CD14*
(p=0.02) and CD14"CD86"CD206 (p=0.03) macrophages produced significantly
increased levels of mitochondrial superoxide in GDM compared to NGT
participants. Placental production of leptin was significantly reduced (p=0.046)
while adipsin was significantly increased (p=0.028) in GDM compared to NGT
participants. There was significantly increased placental production of the pro-
inflammatory cytokines of IL-6 (p=0.028), TNF-a (p=0.008) in GDM compared to

NGT.

Although there was no significant difference in the expression of components of the
NLRP3 inflammasome cascade between study groups, placental production of the
NLRP3-mediated cytokine, IL-18 (p=0.04) was significantly increased in GDM.

Additionally, the increase in placental IL-18 in GDM was attenuated by treatment
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with either 1uM MCC950 (p=0.0005), an inhibitor of the NLRP3 inflammasome or

1mM L-ergothioneine (p=0.007), a mitochondrial antioxidant.

Conclusion

Placental inflammation is significantly increased in women with GDM. Furthermore,
this increase may be initiated by elevated production of mitochondrial-specific ROS
by macrophage subpopulations. The NLRP3 inflammasome appears to orchestrate
this placental cross-talk between pathogenic mediators, a pathway which may be

ameliorated by antioxidant therapy.
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4.1 Introduction

GDM is associated with adverse fetal and neonatal outcomes, including macrosomia,
neonatal hypoglycemia and respiratory distress syndrome. The placenta acts as a
natural selective barrier between the maternal and fetal systems and is highly
sensitive to metabolic stressors, such as hyperglycaemia, which promote changes in
both the morphology and function of placental tissue (144). Upon gross examination,
placenta from GDM pregnancies are generally larger, with reduced villous maturity,
increased evidence of chorangiosis and have greater numbers of syncytial knots
(134, 141, 404). Furthermore, changes in immune cell populations are also evident in
GDM placental tissue, including increased infiltration and activation of neutrophils,
elevated numbers of decidual NK cells and increased macrophage activation. The
placental inflammatory secretome is also modified in GDM pathology, with
evidence of increased placental release of IL-8, TNF-a and IL-6 pro-inflammatory

cytokines (225).

Healthy pregnancy is characterized by placental ROS production, which facilitates
implantation and tissue development. However, GDM is associated with an
exaggerated oxidative stress response, resulting from excessive production of ROS,
which can promote systemic insulin resistance by interfering with insulin receptor
signal transduction and subsequent glucose metabolism. This may be as a
consequence of disruption in the cellular redistribution of IRS-1 and PI3K from the
cytosol to the internal membrane pool, resulting in reduced functional activity (405).
Unfortunately, our current understanding of how oxidative stress contributes to

metabolic dysfunction in GDM is limited.

Increased mitochondrial dysfunction and mROS production have been implicated in

GDM pathophysiology (175, 176). Mitochondrial dysfunction, with an increase in
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mtDNA release and mROS production, may also directly coordinate pro-
inflammatory signalling. This may occur by mtDNA activation of the TLR-9
receptor on the endosomal surface of immune cells (192) or mROS instigating
dissociation of the thioredoxin and thioredoxin-interacting protein complex with
subsequent activation of NLRP3 (406). In this chapter, placental macrophage
production of mROS and placental-meditated activation of the TLR-9 receptor will
be measured to elucidate the intracellular communication between these

pathophysiological pathways in GDM.

The NLRP3 inflammasome is a multiprotein complex that, upon activation,
oligomerizes and activates caspase-1, initiating the cleavage and release of pro-
inflammatory cytokines IL-1p and IL-18. Persistent and aberrant NLRP3 activation
underlies many chronic inflammatory and degenerative diseases, such as T2DM and
CVD (407-410). The NLRP3 inflammasome is activated by a wide variety of
exogenous and endogenous signals, including pathogen-associated molecular
patterns (PAMPSs) and DAMPs, and is predominantly expressed in innate immune
cells, particularly macrophages (197). NLRP3 inflammasome activation is a two-step
process, namely priming (signal 1) and assembly (signal 2), with subsequent
cytokine release (see Figure 4.1). The priming step involves PAMP and DAMP
mediated signalling, leading to increased transcription of NLRP3 and pro-1L-1p.
Apoptosis-associated speck-like protein containing a CARD (ASC) simultaneously
becomes ubiquitinated and phosphorylated for inflammasome assembly. Assembly
(signal 2), is triggered by stimuli including extracellular ATP, pore-forming toxins,
RNA viruses, mMROS and mtDNA. Pro-caspase-1 filaments are formed through
caspase activation and recruitment domain (CARD) interaction, allowing auto-

proteolytic activation of pro-caspase-1 (411). Multiple molecular or cellular events,
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including ionic flux, mitochondrial dysfunction, mROS generation, mtDNA release
and lysosomal damage, have been shown to activate the NLRP3 inflammasome
cascade with the resulting release of pro-inflammatory cytokines IL-1p and IL-18,

amplifying systemic inflammation (408, 412, 413).
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Figure 4.1. Activation of the NLRP3 inflammasome. Adapted from “Suppression

of Inflammasome by IRF4 and IRFS is Critical for T Cell Priming”, by
BioRender.com (2013). The activation of TLRs and the NF-«B signalling pathway
induces the priming step of the NLRP3 cascade. Once primed, NLRP3 can be

activated by a variety of signals, including mROS and mtDNA. These signals trigger
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the assembly of the NLRP3 inflammasome, which involves the recruitment of ASC
and the activation of caspase-1. Once activated, caspase-1 cleaves gasdermin D

(GSDMD), which triggers its oligomerization and the formation of pores in the cell
membrane. These pores allow for the release of pro-inflammatory cytokines and the

initiation of pyroptosis.

In healthy pregnancy, components of the NLRP3 inflammasome are expressed in
both the maternal and fetal compartments (414). Hyperglycaemia has been shown to
stimulate placental NLRP3 inflammasome activation, inducing generation of IL-1f3
and IL-18 inflammatory cytokines (415). Furthermore, recent in vitro evidence has
shown that palmitic acid, a surrogate of elevated saturated fat, induces NLRP3
inflammasome activation, increasing IL-1pB expression and apoptosis in primary
placental macrophages isolated from GDM term placental tissue (416). Another site
of NLRP3 activity is in AT, where mtDNA and other recognised DAMPs can
activate TLR-9 and trigger NLRP3 inflammasome recruitment (417). A recent in
vivo study in a murine model of GDM demonstrated that Tranilast (NLRP3
inhibitor) attenuated NLRP3 expression in both placental and VAT tissue. Tranilast
also significantly ameliorated maternal body weight, hyperglycaemia, insulin
insufficiency, glucose intolerance and insulin resistance, enlarged litter size, and
reduced litter body weight (418). These results demonstrate a potential therapeutic

avenue for GDM by targeting exaggerated NLRP3 activation.

Given the pathogenic role of dysfunctional mitochondria in activating the NLRP3
inflammasome, and previous evidence of NLRP3 activation in T2DM and related

metabolic complications, we hypothesise that directly targeting mitochondria may
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dampen activation of the NLRP3 inflammasome and identify a clinical therapeutic
pathway in GDM. MitoQ, a mitochondrial-targeted antioxidant, is a ubiquinone
moiety linked to a lipophilic triphenylphosphonium (TPP) cation (419) which has
shown promising results in ameliorating endothelial dysfunction in animal and
human studies (420-422). Similarly, a nutraceutical mitochondria-

targeted antioxidant, L-ergothioneine (ERG), has demonstrated potential therapeutic
effects, particularly in a preclinical model of PE (423). ERG is a water-soluble
amino acid derived from histidine, which accumulates preferentially in high
oxidative stress organs through the action of a specific organic cation transporter
novel type 1 (OCTN1) (424). This nutraceutical has a half-life of approximately 30
days and can cross both the blood brain barrier and the placenta (425, 426). These
mitochondrial specific therapeutics show promising results in favour of a targeted

antioxidant strategy, where other clinical interventions may be contraindicated.

The primary aim of this chapter was to elucidate if mitochondrial dysfunction
increases placental inflammation in GDM by activating the NLRP3 inflammasome.
A secondary aim was to determine if directly targeting mROS production with

MitoQ or ERG ameliorates placental inflammation in GDM.
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4.2 Methods

4.2.1 Study design and patient recruitment

Patients were recruited from Cork University Maternity Hospital (CUMH), Ireland
between 2019 and 2022 as part of the COMRADES study, a non-interventional
cohort study of nulliparous singleton pregnancies with the aim of characterizing
mitochondrial dysfunction and meta-inflammation in GDM. The COMRADES study
was conducted according to the guidelines laid down in the Declaration of Helsinki,
and all the procedures were approved by the Clinical Research Ethics Committee of
the Cork Teaching (ECM4 (ff) 04/12/18). Inclusion criteria for all study participants
included; women aged between 18-50 years, nulliparous pregnancy, singleton
pregnancy as determined by ultrasound scan, opted for an elective caesarean section
and had provided written informed consent. As per national HSE guidelines,
selective screening for GDM was carried out on identified at-risk pregnant women
between 24-28 weeks gestation using the 75g oral glucose tolerance test (OGTT). A
diagnosis of GDM was confirmed if one of the following values were met or
exceeded: fasting blood glucose levels of 5.1mmol/L, blood glucose levels of
10.0mmol/L 1 hour post-OGTT or blood glucose levels of 8.5mmol/L 2 hours post-

OGTT.

Healthy, NGT control participants were defined as pregnant women who had not
been diagnosed with GDM, as per the above guidelines, and did not present with any
other diagnosed comorbidities. Exclusion criteria included women who: had a
multiple pregnancy, were multiparous, had already started to labour, who were
outside the age range of 18-50 years of age or were having an emergency caesarean
section. Women with known pregnancy or other health related conditions were also

excluded namely: pre pregnancy essential hypertension, known liver or renal
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diseases, Human Immunodeficiency Viruses (HIV), Hepatitis B or Hepatitis C
positive, Systemic Lupus Erythematous, antiphospholipid syndrome and known or

suspected fetal anomalies.

4.2.2 Sample collection

Placental and omental adipose tissue samples were collected immediately post
caesarean section. Placental tissue was taken from 5 defined regions of each placenta
and tissue samples were stored at -80 °C until analysis was performed. Additionally,
tissue samples were used for explant cultures or fixed in 10% formalin for

histological analysis.

4.2.3 Placental and omental explant culture and treatments

Tissue explants were prepared from placental samples collected from both NGT and
GDM participants. Following the removal of outer membrane and connective tissue,
200mg £ 20mg of placental tissue (combined from three regions of the placenta)
were cultured in 12-well plates, containing 2ml of culture media. Placental explant
media consisted of RPMI-1640 1x (Gibco 21875034), FBS (heat-inactivated) 10%
(Gibco 16140071), penicillin-streptomycin (10,000 U/mL) 1% (Gibco 15140122),
insulin 1pg/ml (SAFC 91077C), hydrocortisone 0.1pg/ml (Sigma H0888), retinol
acetate 0.1pg/ml (Sigma R0300000), gentamicin 0.05ug/ml (Sigma G1397). Tissue
explants were also prepared from omental AT samples collected from both NGT and
GDM participants. 100mg = 10mg of omental tissue were cultured in 12-well plates,
containing 2ml of culture media containing Medium 199 1x (Gibco 31150022), FBS
(heat-inactivated) 10% (Gibco 16140071), penicillin-streptomycin (10,000 U/mL)
1% (Gibco 15140122), amphotericin B 0.25ug/ml (Gibco 15290018). Tissue weight
was recorded and used for normalisation of all explant experimental analysis.
Explant cultures were treated, or cultured without treatment, for 24 hours as follows;
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untreated, DMSO, 1uM MitoQ, 1uM MCC950 and 1mM ERG for 24 hours at

37°C/5% CO,. Supernatants were subsequently stored at -80°C for further analysis.

4.2.4 Immunohistochemical Staining

Tissue samples for histological investigation were fixed in 10% neutral buffered
formalin (NBF) within 30 minutes of surgical biopsy. Fixed samples were
dehydrated and embedded in paraftin as per standard laboratory protocols. 7um
tissue sections were sectioned using a Leica RM2125 RTS microtome and mounted
on SuperFrost glass slides (VWR 631-0446). H&E staining was completed using the
following protocol: tissue sections were deparaffinized in xylene for 2 minutes (x2)
and rehydrated by immersion in ethanol (2 minutes each) using a decreasing gradient
concentration (96% - 70% - 50% - 30%), followed by immersion in tap water for 1
minute. Slides were then immersed in haematoxylin stain (3 minutes), washed in tap
water (1 minute), differentiated in 1% acid alcohol (30 seconds), washed in tap water
(1 minute), rinsed in Scott’s tap water (1 minute), washed in tap water (1 minute)
following by a 70% alcohol wash (1 minute) and finally immersed in eosin stain (3
minutes). After a quick wash in 30% ethanol, sections were dehydrated in ethanol
70% and 100% (2 minutes each) and immersed in xylene for 2 minutes (x2). Finally,
slides were cover slipped using CV mounting media. Brightfield microscopy was

used to visualize sections at 20X magnification.

4.2.5 Image analysis

For placental morphology analysis, all tissue samples were imaged at 20X
magnification with an Olympus BX43 upright microscope. Three tissue sections per
participant were imaged and three independent images per tissue section were
acquired. All samples were blinded prior to image acquisition and analysis and
images were imported into Image J - Fiji software. Villous maturity (characterised
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by quantification of number of terminal villi and the number of intermediate villi),
number of syncytial knots number and hypoplasia (measured by quantifying the
intervillous space between five representative villi within each image and calculating
the mean distance (um)) were determined for each placental tissue sample.
Characterisation of villi as either intermediate (diameter of 80-400um characterized
by a condensed fibrous stroma containing central arteries and veins with a thick
smooth muscle wall) or terminal (diameter of 30-80um with a high degree of
capillarization and highly dilated sinusoids) villi was based on “Histology of Human

Placenta” by Avagliano et al. (427).

4.2.6 Immunoassays

A variety of immunoassays were used in the quantification of placental and omental
mediators in explant supernatants from GDM (n=10) and NGT (n=10) participants
respectively. The oxidative stress marker 8-OHdG, was measured in placental
explant culture supernatant using the 8-hydroxy 2 deoxyguanosine (8-OHdG) ELISA
kit (Abcam ab201734). Placental adiponectin, adipsin, leptin and resistin were
measured in explant culture supernatant using the LEGENDplex Human Metabolic
Panel 1 (BioLegend 740212). Cytokine panel including IL-1p, IFN-a2, IFN-y, TNF-
a, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, 1L-18, IL-23, IL-33 were measured
in placental explant culture supernatant using the LEGENDPIlex Human
Inflammation Panel 1 kit (BioLegend 740809). IL-1p and IL-18 in serum samples
from NGT (n=20) and GDM (n=20) participants and omental explant culture
supernatant were measured using the LEGENDPIlex Human Inflammation Panel 1
kit (BioLegend 740809). For ex vivo drug treatments, placental 1L-18 and IL-18
were measured in explant culture supernatant using the Human Total I1L-18/IL-1F4

Quantikine ELISA kit (R&D/Bio-Techne Ltd DL180) and human IL-1p/IL-1F2
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Quantikine ELISA kit (R&D/Bio-Techne Ltd DLB50). All assays were performed as

per the manufacturer protocols.

4.2.7 Isolation of leukocytes from placental tissue

Placental tissue samples were initially stored in cold tissue preservative buffer until
processing. Tissue preservative buffer consisted of 154mM NaCl, 1.6mM CacCly,
10mM HEPES, 250mM sucrose, 5.4mM K3zPOs, 1.2mM MgCI: in sterile, distilled
water. Tissue was washed with PBS to remove excess blood. Tissue samples were
weighed in a clean petri dish and finely minced using a surgical scalpel ensuring
removal of residual blood clots and connective tissue. Homogenised tissue was
placed in a clean 50ml falcon tube containing 20mL DMEM/F-12 (Gibco
31330038), 10% FBS (heat-inactivated) (Gibco 16140071), 1% penicillin-
streptomycin (10,000 U/mL) (Gibco 15140122), 0.2% collagenase type | (Sigma
C0130), and 0.02% DNAse | (Sigma D5025). Tissue samples were incubated in a
water bath at 37°C for 1 hour, with agitation every 15 minutes to facilitate enzymatic
digestion. Tissue suspensions were then filtered into a clean 50ml falcon tube
through one layer of gauze (Steroswab 1905/SF). The tube used for digestion was
flushed with 20ml PBS and this eluate was also passed through the gauze layer. The
filtrate was centrifuged at 300g for 5 minutes and the resultant cell pellet was re-

suspended in 5mL PBS.

This mixture was then overlaid onto 10mL Histopaque (6.2ml Histopaque 1119
overlaid by 3.8ml Histopaque 1077) in a 50ml falcon tube followed by centrifugation
at 700g (room temperature) for 30 minutes, with reduced acceleration and
deceleration. Cells at the interface (white cloudy band) were collected with a pasteur
pipette and washed in 5ml PBS. This suspension was passed through a 70um cell
strainer (Sigma CLS431751) to remove cells aggregates. The resultant suspension
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was pelleted by centrifugation at 300g for 5 minutes. The supernatant was discarded

and the cell pellet was stained for flow cytometry analysis.

4.2.8 Flow cytometry analysis

Following isolation of immune cells from placental tissue, single cell suspensions
were kept on ice until ready for staining. Approximately 1x10° cells of the single cell
suspension were placed in 5ml round-bottomed tubes (Falcon 352008) and
centrifuged at 300g for 5 minutes and supernatants were discarded. Cell pellets were
incubated with 50ul FC blocking buffer (10% human serum (heat-inactivated)
(Sigma S1-M) in 1x PBS (without Ca?*/Mg?*)(Sigma P4417)) containing Fixable
Viability Dye eFluor™ 455UV (eBioscience 65-0868-14) (1:1000) on ice for 10
minutes. 50ul of the antibody mix containing CD14 (eBioscience 25-0149-42)
(61D3, 1:20), CD86 (BiolLegend 374214) (BU63, 1:20), CD206 (eBioscience 48-
2069-42) (19.2, 1:20), MitoTracker DeepRed (live cell mitochondrial stain)
(Invitrogen M22426) (50nM) and MitoSOX Red (mitochondrial superoxide stain)
(Invitrogen M36008) (5uM) was added and the cells were incubated for a further 20
minutes on ice. Cell suspensions were then washed with 2ml FACS buffer (EDTA
2mM (Sigma E6758), 2% FBS (heat-inactivated)(Gibco 16140071) in 1x PBS
(without Ca?*/Mg?*)) and centrifuged at 300g for 5 minutes. The supernatant was
discarded and 100ul of fixation buffer (PFA 4% (Sigma 158127) in 1x PBS
(without Ca?*/Mg?*)) was added. Cell suspensions were incubated for 30 minutes at
room temperature in the dark and then washed with 2ml PBS and centrifuged at 300g
for 5 minutes. Supernatants were discarded. Finally, stained cell suspensions were
resuspended in 150ul PBS and samples were stored at 4°C in the dark until

acquisition.
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Samples were analysed within 24 hours on a BD LSR Il flow cytometer. Rainbow
Calibration particles (BioLegend 422903) were used to standardise instrument
settings for longitudinal analysis. Data was analysed using FlowJo (v10.8.1)
according to the following initial gating strategy: singlet cells (as determined by
FSC-H/FSC-A), leukocytes (as determined by SSC-A/FSC-A), live cells (as
determined by live/dead stain), monocytes/macrophages (defined as CD14%), M1-
like monocytes/macrophages (defined as CD14*CD86"CD206°), M2-like
monocytes/macrophages (defined as CD14*CD867CD206"), cells containing
superoxide-producing mitochondria (defined as MitoTracker*MitoSOX*). Gates
were set according to unstained control samples. Cell proportions were quantified as
a percentage of their parent gate e.g. CD14" as a percentage of live cells,
CD147CD86"CD206™ and CD14*CD86*CD206" cells as a percentage of CD14" cells

and MitoSOX™ cells as a percentage of MitoTracker™ cells.

4.2.9 TLR9 activation assay

HEK-Blue hTLR9 cells (InvivoGen #hkb-htlr9) were used to determine if placental
secreted mediators activate TLR-9 signalling. HEK-Blue hTLR9 cells were seeded at
4x10° cells/well in a 96-well plate and cultured overnight in growth medium
containing DMEM, 4.5 g/l glucose, 10% (v/v) fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin, 100 pg/ml Normocin™, 2 mM L-glutamine.
Following a media change, adherent cells were incubated for 24 hours with 5%
placental tissue explant culture supernatant from NGT (n=10) and GDM (n=10)
participants. 5% supernatant treatment was selected following preliminary
experiments with 1%, 3% and 5% supernatant treatments, where only 5% treatment
was sufficient to consistently stimulate activation above untreated control. ODN

2006 (InvivoGen #tlrl-2006) was used as a positive control and sterile distilled water
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was used as a negative control. HEK-Blue hTLR9 cell supernatants were
subsequently incubated with Quanti-Blue detection medium (InvivoGen) and the
NF-kB-induced SEAP activity was read on a Tecan Spark spectrophotometer at a

wavelength of 620 nm.

4.2.10 Protein isolation and immunoblotting

Placental and omental tissue samples (50mg = 5mg) were incubated in T-PER™
Tissue Protein Extraction Reagent (Thermo Scientific 78510) supplemented with
phosphatase inhibitor (Roche, PhosSTOP™) and protease inhibitor (Roche) and
homogenized for 3x 20 seconds using a TissueLyser Il (Qiagen). Isolated protein
(30pg) samples and protein ladder (Thermo Scientific 26634) were separated by
SDS-PAGE on a 7.5% Tris-Glycine polyacrylamide gel and transferred to a
methanol activated PVDF membrane (Amersham™ Hybond® Sigma-Aldrich).
Membranes were blocked in 5% BSA for 1 hour at room temperature and incubated
overnight at 4°C with the following primary antibodies: NLRP3 1:1000 (Novus/Bio-
Techne 12446), caspase-1 1:500 (Novus/Bio-Techne 45433), ASC 1:500
(Novus/Bio-Techne 78977) and GAPDH 1:1000 (Cell Signalling #97166). After
overnight incubation membranes were washed and incubated at room temperature
for 1 hour with secondary HRP-linked antibody, either anti-rabbit 1:2000 (Cell
Signalling #7074) or anti-mouse 1:2000 (Santa Cruz 516102). Membranes were
washed in 0.1% TBS-T and developed using the Pierce™ ECL Western Blotting
Substrate (Thermo Scientific 32209) and LICOR Odyssey image analyser.
Densitometry was performed using LICOR Image Studio Lite Version 5.2. All

densitometry values were normalised by relative GAPDH expression.
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4.2.11 Statistics

Analysis was performed using GraphPad Prism 5.03. Where applicable, data is
represented as mean + standard deviation for parametric analysis and median [95%
confidence interval] for non-parametric analysis. Where possible, GDM cases were
matched with NGT controls by maternal age (+ 3 years) and BMI (z 3 kg/m? units).
P values < 0.05 were considered as statistically significant. For statistical
comparisons, either the Student's t-test or the Mann-Whitney U test was used
depending on data normality and test suitability. Wilcoxon matched-pairs signed
rank test was used to compare matched samples. The Benjamini—-Hochberg method
with a 20% false discovery rate was used for multiple hypothesis testing in cytokine
(n=13) panels to decrease the false discovery rate. Grubbs's test was used to detect

outliers in data sets.
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4.3. Results

4.3.1 Placental villous immaturity in GDM

It has been previously reported that placental morphology is altered in GDM, which
may stem from glucose-induced excessive placental growth at the expense of villous
maturation (134). Placental villous immaturity results in a decreased fetal reserve to
withstand stressors such as transient hypoxia in the later stages of pregnancy, thereby
increasing the risk of stillbirth (428). H&E staining was used to compare the
placental morphology from NGT and GDM participants in our study cohort (Figure
4.2A). There were no significant differences in intervillous space between villi in
NGT versus GDM placental tissues (22.52um [10.89, 50.53] vs. 30.18um [20.33,
37.34], p=0.84) (Figure 4.2B) or in the number of terminal villi (12.67 [9.74, 16.93]
vs. 9.0 [3.78, 13.81], p=0.09) (Figure 4.2C). However, there was a significant
increase in the number of intermediate villi (10.0 [7.24, 13.16] vs. 15.0 [11.72,
16.52], p=0.047) (Figure 4.2D) and the intermediate/terminal villi ratio (0.71 [0.48,
1.09] vs. 1.67 [0.65, 3.32], p=0.016) (Figure 4.2E) in GDM placental tissue. Finally,
there were no significant differences in the number of syncytial knots between study

groups (8.67 [3.73, 16.66] vs. 9.0 [5.06, 13.32], p=1.00) (Figure 4.2F).
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Figure 4.2. Reduction in placental villi maturation in GDM. (A) H&E staining
was used to assess the placental morphology from maternal age and BMI-matched
NGT (n=5) and GDM (n=5) participants. Placental features including (B)
intervillous space, (C) terminal villi number, (D) intermediate villi number, (E)
intermediate/terminal villi ratio and (F) number of syncytial knots were measured.
Wilcoxon matched-pairs signed rank test was used to compare matched samples.

Significance levels are shown as: * p<0.05.
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4.3.2 Macrophage phenotype is not significantly altered in placental tissue in
GDM

Placental macrophages are a heterogenous population of immune cells, present
throughout gestation, that are essential for maintenance of a healthy placental
environment and host defence against infection (429). Previous evidence has shown
that the placental macrophage phenotype is altered in GDM, with an increase in
macrophage activation but somewhat ambiguous findings regarding M1/M2 polarity
(214, 260-263). Endogenous and infiltrating CD14*CD86*CD206 cells (M1-like
macrophages) and CD14*CD86"CD206" cells (M2-like macrophages), were
quantified by flow cytometry in the placental tissue of NGT and GDM participants.
Gating of cell populations was performed as described in section 4.2.8 (Figure
4.3A). There were no significant differences in cell proportions of
CD14*CD86*CD206" cells (88.9% [86.2, 92.2] vs. 89.65% [82.35, 94.12], p=0.96)
(Figure 4.3B) or CD14*CD86*CD206" cells (10.95% [7.65, 13.74] vs. 10.36% [6.1,
16.83], p=0.59) (Figure 4.3C) between NGT and GDM placental tissues. The
M1/M2 ratio was also not significantly different between NGT and GDM

participants (8.15 [6.84, 12.54] vs. 8.69 [5.07, 15.35], p=0.83) (Figure 4.3D).
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Figure 4.3. Macrophage phenotype in placental tissue in GDM.
Monocyte/macrophage CD14" cell phenotype was characterised in NGT (n=10) and
GDM (n=8) placental tissue samples. (A) Representative graphs are shown for
CD14"CD86"CD206/CD14"CD867CD206" flow cytometry gating strategies. Cell

proportions, as a percentage of total CD14" cell count, are shown for (B)
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CD14"CD86"CD206" cells and (C) CD14*CD86"CD206" cells. (D) M1/M2 ratio of
macrophage populations for NGT and GDM participants. The Mann-Whitney U test

was used to compare cell proportion differences between groups.

4.3.3 Generation of mitochondrial superoxide by placental macrophages is
significantly increased in GDM

Mitochondrial dysfunction has previously been reported in placental tissue in GDM,
with reduced respiratory capacity, increased SOD activity and reduced citrate
synthase activity (346). To investigate if the placental M1-like and M2-like
macrophage populations identified in Figure 4.3 contribute to mitochondrial
dysfunction, mitochondrial-specific superoxide production was measured in
macrophage populations in NGT and GDM participants by flow cytometry.
Macrophages (defined as CD14%), M1-like macrophages (CD14"CD86"CD206°) and
M2-like macrophages (CD14*CD86"CD206%) were analysed for mitochondria-

specific superoxide production (MitoTracker'MitoSOX") (Figure 4.4A).

Both CD14*MitoSOX™* cells (24.7% [15.77, 29.66] vs. 35.35% [23.74, 70.84],
p=0.02) (Figure 4.4B) and M1-like macrophages CD14*CD86"CD206 MitoSOX"*
cells (22.85% [14.6, 29.92] vs. 33.35% [20.83, 69.67], p=0.03) (Figure 4.4C) had
increased production of mitochondrial superoxide in GDM placental tissue. There
was no significant difference in mitochondrial superoxide production in M2-like
macrophages CD14*CD86"CD206*"MitoSOX™ cells (53.7% [29.7, 63.98] vs. 57.15%
[46.53, 84.4], p=0.13) (Figure 4.4D) between study groups. This data demonstrates
that the hyperglycaemic placental microenvironment in GDM increases macrophage
mROS production, specifically in the pro-inflammatory M1-like phenotype, which

may influence placental inflammation in GDM.
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Figure 4.4. Increased mitochondrial superoxide production in CD14* and
CD14*CD86*CD206" placental macrophages in GDM. Mitochondrial superoxide
production was quantified in placental macrophage populations in NGT (n=10) and
GDM (n=8). (A) Representative graphs are shown for MitoTracker*MitoSOX™* flow
cytometry gating strategies. Population frequencies are shown for (B)
CD14*MitoSOX" cells, (C) M1-lke CD14*CD86"CD206 MitoSOX™ cells, (D) M2-
like CD14"CD86"CD206*MitoSOX™ cells. The Mann-Whitney U test was used to
compare cell proportion differences between groups. Significance levels are shown

as: * p<0.05.

4.3.4. Pervasive oxidative damage is not evident in placental tissue in GDM
Given that placental macrophages produce increased mitochondrial superoxide, we
then investigated if placental oxidative damage was prevalent throughout placental
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tissue in GDM. 8-hydroxy-2-deoxy Guanosine (8-OHdG) is a product of oxidative
stress-induced DNA damage resulting from increased reactive oxygen and nitrogen
species (430). Increased placental production of 8-OHdG has been associated with
pregnancy-induced hypertension (PIH) and lower gestational age at delivery (431).
However, there were no significant differences in placental secretion of 8-OHdG in
NGT compared to GDM (6.14ng/ml [3.29, 15.25] vs. 6.4ng/ml [4.2, 9.04], p=0.68)

(Figure 4.5).
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Figure 4.5. Oxidative stress-induced damage is not increased in placental tissue
in GDM. 8-OHdG were measured in the supernatant of NGT (n=10) and GDM
(n=10) placental explant cultures. Mann-Whitney U test was used to compare 8-

OHdG levels differences between cohort groups.

4.3.5 Placental-derived mediators do not trigger TLR-9 activation
Mitochondrial dysfunction can result in the release of mtDNA which may induce
inflammation by activating the TLR-9 pathway (432). Placental-derived cf-mtDNA
has been implicated in systemic maternal TLR-9 activation and subsequent vascular

dysfunction in PE (433). As we have established that cf-mtDNA is significantly
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increased in maternal plasma in GDM in Chapter 2 and given that approximately 5-
20% of circulating cf-DNA is derived from the placenta, we investigated if
placental-derived mitochondrial mediators directly activate the TLR-9 receptor.
HEK-TLRO cells were incubated with 5% placental explant supernatant from NGT
and GDM. Similar to Figure 2.6G, there was equally no significant difference in
TLR-9 activation between study groups (1.11 [0.87, 1.59] vs. 1.31 [0.92, 1.58],

p=0.97) (Figure 4.6).
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Figure 4.6. Placental derived mediators do not alter TLR9-induced
inflammatory signalling in GDM. HEK-TLR9 activation was measured in
response to incubation with 5% placental explant supernatant from NGT (n=10) and
GDM (n=10). Mann-Whitney U test was used to compare the mean of TLR-9

activation between groups.
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4.3.6 Placental expression of NLRP3 inflammasome cascade members are not
altered in GDM

An alternative pathway by which mitochondrial dysfunction may incite
inflammation is via mROS activation of the NLRP3 inflammasome. Activation of
the NLRP3 inflammasome, particularly in macrophages, leads to exaggerated local
and systemic inflammation, specifically the increased production of pro-
inflammatory cytokines IL-1p and IL-18 (434). Recent in vivo murine studies have
shown that obesity-induced NLRP3 activation, with subsequent increases in IL-13

and 1L-18 cytokines, impairs insulin sensitivity and glucose homeostasis (435).

To investigate if the increased production of mROS by endogenous and infiltrating
macrophages in placental tissue activates the NLRP3 inflammasome in GDM,
protein expression of members of the inflammasome cascade, namely NLRP3, ASC
and pro-caspase-1, were measured in maternal age and BMI-matched NGT and
GDM placental tissue (Figure 4.7A). Densitometric analysis showed no significant
difference in NLRP3 (0.079 [0.05, 0.11] vs. 0.072 [0.04, 0.12], p=0.74) (Figure
4.7B), ASC (0.24 [0.13, 0.74] vs. 0.36 [0.21, 0.63], p=0.64) (Figure 4.7C) or pro-
capsase-1 (0.04 [0.02, 0.06] vs. 0.043 [0.03, 0.05], p=0.74) (Figure 4.7D) protein

expression between NGT and GDM placental tissue.
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Figure 4.7. Placental expression of the NLRP3 inflammasome cascade in GDM.
(A) Representative images of NLRP3, ASC and pro-caspase-1 protein expression as
measured by Western blotting in placental tissue from NGT (n=8) and GDM (n=8),
matched by maternal age and BMI. Densitometric analysis was used to quantify
expression of (B) NLRP3, (C) ASC and (D) pro-capsase-1, with expression
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normalised to GAPDH. Wilcoxon matched-pairs signed rank test was used to

compare matched samples.

4.3.7 Increased placental production of IL-18, a NLRP3-related cytokine, in
GDM

Activation of the NLRP3 inflammasome increases secretion of pro-inflammatory
cytokines IL-1p and IL-18 (413). We next determined the placental production of IL-
18 and IL-1p cytokines in explant culture supernatants from both study groups.
While there was no significant increase in IL-1p (939.7pg/ml [443.8, 1221.0] vs.
336.2pg/ml [117.0, 1170], p=0.28) (Figure 4.8A), I1L-18 (127.9pg/ml [89.75, 171.7]
vs. 65.15pg/ml [39.84, 111.1], p=0.04) (Figure 4.8B) was significantly increased in
placental supernatants in GDM relative to NGT. To determine if the placental
increase in IL-18 in GDM was mediated via the NLRP3 inflammasome, GDM
placental explants were treated with 1uM MCC950 (a direct inhibitor of the NLRP3
inflammasome). MCC950 significantly reduced the secretion of IL-1p (252.8pg/ml
[144.1, 333.3] vs. 183.7pg/ml [81.25, 271.1], p=0.005) (Figure 4.8C) and IL-18
(13.95pg/ml [11.23, 20.76] vs. 8.12pg/ml [6.44, 10.13], p=0.0005) (Figure 4.8D) in
GDM nplacental tissue explant cultures. Although placental expression of the NLRP3
inflammasome cascade is not altered in GDM (Figure 4.6), there is significantly
higher levels of NLRP3-mediated IL-18 secretion from GDM placental tissue. This
somewhat conflicting evidence may indicate that despite the lack of a significant
induction of members of the NLRP3 inflammasome cascade, a threshold for
activation appears to have been achieved which resulted in increased IL-18 release

from GDM placental tissue.
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Figure 4.8. Placental secretion of NLRP3-related cytokines IL-1f and IL-18.
(A) IL-1B and (B) IL-18 levels were quantified in placental explant culture
supernatant from NGT (n=10) and GDM (n=10) participants. GDM placental
explants (n=12) were treated with 1uM MCC950 for 24 hours. Placental secretion of
(C) IL-1p and (D) IL-18 was quantified. The Mann-Whitney U test was used to
compare cytokine level differences between study groups. Wilcoxon matched-pairs
signed rank test was used to compare treatment groups. Data was normalized to
tissue weight. Grubb’s test was used to remove statistical outliers from figure A and

B. Significance levels are shown as: * p<0.05, ** p<0.01, *** p<0.001.
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4.3.8 ERG significantly attenuates NLRP3-related cytokine release from
placental tissue in GDM

It has previously been shown that antioxidant therapy can reduce NLRP3-mediated
inflammation, through alleviating excessive mitochondrial dysfunction and
subsequent ROS generation (436). Given the increase in placental mROS production
and IL-18 release in GDM, we examined the effect of mitochondrial antioxidants on
NLRP3-related cytokine production in GDM placental explants. ERG (1mM)
significantly reduced both I1L-18 (10.06pg/ml [7.75, 14.81] vs. 13.95pg/ml [11.23,
20.76], p=0.007) (Figure 4.9A) and IL-1B (215.9pg/ml [112.1, 297.7] vs.
252.8pg/ml [144.1, 333.3], p=0.04) (Figure 4.9B) in GDM placental tissue explants.
However, MitoQ (1uM) did not significantly alter the production of either IL-18
(13.51pg/ml [10.81, 21.27] vs. 11.62pg/ml [9.49, 17.07], p=0.20) or IL-1B
(241.7pg/ml [147.3, 366.1] vs. 232.0pg/ml [116.5, 285.6], p=0.09), relative to

DMSO control in GDM placental tissue explants.
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Figure 4.9. ERG dampens placental production of pro-inflammatory cytokines
IL-18 and IL-1p in GDM. GDM placental explant tissue cultures (n=12) were
treated with 1uM MitoQ and 1mM ERG for 24 hours. Placental secretion of (A) IL-

18 and (B) IL-1p was quantified. Wilcoxon matched-pairs signed rank test was used
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to compare treatment groups. Data was normalized to tissue weight. Significance

levels are shown as: * p<0.05, ** p<0.01.

4.3.9 Omental expression of NLRP3 inflammasome cascade members are not
altered in GDM

Given the evidence that activation of the NLRP3 inflammasome cascade can equally
disrupt insulin signalling and induce insulin resistance in VAT in T2DM (435), we
next elucidated if NLRP3 inflammasome cascade expression was altered in GDM.
Expression of NLRP3, ASC and pro-caspase-1 were measured in maternal age and
BMI-matched visceral omental tissue from NGT and GDM participants (Figure
4.10A). Densitometric analysis showed no significant difference in protein
expression of NLRP3 (0.22 [0.03, 0.53] vs. 0.19 [0.06, 0.57], p=0.74) (Figure
4.10B), ASC (0.26 [0.13, 0.73] vs. 0.3 [0.22, 0.46], p=0.84) (Figure 4.10C) or pro-
caspase-1 (0.61 [0.38, 0.78] vs. 0.63 [0.38, 0.89], p=0.95) (Figure 4.10D) between

NGT and GDM omental tissue.
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Figure 4.10. Expression of the NLRP3 inflammasome cascade in adipose tissue

in GDM. (A) Representative images of NLRP3, ASC and pro-caspase-1 protein

expression as measured by Western blotting in omental tissue from NGT (n=8)

relative to GDM (n=8), matched by maternal age and BMI. Densitometric analysis

was used to quantify expression levels of (B) NLRP3, (C) ASC and (D) pro-caspase-
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1, with expression normalised to GAPDH. Wilcoxon matched-pairs signed rank test

was used to compare matched samples.

4.3.10 Circulating and omental production of NLRP3-related cytokines IL-1p
and IL-18 are not significantly increased in GDM

To investigate if the localised placental increase in NLRP3-related cytokines was
mirrored systemically in circulation and locally in VAT, IL-18 and IL-1[3 were
measured in serum and omental adipose tissue explant cultures. These cytokine
levels were measured as part of the panel of 13 inflammatory cytokines described in
Chapter 2 and 3. As described previously, there were no significant differences in
circulating 1L-18 (978.7pg/ml + 514.5pg/ml vs. 847.6pg/ml £ 407.4pg/ml, p=0.39)
(Figure 4.11A) or IL-1B (29.0pg/ml £ 25.7pg/ml vs. 21.8pg/ml £ 16.0pg/ml, p=0.33)
(Figure 4.11B) in NGT compared to GDM. Furthermore, there was also no
significant increase in 1L-18 (244.7pg/ml [137.4, 306.7] vs. 286.4pg/ml [195.9,
494.3], p=0.35) (Figure 4.11C) or IL-1p (242.5pg/ml [134.8, 354.3] vs. 293.9pg/ml
[178.6, 507.3], p=0.32) (Figure 4.11D) in omental adipose tissue explants between
study groups. Overall, these results suggest that NLRP3-related inflammation is

localised specifically to the placenta in GDM.
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Figure 4.11. Circulating and omental production of NLRP3-related cytokines
IL-18 and IL-1p. (A) IL-18 and (B) IL-1p levels were quantified in fasting serum
samples from healthy NGT (n=20) and GDM (n=20) participants. (C) IL-18 and (D)
IL-1PB levels were quantified in omental explant culture supernatant from healthy
NGT (n=10) and GDM (n=10) participants. Student's t-test was used to compare
cytokine level differences between serum groups. The Mann-Whitney U test was
used to compare cytokine level differences between omental explant groups. Grubb’s

test was used to remove statistical outliers from figure A and B.

4.3.11 Placental inflammation is significantly increased in GDM
Placental macrophages, particularly the M1-like population, substantially contribute

to placental inflammation and generally increase in number as pregnancy progresses
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(437). Although there was no significant increase in M1-like cells in GDM, this
macrophage population produced significantly more mROS, which may impact their
production of pro-inflammatory cytokines in the placental microenvironment.
Furthermore, we have also provided evidence of systemic inflammation in GDM in
Chapter 2, which may include a placental contribution. Using placental tissue
explant cultures, 11 key cytokines, in addition to IL-1pB (Figure 4.8A) and IL-18
(Figure 4.8B), were measured in NGT and GDM participants (Table 4.1). In

addition to the increase in the placental production of IL-18 in Figure 4.8B, these

findings provide further evidence of placental inflammation in GDM, with

significantly elevated placental secretion of IL-6 and TNF-o.

Table 4.1. Placental tissue levels of pro-inflammatory cytokines in NGT and

GDM participants.

Cytokine | NGT (Median [95% GDM (Median [95% | P value
C1])(pg/ml) CI])(pg/ml)
IL-6 17476 [10855, 33246] | 44108 [27361, 80054] | 0.028
TNF-a 11.35[3.4, 16.97] 35.08 [17.96, 86.7] 0.008
IL-17A 1.4 [0.45, 2.48] 2.19[0.22, 6.3] 0.57
IL-12p70 | 20.25 [9.35, 25.44] 22.31 [15.64, 43.1] 0.27
MCP-1 2739 [1469, 5086] 2873 [1979, 4900] 0.60
IFN-02 5.48 [3.6, 8.8] 10.21 [6.46, 17.36] 0.05
IL-23 17.09 [7.22, 38.92] 42.06 [21.17, 71.98] 0.11
IL-10 53.28 [26.16, 107.0] 102.4 [51.07, 129.0] 0.37
IFN-y Not detected Not detected N/A
IL-8 59485 [23292, 108694] | 64632 [41631, 112534] | 0.4
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Figure 4.11. Increase in pro-inflammatory cytokines IL-6 and TNF-a in

placental tissue in GDM. (A) IL-6, (B) TNF-a, (C) IL-8, IL-12p70, IFN-02, IL-

17A, MCP-1, IL-10 and IL-23 levels were quantified in placental explant culture

supernatants from NGT (n=10) and GDM (n=10) participants. The Mann-Whitney U

test was used to compare cytokine levels. Grubb’s test was used to remove statistical

outliers from figure A, B and C. The Benjamini—-Hochberg method with a false
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discovery rate of 20% was used for multiple hypothesis testing. Corrected

significance levels are shown as: * p<0.03.

4.3.12 Dysregulation in placental adipokine production in GDM

In additional to inflammatory cytokines, adipokines and/or their receptors are
expressed in placental tissue and contribute to the development of maternal insulin
resistance (438). Additionally, in Chapter 2, we provided evidence of a significant
reduction in the systemic levels of adiponectin in GDM participants. Four adipokines
(leptin, adiponectin, resistin and adipsin) were measured in placental tissue explants
from both study groups. Compared to NGT, there was a significant reduction in
leptin (0.65ng/ml [0.31, 1.3] vs. 0.26ng/ml [0.11, 0.47], p=0.046) (Figure 4.12A)
and a significant increase in adipsin (28.25ng/ml [25.35, 33.52] vs. 36.61ng/ml
[31.15, 44.38], p=0.028) (Figure 4.12B) in GDM participants. There were no
significant differences in the placental production of either adiponectin (0.57ug/ml
[0.39, 1.07] vs. 0.65ug/ml [0.46, 0.89], p=0.905) (Figure 4.12C) or resistin
(2.44ng/ml [1.02, 5.84] vs. 2.28ng/ml [1.02, 3.0], p=0.515) (Figure 4.12D) between

study groups.
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Figure 4.12. Placental adipokine dysregulation in GDM. Adipokine levels of (A)
leptin, (B) adipsin, (C) adiponectin and (D) resistin were measured in placental
tissue explants from NGT (n=10) and GDM (n=10). The Mann-Whitney U test was
used to compare differences between groups. Grubb’s test was used to remove
statistical outliers from figure A, B, C and D. Significance levels are shown as: *

p<0.05.
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4.4 Discussion

In this chapter, we focus on how the placental microenvironment and placental-
derived mediators influence systemic metabolic dysfunction in GDM. Primarily, we
examined whether mitochondrial dysfunction induces placental inflammation by
activating the TLR-9 and/or the NLRP3 inflammasome. In this study, we provide
evidence that endogenous and infiltrating placental M1-like macrophages produce
significantly increased levels of mitochondrial superoxide in GDM. Furthermore, we
showed that increased placental inflammation in GDM is instigated in part by a
specific subset of pro-inflammatory cytokines and adipokines. We also determined
that the NLRP3 inflammasome may play a regulatory role in the cross-talk between
mROS and placental inflammation in GDM. Finally, this study identified that

mitochondrial antioxidants ameliorate placental inflammation in GDM.

Initially, we explored placental morphology in study participants. The main
structural unit of the placenta are placental villi, which are essential for the exchange
of oxygen and nutrients (136). In agreement with previous findings, villous
immaturity characterised by a higher intermediate to terminal villi ratio was evident
in placental tissue from GDM pregnancies compared to NGT pregnancies. These
morphological changes are believed to stem from a hyperglycaemic and
hyperinsulinaemic environment, which promotes excessive tissue growth at the
expense of sufficient villous maturation (143). This placental pathology equally
reduces the efficiency of maternal-fetal exchange and increases the risk of stillbirth,
particularly in the third trimester (144). Hyperglycaemia, and a concurrent glucose
stress response, induces ROS generation and oxidative stress through an osmotic
effect on cells, which can offset endothelial dysfunction and microvascular

insufficiency, as is evident in GDM placental terminal villi (439, 440).

178



To investigate if the hyperglycaemic milieu of GDM pregnancies results in localised
placental oxidative damage, secretion of 8-OHdG was quantified in placental explant
cultures. 8-OHdG is a marker of oxidative damage to DNA and has been frequently
used for quantifying the extent of localised oxidative stress (430). In our study
cohort, there was no significant difference in the release of 8-OHdG from NGT and

GDM-complicated placental tissue.

Placental tissue macrophages are important homeostatic regulators of the placenta
milieu, as well as providing host defence again infections. Recent findings have
shown an increase in macrophage activation in GDM. This is largely defined by an
increase in the surface expression of CD163 and increased secretion of sSCD163, with
ambiguous results on functionality and M1/M2 polarity (214, 260-263). Additionally
certain pathologies may trigger a phenotypical switch towards pro-inflammatory M1
macrophage polarisation in HBCs (283). In this study, we assessed the abundance of
endogenous and infiltrating CD14*CD86*CD206™ (M1-like) and
CD147CD86"CD206"* (M2-like) macrophage cells in placental tissue. We found no
differences in the abundance of either population or in M1/M2 polarity ratio,
between study groups. These findings are similar to the characterisation of these
monocyte/macrophage populations in maternal circulation in GDM, where there
were equally no changes in macrophage abundance but there was an overall increase

in production of systemic inflammatory mediators.

Maternal hyperglycaemia has a significant impact on placental metabolism and
mitochondrial function. Cytotrophoblasts isolated from GDM placental tissue
samples show reduced oxidative phosphorylation, maximal mitochondrial
respiratory capacity, lower ATP content and larger and more numerous lipid droplets
(441). Furthermore, in vitro evidence has demonstrated that a hyperglycaemic
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microenvironment can induce placental mitochondrial dysfunction and mROS
generation (175). In the current study, we observed that in GDM the pro-
inflammatory M1-like (CD14*CD86*CD206°) macrophage population in the

placenta produce significantly increased levels of mitochondrial superoxide.

Mitochondria are critical regulators of macrophage activity and survival. Excessive
intracellular production of mROS in macrophages can induce pro-inflammatory gene
expression, cytokine production and DNA damage, potentially increasing mtDNA
damage and secretion (442, 443). Our findings demonstrate that, due to the
pathological conditions of GDM, placental macrophages are under significant
mitochondrial-derived oxidative stress and may be activated to promote a pro-
inflammatory response. It has previously been established that mtDNA released from
distressed mitochondria can induce inflammation by activating the TLR-9 receptor
on the endosomal surface. Given that placental mROS generation may instigate
mtDNA release, we subsequently explored if placental-derived mediators released
into explant supernatant activated the TLR-9 receptor in GDM. However, no
difference was noted between the extent of TLR-9 activation induced by placental-
derived mediators from either study group. The lack of TLR-9 activation in GDM is
similar to the outcome seen with plasma mediators in Chapter 2. This would suggest
that, in GDM, TLR-9 is not involved in mediating the intersection between

mitochondrial dysfunction and inflammation.

Another potential nexus between mROS and inflammation is the NLRP3
inflammasome, which is predominantly expressed in macrophages. The NLRP3
inflammasome can be activated by a variety of endogenous DAMPs, such as mtDNA
and mROS (15). NLRP3-mediated inflammation is particularly important in diabetic
pathology, as activation of this inflammatory cascade drives vascular dysfunction in
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T1DM, B-cell damage and obesity-induced insulin resistance in VAT in T2DM (435,
444, 445). Initially, the expression of members of the NLRP3 cascade, namely
NLRP3, ASC and pro-caspase-1 were analysed. In the placenta, there were no
significant GDM-mediated changes in protein expression of NLRP3, ASC or pro-
caspase-1. We also examined the expression of these cascade components in VAT in
GDM and NGT participants. Similar to the placenta, there were no significant GDM-
mediated changes in protein expression of the NLRP3 signalling components in
VAT between study groups. It is important to note that cleaved caspase-1 (20 kDa)
was unfortunately not detectable in our tissue lysates using various antibodies, and
hence only uncleaved pro-caspase-1 (~48 kDa) was detected and quantified. Cleaved
caspase-1 is the critical final step which regulates the cleavage of pro-forms of

inflammatory cytokines IL-1B and IL-18.

NLRP3 inflammasome activation leads to cellular pyroptosis and the release of pro-
inflammatory cytokines IL-1p and IL-18. As we were unable to quantify cleaved
caspase-1 expression in our study groups, we measured the secretion of these
cytokines from both placental and omental explant cultures, and well as in the
maternal circulation. Although there were no changes in NLRP3-related cytokines
IL-18 and IL-1p in both the maternal circulation or locally in VAT between study
groups, IL-18 was significantly increased in GDM placental explants compared to
NGT. To elucidate if the placental increase in 1L-18 was directly related to NLRP3
inflammasome, placental explant cultures were treated with MCC950. This selective
small molecule inhibitor of the NLRP3 inflammasome prevents active structural
conformation, NLRP3-induced ASC oligomerization and caspase-1 cleavage (446).

MCC950 significantly attenuated IL-18 and IL-1f release from GDM placental
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tissue, confirming a possible role of the NLRP3 pathway in regulating IL-18 release

in GDM.

While we suggest that the increased mROS production by placental M1-like
macrophages is the dominant instigator of NLRP3-induced IL-18, another
alternative, or co-existing, orchestrator may due to the effect of the hyperglycaemic
microenvironment. In vitro evidence has shown that elevated glucose can induce
NLRP3 activation in vascular endothelial cells, with increased IL-1p and 1L-18

MRNA expression (447).

We hypothesized that mitochondrial antioxidant therapy may be a potential avenue
to ameliorate placental inflammation driven by mitochondrial dysfunction. Using
two mitochondrial antioxidants, GDM placental explants were treated with either
MitoQ or ERG. Our lab has previously established that treating a preclinical model
of PE with ERG increased placental expression of the mitochondrial orchestrator
peroxisome proliferator-activated receptor-y coactivator 1o (PGC-1a), mitochondrial
ROS-detoxifying enzyme uncoupling protein 1 (UCP-1) and nuclear factor erythroid
2—related factor 2 (Nrf2), a regulator of antioxidant gene expression. Furthermore,
ERG also reduced mitochondria-specific H2O. production in vivo in this preclinical
model (448). This evidence demonstrated that ERG has the potential to treat
placental dysfunction by specifically targeting mitochondrial health and mROS
generation. Our ex vivo findings suggest that ERG antioxidant activity can also
suppress placental production of NLRP3-related pro-inflammatory cytokines, IL-13
and 1L-18, in GDM through the inhibition of MROS production, and may be a
therapeutic option to reduce GDM-mediated placental inflammation Previous
pharmacokinetic studies idenitfied that administration of 25mg/day of pure ERG,
without pharmaceutical modification, elevates human plasma concentrations to >
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0.3mM (449), hence our ex vivo treatment of 1ImM ERG represents a clinically

relevant therapeutic model.

In order to examine if additional mediators of local placental inflammation were
evident in GDM, a panel of cytokines was measured in placental explant cultures.
Both IL-6 and TNF-a, pro-inflammatory cytokines predominantly secreted by T cells
and macrophages, were significantly increased in placental explants in GDM. This is
in agreement with previous work, which also identified similar increases in placental
production of these cytokines in GDM (450). Furthermore, induction of systemic
inflammation in pregnant C57BL/6J mice resulted in a significant increase in both
placental IL-6 and TNF-a expression. This placental inflammation was maternally
driven and may have been mediated by the activation of uterine NK cells,
granulocytes and macrophages (451). These findings could be translated to our study
as we have provided evidence of systemic chronic low-grade inflammation in
maternal circulation in GDM, which equally may be responsible for promoting local
placental inflammation. Furthermore, IL-6 was also increased in maternal plasma in
GDM nparticipants, demonstrating a potential correlation between placental and
circulating levels of these inflammatory mediators. Both IL-6 and TNF-a cytokines
promote increased insulin resistance, further orchestrating systemic diabetic
pathology (452-454). This evidence suggests that placental inflammation contributes
to GDM pathology. Furthermore, this is the first study to characterize this quantity of
secreted inflammatory cytokines from GDM placenta, particularly in a multi-organ

clinical scenario.

Finally, we explored the contribution of placental adipokines, namely adiponectin,
leptin, resistin and adipsin, to the pathophysiology of GDM. We previously
identified significantly lower levels of circulating adiponectin in our GDM
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participants. At a placental level, there was no change in adiponectin, but placental
leptin was significantly reduced while placental production of adipsin was
significantly increased in GDM. Despite some conflicting evidence regarding the
regulation of leptin, elevated placental leptin expression is predominantly reported in
GDM and may be associated with increased placental production of 1L-6 and TNF-a
(98, 455, 456). As such, our findings are contrary to those from previous research.
As insulin and leptin receptors share common signalling pathways, including MAPK
and PI3K, Pérez-Pérez et al. established that increased activation of leptin and
insulin receptors in GDM placental tissue had a positive cross-talk effect on these
shared signalling pathways. However, they equally established that placental leptin
signalling was inhibited by in vitro stimulation with insulin and leptin (109). These
findings show that a negative feedback mechanism exists in leptin signalling when
elevated insulin or leptin levels are present. In our study, systemic insulin levels
were significantly increased in our GDM cohort, which may in part be responsible

for downregulation of placental leptin release, particularly in term placental tissue.

Although no previous studies have examined the placental secretion of adipsin in
GDM, higher circulating levels have been reported in women with GDM (118).
Additionally, increased placental secretion of adipsin has been observed in pregnant
obese women (112, 457). In terms of a potential role in GDM, increased peripheral
insulin resistance seen in late gestation is associated with increased circulating
adipsin/acylation-stimulating protein (ASP) levels (458). Adipsin promotes lipid
storage in adipose tissue via the formation of ASP, hence increased placental release
of adipsin may be a homeostatic response to enhance triglyceride storage in

conditions of impaired insulin sensitivity.
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The strengths of this study include strict participant exclusion criteria and consistent
sample collection methods. Limitations of this study include its cross-sectional
nature. Also, it is a single site study that recruited a predominantly white Irish
cohort, thereby limiting the extrapolation of our findings to other clinical settings or
ethnicities. Overall, this study provided evidence of placental dysfunction and
increased placental inflammation, partly orchestrated by elevated mitochondrial
superoxide production by M1-like macrophages. Finally, we demonstrated that
antioxidants which neutralize the pathogenic effects of mROS can reduce placental

inflammation in GDM.
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4.5 Conclusion

The important metabolic role of the placenta in the pathophysiology of GDM, and
the subsequent effect on maternal and fetal outcomes, cannot be underestimated.
Firstly, this study confirms that placental villous immaturity is the dominant
morphological feature in GDM. This structural defect may be a result of systemic
insulin resistance and hyperglycaemia, resulting in pathological placental
insufficiency in GDM. This study shows for the first time that aberrant
mitochondrial dysfunction is evident in placental CD14" and M1-like macrophages
in GDM. Furthermore, the increase in mROS stimulates a macrophage-mediated
inflammatory response, which may be regulated by the NLPR3 inflammasome.
Further evidence of immune and metabolic dysregulation in placental tissue in GDM
was provided with increased placental production of IL-18, IL-6, TNF-a and adipsin.
The increase in placental inflammation may equally contribute to systemic
inflammation and insulin resistance evident in our GDM cohort. Finally, it was
demonstrated that directly targeting mROS production with ERG dampens placental
inflammation in GDM, identifying a potential therapeutic role for this nutraceutical

antioxidant.
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Supplementary material related to Chapter 4
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Figure S4.1. Placental tissue protein expression of NLRP3, ASC and pro-caspase-1
was compared in NGT placenta (n=8) relative to GDM placenta (n=8) matched by
maternal age and BMI. Matched pairs were loaded adjacent to each other over two

separate blots (A + B).

NGT GDM NGT GDM NGT GDM NGT GDM

W . ‘

| *— NLRP3(85kDa)

<+— ASC (dimer) (46kDa)

<4+— Pro-caspase-1 (48kDa)

<+— GAPDH (36kDa)

188



NGT GDM NGT GDM NGT GDM NGT GDM

— — —— o g— <“—  NLRP3 (85kDa)

NSl e e e ey |+ ASC(dimer) (46KkDa)

M — — — W | € Pro-caspase-1 (48kDa)

w +— GAPDH (36kDa)

Figure S4.2. Omental tissue protein expression of NLRP3, ASC and pro-caspase-1

was compared in NGT adipose tissue (n=8) relative to GDM adipose tissue (n=8),
matched by maternal age and BMI. Matched pairs were loaded adjacent to each other

over two separate blots (A + B).
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Chapter 5

Investigating adipose-placental

cross-talk in mediating the

pathophysiology of GDM

In the previous three chapters we have characterised substantial meta-inflammation
in GDM, both peripherally and locally in omental VAT and placental tissue, linking
tissue-mediated inflammation and metabolic insufficiency to systemic insulin
resistance. This chapter will investigate the intersection of adipose-placental
signalling in mediating GDM pathology. Using in vitro cellular models, this chapter
will interrogate if the metabolic-inflammatory interactions evident in Chapters 3 and
4 are involved in a mutually dependent regulatory system. Our hypothesis is that
experimental findings will potentially uncover a bidirectional relationship between
adipose and placental tissue signalling, providing evidence of inter-organ

communication which may exacerbate GDM pathology.
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Abstract

Background

During a healthy pregnancy, the placental secretome plays a crucial role in
promoting healthy maternal adaptation, through the release of hormones and other
metabolic mediators. The discovery that insulin receptors and adipokine production,
key players in insulin regulation, are active in the placenta suggests potential
placenta-adipose communication. Both tissues provide sources of inflammatory
mediators, emphasising the role of the immune-metabolic network in pregnancy. In
this chapter we tested our hypothesis that inter-organ signalling between adipose and
placental tissue in GDM may contribute to local tissue metabolic dysregulation, and

subsequently to systemic meta-inflammation, as characterised in the earlier chapters.

Methods

Placental and omental tissue was collected from nulliparous women with normal
glucose tolerant (NGT) pregnancies and women diagnosed with GDM post-elective
caesarean section. Placental and omental explants from GDM (n=10) and NGT
(n=10) participants were cultured for 24 hours and supernatant collected for in vitro
culture assays. Primary omental preadipocyte differentiation was assessed with the
AdipoRed fluorescent assay following treatment with 5% placental explant
conditioned supernatant. Adipocyte lipid depletion in mature omental adipocytes was
measured with the AdipoRed fluorescent assay. Glucose uptake was measured with a
Glucose Uptake-Glo luminescence assay and mitochondrial-specific superoxide
production was determined using MitoSOX/MitoTracker fluorescent staining in
mature omental adipocytes following treatment with 5% placental explant

conditioned supernatant. Immunoblotting was used to quantify adipocyte expression
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of IGFBP-3, IGFBP-4, IRS-1 and phospho-IRS-1(ser312). Mitochondrial-specific
superoxide production using MitoSOX/MitoTracker fluorescent staining was
measured in the HTR8/SVneo trophoblast cell line following exposure to 5%
omental explant conditioned supernatant. Finally, placental production of
inflammatory mediators (IL-1p, IFN-02, IFN-y, TNF-a, MCP-1, IL-6, IL-8, IL-10,
IL-12p70, IL-17A, IL-18, IL-23, IL-33) were measured in the HTR8/SVneo
trophoblast cell line following exposure to 5% omental explant conditioned

supernatant by multiplex ELISA.

Results

In this study, there was no evidence of a placental-mediated effect on adipogenesis in
primary preadipocytes following exposure to 5% placental explant conditioned
supernatant from NGT and GDM. However, treatment with GDM placental
supernatant promoted a significant increase in preadipocyte differentiation capacity
relative to untreated culture (p=0.01), which was not evident with NGT supernatant
treatment (p=0.14). There was no significant difference in protein expression of
IGFBP-3 (p=1.00) or IGFBP-4 (p=0.89) in mature adipocytes following treatment
with GDM and NGT placental supernatant. Furthermore, there were no significant
differences in adipocyte IC lipid content (p=0.12), glucose uptake capacity (p=0.95),
protein expression of IRS-1 (p=0.89) or phospho-IRS-1(ser312)/IRS-1 (p=0.89), or
mitochondrial-specific superoxide production (p=0.51) in mature adipocytes
following treatment with GDM and NGT placental supernatant. Finally, there were
no significant differences in placental mitochondrial-specific superoxide production
(p=0.15) or inflammatory cytokine production in HTR8 trophoblasts following

treatment with GDM and NGT omental supernatant.
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Conclusion

This study looked at the potential intersection of communication between the
placental and adipose tissue in the development of GDM. Treatment with placental
supernatant from GDM pregnancies did not significantly affect adipogenesis of
omental preadipocytes or have a significant functional impact on mature omental
adipocytes in terms of glucose uptake or mROS production. Furthermore, co-culture
of placental trophoblasts with supernatant from omental VAT from GDM
pregnancies did not significantly affect their mitochondrial or inflammatory profile.
While these findings suggest a lack of direct in vitro communication between the
placenta and visceral adipose tissue in GDM, indirect effects of each metabolic

organ, mediated in part by systemic circulating mediators, cannot be ruled out.
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5.1 Introduction

During healthy pregnancy the placental secretome is vital for maintaining a healthy
maternal adaption, orchestrated by the release of placental hormones and other
endocrine mediators. The placenta is a substantial source of circulating leptin, which
coordinates communication with AT during pregnancy. In healthy pregnancy,
placental leptin promotes endocrine-mediated alterations in energy balance including
the mobilization of maternal fat, which occurs during the second half of pregnancy
(459). However, altered leptin secretion can have deleterious effects on distal
maternal organs including the maternal VAT depots. While elevated leptin levels can
increase the production of adipogenesis and lipogenesis proteins in preadipocytes, it
can also induce a pro-inflammatory cytokine profile with elevated TNF-o and IL-6,
and reduced IL-10 production in VAT (460). Placental dysfunction leads to aberrant
local and systemic adaptions to pregnancy and is a prominent cause of obstetric

complications such as PE, IUGR and GDM.

Napso et al. recently established a comprehensive secretome map of the placenta and
found 18 secreted placental proteins that were specifically altered in women with
GDM. One of these proteins, soluble fms-like tyrosine kinase-1 (sFlt-1), was
significantly increased in maternal circulation of women who developed GDM. SFlt-
1 has been shown to cause systemic maternal vascular pathology and immune
dysregulation in obstetric complications (461, 462). This increase in sFlt-1 was
evident as early as 12 weeks’ gestation, proving that placental mediators have a
profound effect on the development of GDM (463). Another potential mechanism of
placental signalling may be via placenta-derived exosomes (PdEs), which facilitate
the transportation of signalling motifs to other maternal organs. A recent prospective

cohort study found that the concentration of PdES in maternal plasma was
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significantly higher in GDM pregnancies compared to normoglycaemic pregnancies.
Furthermore, GDM-derived placental exosomes significantly increased the release of
granulocyte macrophage colony-stimulating factor (GM-CSF), IL-4, IL-6, IL-8, IFN-
v, TNF-a from endothelial cells, relative to PAdEs from NGT pregnancies (464).
These findings are supported by Rice et al. who found that hyperglycaemic
conditions significantly increased the release of exosomes from first trimester
primary trophoblast cells (465). Therefore, dysregulated placental signalling can
substantially impact the maternal physiological response during pregnancy,

stimulating metabolic imbalances and adverse maternal outcomes.

Inversely, an increase in maternal adiposity and adipocyte dysregulation, key factors
in GDM pathophysiology, have been linked to placental dysfunction through
increased lipid accumulation, inflammation and oxidative stress (466). Placental
tissue of obese women had 17.5% more lipid content than that of lean women and
had increased expression of PPAR-y and acetyl-CoA carboxylase, key regulators of
fatty acid (FA) esterification. A reduction in lipid transport intermediates,
specifically acylcarnitines, was also noted in placental tissue of obese women (466,
467). This increase in placental lipotoxicity is not resultant of increased lipid uptake
from the maternal circulation, as FA uptake has been shown to be decreased in cases
of maternal obesity (468), but is the result of an increase in lipid esterification and
storage, and dysregulation in FA B-oxidation (FAO). Furthermore, extra-
mitochondrial (peroxisomal) FAO is also upregulated in placental tissue of obese
mothers, compensating for an impaired mitochondrial function (466). This pathway
not only presents a rationale for AT-driven placental dysfunction in GDM, but
enhances placental ROS production and pro-inflammatory signalling in obese

pregnancies, through immune cell infiltration and mitochondrial dysfunction.
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Another mediator of lipid-driven placental inflammation may be palmitic acid (PA).
In a preclinical model of maternal obesity, pregnant mice fed a high-fat diet had
increased levels of circulating PA, increased placental expression of IL-1p protein
and mRNA expression of NLRP3, ASC and caspase-1. These findings proposed that
transient increases in circulating PA levels may activate the NLRP3 inflammasome
and induce placental inflammation (469). This aberrant NLRP3 activation may then
further propagate obesity-induced VAT insulin resistance and metabolic syndrome,
presenting a potential deleterious feedback loop in adipose-placental communication

(435).

The aim of this chapter was to investigate the potential of direct placental-adipose
cross-talk in mediating metabolic dysfunction and inflammation in GDM. This work
focused on the pathological pathways we identified in placental tissue and omental

VAT of GDM participants in this study.
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5.2 Methods

5.2.1 Study design and participant recruitment

GDM-diagnosed (n=30) and healthy, NGT control (n=30) participants were recruited
from Cork University Maternity Hospital (CUMH), Ireland between 2019 and 2022
as part of the COMRADES study, a non-interventional cohort study of nulliparous
singleton pregnancies with the aim of characterizing mitochondrial dysfunction and
meta-inflammation in GDM. The COMRADES study was conducted according to
the guidelines laid down in the Declaration of Helsinki, and all the procedures were
approved by the Clinical Research Ethics Committee of the Cork Teaching (ECM4
(ff) 04/12/18). Inclusion criteria for all study participants included; women aged
between 18-50 years, nulliparous pregnancy, singleton pregnancy as determined by
ultrasound scan, opted for an elective caesarean section, and had provided written

informed consent.

After receiving participant consent, samples were collected from nulliparous,
singleton pregnancies undergoing elective pre-labour caesarean section. As per
national HSE guidelines, selective screening for GDM was carried out on identified
at-risk pregnant women between 24-28 weeks gestation using the 759 oral glucose
tolerance test (OGTT). A diagnosis of GDM was confirmed if one of the following
values were met or exceeded: fasting blood glucose levels of 5.1mmol/L, blood
glucose levels of 10.0mmol/L 1 hour post-OGTT or blood glucose levels of
8.5mmol/L 2 hours post-OGTT. Healthy, NGT control participants were defined as
pregnant women who had not been diagnosed with GDM, as per the above

guidelines, and did not present with any other diagnosed comorbidities.

Exclusion criteria included women who: had a multiple pregnancy; were

multiparous; had already started to labour, who were outside the age range of 18-50
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years of age or were an emergency caesarean section. Women with known
pregnancy or other health related conditions namely: pre pregnancy essential
hypertension, known liver or renal diseases, known Human Immunodeficiency
Viruses (HIV), Hepatitis B or Hepatitis C positive, known Systemic Lupus
Erythematous, known antiphospholipid syndrome and known or suspected fetal

anomalies were excluded from the study.

5.2.2 Sample collection
Omentum and placental tissue was obtained during the caesarean section and

processed within 30 minutes post-surgery.

5.2.3 Placental and omental explant culture

Tissue explants were prepared from placental samples collected from both NGT and
GDM participants. Following the removal of outer membrane and connective tissue,
200mg £ 20mg of placental tissue (combined from three regions of the placenta)
were cultured in 12-well plates, containing 2ml of culture media. Placental explant
media consisted of RPMI-1640 1x (Gibco 21875034), FBS (heat-inactivated) 10%
(Gibco 16140071), penicillin-streptomycin (10,000 U/mL) 1% (Gibco 15140122),
insulin 1pg/ml (SAFC 91077C), hydrocortisone 0.1pg/ml (Sigma H0888), retinol
acetate 0.1pg/ml (Sigma R0300000), gentamicin 0.05ug/ml (Sigma G1397). Tissue
explants were also prepared from omental AT samples collected from both NGT and
GDM participants. 100mg = 10mg of omental tissue were cultured in 12-well plates,
containing 2ml of culture media containing Medium 199 1x (Gibco 31150022), FBS
(heat-inactivated) 10% (Gibco 16140071), penicillin-streptomycin (10,000 U/mL)
1% (Gibco 15140122), amphotericin B 0.25ug/ml (Gibco 15290018). Supernatants

were subsequently stored at -80°C for further analysis.
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5.2.4 Cell culture

Primary omental preadipocytes at passage 4 were obtained from Caltag Medsystems
(Zenbio OP-F-SL). These cells were a pool from non-diabetic, non-smoker, non-
pregnant female donors with a mean age of 37.7, a mean BMI of 46.5 and mixed
ethnicity including African American, Caucasian and Hispanic ethnic groups. Before
culture, all plates were coated with poly-I-lysine (PLL) (Sigma P4832) to improve
cell adherence and proliferation. Culture plate/flask surfaces were aseptically coated
with 1.0ml/25cm? PLL and plates were gently rocked to ensure even coating of the
culture surface. After 2 hours, PPL solution was removed by aspiration and surfaces
were rinsed with sterile PBS (Sigma P4417) (x3 the volume of PLL added). PLL-

treated surfaces were allowed to dry for at least 2 hours before seeding cells.

Preadipocytes were seeded at 5,000 cells/cmz2 in preadipocyte growth medium
(PromoCell C-27410) until they reached 100% confluency. Subculturing was carried
out by removing growth medium, washing with sterile PBS (Sigma P4417) and
adding sterile trypsin-EDTA solution (Gibco R001100). Once detached, complete
growth media was added and the preadipocyte cell suspension was centrifuged at
220g for 3 minutes. The cell pellet was then resuspended in fresh growth medium for
further culture. Media change was performed after 24 hours and then every 2-3 days
until preadipocytes became confluent (approximately 7 days). Once confluent,
preadipocytes were differentiated by aspirating preadipocyte growth medium and
adding preadipocyte differentiation media (PromoCell C-27436) to preadipocyte
cultures for 72 hours. After 72 hours, differentiation media was aspirated and
adipocyte nutrition media (PromoCell C-27438) was added. Cells were maintained
in nutrition media, with media change every 2-3 days, until adipocytes were fully

differentiated (approximately 14 days).
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HTR-8/SVneo cells (ATCC CRL-3271) are a cell line derived from explants from
first trimester placenta and are used for the study of trophoblast biology and
placental function. HTR8/SVneo cells at passage 14 were seeded at 15,000 cells/cm?
in complete RPMI-1640 medium (Gibco 21875034) containing FBS (heat-
inactivated) 10% (Gibco 16140071) and penicillin-streptomycin (10,000 U/mL) 1%
(Gibco 15140122). Cells were cultured (37°C, 5% CO.) until they reached 70-90%
confluency (approximately 5 days) and subcultured. Subculturing was carried out by
removing growth medium and trypsinizing cells with trypsin-EDTA solution (Gibco

R001100).

5.2.5 Adipogenesis assay

To assess the effect of placental mediators on the differentiation of preadipocytes, an
adipogenesis assay was performed using the AdipoRed fluorescent assay (Lonza PT-
7009). Primary preadipocyte cells were cultured as above in a 96-well plate with
opaque walls (Corning 3610). Once preadipocytes reached confluency,
differentiation medium was added plus 5% placental explant culture supernatant
from either NGT or GDM participants. Untreated control wells and blank wells were
included in the assay protocol. After 72 hour culture, media was aspirated and
fluorescent staining with AdipoRed was performed as per the manufacturer’s
protocol. Briefly, the cell culture plate was cooled to room temperature and culture
supernatant was carefully removed. Wells were washed with 200ul PBS (Sigma
P4417). Each well was then filled with 200ul PBS and 5ul AdipoRed reagent. After
10 minutes, fluorescence was measured with excitation at 485nm and emission at
595nm on a Tecan Spark spectrophotometer. 9 measurements were recorded in each
well in a 3x3 pattern, covering the total well surface area. RIPA 1x (Millipore 20-

188) was then added to each well for protein extraction for assay normalisation. Cell
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protein lysate content was quantified using the Pierce™ BCA Protein assay Kit

(Thermo Scientific 23227) and used for normalisation.

5.2.6 Immunoblotting

To assess the effect of placental mediators on markers of adipogenesis and the
insulin signalling cascade in mature adipocytes, immunoblotting analysis was
performed. Fully differentiated adipocytes as described in section 5.2.4 were
cultured in adipocyte nutrition media (PromoCell C-27438) with 5% treatment of
placental explant culture supernatant from NGT and GDM participants for 24 hours.
Protein isolation was performed using RIPA 1x (Millipore 20-188) supplemented
with phosphatase inhibitor (Roche, PhosSTOP™) and protease inhibitor (Roche).
Protein (15ug) was separated at 100V by SDS-PAGE on a 7.5% Tris-Glycine
polyacrylamide gel and transferred to a methanol activated PVDF membrane
(Amersham™ Hybond® Sigma-Aldrich) at 400mA on ice for 2 hours. Protein ladder
(Thermo Scientific 26634) was included in the run to confirm protein band kDa size.
Membranes were blocked in 5% BSA in 0.1% TBS-T (tris-buffered saline with 0.1%
Tween detergent) for 1 hour at room temperature and incubated overnight at 4°C
with the following primary antibodies: IGFBP3 1:1000 (R&D Systems AF675),
IGFBP4 1:3000 (R&D Systems AF804), IRS1 1:1000 (Cell Signalling #3407),
phospho-IRS1(ser312) 1:1000 (Cell Signalling #2381) and GAPDH 1:1000 (Cell
Signalling #97166). After overnight incubation, membranes were washed and
incubated at room temperature for 1 hour with secondary HRP-linked antibody,
either anti-rabbit 1:2000 (Cell Signalling #7074), anti-mouse 1:2000 (Santa Cruz
516102) or anti-goat 1:1000 (R&D Systems HAF019). Membranes were washed in

0.1% TBS-T and developed using Pierce™ ECL Western Blotting Substrate
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(Thermo Scientific 32209) and LICOR Odyssey image analyser. Densitometry was

performed using LICOR Image Studio Lite Version 5.2.

5.2.7 Lipid utilisation assay

To assess the effect of placental mediators on the depletion of intracellular
triglycerides from terminally differentiated mature adipocytes, a lipid utilisation
assay was performed using the AdipoRed fluorescent assay reagent (Lonza PT-
7009). Adipocytes were cultured as in section 5.2.4. in a 96-well plate with opaque
walls (Corning 3610). Prior to the assay, fully differentiated mature adipocytes were
cultured in adipocyte nutrition media (PromoCell C-27438) with 5% treatment of
placental explant culture supernatant from NGT and GDM participants for 24 hours.
Untreated control wells and blank wells were included in the assay protocol.
Fluorescent staining with AdipoRed was carried out as per section 5.2.5..
Fluorescence was measured with excitation at 485nm and emission at 595nm on a
Tecan Spark spectrophotometer. 9 measurements were recorded in each well in a
3x3 pattern, covering the total well surface area. RIPA 1x (Millipore 20-188) was
then added to each well for protein extraction for assay normalisation. Cell protein
lysate content was quantified using the Pierce™ BCA Protein assay kit (Thermo

Scientific 23227).

5.2.8 Glucose uptake assay

To investigate the effect of placental mediators on glucose uptake in mature
adipocytes, the Glucose Uptake-Glo assay (Promega J1342) was used. Adipocyte
cells were cultured as in section 5.2.4. in a 96-well plate with opaque walls (Corning
3610). Prior to the assay, fully differentiated mature adipocytes were cultured in
adipocyte nutrition media (PromoCell C-27438) with 5% treatment of placental
explant culture supernatant from NGT and GDM participants for 24 hours. No
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reagent and blank wells were included in the assay protocol. The Glucose Uptake-
Glo assay was performed as per the manufacturer’s protocol. In short, media was
removed and cells were washed with 100ul PBS (Sigma P4417). 50ul of 1ImM 2-
deoxyglucose was added to each well, briefly shaken, and incubated for 10 minutes
at room temperature. 25l of stop buffer was added followed by 25pul of
neutralization buffer. 100ul of 2-deoxyglucose-6-phosphate detection reagent was
added and the plate was agitated. Cells were incubated at room temperature for 2
hours and luminescence was measured on an Orion L microplate luminometer at 1

second/well.

5.2.9 Mitochondrial superoxide assay

To measure induced mROS generation in both omental and placental explant
supernatant treated cell cultures, mitochondrial-specific superoxide production was
measured. Adipocytes were cultured as in section 5.2.4. in a 96-well plate with
opaque walls (Corning 3610). Prior to the assay, fully differentiated mature
adipocytes were cultured in adipocyte nutrition media (PromoCell C-27438) with
5% treatment of placental explant culture supernatant from NGT and GDM
participants for 24 hours. Untreated control wells and blank wells were included in
the assay protocol. Post-treatment, media was removed and 50ul of phenol-red free
RPMI-1640 (Gibco 32404014) containing 5uM MitoSOX (mitochondrial superoxide
stain)(Invitrogen M36008) and 100nM MitoTracker (live cell mitochondrial
stain)(Invitrogen M22426) was added to each well. MitoTracker staining of live
mitochondria was used to normalise MitoSOX fluorescent staining for mROS. Cells
were incubated in the dark at 37°C for 20 minutes. Mitochondrial staining cocktail
was removed and 50ul of fresh phenol-red free RPMI-1640 (Gibco 32404014) was

added to each well. Fluorescence was measured for MitoTracker staining
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(excitation/emission 620nm/680nm) and MitoSOX staining (excitation/emission
340nm/595nm) on a Tecan Spark spectrophotometer. 9 measurements were recorded

in each well in a 3x3 pattern, covering the total well surface area.

HTRS cells were cultured as in section 5.2.4. in a 96-well plate (Corning 3610).
Prior to the assay, cells were cultured in completed RPMI-1640 medium with 5%
treatment of omental explant culture supernatant from NGT and GDM participants
for 24 hours. Untreated control wells and blank wells were included in the assay
protocol. Post-treatment, supernatant was removed and cells were washed with
sterile PBS (Sigma P4417). Fresh, completed RPMI-1640 medium was added for 24
hours. Media was removed and 50pul/well was added of phenol-red free RPMI-1640
(Gibco 32404014) containing 5uM MitoSOX (mitochondrial superoxide stain)
(Invitrogen M36008) and 100nM MitoTracker (live cell mitochondrial stain)

(Invitrogen M22426). Fluorescent staining was completed as described.

5.2.10 Omental-stimulated HTRS cell cytokine release

To assess the effect of omental VAT mediators on the inflammatory profile of HTR8
trophoblasts, HTR8 cells were cultured as per section 5.2.4. in a 96-well plate
(Corning 3610). Prior to the assay, cells were cultured in completed RPMI-1640
medium with 5% treatment of omental explant culture supernatant from NGT and
GDM participants for 24 hours. Post-treatment, supernatant was removed and cells
were washed with sterile PBS (Sigma P4417). Fresh complete RPMI-1640 medium
was added for 24 hours and supernatant removed and used for cytokine
quantification. A cytokine panel including IL-1, IFN-a2, IFN-y, TNF-a, MCP-1,
IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, 1L-33 was measured using the
LEGENDPIlex Human Inflammation Panel 1 kit (BioLegend 740809). The assay was
performed as per the manufacturer protocol. RIPA 1x (Millipore 20-188) was added
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to each well for protein extraction for assay normalisation. Protein lysate was

quantified using the Pierce™ BCA Protein assay kit (Thermo Scientific 23227).

5.2.11 Statistics

Analysis was performed using GraphPad Prism 5.03. Where applicable, data is
represented as mean + standard deviation for parametric analysis and median [95%
confidence interval] for non-parametric analysis. P values < 0.05 were considered as
statistically significant. The Kolmogorov—Smirnov test was used to test for data
normality. For statistical comparisons, either the Student's t-test or the Mann-
Whitney U test was used depending on data normality and test suitability. The
Benjamini—Hochberg method with a 20% false discovery rate was used for multiple
hypothesis in cytokine (n=13) panels testing to decrease the false discovery rate.

Grubbs's test was used to detect outliers in data sets.
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5.3 Results

5.3.1 Lack of evidence of placental-mediated increase in adipogenesis in GDM
Omental adipocyte hypoplasia was established in GDM participants in Chapter 3.
Hypoplasia can limit the protective effect that adipocyte proliferation has on glucose
and lipid metabolism in AT. As a result women with GDM are exposed to increased
metabolic dysfunction and insulin resistance (391, 392). Adipocyte hypoplasia may
partly result from a deficiency in preadipocyte differentiation to mature adipocytes.
To examine the effect that placental-derived mediators have on adipogenic
differentiation, preadipocytes cultured in a differentiation cocktail were treated with
5% placental explant culture supernatant from NGT and GDM participants during a
3-day differentiation protocol. Untreated preadipocytes were equally cultured in the
differentiation cocktail to induce physiological differentiation. Preadipocyte
differentiation is characterised by increased lipid uptake and was assessed by
AdipoRed fluorescent staining. Although exposure to placental supernatants from
both study groups increased preadipocyte differentiation compared to untreated
preadipocytes, particularly in GDM (11958 RFU (relative fluorescence units)
[10693, 13293] vs. 16031 RFU [14219, 18253], p=0.01) compared to NGT (11958
RFU [10693, 13293] vs. 15067 RFU [12180, 16525], p=0.14), there was no

significant difference between NGT and GDM study groups (p=0.32) (Figure 5.1).
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Figure 5.1. Placental-derived mediators in GDM do not increase adipogenesis
relative to NGT. Adipogenesis was measured by AdipoRed fluorescent assay in
differentiating preadipocytes treated with NGT (n=10) and GDM (n=10) placental
explant culture supernatant, in addition to an untreated control. Total protein content
was used for normalisation. Analysis groups were compared with Kruskel-Wallis
test and Dunn’s Multiple Comparison Test. Significance levels are shown as: *

p<0.05.

5.3.2 Placental-derived mediators in GDM do not affect adipocyte IGFBP
expression

Further to a reduction in adipocyte count in omental VAT in GDM in our study,
there was also a significant reduction in protein expression of IGFBP-4 in VAT in
GDM. To investigate if placental-derived mediators modulate IGFBP expression in
GDM, the expression of IGFBP-3 and IGFBP-4 was measured in primary mature
adipocytes treated with 5% NGT (n=4) and GDM (n=4) placental explant
supernatant (Figure 5.2A). Densitometric analysis showed no significant difference

in IGFBP-3 (0.072 [0.026, 0.11] vs. 0.072 [0.047, 0.098], p=1.00) (Figure 5.2B) or
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IGFBP-4 (0.022 [0.013, 0.036] vs. 0.024 [0.017, 0.032], p=0.89) (Figure 5.2C)

protein expression between treatment groups.
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Figure 5.2. Primary mature adipocyte expression of IGFBP-3 and IGFBP-4
following treatment with placental explant supernatant. (A) Representative
images of IGFBP-3, IGFBP-4 and GAPDH protein expression as measured by
Western blotting in primary mature adipocytes following treatment for 24 hours with
5% placental explant supernatant from NGT (n=4) and GDM (n=4). Densitometric
analysis was used to quantify protein expression of (B) IGFBP-3 and (C) IGFBP-4.
Mann-Whitney U test was used to compare protein expression between treatment

groups.

208



5.3.3 Adipocyte IC lipid content is not altered by placental mediators in GDM
Excessive lipolysis, specifically the breakdown of triglycerides into FFAs and
glycerol, is a major risk factor for the development of insulin resistance and T2DM
(470). There is evidence that many of the adverse metabolic effects of glucose
intolerance may be mediated by lipotoxicity as a result of elevated circulating FFAs
(471). Furthermore, lipolysis is particularly sensitive to insulin activity, as insulin
receptor activation promotes PI3K activation and downstream suppression of
lipolysis (472). While we did not see any significant increase in circulating levels of
triglycerides or FFAs in GDM, as described in Chapter 2, we did establish, in
Chapter 3, that GDM participants had significantly impaired insulin signalling
capacity in omental VAT. Therefore, we wanted to investigate if placental signalling
in GDM may, in part, alter adipocyte lipolysis and drive local AT dysfunction in

GDM.

To assess if placental mediators in GDM affect adipocyte lipolysis, adipocyte
intracellular lipid content was quantified in terminally differentiated mature
adipocytes using fluorescent AdipoRed staining, following 24-hour treatment with
5% NGT (n=10) and GDM (n=10) placental explant supernatant. There were no
significant differences in intracellular lipid content between the untreated, NGT or
GDM treated groups (70637 RFU [52285, 104838] vs. 119924 RFU [86463,

135276] vs. 94056 RFU [81006, 110157], respectively, p=0.12) (Figure 5.3).
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Figure 5.3. Placental-derived mediators in GDM do not significantly alter
adipocyte lipolysis. Intracellular lipid content was quantified using the AdipoRed
fluorescent assay in terminally differentiated mature adipocytes treated with NGT
(n=10) and GDM (n=10) placental explant culture supernatant, in addition to an
untreated control. Total protein content was used for normalisation. Analysis groups

were compared with Kruskel-Wallis test.

5.3.4 Placental-derived mediators in GDM do not affect adipocyte glucose
uptake

In this study, we found substantial evidence of insulin resistance and concurrent
hyperglycaemia in GDM. Participants with GDM had altered circulating levels of
both glucose and insulin and impaired insulin signalling in VAT. As such, we
investigated whether placental mediators released in response to GDM pathology
alter glucose uptake in mature adipocytes. Glucose uptake was measured using the
bioluminescent detection of 2-deoxyglucose-6-phosphate (2DG6P) in mature
adipocytes following 24-hour treatment with 5% NGT (n=10) and GDM (n=10)
placental explant supernatant. There was no significant differences in glucose uptake
between the untreated, NGT or GDM treated groups (246231 RLU (relative light
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units) [-208580, 821191] vs. 236486 RLU [205278, 287085] vs. 229823 RLU

[189879, 287685] respectively, p=0.95) (Figure 5.4).
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Figure 5.4. Placental-derived mediators in GDM do not affect adipocyte glucose
uptake. Glucose uptake was measured in terminally differentiated mature adipocytes
treated with NGT (n=10) and GDM (n=10) placental explant culture supernatant.

Analysis groups were compared with Kruskel-Wallis test.

5.3.5 Insulin signalling in adipocytes is not significantly altered by placental-
derived mediators in GDM

The IRS-1 signalling cascade is responsible for transmitting signals following
activation of the insulin receptor, while IRS-1 phosphorylation at serine/threonine
residues, such as ser312, results in insulin resistance by impairing signal transduction
(473, 474). To further decipher the potential role of placental-derived mediators in
modifying insulin signalling in VAT as seen in GDM participants in this study,
protein expression of IRS-1 and phospho-1RS-1(ser312) were measured by
immunoblotting in mature adipocytes following 24-hour treatment with 5% NGT

(n=4) and GDM (n=4) placental explant supernatant (Figure 5.5A). Densitometric
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analysis showed no significant difference in total IRS-1 (0.15 [0.10, 0.19] vs. 0.15
[0.09, 0.21], p=0.89) (Figure 5.5B), phospho-IRS-1(ser312) (0.008 [0.007, 0.008]
vs. 0.008 [0.004, 0.013], p=1.00) (Figure 5.5C) or phospho-IRS-1(ser312)/IRS-1
(0.054 [0.034, 0.074] vs. 0.062 [0.038, 0.075], p=0.89) (Figure 5.5D) protein

expression between treatment groups.
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Figure 5.5. Primary adipocyte expression of IRS-1 and phospho-I1RS-1(ser312)

following treatment with placental explant supernatant. (A) Representative

images of IRS-1, phospho-IRS-1(ser312) and GAPDH protein expression as

measured by Western blotting in primary mature adipocytes following treatment for
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24 hours with 5% placental explant supernatant from NGT (n=4) and GDM (n=4).
Densitometric analysis was used to quantify protein expression of (B) IRS-1, (C)
phospho-IRS-1(ser312) and (D) phospho-IRS-1(ser312)/IRS-1, with expression
normalised to GAPDH. Mann-Whitney U test was used to compare protein

expression between treatment groups.

5.3.6 Placental-derived mediators in GDM have no significant impact on
adipocyte mROS production

In this study we have shown that placental tissue from GDM pregnancies secretes a
plethora of pro-inflammatory motifs, including IL-18, IL-6 and TNF-a. Additionally,
endogenous and infiltrating CD14" cells, particularly M1-like macrophages,
demonstrated significant mROS production in GDM placental tissue. Although we
did not see similar levels of mitochondrial superoxide production in omental VAT
CD14" populations in GDM in Chapter 3, localized adipocyte-mROS production can
exacerbate insulin resistance. Oxidative stress, localized to mitochondria in insulin-
resistant adipocytes, has been shown to directly impair insulin-stimulated glucose
uptake and GLUT4 translocation to the plasma membrane (347). To assess if
placental-derived mediators in GDM may stimulate localised mMROS production in
adipocytes, mitochondrial-specific superoxide production (MitoSOX) was measured
in primary mature adipocytes and normalized with MitoTracker Deep Red (live cell
mitochondrial stain), following 24-hour treatment with 5% NGT (n=10) and GDM
(n=10) placental explant supernatant. There was no significant differences in mMROS
production between the untreated, NGT or GDM treated groups (0.34 RFU [0.23,
0.42] vs. 0.37 RFU [0.31, 0.40] vs. 0.36 RFU [0.31, 0.38] respectively, p=0.51)

(Figure 5.6).
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Figure 5.6. Placental-derived mediators in GDM do not affect adipocyte mROS
production. Mitochondrial superoxide production was measured in terminally
differentiated adipocyte cultures treated with NGT (n=10) and GDM (n=10)
placental explant culture supernatant. Analysis groups were compared with the

Kruskel-Wallis test.

5.3.7 Effect of omental-derived mediators in GDM on the placental production
of mMROS

The results to date in this chapter suggest that placental signalling in GDM does not
directly impact the function or metabolic activity of primary adipocytes in vitro.
These findings also indicate that the in vivo alterations evident in VAT in this study
may not be directly regulated by placental cross-talk. To further examine the
potential bidirectional role of the adipose-placental axis in mediating meta-
inflammation in GDM, we interrogated the role of secreted omental mediators on
placental mitochondrial and inflammatory profiles. Specifically, HTR8 trophoblast
cells were treated with 5% NGT (n=10) and GDM (n=10) omental explant
supernatant for 24 hours and mitochondrial-specific superoxide production
(MitoSOX) was measured by fluorescence and normalized with MitoTracker Deep
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Red (live cell mitochondrial stain). There were no significant differences in mROS
production between the untreated, NGT or GDM treated groups (0.25 RFU [0.13,

0.31] vs. 0.26 RFU [0.24, 0.28] vs. 0.28 RFU [0.26, 0.31] respectively, p=0.15)

(Figure 5.7).
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Figure 5.7. Omental-derived mediators in GDM do not affect trophoblast
mMROS production. Mitochondrial superoxide production was quantified in HTR8
trophoblast cells treated with NGT (n=10) and GDM (n=10) omental explant culture

supernatant. Analysis groups were compared with Kruskel-Wallis test.

5.3.8 Omental-derived mediators in GDM do not alter placental cytokine
release

We have provided evidence of systemic inflammation in GDM in Chapter 2, with
increased circulating levels of pro-inflammatory cytokines IL-6, IL-17A, IL-12p70
and MCP-1, and increased placental production of IL-18, IL-6 and TNF-a in GDM
placental tissue in Chapter 4. To elucidate if dysfunctional omental metabolism in
GDM may exacerbate local placental inflammation, HTR8 trophoblast cells were

treated with 5% NGT (n=10) and GDM (n=10) omental explant supernatant for 24

216



hours. A panel of 13 key cytokines were measured in HTR8 cell supernatants

following a 24-hour wash-out period. There were no significant differences, between

treatment groups, in the placental production of cytokines (Table 5.1).

Table 5.1. HTRS8 secretion of pro-inflammatory cytokines following treatment

with NGT and GDM omental supernatant

Cytokine | NGT (Median [95% GDM (Median [95% | P value
C1])(pg/mi) C1])(pg/ml)

IL-6 105799 [77139, 134187] | 97096 [88343, 142867] | 0.63
IL-17A 1.86 [1.59, 2.23] 1.79[1.68, 2.09] 1.00
IL-12p70 | 81.79 [65.86, 91.62] 75.77 [70.15, 89.34] 0.91
MCP-1 13248 [10350, 14859] 13327 [12179, 15242] 0.44
TNF-a 55.14 [48.79, 64.68] 61.08 [52.41, 64.46] 0.68
IFN-a2 32.39 [25.8, 36.37] 30.39 [27.64, 35.44] 0.63
IL-23 118.2 [100.2, 139.3] 116.1 [103.6, 132.6] 0.97
IL-10 171.3[135.7, 195.4] 164.4 [147.4, 195.5] 0.8
IFN-y 64.63 [51.23, 71.92] 57.95 [48.93, 67.98] 0.68
IL-8 85759 [64330, 96505] 75769 [69518, 94031] | 0.8
IL-33 97.71[81.16, 115.4] 94.19 [80.41, 103.1] 0.68
IL-1B 165.1 [140.4, 204.2] 165.1 [149.1, 197.7] 1.00
IL-18 196.6 [157.8, 214.7] 183.7 [166.5, 216.7] 0.85
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Figure 5.8. No change in omental-mediated cytokine release from HTR8 cells.
Trophoblast production of IL-1p, IFN-a2, IFN-y, TNF-a, MCP-1, IL-6, IL-8, IL-10,
IL-12p70, IL-17A, IL-18, IL-23, IL-33 levels were quantified following 24-hour
treatment with NGT (n=10) and GDM (n=10) omental explant culture supernatant.

The Mann-Whitney U test was used to compare cytokine levels.
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5.4 Discussion

In this chapter, we investigated the potential intersection of placental-adipose
signalling in contributing to the pathophysiology of GDM. Primarily we were
interested in interrogating the metabolic and inflammatory processes which were
dysregulated in vivo in Chapters 2, 3 and 4 to elucidate if there was an
interdependent pathogenic link between the placenta and omental adipose tissue in
GDM. In this study we used both omental VAT and placental explant supernatant
cultures from nulliparous NGT and GDM participants at term pregnancy to mimic
the GDM condition in vitro. Using both adipocyte and placental in vitro cellular
models, the impact of placental mediators on adipogenesis in primary
undifferentiated preadipocytes, intracellular lipid content, glucose uptake and mROS
production in primary terminally differentiated adipocytes was explored. Finally, the
mitochondrial and inflammatory profile was determined in the HTR-8/SVneo
trophoblast cell line, upon exposure to omental mediators in GDM. Overall, there
was no direct evidence that cross-talk between placental-adipose tissue contributes to

a mutually dependent regulatory relationship in GDM.

Firstly, this study focused on exploring if the placental secretome instigates
adipocyte dysfunction in GDM. In Chapter 4, we reported increased macrophage-
induced inflammation in placental tissue in GDM, with increased secretion of IL-6,
TNF-a and IL-18 cytokines. Additionally, GDM participants had significant omental
VAT adipocyte hypoplasia which correlated with insulin resistance. One potential
cause of a reduction in mature adipocyte cell count may be as a result of a deficiency
in preadipocyte differentiation (adipogenesis) to mature adipocytes. In order to
elucidate if placental-derived mediators impact adipogenesis, primary preadipocytes

were treated with placental explant supernatant from NGT and GDM participants
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over a 72 hour differentiation period. However, while treatment with placental
mediators from each study group increased adipogenesis compared to untreated
controls, we found no significant difference in adipogenesis between treatment
groups as characterised by preadipocyte lipid uptake. It is important to highlight that
all preadipocytes were equally cultured in a cocktail of potent differentiation factors
during the treatment period, a process which may be difficult to reverse in vitro.
Nonetheless, when compared to untreated control preadipocytes, placental-derived
mediators in GDM stimulated significantly increased differentiation, which was not
significant when compared to NGT treated cells. While this result should not be
misinterpreted as a major difference between treatment groups, it indicates that
placental signalling in GDM promotes adipogenesis, potentially in a homeostatic
manner. One possible mediator of placental-induced adipogenesis may be the
increased secretion of adipsin from placental tissue in GDM. Adipsin has previously
been shown to promote lipid accumulation and adipocyte differentiation in vitro
(475). Additionally, this finding also indicates that adipocyte hypoplasia evident in
VAT in GDM in our study is possibly not due to a lack of placental-derived
adipogenic signals but may be related to an earlier deficiency in commitment of

progenitor stem cells towards an adipogenic lineage.

To further delineate the placental influence on adipogenic differentiation in GDM,
IGFBP-3 and IGFBP-4 protein expression was determined in terminally
differentiated mature adipocytes after treatment with placental explant supernatant
from NGT and GDM participants. In Chapter 3, we identified that omental VAT
expression of IGFBP-4 was significantly reduced in GDM participants. IGFBP-4 is
an important binding protein which modulates IGF-1 activity by increasing local

retention and driving adipogenesis (394). However, placental signalling in GDM
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does not appear to directly limit IGFBP expression in adipocytes, as no significant
difference in IGFBP-3 or IGFBP-4 expression between NGT and GDM treatments

was evident.

Adipocyte lipolysis is the process by which adipocytes break down stored lipids into
FFAs and glycerol, which can then be used as energy sources. In healthy individuals,
adipocyte lipolysis is regulated by hormones such as insulin, which help to control
the release of FFASs into the bloodstream. However, insulin resistance can lead to an
abnormal regulation of adipocyte lipolysis, leading to an excess of FFAs in the
bloodstream. FFAs contribute to inflammation and oxidative stress, and increase the
risk of cardiometabolic diseases. In addition, excess FFAs can disrupt insulins
functional roles and glucose uptake into cells, leading to hyperglycaemia-related
complications (476). Previous findings have shown that placenta-secreted hormones
such as hPL and estrogen regulate lipolysis during healthy pregnancy, particularly
during the third trimester (149). In GDM, lipolysis is increased as a result of insulin
resistance and subsequent hyperinsulinaemia. As a result, there is an increase in
circulating FFA levels which can propagate insulin resistance and systemic

inflammation (311).

Although we did not find significantly elevated circulating levels of triglycerides or
FFAs in GDM participants, we wanted to explore if the placental secretome may
offset local adipocyte lipolysis which may contribute to metabolic dysfunction in
GDM. To assess whether placental mediators in GDM may affect adipocyte lipolysis
and the rate of IC triglyceride depletion, terminally differentiated mature adipocytes
were treated for 24 hours with placental explant supernatant from NGT and GDM
participants and IC lipid content was quantified by AdipoRed fluorescence. Placental
signalling from either treatment group did not significantly deplete adipocyte lipid
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content compared with untreated control adipocytes. This suggests that placental-

derived mediators do not directly impact adipocyte lipolysis in GDM.

Our previous results highlighted significant systemic insulin resistance in GDM
participants at term, characterised by hyperinsulinaemia, hyperglycaemia and
significantly higher HOMA-IR scores. Locally in omental VAT, we also found
significant evidence of disruption in the insulin signalling cascade in GDM. This
disruption resulted from reduced omental expression of IRS-2 and increased
phosphorylation of IRS-1 at the ser312 residue, thereby inhibiting insulin signal
transduction and subsequent glucose uptake. Previous research has confirmed that
placental-secreted hormones, including estrogen, progesterone, leptin, cortisol,
placental lactogen and placental growth hormone can limit glucose uptake and
promote insulin resistance (477). These placental hormones promote systemic
insulin resistance in healthy pregnancy but may drive pathological insulin resistance

in placental dysregulation.

To further examine the potential contribution of placental-derived mediators to this
insulin resistant phenotype in GDM, we measured glucose uptake and quantified
members of the insulin signalling cascade in primary mature adipocytes upon
exposure to placental explant culture supernatant. There was no significant
difference in either adipocyte glucose uptake or protein expression of IRS-1 or
phospho-1RS1(ser312) upon exposure to placental-derived mediators. Despite the
increased abundance of inflammatory cytokines and alterations in leptin and adipsin
levels in the placental secretome, these findings suggest that placental mediators do
not directly impair AT insulin sensitivity and systemic insulin resistance as was

observed in GDM participants.
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Exaggerated production of mROS in adipocytes can inhibit adipocyte differentiation
by promoting the expression of the adipogenic repressor C/EBP Homologous
Protein-10 (CHOP-10) (478). Furthermore, increased mROS production in 3T3-L1
adipocytes, via knockdown of the mitochondrial antioxidant protein peroxiredoxin 3
(Prx3), reduced adiponectin expression in vitro and impaired glucose tolerance in
Prx3 KO mice (479). We next wanted to characterise if placental derived mediators
induce mitochondrial superoxide in mature adipocytes which may contribute to
impaired adipogenesis, lower circulating adiponectin levels and increased insulin
resistance, as observed in GDM participants in this study. Similar to our results in
Chapter 3, we found no evidence of increased mROS production in adipocytes upon
exposure to placental explant supernatant culture from either study group. This
finding would suggest that localised mitochondrial metabolism in adipocytes is not

directly responsible for the VAT phenotype evident in GDM.

Our next step was to elucidate if there was bidirectional communication between
both omental adipose tissue and placenta in GDM. In Chapter 4, we identified
increased mROS production in endogenous and infiltrating placental M1-like
macrophages and increased placental inflammation in GDM participants. In this
study we used the HTR-8/SVneo cell line, an immortalized cell line that is a well-
established model of first trimester human trophoblasts, to investigate if omental
signalling contributes to the meta-inflammatory phenotype evident in placental tissue
in GDM. Previous research has established that primary cytotrophoblasts isolated
from GDM term placental tissues had decreased oxidative phosphorylation capacity
and significantly lower ATP content, suggesting that mitochondrial activity is
hindered in GDM placental tissue (441). HTR8 cells were treated with omental

supernatant from NGT and GDM participants for 24 hours but no significant
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differences in mitochondrial superoxide production were found between study
groups as determined by MitoSOX staining. This result shows that omental-derived
mediators do not directly contribute to placental trophoblast mMROS production in

GDM, which may in fact be mediated by infiltrating macrophages.

Additionally, we provided evidence of placental inflammation in GDM participants
in Chapter 4, with increased production of pro-inflammatory cytokines IL-6, TNF-a
and IL-18. We equally want to determine if omental-derived mediators contributed
to this placental inflammatory phenotype. A panel of 13 key cytokines were
measured in HTR8 trophoblasts exposed to omental explant supernatant for 24 hours
followed by a washout period of 24 hours. However, there were no significant
differences seen in the trophoblast cytokine profile between NGT and GDM
treatment groups. This result may be partly explained by the fact that FFAs released
from VAT, known instigators of inflammation, were not significantly increased in
GDM nparticipants. Therefore, from these findings, we can conclude that omental

signalling does not directly impact trophoblast inflammation in GDM.

This chapter allowed us to investigate the potential bidirectional communication
pathway between key metabolic organs in GDM, namely VAT and the placenta. The
main strengths of our work include the use of primary human preadipocytes, thereby
improving the external validity of our in vitro findings. These preadipocytes were
commercially acquired from non-smoking female donors with a mean age of 37.7,
mean BMI of 46.5 and mixed ethnicity including African American, Caucasian and
Hispanic ethnic groups. These donors were chosen to match with our study
participants as closely as possible. The mixed ethnicity of the cell donors improves
the relevance of our research to the general population. The same omental and
placental supernatant cultures were used for our in vitro work as was used
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throughout this thesis for clinical characterisation, allowing us to correlate our results

in this chapter with other findings in earlier chapters from these same participants.

Limitations of the research in this chapter include the use of the HTR8/SVneo cell
line, rather than primary trophoblasts, for our placental investigations. Additionally,
while the preadipocytes used in this study were carefully match for gender, age and
BMI, they were not from a pregnant population which may have influenced some of
our results, given the significant impact pregnancy has on maternal cellular adaption.
Furthermore, the mean BMI of cell donors was 46.5, which represents a particularly
obese population. Apart from the 72-hour treatment for the investigation of
preadipocyte differentiation, all other in vitro treatments were 24 hours. This
timeline was chosen to reduce the confounding effect of general exogenous stress on
cell cultures. Primary cells are particularly sensitive to changes in media composition
or external stimuli and we wanted to ensure that our results were directly related to
signalling components in the tissue explant supernatants rather than due to changes
in culture conditions. However, this 24-hour treatment may not have been sufficient
to represent the chronic exposure of placental-omental signalling throughout the

gestation of GDM pregnancies.

Overall, this study showed that placental-derived mediators in GDM do not directly
affect adipocyte differentiation capacity, lipolysis, glucose uptake or disrupt the
insulin signalling cascade in adipocytes. Furthermore, omental-derived mediators in
GDM do not appear to directly exacerbate mitochondrial superoxide production or

inflammation in placental trophoblasts.
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5.5 Conclusion

As described in earlier chapters, both VAT and the placenta are integral metabolic
mediators involved in the pathophysiology of GDM. Furthermore, we have
identified specific meta-inflammatory processes which were dysregulated in vivo in
each organ and which may contribute to systemic insulin resistance in GDM. In this
chapter we investigated the potential interdependent role of placental-adipose
signalling in the development of GDM. Firstly, while this study found that placental-
derived mediators in GDM stimulated increased differentiation of preadipocytes
compared to untreated control, there was no significant difference in adipogenesis
compared to NGT treatment. Additionally, placental-derived mediators in GDM did
not increase the expression of IGFBP-3 or IGFBP-4, key mediators of adipogenesis
in terminally differentiated adipocytes. Furthermore, we found that placental-derived
mediators in GDM did not significantly impact lipolysis, glucose uptake capacity,
IRS-1 functionality or mROS production of mature adipocytes. Finally, this study
established that omental-derived mediators in GDM did not increase mMROS
production or cytokine secretion in HTR-8/SVneo trophoblasts. While these findings
indicate a lack of inter-organ communication between adipose and placental tissues
in GDM, indirect effects mediated by systemic circulating factors cannot be

excluded.
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Supplementary material related to Chapter 5
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Figure S5.1. Primary adipocyte protein expression of IGFBP-3 and IGFBP-4 was
compared after 24-hour treatment with NGT (n=4) and GDM (n=4) placental explant
culture supernatant. NGT and GDM-treated protein lysates were loaded in

alternating order.
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Figure S5.2. Primary adipocyte protein expression of IRS-1 and phospho-IRS-
1(ser312) was compared after 24-hour treatment with NGT (n=4) and GDM (n=4)
placental explant culture supernatant. NGT and GDM-treated protein lysates were

loaded in alternating order.
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Chapter 6

General discussion



6.1 Overview and summary of key findings

Chapter 1 reviewed the current literature on the clinical considerations and
pathophysiology of GDM. The development of GDM during pregnancy is
considered an interplay between genetic risk factors and environmental influence.
Identified genetic risk factors include those associated with susceptibility to obesity
and metabolic diseases such as T2DM (16). However, maternal obesity remains the
most significant modifiable risk factor for GDM diagnosis (4). Adverse outcomes of
GDM pathology include chronic risk of maternal T2DM development, recurrent
GDM, metabolic syndrome and cardiovascular disease (25). GDM is also associated
with an increased risk of adverse perinatal complications such as macrosomia,
respiratory distress syndrome and fetal hyperinsulinaemia (37). GDM stems from an
insufficient response in regulating the physiological insulin resistance of healthy
pregnancy, resulting in aberrant, exaggerated insulin resistance with associated
systemic inflammation. The exact pathophysiological origins of GDM are not fully
understood, however several key biological factors likely contribute to instigate and
promote the diabetic syndrome, including pancreatic B-cell dysfunction, disruption

in insulin signalling, inflammation and mitochondrial dysfunction.

By reviewing these findings, we hypothesised that a link exists between local tissue
meta-inflammation and the release of mitochondrial-derived DAMPs, which
orchestrate inflammatory pathways locally and systemically and ultimately
contribute to GDM pathology. The main aims of this thesis were to characterise
GDM-mediated meta-inflammation and mitochondrial dysfunction locally in both
omental VAT and the placenta, and systemically in circulation (see Table 6.1).. In
addition, we aimed to investigate the bidirectional communication between placental

and adipose tissue which may contribute to systemic insulin resistance in GDM.
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In Chapter 2, we characterised metabolic, mitochondrial and inflammatory
mediators in the maternal circulation, to elucidate if meta-inflammation was
involved in exaggerated insulin resistance in GDM. Firstly, significant insulin
resistance was established in GDM participants, as determined by HOMA-IR score
calculation. Stratification based on clinical intervention established that insulin
resistance was significantly increased in women who required pharmacological
intervention but not in women whose hyperglycaemia could be managed through
lifestyle modification alone. Furthermore, HOMA-IR score correlated with maternal
BMI in GDM participants, who had significantly higher BMI values relative to NGT
participants. However, subgrouping GDM participants by BMI uncovered two
distinct phenotypes, namely lean, insulin-deficient and obese, insulin-resistant GDM
pathologies. Cf-mtDNA levels were also significantly increased in GDM, suggesting
a possible pathogenic role for mitochondrial dysfunction. Despite the lack of
alteration in monocyte/macrophage populations between NGT and GDM study
groups, there was significant evidence that GDM is associated with a chronic
inflammatory state, with increased pro-inflammatory cytokine production of IL-6,
IL-17A, IL-12p70, MCP-1 and lower adiponectin levels, an anti-inflammatory,

insulin-sensitizing adipokine.

Chapter 3 took a closer look at participant omental VAT to determine if local
adipocyte dysfunction and meta-inflammation may instigate insulin resistance in
GDM. We provided evidence of reduced adipocyte count and reduced protein
expression of IGFBP-4 and IRS-2 in the omental VAT of GDM participants.
Reduced IRS-2 expression in GDM omental VAT correlated with hypoplasia. Given
the integral role of these key regulators in mediating adipogenesis, their reduction in

omental expression could partly contribute to VAT adipocyte hypoplasia in GDM.
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Furthermore, adipocyte hypoplasia correlated with higher HOMA-IR scores in
GDM, suggesting that adipocyte hypoplasia may impair insulin sensitivity in
omental VAT depots. We also found evidence of disrupted insulin signalling in
GDM nparticipants, including reduced expression of IRS-2 and increased
phosphorylation of the ser312 residue of the critical signalling mediator IRS-1,
inhibiting IRS-1 mediated insulin signal transduction. These findings suggest that
impaired metabolic flexibility in the omental visceral tissue may contribute to the

previously established systemic insulin resistance in GDM.

Chapter 4 examined placental tissue in GDM, focusing on whether mitochondrial
dysfunction may activate the NLRP3 inflammasome and promote placental
inflammation. Initially, we found significant evidence of placental villous
immaturity in GDM, potentially as a result of systemic insulin resistance and
hyperglycaemia. M1-like macrophages infiltrating placental tissue produced
significantly increased levels of mROS in GDM. Additional evidence of immune
and metabolic dysregulation in the placental milieu in GDM was provided with
increased secretion of 1L-18, IL-6, TNF-a and adipsin and lower leptin secretion. We
also identified that the NLRP3 inflammasome may play a regulatory role in the
cross-talk between mROS and placental inflammation in GDM. Directly targeting
mROS production with ERG diminished placental inflammation in GDM,
establishing a role of MROS production in driving placental inflammation and

identifying a potential therapeutic role for this nutraceutical antioxidant.

In Chapter 5, we used in vitro cellular models to elucidate the potential role of
placental-adipose tissue cross-talk in mediating GDM pathology. Using supernatant
from NGT and GDM placental and omental VAT explant cultures, we examined the
response of primary human adipocytes and HTR8/SVneo trophoblasts to placental
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and omental signalling, respectively. This study showed that placental signalling in
GDM does not directly affect adipocyte differentiation capacity, IGFBP expression,
adipocyte lipolysis, insulin signalling or adipocyte mROS production. Furthermore,
omental signalling in GDM does not increase trophoblast mROS production or
elevate the placental release of inflammatory cytokines that we observed in GDM
participant tissue. These findings suggest a lack of direct communication between

the placenta and VAT in GDM.
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6.2 Interpretation of key findings

The first important finding of this study was to consolidate the key role that maternal
BMI plays as a risk factor in the development of GDM. Comparison of participant
clinical correlations in this study established that women diagnosed with GDM had a
significantly higher BMI, relative to NGT pregnant women. Furthermore, maternal
BMI significantly and positively correlated with HOMA-IR scores in this GDM
cohort, suggesting that obesity-driven insulin resistance may contribute to pathology
in GDM participants, as has been previously identified in T2DM (480). However,
GDM equally develops in lean individuals. In this study, 13.3% of GDM participants
had a BMI < 25 kg/m? and 40% had a BMI < 30 kg/m?. These anthropometric
findings suggest that obesity alone does not account for all cases of GDM diagnosis,

as only 60% of GDM participants in this study had a BMI >30 kg/m?.

The second prominent finding of this study was the identification of a reduced
omental adipocyte count in GDM, particularly in women with severe GDM requiring
insulin therapy. Interestingly, adipocyte hypoplasia correlated with an increase in
systemic insulin resistance. Adipocyte hypoplasia was significantly evident in obese
GDM participants (BMI > 29 kg/m?) relative to both NGT and lean GDM
participants, showing evidence for the first time that deficient adipogenesis and
concurrent insulin resistance are prominent pathogenic mediators in this subgroup.
Visceral WAT expands through both hypertrophy and hyperplasia. While
hypertrophy is an adaptive response to nutrient excess, hyperplasia, influenced by
various transcription factors including PPAR-y, acts to balance hypertrophic
responses and restore AT homeostasis. Here, we found no significant increase in
adipocyte hypertrophy in GDM, despite the increase in maternal BMI. Muir et al.

found that patients with T2DM had a smaller depot of adipocyte progenitors in
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omental VAT, which may increase hypertrophy by limiting the generation of new
adipocytes in diabetic patients (391). This same predisposition to impaired
adipogenesis may explain how adipocyte hypoplasia in GDM participants may limit
the preadipocyte proliferation capacity necessary to maintain adipose tissue

homeostasis in obesity-driven metabolic dysfunction.

Accumulation of VAT is a critical predictor of metabolic disorders such as insulin
resistance, however some findings suggest that, in obese physiology, hyperplasia is
predominant in SC adipose depots rather than the omental depots and that
hypertrophic responses are more relevant when examining omental VAT response to
obesity (481). However, these findings were based on anthropometric characteristics
of non-pregnant healthy women. During pregnancy, placental hormones stimulate
enhanced expansion of adipose tissue depots to support both maternal and fetal
nutritional requirements. Importantly, AT is preferentially deposited in the more
metabolically active visceral depot as pregnancy progresses (482). Therefore, we can
consider that AT dysregulation during GDM pregnancy is a unique pathology, which

is underpinned by alterations in normal physiological responses.

The next step was to investigate the mechanistic pathways contributing to adipocyte
hypoplasia in GDM. Initially, we looked at the IGF-IGFBP axis, which is an
important regulator of adipocyte differentiation (483). IGF-1 is a hormone
responsible for promoting normal bone and tissue development, with a specific effect
on stimulating the differentiation of adipocyte precursor cells (484). Although we did
not find any changes in maternal circulating IGF-1 levels in GDM, omental protein
expression of IGFBP-4 was significantly reduced in GDM. As IGFBP-4 plays a role
in potentiating IGF-1 activity and adipogenesis by increasing local retention, reduced
expression may in part explain the hypoplasia evident in GDM omental VAT (394).
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In this way, insufficient IGFBP-4 expression in GDM may contribute to a reduction
in tissue expandability which is required to accommodate the metabolic changes that

occur in pregnancy.

Adipokines equally have important roles in regulating local and systemic metabolic
responses, including the induction of adipocyte differentiation and AT expansion. As
such, leptin, adiponectin, adipsin and resistin levels were measured in the maternal
circulation and in the supernatant of omental and placental tissue explant cultures
Despite the reduction in adipocyte count, omental secretion of these adipokines were
not significanty altered in GDM, however circulating adiponectin levels were
significantly lower in GDM participants. Adiponectin also plays a role in promoting
preadipocyte proliferation and differentiation into adipocytes, in addition to exerting
beneficial effects on adipocyte function including the stimulation of glucose uptake
by increased GLUT4 translocation (485). Therefore, reduced circulating adiponectin
levels in this study may equally contribute to adipocyte pathology. These findings
add to the current body of evidence that reduced adiponectin levels have a

pathogenic role in GDM.

In exploring the concept of reduced adipogenesis further, we identified in Chapter 4
that placental secretion of adipsin, a promoter of adipogenesis, was elevated in GDM
relative to NGT. Additionally, in Chapter 5, there was evidence that placental-
derived mediators from GDM had an increased capacity for promoting adipogenesis
when compared to untreated primary VAT adipocytes, an effect not evident in NGT.
This somewhat conflicting evidence hints that while placental-derived mediators in
GDM may be pro-adipogenic, the inherent potential of preadipocytes to proliferate
and undergo adipogenesis may be deficient, which could lead to the hypoplasia
phenotype evident in VAT in GDM.
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Next, we wanted to determine whether the functionality of adipocyte insulin
signalling capacity may be impaired in GDM and if this impairment contributes to
systemic insulin resistance evident in these participants. In the omental VAT of
GDM nparticipants, we found that increased phosphorylation of the IRS-1 serine 312
residue hindered IRS-1 mediated insulin signalling while total IRS-2 expression was
reduced, thereby impairing IRS-2 activity. Phosphorylation of IRS-1 serine residues
can be initiated in response to TNF-a and IL-6 inflammatory signalling. IL-6 levels
were significantly higher in both serum and placenta of GDM participants while
TNF-a release was also significantly elevated from GDM placental tissue, relative to
NGT participants. Adiponectin, which was systemically depleted in GDM
participants in this study, protects IRS-1 from these inflammatory-induced effects
and preserves insulin sensitivity (401-403). Therefore, deleterious IRS-1
phosphorylation in GDM participants may be promoted by systemic low-grade

inflammation, paired with reduced adiponectin-mediated protection.

The significance of IRS-2 insufficiency in mediating insulin signalling is not as well
defined as IRS-1. Knockdown of IRS-2 in murine preadipocytes severely impairs
glucose uptake, hinders preadipocyte differentiation and reduces secretion of
adiponectin (399). In this study, reduced total IRS-2 expression in the VAT of GDM
participants significantly correlated with reduced adipocyte count. Furthermore,
circulating adiponectin levels were significantly reduced in these GDM participants.
It is therefore plausible that depleted IRS-2 expression in the VAT of GDM
participants could promote insulin resistance on three levels, by diminishing insulin
signalling transduction, preventing homeostatic adipogenesis and reducing
adiponectin production. These are the first clinical findings of VAT insulin

signalling dysfunction in GDM participants.

237



The next integral finding of this thesis was the possible pathogenic role of maternal
inflammation in GDM. We had initially hypothesised that localised tissue meta-
inflammation and the release of mitochondrial-derived DAMPSs may increase
systemic inflammation and exacerbate insulin resistance in GDM. Evidence
presented in this thesis suggests that this hypothesis is partially true, as we identified
localised placental dysregulation of metabolic adipokines and increased placental
inflammation. However, there was no evidence of increased infiltration of
macrophages or localised inflammation in omental VAT in GDM, unlike the
consistent evidence presented in T2DM (see Table 6.1). Nonetheless, there was very
strong evidence of systemic inflammation in the maternal circulation in GDM
participants, although this increase in inflammatory mediators was not directly

related to an increase in abundance of circulating monocyte/macrophages.

Additionally, elevated circulating cf-mtDNA numbers were quantified in GDM
participants, suggesting mitochondrial dysfunction is a feature of GDM
pathophysiology. Peripheral cf-mtDNA levels did not correlate with maternal age or
BMI in either study group. Furthermore, the origin of cf-mtDNA in circulation was
not elucidated. However, previous findings from our group have found that, at 20
weeks' gestation, circulating cf-mtDNA levels are significantly elevated in GDM and
may be linked to maternal BMI (194). Indirectly, we have previously shown that
maternal plasma (containing elevated cf-mtDNA) increases inflammation in PE via
activation of the TLR-9 receptor (192). However this was not evident in GDM, with
no increase in activation of TLR-9 in vitro upon exposure to GDM plasma. One
possible reason for this outcome is that the amount of cf-mtDNA in maternal plasma
in GDM may have been below the threshold required to activate TLR-9 in this

cellular assay. Future studies with purified cf-mtDNA isolated from maternal plasma
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are required to determine if this DAMP directly instigates maternal inflammation in

GDM.

As described earlier, there was evidence of localised placental inflammation in
GDM. Similar to the maternal circulation, this increase was not directly related to an
increase in macrophage abundance. However, this pro-inflammatory state is possibly
related to an increased production of mitochondrial-specific ROS, which was
particularly evident in the placental M1-like pro-inflammatory macrophage
population in GDM. We now propose that an infiltrating macrophage population,
rather than endogenous placental macrophages, are responsible for increased
placental inflammation as there was no evidence of oxidative damage in placental

tissue.

My original hypothesis suggested that the NLRP3 inflammasome acts a a nexus, co-
ordinating mitochondrial DAMP-induced inflammation in GDM. In this thesis,
placental secretion of IL-18, a key cytokine released downstream of NLRP3
activation, was significantly increased in GDM placental tissue. Additionally,
treatment of placental explants with MCC950, a selective inhibitor of NLRP3
activation, significantly attenuated exaggerated placental release of IL-18. Activation
of the NLRP3 inflammasome in GDM was specific to the placenta as there was no
evidence of NLRP3 activation locally in adipose tissue or systemically. Furthermore,
the NLRP3 inflammasome is predominantly expressed by macrophages (486).
Interestingly, elevated placental IL-18 production was significantly reduced by
treatment with ERG, a potent antioxidant, which suggests that exaggerated
macrophage prodution of mROS subsequently activates the NLRP3 inflammasome
and increases placental inflammation. It is important to note that the protein
expression of NLRP3, ASC or pro-caspase-1 were not increased in GDM placental
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tissue in this study. This suggests that, in term GDM placenta, exaggerated mROS
production may promote activation and downstream cleavage of caspase-1 with the
subsequent release of active IL-18, rather than regulating NLRP3 priming and
expression. Unfortunately, we were unable to successfully detect cleaved caspase-1
by immunoblotting in our samples to further delineate this theory. This thesis adds to
growing evidence for the pathogenic role of inflammasomes in mediating placental

inflammation in obstetric complications.

While the systemic inflammatory profile differed somewhat from the identified
placental profile, IL-6 was increased in both locations in GDM, suggesting that
placental tissue contributes to the circulating inflammatory phenotype in GDM. A
recent systematic review identified that peripheral IL-6 may be a possible predictive
marker of GDM (487). Maternal inflammation may not only exacerbate maternal
insulin resistance during pregnancy, but may equally represent a pathophysiological
link between GDM and future maternal risk of cardiometabolic complications.
Therefore, adopting glucose-centric therapeutic approaches alone in GDM may not

be sufficient for optimising acute and chronic maternal health outcomes.

Finally, this thesis recognised a possible therapeutic avenue for antioxidant therapy,
such as ERG, in ameliorating localised placental inflammation in GDM. ERG has
the advantage of a favourable pharmacokinetic profile, with avid uptake and
retention in plasma after oral administration, relatively low excretion rates and active
transfer and accumulation in sites that express the transporter OCTN1, which
includes placental tissue. Also, minimal adverse effects have been reported with
ERG administration in animal or human studies (449, 488). There are current
interventional trials underway to assess the health benefits of ERG supplementation
in people with metabolic syndrome (489), however future investigations are required
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to explore the effects of this nutraceutical in modifiying insulin resistance,

particularly in GDM.

Table 6.1. Summary of macrophage phenotype, cytokine and adipokine findings

in maternal fasting blood, omental VAT and placental tissue.

Analytes measured Tissue GDM vs. NGT participants

Macrophage phenotype Fasting blood | No change

(M1/M2 polarization, MROS | Omentum No change

production) Placenta Elevated mROS production in

CD14" and M1-like macrophages

Cytokines (IL-1B, IFN-02, Fasting blood | Elevated IL-6, IL-17A, 1L-12p70,

IFN-y, TNF-a, MCP-1, IL-6, MCP-1 levels

IL-8, IL-10, IL-12p70, IL- Omentum No change

17A, IL-18, IL-23, I1L-33) Placenta Elevated secretion of IL-18, IL-6
and TNF-a
Adipokines (adiponectin, Fasting blood | Reduced adiponectin levels
adipsin, leptin, resistin) Omentum No change
Placenta Elevated adipsin and reduced

leptin secretion
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6.3 Strengths and limitations

One of the primary strengths of this thesis is that it is one of the first studies to
employ a systemic multi-organ characterisation of GDM pathophysiology.
Furthermore, this study recruited nulliparous women which allowed us to explore the
pathophysiology of GDM, without the confounding effects of adaptive maternal
physiological responses to previous pregnancies. The analysis of biological
mediators of GDM were further supported by correlating outcomes with clinical
variables for each participant in the study. The experimental design of this thesis was
devised to limit confounding variables wherever possible. These efforts included
consistent methods for participant recruitment and sample processing throughout the
study and employing strict inclusion and exclusion criteria for participant enrolment.
Where possible, samples were matched by maternal BMI and/or age to limit the

effect of these variables on biochemical analysis.

There are equally limitations to this research. Although the single-site nature of our
study removes the variability that can occur with pooling data from multiple sites
and various research teams, this also limits the external validity of our findings.
Additionally, all participants in this study were recruited in Cork University
Maternity Hospital (CUMH), resulting in a predominantly white Irish study cohort.
All biological samples were collected at a single timepoint at the end of pregnancy,
which makes it difficult to accurately determine if the identified pathogenic
mediators are contributing or consequential factors in GDM. However, the extent of
our findings in term GDM pregnancy allows for future prospective studies to

investigate these pathways in greater detail earlier in pregnancy.
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6.4 Implications for Future Research

This thesis has characterised the role of mitochondrial dysfunction and meta-

inflammation as a shared pathogenic network in multiple tissues in GDM. While

these findings have enhanced our understanding of the complex interplay between

immune-endocrine mediators in GDM, there are a number of additional research

questions that warrant further investigation.

In the current clinical care pathways for women with GDM, a one-size-fits-
all approach is applied, yet in this study there is obvious heterogeneity
evident in this population. Recent work by Powe et al. (320) has begun to
adopt a personalised medicine approach to GDM by stratifying participants
based on the contribution of insulin resistance and insulin deficiency to GDM
heterogeneity. Three specific subpopulations were identified, namely lean
GDM patients who lack evidence of insulin resistance but instead are insulin-
deficient, obese GDM patients who are hyperinsulinaemic and whose
hyperglycaemic state is driven by insulin resistance alone and those GDM
patients who portray a mix of these two phenotypes. In this study this
heterogeneity within GDM participants is equally evident. When insulin-
treated participants were excluded for confounding reasons, women with
insulin-resistant GDM (64%), had increased maternal BMI, hyperinsulinemia
and significant VAT adipocyte hypoplasia, relative to insulin-deficient GDM
participants (36%). This study was unable to identify women who may have
a mix of insulin-deficient and insulin-resistant pathologies. Future work is
required to further characterise these phenotypes and examine their utility in
the clinical management of GDM, with the aim of providing precision

medicine to the obstetric population.
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While VAT is widely recognised as a pathogenic mediator of T2DM, this is
the first study to comprehensively characterise its potential role in GDM.
Furthermore, while there has been limited evidence of adipocyte hypertrophy
in subcutaneous depots in GDM, this is the first study to identify adipocyte
hypoplasia in VAT in GDM and equally highlight its potentially important
relationship with insulin resistance, as reported in Chapter 3. Dysregulation
of the molecular cues that stimulate the physiological expansion of adipose
tissue depots during pregnancy may have a pathogenic role in the
development of insulin resistance, yet the mechanisms involved are yet to be
fully elucidated. One possible avenue of investigation would be to employ
single cell RNA sequencing technology to characterise the adipocyte
progenitor cells (APCs) in the stromal vascular fraction of VAT. This would
help decipher the differentiation trajectory of APCs and whether they
regulate visceral adipose tissue plasticity and contribute to metabolic
inflexibility in GDM.

Despite the lack of a significant difference in circulating triglyceride levels in
term participants with GDM in Chapter 2, a recent meta-analysis of 97,880
pregnant women (322) established that women with GDM had significantly
higher triglycerides levels compared to NGT. Interestingly, this increase was
most significant in both first and second trimester, prior to clinical diagnosis
of GDM. Further studies are required to delineate the contribution of
triglycerides to the pathophysiology of GDM, in particular their potential
lipotoxic effects on maternal organs.

While this thesis specifically characterised monocyte/macrophage

subpopulations, more comprehensive immunophenotyping is needed,
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particularly in the maternal circulation, given the significant evidence of
systemic inflammation evident in GDM. Upon futher examination of the
circulating cytokine profile of GDM in Chapter 2, it would appear that these
mediators represent a T-cell, specifically a Th-17, signature due to the
increase in circulating IL-6 and IL-17 levels in GDM. IL-6 not only functions
upstream of IL-17 but also acts as a critical downstream target of I1L-17.
Equally, IL-17 together with IL-6 triggers a positive-feedback loop of IL-6
expression through the activation of NF-xB and STAT-3 signalling
pathways. Future studies should elucidate if peripheral Th-17 cells are
present at the onset of GDM and contribute to the systemic symptoms or
develop as a consequence of GDM-mediated metabolic dysfunction.

As with all translational research, one of the primary objectives of this study
was to define areas that could be therapeutically targeted to improve patient
outcomes. Unfortunately, therapeutic options for obstetric complications such
as GDM are limited, largely due to the reluctance and ethical complications
with including pregnant participants in clinical trials. As such, novel
therapeutic avenues must be explored to improve patient outcomes in
pregnancy. One such potential therapeutic strategy may be to attenuate
localised tissue inflammation and limit subsequent systemic metabolic
dysregulation through the inhibition of the NLRP3 inflammasome pathway.
As described in Chapter 4, the NLRP3 inflammasome is activated by a
diverse range of stimuli, including products of mitochondrial dysfunction and
ROS (413). However, there remains a question over whether the increase in
mitochondrial dysfunction and exaggerated ROS generation precedes or

proceeds the GDM condition, as the physiological criteria required may often
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be present long before a clinical diagnosis is confirmed. Either way, targeting
mitochondrial dysfunction and subsequent NLRP3 inflammasome activation
with mitochondrial-specific antioxidants may be a promising therapeutic
avenue to alleviate both the acute and chronic inflammatory and metabolic

symptoms of GDM.
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6.5 Conclusion

GDM is one of the most common medical complications of pregnancy and remains a
leading cause of adverse maternal and fetal health outcomes in obstetrics. The global
prevalence of GDM continues to rise due to increases in the rates of obesity in
women of reproductive age (490). In this thesis, we have provided substantial
evidence of metabolic dysfunction and inflammation in the maternal circulation,
omental VAT depot and placental tissue of women with GDM. This includes direct
findings of defects in adipocyte expansion and impaired insulin signalling
transduction, in addition to placental and systemic mitochondrial dysfunction and
inflammation, which may ultimately orchestrate maternal insulin resistance.
Prospective research interrogating the coordinated influence these mechanistic
pathways have on the development of increased insulin resistance in GDM-
complicated pregnancies may uncover alternative therapeutic strategies with the

hope of improving maternal and fetal health outcomes.
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