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Abstract

Background: Gestational diabetes mellitus (GDM) is a serious pregnancy complication, in
which women without previously diagnosed diabetes develop chronic hyperglycaemia during
gestation. This hyperglycaemia usually manifests itself through impaired glucose tolerance due
to insulin resistance. Gestational diabetes affects approximately 10% of New Zealand
pregnancies, and the number of women diagnosed is set to further increase with the obesity
epidemic. For this reason, an easily adhered to, effective intervention that could be taken both
before and during pregnancy, could be beneficial.
Aim: This thesis aimed to investigate a combination of insulin sensitising agents, vitamins and
a probiotic in the prevention of GDM in mice. The potential for a treatment that targets
inflammation in cases of GDM was also investigated, using interleukin-1-receptor-1 knock-out
mice (IL1R1-/-).
Method: The work detailed in this thesis covers four studies: (1) The impact of supplementation
of myo-inositol (MI) and vitamins B2, B6, B12 and D were investigated in a genetic mouse
model of GDM (pregnant db/+ dams). (2) Upon discovering that the db/+ mice in the
aforementioned study did not demonstrate GDM as expected, the cause of the loss of phenotype
was investigated. (3) The effects of supplementation with MI and probiotics was examined in a
high fat diet (HFD)-induced GDM mouse model. (4) The impact of IL1R1-/- was explored in a
HFD-induced GDM mouse model.
Results: In contrast to previous studies, db/+ mice did not display glucose intolerance compared
with control mice during pregnancy. However, C57BL/6J fed HFD for one week prior to and
throughout pregnancy were an effective model of GDM. MI generally improved glucose
intolerance and insulin resistance. Vitamins B2, B6, B12, and D reduced markers of adipose
tissue inflammation. Probiotic supplementation reduced gestational weight gain and ectopic fat
iv

deposition in the liver. IL1R1-/- did not improve maternal glucose tolerance and surprisingly
worsened some indicators of GDM.
Conclusion: These studies provide novel contributions to the field of GDM prevention and
treatment, especially with respect to the effects of vitamin B2, the mechanisms underlying MI
and probiotic supplementation, and the counterintuitive impact of modified inflammatory
signalling.
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Chapter 1. Introduction

In recent years, the global prevalence of diabetes and its frequency in women of reproductive
age has rapidly increased, with no apparent end to the trend in sight (Cheng et al., 2013). The
growing burden of diabetes has prompted a surge in diabetes-related research, through which it
has become clear that hyperglycaemia during pregnancy is related to adverse pregnancy
outcomes (Roglic et al., 2014). Gestational diabetes mellitus (GDM) refers to the subset in
which hyperglycaemia is first diagnosed during pregnancy. This definition may include both
women with spontaneous pregnancy-onset hyperglycaemia, and those with previously
undiagnosed type 2 diabetes mellitus (T2DM). GDM affects an estimated 16.5% of pregnancies
worldwide, and up to 25% of pregnancies in some countries, and this rate is climbing as the
overall prevalence of obesity and T2DM increases (International Diabetes Federation, 2015).
However, exact estimates are difficult, due to the wide variety of diagnostic criteria used across
study populations (Bhavadharini et al., 2016a). GDM is of great concern due to the lifelong
consequences it can pose for both the mother and the baby. Women who experience GDM are
more likely to develop T2DM and cardiovascular disease (CVD) in later life, as well as GDM
in subsequent pregnancies (Damm, 2009). Babies born to mothers with GDM are more likely
to be born large for gestational age (LGA), experience respiratory distress or stillbirth, and are
themselves predisposed to later obesity and T2DM (Clausen et al., 2008). Being overweight is
a significant risk factor for GDM, and this gives rise to a vicious intergenerational cycle of
obesity and diabetes. In order to halt this cycle, an effective intervention for GDM is required
(Page et al., 2011).
Unfortunately, there is no widely accepted treatment or prevention strategy for GDM.
Management usually includes lifestyle changes and sometimes insulin supplementation – which
is only of limited effectiveness due to the insulin resistance that is often present (Catalano et al.,
2003). Some emerging treatment options, including metformin and glyburide, are promising,
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but long-term effects on the mother and fetus remain poorly understood (Feig et al., 2011;
Camelo Castillo et al., 2015). Furthermore, by the time GDM is diagnosed – typically between
24 and 28 weeks’ gestation – the most effective window for intervention may have passed. There
is therefore scope to develop new effective, safe and easy-to-administer interventions to prevent
GDM in pregnant women, or women planning a pregnancy.
The studies in this thesis explore potential interventions to prevent and/or treat GDM. In parallel
with a large multicentre clinical trial (the “NiPPeR” study – Nutritional Intervention Preconception and During Pregnancy to Maintain Healthy Glucose Metabolism and Offspring
Health), the effects of several micronutrients that have shown promise in preventing or treating
GDM are investigated in mouse models. In addition, interleukin-1-receptor-1 knockout mice
(IL1R1-/-) are used to explore the role of the interleukin-1 signalling pathway in the pathogenesis
of GDM, with the aim of determining its potential as a therapeutic target.
The following literature review is divided into three sections. Section 1.1 provides an overview
of what is understood about GDM – first outlining metabolic function in normal pregnancy,
before exploring known risk factors for GDM, the pathophysiology of GDM, and the short- and
long-term consequences of GDM. Section 1.2 discusses animal models of GDM, including
surgical, chemical, dietary, spontaneous and genetic models, providing the background for the
mouse models used in this thesis. Finally, Section 1.3 discusses past and current treatment
options for GDM, making way for the potential new treatments presented in this thesis.
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1.1 Gestational Diabetes
In order to design appropriate and effective treatments for GDM, an understanding of the
pathophysiology of gestational diabetes is required. This first section of Chapter 1 will focus on
what is already known about how and why GDM develops, and what has not yet been elucidated.
To understand what goes awry in GDM, a brief overview of the role of glucose and insulin in
normal pregnancy is first required.

1.1.1 Glucose regulation during normal pregnancy
During normal pregnancy, the mother’s body undergoes a number of physiological changes in
order to support the needs of the growing fetus. These include adaptations to the cardiovascular,
renal, hematologic, respiratory and metabolic systems. One important metabolic adaptation is
in insulin sensitivity. Over the course of pregnancy, insulin sensitivity shifts depending on the
requirements of pregnancy. During early pregnancy, insulin sensitivity increases, promoting the
uptake of glucose into fat stores in preparation for the energy demands of later gestation (Di
Cianni et al., 2003). However, as pregnancy progresses, a surge of local and placental hormones,
including oestrogen, progesterone, cortisol, leptin, placental growth hormone and placental
lactogen, contribute to a shift towards a state of insulin resistance (Catalano et al., 1991). By
inducing adipose and skeletal muscle insulin resistance, blood glucose is slightly elevated, and
glucose is transported across the placenta to the growing fetus. This mild state of insulin
resistance also promotes endogenous glucose production and breakdown of fat stores, resulting
in a further increase in plasma glucose and free fatty acid (FFA) concentrations (Phelps et al.,
1981). In order to maintain glucose homeostasis, it is thought that the pancreases of normal
pregnant women respond to these changes through compensatory mechanisms, which include
hypertrophy and hyperplasia of the β cells, as well as increased insulin secretion (Parsons et al.,
1992). The importance of placental hormones to this process is exemplified by the fact that
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maternal insulin sensitivity returns to pre-pregnancy levels within a few days of delivery (Ryan
et al., 1985).
For reasons not well understood, the normal metabolic adaptations to pregnancy do not
adequately occur in all pregnancies, which can result in GDM. The remainder of this section
will focus on what is known about what goes awry during pregnancy that contributes to the
development of GDM.

1.1.2 Classification of gestational diabetes
The World Health Organization (WHO) formally classifies GDM as carbohydrate intolerance,
resulting in hyperglycaemia, with onset or first recognition during pregnancy (Diagnostic
Criteria and Classification of Hyperglycaemia First Detected in Pregnancy, 2013).
Carbohydrate intolerance refers to an impaired ability of the body to adequately respond to
glucose load, and can be detected using an oral glucose tolerance test (OGTT). However, the
exact threshold for a diagnosis of GDM depends on the criteria used, and so far there has been
a lack of consensus amongst health professionals (Bhavadharini et al., 2016a). It is now advised
by the WHO, the International Federation of Gynaecology and Obstetrics, and the Endocrine
Society, that the International Association of Diabetes and Pregnancy Study Group (IADPSG)
criteria be used in the diagnosis of GDM (Egan et al., 2017). The IADPSG criteria was
developed based on the results of the Hyperglycaemia and Adverse Pregnancy Outcomes
(HAPO) Study – a large multinational and multicentre study of 23,000 pregnant women (HAPO
Study Cooperative Research Group et al., 2008). One major finding of the HAPO Study was a
continuous risk of adverse maternal and fetal outcomes with increasing maternal glycaemia –
even below the diagnostic threshold for GDM – suggesting the criteria for intervention needed
to be adjusted. The IADPSG therefore recommends an OGTT be performed in all pregnant
women between 24 and 28 weeks’ gestation, which has major implications for healthcare costs
and the number of women who are ultimately identified as having GDM (Egan et al., 2017). In
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addition, the criteria include a process for differentiating between GDM and previously
undiagnosed T2DM. However, there has been much debate regarding IADPSG’s criteria,
especially their recommendations around diagnosis in early pregnancy, their single-step
approach for screening, and their reduced cut-offs for a GDM diagnosis (Bhavadharini et al.,
2016b). Alternate criteria remain in many centres and countries, including the 2015 UK National
Institute for Health and Care Excellence (NICE), and the 1999 WHO criteria (Table 1.1.). These
inconsistencies across study populations complicate the interpretation of GDM-related studies,
and this must be considered when contemplating desired outcomes of new treatment strategies,
such as those discussed in this thesis.
Table 1.1. Various proposed criteria for GDM diagnosis using OGTT
Adapted from Bhavadharini et al. (2016a).

Criteria

Steps

Glucose threshold (mmol/L)

Glucose
load (g)

Fasting

1h

2h

3h

O’Sullivan, 1964

2

100

5.0

9.2

8.1

6.9

WHO, 1999

1

75

7.0

—

7.8

—

American Diabetes
Association (ADA),
2004

2

100

5.3

10.0

8.6

7.8

1

75

5.1

10.0

8.5

—

1

75

5.6

—

7.8

—

IADPSG, 2010
WHO, 2013
National Institute for
Health and Care
Excellence (NICE),
2015
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1.1.3 Prevalence of gestational diabetes
The aforementioned inconsistencies in screening and diagnosis of GDM make worldwide
estimates difficult. Using the IADPSG’s criteria, the International Diabetes Federation (IDF)
estimated that 20.9 million live births worldwide (16.5%) were affected by hyperglycaemia in
pregnancy in 2015 (International Diabetes Federation, 2015). They classified 85.1% of those
cases to be the result of GDM, 7.4% due to overt diabetes first recognised in pregnancy, and
7.5% due to overt diabetes detected prior to pregnancy. South-East Asia had the highest
prevalence of GDM at 24.2%, while the lowest prevalence was seen in Africa at 10.5%. The
Western Pacific – the region that encompasses New Zealand – had a prevalence of 12.4%
(3.7 million). Almost 90% of cases of hyperglycaemia in pregnancy occurred in low- and
middle-income countries, where access to maternal healthcare is limited.

1.1.4 Forms of gestational diabetes
Outside of pregnancy, three distinct forms of diabetes mellitus are described: autoimmune
diabetes, monogenic diabetes, and diabetes occurring on a background of insulin resistance.
While there is evidence that GDM can occur in all three settings (Chiu et al., 1994; Damm et
al., 1994), the vast majority (~80%) of GDM cases present as β cell dysfunction on a background
of chronic insulin resistance, to which the normal insulin resistance of pregnancy is partially
additive (Buchanan et al., 2005). Thus, affected women tend to have an even greater degree of
insulin resistance than healthy pregnant women, and therefore have further reduced glucose
utilisation and increased glucose production and FFA concentrations (Catalano et al., 1999). It
is thought that β cells deteriorate due to excessive insulin production in response to excess
energy consumption and insulin resistance, effectively wearing the cells down. The fact that this
pathology closely resembles that of T2DM has spurred much debate about whether the two
diseases should be considered etiologically indistinct (Pendergrass et al., 1995; Zajdenverg et
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al., 2017). As this form of GDM is the most common, it will be the most frequently referred to
throughout this thesis.

1.1.5 Risk factors for gestational diabetes
Epidemiological studies of risk factors for GDM are limited and typically afflicted by
confounding factors (Ben-Haroush et al., 2004; Metzger et al., 2007). In addition, the
aforementioned differences in diagnostic criteria for GDM and measurements of risk factors
make it difficult to compare findings across studies. Despite these concerns, several risk factors
for GDM emerge consistently. These include ethnicity (Jenum et al., 2012), genetic
polymorphisms (Anghebem-Oliveira et al., 2017), advanced maternal age (Lao et al., 2006),
family and personal history of GDM (Levy et al., 2010), and other diseases of insulin resistance
such as polycystic ovarian syndrome (PCOS) (Ben-Haroush et al., 2004). Risk factors
particularly relevant to this thesis, including overweight and obesity, diet and nutrition, and
early-life environment, are expanded on in this section.
1.1.5.1 Overweight and obesity
The risk of GDM increases progressively with maternal body mass index (BMI), and degree of
body fat (adiposity) (Okosun et al., 2004). A meta-analysis of the relationship between maternal
obesity and GDM reported the risk of GDM as approximately two, four and eight times greater
in overweight, obese and severely obese women, respectively (Chu et al., 2007). Rates of
overweight and obesity amongst women of reproductive age have dramatically risen in recent
years, which has been met with a similar increase in the prevalence of GDM (Bardenheier et al.,
2015). However, it is uncertain whether the relationship between obesity and GDM is the result
of correlation or causation. While it could be adiposity per se that confers greater risk of GDM,
it could also be common features between obesity and GDM such as poor nutrition, lack of
physical activity, or genetics that account for the link. However, the relationship between dietary
patterns and lifestyle choices often disappears when controlling for maternal BMI, which
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suggests that it is BMI itself, rather than a contributing factor, that is most strongly associated
with GDM (Radesky et al., 2008).
While obesity is a risk factor for GDM, many women who develop GDM are not overweight or
obese, but still demonstrate insulin resistance and an inability to suppress gluconeogenesis and
FFA concentrations (Catalano et al., 1999). Therefore, GDM cannot always be considered in
the context of obesity. Importantly, excessive gestational weight gain is considered a risk factor
for GDM, independent of pre-pregnancy BMI (Durnwald, 2015).
1.1.5.2 Diet and nutrition
A substantial body of evidence suggests an association between diet and GDM. However, it is
uncertain if it is overall energy consumption, macronutrients, micronutrients or some other
dietary factor that accounts for this relationship (C. Zhang et al., 2011). It is also unclear if it is
pre-pregnancy diet, pregnancy diet, or both, that contributes to GDM, although there is some
suggestion that diet prior to conception might be most important (Radesky et al., 2008). These
uncertainties stem from the cross-sectional or retrospective nature of the majority of studies of
diet and GDM risk. Furthermore, the number of GDM cases in the majority of these studies is
low. Nevertheless, many studies have considered the role of diet in development of GDM. As
the majority of treatments investigated in this thesis are nutrition based, this section will outline
what is known about the relationship between nutrition and GDM, and what is yet to be
discerned.
1.1.5.2.1 Macronutrients
While total energy intake is the dietary factor most generally associated with risk of GDM, there
is some evidence for the individual contributions of the three macronutrients: fat, carbohydrate,
and protein.
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1.1.5.2.1.1 Dietary fat
Even independently of pre-pregnancy BMI, maternal fat intake has been associated with GDM
(Barbieiri et al., 2016). This particularly applies to animal fats such as those derived from red
meat and eggs (Qiu et al., 2011; Bowers et al., 2012). However, as the most energy-dense
macronutrient, maternal fat intake is usually heavily correlated with total energy intake,
complicating interpretation of results. Many studies that report increased saturated fat intake
also report increased total energy intake (Park et al., 2013), although some have found an
association between saturated fat intake and GDM when adjusted for total energy intake
(Saldana et al., 2004; Barbieiri et al., 2016). There is evidence that saturated fatty acids directly
interfere with insulin signalling (Sivan et al., 2003), and they are also linked to inflammation
and endothelial dysfunction – both pathogenic factors in GDM (Fung et al., 2005). On the other
hand, polyunsaturated fatty acids, including those derived from fish and seafood, are
consistently associated with decreased risk of GDM (Taschereau-Charron et al., 2017).
1.1.5.2.1.2 Dietary carbohydrate
Despite its classification as a disease of carbohydrate intolerance, the relationship between
increased carbohydrate intake and risk of GDM is tenuous. Several studies have reported that
higher consumption of carbohydrate, coupled with lower consumption of saturated and trans
fats, reduces risk of GDM (Ley et al., 2011; Bowers et al., 2012). Increased carbohydrate
consumption is also associated with reduced risk of GDM when fat consumption is not
controlled for (Saldana et al., 2004). However, carbohydrates constitute a wide variety of foods,
including grains, fruits and vegetables, and simple sugars. A diet high in whole grains, fruits
and vegetables is generally associated with reduced risk of GDM, while sugar consumption is
associated with increased risk (Bao et al., 2014). However, sugar consumption is often grouped
with meat consumption as part of dietary pattern analysis (i.e. a “Western diet”), and therefore
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it is uncertain if it is sugar consumption itself, or the independent effects of meat consumption,
that makes the greatest contribution (Schoenaker et al., 2016).
1.1.5.2.1.3 Dietary protein
While observational human studies have reported conflicting results, there is emerging evidence
that high protein intake – particularly animal protein – increases risk of GDM (Bao et al., 2013;
Maslova et al., 2017; Pang et al., 2017). Furthermore, high plasma concentrations of branchedchain amino acids have been positively associated with insulin resistance in metabolomics
studies (Wang et al., 2011). It is uncertain why this relationship exists, although the role of
amino acids as substrates for hepatic glucose production (Tremblay et al., 2007), and in hepatic
lipotoxicity (F. Zhang et al., 2016) could be contributing factors.
1.1.5.2.2 Micronutrients
Independent of potential confounders, decreased gestational plasma concentrations of vitamin
C (Zhang et al., 2004), vitamin D (Zhang et al., 2015), vitamin E (Parast et al., 2017), vitamin
B1 (Bartáková et al., 2016), vitamin B12 (Sukumar et al., 2016), selenium, and zinc (Bo et al.,
2005) have been associated with GDM, although results across studies are conflicting. Vitamin
D deficiency is arguably the micronutrient insufficiency most consistently associated with
GDM. However, confounding variables including ethnicity, sun exposure and season of
measurement can be difficult to control for, and as such the independent relationship between
vitamin D status and GDM remains uncertain (Boyle et al., 2016).
Haeme iron has consistently been associated with increased risk of GDM and T2DM (R. Jiang
et al., 2004; Bao et al., 2013; Schoenaker et al., 2016). While this was originally believed to be
simply a correlation with red meat intake, there is mounting evidence that iron supplementation
in women without iron deficiency is associated with increased risk of GDM (Lao et al., 2004;
Javadian et al., 2014).
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Supplementation with folic acid – part of the B vitamin complex – has been consistently linked
with increased risk of GDM, despite it being recommended in pregnancy to prevent fetal neural
tube defects (Lai et al., 2017). This observation is almost always coupled with vitamin B12
deficiency, suggesting that the combination of high folate concentration and B12 deficiency
contributes to insulin resistance (Yajnik et al., 2008). Therefore, relationships between
micronutrients may be as, or more, important than the contribution of individual micronutrients
to the development of GDM.
1.1.5.2.3 Other dietary factors
The Nurses’ Health Study II – the second in a series of large, prospective studies of American
female nurses – uncovered a number of significant diet-associated risk factors for GDM,
independent of those already discussed. A Western diet, characterised by high intake of
processed meat, red meat, sweets, fries, refined grains and pizza, was positively associated with
GDM. Conversely, a “prudent diet”, characterised by high intake of fruits, vegetables, fish and
poultry, was inversely associated with GDM risk (Zhang, 2010).
Further analysis of the link between a Western diet and GDM in the Nurses’ Health Study II
revealed that the pattern was largely explained by intake of red and processed meats. This strong
association remained after adjustment for fatty acids, cholesterol, haeme iron and protein
content (Zhang, 2010). It has been suggested that by-products related to the processing of meat
could be responsible – such as nitrates (a common preservative in processed meats), or advanced
glycation end products (AGEs), which have both been implicated in β cell toxicity (Dahlquist,
1998; Lijinsky, 1999).
In addition, pre-pregnancy consumption of dietary fibre, including total, cereal and fruit fibre,
was significantly and inversely associated with GDM risk in the Nurses’ Health Study II (Zhang
et al., 2006). Each 10 gram per day increment in total fibre intake was associated with a 26%
decrease in GDM risk.
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Finally, after adjustment for all identified confounders, the consumption of sugar-sweetened
cola was associated with GDM in the Nurses’ Health Study. No significant association was
found for other sugar-sweetened beverages or with diet colas. Women who drank more than five
servings of cola per week were at a 22% increased risk of developing GDM (Chen et al., 2009).
The reason why sugar-sweetened cola, and no other sugar-sweetened beverage or diet colas,
was associated with GDM is unknown.
1.1.5.3 Early-life environment
There is strong epidemiological and experimental evidence to suggest that early-life events and
the intrauterine environment are important determinants of future health (Barker et al., 1993).
The evidence that the intrauterine environment can contribute to later risk of GDM is limited
but highly suggestive. Both undernutrition and overnutrition in the womb are associated with
adult insulin resistance in animal studies (Vickers et al., 2000; Desai et al., 2014). It is believed
that the fetus compensates for undernutrition in the womb by epigenetically altering the
expression of genes involved in fat storage, energy utilisation and appetite regulation. These
alterations persist after birth – a phenomenon referred to as “developmental programming”
(Ikenasio-Thorpe et al., 2007). While potentially beneficial in times of famine, it is thought that
a mismatch between nutritional status in the womb and nutritional status once born can
contribute to the development of obesity and metabolic disease. On the opposite end of the
spectrum, overnutrition in the womb, such as can occur in GDM, causes fetal overgrowth. These
fetuses are born essentially already overweight and on a trajectory towards insulin resistance.
This association between early-life nutrition and GDM is exemplified by the discovery that both
low birth weight and high birth weight are independent risk factors for GDM (Pettitt et al.,
2007).
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1.1.6 Pathophysiology of gestational diabetes
As previously mentioned, GDM is usually the result of β cell dysfunction that occurs on a
background of chronic insulin resistance during pregnancy. Thus, both β cell impairment and
tissue insulin resistance represent critical components of the pathophysiology of GDM. In most
cases these impairments exist prior to pregnancy, and can be progressive – representing an
increased risk of T2DM post-pregnancy (Homko et al., 2001). A number of additional organs
and systems contribute to, or are affected by, GDM. These include the brain, adipose tissue,
liver, muscle and placenta.
1.1.6.1 β cell dysfunction
The primary function of β cells is to store and secrete insulin in response to glucose load. When
β cells lose the ability to adequately sense blood glucose concentration, or to release sufficient
insulin in response, this is classified as β cell dysfunction. β cell dysfunction is thought to be the
result of prolonged, excessive insulin production in response to chronic fuel excess (Weir et al.,
2001). However, the exact mechanisms underlying β cell dysfunction can be varied and complex
(Defronzo, 2009; Zraika et al., 2010). Defects can occur at any stage of the process: pro-insulin
synthesis, post-translational modifications, granule storage, sensing of blood glucose
concentrations, or the complex machinery underlying exocytosis of granules. Indeed, the
majority of the susceptibility genes associated with GDM are related to β cell function, including
potassium voltage-gated channel KQT-like 1 (Kcnq1) and glucokinase (Gck). Minor
deficiencies in the β cell machinery may only be exposed in times of metabolic stress, such as
during pregnancy (Prentki et al., 2006).
β cell dysfunction is exacerbated by insulin resistance. Reduced insulin-stimulated glucose
uptake further contributes to hyperglycaemia, overburdening the β cells, which have to produce
additional insulin in response. The direct contribution of glucose to β cell failure is described as
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glucotoxicity (Ashcroft et al., 2017). Thus, once β cell dysfunction begins, a vicious cycle of
hyperglycaemia, insulin resistance, and further β cell dysfunction is set into motion.
Animal studies suggest that β cell number is also an important determinant of glucose
homeostasis. For example, Zucker fatty (ZF) rats subjected to 60% pancreatectomy mostly
recover β cell mass by one week post-surgery, but still develop hyperglycaemia. In these cases,
the short-term but dramatic reduction in β cell mass overburdens the remaining β cells, resulting
in severely reduced glucose-stimulated insulin secretion and depletion of internal insulin granule
stores (Delghingaro-Augusto et al., 2009). Sprague Dawley rats, which are usually very resistant
to the development of diabetes, experience substantial loss of β cell mass when growth-restricted
in utero via bilateral uterine artery ligation (Simmons et al., 2001). This loss of β cell mass has
been linked to epigenetic downregulation of pancreatic homeobox transcription factor (Pdx1),
which is essential for normal β cell differentiation in the embryo (Pinney et al., 2010).
Glucotoxicity is also thought to result in β cell apoptosis over time (Ashcroft et al., 2017).
Pancreatic samples from T2DM can show a reduction of β cell mass by 40–60% (Butler et al.,
2003), but less than 24% loss after 5 years of disease has also been reported (Rahier et al., 2008).
Therefore, it may be reduced β cell mass, β cell dysfunction, or both, that contribute to GDM,
depending on the individual.
1.1.6.2 Chronic insulin resistance
Insulin resistance occurs when cells no longer adequately respond to insulin. At the molecular
level, insulin resistance is usually a failure of insulin signalling, resulting in inadequate plasma
membrane translocation of GLUT4 – the primary transporter responsible for bringing glucose
into the cell to use as energy (Figure 1.1.). The rate of insulin-stimulated glucose uptake is
reduced by 54% in GDM compared with normal pregnancy (Catalano, 2014). While insulin
receptor abundance is usually unaffected, reduced tyrosine or increased serine/threonine
phosphorylation of the insulin receptor dampens insulin signalling (Barbour et al., 2007). In
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addition, altered expression and/or phosphorylation of downstream regulators of insulin
signalling, including insulin receptor substrate (IRS)-1, phosphatidylinositol 3-kinase (PI3K),
and GLUT4, has been described in GDM (Catalano, 2014). Many of these molecular changes
persist beyond pregnancy (Friedman et al., 2008).
Several of the previously discussed risk factors for GDM are thought to exert their effects by
interfering with insulin signalling. For example, saturated fatty acids increase intracellular
concentrations of diacylglycerol within myocytes, activating protein kinase C (PKC) and
inhibiting tyrosine kinase, IRS-1 and PI3K (Sivan et al., 2003). Pro-inflammatory cytokines and
adiponectin also modify this process, as will be discussed in the following sections.
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Figure 1.1. Simplified diagram of insulin signalling
Binding of insulin to the insulin receptor (IR) activates IRS-1. Adiponectin promotes IRS-1 activation through AMP-activated protein kinase (AMPK), while
pro-inflammatory cytokines activate protein kinase C (PKC) via IκB kinase (IKK), which inhibits IRS-1. IRS-1 activates phosphatidylinositol-3-kinase (PI3K),
which phosphorylates phosphatidylinositol-4, 5-bisphosphate (PIP2) to phosphatidylinositol-3, 4, 5-phosphate (PIP3). PIP3 activates Akt2, which promotes
GLUT4 translocation and glucose uptake into the cell.
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1.1.6.3 Neurohormonal networks
Neurohormonal weight control dysfunction has been implicated in the pathogenesis of diseases
of insulin resistance, such as GDM. This network regulates appetite, active energy expenditure
and basal metabolic rate, and is made up of a complex network of central (e.g. cortical centres
that control cognitive, visual, and “reward” cues) and peripheral (e.g. satiety and hunger
hormones) signals (Morton et al., 2006; Thorens, 2008). These contribute to GDM by
influencing adiposity and glucose utilisation. This network is highly regulated by the circadian
clock, which may explain why pathological sleep disorders are correlated with GDM (Cai et al.,
2017; Facco et al., 2017). Neural networks controlling body weight are most likely set in early
life, as demonstrated in animal studies. For example, rats that are both under- and over-fed in
early life experience epigenetic alteration of the regulatory set-point of hypothalamic neurons
(Plagemann et al., 2009; Fukami et al., 2012). This adds to the previously mentioned suggestion
that predisposition to GDM may be set in the womb.
Some of the most important regulators of neurohormonal metabolic control are adipokines –
cell signalling proteins secreted by adipose tissue. These include leptin and adiponectin. A
discussion of their relevance to GDM follows.
1.1.6.3.1 Leptin
Leptin is a satiety hormone secreted by adipocytes in response to adequate fuel stores. It
primarily acts on neurons within the arcuate nucleus of the hypothalamus to decrease appetite
and increase energy expenditure. Specifically, leptin inhibits appetite-stimulators neuropeptide
Y (NPY) and agouti-related peptide (AgRP), and activates the anorexigenic polypeptide proopiomelanocortin (POMC) (Farr et al., 2015). When leptin was discovered, it was lauded as a
potential treatment for obesity (Zhang et al., 1994). However, it was soon discovered that the
majority of obese individuals do not respond to leptin, and instead show leptin resistance. While
leptin treatment is effective in obesity caused by leptin and leptin receptor genetic
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polymorphisms, these are rare (< 5% of obese individuals) (Farooqi et al., 2014). Therefore,
obesity is associated with excessive plasma leptin concentration (hyperleptinaemia) as a result
of leptin resistance, and plasma leptin levels are generally proportional to the degree of adiposity
(Hamilton et al., 1995). Leptin resistance can occur either as a defect in blood-brain barrier
leptin transport, or through intracellular mechanisms similar to insulin resistance (Koch et al.,
2014). Like insulin resistance, a degree of leptin resistance occurs in normal pregnancy,
presumably to bolster fat stores beyond what would usually be required in the non-pregnant
state. Leptin resistance is further increased in GDM, resulting in hyperleptinaemia (Honnorat et
al., 2015). However, pre-pregnancy BMI is a stronger predictor of circulating leptin than GDM
per se (Maple-Brown et al., 2012).
The placenta also secretes leptin during human pregnancy. In fact, the placenta is responsible
for the majority of leptin in maternal plasma during pregnancy (Masuzaki et al., 1997). Placental
leptin production is increased in GDM, probably as a result of placental insulin resistance, and
this further contributes to hyperleptinaemia. This is also thought to facilitate amino acid
transport across the placenta, contributing to fetal macrosomia (Pérez-Pérez et al., 2013).
1.1.6.3.2 Adiponectin
Like leptin, adiponectin is a hormone primarily secreted by adipocytes. However, plasma
adiponectin concentrations are inversely proportional to adipose tissue mass, with low
concentrations in obese individuals. GDM is similarly associated with decreased adiponectin
(Williams et al., 2004). In contrast to leptin, there is a stronger association of adiponectin with
insulin resistance than with adiposity (Retnakaran et al., 2004). This suggests that adiponectin
plays an important role in the pathogenesis of GDM, independently of obesity. Adiponectin
enhances insulin signalling and fatty acid oxidation, and inhibits gluconeogenesis (Yamauchi et
al., 2002). It does so by activating AMP-activated protein kinase (AMPK) within insulinsensitive cells, which facilitates the action of IRS-1 (Figure 1.1.), and by activating the
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transcription factor PPARα in the liver. Furthermore, adiponectin stimulates insulin secretion,
by upregulating insulin gene expression and exocytosis of insulin granules from β cells (Kishida
et al., 2012).
Adiponectin is also expressed at low concentration from the syncytiotrophoblast of the placenta.
Here it is regulated by cytokines such as tumour necrosis factor (TNFα), interleukin (IL)-6,
interferon gamma (IFNγ) and leptin (Chen et al., 2006). The role of placental adiponectin in
normal and GDM pregnancy is unclear (Fasshauer et al., 2014). However, emerging evidence
suggests adiponectin impairs insulin signalling and amino acid transport across the placenta,
limiting fetal growth. Therefore, adiponectin gene methylation in the placenta is associated with
maternal glucose intolerance and fetal macrosomia (Bouchard et al., 2012).
1.1.6.4 Adipose tissue
Originally believed to exist only as a passive depot of energy, the discovery of leptin in 1994
established adipose tissue as an essential endocrine organ. Adipose tissue both ensures energy
is partitioned safely, and actively secretes circulatory factors, including adipokines (the
aforementioned leptin and adiponectin) and cytokines (such as TNFα, IL-6, and IL-1β), which
have wide-ranging metabolic effects.
1.1.6.4.1 Energy storage
The storage capability of adipose tissue is essential for metabolic health. This is exemplified
through two extremes: rare disorders in which white adipose tissue is absent lead to severe
metabolic syndrome, whereas some obese individuals (with excessive white adipose tissue) do
not develop metabolic syndrome at all (Succurro et al., 2008). Therefore, the ability to partition
excess calories into adipose tissue rather than ectopically in the liver, muscle or pancreas,
appears to serve as a protective measure. Non-diabetic obese individuals exhibit adequate
adipose tissue expansion in response to fuel surfeit, and therefore maintain healthy blood
glucose concentrations, sufficient β cell compensation, and avoid chronic insulin resistance
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(Wajchenberg, 2000; Stefan et al., 2008). In this way, key organs avoid glucose-induced tissue
damage. As previously mentioned, early pregnancy is marked by an increase in adipose tissue
mass, while later pregnancy promotes breakdown of this tissue, in order to fuel fetal growth.
Both of these processes are thought to be limited in GDM (Rojas-Rodriguez et al., 2015). GDM
is associated with reduced adipocyte differentiation and increased adipocyte size (hypertrophy),
accompanied by downregulated gene expression of insulin signalling regulators, fatty acid
transporters and key adipogenic transcription factors such as PPARγ (Lappas, 2014). The
combination of insulin resistance and reduced adipocyte differentiation hinders the tissue’s
ability to safely dispose of excess energy, contributing to gluco- and lipo-toxicity in the rest of
the body. Indeed, both T2DM and GDM are associated with fat deposition in muscle and liver
(Kautzky-Willer et al., 2003; Forbes et al., 2011).
1.1.6.4.2 Adipose tissue inflammation
Obesity, T2DM and GDM are associated with an increased number of macrophages resident in
adipose tissue (ATM). ATMs secrete pro-inflammatory cytokines, including TNFα, IL-6, and
IL-1β. Therefore, circulating concentrations of these pro-inflammatory cytokines is increased
in GDM (Atègbo et al., 2006; Fasshauer et al., 2014). Plasma TNFα in particular is strongly
correlated with insulin resistance (Kirwan et al., 2002). Similarly, placental gene expression of
TNFα, IL-1β and their receptors has been reported to be increased in GDM (Kirwan et al., 2002;
Radaelli et al., 2003). The importance of a low-grade inflammatory state in the pathogenesis of
insulin resistance has recently become apparent. Pro-inflammatory cytokines have been
discovered to both impair insulin signalling and inhibit insulin release from β cells. These factors
induce insulin resistance either by diminishing insulin receptor (IR) tyrosine kinase activity,
increasing serine phosphorylation of IRS-1, or through the STAT3-SOCS3 pathway, which
degrades IRS-1 (Barbour et al., 2007; Kim et al., 2009). However, the relationship between
pregnancy and inflammation is complex. For example, Lappas et al. (2010) reported that GDM
placentae secrete fewer pro-inflammatory cytokines (3 of 16 studied: IL-1β, TNFα and M1P1B)
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than normal placentae do (13 out of 16 studied). This suggests that, while chronic low-grade
inflammation appears to be important in the pathogenesis of GDM, there may also be a
protective effect of inflammation during pregnancy.
1.1.6.5 Liver
GDM is associated with upregulated hepatic glucose production (gluconeogenesis).
Gluconeogenesis is increased in the fasted state, and not adequately suppressed in the fed state
(Catalano, 2014). This is not believed to be entirely the result of inaccurate glucose sensing due
to insulin resistance, as the majority of glucose uptake by the liver (~70%) is not insulin
dependent. Common factors between the insulin signalling pathway and the pathways
controlling gluconeogenesis, such as PI3K, might contribute (Burks et al., 2001). Increased
protein intake and muscle breakdown may also stimulate the process by providing excess
gluconeogenesis substrate (Giorgino et al., 2005). Despite this, the liver does not seem to be a
primary pathogenic driver of T2DM or GDM (Nolan et al., 2011).
1.1.6.6 Skeletal and cardiac muscle
Traditionally, skeletal muscle insulin resistance was believed to play a causal role in T2DM.
However, skeletal muscle insulin resistance is now believed to be more a consequence of
hyperglycaemia – a protective measure to prevent metabolic stress and steatosis (Kelley et al.,
2002). Even following a short period of overfeeding, cardiac and skeletal muscle develop insulin
resistance in order to divert the excess energy into adipose tissue (Hoy et al., 2009). This is an
important distinction when considering potential treatments for GDM: attempts to directly
reverse skeletal muscle insulin resistance, without reducing plasma glucose concentrations,
could be harmful (Nolan et al., 2011).
Separate to insulin sensitivity, T2DM and GDM are associated with reduced number and
function of mitochondria within skeletal muscle cells (Patti et al., 2010). This could be the result
of genetics, early-life programming or chronic inactivity (Patti et al., 2010). Mitochondria
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convert the major products of glucose – pyruvate and NADH – into energy for the cell (ATP).
Therefore, decreased number and function of mitochondria is likely an additional contributor to
reduced glucose utilisation in GDM.
1.1.6.7 Gut microbiome
There is emerging evidence that microbial organisms within the gut –the “gut microbiome” –
might contribute to metabolic diseases, including GDM. The gut microbiome can be influenced
by early-life events, such as preterm delivery and breastfeeding, and by events in later life, such
as diet composition and antibiotic use. The gut microbiome has been consistently reported to
differ between metabolically healthy and obese individuals, including during pregnancy
(Gomez-Arango et al., 2016). Furthermore, a study of stool bacteria in women with a past case
of GDM reported a lower proportion of the phylum Firmicutes and higher proportion of the
family Prevotellaceae compared with normoglycaemic pregnancy (Fugmann et al., 2015).
Similar associations have been observed in obesity (Furet et al., 2010), T2DM (Larsen et al.,
2010), fatty liver disease (Mouzaki et al., 2013), and elevated total plasma cholesterol (Roager
et al., 2014). Firmicutes metabolise dietary plant polysaccharides. This may explain some of the
dietary risk factors for GDM discussed earlier. Both red meat and animal protein decrease levels
of Firmicutes, while high dietary fibre increase them (David et al., 2014). However, the findings
of Fugmann et al.’s (2015) study remained after adjustment for dietary habits. Therefore,
Firmicutes appear to be relevant to pathogenesis of GDM independent of diet, although the
mechanisms underlying this are unknown. Prevotellaceae are mucin-degrading bacteria that
may contribute to increased gut permeability. Gut permeability is regulated by tight junction
proteins such as zonulin (ZO-1), which “hold” the epithelium of the gut wall together. Increased
“free” plasma/serum ZO-1 is associated with type 1 diabetes (T1DM), T2DM (Jayashree et al.,
2014) and GDM (Mokkala et al., 2017). Increased gut permeability is thought to facilitate the
movement of inflammatory mediators from the gut into the circulation, promoting systemic
insulin resistance (Bäckhed et al., 2005; Jayashree et al., 2014).
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1.1.6.8 Oxidative stress
Oxidative stress describes an imbalance between pro-oxidants and antioxidants in cells.
Oxidative stress can lead to cellular damage by interfering with the state of proteins, lipids and
DNA, and has been implicated in the pathogenesis of many diseases including GDM (Lappas
et al., 2011). Reactive oxygen species (ROS) are described as free radical and nonradical
derivatives of oxygen, and include superoxide anion (O2−), hydroxyl radical (OH) and
hydrogen peroxide (H2O2) (Halliwell et al., 2007). A hyperglycaemic environment is associated
with oxidative stress, and GDM women have been reported to overproduce free radicals and
have impaired free-radical scavenging mechanisms (Zhu et al., 2015). ROS inhibit insulinstimulated glucose uptake by interfering with both IRS-1 and GLUT4 (Pessler et al., 2001).
ROS also slow glycogen synthesis in the liver and muscle. Pro-inflammatory cytokines such as
TNF-α may also contribute to oxidative stress by increasing the expression and activation of
ROS precursors like NOX4 (Manea et al., 2010).
As previously mentioned, iron supplementation in women already replete in iron is associated
with GDM. Several studies suggest this relationship is the result of increased oxidative stress.
Iron is a transitional metal, and can catalyse the reaction from O2− and H2O2 to the extremely
reactive OH within mitochondria (Puntarulo, 2005). On the contrary, selenium and zinc are
transitional metals that are necessary for the activity of some antioxidant enzymes, which may
explain their association with GDM (Bo et al., 2005).
Homocysteine – a non-protein α-amino acid formed by demethylation of methionine – is also
thought to contribute to GDM via oxidative stress. Exposure of β cells to even small amounts
of homocysteine results in dysfunction and impaired insulin secretion (Patterson et al., 2006).
A recent meta-analysis examined the relationship between serum homocysteine concentration
and GDM in ten eligible studies. The authors reported significantly higher homocysteine
concentrations among women with GDM compared with those without GDM (Gong et al.,
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2016). B vitamins including folic acid, B2, B6 and B12 are essential for homocysteine
homeostasis, and this may be one reason why deficiencies and imbalances of these
micronutrients are associated with GDM (Debreceni et al., 2014).
1.1.6.8.1 The placenta
As previously discussed, the placenta contributes to insulin resistance during pregnancy via its
secretion of hormones and cytokines. As the barrier between the maternal and fetal
environments, the placenta itself is also exposed to hyperglycaemia and its consequences during
GDM. This can impact transport of glucose, amino acids and lipids across the placenta, which
is briefly discussed in the following section.
1.1.6.8.1.1 Placental transport
Glucose is the primary energy source for the fetus and the placenta, and therefore must be readily
available at all times. For this reason, insulin is not required for placental transport of glucose.
Instead, glucose transport occurs via GLUT1, by carrier-mediated sodium-independent
diffusion (Augustin, 2010). However, the placenta still expresses IR, and insulin signalling can
influence placental metabolism of glucose (Hiden et al., 2006). The receptiveness of the placenta
to uptake glucose means it is particularly sensitive to maternal hyperglycaemia, and this directly
contributes to increased fetal growth and macrosomia.
Amino acid transport across the placenta is also an important determinant of fetal growth. GDM
is associated with increased System A and L activity (Jansson et al., 2007; Roos et al., 2009).
These can also be modulated by pro-inflammatory cytokines, such as TNFα and IL-6 (Jones et
al., 2009). Altered amino acid transport may also be one mechanism by which excess protein
intake contributes to GDM.
Finally, while GDM has traditionally been described as a disease of hyperglycaemia, the rise in
obesity-associated GDM has prompted a greater focus on the role of hyperlipidaemia in GDM.
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The majority of placental gene expression alterations in GDM occur in lipid pathways (67%),
compared with glucose pathways (9%) (Radaelli et al., 2009). Preferential activation of
placental lipid genes is also associated with GDM compared with T1DM (Radaelli et al., 2009).
These data correlate with the results of the HAPO Study, which revealed independent effects of
maternal obesity and glucose on excessive fetal growth (Catalano et al., 2012). Therefore, it
appears that GDM influences placental transport of glucose, amino acids and fatty acids, and
that all three must be considered when discussing the impact of GDM on placental function and
fetal growth. A summary diagram of the pathophysiology of GDM is presented in Figure 1.2.
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Figure 1.2. Organs involved in the pathophysiology of GDM1

1

Images in this figure were obtained from The Noun Project: Brain and Gut by Hunotika; Liver by Lavmik; Pancreas by Arif Fajar Vulianto; Placenta by Charmeleon Design; Muscle by Misha Petrishchev.
26

1.1.7 Consequences of gestational diabetes
The importance of aiming to effectively treat or prevent GDM is illustrated by the wide-ranging
consequences of GDM to both the mother and the fetus. A summary of the consequences of
GDM follows.
1.1.7.1 Effects on the mother
GDM increases the risk of a number of short-term and long-term maternal health issues. In
addition to the stress of normal pregnancy, GDM is associated with antenatal depression (Byrn
et al., 2015). There is also increased risk of additional pregnancy complications, including
preterm birth and preeclampsia, and, in many cases, surgical delivery of the baby is required
(Tan et al., 2009).
Approximately 60% of women with a past case of GDM develop T2DM later in life. Each
additional pregnancy also confers a threefold increase in risk of T2DM in women with a history
of GDM (Peters et al., 1996). Furthermore, women with a previous case of GDM have a yearly
risk of conversion to T2DM of ~2 to 3%. Emerging evidence also suggests that the vasculature
of women with a prior case of GDM is permanently altered, predisposing them to CVD. A recent
study reported a 63% increased risk of CVD amongst women with a history of GDM, which
was partly, but not fully, explained by BMI (Shostrom et al., 2017). This is of major concern,
as CVD is the number one cause of death in the world (World Health Organization, 2013).
1.1.7.2 Effects on the baby
The aforementioned increase in placental transport of glucose, amino acids and fatty acids
stimulate the fetus’s endogenous production of insulin and IGF-1. Together, these can cause
fetal overgrowth, often resulting in macrosomia at birth (Schwartz et al., 1994). Furthermore,
excess fetal insulin production can stress the developing pancreatic β cells, contributing to β cell
dysfunction and insulin resistance even prenatally (Fetita et al., 2006). Macrosomia is also a risk
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factor for shoulder dystocia – a form of obstructed labour. Thus, babies of GDM pregnancies
are usually delivered by caesarean section. Once delivered, these babies are at increased risk of
hypoglycaemia, likely due to formed dependence on maternal hyperglycaemia, which can
contribute to brain injury if not properly managed (Esakoff et al., 2009). There is also evidence
that GDM increases the risk of stillbirth (Langer et al., 2005a).
In the long term, babies born of GDM pregnancies are at increased risk of obesity, T2DM, CVD
and associated metabolic diseases. Children born to mothers with GDM have almost double the
risk of developing childhood obesity compared with nondiabetic mothers (Vohr et al., 2008),
and impaired glucose tolerance can be detected as young as 5 years old (Petitt et al., 1985).
Furthermore, females are more likely to experience GDM in their pregnancies, contributing to
a vicious intergenerational cycle of GDM (Lee et al., 2000).

1.1.8 Summary of gestational diabetes
Pregnancy is a state of high metabolic activity, in which maintaining glucose homeostasis is of
upmost importance. When hyperglycaemia is detected in the pregnant mother, this is referred to
as GDM, although controversy remains over diagnostic criteria. Risk factors for GDM include
maternal overweight and obesity, advanced age, a family history of diabetes, early-life
influences, and dietary factors – especially high-saturated animal fat and protein diets. While
there have been major advancements in the understanding of the pathogenesis of GDM, there is
still much to uncover. It is likely that genetic, epigenetic and environmental factors all contribute
to the development of GDM, and that the mechanisms involved are complex and advance over
a substantial period of time. However, in the majority of cases, it appears that pancreatic β cells
fail to compensate for a chronic fuel surfeit, leading to eventual insulin resistance,
hyperglycaemia and an increased supply of glucose to the growing fetus. There is also evidence
that adipose expandability, low-grade chronic inflammation, gluconeogenesis, oxidative stress
and placental factors contribute to the pathology of GDM. GDM predisposes both the mother
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and the child to a number of adverse health outcomes, including short-term issues with delivery
and long-term susceptibility to obesity, T2DM and cardiovascular disease, and this contributes
to a vicious intergenerational cycle of metabolic disease.
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1.2 Animal Models of Gestational Diabetes
In order to better understand the pathophysiology of GDM and develop new treatments, it would
be beneficial to carry out large studies on women with GDM. However, pregnancy is an
ethically difficult time to examine treatment strategies, due to the potential negative effects such
manipulations may have on both the mother and baby. There is therefore a requirement for
robust and validated animal models of GDM that can assist in both the understanding of the
disease and in the discovery and translation of new therapies. Unfortunately, GDM is a complex
and multi-factorial condition that cannot easily be replicated in animals with dissimilar
physiologies. However, a combinatorial approach can provide a strong argument for or against
a hypothesis, and is arguably the best way to navigate the challenges of applying data derived
from animal models to human pregnancies. This section will discuss the various animal models
of GDM, and where each fails and succeeds in its attempt to replicate the disorder. The
discussion will include surgical, chemical, dietary, genetic and spontaneous models of GDM.
Due to their low cost and short gestation times, mice and rats are the most commonly used
models of GDM. As this thesis involves mouse models of GDM, the discussion will focus
primarily on rodents. Occasionally, the word “diabetes” will be used interchangeably with GDM
for simplicity. In these cases, “diabetes” refers to hyperglycaemia, with or without insulin
resistance.

1.2.1 Surgical models of GDM
The first animal models of diabetes were developed by surgical removal of the pancreas
(pancreatectomy). Both total and partial pancreatectomy are characterised by a decrease in β
cell number, resulting in marked hyperglycaemia. Early pancreatectomy studies in dogs enabled
direct study of the role of the pancreas, and eventually led to the discovery of insulin (von
Mering et al., 1889; Banting et al., 1922). A subset of these studies also examined the role of
the pancreas during pregnancy, although these yielded inconsistent results. In 1915, Carlson et
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al. reported that hyperglycaemia subsequent to pancreatectomy was of slower onset and to a
lesser degree in pregnant dogs compared with non-pregnant dogs (Carlson et al., 1915). They
believed that insulin production by the fetus allowed the pregnant dog to overcome the effects
of the pancreatectomy. However, a later study found no such effect, and reported marked
hyperglycaemia during pregnancy even after injection of insulin (Markowitz et al., 1927).
Another observed hyperglycaemia during early gestation but not during late gestation (Cuthbert
et al., 1936). The contradictory results of these studies caused confusion about the role of the
pancreas during pregnancy. However, the very small number of studies investigating
pancreatectomy during pregnancy, and the small number of animals in each study (usually
between 1 and 3), limited the importance of the findings. In addition, the researchers
supplemented the dogs with varying doses of insulin in order to keep them alive, confounding
the diabetic phenotype.
Pancreatectomy has also been investigated in rodent pregnancy, albeit rarely; 95%
pancreatectomy results in severe hyperglycaemia, and most studies report a high degree of
spontaneous abortion (Foglia, 1970; Jawerbaum et al., 1993). The disadvantage of using
pancreatectomy as an experimental model of diabetes is that it does not allow a direct
understanding of the role of β cells, instead completely removing or removing a portion of the
pancreas non-discriminately. As the pancreas serves both endocrine and exocrine functions, this
is not ideal. Surgery also causes systemic inflammation, which can complicate the phenotype
and confound results. In addition, GDM is a complex, multi-factorial disease that likely has
genetic and environmental origins. Very rarely does it arise as a result of indiscriminate
reduction in pancreatic mass. Pancreatectomy also usually occurs prior to pregnancy, meaning
this model more closely resembles pregestational T1DM. Therefore, while pancreatectomy was
useful in deciphering the role of the pancreas in the past, it has little utility as a model of GDM
in the present day.
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1.2.2 Chemical models of GDM
One approach to improve upon the nonspecific nature of pancreatectomy is to use chemicals
that selectively destroy the β cells of the pancreas. Two such chemicals currently exist and can
be used to model GDM: alloxan and streptozotocin (STZ). Both alloxan and STZ are taken up
by GLUT2 transporters in the β cells of the pancreas, and proceed to irreversibly damage the
tissue. As neighbouring exocrine α cells do not express GLUT2, they are unaffected (Hellman
et al., 1955). Alloxan is a toxic glucose analogue, and works by undergoing reduction to dialuric
acid, producing an abundance of ROS (Elsner et al., 2002). STZ splits into an alkylating agent
called methylnitrosourea, which fragments DNA and modifies molecular functioning. The
process is rapid, with hyperglycaemia evident within two days of administration in rats (Tein et
al., 1998). A variety of species are susceptible to alloxan and STZ-induced diabetes, including
sheep, pigs, rabbits and nonhuman primates (Ezekwe et al., 1984; Kemnitz et al., 1984;
Dickinson et al., 1991; Chiang et al., 2014; Kazemi-Darabadi et al., 2014). However, the
effectiveness of alloxan and STZ is dependent on a number of factors, including dose and
age/strain of the animal, and a significant degree of model optimisation is usually required
(Cooperstein, 2012). Furthermore, while both alloxan and STZ eventually result in insulin
resistance in non-pregnant animals, administration during pregnancy usually only allows time
for β cell destruction and the development of hyperglycaemia, not insulin resistance. Therefore,
although this method may be pregnancy-specific, it does not entirely replicate the GDM
phenotype.
While alloxan and STZ are equally effective at generating diabetes, STZ remains the method of
choice for many researchers. This is because alloxan has a shorter half-life (making dose
optimisation challenging), is less selective for β cells (there is ample evidence that alloxan exerts
toxic effects on the kidneys), and has a 10x higher mortality rate than STZ (Brückmann et al.,
1947; Hoftiezer et al., 1973). A major problem with chemically induced diabetes during
pregnancy is the extreme phenotype created (Aerts et al., 1990). Hyperglycaemia is typically
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very high in animals dosed with STZ (> 350 mg/dL – much higher than what is usually seen in
GDM), and there can be significant variability in fasting glucose concentrations across animals
given the same dose. Caluwaerts et al. (2003) conducted a dose-response study in order to
determine the optimal dose of STZ to induce a GDM-like state. They concluded that STZ at any
dose was not a good model of GDM, as blood glucose concentrations were either too high or
too variable, and insulin resistance was not observed. In addition, two major hallmarks of GDM
– fetal macrosomia and hyperinsulinaemia – were not apparent in the offspring (Caluwaerts et
al., 2003). It is important to note, however, that macrosomia is rarely seen in rodent models of
GDM. This is because murine pancreatic functions develop postnatally, and, as a result, the
passage of glucose across the placenta does not upregulate fetal insulin production and
accelerate growth, as it does in humans (Prasadan et al., 2002). Adipose tissue is also a major
driver of macrosomia, and similarly does not fully develop until after birth (Lecoutre et al.,
2014).
Some researchers have experimented with modifying chemical methods to more closely
replicate GDM. For example, Fu et al. (1996) injected a medium dose of STZ (40 mg/kg) and
then transplanted healthy pancreatic islets into rats, resulting in a milder hyperglycaemia
(93 mg/dL) and fetuses that were on average 14% heavier than controls. This method is far more
difficult and costly to undergo, however, and it does not escape some of the challenges
associated with the surgical methods already discussed. Some recent studies have also combined
low-dose STZ (35 mg/kg) with nicotinamide, a vitamin that partially protects against β cell
destruction. This similarly results in a milder case of hyperglycaemia and β cell dysfunction
than STZ alone (Abdul Aziz et al., 2016).
Overall, chemical models of GDM are effective when administered at a sufficient dose and time
point to model onset of hyperglycaemia during pregnancy. However, administration upon the
onset of pregnancy does not usually allow for the development of insulin resistance. One could
argue that this makes chemical methods a better model of T1DM during pregnancy than of
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GDM. These models also give rise to very severe hyperglycaemia, rather than the milder form
usually seen in GDM, and fetal macrosomia is not observed. Thus, while chemical models may
be useful to study the consequences of hyperglycaemia during pregnancy, they do not
adequately resemble GDM.

1.2.3 Diet-induced models of GDM
Increased understanding of the relationship between obesity, diet, and GDM, has given rise to
various diet-induced models of GDM. There exist a wide variety of high-calorie diets that can
induce diabetes during pregnancy, but the most common is a high fat diet (HFD). Commercially
produced research HFDs are high in both total energy and saturated fats – typically resulting in
obesity, insulin resistance, and glucose intolerance (Hariri et al., 2010; Clegg et al., 2011). A
chronic HFD also increases plasma free fatty acid (FFA) concentrations, and reduces the rate of
muscle glycogen synthesis and glucose oxidation (Dresner et al., 1999). In addition, HFDs are
associated with increased oxidative stress (Bo et al., 2001), and affect intracellular signalling
pathways in hypothalamic target neurons, resulting in changes in neuropeptide expression
including POMC (Marco et al., 2013).
To establish a diabetic phenotype during pregnancy, animals are usually fed a HFD for a number
of weeks before mating. This is because the negative effects of HFD can take some time to
develop – longer than the period of gestation – meaning these animals are more accurate models
of pregestational diabetes, rather than GDM. Liang et al. (2010), recognizing the shortcomings
of many other models of GDM, sought to investigate the effects of a high saturated fat diet
during pregnancy in C57BL/6J mice. They allowed the mice access to HFD for four weeks prior
to mating, and continued the feeding throughout pregnancy. This study demonstrated
pathological manifestations similar to the human condition of GDM. Consumption of the diet
elevated insulin resistance, mid-gestational body weight, and placental oxidative stress.
Importantly, insulin resistance became more pronounced during gestation, most likely due to
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the combined effects of the diet and pregnancy on insulin sensitivity, promoting the
effectiveness of the model. However, despite increased maternal body weight and clinical signs
of GDM, fetuses from HFD dams were not macrosomic. On the contrary, the fetuses were
actually smaller than control fetuses, most likely due to placental pathologies and ROS induced
by the HFD. Other studies have used the HFD-rodent as a model of intrauterine growth
restriction (IUGR) for this reason (Mark et al., 2011; Ji et al., 2012; Kamimae-Lanning et al.,
2015).
While HFDs are associated with the development of GDM, it is clear that the relationship
between diet and GDM is more complex than the contribution of one macronutrient. Some
researchers thus choose to combine fat, carbohydrate and protein to create a diet that better
resembles human food intake. This is referred to as a “Western”, “non-prudent” or “cafeteriastyle” (CAF) diet. While some researchers simply combine HFD with glucose, fructose or
sucrose to form a CAF diet, others opt to use human snacks such as chocolate biscuits, processed
meats, and potato chips to mimic a poor human diet as closely as possible (Prats et al., 1989;
Sampey et al., 2011).
In order to develop a diet-induced model of GDM, Holemans et al. (2004) investigated the effect
of a CAF diet in pregnant rats. Female rats were exposed to a semisolid CAF diet consisting of
33% commercial rat chow, 33% full-fat sweetened condensed milk, 7% sucrose and 27% water
for four weeks prior to and throughout pregnancy. They reported significantly increased weight
gain both before and during pregnancy in female Wistar rats fed a CAF diet, in addition to
increased plasma glucose and leptin concentrations (Holemans et al., 2004). Importantly, insulin
resistance was not observed in non-pregnant rats, and only developed during pregnancy. In this
study, there were no significant differences in fetal weight between rats fed the CAF diet and
rats fed the control diet. Thus, while macrosomia was not observed, fetal growth restriction was
also not observed, which could be considered an improvement upon the HFD. However,
evidence that a CAF diet induces a GDM-like phenotype is not consistent. Vanzela et al. (2010)
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fed rats a CAF diet consisting of 37.5% commercial rat chow, 25% peanuts, 25% chocolate and
12.5% cookies, along with Coca-Cola, for 12 weeks prior to and throughout pregnancy. Both
pregnant and non-pregnant rats on a CAF diet became obese and exhibited glucose intolerance,
but pregnancy did not appear to exacerbate glucose intolerance (Vanzela et al., 2010). In fact,
pregnancy rescued β cell insulin secretion in CAF diet-fed rats. The contradictions between
these studies may be the result of differences in composition and length of exposure to the diets.
The choice of a HFD or CAF diet is usually dependent on the aims of the study and researcher
preference. In studies comparing the disease-causing abilities of a CAF diet to a HFD, a CAF
diet has been reported to induce a more extreme metabolic phenotype, inducing more severe
obesity, glucose intolerance, nonalcoholic steatohepatitis and chronic low-grade systemic
inflammation in non-pregnant animals (Sampey et al., 2011; Higa et al., 2014). Other studies
suggest that CAF diets are no more effective at inducing diabetes than HFD alone (Sinitskaya
et al., 2007; Mirhashemi et al., 2011). One of the issues with using a CAF diet is that
composition can vary greatly from publication to publication, making it difficult to compare
results across studies. While there also exist a range of HFDs, these are more consistent across
studies. The fact that some CAF diet studies also use human snack foods, rather than specially
designed research diets, likely introduces species-specific effects that may influence results
(Rolls et al., 1980; Morris et al., 2007).
While pregestation feeding remains the most significant stipulation to the use of diet-induced
models of GDM, recent studies have discovered that even short periods of pregestational feeding
are sufficient to induce GDM. Pennington et al. (2017) allowed C57BL/6J mice access to a high
fat high sucrose diet (HFHS) for either one (4HFHS) or three (6HFHS) weeks prior to mating
and throughout pregnancy. Surprisingly, they found that one week of pregestational feeding was
much more effective than three weeks at inducing a GDM phenotype. While pregnancy-specific
glucose intolerance, impaired insulin secretion, hyperleptinaemia and increased gestational
weight gain occurred in 4HFHS animals, no such phenotype was observed in 6HFHS. This was
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determined to be the result of adequate β cell adaptation to pregnancy in the 6HFHS animals.
Therefore, it seems that both short-term (one-week pregestation) and longer-term (≥ four-weeks
pregestation) diet exposures can induce GDM, while mice are able to overcome intermediate
exposures. Furthermore, Pennington et al. (2017) followed 4HFHS mice after pregnancy. While
diabetes resolved following parturition, 4HFHS mice showed increased susceptibility to
diabetes when exposed to HFHS in later life (Pennington et al., 2017). This resembles the
predisposition to T2DM seen in women with prior GDM.
The advantage of diet-based models is that they produce a milder phenotype, similar to that seen
in cases of GDM, than the aforementioned surgical and chemical methods. One disadvantage is
that the phenotype is usually not pregnancy specific, so more closely resembles pregestational
T2DM. However, Pennington et al.’s (2017) study suggests that it is possible to induce a GDM
phenotype after short exposure to diets, which is a promising development. Another important
consideration is that the nutritional requirements of rodents are different from that of humans.
Thus, the mechanisms underlying a GDM phenotype brought on by diet may not accurately
represent the human condition (Lai et al., 2014).

1.2.4 Genetic models of GDM
In 1966, a phenotype resembling obesity and diabetes was noticed in an inbred strain of
C57BL/Ks mice at the Jackson Laboratory, in Bar Harbor, Maine. Upon further investigation,
it was discovered that the trait was inherited autosomal recessively, and the mutation was named
“db” for “diabetes” (Hummel et al., 1966). A series of intricate studies determined that the
source of the db/db phenotype was a mutation in leptin signal transduction, and genetic mapping
later revealed a point mutation in the gene coding for the leptin receptor (Lepr) (Coleman, 1973;
Chen et al., 1996). As a result, db/db mice show an inability to suppress feeding behaviour. Mice
homozygous for the mutant gene are morbidly obese, and exhibit greatly impaired glucose
tolerance (Jones et al., 1957). Calorie restriction is not effective at preventing obesity in these
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mice, and instead results in death (Hummel et al., 1966). db/db mice are infertile and therefore
cannot be used as a model for GDM. However, heterozygote db mice (db/+) are fertile, and
while indistinguishable from their WT counterparts in the virgin state, develop impaired glucose
tolerance during pregnancy (Kaufmann et al., 1981). This is thought to occur due to the
combined effects of the Lepr mutation and pregnancy on insulin and leptin sensitivity (Ishizuka
et al., 1999). Thus, db/+ mice are an ideal model of GDM: they exhibit normal glucose tolerance
before pregnancy, but become spontaneously diabetic during pregnancy. This diabetes
resembles GDM in that it includes increased gestational weight gain, fasting hyperglycaemia,
hyperinsulinaemia, insulin resistance and glucose intolerance (Yamashita et al., 2001, 2003).
Most studies of db/+ mice also report macrosomia in the offspring (Kaufmann et al., 1981;
Ishizuka et al., 1999; Yamashita et al., 2001, 2003). However, more recent studies have found
that macrosomia is dependent on fetal genotype rather than intrauterine environment,
complicating offspring results (Nadif et al., 2015). Furthermore, while calorie restriction during
pregnancy improves insulin sensitivity in db/+ mice, it also results in IUGR (Yamashita et al.,
2003). Animal findings such as these have contributed to fears that the same might occur in
pregnant women. Therefore, calorie restriction is not usually advised during pregnancy to treat
GDM, except in very obese women (National Institute for Health and Care Excellence, 2010).
db/+ mice also exhibit cardiovascular abnormalities, including impaired endothelial function
(Stanley et al., 2011), and this has been shown to persist up to 10 months after pregnancy, despite
a return to normoglycaemia (Stanley et al., 2010). This resembles the endothelial dysfunction
and increased risk of CVD seen in women with previous GDM (Anastasiou et al., 1998).
The db/+ mouse is a strong model for GDM due to the fact that the diabetic phenotype
spontaneously manifests during pregnancy. The major criticisms of this model arise from the
method used to induce diabetes. As leptin receptor mutations are very uncommon in the human
population, the role of leptin in the pathogenesis of GDM is controversial (Wang et al., 2014).
However, as previously mentioned, GDM is associated with leptin resistance (Saini et al., 2015).
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In comparison to the db mutation, which originally arose spontaneously, a number of mouse
models of GDM have been developed by genetic modification. In most cases, these models were
developed in the first instance to decipher the mechanisms behind the pancreatic pathology of
GDM. For example, knock-out (KO) of the prolactin receptor (PrlR+/-) proved that placental
prolactin is essential for adequate β cell adaptation during pregnancy (Auffret et al., 2013). A
number of other KO studies, including some developed to be β-cell specific (conditional KOs),
identified mediators that operate downstream of prolactin to induce β-cell expansion during
pregnancy. These include pancreas-specific c-Met KO (PancMet) (Demirci et al., 2012),
serotonin receptor KO (Htr2b KO) (Schraenen et al., 2010), and FOXM1 transcription factor
KO (Zhang et al., 2010). At least one transgenic model has also been developed, in which a
protein called Menin1 is overexpressed specifically in β cells. Menin1 directly activates cell
cycle inhibitors such as p21, preventing β cell proliferation during pregnancy (Karnik et al.,
2007). While useful for understanding the pathogenesis of GDM, these models may not be
appropriate for testing potential treatments. Indeed, the targets of such treatments could be
affected by the mutation in question. Therefore, the db/+ mouse is likely the most appropriate
genetic model for testing treatments, as the leptin receptor gene is mostly removed from the
direct pathogenesis of GDM, and is less likely to affect the action of such treatments.

1.2.5 Spontaneous models of GDM
The Goto-Kakisaki (GK) rat is a spontaneous non-obese model of T2DM characterised by
fasting hyperglycaemia, glucose intolerance, insulin resistance, and reduced β cell mass
(Movassat et al., 2007). It was developed by repeated inbreeding of glucose-intolerant Wistar
rats, and thus its phenotype is likely the result of both genetic and intrauterine factors (Liu et al.,
2015). GK rats display 50% reduction in β cell mass even prior to birth (Miralles et al., 2001).
This increases to around 60% by early life, with the remaining β cells showing morphological
alterations due to inflammation, fibrosis and angiopathy (Movassat et al., 1997). GK rats fed
high sugar or fat diets display even further reduced β cell mass (a total of 75%) (Koyama et al.,
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1998). The GK phenotype is amplified by pregnancy, resulting in greatly impaired glucose
tolerance. However, pregnant GK rats also display reduced fasting plasma insulin – due to
reduced β cell number – and tend to put on much less weight during pregnancy than Wistar
controls (Malaisse-Lagae et al., 1997; Goulopoulou et al., 2014). Therefore, GK rats are
considered more relevant as a model of pregestational lean T2DM rather than GDM.

1.2.6 Intrauterine environment models of GDM
The idea that GDM can be programmed to develop in future generations was itself born from
an animal study (Aerts et al., 1979). After injecting 30 mg of STZ into pregnant rats, the
researchers followed the offspring through their pregnancies, and found that GDM induced by
STZ in the first generation was subsequently passed on to the next. The condition was not
detectable during the non-pregnant state, but became apparent upon the insulin challenge of
pregnancy. Since this seminal study, some researchers have used offspring of compromised
animals as a model of GDM. As previously mentioned, Simmons et al. (2001) studied a
surgically induced model of intrauterine growth restriction (IUGR) for many years, before
deciding to use the diabetic offspring of these growth-restricted rats as adult models of GDM
(Simmons et al., 2001). While these rats always eventually developed diabetes, it was noticed
that pregnancy caused the diabetes to manifest early. In other words, these rats did not develop
diabetes until pregnancy – producing an accurate model of GDM rather than pregestational
T2DM (Boloker et al., 2002). Both male and female offspring of the diabetic rats were also
significantly heavier at birth, and exhibited diabetes themselves in later life. However, later
studies reported inconsistent results. Gallo et al. (2012) also used a surgically induced model of
IUGR, but did not find the female offspring to be particularly compromised during pregnancy.
While the rats did display a degree of glucose intolerance, β cell mass and glucose-stimulated
insulin secretion was comparable to controls during pregnancy. This may have been due to the
relatively young age of the rats (12–19 weeks old), as similar studies of rats growth-restricted
by perinatal undernutrition have demonstrated that age is a significant factor in development of
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GDM phenotype (Blondeau et al., 1999). Younger animals may require a “second-hit”, such as
a HFD, to induce a sufficient GDM phenotype. In any case, the suboptimal intrauterine
environment method has been successfully used to model both T2DM (Styrud et al., 2005;
Siebel et al., 2008) and GDM (Dahri et al., 1995; Zambrano et al., 2005). These studies
powerfully demonstrate the effect of the intrauterine environment on the metabolic health of not
only the offspring, but future generations as well (Benyshek et al., 2006). While time consuming
and costlier than working with single generations, this method closely resembles GDM, in both
pathology and pathogenesis.

1.2.7 Summary of animal models of gestational diabetes
Over the years, many models of GDM have been developed and studied. There is no perfect
model, and the type of model chosen will vary from study to study, depending on the research
aims. Animal models have been instrumental in our understanding of GDM and associated
disorders, from the discovery of insulin, to the long-term effects of diabetes on future
generations. More recently, conditional KO mice have provided us with a method for deducing
the mechanisms behind proper β cell adaptation during pregnancy, potentially allowing the
development of treatments that target these pathways. Animal models are an important and
exciting part of GDM research. Using several models in conjunction when testing a hypothesis
is likely the best way to avoid the potential confounders of any one model. A summary of the
animal models of GDM discussed in this section is presented in Table 1.2.
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Table 1.2. Summary of advantages and disadvantages of various animal models of GDM
Type of Model

Pros

Cons

Surgical (pancreatectomy)

 Direct study of the role of the pancreas during pregnancy
 Causes an overall decrease in the number of β cells,
resembling both type 1 and type 2 diabetes

 The pancreas has both endocrine and exocrine functions,
and pancreatectomy does not discriminately remove β
cells, thus it is not a model of diabetes alone
 Surgery causes inflammation that may confound results
 Can create very severe hyperglycaemia – more severe
than GDM
 Does not allow study of the true complexity of GDM

Chemical (alloxan and STZ)

 Only the β cells of the pancreas are destroyed – causing
inadequate
insulin
secretion
and
therefore
hyperglycaemia
 Rapidly causes hyperglycaemia (within days)
 Can be induced during pregnancy to resemble
pregnancy-specific nature of GDM
 Can be modified to be less severe with islet transplant or
nicotinamide

 Usually no insulin resistance
 Difficult to determine dose
 Blood glucose variability even across animals of the
same species
 Can create very severe hyperglycaemia – more severe
than GDM
 Offspring do not usually display macrosomia
 Irreversibly destroys β cells

Diet (HFD, HFHS)

 A more mild and representative model of diabetes than
surgical and chemical techniques
 More true to the pathogenesis of GDM, which is
complicated and not well understood, but tends to
correlate with patterns of poor diet choices
 Phenotype usually naturally worsens over the course of
pregnancy
 Recent studies suggest short-term exposures result in
pregnancy-specific GDM

 Usually requires pregestational feeding – therefore not a
true model of GDM alone
 Cannot study diabetes in isolation – usually complicated
by other diet-induced ails; e.g. obesity
 Different strains respond differently to different types of
diet
 Often results in intrauterine growth restriction rather
than macrosomia

Continued on next page...
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Genetic (db/+, PrlR+/-, etc.)

 Allows understanding of the action of a single gene in
the pathogenesis of GDM
 In most models, GDM develops spontaneously during
pregnancy only
 Available in mice – one of the cheapest animals to
maintain in a lab

 Importance of genetics in the majority of GDM cases not
clear; therefore, transference of results controversial
 Mechanistic models may not be suitable for testing
treatments

Spontaneous (GK rat)

 Does not require any intervention to induce
hyperglycaemia
 Simultaneous model of β-cell dysfunction and glucose
intolerance

 Mechanism of action uncertain
 Not pregnancy specific
 Gain less weight than controls over pregnancy

Intrauterine environment

 Closely resembles multifactorial aspect of GDM
 Usually only develops upon onset of pregnancy
 Does not require any intervention beyond the first
generation

 More time consuming and costly – requires multiple
generations
 Not always replicable
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1.3 Treatments and Prevention Strategies for Gestational Diabetes
The personal, economic, and intergenerational impacts of GDM emphasise the need for
effective treatments. Furthermore, by the time GDM is diagnosed, the optimal intervention
window to improve maternal and fetal health outcomes may have passed. It would therefore be
beneficial to develop preventative strategies that stop GDM from manifesting in the first place.
Current prevention and treatment options are limited, and those that do exist are of uncertain
effectiveness or safety, or are associated with a number of disadvantages. This final section of
the literature review outlines current, emerging, and potential treatments and prevention
strategies for GDM.

1.3.1 Current treatments and prevention strategies
1.3.1.1 Lifestyle interventions
The first line of treatment for GDM is usually lifestyle intervention – encompassing diet and
exercise – combined with self-monitoring of blood glucose (National Collaborating Centre for
Women’s and Children’s Health (UK), 2015). Although no randomised controlled trials (RCTs)
have validated the target blood glucose ranges following treatment, there is uniformity across
current guidelines to suggest a fasting target of < 96 mg/dL, and 1- and 2-hour postprandial
targets of < 140 mg/dL, and < 120 mg/dL, respectively (Metzger et al., 2007). These guidelines
are based on studies that suggest these parameters result in fewer complications (de Veciana et
al., 1995). As GDM is a disease of carbohydrate intolerance, current dietary guidelines are
structured around adjusting carbohydrate consumption to obtain glycaemic control without
inducing ketosis (Moreno-Castilla et al., 2013). Pregnant women are advised to eat > 175g of
carbohydrates per day, representing 45–65% of daily calories, distributed over three meals and
two to four snacks (Trumbo et al., 2002). Furthermore, the chosen carbohydrates should be of
low glycaemic index (GI). GI refers to the direct effect of a carbohydrate on blood glucose
concentrations. Foods with low GI (less than 55) result in a prolonged release of glucose into
44

the blood, while foods with high GI (greater than 70) produce a spike in blood glucose (Jenkins
et al., 1981). The result of most recommendations is a varied diet sufficient in complex
carbohydrates, polyunsaturated fats, and fibre, and low in saturated fats, sugars, and processed
foods. Women with GDM are also advised to partake in at least 30 minutes of medium-intensity
exercise per day in order to facilitate glucose uptake from the blood. Currently it is not
recommended that women strenuously exercise during pregnancy, due to concerns that it could
contribute to IUGR in some women (Clapp III et al., 2002).
A number of RCTs have assessed the effectiveness of lifestyle interventions in treating GDM.
The interventions vary widely across these trials, and may include dietary advice, gym sessions,
comprehensive meal plans, and sometimes provided meals. Different trials are powered to
measure different outcomes, and vary in the criteria used to diagnose and assess treatment of
GDM. Furthermore, many studies of lifestyle interventions do not exclude women treated with
insulin or other pharmacological therapies. These confounders make it difficult to determine
how effective lifestyle interventions truly are. A recent Cochrane systematic review of lifestyle
interventions to treat GDM included 15 trials (across 45 publications), encompassing 4501
women and 3768 infants (Brown et al., 2017a). The authors concluded that there was no clear
effect of lifestyle intervention on the primary maternal outcomes – namely risk of developing
hypertension in pregnancy, of having a caesarean delivery, or of developing T2DM at followup (ranging from 4.5 to 10 years). There was also no evidence of an effect on perinatal mortality
or serious infant adverse events (such as nerve palsy). There was, however, a decreased risk of
macrosomia, shoulder dystocia, and preterm birth in the lifestyle intervention group. Only three
of the trials followed up the infants into childhood, at which time there were no differences in
BMI, lipidaemia or blood pressure. No trials have yet reported data for the infants as adults.
This information suggests that lifestyle intervention may be beneficial in the short term for the
infant, but the impacts on the mother and the long-term benefits for the child remain uncertain.
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While it seems intuitive that lifestyle interventions should help to prevent GDM, there is limited
evidence that this is the case. The most recent meta-analysis on the topic reported six RCTs
where risk of GDM was non-significantly increased, six where risk of GDM was nonsignificantly decreased, and only one where risk of GDM was significantly decreased
(Rogozińska et al., 2015). Once again, these studies widely varied in the type of dietary and
physical activity recommendations. The trial that did report significant benefit included 132
overweight or obese women, and saw an 83% reduction in GDM (Quinlivan et al., 2011). The
intervention used in this trial was unique in that it included psychological counselling in addition
to dietary and behavioural advice, which may be one of the reasons it was so successful. It also
seems that lifestyle intervention is more successful at preventing GDM when the participants
are overweight or obese (Thornton et al., 2009). A recent Finnish RCT in overweight and obese
women less than 20 weeks pregnant reported a significant 39% reduction in GDM incidence in
the group assigned to a diet, physical activity and weight-control intervention (Koivusalo et al.,
2016). The difference in effectiveness between trials in overweight and obese women and those
with other risk factors may have to do with variations in the mechanisms underlying
pathogenesis of GDM. As adiposity is independently associated with poor pregnancy outcomes,
it is likely that any intervention improving this will be of benefit.
One of the issues with lifestyle interventions is that they can be difficult to adhere to. Many of
these lifestyle recommendations are common knowledge, and yet the individuals most at risk of
GDM are the least likely to have adhered to them (Zhang et al., 2014). Even where the results
of RCTs sound promising, they may not represent the true GDM population. Women who
choose to participate in trials are likely highly motivated individuals, who want to improve their
chances of a successful pregnancy. As such, women in both the control and intervention groups
are likely to be metabolically healthier than the typical at-risk population. Even then, several
RCTs of lifestyle interventions note a low adherence rate, and some do not measure adherence
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at all. In summary, while lifestyle intervention is the most commonly prescribed intervention to
treat and/or prevent GDM, its effectiveness remains uncertain.
1.3.1.2 Insulin therapy
When lifestyle intervention is not sufficient to bring glycaemia within target limits, or when
initial fasting blood glucose is very high, pharmacological intervention is usually required. The
most common pharmacological intervention is subcutaneous insulin injection (National
Collaborating Centre for Women’s and Children’s Health (UK), 2015). In these cases, enough
insulin needs to be injected to overcome the state of insulin resistance. Several different
analogues of insulin can be used in pregnancy. Rapid- and short-acting (bolus) insulin is used
after eating in order to mimic the usual postprandial insulin response. Intermediate- and longacting (basal) insulin mimics insulin action in the fasting state, which helps to regulate lipolysis,
gluconeogenesis, and glycogenolysis (Negrato et al., 2012; Lambert et al., 2013). There are also
several types of insulin regimens, depending on severity. These include one dose a day of
intermediate- or long-acting insulin, a twice-daily regimen of rapid- or intermediate- action
insulin, a basal-bolus regimen alternating between rapid-short and intermediate-long, or
continuous administration via pump, with an extra dose at meal times. At normal therapeutic
doses, insulin does not cross the placenta (Brown et al., 2016).
When combined with lifestyle intervention, insulin is effective at managing GDM. The rate of
preeclampsia, serious perinatal morbidity, fetal overgrowth, shoulder dystocia, and caesarean
delivery are significantly reduced (Crowther et al., 2005; Landon et al., 2009). However, there
is conflicting evidence that treatment reduces BMI in the next generation (Simmons et al., 1997;
Hillier et al., 2007; Gillman et al., 2010). The major disadvantage to the use of insulin to treat
GDM is that it entails self-injection. This requires education from health professionals, strict
adherence and planning, and can add anxiety to the sometimes already stressful time of
pregnancy. Insulin therapy is also associated with hypoglycaemia and excess gestational weight
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gain (Brustman et al., 2016). As already discussed, excess gestational weight gain is itself a risk
factor for GDM, and has implications for long-term maternal and child health. Furthermore,
insulin is an expensive therapy, and requires refrigeration for safe storage. This limits its
availability in many low-income countries with hot climates (Simmons, 2015). Therefore, while
insulin is effective, there is a requirement for alternative treatments that are as safe and effective
as insulin but easier to adhere to and with fewer side-effects. Insulin also cannot be used as a
preventative measure, as the risk of inducing hypoglycaemia is too high. Therefore, even if
insulin is the most effective treatment for GDM, there is still need for additional prevention
strategies.

1.3.2 Emerging treatments and prevention strategies
1.3.2.1 Oral anti-diabetic agents
Oral anti-diabetic pharmacologic treatments are less widely used than insulin, but are becoming
more common, due to their lower costs, ease of administration, and the emerging evidence of
their benefit (Ryu et al., 2014). Two oral anti-diabetic agents have been tested in pregnancy:
glyburide and metformin (Brown et al., 2017b).
1.3.2.1.1 Glyburide
Glyburide is a sulphonylurea that enhances insulin secretion. While other sulphonylureas are
effective at maintaining maternal glycaemia, glyburide is the most commonly used, simply
because initial studies showed the least passage across the placenta in vitro (Elliott et al., 1991).
However, more sophisticated techniques have determined that umbilical cord plasma
concentrations of glyburide can be 70–77% of maternal concentrations (Hebert et al., 2009;
Schwartz et al., 2013). Therefore, while glyburide is approved in the treatment of T2DM, it is
not yet approved for use in pregnancy (medsafe.co.nz, 2016). A number of randomised
controlled trials have been conducted comparing glyburide with insulin in the treatment of GDM
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(Langer et al., 2000; Bertini et al., 2005; Langer et al., 2005b; Anjalakshi et al., 2007). The
results of these studies generally suggest that glyburide is at least as effective as insulin in
controlling maternal glycaemia and improving fetal outcomes. However, glyburide is similarly
associated with excess maternal weight gain and neonatal hypoglycaemia (Simmons, 2015).
Other side effects include nausea, vomiting, abdominal pain, heartburn, and diarrhoea.
Furthermore, a retrospective study comparing glyburide and insulin in women in which diet
advice had been unsuccessful found that, while rates of adequate glycaemic control and birth
weights were similar, glyburide was associated with greater risk of preeclampsia and neonatal
jaundice (Jacobson et al., 2005). In a large retrospective cohort study of 10,682 women with
GDM, glyburide treatment was associated with 29% increased risk of macrosomia, and 46%
increased number of NICU admissions, compared with insulin (Cheng et al., 2012). A recent
meta-analysis comparing the efficacies of glyburide and insulin as a treatment for GDM found
no differences between the two in maternal short-term outcomes, but increased incidence of
neonatal hypoglycaemia in the glyburide group (Song et al., 2017). Therefore, while glyburide
might be as effective as insulin in managing glycaemia, it may not be as beneficial or safe for
the infant.
1.3.2.1.2 Metformin
Metformin is a biguanide that is commonly used to manage T2DM and PCOS, especially where
those disorders align with overweight or obesity (American Society of Health-System
Pharmacists, 2017). Metformin improves both fasting and postprandial hyperglycaemia through
a number of mechanisms, including decreased gluconeogenesis in liver, delayed glucose
absorption in the gastrointestinal tract, increased post-receptor insulin signalling, and improved
glucose uptake (Lord et al., 2003).
Metformin is known to freely cross the placenta, and evidence on the long-term safety for both
the mother and child is lacking (Gilbert et al., 2006; Ekpebegh et al., 2007). For this reason,
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metformin is not yet recommended for use during pregnancy in New Zealand, except where
“the potential benefits to the mother and fetus outweigh the risks of harm, taking into
consideration the benefits and risks of other treatments such as insulin” (medsafe.co.nz, 2017).
However, metformin has been tested as a treatment for GDM in a number of trials, with
promising results. The Metformin in Gestational Diabetes Mellitus (MiG) trial randomised 751
women to either metformin or insulin therapy at 20–33 weeks gestation. In this trial, metformin
was just as effective as insulin at managing blood glucose and fetal growth, and the participants
reported that they preferred metformin. Metformin was also not associated with any perinatal
complications. Furthermore, combined treatment of insulin and metformin resulted in less
gestational weight gain than insulin alone (Rowan et al., 2008). Niromanesh et al. (2012) also
compared metformin and insulin, and reported fewer LGA babies in the metformin group.
However, long-term effects on the children are unknown, and many clinicians remain cautious
(Simmons, 2015). On follow-up of the MiG trial, 2-year-old offspring of mothers treated with
metformin (rather than insulin) had no difference in total fat mass or percentage body fat, but
larger subscapular and biceps skinfolds and mid-upper arm circumference (Rowan et al., 2011).
The implications of these findings are unclear, but they do suggest that offspring body
composition is affected by metformin treatment in pregnancy.
Metformin use before pregnancy may also have a preventative effect. Several studies have noted
that women taking metformin for PCOS have reduced risk of developing GDM (Glueck et al.,
2002; Khattab et al., 2011). However, metformin initiation in the first trimester in women with
PCOS is not associated with reduced risk of GDM, suggesting that the pre-conception window
is most important (Vanky et al., 2010). Two trials have investigated the preventative effects of
metformin in obese women (Chiswick et al., 2015; Syngelaki et al., 2016). Obese pregnant
women randomised to metformin or a placebo showed no difference in GDM or fetal
birthweight. One of the trials did show a reduction in gestational weight gain, but no other
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relevant factors (Syngelaki et al., 2016). These results suggest that, in obese women, lifestyle
interventions may be more effective than pharmacological interventions to prevent GDM.
Several studies have also compared metformin with glyburide. Unlike glyburide, metformin
does not cause maternal hypoglycaemia or neonatal hyperinsulinemia (Langer, 2002). This is
because it has no effect on β cell insulin release. This may also protect against fetal β cell
damage, which may reduce the risk of β cell dysfunction in later life (Simmons, 2015). However,
some studies report that more women fail to adequately reach glycaemic targets on metformin
compared with glyburide (35% vs 16%) (Moore et al., 2010). Other studies see no differences
in glycaemic control (Silva et al., 2012). A recent meta-analysis of randomised controlled trials
comparing pharmacological treatments for GDM, indicated that metformin was favoured over
both insulin and glyburide in the prevention of LGA, macrosomia, NICU admission, neonatal
hypoglycaemia and preeclampsia (Farrar et al., 2017). However, the authors recommended
caution when interpreting this result, due to wide confidence intervals, low quality of the studies,
high risk of bias, and the fact that metformin was sometimes combined with insulin treatment.
The most frequently reported side effect of metformin use is gastrointestinal discomfort. Some
patients report these symptoms to be so extreme that they cannot continue use (Simmons, 2015).
Furthermore, accumulation of metformin is associated with maternal lactic acidosis, although
this is extremely rare (0.03 cases per 1000 patients) (Scale et al., 2011). A recent development
of note is that metformin use is strongly associated with vitamin B12 deficiency (Ting et al.,
2006; Gatford et al., 2013). This is a concern because, as previously mentioned, vitamin B12
deficiency is a risk factor for GDM. Intrauterine exposure to maternal vitamin B12 deficiency
is also a risk factor for later insulin resistance (Yajnik et al., 2008). In summary, metformin
seems to be effective at regulating blood glucose and preventing macrosomia, but there remain
concerns for the long-term safety of the mother and child.
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1.3.3 Potential treatments and prevention strategies
Because of the many concerns surrounding the safety and effectiveness of available treatments,
and the lack of preventative strategies, there is a requirement for novel GDM therapies. Indeed,
this thesis aims to determine the effectiveness of several novel GDM therapies using mouse
models. This section covers some of these potential therapies.
1.3.3.1 Inositol
Inositol is a simple carbohydrate that naturally occurs in a variety of foods, including fruits,
nuts, and cereals. Nine stereoisomers of inositol exist, of which myo-inositol (MI) is the most
common (Figure 1.3.). Originally believed to be an essential vitamin (vitamin B8), MI was
subsequently discovered to be sufficiently produced within the body from D-glucose. MI forms
the structural basis of a number of signalling and secondary messengers in eukaryote cells.
These include phosphatidylinositol (PI) and its various phosphates, as well as the phosphatidyl
phosphate lipids (PIP2/PIP3), which feature downstream of the insulin receptor in the insulin
signalling pathway (Di Paolo et al., 2006). By this mechanism, MI can improve insulin
sensitivity (Figure 1.1.). Insulin resistance in T2DM, PCOS, and GDM is associated with excess
excretion of inositol in urine (Asplin et al., 1993; Scioscia et al., 2009; Murphy et al., 2016).
There is also an association between dysregulation of the inositol pathway in pregnancy and
folate-resistant neural tube defects, which represent approximately 30% of all neural tube
defects (Noventa et al., 2016).
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Figure 1.3. The structure of myo-inositol (MI)
A small number of studies have examined the effects of MI supplementation in animal models
of GDM. However, the majority have focused on preventing neural tube defects and diabetesinduced fetal malformations. For example, Khandelwal et al. (1998) divided 65 Sprague Dawley
rats into three groups: no intervention, STZ (65 mg administered on day 6 of gestation), and
STZ + 0.5 mg/mL/day MI. Not only did MI partially protect STZ rats against fetal neural tube
defects, it also significantly reduced maternal fasting glucose concentrations (Khandelwal et al.,
1998). One recent study treated two mouse models – a model of obesity in pregnancy, and a
model of metabolic syndrome in pregnancy – with two inositol isomers: MI and D-chiroinositol. Obesity was induced with 4 weeks HFD, while metabolic syndrome was induced by a
combination of 4 weeks HFD, and genetic KO of endothelial nitric oxide synthase (eNOS-/-).
Because eNOS promotes vasodilation, eNOS-/- primarily causes hypertension, but it also results
in glucose intolerance. This study reported that inositol supplementation reduced gestational
weight gain in the obese model, and improved glucose tolerance, blood pressure and
hyperleptinaemia in the metabolic syndrome model (Ferrari et al., 2016). Outside of pregnancy,
MI has been associated with decreased fat deposition, but not glycaemia or insulin resistance,
in HFD-induced rodent models of diabetes (Croze et al., 2015).
Only one RCT has examined the effectiveness of MI as a treatment for GDM. This trial
randomised 69 women with GDM onto either 4g MI plus 400µl folic acid, or 400µl of folic acid
53

alone. In this trial, MI was associated with decreased fasting HOMA-IR (a measure of insulin
resistance) and increased adiponectin, but no difference in fasting glucose, fasting insulin or
gestational weight gain. A weakness of this trial was that it was not blinded and only involved
Caucasian women (Corrado et al., 2011).
Several studies have investigated the preventative effects of MI in women at risk of GDM. One
hundred and ten women with a family history of T2DM were given 4g MI plus 400µl folic acid
daily, while 100 women were given just 400µl folic acid daily. Incidence of GDM was 6% in
the MI group compared with 15.3% in the control group. This was coupled with a significant
decrease in mean fetal weight at delivery (D’Anna et al., 2013). One trial reported that the risk
of GDM was halved if women taking MI to treat PCOS did not stop taking it during pregnancy,
compared with those who stopped taking MI upon falling pregnant (D’Anna et al., 2012). A
further double-blind trial of 75 pregnant women with first trimester hyperglycaemia reported
reduced incidence of GDM. In those women who did develop GDM, MI was associated with
reduced need for insulin therapy, smaller babies, and fewer episodes of neonatal hypoglycaemia
(Matarrelli et al., 2013). Unlike metformin, MI has also been effective at preventing GDM in
overweight and obese women. Supplementation of 4g MI plus 400µl folic acid daily
significantly reduced incidence of GDM in overweight (11.6% vs 27.4%) (Santamaria et al.,
2016)) and obese (14% vs 33.6%) women (DʼAnna et al., 2015). It should be noted, however,
that all of the aforementioned studies were undertaken in Italy. A recent study in Ireland found
no protective effect of combined MI and D-chiro-inositol. In this study, 240 women with a
family history of T2DM (120 per group) received either 1100 mg myo-inositol, 27.6 mg Dchiro-inositol and 400 µg folic acid, or 400 µg of folic acid only. The authors reported a nonsignificant increase in GDM in the intervention group (23% vs 18%), and this was associated
with a significantly increased rate of neonatal hypoglycaemia (Farren et al., 2017). However, it
is uncertain whether the observed neonatal hypoglycaemia was a result of the intervention, or
of the increased rate of GDM in the intervention group. Furthermore, the dose of MI in this
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study was significantly lower than in the Italian trials (1100 mg vs 4000 mg), which may have
been responsible for the lack of observed effects.
A systematic review of the effects of MI in the prevention of GDM concluded that there is
definitely evidence for a benefit, but that the current studies are too small and homogenous, and
aren’t powered sufficiently to detect differences in perinatal outcomes (Crawford et al., 2015).
The promise of early evidence suggests larger studies, in a variety of populations, are required.
1.3.3.2 Vitamin supplementation
The critical importance of micronutrients in healthy pregnancy is illustrated by the drastic
consequences of folic acid (vitamin B9) deficiency. Low concentrations of folic acid during
pregnancy are believed to be the cause of over half of all neural tube defects (Pitkin, 2007). A
recent study similarly uncovered a causal relationship between vitamin B3 deficiency and
congenital malformations (Shi et al., 2017). Interestingly, there is now evidence that culturing
bovine embryos in B vitamins epigenetically alters the expression of metabolic and
developmental genes (Ikeda et al., 2017). This suggests that supplementation of beneficial
micronutrients around the time of conception can have powerful, potentially long-lasting
developmental effects. These results, combined with the observation that certain dietary
deficiencies are associated with GDM, suggest vitamin supplementation could help to prevent
or treat GDM. However, very few studies on the effects of vitamin supplementation on GDM
have been conducted.
Vitamin D is the most studied vitamin supplement in GDM. Not only is it the deficiency most
frequently associated with GDM, but there is evidence that vitamin D directly stimulates insulin
release from β cells (Chertow et al., 1983). Asemi et al. (2013) conducted a randomised doubleblind placebo-controlled study of 54 women with GDM. Twenty-seven received 50,000IU
vitamin D twice during pregnancy (upon GDM diagnosis and 21 days later), while the remaining
27 received placebo. Vitamin D supplementation was associated with a significant decrease in
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fasting glucose, insulin, and HOMA-IR. Plasma LDL-cholesterol was also decreased (Asemi et
al., 2013). Another, more recent trial randomised 133 women diagnosed with GDM to a placebo,
or either 200IU, 2000IU or 4000IU vitamin D daily. Insulin, HOMA-IR and total cholesterol
were all significantly reduced in the highest-dose group (4000IU) (Q. Zhang et al., 2016). The
most recent meta-analysis on the topic, which included 6 studies and a total of 371 women,
concluded that vitamin D supplementation improves insulin resistance scores and LDLcholesterol concentrations, but does not affect fasting glycaemia or total triglyceride or
cholesterol concentrations (Akbari et al., 2017). The implications of these results for the mother
and baby, however, remain unclear.
Some studies have investigated the efficacy of vitamin D supplementation to prevent GDM. A
randomised controlled trial of women with vitamin D deficiency, supplemented with either a
high dose (5000IU) or low dose (400IU) of vitamin D daily (90 per group beginning at
< 20 weeks gestation), saw no effect on glycaemia. However, they noted the dose was well
tolerated and beneficial for preventing neonatal vitamin D deficiency (Yap et al., 2014). A later
randomised placebo-controlled trial gave a weekly dose of 5000IU vitamin D to women at risk
of GDM (history of GDM, birth macrosomia, BMI > 25), and noted a significant reduction in
incidence of GDM (11.4% vs 34.8%) (Shahgheibi et al., 2016). Sablok et al. (2015) measured
vitamin D concentrations during early pregnancy, and administered vitamin D depending on the
woman’s level of deficiency. They reported several maternal and neonatal outcomes, including
GDM. The number of cases of GDM in both the control and intervention groups was very low
(1.8% vs 0.9%), and the difference was not statistically significant. A recent systemic review
graded the quality of the evidence that vitamin D supplementation prevents GDM to be very
low, and suggested further studies be performed (De-Regil et al., 2016).
Vitamin B6 has also been investigated as a treatment for GDM, although only in a few small
studies that date back to the 1970s. Fourteen women with GDM in the Netherlands were tested
for vitamin B6 deficiency, and 13 were found to be deficient. After 14 consecutive days of
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100 mg/day vitamin B6 supplementation, the deficiency disappeared and glucose tolerance
improved considerably (Bennink et al., 1975). The study was repeated in the USA, and the same
effects were reported (Spellacy et al., 1977). However, another attempt to replicate these
findings reported no effect of vitamin B6 on gestational glucose intolerance, and suggested that
the benefits seen in the previous studies were due to confounding lifestyle changes (Perkins,
1977). Vitamin B6 has not been further investigated in GDM. Furthermore, despite the
aforementioned relationship between GDM and vitamin deficiencies, there appear to be no other
published studies of vitamin supplementation in GDM, either in animal models or humans.
1.3.3.3 Probiotics
Modifying the gut microbiome to a more favourable phenotype has become a popular new area
of research in many medical disciplines, including diabetes (Mobini et al., 2017; Soleimani et
al., 2017). Probiotic supplementation involves ingesting capsules of “live microorganisms that
confer a health benefit on the host” (Sanders, 2008). While few trials have yet been published
examining the impact of probiotic supplementation on GDM, there have been some promising
initial results.
The majority of RCTs examining the treatment effects of probiotic supplementation on GDM
were conducted in Iran, with each utilising a different formulation of microbes. In all three of
the Iranian trials, fasting glycaemia and insulin resistance (HOMA-IR) were significantly
reduced in the probiotic group. One of the studies reported reduced gestational weight gain
(Dolatkhah et al., 2015), one reported reduced serum VLDL-cholesterol and triglyceride
concentrations (Karamali et al., 2016), and the remaining reported reduced serum triglyceride,
IL-6, TNFα, and CRP concentrations (Jafarnejad et al., 2016). However, an RCT in Ireland that
assigned 149 women with GDM to either probiotic (Lactobacillus salivarius, 109 colony
forming units (CFU) per day), or placebo, found no significant differences between the groups
except for in total cholesterol (Lindsay et al., 2015). So far, there is no evidence to suggest that
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probiotic intervention affects pregnancy outcomes, such as caesarean delivery, preeclampsia or
macrosomia (Badehnoosh et al., 2017). Furthermore, a systematic review of the evidence
involving 88 women with GDM found no effect of probiotic supplementation on fasting blood
glucose or LDL-cholesterol. However, insulin resistance was significantly reduced – which
appeared to be associated mainly with the genus Bifidobacterium (Taylor et al., 2017). The
analysis concluded that larger, longer-duration trials, across different strains of probiotics,
needed to be performed.
A small number of RCTs have examined the ability of probiotic supplementation to prevent
GDM. The Finnish “Probiotics and Pregnancy Outcome Study” randomised 256 women in their
first trimester to both dietary intervention and probiotic supplementation (Lactobacillus
rhamnosus and Bifidobacterium lactis, 1010 CFU per day), dietary intervention only, or placebo.
The rate of GDM was significantly lower in the probiotic group – 13% – compared with 36%
in the diet-only group, and 34% in the control group. No differences in fetal growth were
observed, and no adverse effects were noted (Luoto et al., 2010). A double-blind, randomised,
placebo-controlled probiotic intervention trial in women at risk of GDM in New Zealand was
recently published (Wickens et al., 2017). The authors randomised 212 women to receive
probiotic (Lactobacillus rhamnosus, 6x109 CFU per day) and 211 to placebo, at 14–16 weeks’
gestation, and similarly noted that GDM prevalence was significantly lower in the intervention
group (2.1% vs 6.5%). While promising, further trials need to be conducted to determine
whether probiotic supplementation should be widely used in early pregnancy to prevent GDM.
Although it is uncertain exactly how probiotics might exert their beneficial effects, there are
several proposed mechanisms. Short-chain fatty acids (SCFAs) are a by-product of bacterial
fermentation of fibre in the gut. SCFAs can be used as an energy source for intestinal cells, and
may impact the expression of weight regulation hormones, such as leptin, ghrelin, and glucagonlike peptide-1 (GLP-1) (Taylor et al., 2017). GLP-1 both slows intestinal transit time and
increases insulin sensitivity (Tilg et al., 2015). SCFAs may also decrease gut permeability by
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upregulating expression of tight junction proteins such as ZO-1 in the gut lining (Taylor et al.,
2017).

1.3.4 Summary of treatments and prevention strategies for gestational diabetes
In summary, combined insulin therapy and lifestyle intervention is the most common strategy
for treating GDM. While this approach is usually effective at managing glycaemia and reducing
fetal growth, it can be difficult to adhere to, and questions remain about its benefits in the long
term. Furthermore, insulin cannot be used for the prevention of GDM, which may be a more
successful approach than treatment alone. For these reasons, there exists a requirement for new
treatments and prevention strategies for GDM that are safe, effective, and easy to adhere to. Oral
anti-diabetic agents may be suitable in prevention, and have been shown to be equally as
effective as insulin in terms of treatment for GDM. However, they appear to cross the placenta,
and concerns remain about the short- and long-term impacts this might have on the baby. While
there is promise in MI, vitamin, and probiotic supplementation, there is a need for further
studies, both in animals and humans, to strengthen the evidence, and ensure the safety of both
the mother and child.
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1.4 The NiPPeR Study
The ongoing “Nutritional Intervention Pre-conception and During Pregnancy to Maintain
Healthy Glucose Metabolism and Offspring Health” (NiPPeR) study aims to investigate whether
a nutritional supplement, taken both before and during pregnancy, can prevent GDM. This
double-blinded RCT is in the process of recruiting up to 1800 women, aged 18–38 years, across
New Zealand, Singapore and the UK, who are planning a pregnancy. One arm of the study
receives a control supplement containing folic acid, iron, iodine, and zinc, while the other
receives the intervention – a supplement containing the same control factors plus MI, vitamins
B2, B6, B12, D, and probiotics (Lactobacillus rhamnosus and Bifidobacterium lactis). The
supplement is mixed with water and drank twice daily. The primary outcome is maternal glucose
tolerance at 28 weeks gestation, as determined by a 75g OGTT (Godfrey et al., 2017).
Novel aspects of the NiPPeR study include:
1. Supplementation begins between 6–12 months pre-conception, allowing for an
understanding of the preventative effects of these nutritional factors on GDM.
2. The eligibility criteria include both normal and overweight/obese women, allowing
for an understanding of the effects of these supplements in women who are not
necessarily at risk of GDM.
3. The trial is taking place across three different countries, allowing for an understanding
of the role of ethnicity and other population factors.
4. Many of the components of the supplement have not been previously examined with
regards to glucose metabolism during pregnancy, including vitamin B2. So far there
is only preliminary evidence for the other supplements, including MI and probiotics.
5. Comprehensive data is being acquired from both the mother and the baby, including
body composition, gut microbiome, and breast milk data. There is also potential for
long-term follow-up of both the mother and child.
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Two of the studies in this thesis – Chapters 2 and 4 – were conducted in parallel with the NiPPeR
study. The nature of the NiPPeR study is such that the individual contribution of each component
of the supplement will not easily be able to be discerned. Thus, the aim of these chapters was to
determine the individual effects of the components of the NiPPeR supplement, using mouse
models of GDM. These studies will be used in combination with the data from the NiPPeR study
in order to better understand the effects of the supplements.
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1.5 Summary of the Literature
1. GDM broadly refers to hyperglycaemia with onset during pregnancy, although there is much
debate surrounding its exact definition and diagnostic criteria. GDM contributes to life-long
metabolic disease risk for both the mother and the baby. There is evidence these effects
persist across generations.
2. Risk factors for GDM include overweight and obesity, ethnicity, poor diet (high in saturated
fats, animal protein and sugar-sweetened cola, and low in fibre), physical inactivity, vitamin
D deficiency and vitamin B12 deficiency.
3. GDM is in most cases caused by β cell dysfunction occurring on a background of insulin
resistance. Affected women may already have a degree of one or both of these conditions
prior to pregnancy. The insulin resistance and insulin demands of natural pregnancy are
thought to “push” these defects over the edge towards hyperglycaemia. Chronic low-grade
inflammation is believed to be a common link between obesity and GDM.
4. GDM can be fairly effectively managed through a combination of lifestyle intervention
(generally low-GI, high-fibre foods with 30 minutes moderate intensity exercise per day),
subcutaneous insulin therapy, and self-monitoring of blood glucose concentrations.
However, this approach can be difficult to adhere to, and may not be effective or feasible
for GDM prevention.
5. There is emerging but limited evidence for the role of micronutrients and probiotics to
improve glucose metabolism and perhaps prevent GDM. These include MI, vitamins D and
12, and probiotic supplementation.
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1.6 Thesis Objectives
It is clear from the literature that there remain gaps in the understanding of the pathogenesis of
GDM and ways in which GDM could be effectively treated or prevented. The aim of this thesis
was to help to fill some of these gaps. Prevention was the major focus, as this is likely to be
more effective than treatment alone, especially as diagnosis usually doesn’t occur until at least
24 weeks’ gestation. While there is some evidence for the ability of MI and probiotic
supplementation to improve maternal metabolism and prevent GDM, most of the existing trials
were conducted in homogenous populations and by the same research groups. Several of the
studies in this thesis were therefore conducted in collaboration with the ongoing NiPPeR study,
which aims to test the efficacy of a number of supplements, including MI and probiotics, to
prevent GDM. These studies sought to investigate the effects of the same supplements in mouse
models of GDM. The use of mouse models allowed for a more comprehensive understanding
of mechanisms than would be possible in human trials, including adipose and hepatic gene
expression, gut function, and histopathology. In addition, this thesis investigated a potential
pathway connecting obesity and GDM – the interleukin-1-receptor-1 (IL1R1) signalling
pathway. It was examined whether genetic knockout of the Il1R1 receptor (Il1R1-/-) improved
GDM phenotype in a HFD-induced model. This allowed an understanding of the inflammatory
mechanisms underlying HFD-induced GDM in mice, and also provided insight into whether
inflammatory pathways such as IL1R1 could be used as therapeutic targets. In summary, the
aims of this thesis were to:
1. demonstrate a GDM phenotype in mice (effective mouse models)
2. investigate the effects of the NiPPeR supplements (MI, vitamins B2, B6, B12 and D,
and probiotics), pre-conception and during pregnancy, in these mouse models, and
3. investigate the impact of IL1R1-/- in these mouse models.
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The key hypotheses for this thesis were that:
1. the db/+ mouse would be the most suitable model of GDM, in accordance with
previous studies
2. myo-inositol, vitamins B2, B6, B12, D, and probiotics would each prevent glucose
intolerance in mice, and that they would show a combinatorial effect
3. IL1R1-/- would prevent HFD-induced glucose intolerance in mice, suggesting that
this pathway could be a viable treatment target for GDM.
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Chapter 2. The Effects of Myo-inositol and B and D Vitamin
Supplementation in the db/+ Mouse Model of Gestational Diabetes
Mellitus

2.1 Preface
This chapter contains the main body of the original research article “The effects of myo-inositol
and B and D vitamin supplementation in the db/+ mouse model of gestational diabetes mellitus”,
which was published by Plows et al. in the journal Nutrients in February 2017 (Appendix 1).
Nutrients has an impact factor of 3.550 at time of writing. Reproduction of this paper and its
figures is permissible under the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licences/by/4.0/). The text has been modified slightly for
consistency and to provide more methodological detail.

2.2 Introduction
GDM is a serious pregnancy complication, characterised by glucose intolerance that either
develops or is first recognised during pregnancy (Kordella, 2005). The prevalence of GDM has
rapidly increased in recent years, in parallel with the obesity, CVD and T2DM epidemics
(Ferrara, 2007). GDM now affects approximately 10% of pregnancies in the United States and
up to 20% of pregnancies in some countries, such as India and China (Balaji et al., 2007;
F. Zhang et al., 2011; Zhu et al., 2013). GDM is a major concern because of the various shortand long-term health consequences it poses for both the mother and the child. Women with
GDM are more likely to experience further pregnancy complications, such as preeclampsia
(Ostlund et al., 2004), and to develop T2DM later in life (Löbner et al., 2006; Robitaille et al.,
2008). Babies born from pregnancies complicated by GDM are more likely to be born LGA,
and to be affected by obesity and T2DM in the future (Yan et al., 2014). Animal studies have
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revealed that these effects can persist beyond one generation and into the next, resulting in an
inter-generational cycle of disease (Simmons et al., 2001; Boloker et al., 2002). Therefore,
prevention of GDM could be beneficial for improving the health of the population as a whole.
There are limited treatment options currently available to women with GDM. Insulin is the
mainstay of treatment, but has a number of caveats attached to its use. For example, insulin is
associated with hypoglycaemia and increased weight gain during pregnancy, which are
themselves linked to adverse pregnancy outcomes, and it requires self-injection (Brustman et
al., 2016). Metformin is an effective treatment for GDM and other disorders of insulin
resistance, but often requires additional treatment with insulin in order to maintain adequate
glycaemic control (Ainuddin et al., 2015). Metformin is also known to cross the placenta, and
long-term effects on the unborn child are still unknown (Feig et al., 2011). In addition,
metformin has some side effects, such as gastrointestinal discomfort (Burton et al., 2015;
Refuerzo et al., 2015), and has been associated with depleted vitamin B12 status (Gatford et al.,
2013). Another emerging treatment, sulfonylurea glyburide, carries similar unknowns (Camelo
Castillo et al., 2015; Jiang et al., 2015). For these reasons, much research is dedicated to the
development of alternative treatments.
The current study sought to evaluate the effectiveness of MI and B and D vitamin
supplementation, taken both before and during pregnancy, for the prevention/treatment of
GDM. MI is a carbohydrate consumed and produced within the body that is a precursor for
various phosphorylated derivatives such as PIP3, a downstream effector of insulin signalling.
MI therefore acts as an insulin-sensitising agent, and has shown promise as a treatment for
diseases of glucose intolerance, such as PCOS and T2DM (Artini et al., 2013; Dinicola et al.,
2014; Gao et al., 2016). There is evidence that MI supplementation also improves glucose
tolerance during pregnancy, and therefore could be an effective treatment for GDM (Matarrelli
et al., 2013; DʼAnna et al., 2015).
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In addition, recent cross-sectional and observational studies have noted vitamin deficiencies in
individuals with GDM and/or associated conditions, including vitamins B2 (Huang et al., 2015;
Rai et al., 2015; Zykova et al., 2015), B6 (Oxenkrug, 2013; Oxenkrug et al., 2013; Nix et al.,
2015), B12 (Krishnaveni et al., 2009; Knight et al., 2015; Sukumar et al., 2016), and D (Zhang
et al., 2008; Wang et al., 2015; Zhang et al., 2015). This has led to the hypothesis that
supplementation with these agents during pregnancy could improve maternal health and longterm outcomes for the child. Vitamin B2 acts as a cofactor in many metabolic reactions,
including the electron transport chain, the citric acid cycle, and fatty acid catabolism (Powers et
al., 2012). The combination of vitamins B2, B6 and B12 also plays an important role in
homocysteine homeostasis. High concentrations of homocysteine are strongly correlated with
GDM and related pathologies (Tarim et al., 2004; Guven et al., 2006; Gong et al., 2016). These
vitamins are also essential for one-carbon metabolism and DNA methylation, which drive
epigenetic programming of the fetus during pregnancy, and therefore may influence the longterm health of the child (for a review on this topic, see Vanhees et al. (2014)). While vitamins
B6, B12 and D have already shown promise as potential treatments for GDM and associated
conditions during pregnancy (Bennink et al., 1975; Spellacy et al., 1977; Katre et al., 2010;
Asemi et al., 2013; Jamilian et al., 2016; Shahgheibi et al., 2016), vitamin B2 has not been
investigated as thoroughly in this area. This is despite the fact that B2 has been shown to protect
against inflammation-induced cell damage and the development of insulin resistance in the nonpregnant state (Xu et al., 2012; Alam et al., 2015; Mazur-Bialy et al., 2016). For this reason, the
current study examined the individual role of vitamin B2 in GDM by comparing groups of mice
receiving suboptimal, normal and supplemented levels. Furthermore, an ongoing clinical trial –
the NiPPeR study – is evaluating the effects of a nutritional supplement, taken pre-conception
and during pregnancy, on maternal glucose tolerance (Godfrey et al., 2017). The supplement
includes, amongst other micronutrients, MI and vitamins B2, B6, B12 and D. Therefore, we also
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included a “vitamin mix” group in the current study, to allow for a more complete comparison
of results between the pre-clinical and clinical studies.
The overall aim of this study was to determine the effects of MI and B and D vitamins, both
individually and in combination, in a mouse model of GDM. The model used was the db/+
mouse, which is heterozygous for a point mutation of the leptin receptor. These mice
spontaneously develop hyperphagia, hyperleptinaemia, increased weight and adipose
deposition, and glucose intolerance during, but not prior to, pregnancy (Kaufmann et al., 1981;
Yamashita et al., 2001, 2003; Nadif et al., 2015).
We hypothesised that dietary supplementation with MI, vitamin B2 and vitamins B6, 12 and D
would improve glucose tolerance and other markers of GDM in db/+ mice, with the most
profound effect in the group combining them all. We also hypothesised that a diet suboptimal
in vitamin B2 would worsen metabolic health, and that the addition of MI would negate this
phenotype.

2.3 Methods
2.3.1 Animals and genotyping
All animal procedures were approved by the University of Auckland and AgResearch Animal
Ethics Committees in accordance with the recommendations of the New Zealand Animal
Welfare Act, 1999. Animals were housed in a 12-hour light, 12-hour dark cycle at 22 °C, with
40%–45% humidity and free access to food and water at all times. Leprdb/+ (db/+) mice (strain
B6.BKS(D)-Leprdb/+/J; stock number 000697) were obtained from the Jackson Laboratory, Bar
Harbor, ME, USA, and housed at the small animal containment unit at AgResearch, Waikato,
New Zealand. Male and female db/+ mice were mated, and tail clippings were taken from thirdgeneration weanlings at three weeks of age for genotyping.
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2.3.2 Genotyping for the Leprdb mutation
Tail samples were incubated in 75 μL of 25 mM NaOH/0.2 mM EDTA at 95 °C for 1 hour.
75 μL of 40 mM Tris HCl (pH 5.5) was then added, and the final mix was left at −20 °C
overnight. DNA was amplified using 12 μL KAPA HotStart ReadyMix with dye (KAPA
BioSystems, Wilmington, MA, USA), 1.2 μL forward primer (Integrated DNA Technologies,
Coralville, IA, USA; 5’—AGA ACG GAC ACT CTT TGA AGT CTC—3’), 1.2 μL reverse
primer (Integrated DNA Technologies, IA, USA; 5’—CAT TCA AAC CAT AGT TTA GGT
TTG TGT—3’) and 8.6 μL H2O per reaction. Amplification was performed at 1 cycle of 95 °C
for 3 minutes, 32 cycles of 95 °C for 15 seconds, 60 °C for 15 seconds, 72 °C for 15 seconds,
and 1 cycle at 72 °C for 1 minute. The PCR product was then left to incubate overnight with 25
µl of a cocktail containing 1 μl RsaI restriction enzyme (New England Biolabs, Ipswich, MA,
USA), 5 μl CutSmart buffer (New England Biolabs, Ipswich, MA, USA), and 19 µl H2O per
reaction at 35 °C. Products were resolved on a 4% agarose gel and visualised with ethidium
bromide. The presence of a band at 135 bp indicated that the mouse was a wild type (WT), while
two bands at 108 bp and 135 bp indicated a heterozygote (db/+). Wild-type (WT) mice were
used as controls, while heterozygous (db/+) mice were used as experimental animals.
Homozygotes were not used in the study, as they are infertile.

2.3.3 Experimental groups
All mice were weaned onto AIN-93G (Research Diets Inc., New Brunswick, NJ, USA) at three
weeks of age. At four weeks of age, after genotyping was complete, WT and db/+ female
offspring were separated and randomised to one of eight diet groups (Table 2.1). Levels of
micronutrients were derived based on previous micronutrient deficiency studies performed in
mice (Li et al., 2005, 2006; Ciappio et al., 2011), and those used in the NiPPeR study (Godfrey
et al., 2017). The amount of folic acid was kept constant across all groups in the AIN-93G diet
(2 mg/kg diet), which is specially formulated for gestating rodents. Mice were kept on
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experimental diets for eight weeks before mating commenced (Figure 2.1.). Mice were then
mated with males of the same genotype, and pregnancy was confirmed by the existence of a
vaginal plug, which was denoted day 0.5 of gestation (GD0.5). Pregnant females were singly
housed, and weighed at GD0.5 and GD18.5. They were kept on their assigned diet throughout
gestation, and food intake was measured over the course of the pregnancy by subtracting the
amount of food left in grams at GD18.5 from the amount of food added in grams at GD0.5.
Seven to twelve mice completed the study in each group, for a total of 143 mice overall.
Table 2.1. Amounts of micronutrients of interest in each of the eight diets, per kg
Diet

MI

B2

B6, B12, D

Suboptimal B2 (–B2)

—

1 mg

7 mg, 25 μg, 1000 IU

Suboptimal B2 + MI
(–B2 + MI)

10 g

1 mg

7 mg, 25 μg, 1000 IU

AIN-93G (B2)

—

6 mg

7 mg, 25 μg, 1000 IU

MI only (B2 + MI)

10 g

6 mg

7 mg, 25 μg, 1000 IU

B2 only (+B2)

—

24 mg

7 mg, 25 μg, 1000 IU

B2 + MI (+B2 + MI)

10 g

24 mg

7 mg, 25 μg, 1000 IU

Vitamin Mix (VM)

—

24 mg

28 mg, 215 μg, 4000 IU

MI + vitamin mix
(VM + MI)

10 g

24 mg

28 mg, 215 μg, 4000 IU
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Figure 2.1. Experimental design
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2.3.4 Oral glucose tolerance test
Glucose tolerance was assessed according to the method optimised by Andrikopoulos et al.
(2008). Briefly, at GD16.5, mice were fasted for six hours (0700 h to 1300 h). At this time,
fasting blood glucose was measured by snipping 1mm off the tip of the tail, dabbing the resulting
first drop on a paper towel, and reading the blood glucose of the second drop with an Optimum
Freestyle glucometer (Abbott Diabetes Care, Oxfordshire, UK). Mice were then dosed with 2
g/kg body weight of D-glucose (Sigma-Aldrich, St Louis, MO) via oral gavage. Blood was again
sampled from the tail tip 30, 60, 90 and 120 minutes post glucose dose.

2.3.5 Tissue collection
At GD18.5, mice were again fasted for 6 hours (0700 h to 1300 h), at which point body weight
and fasting glucose were measured. A tail blood sample was collected in an EDTA
(ethylenediaminetetraacetic acid)-coated tube for later analysis of fasting insulin and leptin
concentrations. Mice were then culled via cervical dislocation, and further blood was collected
by cardiac puncture. The uterus was removed and placed in ice-cold saline. The pancreas,
spleen, kidneys, liver and retroperitoneal, gonadal and perirenal adipose depots were weighed
and snap-frozen for future analysis. Fetuses and their individual placenta were then removed
from the uterus and weighed, and fetal crown–rump length (base of tail to crown-line) and
abdominal circumference (taken at the level of the navel) were measured in millimetres using
sewing thread and a ruler. Placentae and fetal livers from one male and one female fetus of each
litter were snap-frozen, and all fetal tails were collected for genotyping.

2.3.6 Plasma assays
Plasma was obtained by centrifuging blood taken at GD18.5 for 10 min at 2500 rpm. Plasma
was then stored at −80 °C. UltraSensitive Mouse Insulin ELISA (#90080; sensitivity: 50 pg/mL)
and Mouse Leptin ELISA (#90030; sensitivity: 200 pg/mL) kits (Crystal Chem., Downers
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Grove, IL, USA) were used according to the manufacturer’s instructions. Insulin resistance
score was determined using HOMA-IR, which was calculated as follows (Mather, 2009):
HOMA-IR = (fasting glucose (mmol/L) × fasting insulin (mU/L))
22.5
2.3.7 Gene expression analysis
Maternal gonadal adipose tissue RNA was extracted using Trizol reagent (ThermoFisher
Scientific, New Zealand) and a TissueLyser machine (Qiagen, Hilden, Germany) according to
the manufacturers’ instructions. Minor modifications were made to the protocol to maximise
RNA yield, namely: (1) sample was centrifuged and the lipid layer was removed by pipette
following homogenisation, and (2) samples were left with isopropanol for 2 hours rather than
20 minutes at −20oC. After isolation and purification of RNA pellets, RNA was suspended in
diethyl pyrocarbonate (DEPC)-treated water, and concentrations were measured using a
NanoPhotometer N60 (Implen, Munich, Germany). cDNA was produced using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Gene
expression analysis was performed using Taqman Fast Advanced Master Mix and pre-designed
Taqman probes for 16 genes involved in the pathogenesis of GDM and related diseases (Table
2.2.). Fluorescence was assessed using RT-PCR (Bio-Rad Laboratories, Hercules, CA, USA),
and CT values were normalised to a housekeeper gene (18S). All gene expression results were
subsequently converted to expression fold change relative to the control group (db/+ mice on
AIN-93G diet: normal B2 with no added MI) according to the comparative CT method (2-Δ ΔCT)
(Schmittgen et al., 2008).
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Table 2.2. Taqman probes used for adipose gene expression analysis
Gene name

Taqman probe code

Akt2

Mm02026778_g1

Igf1r

Mm00802831_m1

Irs1

Mm01278327_m1

Slc2a4

Mm00436615_m1

Acs11

Mm00484217_m1

Ccr5

Mm01963251_s1

Lepr

Mm00440181_m1

Tlr4

Mm00445273_m1

Fas

Mm01204974_m1

Tnfrsf1b

Mm00441889_m1

Gys1

Mm01962575_s1

Gck

Mm00439129_m1

Pck1

Mm01247058_m1

G6pc

Mm00839363_m1

Il1b

Mm00434228_m1

Nlrp3

Mm00840904_m1

2.3.8 Statistics
All statistical analysis was performed by IBM SPSS (Armonk, NY, USA). Graphs were
produced using GraphPad Prism. Statistical tests were designed to compare the effects of
genotype (WT vs db/+), the effects of MI status (no added MI vs added MI), and the effects of
vitamin status (suboptimal B2, normal B2, supplemented B2 and vitamin mix) via three-way
ANOVA (Laerd Statistics, 2015). To check if the data were normally distributed, the Shapiro–
Wilk’s test of normality was performed. Levene’s test for equality of variances was used to test
homogeneity of variances. In the case of failure of one or both of these tests, data were
appropriately transformed to achieve normal distribution. If the same results were obtained with
unadjusted and transformed data, the unadjusted data were used. Data were first assessed for a
three-way interaction. Where a three-way interaction was present, this was followed by testing
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for a simple two-way interaction within both WT and db/+ mice, and then further determining
simple-simple main effects and simple-simple comparisons. If a three-way interaction was not
present, it was established whether any significant two-way interaction existed. If a two-way
interaction existed, the simple main effect and simple comparisons of the independent variable
of interest was assessed. If neither a two-way nor three-way interaction was present, it was
established whether a main effect of one of the independent variables existed. Statistical
significance was accepted at the p < 0.05 level, and a Bonferroni correction was applied to all
simple and simple-simple tests. Data are presented as mean ± the standard error of the mean,
unless otherwise stated.

2.4 Results
2.4.1 Body weight at GD0.5 and GD18.5
db/+ mice were heavier than WT mice at GD0.5 and GD18.5 of pregnancy (Figure 2.2.). The
addition of MI decreased the weight of WT mice on suboptimal B2 at GD0.5. However, when
B2 status was normal, MI had the opposite effect – increasing the weight of WT mice.
Suboptimal B2 was also associated with increased body weight compared with normal B2 and
full vitamin mix in WT mice at GD0.5. However, there were no effects of the supplements on
body weight at GD0.5 in db/+ mice. There were also no effects of the supplements on body
weight at GD18.5 in either WT or db/+ mice.
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Figure 2.2. Body weights during pregnancy
(A) Body weight at GD0.5 (g); (B) Body weight at GD18.5 (g).
Data presented as mean ± SEM, where **p < 0.01 WT vs db/+, #p < 0.05 and ##p < 0.01 MI vs
no MI, ^^p < 0.001 in the absence of MI only; n = 7–12 mice per group.

2.4.2 Pregnancy weight gain, food intake and litter size
2.4.2.1 Weight gain over pregnancy
MI had an effect on gestational weight gain only in the supplemented B2 group (Figure 2.3. A).
Independent of genotype, mice supplemented with MI gained more weight over pregnancy than
mice without MI, when B2 was also supplemented. B2 had an effect only in the absence of MI.
Ignoring genotype, supplemented B2 resulted in decreased gestational weight gain compared
with control in the absence of MI.
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2.4.2.2 Food intake over pregnancy
There were no effects of genotype or the supplements on food intake over pregnancy
(Figure 2.3. B).
2.4.2.3 Litter size
MI had an effect on litter size only in the supplemented B2 group. Mice supplemented with MI
had a larger litter size than mice not receiving MI. B2 had an effect only in the absence of MI.
Mice on supplemented B2 had a smaller litter size than mice in the normal B2 and vitamin mix
groups in the absence of MI. The effects of litter size generally matched the pattern of weight
gain over pregnancy, indicating that the differences in weight gain seen were likely due to
differences in litter size (Figure 2.3. C).
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Figure 2.3. Pregnancy measurements
(A) Weight gain over pregnancy (g); (B) Food intake over pregnancy (g); (C) Litter size at
GD18.5.
Data presented as mean ± SEM, where ††p < 0.01 in the presence of supplemented B2,
^^p < 0.01 in the absence of MI, regardless of genotype; n = 7–12 mice per group.
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2.4.3 Glucose tolerance during pregnancy
Surprisingly, there was no difference in glucose tolerance between WT and db/+ mice during
pregnancy (further detailed in Supplementary Data, Figure 2.7.; Figure 2.8.).
There were also no effects of the supplements at any time point of the OGTT (Figure 2.4. A),
nor on area under the curve (AUC) of the OGTT (Figure 2.4. B).

Figure 2.4. Glucose tolerance
A 2 g/kg OGTT was conducted at GD16.5.
(A) OGTTs for all treatment groups in both WT and db/+ mice; (B) AUC of the OGTTs.
Data presented as mean ± SEM; n = 7–12 mice per group.
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2.4.4 Fasting plasma glucose, insulin, HOMA-IR, and leptin at GD18.5
There were no effects of genotype or the supplements on fasting blood glucose (Figure 2.5. A),
fasting insulin (Figure 2.5. B), or HOMA-IR (Figure 2.5. C).
db/+ mice had significantly higher fasting plasma leptin at GD18.5 than WT mice
(Figure 2.5. D). Furthermore, MI supplementation significantly decreased leptin concentration
in db/+ mice on supplemented B2. Mice receiving supplemented B2 also had higher leptin than
those in the suboptimal B2 group, but only in the absence of MI. The reverse was true in the
presence of MI: supplemented B2 resulted in decreased leptin compared with suboptimal B2. In
addition, the supplemented B2 group had lower leptin concentrations than mice in both the
normal B2 and vitamin mix groups, but only in the presence of MI.
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Figure 2.5. Plasma measurements
(A) Fasting blood glucose at GD18.5; (B) Fasting plasma insulin at GD18.5; (C) HOMA-IR
index at GD18.5; (D) fasting plasma leptin at GD18.5.
Data presented as mean ± SEM, where ****p < 0.0001 WT vs db/+ mice, ####p < 0.0001 MI
vs no MI, ^^p < 0.01 in the absence of MI, $$p < 0.01 and $$$p < 0.001 in the presence of MI;
n = 7–12 mice per group.
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2.4.5 Weights of major organs at GD18.5
There were no effects of genotype or the supplements on weights of any of the major organs in
this study (see Supplementary Data Table 2.3.).

2.4.6 Adipose deposition at GD18.5
2.4.6.1 Retroperitoneal adipose tissue
db/+ mice had greater retroperitoneal fat deposition than WT mice (Figure 2.6. A). No effects
of the supplements were observed.
2.4.6.2 Gonadal adipose tissue
db/+ mice had increased gonadal adipose deposition compared with WT mice (Figure 2.6. B).
MI supplementation reduced gonadal adipose deposition in WT mice on suboptimal B2.
Vitamin mix also reduced gonadal adipose deposition compared with suboptimal B2 in WT
mice, but only in the absence of MI.
2.4.6.3 Perirenal adipose tissue
In WT mice, supplementation with MI reduced perirenal adipose deposition in the suboptimal
B2 group. In the absence of MI, vitamin mix resulted in reduced perirenal adipose deposition
compared with suboptimal B2, but only in WT mice. In the presence of MI, vitamin mix resulted
in reduced perirenal adipose mass compared with normal B2. In db/+ mice supplemented with
MI, suboptimal B2 caused increased perirenal adipose deposition compared with normal B2
(Figure 2.6. C.).
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Figure 2.6. Adipose deposition at GD18.5
Expressed as percentage of total body weight.
(A) Retroperitoneal adipose deposition; (B) Gonadal adipose deposition; (C) Perirenal adipose
deposition.
Data presented as mean ± SEM, where ****p < 0.0001 WT vs db/+, ##p < 0.01 MI vs no MI,
^^p < 0.01 in the absence of MI, $p < 0.05 and $$p < 0.01 in the presence of MI; n = 7–12 mice
per group.
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2.4.7 Fetal growth at GD18.5
Fetal growth data are provided in the Supplementary Data (Table 2.4, Table 2.5). There were
no effects of genotype or the supplements on any measures of fetal growth.

2.4.8 Gene expression in adipose tissue at GD18.5
Gene expression data are presented in the Supplementary Data (Table 2.6), and results are
outlined below.
2.4.8.1 Insulin and leptin signalling
(a)

Akt2: Mice supplemented with vitamin mix had reduced Akt2 expression compared with

mice on normal B2 (p = 0.010).
(b)

Igf1r: Mice supplemented with MI had higher expression of Igf1r than mice not

supplemented with MI (p = 0.020). Mice on suboptimal (p = 0.025) and supplemented B2
(p = 0.019) also had increased Igf1r expression compared with normal B2.
(c)

Lepr: The addition of MI was associated with reduced Lepr expression in db/+ mice

supplemented with B2 (p = 0.014). In the absence of MI, db/+ mice on supplemented B2 had
higher Lepr expression than both suboptimal B2 (p = 0.005) and normal B2 (p = 0.010).
(d)

Irs1: There were no effects of genotype or the supplements on Irs1 expression.

(e)

Slc2a4: Mice on suboptimal B2 (p = 0.049) and vitamin mix (p = 0.015) had decreased

Slc2a4 (GLUT4) expression compared with normal B2.
2.4.8.2 Lipid metabolism
(f)

Acsl1: There were no effects of genotype or the supplements on Acsl1 expression.
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2.4.8.3 Inflammatory markers
(g)

Il1b: Mice supplemented with B2 (p = 0.035) and vitamin mix (p = 0.026) had decreased

Il1b expression compared with normal B2.
(h)

Tlr4: In the presence of MI, both supplemented B2 (p = 0.013) and vitamin mix

(p = 0.015) caused decreased Tlr4 expression compared with normal B2.
(i)

Tnfrsf1b: There were no effects of genotype or the supplements on Tnfrsf1b expression.

(j)

Ccr5: Within WT mice on normal B2, MI supplementation was associated with greater

Ccr5 expression (p = 0.001). In contrast, in WT mice on suboptimal B2, MI supplementation
was associated with reduced Ccr5 expression (p = 0.014). In WT mice not receiving MI, those
on suboptimal B2 had higher Ccr5 expression than those on normal B2 (p = 0.002),
supplemented B2 (p = 0.016), and vitamin mix (p = 0.001). However, in the presence of MI,
supplemented B2 only reduced Ccr5 expression compared with normal B2 (p = 0.014). There
was also an effect of B2 in db/+ mice, in that supplemented B2 resulted in decreased Ccr5
compared with normal B2, in the presence of MI (p = 0.025).
(k)

Nlrp3: db/+ mice had increased Nlrp3 expression compared with WT mice (p = 0.012).

There were no effects of the supplements on Nlrp3 expression.
2.4.8.4 Glucose metabolism
(l)

G6pc: Mice supplemented with MI had lower expression of G6pc than those not

supplemented with MI (p = 0.023).
(m)

Gck: Within mice on normal B2, those supplemented with MI had increased Gck

expression than those not supplemented with MI (p < 0.0001). This expression was greater than
that seen in mice on both suboptimal (p = 0.016) and supplemented B2 (p = 0.017).
(n)

Gys1: There were no effects of genotype or the supplements on Gys1 expression.
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(o)

Pck1: Mice supplemented with MI had higher expression of Pck1 than those not

supplemented with MI (p = 0.043). Mice supplemented with B2 had lower expression of Pck1
than those on normal B2 (p = 0.003).
2.4.8.5 Apoptotic marker
(p)

Fas: In the suboptimal B2 group, mice supplemented with MI had lower expression of

Fas compared with those not supplemented with MI (p = 0.045). Within those mice not
supplemented with MI, those on vitamin mix had lower expression of Fas than those on the
normal B2 (p = 0.031) and suboptimal B2 (p = 0.001).
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2.5 Discussion
This study examined the effects of dietary supplementation of MI and B and D vitamins,
individually and in combination, on a mouse model of GDM. GDM has become increasingly
common and is associated with poor maternal and fetal outcomes, both in the short- and longterm. It has been hypothesised that taking MI and B and D vitamins before and/or during
pregnancy could counter the negative effects of GDM.

2.5.1 Suitability of db/+ mice as a model of GDM
In the current study, db/+ mice did not demonstrate impaired glucose tolerance compared with
WT mice during pregnancy. In addition, while db/+ mice gained more weight prior to
pregnancy, they did not differ in food consumption or weight gained during pregnancy. These
observations are at odds with the majority of other studies in this strain of mouse, where db/+
mice present with hyperphagia, hyperleptinaemia, hyperglycaemia and glucose intolerance
during, but not prior to, pregnancy (Yamashita et al., 2001, 2003; Stanley et al., 2011). However,
several recent studies have similarly been unable to reproduce glucose intolerance and
pregnancy weight gain in these animals (Harrod et al., 2011; Pollock et al., 2015). While db/+
mice have been used as a model of GDM for decades (Kaufmann et al., 1981), it seems that, for
at least the past few years, the glucose intolerance phenotype has been absent in some colonies.
Reasons for this may include diet, strain, environmental factors (Keubler et al., 2015), and the
absence of the misty (m) allele, which was bred out of the Jackson 000697 strain in 2008
(Sviderskaya et al., 1998). Our lab is conducting further independent research in order to
determine the cause of the lack of glucose intolerance in this model, with the aim of restoring
the phenotype for future GDM studies (Chapter 3).
However, the db/+ mice in this study still presented with several characteristics of GDM. db/+
mice displayed higher body weight at GD0.5 and GD18.5, but this did not influence OGTT
results during pregnancy. In addition, db/+ mice had increased retroperitoneal and gonadal
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adipose deposition, and increased fasting leptin concentrations compared with WT mice.
Hyperleptinaemia during pregnancy is associated with GDM (Yilmaz et al., 2010; Maple-Brown
et al., 2012; Vickers et al., 2012). db/+ mice also showed increased expression of Nlrp3, a key
component of the IL-1β processing NLRP3 inflammasome, in gonadal adipose tissue. It is likely
that this increased Nlrp3 expression was a direct result of the excess adipose deposition in db/+
mice. NLRP3 is part of a family of innate immune cell sensors, which act to recognise danger
associated molecular patterns (DAMPS) derived from injured or damaged cells, and
subsequently activate an inflammatory response (Dostert et al., 2008; Halle et al., 2008). NLRP3
is thought to be part of the mechanism by which obesity leads to other pathologies such as
T2DM and GDM (Tack et al., 2012). Mice deficient in NLRP3 show improved insulin
sensitivity even in the presence of a high fat diet, and weight loss is highly associated with
reduced adipose tissue expression of Nlrp3 in both animals and humans (Saberi et al., 2009;
Stienstra et al., 2010; Vandanmagsar et al., 2011). Interestingly, there was no main effect of
genotype in any of the other 15 genes studied. Nevertheless, hyperleptinaemia, increased body
weight at GD0.5 and GD18.5, increased adipose tissue deposition, and increased Nlrp3
expression are all conditions that are relevant to the pathogenesis of GDM. Therefore, we
believe the model is still of value in this study.

2.5.2 Effects of myo-insoitol
MI significantly reduced the weight of WT mice on suboptimal B2 at GD0.5, and this was
accompanied by significant decreases in gonadal and perirenal adipose deposition. However,
MI slightly increased weight of WT mice on normal B2 at GD0.5, although this did not influence
weight at GD18.5, or adipose deposition. At GD18.5, MI significantly reduced fasting leptin
concentrations in db/+ mice fed a diet supplemented with vitamin B2. The fact that there were
no differences in maternal weight gain (independent of differences in litter size), food intake or
adipose deposition in this group, suggests that the reduction was due to improved leptin
signalling. Gonadal gene expression analysis revealed that MI was in fact associated with
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reduced Lepr expression within those db/+ mice on supplemented B2, but that supplemented B2
resulted in increased Lepr expression compared with the normal B2 and vitamin mix groups.
This suggests that vitamin B2 upregulated expression of Lepr, while MI acted downstream of
the leptin receptor to improve function. This is possible as MI is involved in most eukaryotic
cell signalling pathways. It forms the structural basis of inositol phosphates, which act as a
number of second messengers, and therefore propagates leptin signalling (Morris et al., 2009;
Bertelli et al., 2013; Boucher et al., 2016).
MI supplementation was also associated with increased gonadal adipose tissue gene expression
of Igf1r, Pck1, and Gck (glucokinase), and decreased expression of G6pc. Increased Igf1r
expression in adipose tissue is associated with reduced incidence of T2DM, because it promotes
insulin signalling and therefore favours adipose storage over ectopic energy storage (Boucher
et al., 2016). Similarly, increased adipose-specific Pck1 expression is associated with improved
insulin sensitivity, due to increased glyceroneogenesis and therefore reduced release of fatty
acids into the blood (Jeoung et al., 2010). Gck (glucokinase) catalyses the phosphorylation of
glucose to glucose-6-phosphate, and therefore acts to improve glucose uptake within adipose
tissue (Muñoz et al., 2010). Finally, G6pc (glucose-6-phosphatase) hydrolyses glucose-6phosphate, for the final step of both gluconeogenesis and glycogenolysis. Therefore, a reduction
in expression of G6pc is associated with reduced release of glucose from adipose tissue and
improved adipose energy storage (Martin et al., 2002). These results suggest that MI improved
insulin sensitivity of adipose tissue, increased adipose tissue capacity, and prevented lipid
breakdown and subsequent ectopic energy storage (such as occurs in non-alcoholic fatty liver
disease (Rinella, 2015)).
MI supplementation was also associated with improved inflammatory profile in mice on
suboptimal B2; namely, reduced expression of Fas and Ccr5. Fas and Ccr5 are both indicators
of cell death and inflammation, demonstrating potential anti-inflammatory properties of MI
(Liao et al., 2007; Donà et al., 2012). In addition, Ccr5 has been implicated in the development
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of insulin resistance, which further illustrates a role of MI in improved insulin sensitivity (Kitade
et al., 2012). However, when B2 was normal, MI was actually associated with increased Ccr5.
This suggests a complex interaction between vitamin B2 status and MI that needs to be explored
further.

2.5.3 Effects of suboptimal B2
Mice on the suboptimal B2 diet were significantly heavier at GD0.5 (mean difference of +3.8g)
and had significantly increased gonadal (mean difference of +0.437%) and perirenal (mean
difference of +0.217%) adipose deposition at GD18.5 compared with mice on the normal B2
diet. Low intake of vitamin B2 is associated with increased adiposity, although causation has
not been established (Gunanti et al., 2014). The current study therefore points to a causative
effect of vitamin B2 in the development of obesity. Vitamin B2 possibly exerts such effects
through its role in DNA methylation (Dominguez-Salas et al., 2012). For example, human
studies have revealed that methylation of the HIF3A locus is associated with BMI (Dick et al.,
2014; Huang et al., 2015).
Suboptimal B2 was also associated with decreased gonadal adipose tissue gene expression of
the glucose transporter Slc2a4 (GLUT4) and Gck, and increased expression of the inflammatory
marker Ccr5. These findings are consistent with evidence that vitamin B2 consumption is
beneficial for improved insulin sensitivity and dampened inflammation (Morrison et al., 1987;
Prado et al., 2012; Mahalle et al., 2014).

2.5.4 Effects of supplemented B2
B2 supplementation alone had very few effects on the mice in the current study. As stated above,
the combination of supplemented B2 and MI resulted in a marked reduction in plasma leptin
concentration. This was accompanied by an increase in Lepr expression in those mice
supplemented with B2. While limited, there is some evidence that vitamin B2 supplementation
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has a beneficial effect on circulating leptin concentration in obese rats (L. Jiang et al., 2004)
Interestingly, however, B2 supplementation alone did not reduce plasma leptin concentration,
and actually increased it compared with mice on suboptimal B2 (in the absence of MI). This
occurred despite increased Lepr expression in those mice supplemented with B2. The
combination of these findings suggest that the increase in Lepr expression in mice supplemented
with B2 was perhaps in response to hyperleptinaemia, and that MI was required in order to assist
in the propagation of increased leptin receptor signalling.
B2 supplementation also resulted in a reduction in Il1b, Tlr4 and Ccr5 expression, which again
demonstrates the beneficial effects of vitamin B2 on inflammation. In contrast, while
supplemented B2 was associated with increased Igf1r expression, it also resulted in a reduction
in Gck and Pck1 expression. These findings may explain why B2 alone had few beneficial
physiological effects on the mice, and why MI co-supplementation was required in order to see
differences. The combination of supplemented B2 and MI did appear to generate the most
beneficial effects, even if these were not always statistically significant. For example, db/+ mice
given the combination of MI and supplemented B2 had the lowest numerical mean value of all
the groups in fasting glucose, HOMA-IR, leptin and gonadal adipose tissue deposition.

2.5.5 Effects of vitamin mix (B2, B6, B12, and D)
Interestingly, the vitamin mix diet did not have the same effect on plasma leptin that B2
supplementation did, even in the presence of MI. WT mice on the vitamin mix did have
decreased gonadal and perirenal adipose deposition compared with mice on normal B2, but the
same effect was not observed in db/+ mice. As with the B2 supplemented group, vitamin mix
was associated with reduced Il1b, Tlr4 and Fas expression. This again points to the beneficial
effects of increased vitamin status on adipose tissue inflammation. The lack of significant
differences between the vitamin mix group and the other groups may simply suggest that the
mice already had sufficient dietary levels of the vitamins. There are still no established causative
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effects of excess amounts of these vitamins on improved maternal metabolic health (Dror et al.,
2012; Hovdenak et al., 2012).
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2.6 Conclusions
Strengths of this study include the factorial design, which allowed the examination of the effects
of MI in four different vitamin environments, including the individual effect of vitamin B2. This
design also allowed us to employ a three-way ANOVA, which meant that groups that were not
significantly different could be pooled for added statistical power. The major weakness of this
study was that our mouse model – the db/+ mouse – did not exhibit the expected phenotype of
glucose intolerance and insulin resistance during pregnancy. It would be beneficial to repeat
these experiments in an animal model that does show these properties, since they are the primary
characteristics of GDM. However, the db/+ mice in the current study did display increased body
weight, adipose deposition and fasting plasma leptin concentrations, along with increased Nlrp3
expression. All of these have been associated with GDM, and so we believe the model is still of
value. However, we would recommend that researchers ensure the glucose intolerance
phenotype is present before using db/+ mice in the future, as there is evidence that this
phenotype is no longer present in some colonies.
Our data demonstrated that suboptimal B2 indeed resulted in unfavourable outcomes, including
increased body weight and adipose deposition, decreased Slc2a4 (GLUT4) gene expression, and
increased expression of inflammatory markers. MI tended to negate these issues, including
reducing body weight and adipose deposition, and reducing the expression of inflammatory
markers. MI also significantly reduced the marked hyperleptinaemia observed in db/+ mice,
when combined with supplemented B2. Adipose gene expression data demonstrated that MI
was generally associated with markers of improved insulin sensitivity and glucose uptake, and
reduced release of glucose and free fatty acids into the blood.
Supplemented B and D vitamins had few physiological effects, although gene expression
analysis revealed a reduction in all markers of inflammation that were studied.
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In conclusion, both MI and vitamin B2 showed promise in reducing the pathologies associated
with GDM in this study. In particular, MI and vitamin B2 were beneficial in reducing body
weight and adipose deposition, and in improving hyperleptinaemia. MI was also effective in
improving gene expression markers of insulin sensitivity and glucose uptake, and vitamins B2,
B6, B12 and D were associated with a reduction in gene expression of inflammatory markers.
Dietary supplementation of both MI and vitamin B2 before and during pregnancy may be an
appealing strategy for preventing GDM, but should first be further explored in more relevant
animal models.
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2.7 Supplementary Data

Figure 2.7. Glucose tolerance at GD16.5 of WT and db/+ mice on control diet
(A) Oral glucose tolerance plots comparing WT and db/+ mice on control diet. There were no
differences between WT and db/+ mice on control diet at any time point of the OGTT. (B) AUC
of the OGTT comparing WT and db/+ mice on control diet. There was no difference between
WT and db/+ mice on AUC of the OGTT plots.
Data presented as mean ± SEM; n = 12 mice per group.

Figure 2.8. Glucose tolerance at GD16.5, when supplement groups are pooled
(A) Oral glucose tolerance plots comparing all WT and all db/+ mice. There were no differences
between WT and db/+ mice when all supplements were pooled at any time point of the OGTT.
(B) The AUC of the OGTT plots comparing all WT and all db/+ mice. There was no difference
between WT and db/+ mice on AUC of the OGTT plots.
Data presented as mean ± SEM; n = 67–76 mice per group.
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Table 2.3. Weights of major organs at GD18.5
Data presented as mean ± SEM; n = 7–12 mice per group.
Genotype

WT
− MI

MI status

+ MI

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Pancreas weight (g)

0.29 ± 0.04

0.26 ± 0.03

0.25 ± 0.04

0.20 ± 0.04

0.23 ± 0.04

0.23 ± 0.04

0.23 ± 0.04

0.22 ± 0.04

Spleen weight (g)

0.21 ± 0.03

0.20 ± 0.02

0.19 ± 0.03

0.16 ± 0.03

0.21 ± 0.03

0.22 ± 0.03

0.18 ± 0.03

0.21 ± 0.03

Kidney weight (g)

0.18 ± 0.01

0.17 ± 0.01

0.16 ± 0.01

0.16 ± 0.01

0.17 ± 0.01

0.18 ± 0.01

0.18 ± 0.01

0.18 ± 0.01

Liver weight (g)

1.31 ± 0.08

1.32 ± 0.07

1.34 ± 0.08

1.50 ± 0.08

1.26 ± 0.08

1.23 ± 0.08

1.36 ± 0.09

1.42 ± 0.09

B vitamin status

Genotype

db/+
− MI

MI status

+ MI

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Pancreas weight (g)

0.25 ± 0.03

0.27 ± 0.03

0.27 ± 0.03

0.26 ± 0.04

0.26 ± 0.03

0.23 ± 0.03

0.27 ± 0.04

0.26 ± 0.03

Spleen weight (g)

0.20 ± 0.03

0.21 ± 0.02

0.19 ± 0.03

0.17 ± 0.03

0.21 ± 0.03

0.24 ± 0.03

0.23 ± 0.03

0.28 ± 0.03

Kidney weight (g)

0.17 ± 0.01

0.18 ± 0.01

0.18 ± 0.01

0.18 ± 0.01

0.16 ± 0.01

0.20 ± 0.01

0.18 ± 0.01

0.18 ± 0.01

Liver weight (g)

1.41 ± 0.08

1.40 ± 0.07

1.39 ± 0.07

1.66 ± 0.09

1.35 ± 0.08

1.21 ± 0.08

1.39 ± 0.08

1.34 ± 0.07

B vitamin status
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Table 2.4. Fetal and placental growth data from WT mothers
Data presented as mean ± SEM; n = 7–12 maternal mice per group.
MI status

− MI

+ MI

B Vitamin status

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Fetal weight (g)

1.14 ± 0.05

1.11 ± 0.05

1.15 ± 0.05

1.11 ± 0.02

1.14 ± 0.03

1.09 ± 0.05

1.11 ± 0.003

1.06 ± 0.09

Crown–rump length (mm)

30.41 ± 0.42

30.41 ± 0.42

30.13 ± 0.54

30.59 ± 0.17

29.66 ± 0.59

29.66 ± 0.59

30.10 ± 0.47

29.69 ± 0.84

Abdominal circumference (mm)

25.57 ± 0.69

25.09 ± 0.36

25.06 ± 0.55

25.00 ± 0.52

25.96 ± 0.29

25.16 ± 0.41

25.53 ± 0.50

25.27 ± 1.31

Placental weight (g)

0.10 ± 0.01

0.09 ± 0.00

0.11 ± 0.01

0.09 ± 0.01

0.11 ± 0.01

0.09 ± 0.00

0.09 ± 0.01

0.11 ± 0.01

Fetal:placental ratio

10.82 ± 0.77

12.26 ± 0.63

11.39 ± 0.88

11.96 ± 0.79

10.81 ± 0.72

11.89 ± 0.41

12.76 ± 0.92

10.11 ± 1.12
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Table 2.5. Fetal and placental growth data from db/+ mothers.
Data presented as mean ± SEM; n = 7–12 maternal mice per group.
Pup genotype

WT pups
− MI

MI status

+ MI

Vitamin status

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Fetal weight (g)

1.13 ± 0.04

1.13 ± 0.04

1.18 ± 0.10

1.10 ± 0.05

1.15 ± 0.04

0.93 ± 0.07

1.10 ± 0.05

1.09 ± 0.04

Crown–rump length (mm)

30.32 ± 0.51

30.63 ± 0.40

30.38 ± 0.80

29.81 ± 0.57

30.59 ± 0.44

28.93 ± 0.72

29.93 ± 0.51

30.69 ± 0.39

Abdominal circumference (mm)

25.96 ± 0.47

24.96 ± 0.39

26.75 ± 0.77

25.31 ± 0.55

25.44 ± 0.45

24.00 ± 0.69

25.71 ± 0.49

25.39 ± 0.38

Placental weight (g)

0.09 ± 0.01

0.09 ± 0.00

0.09 ± 0.01

0.09 ± 0.01

0.09 ± 0.00

0.10 ± 0.01

0.10 ± 0.01

0.09 ± 0.00

Fetal:placental ratio

11.61 ± 0.78

12.63 ± 0.59

13.13 ± 1.18

11.89 ± 0.83

12.55 ± 0.68

9.44 ± 1.05

10.86 ± 0.74

12.88 ± 0.55

Continued on next page...
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Pup genotype

db/+ pups
− MI

MI status

+ MI

Vitamin status

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Fetal weight (g)

1.08 ± 0.04

1.13 ± 0.03

1.18 ± 0.05

1.04 ± 0.04

1.17 ± 0.05

1.10 ± 0.05

1.08 ± 0.04

1.09 ± 0.03

Crown–rump length (mm)

29.87 ± 0.48

30.68 ± 0.36

30.92 ± 0.57

29.72 ± 0.46

31.10 ± 0.51

30.72 ± 0.48

29.60 ± 0.44

29.93 ± 0.36

Abdominal circumference (mm)

25.17 ± 0.44

25.10 ± 0.35

25.71 ± 0.54

25.38 ± 0.44

25.90 ± 0.49

24.98 ± 0.47

25.16 ± 0.41

24.41 ± 0.35

Placental weight (g)

0.10 ± 0.01

0.10 ± 0.00

0.10 ± 0.01

0.09 ± 0.00

0.09 ± 0.01

0.10 ± 0.01

0.10 ± 0.00

0.09 ± 0.00

Fetal:placental ratio

11.30 ± 0.71

11.75 ± 0.54

11.93 ± 0.83

11.40 ± 0.71

13.17 ± 0.74

10.97 ± 0.71

11.14 ± 0.65

12.03 ± 0.54

db/db pups
− MI

MI status

− MI

Vitamin status

−B2

−B2

−B2

−B2

−B2

−B2

−B2

−B2

Fetal weight (g)

1.13 ± 0.06

1.23 ± 0.06

1.28 ± 0.07

1.06 ± 0.04

1.22 ± 0.06

1.19 ± 0.06

1.18 ± 0.07

1.08 ± 0.05

Crown–rump length (mm)

28.93 ± 0.60

31.13 ± 0.80

30.33 ± 0.92

29.31 ± 0.51

31.17 ± 0.80

30.89 ± 0.65

28.50 ± 1.60

30.00 ± 0.72

Abdominal circumference (mm)

25.44 ± 0.55

25.25 ± 0.77

25.67 ± 0.89

26.28 ± 0.49

25.88 ± 0.77

26.10 ± 0.63

22.00 ± 1.54

24.67 ± 0.63

Placental weight (g)

0.10 ± 0.01

0.09 ± 0.01

0.10 ± 0.01

0.09 ± 0.01

0.10 ± 0.01

0.10 ± 0.01

0.11 ± 0.02

0.09 ± 0.01

Fetal:placental ratio

11.32 ± 0.89

13.58 ± 1.18

11.58 ± 1.36

11.52 ± 0.74

12.61 ± 1.18

11.58 ± 0.96

8.74 ± 2.35

11.89 ± 0.96
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Table 2.6. Gonadal adipose gene expression relative to db/+ mice on control diet.
Data presented as mean ± SEM; where * indicates that there were significant effects of treatment for that gene, and ^ indicates that there was a significant
effect of genotype for that gene. Please refer to the text for further information on each of these effects. n = 7–12 mice per group.
Genotype

WT
− MI

MI status

+ MI

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Akt2 *

0.628 ± 0.168

0.603 ± 0.137

0.858 ± 0.168

0.654 ± 0.150

0.845 ± 0.168

1.145 ± 0.168

0.526 ± 0.168

0.425 ± 0.194

Igf1R *

1.000 ± 0.759

1.148 ± 0.537

2.253 ± 0.759

1.294 ± 0.679

3.241 ± 0.759

1.472 ± 0.759

3.530 ± 0.679

2.507 ± 0.876

Lepr

1.086 ± 0.423

1.809 ± 0.299

1.526 ± 0.423

1.406 ± 0.378

2.086 ± 0.423

1.410 ± 0.423

2.840 ± 0.378

2.728 ± 0.489

IRS-1

0.660 ± 0.183

0.823 ± 0.130

0.822 ± 0.183

0.568 ± 0.164

0.755 ± 0.183

0.792 ± 0.183

0.760 ± 0.164

0.590 ± 0.212

GLUT4 *

1.027 ± 0.276

0.896 ± 0.195

0.802 ± 0.276

0.388 ± 0.247

0.309 ± 0.276

1.601 ± 0.276

0.454 ± 0.247

0.798 ± 0.319

Acsl1

2.131 ± 0.560

2.511 ± 0.396

1.715 ± 0.560

1.416 ± 0.501

1.081 ± 0.560

2.576 ± 0.560

1.182 ± 0.501

0.933 ± 0.647

IL-1b *

1.137 ± 0.350

1.223 ± 0.248

0.340 ± 0.350

0.481 ± 0.313

0.350 ± 0.350

1.109 ± 0.350

0.400 ± 0.313

0.651 ± 0.405

Tlr4 *

1.563 ± 0.383

1.195 ± 0.271

0.917 ± 0.383

1.030 ± 0.343

1.496 ± 0.383

2.749 ± 0.383

0.852 ± 0.343

0.954 ± 0.443

Tnfrsf1b

0.711 ± 0.343

1.064 ± 0.243

1.663 ± 0.343

0.948 ± 0.307

1.727 ± 0.343

0.937 ± 0.343

1.417 ± 0.307

1.223 ± 0.396

Ccr5 *

1.428 ± 0.180

0.583 ± 0.127

0.637 ± 0.180

0.480 ± 0.161

0.788 ± 0.180

1.370 ± 0.180

0.608 ± 0.161

0.815 ± 0.208

Nlrp3 ^

2.081 ± 0.407

1.007 ± 0.288

1.135 ± 0.407

0.957 ± 0.364

1.249 ± 0.407

1.331 ± 0.407

1.019 ± 0.364

1.891 ± 0.469

Vitamin status

Continued on next page...
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G6pc *

1.143 ± 0.345

0.405 ± 0.261

1.568 ± 0.345

0.796 ± 0.308

0.830 ± 0.345

0.814 ± 0.398

0.605 ± 0.308

0.951 ± 0.398

Gck *

0.373 ± 1.670

0.613 ± 0.964

1.373 ± 1.181

2.266 ± 1.056

1.131 ± 1.181

4.957 ± 1.364

1.453 ± 1.181

2.012 ± 1.670

Gys1

1.214 ± 0.232

0.823 ± 0.164

0.994 ± 0.232

0.855 ± 0.208

0.779 ± 0.232

1.382 ± 0.232

0.739 ± 0.208

1.274 ± 0.268

Pck1 *

0.696 ± 0.182

0.853 ± 0.128

0.558 ± 0.182

0.795 ± 0.162

0.754 ± 0.182

1.291 ± 0.182

0.671 ± 0.162

1.230 ± 0.210

Fas *

1.383 ± 0.179

0.979 ± 0.126

0.820 ± 0.179

0.470 ± 0.160

0.794 ± 0.179

1.423 ± 0.179

0.635 ± 0.160

0.898 ± 0.206

Genotype

db/+
− MI

MI status

+ MI

−B2

B2

+B2

VM

−B2

B2

+B2

VM

Akt2 *

0.784 ± 0.127

1.052 ± 0.127

0.815 ± 0.137

0.660 ± 0.127

1.084 ± 0.127

0.917 ± 0.150

0.836 ± 0.137

0.479 ± 0.150

Igf1r *

2.321 ± 0.574

0.887 ± 0.574

2.631 ± 0.620

3.201 ± 0.574

3.959 ± 0.574

2.108 ± 0.679

2.884 ± 0.620

2.023 ± 0.679

Lepr *

1.055 ± 0.320

1.161 ± 0.320

2.702 ± 0.345

1.749 ± 0.320

1.801 ± 0.320

1.089 ± 0.378

1.469 ± 0.345

1.122 ± 0.378

IRS-1

0.700 ± 0.139

1.096 ± 0.150

0.559 ± 0.150

0.666 ± 0.139

0.762 ± 0.139

0.920 ± 0.164

0.614 ± 0.150

0.576 ± 0.164

Slc2a44 *

0.723 ± 0.209

1.045 ± 0.209

0.882 ± 0.225

0.653 ± 0.209

0.716 ± 0.209

1.074 ± 0.247

0.798 ± 0.225

0.595 ± 0.247

Acsl1

2.072 ± 0.560

0.857 ± 0.423

1.536 ± 0.457

1.450 ± 0.423

2.204 ± 0.423

1.684 ± 0.501

1.425 ± 0.457

1.018 ± 0.501

Il1b *

0.751 ± 0.265

1.504 ± 0.265

0.874 ± 0.286

0.477 ± 0.265

0.443 ± 0.265

0.740 ± 0.313

0.522 ± 0.286

0.360 ± 0.313

Tlr4 *

1.650 ± 0.290

1.351 ± 0.290

1.532 ± 0.313

1.031 ± 0.290

1.207 ± 0.290

1.687 ± 0.343

1.372 ± 0.313

1.091 ± 0.343

Tnfrsf1b

1.485 ± 0.259

1.219 ± 0.259

1.795 ± 0.280

1.538 ± 0.259

1.400 ± 0.259

1.327 ± 0.307

1.402 ± 0.280

1.064 ± 0.307

Vitamin status
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Ccr5 *

0.863 ± 0.136

1.088 ± 0.136

0.868 ± 0.147

0.556 ± 0.136

0.824 ± 0.136

1.236 ± 0.161

0.590 ± 0.147

0.664 ± 0.161

Nlrp3 ^

2.452 ± 0.307

1.160 ± 0.307

1.620 ± 0.332

1.595 ± 0.307

1.989 ± 0.307

1.659 ± 0.364

2.034 ± 0.332

1.910 ± 0.364

G6pc *

1.422 ± 0.282

1.186 ± 0.282

1.371 ± 0.282

1.019 ± 0.261

0.558 ± 0.261

0.682 ± 0.308

1.375 ± 0.282

1.147 ± 0.345

Gck *

4.032 ± 0.964

1.099 ± 0.964

1.147 ± 0.964

1.311 ± 0.893

1.687 ± 0.964

5.281 ± 1.181

1.441 ± 0.964

4.025 ± 1.181

Gys1

1.175 ± 0.176

1.165 ± 0.176

0.884 ± 0.190

0.927 ± 0.176

0.985 ± 0.176

1.328 ± 0.208

0.801 ± 0.190

0.712 ± 0.208

Pck1 *

1.135 ± 0.137

0.991 ± 0.137

0.571 ± 0.148

0.708 ± 0.137

0.976 ± 0.137

1.156 ± 0.162

0.863 ± 0.148

0.698 ± 0.162

Fas *

1.043 ± 0.135

0.991 ± 0.135

0.828 ± 0.146

0.695 ± 0.135

0.985 ± 0.135

0.958 ± 0.160

0.627 ± 0.146

0.613 ± 0.160

Akt2 = thymoma viral proto-oncognene 2; Igf1r = insulin-like growth factor 1 receptor; Lepr = leptin receptor; Irs1 = insulin receptor substrate 1; Slc2a4 =
solute carrier family 2 (facilitated glucose transporter), member 4; Acsl1 = acyl-CoA synthetase long-chain family member 1; Il1b = interleukin-1-beta; Tlr4
= toll-like receptor 4; Tnfrsf1b = tumour necrosis factor receptor superfamily, member 1b; Ccr5 = chemokine receptor 5; Nlrp3 = inflammasome, NLR family,
pyrin domain containing 3; G6pc = glucose-6-phosphatase, catalytic; Gck = glucokinase; Gys1 = glycogen synthase 1; Pck1 = phosphoenolpyruvate
carboxykinase 1; Fas = cell surface death receptor.
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Chapter 3. Absence of a Gestational Diabetes Phenotype in the
Leprdb/+ Mouse is Independent of Control Strain,
Diet, Misty Allele or Parity.

3.1 Preface
An unexpected finding of the study outlined in Chapter 2 was the absence of GDM phenotype
in the db/+ mice. This observation was significant enough that it warranted further investigation.
Indeed, deciphering how db/+ mice avoid a GDM phenotype could assist in the understanding
of GDM and how it could be prevented or treated. The following chapter covers several studies
that aimed to determine the reason for the missing phenotype. The findings were published as
an original research article entitled “Absence of a gestational diabetes phenotype in the Leprdb/+
mouse is independent of control strain, diet, misty allele, or parity” by Plows et al. in the journal
Scientific Reports in March 2017 (Appendix 2). Scientific Reports has an impact factor of 4.259
at time of writing. Reproduction of this article and its figures is permissible under the Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licences/by/4.0/).

3.2 Introduction
GDM is defined as glucose intolerance that develops or is first recognised during pregnancy. It
currently affects an estimated 7–18% of pregnancies in the United States, and up to 20% of
pregnancies in some populations (Seshiah et al., 2004; Balaji et al., 2007). Furthermore, the
number of cases of GDM is rapidly increasing, in parallel with the obesity epidemic, making
the disease a global health issue (Ferrara, 2007). For example, in urban China, the prevalence
of GDM has increased substantially from 2.3% in 1999 (Zhang et al., 2011b), to 17.5% in 2013,
according to the IADPSG criteria (Zhu et al., 2013). GDM is a serious concern because of the
significant short-term and long-term health consequences it can have for both the mother
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(increased risk of surgical delivery, preeclampsia and T2DM in later life) and the fetus
(increased risk of macrosomia, birth injury, future obesity and T2DM) (Vohr et al., 2008;
Poston, 2012; Nehring et al., 2013; Kc et al., 2015).
There are limited treatment options currently available to women diagnosed with GDM. These
include insulin and metformin, which both have caveats attached to their use. Insulin is difficult
to administer – requiring daily self-injection during pregnancy – and is associated with increased
weight gain during pregnancy, which itself is known to negatively affect pregnancy outcomes
(Ainuddin et al., 2015). Metformin has shown significant promise as a treatment for GDM and
other diseases of insulin resistance, but the long-term implications of use during pregnancy
remain poorly understood (Feig et al., 2011). Because of the personal and economic impact of
GDM, the fact that its prevalence is increasing, and the lack of effective treatments, much
research is dedicated to understanding both the pathophysiology and treatment of the disease.
Due to ethical and logistical limitations, animal models of human disease are frequently
employed in scientific research. Animal models can assist in the understanding of the
pathophysiology of a disease and in the testing of potential treatments. Several animal models
of GDM have been developed. These include chemical, dietary and genetic models. However,
these models have various limitations in their replication of GDM. For example, chemical
methods (alloxan, streptozotocin) irreversibly destroy the  cells of the pancreas, resulting in a
phenotype more reminiscent of T1DM than of GDM (Gorus et al., 1982; Schnedl et al., 1994).
Dietary models, such as high fat feeding, are effective but lack the pregnancy-specific factor of
GDM (Holemans et al., 2004; Liang et al., 2010). Most genetic models are knockouts of genes
in the pancreas, again simulating T1DM or non-pregnancy-specific glucose intolerance (Karnik
et al., 2007; Huang et al., 2009; Plank et al., 2011; Demirci et al., 2012).
One genetic model of GDM – the Leprdb/+ mouse (db/+) – is considered a more representative
animal model of GDM than those aforementioned. db/+ mice are heterozygous for a point
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mutation of the leptin receptor, which renders the receptor inactive (Chen et al., 1996). While
female mice appear normal in the virgin state, they develop glucose intolerance during
pregnancy (Kaufmann et al., 1981; Ishizuka et al., 1999; Yamashita et al., 2001, 2003; Xing et
al., 2015; Yao et al., 2015; Xing et al., 2016). In addition, offspring of db/+ mice suffer similar
consequences to children affected by GDM (obesity and T2DM in later life) (Lambin et al.,
2007; Nadif et al., 2015), and db/+ mothers that are allowed to age after giving birth also show
a phenotype that is reminiscent of post-pregnant mothers afflicted by GDM (Stanley et al., 2010,
2011). As db/+ mice are the only model to spontaneously develop hyperglycaemia upon the
onset of pregnancy, they are a highly relevant model of GDM.
While researchers have detailed glucose intolerance, hyperglycaemia, increased weight gain,
increased food intake, impaired blood vessel function and aberrant metabolic profile in db/+
mice for many years, some recent studies have reported a lack of phenotype. Harrod et al. (2011)
published findings that indicated normal glucose tolerance in pregnant db/+ mice. The GDM
phenotype could only be unmasked upon the addition of a high fat diet (Harrod et al., 2011).
Similarly, Pollock et al. (2015) reported improved glucose tolerance in db/+ mice compared
with WT mice, despite significant hyperleptinaemia in the former. Recently, we studied a
potential new treatment for GDM in db/+ mice; however, we similarly did not observe glucose
intolerance in the model (Plows et al. 2017a).
The purpose of the current study was to try and determine the cause of the phenotypic
discrepancy across colonies, in order to prevent further time and money wastage on a model that
no longer works. We hypothesised that reasons for the loss of phenotype might include: the type
of control animal used as a comparison (WT littermates of db/+ mice vs C57BL/6J), the type of
diet used (standard laboratory chow or purified diet), the presence/absence of the marker misty
(m) allele (a coat colour allele used in some db/+ colonies in order to allow for quick
identification of genotype), and the effect of parity (i.e. is the phenotype demonstrable in
multiparous animals?). These parameters were chosen as all have been demonstrated to affect
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phenotypes in genetically modified mouse models and, in the case of maternal diet and
multiparity, have also been associated with the development of GDM in human pregnancies.
These studies were carried out across two sites: the AgResearch small animal containment
(SAC) unit in Waikato, New Zealand, and Chongqing Medical University in P.R. China. This
allowed us to ensure that any conclusions drawn were not simply the result of an abnormality
in one individual colony.
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3.3 Methods
3.3.1 Study 1: The effect of control strain on db/+ phenotype (New Zealand)
In order to determine if the type of control mouse used affects whether or not db/+ mice have
comparably poor glucose tolerance, db/+ mice were compared with both WT littermates and
C57BL/6J mice.
3.3.1.1 Animals
db/+ mice (strain B6.BKS(D)-Leprdb/+/J; stock number 000697) were imported from the
Jackson Laboratory, USA, and housed at the small animal containment (SAC) unit at
AgResearch, Ruakura, Waikato, New Zealand. Heterozygous (db/+) pairings were set up, and
third-generation db/+ and WT female mice were used as experimental animals. Mice were
housed in a 12-hour light, 12-hour dark cycle at 22°C with 40–45% humidity, and given free
access to AIN-93G purified diet (Research Diets, NJ, USA: 21.0% kcal from protein, 74%
carbohydrate, 5% fat) and water at all times. All animal procedures were approved by the
University of Auckland and AgResearch Animal Ethics Committees, in accordance with the
New Zealand Animal Welfare Act, 1999.
3.3.1.2 Genotyping for the Leprdb mutation
Genomic DNA was extracted by boiling 2mm tail clippings in 75 μl 25 mM NaOH/0.2 mM
EDTA for one hour, and adding 75 μl Tris HCl, pH 5.5(Truett et al., 2000). PCR amplification
was performed by adding 2 μl genomic DNA to 23 μl of a cocktail containing 12 μl KAPA
HotStart Ready Mix (KAPA BioSystems, MA, USA), 1.2 μl forward primer (Integrated DNA
Technologies, IA, USA - 5’-AGA ACG GAC ACT CTT TGA AGT CTC-3’), 1.2 μl reverse
primer (Integrated DNA Technologies, IA, USA - 5’-CAT TCA AAC CAT AGT TTA GGT
TTG TGT-3’), and 8.6 μl H20 per reaction. Amplification was carried out using a BioRad PCR
machine at 1 cycle at 95 oC for 3 minutes; 32 cycles of 95 oC for 15 seconds, 60 oC for
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15 seconds, 72 oC for 15 seconds; and 1 cycle at 72 oC for 1 minute. The PCR product was then
incubated overnight with 25 μl of a cocktail containing 1μl RsaI restriction enzyme (New
England Biolabs, MA, USA), 5 μl CutSmart buffer (New England Biolabs, MA, USA), and
19 μl H20, per reaction at 35 °C. Finally, the product was run on 4% agarose gel and visualised
with ethidium bromide. The presence of a band at 135bp indicated a WT, two bands at 108 and
135 indicated a heterozygote (db/+), and the presence of a single band at 108 indicated a
homozygote. Homozygotes were not used in the study. Genotyping was confirmed at the end of
each study via an external company (Transnetyx Inc., TN, USA) in order to ensure no clerical
errors had occurred during the course of the experiment.
3.3.1.3 Experimental protocol
WT (n = 8), db/+ (n = 8), and C57BL/6J (n = 8) female mice were weaned onto AIN-93G
purified diet at three weeks of age, and remained on the diet for eight weeks. At this point, an
oral glucose tolerance test (OGTT) was performed according to the method developed by
Andrikopoulos et al. (2008). Mice were then mated with genotypically matched males. When a
copulatory plug was detected, female mice were separated and singly housed with their food
consumption and weight gain monitored. This was denoted day 0.5 of gestation (GD0.5). At
day 16.5 of gestation (GD16.5), another OGTT was undertaken. At day 18.5 (GD18.5), mice
were fasted for 6 hours before having a tail vein blood sample taken, and were culled by cervical
dislocation. Several organs including the pancreas, liver and fat depots were removed and snapfrozen, and fetuses were weighed and measured. Fetuses were also sexed, and fetal tail samples
were taken for genotyping, using the same method outlined in the previous section. The blood
sample was subsequently centrifuged at 10,000 rpm for 10 minutes in order to obtain plasma for
insulin and leptin analysis.
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3.3.1.4 Plasma assays
Insulin and leptin ELISAs were carried out according to the manufacturer’s instructions
(UltraSensitive Mouse Insulin ELISA [Crystal Chem #90080; sensitivity: 50 pg/mL] and Mouse
Leptin ELISA [Crystal Chem #90030; sensitivity: 200 pg/mL]). Insulin resistance score was
determined using HOMA-IR, which was calculated as follows (Mather, 2009):
HOMA-IR = (fasting glucose (mmol/L) x fasting insulin (mU/L))
22.5
3.3.2 Study 2: The effect of control diet on db/+ phenotype (New Zealand)
In order to establish whether type of diet affects phenotype, both WT (n = 8) and db/+ (n = 8)
mice were also put on a standard laboratory chow diet (autoclaved Speciality Feeds Rat and
Mouse Cubes, Glen Forest, WA, AUS: 23% kcal from protein, 65% carbohydrate, 12% fat).
The same procedures applied as in Study 1, except mice were weaned onto, and remained on,
standard laboratory chow throughout the course of the experiment, and no pre-pregnancy OGTT
was performed.

3.3.3 Study 3: The effect of the misty allele on db/+ phenotype (China)
In order to establish whether the presence of the misty (m) coat colour allele affected whether
phenotypic differences were seen across db/+ mice, similar procedures were carried out as in
Study 1, except using mice with the m allele, and in a different laboratory in China.
3.3.3.1 Animals
db/+ mice with the misty allele (B6.BKS(D)-Leprdb/+/JNju, stock number: 000697) and
C57BL/6J mice (strain C57BL/6JNju, stock number: 000664) were acquired from the Animal
Research Centre of Nanjing University at 6 weeks of age to establish the db/+ and C57BL/6J
colonies. Mice were housed in a light-controlled room (lights on at 0800 h, off at 2000 h) at 21–
25°C with 30–70% humidity and given free access to water and standard laboratory chow (60Co
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irradiated Rat & Mouse Breeder Diet 1035, Beijing HFK Bioscience, China: 23.4% kcal from
protein, 71.2% carbohydrate, 5.4% fat). All animal procedures were approved by the Ethical
Committee of Chongqing Medical University (Chongqing, China) in accordance with the
Chongqing Management Approach of Laboratory Animals (Chongqing government order
NO.195).
3.3.3.2 Genotyping for the Leprdb mutation
Genotyping was performed as in Study 1. In addition, the presence of the misty (m) allele in
these mice confirmed the genotype. WT mice appeared dark grey in colour, while db/+ mice
appeared black in colour.
3.3.3.3 Experimental protocol
The pups of db/+ colony mice were group-housed according to genotype. At 12 weeks of age,
virgin female db/+ (n = 6), WT littermate control (n = 6) and C57BL/6J control (n = 6) mice
were housed overnight with age- and genotype-matched male mice. The presence of a
copulatory plug the following morning was designated as GD0.5. On GD16.5, an oral glucose
tolerance test was performed as in Study 1. On GD18.5, mice were fasted for 6 hours and then
culled via cervical dislocation. Blood was then collected via cardiac puncture to be used to
measure fasting glucose, insulin and leptin concentrations. The uterus was removed, and fetuses
and placentae dissected, weighed and measured. Fetuses were also sexed, and fetal tail samples
were taken for genotyping. Maternal fat pads (gonadal, retroperitoneal, perirenal), liver and
kidneys were removed and weighed.
3.3.3.4 Measurement of plasma insulin and leptin
Plasma concentrations of insulin and leptin were measured using mouse insulin ELISA kit
(Shanghai Jianglai Biotech, Shanghai, P.R. China, #KB11459), and mouse leptin ELISA kit
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(Shanghai Jianglai Biotech, Shanghai, P.R. China, #KB11317), according to the manufacturer’s
instructions.

3.3.4 Study 4: The effect of multiparity on db/+ phenotype (China)
In order to investigate whether a second gestation would unveil the GDM phenotype in pregnant
db/+ mice, female db/+ (n = 6), WT (n = 6), and C57BL/6J control (n = 6) mice were raised and
mated as in Study 3, but were allowed to litter and nurse their pups. After weaning, the dams
were mated with genotypically-matched male mice again, in order to produce a second
pregnancy. Body weight was measured at GD0.5 and GD18.5, and an oral glucose tolerance test
was performed at GD16.5, as described in the previous studies. Maternal and pup samples were
not measured/collected in this study.

3.3.5 Statistical analysis
The results of all studies are presented as the mean ± standard error of the mean (SEM) for the
indicated number of mice. Comparisons between groups were made using one-way ANOVA
for studies 1 and 3, and Student’s unpaired t-test, for studies 2 and 4. Pup growth data were
analysed using three-way ANOVA, with maternal genotype, fetal genotype and fetal sex being
the three factors of interest. Statistical significance was set at p < 0.05. Statistical analysis and
figures were generated using GraphPad Prism.
Experimental design of all four studies is illustrated in Figure 3.1.
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Figure 3.1. Experimental design
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3.4 Results
3.4.1 Study 1: db/+ mice vs WT mice born from db/+ parents vs C57BL6/J mice
Study 1 was designed to establish whether the type of control animal (WT mice born of db/+
parents or C57BL6/J mice) affected whether or not a GDM phenotype was observed in db/+
mice fed purified AIN-93G diet.
3.4.1.1 OGTT before and during pregnancy
There were no differences in oral glucose tolerance prior to pregnancy between WT and db/+
mice. db/+ mice had higher blood glucose concentration than C57BL/6J mice at time = 90 and
time = 120 of the OGTT. Surprisingly, WT mice had significantly higher blood glucose than
C57BL/6J mice at every time point of the OGTT apart from at fasting (time = 0; Figure 3.2. A).
This was accompanied by a significant increase in AUC (Figure 3.2. B).
There were also no differences between db/+ mice and WT mice at any time point of the OGTT
during pregnancy (GD16.5) (Figure 3.2. C). db/+ mice had higher blood glucose compared with
C57BL/6J mice at 120 minutes, but not at any of the other time points. There were no differences
in AUC of the OGTT at GD16.5 between any of the groups (Figure 3.2. D).
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Figure 3.2. Glucose tolerance before and during pregnancy (Study 1)
2 g/kg glucose was administered, and blood glucose was measured in order to determine oral
glucose tolerance.
(A) OGTT results prior to the onset of pregnancy (12 weeks old); (B) AUC of OGTT prior to
onset of pregnancy (12 weeks old); (C) OGTT results at GD16.5; (D) AUC of OGTT at GD16.5.
Data presented as mean ± SEM, where *p < 0.05 db/+ w.r.t. C57BL/6J, #p < 0.05 and ##p <
0.01 WT w.r.t. C57BL/6J; n = 7–9 mice per group.

3.4.1.2 Fasting glucose, insulin, and leptin
There were no differences in fasting glucose (Figure 3.3. A) or plasma insulin (Figure 3.3. B)
concentrations between db/+, WT, or C57BL/6J mice at GD18.5. There were also no differences
in HOMA-IR across the groups (Figure 3.3. C). However, db/+ mice had increased fasting
plasma leptin concentration compared with both WT and C57BL/6J mice at GD18.5 (Figure
3.3. D). In addition, WT mice had increased plasma leptin compared with C57BL/6J mice.
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Figure 3.3. Fasting plasma measurements at GD18.5 (Study 1)
(A) Fasting blood glucose; (B) Fasting insulin concentrations; (C) HOMA-IR; (D) Fasting leptin
concentrations.
Data presented as mean ± SEM, where ^^p < 0.01, ****p < 0.0001 and ##p < 0.01; n = 7–9
mice per group.

3.4.1.3 Maternal and fetal measurements
db/+ mice were heavier than both WT and C57BL6/J mice at GD0.5 (Table 3.1.). The difference
between db/+ mice and C57BL/6J mice was larger than the difference between db/+ mice and
WT mice. However, this weight differential did not remain at GD18.5, and there were no
differences in weight gain, food intake or energy intake over pregnancy across the groups.
db/+ mice had increased gonadal and retroperitoneal adipose tissue deposition (expressed as %
body weight [BW]) compared with C57BL6/J mice, and db/+ mice also had increased
retroperitoneal adipose deposition compared with WT mice.
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Male pups were heavier than female pups in both fetal weight and placental weight, but there
were no other differences in fetal growth across groups (Table 3.2.).
Table 3.1. Maternal measurements across different control groups (Study 1)
Data presented as mean ± SEM, where *p < 0.05, ** p < 0.01 and ***p < 0.001 w.r.t. db/+
group; n = 7–9 mice per group.
Measurements

db/+

WT

C57BL/6J

GD0.5 body weight (g)*

24.19±0.77

21.92±0.55*

19.86±0.28***

GD18.5 body weight (g)

38.79±1.31

36.54±0.80

35.77±0.87

Weight gain over pregnancy (g)

13.73±0.76

14.83±0.73

16.00±0.50

Food intake over pregnancy (g)

62.78±2.02

59.86±1.66

60.84±1.23

Energy consumed over pregnancy (kcal)

244.84±7.87

233.45±6.47

237.27±4.81

Gonadal adipose pads weight (% BW)*

0.76±0.11

0.63±0.06

0.46±0.03*

Perirenal adipose pads weight (% BW)

0.35±0.07

0.31±0.05

0.21±0.03

Retroperitoneal adipose pads weight (% BW)**

0.28±0.03

0.18±0.02*

0.13±0.01**

Liver weight (% BW)

3.69±0.18

3.59±0.20

4.10±0.21

Kidney weight (% BW)

0.47±0.05

0.47±0.04

0.40±0.02

Litter size

7.30±0.67

7.67±0.33

7.83±0.60
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Table 3.2. Fetal measurements across different control groups (Study 1)
Broken down according to maternal genotype, fetal genotype, and fetal sex.
Data presented as ± SEM, where *p < 0.05 male pups w.r.t. female pups; n = 7–9 mice per group.
Fetal sex

Male pups*

Female pups

Maternal genotype

WT

C57BL/6J

db/+

WT

C57BL/6J

Fetal genotype

WT

C57BL/6J

WT

db/+

Weight (g)*

1.15 ± 0.05

1.16 ± 0.17

1.18 ± 0.03

Crown–rump length (mm)

30.9 ± 0.5

30.6 ± 0.3

Abdominal circumference (mm)

25.2 ± 0.5

Placental weight (g)*
Fetal:placental ratio

db/db

WT

C57BL/6J

WT

db/+

db/db

1.18 ± 0.03

1.22 ± 0.01

1.03 ± 0.06

1.16 ± 0.03

1.13 ± 0.05

1.14 ± 0.04

0.96 ± 0.03

31.0 ± 0.4

30.9 ± 0.5

31.4 ± 0.2

30.0 ± 0.4

31.1 ± 0.3

30.5 ± 0.6

30.8 ± 0.3

29.7 ± 0.3

26.0 ± 0.3

24.9 ± 0.8

25.1 ± 0.5

25.3 ± 0.4

24.6 ± 0.6

25.7 ± 0.5

25.5 ± 0.8

25.5 ± 0.4

24.3 ± 0.3

0.10 ± 0.00

0.10 ± 0.00

0.10 ± 0.00

0.10 ± 0.00

0.09 ± 0.01

0.08 ± 0.00

0.09 ± 0.00

0.08 ± 0.01

0.09 ± 0.01

0.09 ± 0.01

12.3 ± 0.71

11.8 ± 0.52

12.06 ± 0.64

11.72 ± 0.80

13.78 ± 1.78

13.13 ± 0.97

13.35 ± 0.34

14.05 ± 1.37

13.21 ± 1.15

10.32 ± 0.35

117

db/+

3.4.2 Study 2: db/+ mice on standard chow vs purified diet
Study 2 was designed to establish whether feeding mice a standard laboratory chow (rather than
a purified diet as in Study 1) would unmask a GDM phenotype.
3.4.2.1 Glucose tolerance during pregnancy
There was no difference between db/+ mice and WT mice on laboratory chow at any time point
during the oral glucose tolerance test at GD16.5 (Figure 3.4. A). However, db/+ mice had a
small but significantly larger AUC of the OGTT plot than WT mice (Figure 3.4. B).

Figure 3.4. Glucose tolerance during pregnancy (Study 2)
2 g/kg glucose was administered by oral gavage at GD16.5, and blood glucose was measured
subsequently to determine oral glucose tolerance.
(A) OGTT curves; (B) AUCs of OGTTs.
Data presented as mean ± SEM, where *p < 0.05; n = 7–9 mice per group.

3.4.2.2 Fasting glucose, insulin, and leptin at GD18.5
There was no difference in fasting glucose between db/+ and WT mice at GD18.5 (Figure
3.5. A). However, unlike the mice fed a purified diet (Study 1), there were significant differences
between db/+ and WT mice in fasting plasma insulin concentration and HOMA-IR. db/+ mice
had increased fasting plasma insulin compared with WT mice (Figure 3.5. B). db/+ mice also
had increased HOMA-IR compared with WT (Figure 3.5. C). As with the mice on purified diet
(Study 1), db/+ mice had significant hyperleptinaemia compared with WT mice (Figure 3.5. D).
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Figure 3.5. Fasting plasma measurements at GD18.5 (Study 2)
(A) Fasting blood glucose; (B) Fasting insulin concentrations; (C) HOMA-IR; (D) Fasting leptin
concentration.
Data presented as mean ± SEM, where *p < 0.05, **p < 0.01 and ***p < 0.001; n = 7–9 mice
per group.

3.4.2.3 Maternal and fetal measurements
db/+ mice were significantly heavier than WT mice at both GD0.5 and GD18.5. However, there
were no differences between the two groups in weight gain or food intake over pregnancy. As
with the mice on purified diet (Study 1), db/+ mice had increased adipose deposition in the
gonadal and retroperitoneal depots (Table 3.3.).
Pups from WT dams were longer in crown–rump length than pups from db/+ mice, but there
were no other differences in fetal growth across groups (Table 3.4.)
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Table 3.3. Maternal measurements on standard chow (Study 2)
Data presented as mean ± SEM, where *p < 0.05 and **p < 0.01 WT w.r.t. db /+; n = 7–9 mice
per group.
Measurements

db /+

WT

GD0.5 body weight (g)*

27.34 ± 1.17

23.79 ± 0.96*

GD18.5 body weight (g)**

43.06 ± 1.19

36.58 ± 1.45**

Weight gain over pregnancy (g)

15.99 ± 0.56

13.97 ± 1.49

Food intake over pregnancy (g)

76.06 ± 2.92

73.25 ± 4.66

Energy consumed over pregnancy (kcal)

254.79 ± 9.78

239.12 ± 17.50

Gonadal adipose pads weight (% BW)*

1.08 ± 0.13

0.62 ± 0.09*

Perirenal adipose pads weight (% BW)

0.38 ± 0.07

0.21 ± 0.07

Retroperitoneal adipose pads weight (% BW)*

0.29 ± 0.04

0.16 ± 0.03*

Liver weight (% BW)

3.84 ± 0.14

3.75 ± 0.11

Kidney weight (% BW)

0.41 ± 0.01

0.40 ± 0.03

Litter size

8.5 ± 0.34

6.83 ± 0.95
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Table 3.4. Fetal measurements across db/+ and WT mice on standard chow (Study 2)
Broken down according to maternal genotype, fetal genotype and fetal sex.
Data presented as mean ± SEM, where *p < 0.05 WT w.r.t. db/+ dams; n = 7–9 mice per group.
Fetal sex

Male pups

Female pups

Maternal genotype

WT

db/+

WT

Fetal genotype

WT

WT

db/+

db/db

WT

WT

db/+

db/db

Weight (g)

1.22 ± 0.08

1.17 ± 0.02

1.15 ± 0.03

1.18 ± 0.04

1.21 ± 0.03

1.06 ± 0.07

1.15 ± 0.03

1.20 ± 0.05

Crown–rump length (mm)*

31.3 ± 0.2*

29.7 ± 0.5

29.9 ± 0.4

30.5 ± 0.3

31.1 ± 0.3*

29.7 ± 0.5

29.7 ± 0.6

31.5 ± 0.8

Abdominal circumference (mm)

26.4 ± 0.8

26.0 ± 0.1

25.4 ± 0.7

25.5 ± 0.8

24.1 ± 0.7

24.7 ± 1.8

25.2 ± 1.0

26.5 ± 0.7

Placental weight (g)

0.10 ± 0.00

0.12 ± 0.01

0.12 ± 0.00

0.10 ± 0.00

0.10 ± 0.00

0.09 ± 0.01

0.11 ± 0.00

0.11 ± 0.01

Fetal:placental ratio

11.83 ± 0.97

10.08 ± 0.77

9.93 ± 0.51

11.57 ± 0.63

12.83 ± 0.63

11.2 ± 0.53

11.32 ± 0.74

11.30 ± 0.49
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3.4.3 Study 3: db/+ mice vs WT mice born from db/+ parents vs C57BL6/J mice (with
misty allele)
Study 3 was designed to establish whether the presence of the coat colour misty (m) allele affects
the development of a GDM phenotype in db/+ mice.
3.4.3.1 Glucose tolerance during pregnancy
At GD16.5, there was no difference in OGTT results between groups (Figure 3.6. A). There
were also no differences in the OGTT AUC (Figure 3.6. B).

Figure 3.6. Glucose tolerance during pregnancy (Study 3)
2 g/kg glucose was administered by oral gavage and blood glucose was measured to determine
oral glucose tolerance at GD16.5.
(A) OGTT curves; B) AUCs of OGTTs.
Data presented as mean ± SEM; n = 12 mice per group.
3.4.3.2 Fasting glucose, insulin, and leptin at GD18.5
At GD18.5, fasting blood glucose and fasting plasma insulin concentrations were not
significantly different across the groups (Figure 3.7. A–C). Plasma leptin levels in db/+ dams
were not significantly different compared with WT dams. There was a trend towards an increase
in leptin concentration in db/+ compared with C57BL/6J dams (Figure 3.7. D).
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Figure 3.7. Fasting plasma measurements at GD18.5 (Study 3)
(A) Fasting blood glucose; (B) Fasting insulin concentrations; (C) HOMA-IR; (D) Fasting leptin
concentrations.
Data presented as mean ± SEM, where ^p = 0.051 w.r.t. db/+; n = 12 mice per group.

3.4.3.3 Maternal and fetal measurements
There were no differences in maternal weight at GD0.5 and GD18.5 or weight gain during
pregnancy between db/+, WT and C57BL6/J mice. db/+ dams tended to be heavier at GD18.5
compared with WT dams, but this did not reach significance (p = 0.064).
Although there were no differences in body weight across the three groups, significant
differences were observed in maternal adipose tissue deposition. The deposition of adipose
tissue in db/+ dams was significantly increased in the gonadal and perirenal depots compared
with both types of control mice. However, retroperitoneal adipose deposition was similar
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between the groups. Additionally, there were no significant differences in liver or kidney weight
between the groups (Table 3.5.).
There were no differences in fetal growth between the groups, even when fetal sex and genotype
were considered (Table 3.6.).
Table 3.5. Maternal measurements in mice with the misty allele (Study 3)
Data presented as mean ± SEM, where *p < 0.05 and **p < 0.01 w.r.t. db/+; n = 12 mice per
group.
Measurements

db/+

WT

C57BL/6J

GD0.5 body weight (g)*

20.23 ± 0.30

19.72 ± 0.35

19.80 ± 0.48

GD18.5 body weight (g)

34.13 ± 0.64

32.25 ± 0.64

32.98 ± 0.46

Weight gain over pregnancy (g)

13.93 ± 0.62

12.37 ± 0.65

13.18 ± 0.26

Gonadal adipose pads weight (% BW)*

0.19 ± 0.02

0.13 ± 0.01*

0.13 ± 0.01*

Perirenal adipose pads weight (% BW)**

0.14 ± 0.02

0.09 ± 0.01*

0.08 ± 0.01**

Retroperitoneal adipose pads weight (% BW)

0.13 ± 0.03

0.10 ± 0.01

0.11 ± 0.01

Liver weight (% BW)

4.65 ± 0.16

4.72 ± 0.21

4.49 ± 0.15

Kidney weight (% BW)

0.78 ± 0.04

0.82 ± 0.02

0.80 ± 0.04

7.2 ± 0.4

6.7 ± 0.2

7.0 ± 0.4

Litter size
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Table 3.6. Fetal measurements in mice with the misty allele (Study 3)
Broken down according to maternal genotype, fetal genotype, and fetal sex.
Data presented as mean ± SEM, where n = 12 maternal mice per group.
Fetal sex

Male pups

Female pups

Maternal genotype

WT

C57BL/6J

db/+

WT

C57BL/6J

Fetal genotype

WT

C57BL/6J

WT

db/+

Weight (g)

1.12 ± 0.01

1.13 ± 0.02

1.11 ± 0.03

Crown–rump length (mm)

28.5 ± 0.4

28.9 ± 0.3

Abdominal circumference (mm)

25.7 ± 0.4

Placental weight (g)
Fetal:placental ratio

db/db

WT

C57BL/6J

WT

db/+

db/db

1.14 ± 0.02

1.16 ± 0.04

1.12 ± 0.01

1.09 ± 0.02

1.11 ± 0.03

1.12 ± 0.02

1.15 ± 0.04

28.1 ± 0.9

29.4 ± 0.8

30.3 ± 0.8

29.0 ± 0.3

28.6 ± 0.3

29.4 ± 0.9

29.0 ± 0.6

28.5 ± 0.6

25.7 ± 0.4

24.2 ± 0.8

25.0 ± 0.4

26.9 ± 1.7

25.9 ± 0.3

25.7 ± 0.4

25.5 ± 1.2

24.9 ± 0.5

25.5 ± 1.2

0.07 ± 0.00

0.08 ± 0.00

0.08 ± 0.01

0.07 ± 0.00

0.08 ± 0.00

0.07 ± 0.00

0.07 ± 0.00

0.07 ± 0.01

0.08 ± 0.00

0.08 ± 0.01

15.69 ± 0.58

15.04 ± 0.32

14.77 ± 1.29

15.72 ± 0.78

15.13 ± 0.53

15.95 ± 0.42

15.10 ± 0.47

16.21 ± 1.20

14.72 ± 0.59

15.12 ± 2.34
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3.4.4 Study 4: db/+ vs WT vs C57BL/6J mice in their second pregnancy
Study 4 was designed to establish whether a second pregnancy would unmask a GDM
phenotype in db/+ mice fed standard chow diet.
3.4.4.1 Glucose tolerance during pregnancy
At GD16.5, there were no differences in OGTT results across the groups (Figure 3.8. A). There
were also no differences in the OGTT AUCs (Figure 3.8. B).

Figure 3.8. Glucose tolerance during second pregnancy (Study 4)
2 g/kg glucose was administered by oral gavage at GD16.5, and blood glucose was measured in
order to determine oral glucose tolerance.
(A) OGTT curves; (B) AUCs of OGTTs.
Data presented as mean ± SEM; n = 6 mice per group.

3.4.4.2 Maternal measurements
At GD0.5, db/+ mothers were significantly heavier than WT mothers, and there was a trend
towards a significant increase in weight compared with C57BL/6J mothers (p = 0.051). This
trend continued to GD18.5: db/+ dams was significantly heavier than WT dams, but not
C57BL/6J dams (p = 0.059). There were no differences in maternal weight gain over pregnancy
across any of the groups (Table 3.7.).
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Table 3.7. Maternal measurements after a second pregnancy (Study 4)
Data presented as mean ± SEM, where *p < 0.05 w.r.t. db/+; n = 6 mice per group.
Measurements

db/+

WT

C57BL/6J

GD0.5 body weight (g)*

24.73 ± 0.80

21.82 ± 0.25*

22.67 ± 0.48

GD18.5 body weight (g)*

37.45 ± 1.07

34.25 ± 0.56*

34.65 ± 0.73

Weight gain over pregnancy (g)

12.70 ± 0.30

12.43 ± 0.68

12.87 ± 0.52

127

3.5 Discussion
Over the last several decades, db/+ mice have been used as a model of GDM in a number of
studies (Chick et al., 1970; Kaufmann et al., 1981). These animals typically present with glucose
intolerance, insulin resistance, hyperglycaemia, increased food intake and increased weight gain
during, but not prior to, pregnancy (Yamashita et al., 2001, 2003; Stanley et al., 2011; Xing et
al., 2016). However, several recent studies using the model, including our own, have been
unable to reproduce this phenotype (Harrod et al., 2011; Pollock et al., 2015; Talton et al., 2016;
Plows et al., 2017a). The current study aimed to investigate potential reasons for the loss of a
GDM phenotype in some colonies. The reason for doing so was to potentially salvage the model,
and to avoid further valuable resources being wasted. We hypothesised that potential reasons
for the lost phenotype could be the use of different control groups across studies (WT vs
C57BL6/J mice), type of diet used (AIN-93G purified diet vs standard laboratory chow), the
presence/absence of the misty (m) allele across colonies, and differences in parity.
Study 1 aimed to investigate the differences between db/+ mice and two types of controls – WT
offspring of db/+ parents, and C57BL/6J mice. Most early studies in db/+ mice (in which a
GDM phenotype was observed) used C57BL/6J mice as control animals (Kaufmann et al., 1981;
Yamashita et al., 2001; Shao et al., 2002). However, some of the more recent db/+ studies,
including our own, used WT littermates as controls (Nadif et al., 2015; Pollock et al., 2015;
Plows et al., 2017a). This transition occurred due to recommendations that knockout studies use
WT offspring of the same parentage as experimental animals as controls, in order to account for
epigenetic effects in utero (Simpson et al., 1997; Holmdahl et al., 2012). We hypothesised that
while C57BL/6J mice are sufficiently different from db/+ mice to observe a difference in
phenotype, WT littermates are affected by the heterozygous genotype of their parents, causing
them to display a phenotype that is not significantly different from their db/+ siblings. This
could create the illusion of a “missing” phenotype amongst db/+ mice, and we sought to
determine if this was the case.
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Study 1 found significant differences in glucose tolerance between db/+ mice and C57BL/6J
mice prior to pregnancy. There were no such differences between db/+ mice and WT mice. This
suggests that C57BL/6J mice have greater physiological differences compared with db/+ mice,
and so are more effective control animals than WT mice. However, there were no differences in
glucose tolerance across any of the three groups during pregnancy. Since the defining feature
of GDM is glucose intolerance during pregnancy, this suggests that choice of control animal
does not affect the observation of GDM in db/+ mice.
In addition to the absence of glucose intolerance during pregnancy, there were no differences
between db/+, WT and C57BL/6J mice in fasting glucose, insulin or HOMA-IR. There was,
however, a significant difference in fasting leptin between all the groups – with the largest
difference observed between db/+ and C57BL/6J mice. Hyperleptinaemia is to be expected due
to the fact that db/+ mice have a genetic knockout of the leptin receptor. It is likely that, although
the WT mice did not have the knockout themselves, epigenetic effects related to their
heterozygote parentage made them more susceptible to hyperleptinaemia than C57BL/6J mice
(Lambin et al., 2007). What is interesting, however, is that this marked hyperleptinaemia did
not affect glucose tolerance or insulin resistance. It appears that an, as of yet unknown,
mechanism prevented the leptin resistance from resulting in these pathologies.
The db/+ mice in Study 1 also put on more weight than both WT and C57BL/6J mice before
pregnancy, but did not eat more or put on any more weight during pregnancy. This again
demonstrates that the genetically determined leptin resistance of db/+ mice was effective at
causing issues prior to pregnancy, but for whatever reason did not produce the same effects
during pregnancy. In addition, db/+ mice showed greater adipose tissue deposition compared
with both control groups, which was likely related to the increased weight gain prior to
pregnancy.
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Furthermore, no differences were observed as a result of genotype in fetal growth measurements
in Study 1. Nadif et al. (2015) found that maternal genotype did not influence pup growth, while
fetal genotype did. They reported that heterozygous and homozygous db fetuses were larger
than WT fetuses, as were their placentae. The fact that no such finding was observed in our
study further supports a loss of phenotype in our colony. Taken together, the results of Study 1
suggest that differences in control strain across studies is not the reason for discrepancies in
phenotype.
Study 2 aimed to investigate whether the type of diet fed to db/+ mice – a purified or standard
laboratory chow – had any effect on phenotype. Many laboratories feed their mice a standard
laboratory chow, usually made from grain. This can present problems, as chow diets can be
prone to batch effects, with differing levels of macro- and micronutrients across lots (Tordoff et
al., 2002). Purified diet, however, is kept constant, and is therefore usually preferred. There have
been reports that feeding experimental animals laboratory chow versus a purified diet can yield
markedly different results (Kozul et al., 2008; Apolzan et al., 2012). For this reason, we
compared db/+ and WT mice fed a standard chow diet in contrast to the purified diet used in
Study 1, to determine if this would unmask the GDM phenotype.
There were more significant differences between WT and db/+ mice on chow diet compared
with purified diet. Unlike in Study 1, there was a slight but significant difference in glucose
tolerance between WT and db/+ mice during pregnancy, as assessed by the AUC of the OGTT.
In addition, db/+ mice had significantly increased fasting insulin and leptin, and were insulin
resistant, according to HOMA-IR. As in Study 1, db/+ mice put on more weight prior to
pregnancy, but not during pregnancy, and had significantly increased adipose deposition. It was
also found that fetuses from WT dams were significantly longer in crown–rump length than
fetuses from db/+ dams, but there were no other differences in measures of fetal growth.
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It is not particularly clear why the type of diet fed to db/+ mice would influence phenotype so
heavily. There were no differences in food intake or calorie intake between mice on purified
diet and mice on normal chow. The major differences between the purified diet and chow diet
used were in fat source (saturated vs unsaturated), fat content (15.8% vs 12%), and fibre content
(5% vs 7.6%) (Chassaing et al., 2015; Goto et al., 2015). However, this does not explain why a
laboratory chow with lowered fat and increased fibre would result in greater glucose intolerance
and insulin resistance compared with animals fed a purified diet. Indeed, increased fat and
decreased fibre consumption are associated with GDM (Zhang et al., 2006), and a high fibre
diet has improved the db/+ phenotype in past studies (Lee, 1982), so these results are the
opposite of what would be expected. Nevertheless, this finding demonstrates the importance of
diet selection when testing the strength of a model.
Study 3 aimed to investigate whether the presence of the misty (m) allele within the db/+ colony
affects the observation of a GDM phenotype. The misty locus is tightly linked to the Leprdb/+
mutation on chromosome 4, and can be used as a coat colour marker that allows for quick and
easy identification of genotype (Chick et al., 1970; Gunnarsson, 1975). By about three weeks of
age, WT mice appear grey in colour, while db/+ mice appear black. The misty allele was bred
out of the Jackson colony in 2008, amid claims that the gene was not harmless (as previously
believed) and indeed affected the db/+ phenotype (Sviderskaya et al., 1998; Truett et al., 1998).
For example, misty mice have been reported to exhibit stunted growth, a lack of brown fat,
altered thermogenesis, impaired bone remodelling, and prolonged bleeding (Sviderskaya et al.,
1998; Truett et al., 1998; Motyl et al., 2013). As these conditions affect metabolism, they are
likely to influence the appearance of a GDM phenotype. We hypothesised that the misty allele
is required in order to observe a GDM phenotype in db/+ mice, and that the breeding out of the
allele could be responsible for the lack of GDM phenotype in recent studies.
The results of Study 3 do not support this hypothesis, as no differences in glucose tolerance
were seen between misty db/+, WT and C57BL/6J mice. This was the case even though the
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mice in this study were fed a chow diet – the diet that most favours the development of GDM,
according to Study 2. Even fasting plasma leptin concentration, which was markedly different
in Studies 1 and 2, did not quite reach statistical significance in this study. However, increased
GD0.5 body weight and adipose deposition were again observed, further emphasising that the
pregnancy-specific weight gain typical of previous db/+ models has been lost, but that
hyperleptinaemia still results in increased weight gain prior to pregnancy. Some studies have
similarly been unable to replicate the phenotype in misty db/+ mice, including Harrod et al.
(2011) and Bobadilla et al. (2010). These results suggest that the presence of the misty allele
does not affect whether a GDM phenotype is observed in db/+ mice.
Finally, Study 4 aimed to test the hypothesis that multiparity would result in a GDM phenotype.
Multiparity is a known risk factor for GDM (Moses, 1996; Schwartz et al., 2015). Moreover,
we proposed that the effects of multiparity in db/+ mice might compound the effects of aging
and increased weight gain before pregnancy, and perhaps result in a more pronounced GDM
phenotype (Savvidou et al., 2010; Boghossian et al., 2014). However, once again we found no
differences in glucose intolerance in mice in their second pregnancy. Harrod et al. (2011)
similarly conducted glucose tolerance tests in multiparous and aged pregnant db/+ mice, and
did not find differences between them. Taken together, it does not appear that multiparity affects
whether a GDM phenotype is seen in db/+ mice.
Of the four studies conducted, only one found glucose intolerance in db/+ mice compared with
WT mice – Study 2. This difference was small and only just reached significance (p = 0.049).
These mice were fed a standard laboratory chow diet rather than a purified diet. This would
suggest that this diet is the best to use when using db/+ mice as a model of GDM. However,
both Study 3 and Study 4 also used standard laboratory chow and saw no differences in glucose
tolerance between WT and db/+ mice. This further illustrates the unpredictability of the model,
and the caution that should be exercised when using it.
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The combination of all four studies in this paper indicate that none of our hypotheses regarding
the possible reasons underlying the loss of the db/+ phenotype were correct. Although all studies
reported increased weight gain prior to pregnancy and significant hyperleptinaemia in db/+
mice, none saw the increased food intake or weight gain during pregnancy typical of previous
db/+ studies. Glucose intolerance was only observed in one study, and even then it was very
slight and not replicable in our Chinese laboratory. Taken together, these results suggest that
db/+ mice have become ineffective as a model of GDM.
The mice involved in these studies were acquired from either the Jackson Laboratory or the
Nanjing University animal research centre shortly before the onset of the study. At this point, it
appears that the lost phenotype could be the result of adaptation within the two colonies
themselves. The mice still exhibit hyperleptinaemia, increased weight gain before pregnancy,
and increased adipose deposition, but do not show the hallmark characteristics of gestational
diabetes – namely impaired glucose tolerance and increased fasting glucose during pregnancy.
This suggests that the mice were able to overcome their genetically determined leptin resistance
and prevent excess weight gain and glucose intolerance during pregnancy.
There are several possible ways this adaptation could have occurred. Lack of phenotype
amongst knockout mice is not uncommon, and, if genuine, is referred to as phenotypic
robustness. There are two potential mechanisms that drive phenotypic robustness: 1) genetic
buffering – in which alternate pathways for the process exist in the animal, and 2) functional
complementation – in which genes can fully or partially substitute the function of another
(genetic redundancy) (Barbaric et al., 2007). If indeed either of these were the case in our mice,
the process must have occurred independently of the development of leptin resistance, which
was still present in our colonies. This process would also likely be pregnancy-specific, since
pre-pregnancy weight gain and even a degree of glucose intolerance was observed in our studies
prior to pregnancy, while weight gain, food intake and glucose tolerance during pregnancy were
not altered. Perhaps, in order to improve pregnancy outcomes, functional complementation
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and/or genetic redundancy “stepped in” to prevent overeating, excess weight gain and glucose
intolerance during pregnancy.
Another potential mechanism by which the phenotype disappeared could be environmental
differences across animal facilities. For instance, there is increasing evidence to suggest that the
microbiota of laboratory animals can influence phenotype (Ericsson et al., 2015; Keubler et al.,
2015; Falcone et al., 2016). While we did attempt to subvert this by conducting experiments
from two different colonies in two different facilities/countries, it is possible that environmental
conditions in both of our laboratories were such that we were unable to observe a GDM
phenotype. Background strain has also been demonstrated to influence the db phenotype in
previous studies (Hummel et al., 1972). All mice in our study were of the C57BL/6J background.
While it would have been beneficial to also investigate the C57BL/KsJ background, we do not
believe that this was the driver of the absent phenotype, as Harrod et al. used db mice on the
C57BL/KsJ background, and similarly did not observe GDM (Harrod et al., 2011).
Groups that have recently reported glucose intolerance in their db/+ mice may have had an
established colony that still exhibited the phenotype (Nadif et al., 2015; Xing et al., 2015, 2016).
These groups had previously published papers on the db/+ model, suggesting they had an
established colony. A comparison of the genome/microbiome of db/+ mice from these colonies
and those from the Jackson Laboratory and Nanjing University animal research centre could
reveal the source of the resistance to the phenotype.
As a final note, it is important to add that while homozygote mice were not used in these
particular experiments, those that were born (approximately ¼ of the mice in the litters of
heterozygote pairings) appeared to exhibit the homozygote phenotype. That is to say, these mice
were noticeably obese starting at approximately 4 weeks of age, and required more regular cage
maintenance due to frequent urination. While no objective measurements were taken from these
animals, it appears that there was no loss of phenotype in homozygote db/db mice, which are
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commonly used as a model of T2DM. Therefore, our concern about the loss of the db/+
phenotype applies only to pregnant db/+ mice used for GDM research.
In conclusion, it does not appear that the methodological differences explored here can explain
the differing presence of the db/+ phenotype in several recent publications. We believe that the
mice strains used in this study have possibly adapted to leptin resistance during pregnancy, and
therefore avoid glucose intolerance. Genetic sequencing of these animals may be required to
ascertain the source of the lost phenotype. We recommend that researchers do not use db/+ mice
as a model of GDM without first establishing whether glucose intolerance is present in their
particular colony.
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Chapter 4. The Effects of Myo-inositol and Probiotic
Supplementation in a Diet-induced Mouse Model
of Gestational Diabetes

4.1 Preface
The following chapter contains an as-yet unpublished original research article entitled “The
effects of myo-inositol and probiotic supplementation in a diet-induced mouse model of
gestational diabetes”. After the db/+ mouse model described in Chapters 2 and 3 was found to
have lost its phenotype, we turned to a different mouse model of GDM – that developed by
Pennington et al. (2017). This model was described in Section 1.2.3. Pennington et al. (2017)
similarly reported no GDM phenotype in db/+ mice, but found that C57BL/6J mice fed a HFD
for one week prior to and throughout pregnancy spontaneously developed glucose intolerance,
insulin resistance, and hyperleptinaemia. They reported that HFD introduced one week prior to
pregnancy was more effective than three weeks prior to pregnancy, and is more representative
of GDM, given that GDM is pregnancy-specific.
As with Chapter 2, this study was conducted in parallel with a large multicentre RCT – the
NiPPeR study – which aims to determine whether a nutritional supplement (containing MI,
vitamins B2, B6, B12 and D, and a probiotic mixture), taken both pre-conception and during
pregnancy, improves maternal glucose tolerance (Godfrey et al., 2017). The aim of the study
described in this chapter was to determine whether MI and/or probiotic supplementation, taken
pre-conception and throughout pregnancy, improves the GDM phenotype in C57BL/6J mice
exposed to a relatively short period of high fat feeding.
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4.2 Introduction
GDM – defined as hyperglycaemia that arises spontaneously during pregnancy – is a common
obstetric complication, affecting an estimated 16.5% of pregnancies worldwide (International
Diabetes Federation, 2015). Although GDM usually resolves following delivery, it is associated
with a number of short- and long-term health consequences for both the mother and child. The
mother is at increased risk of further pregnancy complications, surgical delivery, and of
developing T2DM and CVD in later life (Damm, 2009), and the child is at an increased risk of
being born LGA, experiencing shoulder dystocia and respiratory distress, and of going on to
develop obesity, T2DM and CVD themselves (Clausen et al., 2008). This perpetuates an
intergenerational cycle of disease that further escalates the obesity epidemic. To break this cycle,
it would be beneficial to develop therapies that prevent GDM from developing (Page et al.,
2011). However, there are currently no widely accepted or efficacious prevention strategies for
GDM.
A growing body of research suggests that MI – a simple carbohydrate both produced in the body
and available in foods such as fruits and cereals – can facilitate insulin signalling and reduce
blood glucose concentrations in individuals with T2DM and GDM (D’Anna et al., 2013).
Furthermore, probiotic supplementation has been associated with improved glucose metabolism
and reduced risk of GDM (Badehnoosh et al., 2017). This may be driven by appetite regulation
and reduced gut permeability to inflammatory mediators (Memarrast et al., 2017; Mokkala et
al., 2017). However, there is not yet enough evidence to suggest that MI or probiotic
supplementation should be recommended before or during pregnancy to reduce the risk of GDM
(Rogozińska et al., 2015). An ongoing multicentre, double-blinded, randomised placebocontrolled trial, recruiting 1800 women (the NiPPeR study) aims to investigate whether
supplementation of MI, vitamins B2, B6, B12 and D, and a probiotic mix, starting prior to
conception, protects against the development of GDM (Godfrey et al., 2017). However, the
design of this trial will not allow for the individual contribution of each component of the
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supplement to be assessed. Therefore, the current study aimed to determine whether two
components of the NiPPeR supplement – MI and probiotics (Lactobacillus rhamnosus and
Bifidobacterium lactis) – can influence the development of GDM in a diet-based mouse model.
We hypothesised that MI and probiotics would individually improve glucose tolerance and other
measures of GDM – including lipidaemia, hepatic steatosis, and intestinal permeability – and
would have a synergistic effect when combined.

4.3 Methods
All animal procedures were approved by the University of Auckland Animal Ethics Committee
in accordance with the New Zealand Animal Welfare Act, 1999. Seven-week-old female
C57BL/6J mice were acquired from the Vernon Jansen Unit (VJU) at the University of
Auckland, New Zealand. Mice were acquired in four fortnightly batches of 20, for a total of 80
mice, and were housed in individually ventilated cages with woodchip bedding in a 12-hour
light, 12-hour dark cycle at 22 oC and 40–45% humidity. After one week of acclimatisation,
mice were randomly separated into five cages containing four mice each. Three of these cages
received a purified control diet (AIN-93G, Research Diets Inc. NJ, USA; 20% kcal protein,
63.9% kcal carbohydrate, 15.8% kcal fat; 3.9 kcal/g), while the remaining two received the same
diet with added MI (AIN-93G, Research Diets Inc.; with 2% added MI (Sigma-Aldrich, St
Louis, MO)). In addition, one purified control diet cage and one MI cage received a probiotic
mix containing Lactobacillus rhamnosus (L. rhamnosus) and Bifidobacterium Lactis (B. lactis)
in their drinking water (6 g/L, for 109 CFU per day). Doses were based on those used in the
NiPPeR study (Godfrey et al., 2017). Because the probiotic included maltodextrin (DE 12) as a
binding agent, the non-probiotic groups received an equal dose (5 g/L) of the same form of
maltodextrin (Glucidex IT12, Axieo Specialties, Auckland, NZ) in their drinking water. This
ensured any observed effects were specific to the probiotic, rather than the maltodextrin.
Drinking fluid was measured and changed daily. Utmost care was taken when handling cages
and mice to prevent contamination between probiotic and non-probiotic groups. Body weights
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and food intake were measured weekly. At 12 weeks of age, all cages except one (CD) were
switched onto HFD (D12451, Research Diets Inc., 20% kcal protein, 35% kcal carbohydrate,
45% kcal fat; 4.73 kcal/g), with or without 2% MI. The groups were thereby labelled as follows:
control diet (CD), high fat diet only (HFD), HFD with MI treatment (HFMI), HFD with
probiotic treatment (HFPB), and HFD with both MI and probiotic treatment (HFMIPB). Groups
and their definitions are summarised in Figure 4.1.
After one week of HFD exposure, mice were placed with unrelated males for a period of one
week. They remained on their allocated diet/treatment throughout mating and pregnancy.
Pregnancy was checked daily by inspection of the vagina for a cervical plug. Upon the presence
of a cervical plug (denoted gestational day 0.5: GD0.5), female mice were separated from males
and were pair-housed with their food and water intake monitored throughout pregnancy. If after
one week a mouse did not become pregnant, that mouse was not used further in the study. Of
the 16 mice per group that started the study, the numbers that became and remained pregnant
for the study period are presented as the final numbers per group in Figure 4.1.
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Figure 4.1. Experimental design
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4.3.1 Oral glucose tolerance test
Glucose tolerance was measured at GD16.5. At 0800 h, food was removed and mice were
relocated to a cage with woodchip bedding. Six hours later (1400 h), fasting blood glucose was
measured by slicing 1 mm from the tip of the tail, dabbing the first resulting drop on a paper
towel, and measuring the second drop with a glucometer (FreeStyle Optimum Neo, Abbott
Diabetes Care, Alameda, CA). Mice were then dosed with 2 g/kg body weight glucose solution
via oral gavage, and blood glucose was measured at 15, 30, 60 and 120 minutes following this
dosing (Andrikopoulos et al., 2008). Blood was also collected in heparinised capillary tubes at
0, 15 and 60 minutes for later insulin analysis.

4.3.2 Gut permeability procedure
At GD18.5, mice were again fasted, from 0730 h. Five hours later (1230 h), mice were dosed
with 4000-Da fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, St Louis, MO) via
oral gavage (600 mg/kg body weight), in order to later assess gut permeability (Section 4.3.4.).

4.3.3 Tissue collection
At GD18.5, six hours following fasting (1330 h), mice were anesthetised using isoflurane and
~1 mL blood was acquired via cardiac puncture. Mice were then culled by cervical dislocation,
and the uterine horns with fetuses were removed and placed into ice-cold saline. The maternal
pancreas, liver, adipose tissue (retroperitoneal, gonadal, perirenal and mesenteric), and kidneys
were removed, weighed and snap-frozen. In addition, the digestive tract was removed, flushed
with saline, cut into sections (oesophagus, stomach, duodenum, jejunum, ileum, caecum, colon,
rectum and faecal samples) and snap-frozen. Fetuses and their placentae were sexed, weighed
and measured.
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4.3.4 Plasma analysis
Tail and cardiac puncture blood were collected in EDTA-coated tubes and centrifuged at
2500 rpm for 10 minutes, and stored in light-protected aliquots at −20oC. Commercially
available mouse-specific ELISAs were used to measure plasma insulin (Ultrasensitive Mouse
Insulin ELISA, Crystal Chem., Chicago, IL, USA #90080; sensitivity: 50 pg/mL), leptin (Mouse
Leptin ELISA, Crystal Chem. #90030; sensitivity: 200 pg/mL) and adiponectin (Mouse
Adiponectin ELISA, Crystal Chem. #80569; sensitivity: 8 pg/mL). HOMA-IR was calculated
using the following formula (Mather, 2009):
HOMA-IR = (fasting glucose (mmol/L) x fasting insulin (mU/L))
22.5

A COBAS automated analyser (Roche Diagnostics, Switzerland) was used to measure plasma
total cholesterol (Roche 04718917190; sensitivity: 9.7 mg/dL), HDL (Roche 05401488190),
LDL (Roche 05401682190), and free fatty acids (FFAs; Wako WA243491795).
For gut permeability analysis, 25 µL cardiac puncture plasma was diluted in 25 µL phosphatebuffered saline (PBS, pH 7.4). Two standard curves were obtained by serial two-fold dilution
of FITC-D stock solution at 10 mg/mL, covering a wide range (first range 800–12.5 µg/mL;
second range 50–0.78 µg/mL). Samples, standards and blanks were transferred to a clear 96well microplate (Corning, NY, USA) and were protected from light at all times. FITC-D
concentration was detected using an InfiniteF200 fluorescence spectrophotometer (Tecan,
Männedorf, Switzerland) and Tecan I-control software (Tecan, Männedorf, Switzerland) at an
excitation wavelength of 485 nm and emission wavelength of 528 nm (Cani et al., 2008).

4.3.5 Histology
Gonadal adipose, liver and placental tissue samples were fixed in 10% neutral buffered formalin,
and were paraffin embedded and sectioned (10 m) using a Leica RM 2135 rotary microtome
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(Leica Instruments, Nussloch, Germany). Haematoxylin and eosin (H&E) staining was
performed, and sections were mounted using DPX mountant (Sigma-Aldrich, NZ). Slides were
visualised under a light microscope (Nikon Eclipse E800, Tokyo, Japan), and images were
captured with NIS Elements-D software by an individual blinded to the study groups. For
adipose histology, four representative images were captured per sample at 20x magnification,
and images were analysed using ImageJ 1.50v software (US National Institutes of Health,
Bethesda, USA) to determine adipocyte size. Four sections has been determined sufficient in
previous studies from our group (Segovia et al., 2017). For placentae, two images were captured
under 4x magnification, and the width, labyrinth zone, junctional zone and decidua lengths were
determined using ImageJ. For liver, sections were examined under 20x magnification, and foci
of lobular inflammation were counted and graded (small foci = 1, medium foci = 2, large foci =
3). Ten random images per animal at 40x magnification were evaluated for general steatosis
(score of 0–3) and microvesicular steatosis (score of 0–2). NAFLD score (NAS) was calculated
as the unweighted sum of general steatosis, microvesicular steatosis and lobular inflammation
scores (method adapted from (Kleiner et al., 2005)).

4.3.6 Gene expression analysis
Maternal gonadal adipose tissue was studied because it is the most directly associated with the
development of metabolic disease in mice (van Beek et al., 2015), and generates the largest
RNA yield. RNA was extracted by the same method described in Section 2.3.7. RNA quality
was validated by gel electrophoresis. mRNA was reverse transcribed using High-capacity
cDNA kit (Applied Biosystems, Warrington, UK). Taqman Fast Advanced Master Mix
(Applied Biosystems, Warrington, UK) and pre-designed Taqman probes (Applied Biosystems,
Warrington, UK) were pipetted into microplates using an epmotion automated pipetting robot
(Eppendorf, Hamburg, Germany), and qPCR was performed using the Applied Biosystems
QuantStudio 6 Flex Real-Time PCR System (ThermoFisher, New Zealand). Taqman probes
examined are outlined in Table 4.1. Gene expression was normalised to Tbp (TATA-box binding
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protein; Mm01277042_m1), according to previous optimisation studies and in-house testing
(Almeida-Oliveira et al., 2017). The 2 - Δ Δ C T method was used for analysis (Schmittgen et al.,
2008).
Table 4.1. Taqman probes used for adipose gene expression analysis
Gene

Taqman gene expression assay code

Ir

Mm01211875_m1

Irs1

Mm01278327_m1

Igf1r

Mm00802831_m1

Akt2

Mm02026778_g1

Slc2a4

Mm00436615_m1

Pck1

Mm01247058_m1

Lepr

Mm00440181_m1

G6pc

Mm00839363_m1

Fas

Mm01204974_m1

Pparγ

Mm00440940_m1

Ccr5

Mm01963251_s1

Nlrp3

Mm00840904_m1

Nfkb

Mm00479807_m1

Il1b

Mm00434228_m1

Cd11c

Mm00498701_m1

Tnf

Mm00443258_m1

Mcp-1

Mm00441242_m1

Il-6

Mm00446190_m1

Angptl4

Mm00480431_m1
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4.3.7 Statistical analysis
Statistical analysis was performed using SPSS Statistics 24 (IBM, Armonk, NY), and graphs
were generated in Prism 7 (GraphPad, San Diego, CA). Groups were compared using one-way
ANOVA, except in the case of growth/food intake curves and OGTT results, in which case
repeated measures two-way ANOVA was used (Laerd Statistics, 2015). Boxplots and ShapiroWilk’s test were used to assess outliers and normality. If outliers were determined to be genuine
and not the result of input or measurement error, the outlier value was winsorised (Ghosh et al.,
2012). Where data failed Shapiro-Wilk’s test, data were appropriately transformed (Laerd
Statistics, 2015). Where both the non-transformed and transformed data yielded the same result
(i.e. degrees of significance), non-transformed data are presented for clarity. Levene’s test was
used to assess homogeneity of variances. If Levene’s test was not significant (p > 0.05), regular
one-way ANOVA was performed. If Levene’s test was significant (p < 0.05), a one-way Welsh
ANOVA was performed. Tukey post hoc analysis was used when assessing multiple
comparisons after regular one-way ANOVA, whereas Games-Howell post hoc analysis was
used when assessing multiple comparisons after Welsh’s one-way ANOVA. Data are presented
as mean ± SEM, unless otherwise stated.
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4.4 Results
4.4.1 Pre-pregnancy measurements
A slight increase in fluid consumption, coupled with a very slight difference in calorie content
of the maltodextrin compared with the maltodextrin/probiotic mixture (19 kcal/L vs
19.9 kcal/L), resulted in increased energy consumption in the probiotic groups compared with
the non-probiotic groups before pregnancy (Figure 4.2. A, B). However, when combined with
energy intake from food, there was no effect of the probiotics, suggesting that the probiotic
results were not confounded by excess energy intake (Figure 4.2. F). Body weights did not differ
among the groups until after the onset of HFD, at which point HFMIPB weighed more than CD
(Figure 4.2. C). Similarly, food and calorie intake did not differ among the groups until the onset
of HFD, at which point all the HFD groups had increased calorie intake compared with the CD
group, including when adjusting for energy intake from fluid (Figure 4.2. D–F). However, there
were no individual multiple comparison differences between groups.

4.4.2 Pregnancy measurements
There were no significant differences in body weight among groups at either GD0.5 or GD18.5,
as assessed by repeated measures ANOVA (Figure 4.3. A). However, there was a significant
difference in gestational weight gain, in that HFMIPB gained less weight over pregnancy than
HFPB (Figure 4.3. B), which was not explained by any difference in litter size (Figure 4.3. C).
While there were some differences across groups in food and fluid intake during pregnancy,
these relationships disappeared when expressed as energy intake (Figure 4.3. D–G).
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Figure 4.2. Pre-pregnancy measurements
Fluid intake was measured daily and body weights and food intake were measured weekly.
(A) Fluid intake per day per mouse prior to mating; (B) Energy intake from fluid per day per
mouse prior to mating; (C) Body weights per mouse per week prior to mating; (D) Food intake
per mouse per week prior to mating; (E) Energy intake per week per mouse; (F) Energy intake
per week per mouse accounting for fluid energy.
Data expressed as mean ± SEM, where *p < 0.05, **p <0.01 w.r.t. CD, #p < 0.05 w.r.t. MI, ^p <
0.05 for all groups w.r.t. CD; n = 16 mice per group.
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Figure 4.3. Pregnancy measurements
Body weights and food were measured at GD0.5 and GD18.5. Fluid intake was measured daily.
(A) Body weights at GD0.5 and GD18.5, as assessed by 2-way repeated measures ANOVA; (B)
Gestational weight gain; (C) Litter size at GD18.5; (D) Food intake over pregnancy; (E) Energy
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intake over pregnancy; (F) Fluid intake over pregnancy; (G) Energy intake from fluid
consumption during pregnancy.
Data expressed as mean ± SEM, where *p < 0.05, **p < 0.01 and ***p < 0.001 w.r.t. CD,
#p < 0.05 w.r.t. MI; n = 10–13 mice per group.

4.4.3 OGTT and fasting plasma measurements
There were no differences amongst groups at 0 or 15 minutes of the OGTT (Figure 4.4. A). At
30 minutes, HFD, HFPB and HFMIPB had significantly higher blood glucose than CD.
However, there was no difference between CD and HFMI. At 60 minutes, HFD, HFMI, HFPB
and HFMIPB all had significantly higher blood glucose than CD. At 120 minutes, no differences
were observed amongst any of the groups. When expressed as AUC of the OGTT, HFD, HFPB
and HFMIPB had significantly greater areas than CD. However, there was no difference
between CD and HFMI (Figure 4.4. B).
There were no differences amongst groups in plasma insulin at 0, 15 or 60 minutes of the OGTT
(Figure 4.4. C.) or in insulin AUC (Figure 4.4. D.). There were also no differences in plasma
fasting glucose, fasting insulin, HOMA-IR or adiponectin (Figure 4.4. E, F) at GD18.5. There
was a significant difference in fasting plasma leptin concentration at GD18.5, whereby HFMI
had significantly elevated leptin compared with CD (Figure 4.4. G).
HFMIPB had increased total cholesterol concentrations compared with both CD and HFMI
(Figure 4.4. H) While there were no significant differences in HDL (Figure 4.4. I.), both HFPB
and HFMIPB had raised LDL concentrations compared with HFMI (Figure 4.4. J). There were
no significant differences in plasma FFA concentration amongst the groups (Figure 4.4. K.).
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Figure 4.4. OGTT results
(A) OGTT curves following oral gavage dose of 2 g/kg D-glucose at GD16.5; (B) AUCs of
OGTT curves at GD16.5; (C) Plasma insulin during OGTTs at GD16.5; (D) Insulin AUCs at
GD16.5. Data expressed as mean ± SEM, where *p < 0.05, **p < 0.01 and ****p < 0.0001 w.r.t.
CD, #p < 0.05 w.r.t. MI, ^^p < 0.01 for all groups w.r.t. CD; n = 10–13 mice per group.
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Figure 4.5. Fasting plasma results
(A) Table presenting mean ± SEM of fasting glucose, insulin, and calculated HOMA-IR at
GD18.5; (B) Fasting plasma adiponectin at GD18.5; (C) Fasting plasma leptin at GD18.5
(D) Fasting plasma cholesterol at GD18.5; (E) Fasting plasma HDL at GD18.5; (F) Fasting
plasma LDL at GD18.5; (G) Fasting plasma FFA at GD18.5.
Data expressed as mean ± SEM, where *p < 0.05 and **p < 0.01w.r.t. CD, #p < 0.05 w.r.t. MI;
n = 10–13 mice per group.
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4.4.4 Gut permeability
There were no significant differences amongst the groups in plasma FITC-D at GD18.5,
indicating no differences in gut permeability (Figure 4.5.).

Figure 4.6. Plasma FITC-D concentrations
Mice were dosed with 600 mg/kg FITC-D after five hours fasting on GD18.5, and
concentrations one hour later, at cull, were measured by fluorescence spectrophotometry.
Data presented as mean ± SEM; n = 8–12 mice per group.

4.4.5 Major adipose depots and organ weights
Both HFMI and HFPB had increased relative retroperitoneal adipose fat pad weights compared
with CD. HFMI also had increased gonadal adipose deposition compared with CD. There were
no differences in perirenal or mesenteric adipose deposition (Table 4.2). There were no
significant differences amongst groups in pancreas or average kidney weight relative to body
weight (Table 4.2). However, there were significant differences in liver size relative to body
weight, in that HFMIPB had smaller livers compared with both CD and HFMI.
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Table 4.2. Adipose deposition and major organ weights
Data presented as mean ± SEM, where *p < 0.05 and **p < 0.01 w.r.t. CD, ^p < 0.05 w.r.t.
HFMI; n = 10–13 mice per group.
CD

HFD

HFMI

HFPB

HFMIPB

p value

Retroperitoneal fat (% BW)

0.18 ± 0.01

0.25 ± 0.02

0.30 ± 0.03**

0.27 ± 0.03*

0.32 ± 0.07

p = 0.002

Gonadal fat (% BW)

0.55 ± 0.06

0.92 ± 0.13

1.19 ± 0.17**

0.95 ± 0.12

1.01 ± 0.15

p = 0.007

Perirenal fat (% BW)

0.18 ± 0.02

0.26 ± 0.06

0.21 ± 0.02

0.23 ± 0.04

0.25 ± 0.04

No

Mesenteric fat (% BW)

0.62 ± 0.03

0.60 ± 0.06

0.54 ± 0.04

0.62 ± 0.06

0.63 ± 0.06

No

Pancreas (% BW)

0.46 ± 0.03

0.40 ± 0.02

0.42 ± 0.02

0.45 ± 0.02

0.44 ± 0.01

No

Kidney (av. % BW)

0.45 ± 0.02

0.42 ± 0.01

0.43 ± 0.01

0.42 ± 0.01

0.41 ± 0.01

No

Liver (% BW)

4.39 ± 0.06

4.30 ± 0.09

4.34 ± 0.09

4.34 ± 0.10

3.99 ± 0.06*^

p = 0.019
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4.4.6 Adipocyte histology
HFMI had larger adipocytes compared with CD at GD18.5 (Figure 4.6. A, B). When expressed
as % of adipocytes in each size category, HFMI had a greater percentage of adipocytes measured
at 11001–13000 µm and 13001–15000 µm than CD (Figure 4.6. C).

4.4.7 Gonadal adipose tissue gene expression
HFMI had greater gonadal adipose tissue expression of the insulin receptor (Ir) than both CD
and HFD (Figure 4.7. A). While one-way ANOVA determined significant differences across
the groups in expression of Irs1, no multiple comparison differences were found (Figure 4.7. B).
Both HFMI and HFPB had greater expression of Akt2 compared with CD and HFD (Figure 4.7.
C). Moreover, both HFMI and HFPB had greater expression of Pck1 compared with HFD
(Figure 4.7. D). HFMI also had increased expression of Ccr5 compared with CD (Figure 4.7.
E). Finally, Pparγ was significantly diminished in all groups compared with CD, except for
HFPB (Figure 4.7. F). No differences were observed in Slc2a4, Igf1r, Fas, Lepr, G6pc, Tnf,
Mcp1, Il6, Angptl4, Nlrp3, Nfκb, Il1β or Cd11c (see Supplementary Data, Figure 4.10.).

4.4.8 Hepatic histology
There were no significant differences amongst groups in steatosis, lobular inflammation or
overall NAS. However, both HFD and HFMI had a significantly greater degree of
microvesicular steatosis than CD, while no difference was seen between HFPB and HFMIPB
and CD (Figure 4.8. and Table 4.3.).
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Figure 4.7. Adipocyte histology
(A) Representative H&E stained sections of gonadal adipose tissue. Scale bar = 10 µm; (B) Average adipocyte area per group; (C) Percentage of adipocytes
per area bracket. Data expressed as mean ± SEM, where *p < 0.05, **p < 0.01 w.r.t. CD; n = 10–13 mice per group.
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Figure 4.8. Gonadal adipose tissue gene expression
Adipose mRNA expression determined by qPCR. Differences were seen in: (A) Ir; (B) Irs1;
(C) Akt2; (D) Pck1; (E) G6pc; (F) Ccr5 and (G) Pparγ.
Data presented as mean ± SEM, where *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
w.r.t. CD, +p < 0.05, ++p < 0.01 and +++p < 0.001 w.r.t. HFD; n = 6–10 mice per group.
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Figure 4.9. Hepatic histology
H&E stained sections of liver. Each section was examined under 20x magnification to evaluate
lobular inflammation. Ten random 40x magnification fields per animal were evaluated for
general steatosis and microvesicular steatosis.
(A) Representative micrographs from each experimental group at 20x magnification;
(B) Representative micrographs from each experimental group at 40x magnification.
Scale bars = 10µM. Scoring results are outlined in Table 4.3.; n = 10–13 mice per group.
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Table 4.3. NAFLD Activity Score (NAS)
Data presented as mean ± SEM, where *p < 0.05 and **p < 0.01 w.r.t. CD; n = 10 – 13 mice
per group.
CD

HFD

HFMI

HFPB

HFMIPB

Significant?

Steatosis

0.78 ± 0.14

1.05 ± 0.17

0.76 ± 0.24

0.76 ± 0.20

0.68 ± 0.22

No

Microvesicular steatosis

0.18 ± 0.07

0.79 ± 0.14** 0.72 ± 0.33*

0.66 ± 0.29

0.55 ± 0.29

p = 0.009

Lobular inflammation

0.44 ± 0.09

0.28 ± 0.05

0.26 ± 0.08

0.36 ± 0.05

0.65 ± 0.19

No

NAS

1.38 ± 0.19

2.20 ± 0.24

1.75 ± 0.33

2.01 ± 0.30

1.88 ± 0.31

No

4.4.9 Fetal measurements
Male fetuses of HFMI mothers were smaller in weight than those of CD mothers. All groups
had lighter female fetuses than CD, except for HFMIPB (Table 4.4.). HFD male fetuses had
smaller abdominal circumference compared with CD, and female fetuses from all groups had
smaller abdominal circumference compared with CD, except for HFMIPB. Although one-way
ANOVA reported significant differences across groups in female fetal:placental weight ratio,
Games-Howell testing reported no multiple comparison differences. There were no significant
differences in male or female fetal crown–rump length, placental weight or placental histology
(% labyrinth zone or % junctional zone).
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Table 4.4. Fetal measurements
Data presented as mean ± SEM, where *p < 0.05, ***p < 0.001 and ***p < 0.0001 w.r.t. CD; n = 10–13 mice per group.
CD

HFD

HFMI

HFPB

HFMIPB

p value

Male fetal weight (g)

1.19 ± 0.020

1.12 ± 0.019

1.10 ± 0.019*

1.18 ± 0.017

1.14 ± 0.031

p = 0.027

Female fetal weight (g)

1.18 ± 0.019

1.07 ± 0.023*

1.04 ± 0.018****

1.10 ± 0.012*

1.07 ± 0.048

p = 0.001

Male crown–rump length (mm)

28.54 ± 0.32

28.64 ± 0.32

28.43 ± 0.18

28.43 ± 0.31

27.93 ± 0.87

No

Female crown–rump length (mm)

28.85 ± 0.25

28.1 ± 0.32

27.89 ± 0.39

28.40 ± 0.39

27.94 ± 0.53

No

Male circumference (mm)

24.68 ± 0.27

23.41 ± 0.29*

23.80 ± 0.45

24.65 ± 0.33

23.09 ± 0.83

p = 0.025

Female circumference (mm)

24.58 ± 0.27

22.52 ± 0.29***

22.62 ± 0.20***

23.67 ± 0.38**

22.54 ± 0.57

p < 0.0001

Male placental weight (g)

0.12 ± 0.00

0.11 ± 0.01

0.12 ± 0.00

0.12 ± 0.00

0.12 ± 0.01

No

Female placental weight (g)

0.12 ± 0.01

0.11 ± 0.00

0.11 ± 0.00

0.11 ± 0.00

0.12 ± 0.01

No

Male fetal:placental ratio

10.31 ± 0.37

10.36 ± 0.50

9.87 ± 0.43

9.69 ± 0.36

10.33 ± 0.46

No

Continued on next page...
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Female fetal:placental ratio

10.61 ± 0.38

10.63 ± 0.41

10.17 ± 0.49

9.41 ± 0.15

10.10 ± 0.42

p = 0.019

Male % labyrinth zone

55.19 ± 3.01

46.67 ± 3.18

50.42 ± 3.42

50.15 ± 2.33

54.22 ± 10.51

No

Female % labyrinth zone

43.70 ± 0.85

53.28 ± 3.22

54.52 ± 4.40

55.84 ± 2.10

52.61 ± 3.76

No

Male % junctional zone

22.43 ± 1.44

26.63 ± 1.38

25.46 ± 1.86

23.87 ± 2.35

22.22 ± 0.65

No

Female % junctional zone

27.68 ± 2.41

22.50 ± 2.67

21.24 ± 1.77

19.58 ± 1.58

18.40 ± 0.97

No
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4.5 Discussion
The aim of the current study was to examine whether MI and probiotics, taken together or
separately before and during pregnancy, impacts the development of GDM in a HFD-induced
mouse model. The results of this study were intended to supplement those of the currently
ongoing NiPPeR clinical study, which similarly aims to determine the effects of these treatments
on maternal glucose metabolism. Parallel investigation in mouse models allows for a more
thorough examination of potential mechanistic pathways, as well as whole-tissue analysis,
which would not be possible in human trials.

4.5.1 Suitability of mouse model of GDM
The HFD group in the current study presented with increased pre-pregnancy weight gain and
significantly impaired glucose tolerance compared with CD. No differences were seen in weight
at GD0.5 or GD18.5, gestational weight gain, energy intake, adipose deposition, or average
adipocyte size. These results generally align with those of Pennington et al. (2017) who similarly
reported glucose intolerance with no difference in body weight at GD17.5. While HFD is
associated with increased body weight during early and mid-gestation, it is common to observe
no effect of HFD on body weight in the final days (GD17–19) of mouse pregnancy (Liang et
al., 2010). HFD was also not associated with any differences in fasting glucose, insulin, HOMAIR, plasma cholesterol, or FFAs – also consistent with Pennington et al.’s (2017) study. Again,
this may have been due to the day of measurement; a recent study reported glucose intolerance,
increased body weight, and dyslipidaemia in HFD-fed pregnant mice at GD16.5, but – with the
exception of glucose intolerance – these effects were not present at GD19.5 (Musial et al., 2017).
Although not measured in Pennington et al. or Musial et al.’s studies, day of measurement may
have also been the reason for the lack of demonstrable adipose tissue inflammation (expression
of Tnf, Il1b, Il6, Cd11c, etc.). It is also possible that longer-term HFD insults are required in
order to demonstrate adipose tissue inflammation. Nevertheless, HFD-induced microvesicular
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steatosis was observed at GD18.5. This was accompanied by significantly decreased adipose
tissue PPARγ gene expression – the primary transcription factor responsible for adipocyte
differentiation. HFD is typically associated with reduced Pparγ expression in adipose tissue; as
PPARγ is a negative regulator of leptin, downregulation of PPARγ increases plasma leptin, in
order to signal that the adipose tissue is “full” and reduce appetite (Kubota et al., 1999). The
reduction in Pparγ expression in the HFD group appears to have impaired the ability of adipose
tissue to expand safely, resulting in microvesicular steatosis. HFD was also associated with
smaller fetuses, both in weight and abdominal circumference. As previously mentioned, this is
commonly observed in pregnant mice fed a HFD and is one of the limitations of using HFDinduced models of GDM (Section 1.2.3). HFD also had no effect on intestinal permeability in
the current study. While long-term HFD has been reported to increase intestinal permeability in
some rodent studies, this study is – to the best of our knowledge – the first to measure the effect
of HFD on FITC-D permeability during mouse pregnancy (Murakami et al., 2016). Our results
suggest that length of exposure to HFD in our study was not sufficient to affect this index. This
in turn suggests that increased inflammation as a result of increased intestinal permeability was
not responsible for the onset of HFD-induced glucose intolerance. Overall, one week of HFD
prior to and throughout pregnancy was effective at inducing gestational glucose intolerance and
liver steatosis, but not fasting hyperglycaemia, insulin resistance (HOMA-IR/ insulin signalling
pathway gene expression), macrosomia, or increased intestinal permeability.

4.5.2 Effects of myo-inositol
While MI supplementation did not significantly improve glucose tolerance compared with HFD,
it did normalise blood glucose concentrations such that there was no longer a significant
difference with CD at 30 minutes, or in AUC. This was coupled with increased adipose gene
expression of members of the insulin signalling pathway – Ir, Akt2 and Pck1 – compared with
both CD and HFD. However, these alterations did not result in significantly increased Slc2a4
(GLUT4) expression, which may be the primary reason for the lack of significant improvement
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in HFD-induced glucose intolerance. It is possible that the dose used was insufficient to fully
overcome the effects of the HFD. As mice in the HFMI group ate on average 3 g/day, they
consumed approximately 60 mg/day MI. A recent study reported beneficial effects of MI in
pregnant mice with approximate daily consumption of 36 mg/day (Ferrari et al., 2016). Previous
studies have similarly demonstrated beneficial effects of MI at doses ranging from 0.08 mg/day–
48 mg/day in mouse models of neural tube defects (Reece et al., 1997; Cogram et al., 2002).
Therefore, it is probably not the case that the chosen dose was insufficient. Rather, the lack of
fasting hyperglycaemia and insulin resistance induced by the HFD in the current study may have
prevented us from demonstrating some of the benefits of MI. This is consistent with the results
of Ferrari et al.’s (2016) study, which reported very little effect of MI in HFD-fed pregnant mice,
but

did

see

benefit

in

a

mouse

model

of

metabolic

syndrome

(HFD

+

eNOS-/-, referred to in Section 1.3.3.1). One explanation for this was that the metabolic
syndrome model displayed fasting hyperglycaemia and hyperleptinaemia, while the HFD-only
model did not. However, Ferrari et al. (2016) did demonstrate reduced gestational weight in
HFD-fed pregnant mice on MI, while we saw no effect of MI on body weight. MI
supplementation has similarly been associated with reduced adipose deposition in male mice on
HFD (Croze et al., 2015) – although both of these studies used a higher-fat diet than that used
in the current study (60% kcal from fat). In the current study, MI was in fact associated with
greater adipose deposition and increased adipocyte size compared with CD than HFD alone.
Consistent with these observations were increased fasting plasma leptin and increased adipose
tissue Ccr5 expression in the HFMI group compared with CD. As leptin is secreted from adipose
tissue and Ccr5 is an indicator of inflammation, both circulating leptin and Ccr5 expression
generally reflect degree of adiposity (Kitade et al., 2012). Taken together, this suggests that MI
somewhat improved insulin signalling and promoted the utilisation of glucose into storage in
adipose tissue. However, this promotion of fat storage was not sufficient to improve the degree
of microvesicular steatosis seen in HFD. This may have been the result of Pparγ, which
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remained downregulated in the HFMI group. Croze et al. (2015) similarly noted no
improvement in ectopic lipid redistribution to the liver in male HFD mice supplemented with
MI. MI also did not alter the growth restriction observed in the HFD group in the current study,
which aligns with the results of Ferrari et al.’s (2016) study and our previous study (Chapter 2).
However, this could have been due to the lack of macrosomia reported in these rodent studies.
In human trials, MI is associated with reduced rates of fetal macrosomia (D’Anna et al., 2013;
Matarrelli et al., 2013). Overall, MI showed some promising effects on glucose tolerance and
downstream insulin signalling, but did not improve HFD-induced adipose deposition or liver
steatosis.

4.5.3 Effects of probiotic
Like MI, the probiotics increased adipose gene expression of Akt2 and Pck1 compared with CD,
suggesting an improvement in insulin signalling. However, this did not translate to any
measurable differences in glucose tolerance. Interestingly, HFPB was the only group that did
not show significant downregulation of Pparγ compared with CD. This was associated with
improved liver histopathology, as HFPB and HFMIPB were the only groups that exhibited no
difference in microvesicular steatosis compared with CD. This lipid instead appeared to be
safely deposited as retroperitoneal adipose tissue. Taken together, this suggests that, like MI,
probiotic supplementation improved insulin signalling and promoted adipose tissue deposition.
However, unlike MI, probiotic supplementation upregulated Pparγ expression, and therefore
adipose tissue was able to expand sufficiently to prevent ectopic fat deposition in the liver.
Indeed, probiotic supplementation has previously been associated with enhanced PPARγ
activation in HFD- and STZ-induced rodent models of obesity and diabetes (Karimi et al., 2017;
Memarrast et al., 2017). In fact, several studies suggest that probiotics exert their beneficial
effects through PPARγ-dependent mechanisms (Eun et al., 2007; Ewaschuk et al., 2007;
Bassaganya-Riera et al., 2012).
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4.5.4 Effects of combined myo-inositol and probiotic
HFMIPB was the only group that did not show significantly increased adipose tissue deposition
compared with CD. This was associated with reduced gestational weight gain and, as mentioned
in the previous section, normalised microvesicular steatosis in the liver. Decreased fat
deposition in the liver was likely the reason for the smaller relative liver mass in the HFMIPB
group. This was the case despite the fact that the addition of MI appeared to reverse the
beneficial effect of probiotic on adipose Pparγ expression. This suggests that excess energy was
either stored elsewhere, or that the combination of MI and probiotic contributed to increased
energy expenditure (since no differences in calorie intake were observed). However, without
appropriate testing of these measures, it is impossible to determine exactly what the cause for
reduced fat deposition was. Interestingly, probiotic supplementation was associated with
increased plasma total cholesterol and LDL-cholesterol compared with the HFMI group (but
not compared with either CD or HFD). This may simply represent hepatic accumulation of
triglyceride and cholesterol in HFMI mice, reflecting microvesicular steatosis, although testing
of these measures within the liver would be useful for validation (Fon Tacer et al., 2011). The
combination of MI and probiotic also appeared to normalise fetal growth, in that the HFMIPB
group was the only group that did not demonstrate growth restriction compared with CD. The
meaning of this result for human pregnancy, however, remains unclear. Despite these findings,
there was no measureable effect of combined MI and probiotic on glucose tolerance.
To our knowledge, this is the first study to investigate the effects of MI and probiotic
supplementation together as a treatment for GDM. Furthermore, we examined the effects of
supplementation starting before the onset of pregnancy, allowing an investigation of the
preventative effects of MI and probiotics, taken together and separately, on GDM in mice.
Limitations of this study include: (1) the lack of fasting hyperglycaemia, insulin resistance and
fetal macrosomia seen in the model. Unfortunately, as outlined in the previous chapters of this
thesis, GDM is a difficult condition to replicate in animals. Some existing evidence suggests
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that taking measurements at an earlier gestational day, such as GD16.5 or 17.5, results in more
differences between CD and HFD groups. GD18.5 was chosen for our study as it is the final day
before littering, and therefore represents near full-term. In order to examine samples at an earlier
day, we would have required another cohort of animals, since tissue and sufficient plasma
collection can only occur near or following cull. While we wanted to limit the number of animals
used for this study, we recognise that we may have observed a more representative model of
GDM had we also culled and taken measurements from a subset of mice at GD16.5, and this is
something to consider in future studies examining treatment options for GDM in mice. Further,
we did not directly measure β cell mass or function in this study. Pennington et al. did observe
a reduction in β cell mass, and it would have been beneficial to replicate this to fully determine
the suitability of the model. However, we did successfully demonstrate glucose intolerance –
the primary characteristic of GDM – and therefore believe this model is of value. (2) The lack
of pre-pregnancy OGTT. It is possible that glucose intolerance was present prior to pregnancy,
and that therefore this model is more representative of T2DM than GDM. We wanted to limit
the number of manipulations to the animals, as OGTTs can be stressful, and we did not have
adequate numbers to examine a second cohort. However, Pennington et al. previously
demonstrated that this model does not show glucose intolerance until the third week of
pregnancy. We also believe that the onset of HFD at one week prior to pregnancy renders the
phenotype pregnancy-specific by definition. Therefore, while the lack of pre-pregnancy OGTT
is an acknowledged limitation of our study, we do not believe it significantly affects the
conclusions made. (3) The unbalanced (5 groups) nature of the study. This design did not allow
for a factorial examination of the two treatments, or of the treatments in control conditions
during pregnancy (i.e. on control diet). An ideal study design would have been a balanced threeway factorial ANOVA, examining the effects of both MI and PB in both CD and HFD-fed mice.
Again, we stayed away from this approach in order to limit the number of animals used, but
recognise that it may have been more informative. The fact that this study was conducted in
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parallel with a randomised, double-blind, controlled trial of the same treatments in humans
(NiPPeR) will allow for a more comprehensive and translatable understanding of the
supplements in the future (i.e. once the NiPPeR study is complete and can be un-blinded).
In conclusion, MI was the only treatment that somewhat improved glucose tolerance. However,
probiotic supplementation was associated with increased adipose gene expression of insulin
signalling mediators, PPARγ activation and reversal of HFD-induced liver steatosis. In a
combined supplement, these effects did not appear to be additive; instead the combination
resulted in reduced gestational weight gain and adiposity, while maintaining improved liver
steatosis. Although the combination of MI and probiotics did not result in any improvement in
HFD-induced glucose intolerance, the lack of some of the key features of GDM (fasting
hyperglycaemia, hyperinsulinaemia, hyperleptinaemia and adipose inflammation) may have
prevented a full demonstration of their effects. Taken together, the combination of MI and
probiotic supplementation may result in reduced gestational weight gain, adiposity and steatosis,
but the impact of this combination on maternal glycaemia or offspring outcomes remains to be
seen. These results will be assessed in combination with those of the ongoing NiPPeR clinical
study in order to better understand the effects of MI and probiotics on glucose metabolism
during pregnancy.
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4.6 Supplementary Data

Figure 4.10. Genes examined in gonadal adipose tissue in which no differences in expression were observed
Assessed by qPCR.
Data expressed as mean ± SEM; n = 6 –10 mice per group.
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Chapter 5. The Impact of Altered Interleukin-1 Signalling on
Metabolic Dysfunction During Pregnancy

5.1 Preface
The following chapter contains an as-yet unpublished original research article entitled “The
impact of altered interleukin-1 signalling on metabolic dysfunction during pregnancy”. The
well-characterised relationship between obesity and risk of GDM has prompted investigation
into common mechanisms between the two. One hypothesis for why obesity confers risk for
GDM is because obesity is associated with a chronic, low-grade, pro-inflammatory state. It is
thought that pro-inflammatory mediators, secreted from adipose tissue, directly contribute to
systemic insulin resistance during pregnancy. If this is indeed the case, therapies that reduce
inflammation could be an exciting new area of GDM prevention or treatment. This chapter
explores some of the inflammatory mechanisms underlying the development of GDM in the
HFD-induced mouse model described in Chapter 4.
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5.2 Introduction
Metabolic dysfunction during pregnancy can lead to complications such as GDM –a pregnancyspecific condition characterised by glucose intolerance and fasting hyperglycaemia (Kordella,
2005). GDM affects an estimated 16.5% pregnancies worldwide, and there is evidence that this
number is rising in parallel with the obesity epidemic (International Diabetes Federation, 2015).
GDM is a risk factor for a number of short- and long-term maternal and fetal health issues,
including later T2DM in mothers, and future obesity and T2DM in the child (Ben-Haroush et
al., 2004). This contributes to an intergenerational cycle of metabolic disease that impacts the
health of the overall population.
Adipose inflammation is a hallmark feature of obesity, and is thought to be one mechanism by
which obesity predisposes women to GDM (Pantham et al., 2015). It is widely accepted that the
release of pro-inflammatory cytokines from adipose tissue during obesity directly contributes to
insulin resistance and impaired placental function, impacting the unborn child in a multitude of
ways (Spranger et al., 2003; Challier et al., 2008; Roberts et al., 2011; Glass et al., 2012). For
example, TNFα, IL-6 and IL-1 are increased in the serum of obese women and have been
associated with GDM (Kirwan et al., 2002; Kleiblova et al., 2010; Christian et al., 2014), and
chronic stimulation of tissue with these mediators has resulted in impaired insulin signalling
(Hotamisligil et al., 1993; Lagathu et al., 2006; Jager et al., 2007).
There is evidence that absent function of the interleukin-1-receptor-1 (IL1R1), which propagates
signalling of IL-1α and IL-1, protects against obesity-mediated metabolic dysfunction in male
mice (de Roos et al., 2009; McGillicuddy et al., 2011). However, the impact of this signalling
pathway on metabolic health during pregnancy has not been fully examined. Therefore, the
current study sought to determine the role of IL1R1 under normal pregnant conditions (control)
and metabolic dysfunction (GDM). This was performed using mice with a complete genetic
knockout of IL1R1 (IL1R1-/-), fed either control diet (CD) or high fat diet (HFD) for one week
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prior to and during pregnancy – an established method for inducing a GDM phenotype in mice
in our laboratory (Chapter 4) and others (Pennington et al., 2017). Our hypothesis was that the
IL1R1 knockout would protect HFD-exposed mice against characteristics of GDM, including
glucose intolerance, insulin resistance, hyperleptinaemia, increased fat deposition and altered
placental nutrient transport gene expression.
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5.3 Methods
All animal procedures were approved by the University of Auckland and AgResearch Animal
Ethics Committees, in accordance with the New Zealand Animal Welfare Act, 1999. Male and
female C57BL/6J and IL1R1-/- (B6.129S7-Il1r1tm1lmx/J. Stock No: 003245) mice were imported
from the Jackson Laboratory, USA, and housed at the small animal containment (SAC) unit at
AgResearch, Ruakura, Waikato, New Zealand (22 oC, lights on at 0600 h, off at 1800 h,
humidity at 40–45%, woodchip bedding). Third-generation female pups were used as
experimental animals. These pups were weaned onto laboratory chow (autoclaved Specialty
Feeds Rat and Mouse Cubes, Glen Forest, WA, AUS: 23% kcal from protein,
65% carbohydrate, 12% fat), and remained so until 10 weeks of age, at which time they were
randomly assigned to receive either purified CD (Research Diets Inc., New Brunswick, USA;
#D12450H, 20% kcal from protein, 70% kcal carbohydrate, 10% kcal fat) or matched HFD
(Research Diets Inc. New Brunswick, USA; #D12451, 20% kcal from protein, 35% kcal
carbohydrate, 45% kcal fat). Mice were given free access to this diet for one week before mating
commenced, and throughout pregnancy. This period of time was chosen to most closely
resemble the pregnancy-specific aspect of GDM, in accordance with previous GDM studies in
mice (Pennington et al., 2017). Mice were randomly allocated to male cages of the same strain
and were mated for one week. Pregnancy was confirmed in the morning by gentle inspection of
the vaginal opening for a copulatory plug. Upon the onset of pregnancy, mice were singly
housed with their weight and food intake monitored. Groups were labelled: (1) C57BL/6J mice
on control diet (C57CD), (2) C57BL/6J mice on HFD (C57HF), (3) IL1R1-/- mice on control
diet (IL1CD), and (4) IL1R1-/- mice on HFD (IL1HF). Experimental design is illustrated in
Figure 5.1.
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Figure 5.1. Experimental design
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5.3.1 Oral glucose tolerance test (OGTT)
OGTTs were performed according to the method previously described (Andrikopoulos et al.,
2008). Briefly, at GD16.5, food was removed from mice early in the morning (0700 h) and was
withheld for 6 hours. At this time, the mouse was weighed, the tip of the tail (< 1mm) was
snipped, and the second resulting drop of blood was read by a glucometer (Optimum Freestyle
Neo, Abbott Laboratories, Alameda, CA, USA). Mice were then dosed with 2 g/kg of D-glucose
(Sigma-Aldrich, NZ) via oral gavage. Every 30 minutes following the dose, blood glucose
concentration was measured from the tail tip for a total of 120 minutes.

5.3.2 Tissue collection
At GD18.5, mice were fasted for 6 hours before being culled by cervical dislocation. A cardiac
puncture was performed immediately following death, and plasma was stored in EDTA-coated
tubes at −20 oC until analysis. The uterine horns were removed and placed in ice-cold saline
while maternal tissue was being collected. Maternal tissue was dissected, weighed, snap-frozen,
and stored at −80oC. Each pup and placenta was sexed and weighed, and each pup was measured
lengthways (crown–rump length), and around the abdomen (abdominal circumference) using
thread and a 30 cm ruler. One male and one female placenta from each dam was snap-frozen,
and one male and female placenta was stored in neutral-buffered formalin for histological
analysis.

5.3.3 Histological analysis
Gonadal adipose tissue and placental samples were fixed in 10% neutral-buffered formalin, and
were paraffin embedded and sectioned (10 m) using a Leica RM 2135 rotary microtome (Leica
Instruments, Nussloch, Germany). Hematoxylin and eosin (H&E) staining was performed, and
sections were mounted using DPX mountant. Slides were visualised under a light microscope,
and images captured with NIS Elements-D software (Nikon 800, Tokyo, Japan). Three
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representative images were taken from each section by a blinded individual. Images were
blindly analysed using ImageJ to determine average adipocyte size per sample, and
% labyrinth/junctional zone of each placenta.

5.3.4 Plasma analysis
Maternal plasma was analysed for insulin, leptin and adiponectin concentrations by commercial
mouse-specific ELISA (UltraSensitive Mouse Insulin ELISA #90080, sensitivity: 50 pg/mL;
Mouse Leptin ELISA #90030, sensitivity: 200 pg/mL; Mouse Adiponectin ELISA 380569,
sensitivity: 8 pg/mL – Crystal Chem., Chicago, IL, USA), according to the manufacturer’s
instructions. Insulin resistance score was determined using HOMA-IR, which was calculated
using the following formula (Mather, 2009):
HOMA-IR = (fasting glucose (mmol/L) × fasting insulin (mU/L))
22.5
5.3.5 Gene expression analysis
Maternal gonadal adipose tissue, liver and male and female placental tissue RNA was extracted
using Trizol reagent (ThermoFisher Scientific, New Zealand) and a TissueLyser (Qiagen,
Hilden, Germany) according to the method described in Section 2.3.7. Gonadal adipose was
chosen because it is the largest fat depot in mice, and thus provides the greatest RNA yield. It
is also located in the vicinity of the uterus, where gene expression changes related to
programming effects most likely occur (Bjørndal et al., 2011). Previous studies have also
reported that gonadal adipose is the depot most directly associated with the development of
metabolic disorders (van Beek et al., 2015). RNA concentrations were assessed by
NanoPhotometer N60 (Implen, Munich, Germany), and RNA quality was validated by gel
electrophoresis. mRNA was reverse transcribed using High-capacity cDNA kit (Applied
Biosystems, Warrington, UK). Taqman Fast Advanced Master Mix (Applied Biosystems,
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Warrington, UK) and pre-designed Taqman (Table 5.1) probes (Applied Biosystems,
Warrington, UK) were pipetted with cDNA into microplates using an epmotion automated
pipetting robot (Eppendorf, Hamburg, Germany), and qPCR was performed using the Applied
Biosystems QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Warrington,
UK). Genes were normalised to RPS13 and RPS29 expression, according to previous studies in
mice and in-house testing (de Jonge et al., 2007). The comparative CT method (2-∆∆CT) was used
to analyse results (Schmittgen et al., 2008).
Table 5.1. Gene expression probes examined in the current study
Gene

Taqman gene expression assay code

Gene

Taqman gene expression assay code

Igf2

Mm00439564_m1

Nlrp3

Mm00840904_m1

Irs1

Mm01278327_m1

Nfkb

Mm00479807_m1

Irs2

Mm03038438_m1

Slc27a4

Mm01327405_m1

Slc2a2

Mm00446229_m1

Sox9

Mm00448840_m1

Slc2a3

Mm00441483_m1

Cd11c

Mm00498701_m1

Slc2a4

Mm00436615_m1

Cd68

Mm03047343_m1

Lep

Mm00434759_m1

Tnf

Mm00443258_m1

Lepr

Mm00440181_m1

Tlr4

Mm00445273_m1

Lpl

Mm00434764_m1

Il6

Mm00446190_m1

Dlk1

Mm00494477_m1

Socs3

Mm00545913_s1

Pparα

Mm00440939_m1

Foxo1

Mm00490671_m1

Pparγ

Mm00440940_m1

Adipoq

Mm00456425_m1

Pparc1α

Mm01208835_m1

Slc38a1

Mm00506391_m1

Fasn

Mm00662319_m1

Slc38a2

Mm00628416_m1
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5.3.6 Statistical analysis
Statistical analysis was performed using SPSS (IBM, Armonk, NY, USA). Repeated measures
ANOVA was performed for the OGTT and weight gain data. All other data were analysed by
two-way factorial ANOVA, with genotype (C57BL/6J vs IL1R1-/-) and maternal diet (CD vs
HFD) as factors. Outliers were assessed as any value greater than 1.5 box-lengths from the edge
of each group’s boxplot, and were subsequently winsorised (Ghosh et al., 2012). The ShapiroWilk’s test was then performed to assess normality of the data, and Levene’s test was used to
assess homogeneity of variances. In the event that one or more groups were not normally
distributed and/or homogenous, the data were suitably transformed. If both the non-transformed
and transformed data yielded the same results (i.e. degrees of significance), the non-transformed
data are presented for clarity. Bonferroni post hoc tests were performed for multiple comparison
testing between groups when ANOVA found a significant interaction effect. Differences
between groups were considered significant at p < 0.05. Data are presented as mean ± SEM.
Data were graphed using Prism 6 software (GraphPad Software Inc., La Jolla, USA).
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5.4 Results
5.4.1 Il1R1-/- had no effect on glucose tolerance during pregnancy
At 30 and 60 minutes post glucose administration, blood glucose concentrations were
significantly raised in HFD mice compared with CD mice (Figure 5.2. A). The IL1R1-/- genotype
had no effect on blood glucose concentrations relative to C57BL/6J at any time point. This was
mirrored in the OGTT AUCs (Figure 5.2. B).

Figure 5.2. Oral glucose tolerance test results
(A) OGTT curves after 2 g/kg dose of glucose; (B) AUCs of OGTTs.
Data expressed as mean  SEM, where ##p < 0.01 and ####p < 0.0001 HFD groups vs CD
groups; n = 8–13 mice per group.
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To determine if these glucose tolerance results were a female-specific or pregnancy-specific
effect, we also conducted OGTTs on two separate cohorts of female animals: non-pregnant
virgin females and post-weaning females. We found very similar OGTT results in the nonpregnant state to the pregnant state. That is to say, there was a significant effect of HFD but no
effect of IL1R1-/- on glucose tolerance in non-pregnant females. Interestingly, IL1R1-/- actually
worsened glucose tolerance in post-weaning females on HFD (Supplementary Data Figure
5.13.).

5.4.2 IL1R1-/- reduced fasting insulin, but had no effect on glucose or HOMA-IR
Although both diet and genotype had no effect on fasting plasma glucose, there was a significant
interaction in fasting plasma insulin (Table 5.2.). HFD reduced plasma insulin concentrations in
C57BL/6J mice but had no effect in IL1R1-/- mice. IL1CD also has significantly reduced plasma
insulin concentrations compared with C57CD. There was also a reduction in plasma insulin in
IL1R1-/- mice overall. However, no differences in HOMA-IR were observed (Table 5.2.).
Table 5.2. Fasting glucose, insulin, and HOMA-IR
Data presented as mean ± SEM, where *p < 0.05 w.r.t. C57CD; n = 7–15 mice per group.
C57CD

C57HF

IL1CD

IL1HF

HFD

IL1R1-/-

Interaction

Blood glucose
(mmol/L)

6.19 ± 0.41

6.33 ± 0.35

6.12 ± 0.33

6.82 ± 0.38

No

No

No

Plasma insulin
(ng/mL)

1.58 ± 0.35

0.75 ± 0.21*

0.40 ± 0.08*

0.62 ± 0.18

No

p = 0.010

p = 0.020

HOMA-IR

28.55 ± 6.53

16.33 ± 1.634 17.77 ± 2.66

14.89 ± 1.97

No

No

No

5.4.3 IL1R1-/- increased leptin and reduced adiponectin expression.
There was a significant interaction effect in plasma leptin concentrations, in that HFD
significantly increased leptin in IL1R1-/- mice but had no effect in C57BL/6J mice (Figure
5.3. A). Leptin adipose gene expression showed a main effect of genotype, whereby IL1R1-/mice had greater leptin expression than C57BL/6J mice overall (Figure 5.3. B).
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Figure 5.3. Leptin and adiponectin plasma concentrations and adipose gene expression
(A) Fasting plasma leptin concentrations; (B) Leptin gene expression in gonadal adipose tissue;
(C) Fasting plasma adiponectin concentrations; (D) Adiponectin gene expression in gonadal
adipose tissue.
Data expressed as mean ± SEM, where *p < 0.05 and **** p < 0.0001 w.r.t. C57CD, ++p < 0.01
w.r.t. C57HF, ^^ p < 0.01 w.r.t. IL1CD; n = 9–16 mice per group.
Despite no differences in plasma adiponectin (Figure 5.3. C), there were significant differences
in adiponectin gene expression (Figure 5.3. D). There was a significant main effect of diet, in
that HFD reduced adiponectin expression overall. There was also a significant interaction effect:
HFD reduced adiponectin expression in C57BL/6J mice but had no effect in IL1R1-/- mice.
IL1CD also had reduced adiponectin expression compared with C57CD.

5.4.4 IL1R1-/- reduced food intake and gestational weight gain
IL1R1-/- had no effect on maternal body weight either at GD0.5 or GD18.5 of pregnancy (Figure
5.4. A). However, IL1R1-/- mice gained less weight over pregnancy than C57BL/6J mice,
despite no difference in litter size (Figure 5.4. C, D). This was mirrored by reduced food intake
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and reduced energy intake over pregnancy in IL1R1-/- mice. Mice on HFD also ate less food
over pregnancy overall, but this effect disappeared when expressed as energy intake over
pregnancy (Figure 5.4. E, F).
There were no significant differences between any of the groups in the relative weights of the
pancreas, spleen, liver or kidneys. HFD mice had greater fat deposition in all three measured
depots, but IL1R1-/- had no effect on any of these measures (Table 5.3).
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Figure 5.4. Maternal weight and food intake data
(A) Body weights at GD0.5 and GD18.5, as assessed by repeated measures ANOVA; (B) weight
gain over pregnancy; (C) Litter size at GD18.5; (D) Food intake over pregnancy; (E) Calorie
intake over pregnancy.
Data expressed as mean ± SEM; n = 13–18 mice per group.
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Table 5.3. Maternal fat pat and organ data at GD18.5
Data expressed as mean ± SEM; n =13–18 mice per group.
C57CD

C57HF

IL1CD

IL1HF

HFD

IL1R1-/-

Interaction

Retroperitoneal fat (% BW)

0.167  0.024

0.267  0.021

0.200  0.025

0.2930.023

p < 0.0001

No

No

Gonadal fat (% BW)

0.552  0.112

0.936  0.098

0.706  0.117

1.0460.108

p = 0.003

No

No

Perirenal fat (% BW)

0.193  0.037

0.331  0.033

0.239  0.038

0.3150.035

p = 0.004

No

No

Pancreas (% BW)

0.487  0.028

0.554  0.043

0.468  0.034

0.4870.038

No

No

No

Spleen (% BW)

0.296  0.021

0.377  0.025

0.285  0.025

0.2940.029

No

No

No

Liver (% BW)

3.987  0.102

4.019  0.096

4.223  0.098

3.8970.101

No

No

No

Averaged kidney (% BW)

0.407  0.009

0.449  0.023

0.393  0.009

0.411 0.017

No

No

No
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5.4.5 IL1R1-/- promoted adipocyte hypertrophy
IL1R1-/- mice had significantly larger adipocytes than C57BL/6J mice. Mice on HFD also had
significantly larger adipocytes than mice on CD (Figure 5.5. A, B). Furthermore, both HFD and
IL1R1-/- were independently associated with a larger percentage of adipocytes in the largest size
category (>15 000 m2; Figure 5.5. C).

5.4.6 IL1R1-/- was associated with indicators of impaired adipogenesis
Gene expression of Dlk1, a pre-adipocyte marker and inhibitor of adipogenesis, was increased
in IL1R1-/- mice (Figure 5.6. A). Ppar, an adipogenic transcription factor, was downregulated
in IL1R1-/- mice compared with C57BL/6J mice, and in mice on HFD compared with mice on
CD (Figure 5.6. B).

5.4.7 IL1R1-/- decreased adipose gene expression of insulin signalling mediators
IL1R1-/- mice showed decreased adipose expression of the insulin signalling mediators Slc2a4
(GLUT4) and Irs1 compared with C57BL/6J mice (Figure 5.7. A, B). These two genes were
also downregulated in mice on HFD compared with CD. There was an interaction between HFD
and

IL1R1-/-

in

Foxo1

expression

–

a

regulator

of

insulin-induced

gluconeogenesis/glycogenolysis, and promotor of adipogenesis. HFD increased expression of
Foxo1 in IL1R1-/- mice but decreased expression of Foxo1 in C57BL/6J mice (Figure 5.7. C).
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Figure 5.5. Adipocyte histology
(A) Representative H&E stained sections of gonadal adipose tissue. Scale bar = 10 µM; (B) Average adipocyte area; (C) Adipocyte size distributions.
Data presented as mean  SEM, where *p < 0.05 w.r.t. CD; n =8–11 mice per group.
185

Figure 5.6. Gene expression of adipogenic mediators
Determined by qPCR. (A) Dlk1; (B) Pparγ.
Data presented are mean  SEM; n = 9–16 mice per group.

5.4.8 IL1R1-/- increased adipose gene expression of inflammatory mediators
IL1R1-/- also had marked effects on the expression of inflammatory genes in gonadal adipose
tissue (Figure 5.7. D-I). IL1R1-/- mice showed increased expression of Socs3 compared with
C57BL/6J mice. Mice on HFD also had increased expression of Nfκb, Sox9 and Cd11c
compared with mice on CD. There was also an interaction in the expression of Nlrp3, Cd11c
and Cd68. HFD increased expression of Nlrp3, Cd11c and Cd68 compared with CD in
IL1R1-/- mice, but either no corresponding difference was seen in C57BL/6J mice, or the
opposite effect was seen in C57BL/6J mice (Cd68). There were no significant differences in
expression of Tnf, Il6, Tlr4, Lepr or Pparc1 (Supplementary Data Figure 5.14.).

186

Figure 5.7. Gene expression in gonadal adipose tissue
Adipose mRNA expression determined by qPCR.
(A) Slc2a4 (GLUT4); (B) Irs1; (C) Foxo1; (D) Nfb; (E) Sox9; (F) Cd11c; (G) Nlrp3; (H) Cd68; (I) Socs3.
Data presented are mean  SEM, where *p < 0.05, **p < 0.01 and ****p < 0.0001 w.r.t. C57CD, ++ p < 0.01 and +++ p < 0.001 w.r.t. C57HF, ^ p < 0.05 and
^^ p < 0.01 w.r.t. IL1CD; n = 9–16 mice per group.
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5.4.9 IL1R1-/- had no effect on hepatic gene expression
HFD significantly decreased hepatic expression of Il6, Fasn and Socs3 compared with CD
(Figure 5.8.). HFD had no effect on expression of Tnf, Slc2a2, Pparα, Nfκb or Irs2
(Supplementary Data Figure 5.15.). No effects of IL1R1-/- were observed in any of these genes
in the liver.

Figure 5.8. Gene expression in the liver
Hepatic mRNA expression determined by qPCR. (A) Il6; (B) Fasn; (C) Socs3.
Data presented as mean  SEM; n = 9–16 mice per group.
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5.4.10 IL1R1-/- increased measures of fetal growth
Male fetuses of IL1R1-/- mothers were heavier, longer in crown–rump length, had smaller
placentae, and had a greater fetal:placental weight ratio than male fetuses of C57BL/6J mothers
(Figure 5.9.). There were no significant effects of HFD in male fetuses.
Female fetuses of IL1R1-/- mothers were longer in crown–rump length, had smaller placentae,
and had a greater fetal:placental weight ratio than female fetuses of C57BL/6J mothers. In
addition, female fetuses of mothers on HFD weighed less and had a smaller abdominal
circumference than female fetuses of mothers on CD (Figure 5.9.).
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Figure 5.9. Fetal measurements
(A) Male fetal weights; (B) Female fetal weights; (C) Male crown–rump lengths; (D) Female
crown–rump lengths; (E) Male abdominal circumferences; (F) Female abdominal
circumferences; (G) Male placental weights; (H) Female placental weights; (I) Male
fetal:placental weight ratio; (J) Female fetal:placental weight ratio.
Data presented as mean  SEM; n = 13–18 maternal mice per group.
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5.4.11 IL1R1-/- impacted placental gene expression and morphology
Increased Igf2 and Slc38a2 (SNAT2) expression was observed in both male and female
placentae from IL1R1-/- mothers compared with C57BL/6J (Figure 5.10.). This pattern closely
resembled fetal growth, as expressed as fetal:placental weight ratio (Figure 5.9. I, J). In addition,
placentae of male fetuses displayed significant differences in the expression of Slc2a4 (GLUT4)
and Nfb. Slc2a4 expression showed an interaction effect, in that HFD significantly increased
expression in C57BL/6J mice but trended to decrease it in IL1R1-/- mice. There was also a
significant interaction effect of Nfb, in that HFD decreased expression in C57BL/6J mice had
no effect in IL1R1-/- mice.
In female placentae, in addition to the aforementioned effects of IL1R1-/- on Igf2 and Slc38a2
expression, IL1R1-/- increased placental expression of Slc38a1, Dlk1 and Ppar compared with
C57BL/6J mice. There was also an interaction effect in the expression of Dlk1, in that HFD
increased expression in C57BL/6J mice, but no corresponding effect was seen in IL1R1-/- mice
(Figure 5.10.). No differences in either sex were seen in the placental gene expression of Socs3,
Il6, Tnfα, Slc2a3, Lpl or Fatp4 (Supplementary Data Figure 5.16.).
Placentae of male fetuses showed reduced labyrinth zone and increased junctional zone in mice
on HFD compared with CD. There was no effect of IL1R1-/-. On the other hand, placentae of
female fetuses showed increased labyrinth zone and decreased junctional zone in IL1R1-/- mice,
with no effect of HFD (Figure 5.11.). A summary of sex-specific effects of IL1R1-/- on fetal and
placental parameters is provided in Table 5.4.
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Figure 5.10. Placental gene expression
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Placental mRNA expression determined by qPCR. (A) Male Igf2; (B) Female Igf2; (C) Male
Slc38a2 (SNAT2); (D) Female Slc38a2; (E) Male Slc2a4 (GLUT4); (F) Female Slc2a4; (G)
Male Nfb; (H) Female Nfb; (I) Male Slc38a1; (J) Female Slc38a1; (K) Male Dlk1; (L) Female
Dlk1; (M) Male Pparγ; (N) Female Pparγ. Data presented as mean  SEM, where *p < 0.05,
**p < 0.01 and ****p < 0.0001 w.r.t. C57CD; n =13–18 maternal mice per group.

Figure 5.11. Placental histology
H&E stained sections of placentae were examined at 4x magnification.
(A) % of male placenta classified as labyrinth zone; (B) % of female placenta classified as
labyrinth zone; (C) % of male placenta classified as junctional zone; (D) % of female placenta
classified as junctional zone.
Data presented as mean  SEM; n =13–18 maternal mice per group.
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Table 5.4. Summary of sex-specific effects of IL1R1-/- on fetal and placental parameters
Males

Females

Effect of IL1R1-/-?

Effect of IL1R1-/-?

Fetal weight (g)

↑

-

Fetal crown-rump length (mm)

↑

↑

Fetal abdominal circumference (mm)

-

-

Placental weight (g)

↓

↓

Fetal:placental ratio

↑

↑

% Labyrinth zone

-

↑

% Junctional zone

-

↑
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5.5 Discussion
The purpose of this study was to investigate the effects of IL1R1-/- in a mouse model of GDM.
In male mice, IL1R1-/- has been shown to protect against HFD-induced metabolic dysfunction
(McGillicuddy et al., 2011). Furthermore, GDM has been associated with higher plasma IL-1β
and lower plasma interleukin-1-receptor antagonist (IL1Ra) compared with normal pregnancy
(Vitoratos et al., 2008; Katra et al., 2016). We therefore hypothesised that IL1R1-/- would have
beneficial effects on metabolism in a mouse model of GDM. On the contrary, we discovered
that IL1R1-/-, in most cases, worsened the HFD-induced GDM phenotype, and also appeared to
have some detrimental effects in mice on CD.

5.5.1 Suitability of HFD-induced model of GDM
Free access to HFD, one week prior to and during pregnancy, resulted in glucose intolerance,
increased fat deposition, adipocyte hypertrophy, reduced plasma adiponectin, reduced fetal
growth in females, and altered gene expression of metabolic and inflammatory genes in adipose,
liver and placental tissue. However, HFD did not influence fasting blood glucose, plasma
insulin, HOMA-IR, leptin, body weight, weight gain or energy intake over pregnancy. These
results are generally in concordance with other studies using mice on HFD for this time frame
during pregnancy (Pennington et al., 2017). Hyperleptinaemia is usually observed in mice on
HFD, although the length of time on HFD can greatly influence this, and there was a trend
towards a significant overall effect of HFD on leptin (p = 0.058). It is notable that energy intake
was not increased in mice on HFD and yet the diet still had significant effects on phenotype.
This illustrates the deleterious effects of high fat feeding that occur independently of increased
calorie intake. Overall, our model of GDM was effective: glucose intolerance – the primary
indicator of GDM – was demonstrated, along with other metabolic characteristics of interest,
including increased markers of inflammation. Although an OGTT was not performed prior to
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pregnancy, the acute exposure to HFD, just one week prior to mating, ensured the phenotype
was fairly pregnancy-specific, and thus more representative of GDM than overt T2DM.

5.5.2 Effects of IL1R1-/While IL1R1-/- mice exhibited reduced food intake and weight gain over pregnancy, they
showed no improvement in glucose tolerance on HFD. When OGTTs were conducted on
separate cohorts of non-pregnant and post-weaning females, there was again no effect of IL1R1/-

in virgin females, and in fact a detrimental effect of IL1R1-/- on glucose tolerance in post-

weaning females. This is in contrast to what has been previously observed in male mice, where
IL1R1-/- is protective against HFD-induced glucose intolerance (de Roos et al., 2009;
McGillicuddy et al., 2011). However, older (6-month-old) male IL1R1-/- mice have been
reported to be less glucose tolerant than C57BL/6J mice on HFD, and, surprisingly, older IL1R1/-

males develop spontaneous obesity and adipocyte hypertrophy even on a low-fat diet –

although they do maintain glucose homeostasis (García et al., 2006; McGillicuddy et al., 2013).
These previous studies have highlighted the complexities of IL-1 signalling: IL1R1-/- is
metabolically beneficial in young male mice but can be metabolically harmful in older male
mice. The authors of these studies speculated that early-life glucose intolerance is driven by
adipose tissue inflammation (and therefore IL1R1 ablation is beneficial in young male mice),
but that later-life glucose intolerance is driven by adipocyte hypertrophy and mature-onset
obesity – both of which appeared to worsen with IL1R1-/- for reasons unknown. The current
study is the first to examine the effects of IL1R1-/- in female mice – although Garcia et al. (2006)
did include limited female data – and the first during pregnancy in particular. The mice in the
current study were only 10 weeks old – in line with the age that protection is usually observed
in male mice – and were only exposed to HFD for a total of around four weeks, so our results
cannot be explained by age or length of diet exposure alone. Therefore, it appears that while
complete ablation of IL-1 can be protective against metabolic dysfunction in young male mice,
the phenotype is potentially harmful in female mice regardless of age. These conflicting results
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suggest that HFD-induced glucose intolerance is driven by different mechanisms in males and
females, and highlights the importance of examining both sexes when conducting animal
studies.
It is well-accepted that adipose tissue inflammation contributes to HFD-induced glucose
intolerance (Hotamisligil et al., 1993). The fact that elimination of IL-1 signalling had no effect
on glucose tolerance at any stage in the current study therefore suggests that, in female mice,
IL-1⍺ and β are either not the primary mediators of this process, or that there are other
inflammatory mediators that can substitute, such as TNF⍺ or IL-6. However, we observed no
differences in the expression of Tnf⍺ and Il6 in adipose tissue. This suggests that alternative
mechanisms were driving the HFD phenotype in these mice.
One potential alternate mechanism could be by reduced adipogenic capacity. Although we have
not yet examined adipose tissue in non-pregnant and post-weaning IL1R1-/- mice, we observed
significant effects of IL1R1-/- on adipogenesis in pregnancy. During early pregnancy, adipose
tissue expands to support the energy requirements of the growing fetus. This is driven by both
an increase in adipocyte number (hyperplasia) and individual adipocyte size (hypertrophy). In
GDM, adipose tissue expansion is impaired, which is marked by decreased adipose hyperplasia
and increased hypertrophy (Rojas-Rodriguez et al., 2015). As IL-1β is a potent inhibitor of
adipogenesis, and IL1R1-/- has been previously associated with improved adipogenic capacity,
we hypothesised that IL1R1-/- would reverse HFD-induced adipocyte hypertrophy (Price et al.,
1986; Lagathu et al., 2006). On the contrary, IL1R1-/- promoted adipocyte hypertrophy,
independent of total fat mass or diet type. This was accompanied by increased adipose tissue
expression of Dlk1 – an inhibitor of adipogenesis – coincident with decreased expression of
Ppar – a transcription factor necessary for adipogenesis (Barak et al., 1999). HFD, on the other
hand, was only associated with decreased expression of Ppar. Therefore, it seems HFD and
IL1R1-/- induced adipocyte hypertrophy through independent mechanisms. These findings
suggest that IL-1 signalling is required for adequate adipogenesis, even in the absence of a HFD.
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This aligns with the lack of IL1R1-/- protection previously observed in aged male mice. It
appears that, in both later-life in males and in pregnancy, IL1R1 ablation worsens adipogenic
capacity (García et al., 2006; McGillicuddy et al., 2013).
Adipocyte hypertrophy and dampened Pparγ expression may have driven the high plasma leptin
concentrations observed in IL1R1-/- mice. Leptin secretion is positively correlated with
increased adipocyte size, and PPARγ is a negative regulator of leptin (Skurk et al., 2007).
Indeed, heterozygous Ppar knockout mice show a similar phenotype to that seen in the current
study, including increased leptin expression and reduced food intake (Kubota et al., 1999). It is
likely that leptin was the primary driver of the IL1R1-/- phenotype. Leptin itself is considered a
pro-inflammatory cytokine, so it may have compensated for the absence of adequate IL-1
signalling. Other studies have noted instances where leptin substitutes for the function of
IL-1β in cases of IL-1 ablation (Gonzalez et al., 2003). This would explain the reduction in
plasma insulin (as leptin is a negative regulator of insulin) and increased expression of adipose
tissue inflammatory markers in IL1R1-/- mice. However, the fact that IL1R1-/- mice ate less and
gained less weight over pregnancy than C57BL/6J mice, suggests they were still somewhat
sensitive to their heightened leptin concentrations. IL1R1-/- mice did show adipose upregulation
of Socs3 – an early indicator of leptin resistance – but no difference in adipose Lepr expression,
perhaps signifying that they were on a path towards leptin resistance but hadn’t reached the
threshold at which Lepr expression was affected yet (Séron et al., 2006). The glucose intolerance
observed in post-weaning animals may have been due to widespread leptin resistance after longterm exposure to hyperleptinaemia, coupled with the metabolic impact of past-pregnancy.
However, further analysis of the post-weaning data is required to confirm this.
IL1R1 depletion also affected fetal growth. Both male and female fetuses of IL1R1-/- mice had
increased fetal to placental weight ratios, which is typically associated with GDM (Kim et al.,
2014). This increased growth was associated with upregulated placental expression of Igf2,
Slc38a2 and, in females, Slc38a1, Pparγ and Dlk1. IGF-2 is a major promotor of both placental
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and fetal growth, while SNATs 1 and 2 (coded by Slc38a1 and Slc38a2) are amino acid
transporters (Constância et al., 2002; Mandò et al., 2013). Both Pparγ and Dlk1 regulate
labyrinth area – the primary region for maternal–fetal exchange – and indeed, female placentae
displayed increased labyrinth zone area relative to junctional zone area (Yevtodiyenko et al.,
2006; Nadra et al., 2010). Despite this, female fetal weight was not significantly affected by
IL1R1-/-, while male fetal weight was. This suggests that IL1R1-/- altered alternative pathways
of fetal growth in females, such as resistance artery function or placental vascularity. A more
detailed assessment of blood vessel structure and function could be useful to determine the
mechanisms underlying sexual dimorphisms in fetal growth. Nevertheless, it appears that
IL1R1-/- affects males and females differently even before birth, and this warrants further
investigation. Overall, our results suggest an important role of IL1R1 in regulating both structure
and function of the placenta, consistent with previous reports that IL-1β downregulates placental
system A transport (Coan et al., 2008; Aye et al., 2013). This illustrates potentially protective
effects of inflammatory mediators in the placenta. Indeed, GDM has been associated with
reduced placental expression of pro-inflammatory cytokines compared with normal pregnancy
(Lappas et al., 2010).
A summary of the potential mechanisms underlying the findings of this study is outlined in
Figure 5.12.
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Figure 5.12. Potential mechanisms occurring in the current study
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Our results are consistent with some other studies of IL-1 signalling. Luheshi et al. (1999) also
observed increased leptin concentrations in IL1R1-/- mice, which was attributed to leptin
resistance. IL-1Ra-/- mice have small adipocytes and increased food intake, coincident with
decreased systemic leptin concentrations (Matsuki et al., 2003; Somm et al., 2005).
Interestingly, a study of anakinra – a pharmacological IL1R1 antagonist – in metabolic
syndrome patients also noted adipocyte hypertrophy, coincident with macrophage influx and
reduced Ppar expression, which the authors concluded was due to an injection-site reaction
(van Asseldonk et al., 2011). Furthermore, while IL-1-induced insulin resistance has been
demonstrated, several studies have indicated an anti-diabetic effect of IL-1 that is consistent
with our findings (del Rey et al., 1989; Garcia-Welsh et al., 1990; del Rey et al., 2006).
The current study adds to a growing body of evidence that a fine balance in the cytokine milieu
is required for metabolic homeostasis. Several mouse knockouts of other pro-inflammatory
mediators, including IL-6-/- (Wallenius et al., 2002; Matthews et al., 2010), IL-18-/- (Netea et al.,
2006; Zorrilla et al., 2007), and STAT3-/- (Gao et al., 2004) have also observed metabolic
dysregulation. Furthermore, there is evidence that the causal role of pro-inflammatory stimulus
in insulin resistance is not straightforward. Weight loss and improvement in insulin sensitivity
and glucose tolerance precede adipose tissue macrophage (ATM) retreat in obese mice that are
switched onto a low-fat diet by three to five weeks (Li et al., 2010). Human subjects who are
greatly overfed (1250 kcal/day above maintenance with 45% fat – consistent with the HFD used
in the current study) experience insulin resistance and increased C-reactive protein, but no
differences in subcutaneous adipose tissue macrophage, T cells, or inflammatory gene
expression (Tam et al., 2010). Patients who undergo bariatric surgery actually see an increase
in macrophage recruitment, along with increased IL-1 expression, despite complete remission
of T2DM (Kratz et al., 2016). In any case, while increased ATM and pro-inflammatory
cytokines are well-established to be associated with obesity and metabolic disease in both
animals and humans, there is conflicting evidence that it is the ATM recruitment and cytokine
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expression per se that causes metabolic disease in response to obesity, and alternate theories
warrant further investigation.
There are several limitations to the current study. First, IL1R1-/- is a whole-body knockout.
Whole-body knockouts can affect a range of body processes and produce complex phenotypes
(Kos, 2004). Indeed, IL1R1 is expressed all over the body in order to regulate innate immune
responses (Beaulieu et al., 2014). While a IL1R1 knockout specific to insulin-sensitive tissues
does not yet exist, such a model could provide a more accurate portrayal of the metabolic effects
of IL1R1. Nevertheless, whole-body studies are important, as therapies that target these
pathways may not be tissue-specific, such as anakinra. Second, we were able to obtain only
small amounts of plasma from these mice, and were therefore unable to test some indicators of
interest such as circulating concentrations of TNFα, IL-6 or IL-18. These could potentially assist
in the understanding of the detrimental effects of the knockout – although there were no
differences in adipose gene expression of Tnfα or Il6. Previous studies in IL1R1-/- mice have
demonstrated high correlation between mRNA and protein concentrations of both TNFα and
IL-6 (McGillicuddy et al., 2011). Nevertheless, subsequent protein analysis and follow-up
studies are required in order to establish the effects of IL1R1-/- on systemic inflammation.
We have presented evidence that IL1R1 ablation is not effective at improving metabolic
function in a HFD-induced model of GDM. Early data suggests that it is also ineffective in nonpregnant females, and potentially further damaging in post-weaning females. We propose that
IL1R1-/- results in compensatory upregulation of the pro-inflammatory adipocytokine leptin, via
adipocyte hypertrophy and potentially other pathways, which in turn contributes to insulin
resistance, increased expression of inflammatory markers, and eventual leptin resistance in postweaning females. IL1R1-/- also appears to affect placental structure and function, and increase
fetal growth. What effects this will have on offspring is yet to be determined. While further
studies need to be conducted to fully understand mechanisms and if they extend to humans, the
IL-signalling pathway may not be the most safe or effective treatment target for GDM.
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5.6 Supplementary Data

Figure 5.13. Non-pregnant and post-weaning female OGTT data
After six hours of fasting, independent cohorts of non-pregnant and post-weaning females were
dosed with 2 g/kg via oral gavage, and an OGTT was performed.
(A) Non-pregnant female OGTT results; (B) Post-weaning female OGTT results; (C) Nonpregnant female OGTT AUCs; (D) Post-weaning female OGTT AUCs.
Data presented as mean ± SEM, where ##p < 0.01 and ####p < 0.0001 HFD vs CD, *p < 0.05
and ****p < 0.0001 IL1HF vs all other groups; n = 6–10 mice per group.
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Figure 5.14. Genes examined in gonadal adipose tissue in which no differences in expression were observed
Assessed by qPCR.
Data expressed as mean ± SEM; n = 9–16 mice per group.
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Figure 5.15. Genes examined in the liver in which no differences in expression were observed
Assessed by qPCR.
Data expressed as mean ± SEM; n = 9–16 mice per group.
205

Figure 5.16. Genes examined in placentae in which no differences were observed
Assessed by qPCR.
(A) Male Socs3, Il6, Tnfa, Slc2a3, Lpl and Slc27a4 expression; (B) Female Socs3, Tnfa, Slc2a3,
Lpl and Slc27a4 expression.
Data expressed as mean ± SEM; n = 13–18 mice per group.
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Chapter 6. General Discussion and Concluding Remarks

6.1 Preface
The studies in this thesis explored potential strategies for preventing and/or treating GDM. The
hypothesis was that each of the studied interventions (MI, vitamins B2, B6, B12 and D,
probiotic, and IL1R1 ablation) would improve glucose tolerance and other relevant indicators
of GDM in mouse models. In contrary to this hypothesis, none of the studied interventions
substantially improved glucose tolerance, with perhaps the exception of MI, which showed a
modest reduction in blood glucose concentrations at 30 minutes of the OGTT in Chapter 4.
However, all studied interventions had effects elsewhere: MI, vitamin B2, and probiotics each
upregulated gene expression of insulin signalling mediators, vitamins B2, B6, B12, and D
reduced gene expression of inflammatory mediators, and probiotics reduced HFD-induced liver
steatosis. Surprisingly, IL1R1 ablation actually worsened metabolic function, resulting in
hyperleptinaemia, adipocyte hypertrophy, and increased gene expression of inflammatory
mediators. An additional study, covered in Chapter 3, was conducted to determine the reason
for absent GDM phenotype in a commonly used model of GDM, the db/+ mouse. The
hypothesis of that study was that the absent phenotype was due to choice of control strain, type
of control diet, background, or parity. While altering the diet type did appear to influence the
observation of GDM in db/+ mice, this could not be replicated in a laboratory in China.
Therefore, none of the proposed hypotheses were proven correct, and the true cause of the absent
phenotype remains unknown.
The following sections will summarise the key findings of the studies presented in this thesis
and discuss their novel contributions and limitations, as well as potential directions for future
studies.
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6.2 Summary of Findings
1.

Despite frequent use as a model of GDM in previous studies, db/+ mice did not exhibit

glucose intolerance, hyperglycaemia or insulin resistance. They still showed hyperleptinaemia,
increased body weight, adipose deposition and indicators of adipose inflammation.
2.

MI upregulated adipose gene expression of insulin signalling and glucose metabolism

markers, and was also the only intervention to somewhat normalise glucose intolerance. MI was
also broadly associated with increased adipose deposition and Ccr5 expression, although it had
the reverse effects when vitamin B2 levels were suboptimal. MI did not improve HFD-induced
liver steatosis.
3.

Suboptimal vitamin B2 was associated with increased body weight and adipose

deposition, decreased gene expression of insulin signalling and glucose metabolism mediators,
and increased expression of inflammatory markers in adipose tissue. Supplementation of
vitamin B2 reversed these effects, and the combination of MI and vitamin B2 was associated
with nonsignificant reduction in fasting glucose, HOMA-IR, leptin and adipose deposition.
3.

While not examined separately, the combination of vitamins B6, B12 and D along with

B2 was associated with reduced inflammatory markers in adipose tissue. There was little
evidence of additional benefit.
4.

The loss of phenotype in db/+ mice could not be explained by control strain, control diet

choice, the breeding out of the misty allele, parity or laboratory location.
5.

One week of HFD before mating and throughout pregnancy was effective at inducing

glucose intolerance, increased adipose deposition, adipocyte hypertrophy, decreased gene
expression of insulin signalling and glucose metabolism mediators, and increased gene
expression of inflammatory mediators during late pregnancy.

208

6.

Probiotic supplementation had no effect on glucose intolerance, but reduced weight gain

and improved HFD-induced liver steatosis.
7.

Complete ablation of IL1R1 did not improve HFD-induced glucose intolerance during

pregnancy, and in fact appeared to worsen some indicators of GDM, including further adipocyte
hypertrophy, impaired indicators of insulin signalling, increased expression of inflammatory
markers, and increased fetal growth. These effects may have been mediated by leptin, which
was heavily upregulated by the combination of HFD and IL1R1-/-.
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6.3 Novel Contributions
If we are to effectively treat and prevent GDM – and therefore avert the personal and
intergenerational consequences – we require better understanding of the pathophysiology of
GDM and of the efficacy of potential interventions. This thesis sought to provide insight into
both of these areas, using mice as a proxy for the human condition. The following section will
discuss the novel contributions of this thesis to the field of GDM research.

6.3.1 Appropriate animal models for GDM
As outlined in Section 1.2., appropriate animal models of disease are crucial when conducting
preclinical experiments. Mice were the animal model of choice for this thesis, due to their
relatively low cost, short-generation times and potential for genetic knockouts. The db/+ mouse
model of GDM was originally chosen for these studies because it had previously shown the
most similarity to GDM, with spontaneous hyperglycaemia, glucose intolerance and insulin
resistance in the latter half of pregnancy (outlined in Section 1.2.4). However, our colony did
not present with this phenotype, as evidenced by the results of Chapter 2. Upon further
investigation of the literature, it became apparent that our research group was not the only to be
having issues with this particular model, and this led to the investigation outlined in Chapter 3.
Unfortunately, none of the hypotheses for why the phenotype disappeared were proven correct,
and the reason for the lack of phenotype remains unknown. However, by publishing these
results, the hope is that other investigators will not waste time or resources using this model, or
that this will prompt the development of new models. The model used in Chapters 4 and 5 –
HFD feeding for one week prior to and throughout pregnancy – was much more effective at
replicating GDM. The mice exhibited glucose intolerance during pregnancy – the primary
outcome of interest – although fasting hyperglycaemia and insulin resistance were still lacking.
Nevertheless, this thesis successfully replicated the phenotype first demonstrated by Pennington
et al. (2017), and this model is likely to be useful for subsequent GDM research.
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6.3.2 Nutritional supplementation to prevent GDM
A large proportion of this thesis was conducted in collaboration with the NiPPeR study – a
multicentre RCT examining nutritional supplementation to prevent GDM. Investigation of the
NiPPeR supplements in mouse models in this thesis allowed for an understanding of the
individual effects of the components, and also for the collection and analysis of whole tissue
(adipose, liver, etc.), which would not be possible in human trials. Unfortunately, the lack of
some important features of GDM in both models used in this thesis makes it difficult to speculate
about how effective these supplements might be in humans. Nevertheless, there was some
evidence for benefit across the supplement studies (Chapters 2 and 4). Vitamin B2 – little studied
in GDM previously – did appear to influence metabolic homeostasis during pregnancy.
Suboptimal B2 was broadly associated with worsened metabolic outcomes, and supplemented
B2 somewhat reversed these effects. Furthermore, the combination of vitamins B2, B6, B12 and
D resulted in reduced gonadal and perirenal adipose deposition and reduced expression of
inflammatory markers. Probiotic supplementation did not improve HFD-induced glucose
intolerance but did increase adipose Pparγ expression, which appeared to improve liver
steatosis. These findings add credence to previous research that probiotics exert their effects
through PPARγ. PPARγ was also an important factor in the IL1R1-/- study in Chapter 5 (further
discussed in the next section).
MI was the only supplement component examined in both models of GDM (Chapters 2 and 4).
There were some interesting similarities between the two studies. First of all, in both studies,
MI increased adipose Pck1 and Ccr5 expression. Pck1 encodes phosphoenolpyruvate
carboxykinase (PEPCK), which in adipose tissue is vital for glyceroneogenesis and adequate
adipose tissue storage (Devine et al., 1999). Ccr5 signifies macrophage recruitment to the tissue,
and generally reflects adipose tissue mass (Makki et al., 2013). Although not significant in
Chapter 2, MI was somewhat associated with increased gonadal and perirenal adipose
deposition, and was significantly associated with increased gonadal adipose tissue (albeit, only
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compared with CD) in Chapter 4. As no differences in food intake or overall body weight were
observed, these results suggest that MI somewhat promotes energy storage within adipose
tissue. This could be beneficial in GDM, by improving glucose uptake, but could also be
potentially undesirable, since gestational weight gain is an independent risk factor for GDM
(Durnwald, 2015). However, so far human studies of MI in GDM have not reported any effects
on body weight or fat mass, so the applicability of these very modest results to humans remains
to be seen (Corrado et al., 2011; Santamaria et al., 2016). MI also normalised glucose tolerance
in Chapter 4 (such that there was no longer a significant difference between HFD and CD).
Unfortunately, the lack of glucose intolerance in the db/+ mice in Chapter 2 prevented any
meaningful assessment of the effects of MI on glucose intolerance in that study. This thesis
therefore provides little evidence that MI significantly affects glucose tolerance, and this needs
to be investigated further.

6.3.3 The role of inflammation in GDM
Low-lying persistent inflammation is now believed to underlie a variety of chronic conditions,
including insulin resistance. Despite this, very few studies have thus far investigated the direct
impact of inflammation on GDM. Since IL1R1-/- had previously improved metabolic phenotype
in male mice, the study in Chapter 5 tested if the same would apply to pregnant females. On the
contrary, IL1R1-/- had mostly detrimental metabolic effects. Furthermore, IL1R1-/- did not
improve glucose tolerance in non-pregnant females and appeared to worsen it post-pregnancy,
suggesting that this is a female-specific effect that can be amplified by both HFD and pregnancy.
These detrimental effects were associated with increased plasma leptin, impaired adipogenesis
(underpinned by increased Dlk1 expression and decreased Pparγ expression), and increased
fetal growth. To the best of our knowledge, this study is the first to investigate the impact of
inflammatory knockout on metabolism in pregnant mice, and illustrates cause for caution: the
role of inflammation in metabolic disease is nuanced, and indiscriminate suppression of
inflammatory mediators could be harmful. This study also demonstrates the importance of
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conducting animal studies on both male and female subjects. Many researchers still opt to use
only males in animal studies to reduce costs and avoid potential confounding effects of the
rodent oestrous cycle (Mauvais-Jarvis et al., 2017). In fact, meta-analyses have found females
to show no more variety in traits than males, even when stage of oestrous cycle is disregarded
(Becker et al., 2016). Ignoring female animals in research could have unintended consequences
when the results are ultimately translated. Future studies, therefore, need to observe both male
and female animals, in both the pregnant and virgin state, before the effects of any inflammatory
mediator can be fully understood.
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6.4 Limitations
The limitations of each study in this thesis have been outlined in their respective chapters.
Limitations common across the studies will be discussed here.

6.4.1 Replication of GDM in mouse models
Although the HFD-model was more successful than the db/+ model in its replication of glucose
intolerance during pregnancy, neither model exhibited fasting hyperglycaemia, insulin
resistance, increased gestational weight gain or leptin resistance compared with control mice.
The HFD-model also showed reduced fetal growth rather than macrosomia – a common
shortcoming of HFD models (further discussed in Section 1.2.3.). Together, these studies
demonstrate the difficulties in replicating complex disorders such as GDM in mice. While we
did try to somewhat overcome these limitations by using two models in combination, without
fasting hyperglycaemia or insulin resistance, our ability to adequately assess the benefits of the
interventions was limited. There were also some indicators of GDM that were not tested, such
as pancreatic structure and function or responses to insulin or leptin stimulation. Without direct
measurement of these, it was not possible to fully determine the degree of β cell dysfunction,
insulin resistance or leptin resistance in the mice. However, HOMA-IR and fasting plasma leptin
were examined, which are widely accepted proxy indicators of these.

6.4.2 Reproducibility from mice to humans
A significant challenge of any animal research is translation to a clinical setting. Often, an
intervention that appears beneficial in an animal will show no such effect in humans (Hackam
et al., 2006). This is particularly apparent when examining nutritional interventions; mice have
different dietary requirements than humans, and may respond differently to the same nutritional
intervention (Baker, 2008). In addition, laboratory mice are housed in highly controlled
environments, which do not reflect the everyday exposures of humans. The gut microbiome, for
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example, is much more diverse in wild mice than laboratory mice, which illustrates the
importance of the environment to phenotype (Weldon et al., 2015). Nevertheless, the nutritional
interventions in this thesis were examined in collaboration with a human clinical trial, which
will allow for a more applicable understanding of the effects in humans. These studies were
intended to complement those of the NiPPeR study, not replace them.
Even independently of nutritional concerns, some of the phenotypes observed in these studies
may not be applicable to humans. Both IL1R1-/- and MI appeared to influence adipose tissue
expandability and inflammatory profile. However, there are notable differences between human
and murine adipose tissue, including increased T cell infiltration in human obesity compared
with increased macrophage infiltration in mouse obesity (Agrawal et al., 2017). Furthermore,
HFD in mice triggers a transition from M2 (anti-inflammatory) macrophages to M1 (proinflammatory) macrophages, while obese humans generally exhibit fewer M1 macrophages but
increased propensity towards fibrosis (Spencer et al., 2010). These indicate important
differences between the species that could affect the translation of results. Nevertheless, there
have been many instances where mouse models have significantly furthered the knowledge of
human adipose biology, such as with the understanding of leptin and adiponectin. Therefore,
while species differences need to be considered, there is precedent for these findings to be
replicated in humans.

6.4.3 Reliance on gene expression data
Most of the studies in this thesis relied primarily on gene expression data in order to speculate
on mechanisms behind the various interventions. However, there are many processes that occur
downstream of mRNA synthesis, including post-transcriptional, translational and protein
degradation regulation, that can affect the ultimate expression of mRNAs (Vogel et al., 2012).
To account for this, half of the mice in Chapters 4 and 5 were stimulated with 1.5 IU/kg of
insulin, and the other half with an equal dose of saline, 15 minutes prior to cull, and tissue was
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banked that could be used for protein analysis. This could be particularly informative in the
IL1R1-/- study (Chapter 5), in which the expression of many genes was altered. For example,
Foxo1 expression showed an interaction effect, with lower levels in C57HF compared with
C57CD but higher levels in IL1HF compared with IL1CD. FOXO1 is a transcription factor that
regulates PPARγ, but its activity depends on its phosphorylation status: FOXO1 inhibits PPARγ
via direct protein-protein interactions when unphosphorylated, but transcriptionally activates
Pparγ expression when phosphorylated (Fan et al., 2009). Examining both phosphorylated and
unphosphorylated FOXO1 protein concentrations could allow for a better understanding of the
independent effects of HFD and IL1R1-/- on PPARγ. Protein analysis might also be useful for
understanding the effects of MI on insulin signalling in various tissues. The fact that Akt2 and
other insulin signalling mediators were upregulated but no significant differences in Slc2a4
(GLUT4) expression or glucose tolerance were observed, suggests that there were alterations in
Akt phosphorylation and/or GLUT4 translocation, which could be further explored.
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6.5 Future Directions
6.5.1 Animal models of GDM
Despite the investigation outlined in Chapter 3, we were unable to pinpoint the cause of, or
indeed re-establish, the lost GDM phenotype in db/+ mice. Interestingly, the db/+ mice in that
study did display the expected hyperleptinaemia as a result of their Lepr deficiency, which begs
the question: How did they overcome leptin resistance to avoid glucose intolerance and insulin
resistance, despite weight gain and increased adipose deposition? A thorough examination of
this question could potentially provide insight into the mechanisms underlying GDM and how
it could be avoided in humans. Furthermore, as mentioned in Section 6.3.1., both of the models
used in this thesis had limitations, and future studies should explore novel animal models of
GDM.

6.5.2 Nutritional supplementation to prevent GDM
The samples and results of the NiPPeR study will prove an invaluable resource for
understanding the effects of the supplements in humans. However, there may still be potential
to improve the combination by adding, subtracting or altering the dose of the various
components. This could be investigated in appropriate animal models. It will also be important
to test the effects of these supplements at different time periods. The reality is that many women
do not plan pregnancies, and therefore may not be able to take nutritional supplements preconception. For this reason, interventions should be investigated pre-conception, in earlypregnancy, and in late-pregnancy (after GDM diagnosis). It is also possible that some of these
supplements will work differently under different conditions. While obesity is a risk factor for
GDM, a large proportion (~54.8%) of women who develop GDM are not obese, suggesting
distinct forms of GDM driven by different mechanisms (Kim et al., 2010). As MI has not proven
effective in a number of obese animal models, it would be beneficial to compare the effects of
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MI supplementation in lean and obese women separately. Furthermore, it will certainly be
important to assess any effects of the supplements on long-term offspring health, which could
be explored in animals.

6.5.3 The role of inflammation in GDM
The IL1R1-/- study outlined in Chapter 5 has presented some exciting opportunities for further
research into the mechanisms of inflammation in metabolic dysfunction during pregnancy.
While a number of changes in the gene expression of adipogenic, insulin signalling, and
inflammatory mediators were observed, there remains need to conduct protein analysis in order
to fully appreciate the effects of IL1R1-/- during pregnancy. The fact that glucose tolerance was
unchanged, but Irs-1 and Glut4 mRNA concentrations were heavily downregulated, suggest
differences in protein activation along the insulin signalling pathway. IRS-1 activation requires
tyrosine phosphorylation by the insulin receptor, for example. Until protein analysis is complete,
it will not be possible to fully understand the mechanisms underlying the IL1R1-/- phenotype.
There is also a need to determine whether the negative effects of IL1R1 -/- are pregnancy- or
female-specific. Although OGTT data from non-pregnant and post-weaning females was
included, further analysis is required to fully understand the mechanisms underlying the
observed effects. The adipose tissue, in particular, will be important to examine, in order to
determine whether IL1R1-/- has direct effects on adipogenic potential, as suspected in this and
previous studies (McGillicuddy et al., 2011). It would also be interesting to examine effects on
offspring: Are offspring worse off metabolically, or did the mothers bear the brunt of the insult,
thereby protecting the offspring? The fact that fetuses of IL1R1-/- mice showed increased growth
certainly suggests that offspring might be affected in some way. There is also potential to
examine the effects of other pro-inflammatory cytokine knockouts during pregnancy and see if
the same, or opposite, effects are observed. These results could pinpoint the mechanisms
underlying HFD-induced GDM in mice, which is potentially applicable to human pregnancy,
and could be explored for future interventions.
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6.6 Conclusion
The studies in this thesis examined various interventions for GDM, including MI, vitamins B2,
B6, B12 and D, and probiotics, in mouse models. In addition, the role of IL1R1 was investigated,
in order to explore its potential as a therapeutic target. The results showed that db/+ mice were
not effective as a model of GDM, but that HFD one week prior to and throughout pregnancy
produced a useful model. Although the nutritional supplements had little physiological impact,
there was evidence of alterations in insulin signalling, adipose tissue functioning and
inflammatory mediators. Further studies of these interventions in more applicable animal
models and humans are required. The ongoing NiPPeR study – which is investigating the same
supplements in humans – will provide insight in this regard. In contrary to male mice, IL1R1-/worsened HFD-induced metabolic dysfunction. This illustrates the complexity of inflammation
in pregnancy and the importance of sex- and pregnancy-specific metabolic research. The
findings presented in this thesis will be useful for developing new animal models, exploring
mechanisms behind new interventions, and for better understanding the role of inflammation in
GDM.
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