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General Discussion 

Intra-uterine developmental programming is a key factor contributing to the intergenerational 
transmission of metabolic disease. In this thesis, we performed short term, preclinical studies 
in mice using a lean, insulin sensitive model for hyperglycemia in pregnancy (HIP)/gestational 
diabetes mellitus (GDM). The model was employed to study the (developmental) effects of 
intra-uterine hyperglycemic exposure in vivo at the level of the mother, the placenta, and the 
offspring during pregnancy and lactation. Additionally, a systematic literature review and 
meta-analysis was performed to explore the potential of nutritional supplementation to 
normalize fetal growth in animal models and humans. 

Throughout this chapter, the findings from the previous chapters will be discussed in context 
of the existing literature, and a critical reflection on the relevance and necessity of animal 
models for the study of developmental programming in gestational hyperglycemia will be 
made. Furthermore, the connections between maternal, placental and offspring outcomes 
will be evaluated and the opportunities for nutritional supplementation in the context of this 
preclinical model will be explored.  

Importance of preclinical models for developmental programming studies 

To gain deeper insight into the pathophysiology and contributing factors of developmental 
programming in HIP and their connection to long-term adverse outcomes, preclinical studies 
have proven to be essential (1,2). Although the concept of Developmental Origins of Health 
and Disease (DOHaD) has been demonstrated in ample epidemiological studies (3,4), 
developmental programming research in clinical setting is challenging and comes with many 
limitations (1,2,5). Firstly, obtaining samples from pregnant women may be (too) demanding 
and any (potentially damaging) manipulation of human pregnancy is considered unethical (6). 
Second, tissue availability is limited, and particularly data on placental and fetal growth during 
early and mid-pregnancy is scarce and difficult to obtain (7). Third, many of the adverse 
outcomes in the offspring do not manifest themselves until later adulthood, e.g. middle age, 
which requires studies to run for decades (8,9), limiting the ability to establish causal 
relationships and to obtain insights into the underlying mechanisms (1,2). 

In contrast to clinical studies, preclinical studies allow for investigation of tissue-specific 
effects, e.g. assessment of pancreatic beta-cell growth during gestation (Chapter 2) or organ 
metabolite composition (Chapter 3, 4) that are not possible in a clinical setting. Rodent models 
allow for experimentation in a controlled environment and the manipulation of pregnancy. 
Furthermore, rodent models specifically have relatively short time spans, enabling 
longitudinal studies that assess long term and/or multigenerational outcomes (Chapter 1, 
(10)). Developing a preclinical model for gestational diabetes with solid translational value, 
has however proven to be challenging (10). In this thesis, we aimed to further characterize a 
recently developed model with a transient phenotype with relatively mild hyperglycemia as 
commonly seen in clinical gestational diabetes ((11), Chapter 2), that would allow for 
interventions aiming to improve outcomes for mother and offspring.  
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Challenges in development of preclinical models: disease etiology and development 

Despite the benefits of preclinical models in programming research, development of an animal 
model that accurately reflects human GDM is complicated by the fact that the cause of GDM 
is multifactorial and hard to simulate in laboratory animals. Although the two-hit approach 
used in this thesis intended to target both insulin sensitivity and insulin secretion, the main 
drivers of GDM development, our work revealed that, surprisingly, the high fat diet (HF) 
exposure did not result in an increase in insulin resistance in our mice (Chapter 2). We 
speculated that this may be due to the relative resistance of female mice to HF-induced insulin 
resistance (12), although female C57Bl/6NTac mice are known to gain significant weight after 
comparable durations of HF feeding (13). A key factor specific to our study may however be 
the streptozotocin (STZ)/vehicle injections and the fasting prior to the injections. While our 
dams gained weight during the first weeks of HF feeding (Chapter 2), body weight of our 
HF/vehicle dams remained stable from the time of injection to the first day of mating, while 
HF/STZ dams even lost some weight during that time frame (data not shown). The 
stagnation/reduction of body weight gain due to the injections may have prevented the 
development of adiposity and insulin resistance prior to gestation. The model was hence 
mostly driven by STZ-induced defects in insulin secretion and adaptive capacity of the beta-
cells. Yet, HF exposure proved to be essential to the development of a transient GDM 
phenotype, as STZ alone resulted in hyperglycemia regardless of pregnancy.  

Although human GDM is often related to unhealthy maternal diets (14), the 60% HF diet 
provided to our mice is rather extreme and does not necessarily reflect a typical diet in women 
of childbearing age. The use of a combined high fat/high sugar diet may be more 
representative for the human situation (15), although its effects on GDM development in 
combination with STZ are unknown. The use of STZ to limit pancreatic beta-cell function may 
further challenge human translation, as this agent does not only affect pancreatic function, 
but also affects other organs (16,17) and can damage fetal and placental development when 
administered in early gestation (10). Genotoxicity of STZ in liver and kidneys of C57BL/6 (male) 
mice has been detected at doses as low as a single i.p. injection of 25 mg/kg (18). We aimed 
to circumvent any adverse effects of STZ on placental and fetal development by administering 
STZ two weeks prior to gestation. As STZ has a short half-life (19) and is cleared from the body 
within 48 hours after administration (20), we assume it has not directly affected the fetus and 
placenta. However, we cannot rule out potential damage to organs such as the liver and 
kidneys, which may limit the translatability of some of our data reported for the dams 
(Chapter 2) and potentially outcomes of future studies assessing long term liver and/or kidney 
health of the dams.  

To study postpartum effects of GDM, the maternal ability to recover from gestational 
hyperglycemia is essential. Although postpartum persistence of diabetes and development of 
type 1 (DM1) or type 2 diabetes (DM2) is not uncommon after a GDM pregnancy, most women 
recover after delivery (21). The postpartum recovery was the main aspect lacking in most 
previously described animal models (10), as both the DM2 models relying on HF-induced 
obese hyperglycemia, and the high-dose DM1 STZ models induced long-lasting diabetic 
phenotypes (10). In our HFSTZ-based model, 75% of the dams had recovered from GDM by 
postnatal day (PN)15 based on random blood glucose analysis (Chapter 2), allowing us to 
dissect the postpartum effects of GDM. However, follow-up of the dams beyond the first 2 
weeks after birth will be essential to properly evaluate development of postpartum DM2 and 
other long term adverse effects.  
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Clinical studies have shown that although insulin sensitivity in GDM women improves upon 
delivery, it starts to deteriorate again within the first 6 months postpartum (22), resulting in 
up to 50% of women developing postpartum DM2 over a time span of 10 years postpartum 
(23,24).  

Obesity vs Diabetes: The importance of lean, insulin sensitive models of GDM 

With maternal obesity being a major risk factor for GDM development (25,26), most 
preclinical research has focused on overweight/obese GDM, with many models relying on 
HF(HS)-induced obesity and subsequent insulin resistance to induce gestational 
hyperglycemia (10). However, a significant portion of women with GDM are lean and insulin 
sensitive (Chapter 1, 2 (27–30)). Lean models of HIP have often relied on (higher doses of) STZ, 
the effects of which are not transient in nature and include damage to extra-pancreatic tissues 
(10). However, in recent years several other promising novel rodent models for lean GDM 
have been developed (31–33). Several research groups aimed to generate a murine GDM 
model by combing HF and STZ treatments (34,35), similar to our approach (Chapter 2, (11)). 
Other new models for lean GDM rely on strategies based on short-term high fat/high sucrose 
(HFHS) feeding (36), gestational administration of insulin receptor antagonist S961 (37), 
intrauterine programming driven by the effects of STZ-induced diabetic gestation (38,39), or 
low protein feeding during gestation (40) which provoked GDM phenotypes in the next 
generation of female offspring (39,40). 

Although clinical translatability has improved compared to previous GDM models, each of 
these models still comes with significant limitations. The existing models using the double-hit 
HFSTZ strategy administered STZ during early gestation (gestational day (GD)0-GD4) 
(34,35,41), thereby possibly affecting embryonic and placental development in the first and 
second trimester (10). The HFHS-induced GDM mouse model resulted in only a very mild 
glucose intolerance in late gestation, while fasting glucose remained unaffected (36). The 
HFHS rat model on the other hand did display overt hyperglycemia, but postprandial glucose 
intolerance remained mild (42). The insulin receptor antagonist S961 successfully induced 
hyperglycemia in mice (37), but this agent is also known to induce hyperinsulinemia and 
insulin resistance (43,44). Hence, although S961 treatment does not induce obesity, this 
model still represents insulin resistance-driven rather than insulin secretion-driven or mixed 
GDM (28), and therefore may not accurately represent the population of lean GDM women. 
Animal studies based on female offspring developing GDM after exposure to intrauterine 
programming likely provide the most elegant models, as they do not involve direct offspring 
exposure and result in mild gestational hyperglycemia and hyperinsulinemia in the absence of 
obesity (39,40).  

For most of these recently developed models the underlying maternal pathophysiology has 
not yet been evaluated in detail. In contrast to our evaluation and stable-isotope based 
dissection of the effects on insulin resistance and insulin secretion (Chapter 2), most other 
models have not assessed detailed postprandial insulin responses (34,35,37,39,40,42). The 
addition of stable isotopes to the oral glucose tolerance test additionally allowed us to assess 
the effects of our HFSTZ treatment on endogenous glucose production and hepatic and 
peripheral insulin sensitivity (Chapter 2, (45)). Furthermore, postpartum maternal recovery 
was not assessed in two models (38,39,42). Several of these models also appear to show 
extremely mild maternal phenotypes and may hence not provide an accurate presentation of 
human GDM (36,38,40). Nevertheless, some of these alternative GDM models may have 
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specific benefits over our approach. In our experiments, we observed a relatively high number 
of dams developing pre-gestational hyperglycemia (Chapter 2, (11)), a limitation that was 
circumvented by the strategies using intra-uterine programming, gestational S961 exposure, 
or short term HFHS feeding (36,37,39,40,42). Additionally, avoidance of chemical agents such 
as STZ is preferable due to its off-target effects (16,17). All in all, each of these new models, 
including the approach described in this thesis offer new and improved insights compared to 
most of the pre-existing strategies (Table 1, Pasek & Gannon, 2013), but the idea of a ‘perfect’ 
model for GDM still appears to be a utopia. 

It must be noted that despite the many newly generated mouse models for lean GDM, up till 
now only a few have been explored outside of the research group that initially developed 
them. While the multicausality and heterogeneity of GDM makes the use of a variety of 
preclinical models relevant, the limited reproduction of models in external research groups 
may be of concern. Transfer of a model to a different laboratory may be challenging due to 
problems with reproducibility and/or limited access to the methods used (e.g., patented 
compounds or genetic strains). The model described in this thesis was initially developed in 
Singapore and successfully transferred to our lab in the Netherlands. For all other models 
discussed it is unclear if these were already reproduced elsewhere up to now, which is a crucial 
step to establish the quality and value of a model. With several promising models available 
now, it would make sense to focus future efforts on the use of existing models. 

Translatability of early-life research: Species differences in placenta and developmental 

stage 

Besides the challenges of translatability induced by the etiology of diabetic pregnancy, 

differences in development of both placenta and fetus provide additional challenges for 

translation of preclinical research (46). Despite their similar functions (47), human and rodent 

placenta structure is fundamentally different (46–48) (Fig 1). While both mice and humans 

have a chorioallantoic placenta (meaning maternal blood and the trophoblast layer are 

separated by endo- or epithelium), mice additionally have a choriovitelline (inverted yolk sac) 

placenta which develops later, resulting in differences in placental transfer and toxicity of 

several substances (46). Another difference is the villous organization, which is more open in 

humans compared to the mouse labyrinth (49). Furthermore, human placentas reach their 

definitive structure relatively early in gestation, while in mice, placenta structure only reaches 

its definitive stages halfway through gestation (48). Consequently, in gestational diabetes, the 

window in which hyperglycemia can affect early placental development is likely much shorter 

in humans compared to mice, and e.g. early onset GDM may differentially affect human versus 

murine placenta and hence fetal growth.  

Similar challenges apply to the comparison of late fetal and early neonatal development. Fetal 

development, particularly developmental maturity at birth considerably differs between 

rodents and humans (50,51). Rodents usually have large litters, that are relatively premature 

at birth, with many organs still under development and great dependency on parental care 

(50). 
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Table 1: Overview of recently developed lean GDM models. 

Author/Year Mouse model Phenotype Pro's Con's Unknown Insulin  Recovery 

Capobianco 
2016 

Intrauterine 
programming 
by F0 STZ 
treatment 

Mild, 
gestation 
specific, IR 

No direct 
offspring 
exposure to 
treatment 

Long 
protocol 
(F1 gen) 

Succes rate (% 
of diabetic 
offspring), F1 
body weight 

FBI up Not assessed 

Chen 
2016 

HF+STZ from 
GD1-GD4 

Moderate 
hyperglycem
ia 

Mixed 
phenotype: IR 
and insulin 
secretion 
affected 

STZ during 
gestation  

Postprandial 
glucose and 
insulin response 

Insulin up 
Recovers 
postpartum 

Tang 
2018 

HF+STZ from 
GD1-GD4 

Moderate to 
severe 
hyperglycem
ia 

Tests several 
doses 

STZ during 
gestation  

Postprandial 
glucose and 
insulin 
response, 
Postpartum 
recovery 

No Not assessed 

Stevanovic-
Silva 
2021 

Short term 
HFHS diet 

Increased 
GWG and 
IGT including 
increased 
FBG 

HFHS better 
represents 
human 
western diets, 
no STZ  

Increased 
FBG and 
IGT 

Insulin and IR 
No insulin 
data 

Increased FBG at 8 
weeks PP 

Pennington 
2017 

Short term 
HFHS diet 

Lean, Mild 
IGT, reduced 
FBI and 
insulin 
response 

HFHS better 
represents 
human 
western diets, 
no STZ, no 
PDM 

Very mild, 
normal 
fasting 
glucose 

NA 

Reduced 
fasting 
insulin and 
insulin 
secretion 

Postpartum 
glucose 
intolerance, but 
normal FBG and 
insulin 

De Sousa 
2019 

S961 
Lean, Severe 
IGT, milder 
FBG increase 

Lean 
hyperglycemia 
will few side 
effects 

Compoun
d blocks 
the insulin 
receptor, 
does not 
allow for 
study of 
IR  

Insulin and IR  No 

Fully recovered 
after 
discontinuation of 
S961 injections at 
PN1 

Szlapinski 
2019 

Intrauterine 
programming 
by F0 low 
protein diet 

Lean, mild, 
transient 
hyperglycem
ia, insulin 
secretion 
driven 

No direct 
offspring 
exposure to 
treatment, 
transient 
hyperglycemia 

Very mild, 
Reduced 
BW/GWG, 
Long 
protocol 
(F1 gen) 

Succes rate (% 
of diabetic 
offspring), 
postprandial 
and fasting 
insulin levels 

Only in 
vitro, 
reduced 
insulin 
secretion 
upon 
glucose 
stimulation 

FBG recovered by 
PN7, AUC glucose 
by PN30 

Li 
2020 

HF+STZ prior 
to gestation 

Lean, 
moderate 
hyperglycem
ia, insulin 
secretion 
driven 

Transient, mild 
compared to 
other STZ 
models 

High 
number of 
pre-
gestationa
l diabetic 
mice 
STZ use 

Pre-gestational 
glucose 
intolerance 
(GD0 OGTT)  

Normal FBI, 
reduced PP 
insulin 

~75% recovery  

AUC = Area under the curve, BW = Body weight, FBG = Fasting blood glucose, FBI = Fasting blood insulin, 

GD = gestational day, GWG = Gestational weight gain, HF = High fat diet, IGT = Impaired glucose 

tolerance, IR = Insulin resistance, OGTT = Oral glucose tolerance test, PDM = Pregestational diabetes 

mellitus, PN = Postnatal day, STZ = Streptozotocin 
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Fig 1. Structural differences between human and mouse placenta 

Human pregnancies on the other hand generally involve only one or two fetuses, with more 
advanced organ development at birth compared to newborn mice (50,52). One example of a 
challenge in translation is increased birth weight driven by increased fetal adiposity commonly 
observed in human diabetic pregnancies (Chapter 1, (53,54). While in human fetuses, fat 
depots start developing at 14 weeks of gestation (55), adipose tissue in mice does not develop 
until postnatal day 4 (56), making it impossible to evaluate fetal or neonatal adiposity in mouse 
offspring (Chapter 4). More importantly, this makes it virtually impossible to have higher birth 
weight and/or higher adiposity at birth in mouse models whereas this might be a strong 
characteristic of human GDM pregnancy outcomes.  

Despite the challenges of translating preclinical studies on gestational diabetes into clinical 
practice, the current available animal-free alternatives (e.g., placental explants-perfusions, 
organoids, organ on a chip) are unable to capture the complicated physiological processes of 
placental and fetal development within the mother and the interactions between mother, 
placenta, and fetus. Hence, the use of animal models is currently inevitable when aiming to 
answer research questions about the interaction between maternal health and the developing 
offspring and placenta, which was one of the main goals of this thesis. Indeed, the studies in 
this thesis do provide useful insights and leads that contribute to a better understanding of 
the pathophysiology of (lean) GDM/HIP.  

Level of hyperglycemia/glycemic control and adverse maternal and offspring outcomes 

Previous clinical studies assessing the link between the severity of hyperglycemia and/or the 
degree of glycemic control and the adverse outcomes for mother and offspring have been 
extensively discussed in Chapter 1. Throughout this thesis we have consistently assessed 
whether adverse outcomes in mother, placenta or offspring were associated with the 
mother’s glycemia (Chapter 2, 3 and 4).  

Regarding maternal outcomes, correlations were observed between maternal basal glucose 
levels and markers of non-alcoholic fatty liver disease in late gestation, but not during 
lactation (Chapter 2). Studies assessing non-alcoholic fatty liver disease (NAFLD) in middle-
aged DM2 patients have indeed shown a link between hemoglobin A1c and steatosis grade 
(57,58). Yet, in women with previous GDM, only one study has evaluated the possible link with 
the severity of hyperglycemia during gestation, but no differences were found between GDM 
diagnosed women with and without subsequent NAFLD development (59). Hence, to the best 
of our knowledge, this is the first study describing a link between the level of gestational 
glycemia and postpartum elevation of markers of NAFLD. Placental outcomes that were 
related to maternal glycemia included placental glucose, triglycerides (TGs), TG/phospholipid 
ratio, labyrinth zone area, and gene expression of several nutrient transporters (Chapter 3). 
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High maternal glucose levels associated with accumulation of placental glucose and TGs. 
While placental TG storage is often considered a protective mechanism against excess nutrient 
transport (60,61), we also observed indications of impaired nutrient transport in response to 
higher glucose levels, such as a reduced labyrinth zone area (in males) (Chapter 3). While 
placental storage of glucose and glycogen could be a way to prevent excess glucose transport, 
it has also been described as a way to ensure constant glucose supply to the fetus when 
nutrient availability is limited (62,63). While these results suggest that reducing hyperglycemia 
may improve outcomes, placentas from well-controlled GDM pregnancies have appeared not 
to be free of morphological alterations (64). These may be due to changes occurring prior to 
GDM diagnosis or due to changes induced by insulin therapy (65,66), which is the standard 
treatment of GDM patients that cannot meet target glycemic levels by lifestyle and dietary 
modifications alone (67).  

The severity of maternal hyperglycemia was also linked to pregnancy outcomes such as litter 
size and number of resorptions (Chapter 2). The link between pregnancy outcomes and 
maternal glycemic control in humans has been described before, with suboptimal glycemic 
control resulting in higher risks for perinatal mortality (68–70). These results suggest that 
hyperglycemia by itself, even in the absence of overweight or obesity, may be a major 
determinant of the risk of adverse outcomes reposted in humans (71).  

Despite the numerous relationships between maternal glycemia and placental and pregnancy 
outcomes, we did not find any associations between maternal glycemia and short-term 
offspring outcomes (Chapter 4). In previous clinical studies, maternal glycemic control has 
been linked to increased risks with higher birth weight and neonatal adiposity (69,70,72–74). 
For childhood outcomes, poor maternal glycemic control during pregnancy is related to 
childhood obesity, impaired glucose tolerance and increased liver fat (70,75,76). The lack of 
any relationships between maternal glycemia and short term perinatal offspring outcomes in 
our studies may be related to 1) The relatively small sample size and subsequent low power 
to detect offspring effects, 2) Heterogeneity of maternal HIP phenotypes, 3) Limited number 
of parameters analyzed, 4) The relative short duration of the follow up period: most childhood 
outcomes related to maternal glycemia were observed well after weaning, and many offspring 
effects may not manifest until adult age, and/or 5) Developmental species differences 
between humans and mice. 

Besides the link between maternal hyperglycemia in GDM and placental and maternal 
outcomes, differences in hyperglycemic exposure may also contribute to the observed 
differential effects of GDM and pregestational diabetes mellitus (PDM). PDM animals showed 
both earlier onset and more severe hyperglycemia and did not recover postpartum (Chapter 

2). In line with this, maternal outcomes such as elevated NAFLD markers were present at an 
earlier stage and at a higher degree in PDM compared to GDM dams (Chapter 2). Moreover, 
several placental adaptations, such as the accumulation of glucose, glycogen, TGs, and 
cholesterol were exacerbated in PDM placentas (Chapter 3). This is consistent with clinical 
studies, in which generally similar placental aberrations are found in GDM and PDM, with 
more pronounced effects in placentas from PDM pregnancies (77–81). Altogether, these 
results suggest that earlier onset and more severe hyperglycemia in PDM compared to GDM, 
affects maternal and placental outcomes more severely.  
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Placenta: protective and controlling role 

The placenta is the key organ enabling fetal growth by transporting nutrients and oxygen to 
the fetus (82). Many pregnancy pathologies, such as pre-eclampsia and intrauterine growth 
restriction, are associated with inadequate placental development, subsequently disrupting 
healthy fetal development (82,83). Early in gestation, placental changes are mostly driven by 
maternal factors, and it is unclear whether these changes are helpful or harmful for the fetus 
(7). However, in late gestation and particularly close to term, fetal circulation is established 
and fetal signals gain dominance in governing placental structure and function. Hence, 
placental changes in late pregnancy are generally considered an adaptive response to 
maintain placental function and protect the fetus (7,84). 

In a situation of fetal undernutrition, the placenta enlarges its surface and increases 
angiogenesis to improve nutrient and oxygen transport towards the fetus (85). In case of 
overnutrition, which is often observed in diabetic pregnancy, reduced vascularization is 
observed despite a larger placental area (77). In our studies, we observed a reduction in 
labyrinth size (in male offspring), fetal/placental weight ratio and fetal weights, despite 
comparable placental weight between groups (Chapter 3, 4). These alterations indicate 
placental insufficiency and restricted fetal growth (86–88). Morphologically, the placentas of 
our GDM mouse model appears to correspond mostly with phenotypes of under- rather than 
overnutrition. In contrast, at a biochemical level, we observed accumulation of glucose, 
glycogen, and lipids in the placenta (Chapter 3), suggesting excess storage and/or 
compromised nutrient transport (63,89,90). This so-called nutrient ‘trapping’ is usually 
considered as a protective response against enhanced placental metabolite influx and 
subsequent overnutrition (7,84). The concomitant appearance of morphological changes 
pointing towards growth restriction and placental metabolite accumulation is interesting and 
warrants further investigation. 

In agreement with previous clinical studies, in Chapter 3 we found alterations in nutrient 
transporter mRNA expression. Several changes in nutrient transporter expression/levels have 
been reported in placentas from both rodent and human pregnancies complicated by obesity 
and/or GDM (87). Most studies reported increased expression levels of the transporters 
analyzed (87), which was associated with an increase in fetal/birth weight or neonatal 
adiposity (91). While we indeed observed increased gene expression of fatty acid (FA) 
transporters in male GDM placentas, glucose and amino acid transporters were mostly 
reduced (Chapter 3). The effects of maternal health on nutrient transporter expression may 
however change depending on the gestational day. Maternal undernutrition in mice was 
found to reduce placental Slc2a1/Glut1 mRNA expression by GD16 but resulted in an increase 
by GD19 (92). While human placentas are usually studied only postpartum and most 
preclinical studies are performed close to term (87), in our studies we used a slightly earlier 
time point, which may partly explain the discrepancy between our results and earlier reports.  

It should also be noted that we exclusively focused on gene expression levels. Hence, it is 
unknown to which extent transporter protein expression and transporter system activity were 
altered in a similar manner. Additionally, we analyzed whole placenta rather than isolated 
placental subareas, limiting the insights regarding whether changes occurred on the maternal 
and/or fetal side. Both are important limitations of this study and further analysis of the 
transporter protein levels and nutrient fluxes is needed to properly interpret the changes in 
placental nutrient transport in this model.  
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The understudied link between placental changes and offspring outcomes 

Although both placental changes and impaired offspring health induced by HIP are studied 
elaborately in both human and animal pregnancies, the relationship between HIP-induced 
placental aberrations and offspring outcomes remains relatively unexplored (78,93). Studies 
that attempted to address this were mostly limited on the relationship between placental 
weight and birth weight (94) or focused on associations between nutrient transporter 
expression and neonatal birth weight and/or adiposity (91,95). In this thesis, we aimed to link 
maternal, placental and offspring outcomes in a mouse model for lean GDM, allowing 
exploration of the link between maternal hyperglycemia, placental aberrations and 
subsequent adverse effects on offspring development and health (Chapter 2, 3 and 4).  

Previous studies have shown that smaller placentas, with smaller labyrinth areas, may 
associate with lower fetal weights (96–98). However, it is unknown to what extent the 
reduction in labyrinth area, lower total placental weight, and/or other factors contribute to 
the impaired fetal growth. In our study, GDM/HIP-induced changes in male labyrinth size, 
placental/fetal weight ratio and fetal weight were of similar degrees (Chapter 3, 4). Yet, in 
female offspring, fetal weight was reduced to a similar degree, while labyrinth size and 
placental/fetal weight ratios remained unaffected. It therefore remains unclear whether the 
reduction in labyrinth size was a main driver of reduced fetal weight in male GDM offspring, 
and to which extent similar mechanisms contribute to growth impairment in female fetuses. 
Placental nutrient transporter expression and activity has previously been linked to birth 
weight and neonatal fat mass in human DM2 pregnancies (91,95). In our data, nutrient 
transporter mRNA was altered in male placentas to a larger extent compared to females 
(Chapter 3) and may hence contribute to disruption of growth or compensate for the smaller 
labyrinth size. Due to the small sample size with a mix of GD17/GD18 fetuses, we could 
however not reliably relate transporter expression to fetal weight.  

An intriguing finding in our studies was the reduction in docosahexaenoic acid (DHA) levels in 
the brain of LFSTZ fetuses (Chapter 4) and the reduced placental expression of the DHA 
transporter Mfsd2a in the same group (Chapter 3). The relationship between placental 
Mfsd2a expression and fetal brain DHA levels however appeared to be U-shaped rather than 
linear in our studies (data not shown), although sample sizes were too small to draw any 
definite conclusions. In healthy pregnancy, MFSD2a levels in the fetal-facing basal membrane 
were shown to correlate with DHA levels in umbilical cord venous plasma (99). GDM was found 
to reduce placental MFSD2a and subsequently lower cord serum DHA levels were reported 
(100). More recently, it was reported that the cord/maternal serum ratio of DHA, which serves 
as an indicator of maternal-fetal transport, is also reduced in GDM women (101). Potential 
effects of reduced placental MFSD2a and cord blood DHA levels on DHA incorporation in the 
human brain, however, remain speculative (101).  

One relationship extensively studied in the literature is the link between increased placental 
oxidative stress and higher rates of congenital malformations and IUGR (102,103). In diabetic 
pregnancies, placental markers of oxidative stress and levels of reactive oxygen species are 
elevated (89,104–106), yet, whether this is a driving factor for congenital malformations 
and/or IUGR in diabetic pregnancies specifically is not yet established. In Chapter 3, we 
described the signs of oxidative stress observed in GDM, present to a higher extent in PDM 
placentas. Indeed, PDM also resulted in a higher number of resorptions, lost litters, and 
reduced litter sizes (Chapter 2).  
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Congenital anomalies are also more common in human PDM pregnancies and relate to the 
degree of glycemic control in early gestation (68,107). Combined, these findings suggest that 
hyperglycemia-driven placental oxidative stress mediates the development of congenital 
malformations that result in embryo resorptions.  

Taken together, combining placental with fetal and offspring data in this thesis allowed us to 
explore the possible mediating effects of the placenta that may drive specific offspring 
phenotypes. However, more detailed studies are needed to obtain insights into the interplay 
and feedback loops between placenta and fetus, and how this affects both throughout 
gestation.  

Integration of maternal, placental and offspring data: Challenges and opportunities 

An even more understudied, is the integration of maternal, placenta and offspring outcomes 
within the same study. Integrating these three types of data is extremely challenging, as 
maternal health is likely to directly affect the placenta, but effects on fetal development could 
be both directly influenced by the mother and heavily mediated by placental factors. 
Particularly in late gestation, the placenta is fully developed and is mostly governed by fetal 
signals, limiting the maternal influence (7). This may result in placental aberrancies that are 
part of a complicated feedback system between mother, fetus, and placenta, rather than a 
direct connection from mother to placenta to fetus.  

In addition, both placental and fetal aberrancies change over time and affect each other 
through various feedback loops (92,108). As a consequence, changes in growth observed at 
birth may be mediated by placental adaptations occurring a few weeks earlier, that may have 
disappeared or even reversed at birth (92,109). As clinical studies are limited to the collection 
of placental material at birth, they do not allow to unravel the impact of earlier placental 
adaptations. On top of that, the birthing process itself also drastically changes many placental 
markers (110), hence the placental phenotype derived from human samples does not 
necessarily reflect the placental function during pregnancy.  

For human studies assessing placental changes in early and mid-pregnancy, researchers are 
limited to tissue obtained from miscarriages, preterm births, and stillbirths, which are all cases 
of perturbed fetal development and therefore not representative of pregnancies resulting in 
live births at term (1,2). Another option is the use of placental material from elective 
pregnancy terminations (111). Although this could shed some light on early placental changes 
in PDM and early-onset GDM, GDM is generally diagnosed at a time after the window in which 
elective pregnancy termination is allowed.  

While animal models allow for systematic assessment of early time points, studies including 
multiple time points are relatively scarce. Even when multiple time points are included, it is 
unclear to what extent early changes were essential in establishing the subsequent ones, and 
which feedback loops were involved (92,109,112). Future studies could consider including 
early time points such as GD12 (placental development completed) or GD15 (time point 
comparable to human GDM onset). However, the inclusion of several consecutive days (e.g., 
GD16, 17 and 18 in mice) may be necessary to pinpoint the exact order of events, allowing for 
better cause-effect analyses. The use of in-vivo methods, such as imaging or tracers that allow 
for analysis of e.g., metabolite flows and growth patterns, would be needed to gain better 
insights into the interplay between maternal, placental, and fetal factors throughout 
gestation.   
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Overall, the integration of maternal, placental and fetal data is challenging due to the 
interactions and feedback loops involved, the limited placenta collection opportunities in 
humans, and the scarcity of studies that include multiple time points.   

Impact of maternal milk on offspring development and health 

The nutritional composition of maternal milk is influenced by maternal diet, and both the 
composition of macro- and micronutrients are related to the mother’s dietary intake (113). 
Maternal health status also affects the milk composition and GDM is known to alter milk 
composition (114,115). Generally, human studies show positive associations between the FA 
composition of the maternal diet and its concentrations in human milk (113). While the 
observed HF-induced changes in milk FA composition in our studies corresponded with HF-
induced changes previously reported in mice (116), these did not reflect the composition of 
the diets (Chapter 4). This suggests additional maternal processing of dietary fats prior to 
excretion in the milk in mice compared to humans. Dietary effects on milk composition 
seemed to be acute rather than long-lasting, as the FA composition of milk from HF-dams that 
had been switched back to a LF-diet upon delivery was similar to LF-dams (Chapter 4).  

Although GDM can affect milk composition, its effect on FA composition has only been 
assessed in a few studies, with inconsistent results (114,115). One study found a reduction in 
total lipid content in colostrum of GDM women compared to controls (117), but this was not 
observed by two other studies (115). Regarding fatty acid composition, increased levels of four 
essential ω6 polyunsaturated FAs were found in colostrum of GDM women compared to 
controls (114). In our studies, only the DHA content of the mature maternal milk was reduced 
by GDM (Chapter 4). The persistent hyperglycemic phenotype in the PDM group did not result 
in any additional changes in breastmilk composition as compared to GDM. Although no direct 
comparisons of maternal milk FA composition between GDM and PDM have been published 
(115), the (inconsistent) differences reported seem to mostly affect (ω6) polyunsaturated FAs 
(114,118). 

As maternal milk (or infant formula in case infants are not (fully) breastfed) provides the main 
source of nutrients for the first 6 months of a baby’s life (119–121), it is a major determinant 
of infant growth and development. Although many studies have compared the effects of 
maternal milk versus infant formula on offspring health (122), the effects of differences in milk 
composition are unexplored and mostly limited to specific dietary components. However, a 
recent study suggested that higher maternal diet quality during lactation, as assessed by the 
Healthy Eating Index-2015, is associated with reduced infant body weight and adiposity (123).  

The potential of short-term improvements in milk composition induced by dietary changes, 
may improve infant health and possibly counteract some of the negative effects induced by 
HIP exposure during pregnancy. Pregnant women are generally motivated and willing to eat 
healthier and avoid harmful foods (124). Although most pregnant women do not reach dietary 
guidelines during gestation, many make improvements in dietary quality compared to their 
pre-pregnancy diet (124,125). Most of these improvements however reversed back to pre-
pregnancy levels after childbirth (125–127). Breastfeeding women maintained better 
postpartum fruit and vegetable intake compared to non-breastfeeding women (127,128). 
Hence, there is a large window of opportunity in the improvement of maternal dietary quality 
during lactation. 
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Driving forces of offspring outcomes 

As discussed in the previous sections, long term offspring health outcomes are determined by 
a variety of factors that are interconnected. Offspring outcomes are likely driven by maternal 
health status, such as GDM/PDM, but also by potential comorbidities and subsequent changes 
in placental development, structure, and function (4,129). Postpartum, the choice of infant 
formula versus breastmilk and the nutritional quality of the breastmilk and the weaning diet 
thereafter will determine further growth and development patterns (122,123). Even when 
zooming in on only maternal factors, the mechanisms underlying offspring outcomes are often 
unclear. For instance, maternal glycemia, insulin resistance, obesity and dyslipidemia have all 
been described as main drivers of adverse health effects in the offspring (73,130,131). As 
many of these maternal factors are again interconnected and can reinforce each other, it is 
almost impossible to dissect the driving factor(s) of (adverse) offspring outcomes.  

In this thesis, we aimed to disconnect the effects of maternal hyperglycemia from the effects 
driven by obesity and insulin resistance. Interestingly, our short-term follow up of the 
offspring resulted in relatively few and mild changes, that did not directly relate to maternal 
glycemia or placental dysfunction (Chapter 4). This suggests that reported offspring effects 
observed at young age may indeed be driven by obesity/IR rather than hyperglycemia alone 
(28,131,132). However, adverse metabolic outcomes (e.g., adiposity, glucose intolerance) 
generally required more time and/or additional (dietary) challenges to develop (133–135). 
Furthermore, as we focused on analysis of a limited number of tissues in our studies, potential 
effects on e.g. brain and/or behavioral outcomes may have been missed.  

Sex-specific effects of GDM on offspring outcomes  

In Chapter 3, several sex-specific effects of GDM/PDM on placental outcomes were observed, 
such as differences in the size of placental zones and gene expression, which were more 
pronounced in male compared to female placenta. This aligns with the existing clinical studies, 
which generally states that male offspring is more sensitive to developmental programming 
(84,136,137). In contrast, analysis of the specific GD18 and PN15 GDM/PDM offspring 
outcomes barely revealed significant differences between male and female offspring (Chapter 

4). The reduction in fetal/placental weight ratio, labyrinth size and upregulation of 
inflammatory pathways in response to GDM (Chapter 3), which were all specific to male 
placentas and are related to reduced fetal growth (88,138), did not translate into sex-specific 
effects on fetal or postnatal growth. Fetal body weight was slightly but similarly reduced in 
GDM/PDM offspring from both sexes (Chapter 4). The observed disconnection between 
placental changes and fetal growth may be explained by the fact that reductions in 
fetal/placental weight ratio and labyrinth zone were relatively mild compared to other studies 
linking more severe placental insufficiency to fetal growth restriction (Chapter 3, (96–98)) and 
may therefore not be the main drivers of reduced fetal growth in our experimental setting. 
Indeed, an independent HF based GDM model has reported a similar reduction in labyrinth 
size (~10%) without changes in fetal weight (109,112,139). Other parameters that are related 
to fetal growth restriction, such as the observed increase in placental necrosis and increased 
placental glucose and lipid contents suggestive of ‘nutrient trapping’ (Chapter 3, (62,63) 
(91,95)) were present in both male and female placentas and may therefore be more 
important drivers of restricted fetal growth. 
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Potential of nutritional supplementation in pregnancies complicated by altered growth and 

diabetes  

GDM/HIP pregnancies are generally characterized by fetal overgrowth, yet qualitative nutrient 
deficiencies may exist (78,140–142), providing a window of opportunity for nutritional 
supplementation. In Chapter 5, we systematically reviewed the literature for studies 
investigating amino acid supplementation to improve fetal growth. We showed that 
supplementation of the arginine family was most widely studied and resulted in promising 
improvements in fetal growth in pregnancies complicated by fetal growth restriction and/or 
hypertensive disorders (Chapter 5). The positive effects of amino acids from the arginine 
family could be mediated by the nitric oxide pathway (143). A low availability of l-arginine was 
shown to reduce NO activity and increase oxidative stress in preeclamptic placentas (144). 
Although the exact effect of GDM on placental arginine and NO metabolism has yet to be 
elucidated, dysregulation of arginine metabolism is considered part of the pathophysiology of 
GDM (145). In addition, the effects could also be explained by arginine stimulating placental 
nutrient transport or its activation of the mammalian target of rapamycin (mTOR) pathway 
(146,147). Supplementation of amino acids from the branched chain amino acid family and 
the methyl donors was insufficiently studied in complicated pregnancy settings, especially 
GDM, to draw any conclusions. Mostly, these studies were performed in a setting of growth 
restriction, with only a few studies being performed in diabetic and/or obese pregnancies 
(Chapter 5).  

In contrast to our upfront hypotheses, our lean GDM mouse offspring displayed a transient 
reduction in growth, with a reduction in fetal weight at GD18 and placental efficiency as 
determined by fetal/placental weight ratio, while no differences were observed at PN2 
(Chapter 3, 4). While reduced placental efficiency and restricted fetal growth are not 
commonly observed in GDM pregnancies, they do occur (148), particularly in lean GDM/DM1 
and/or combined with prematurity (107). Although GDM did not reduce placental amino acid 
levels in our studies, gene expression of Snat1 and Lat1 was downregulated, while Snat3 was 
upregulated in male placentas (Chapter 3). However, as transporter protein expression and 
localization were not assessed, and amino acid levels in maternal plasma and fetal plasma and 
organs have also not been measured, the effects on amino acid transport towards the fetus 
remain unclear. Generally, GDM has been reported to increase maternal amino acid levels, 
particularly BCAAs, in plasma (149–151), but fetal deficiencies in specific (essential) amino 
acids have also been observed (152). The therapeutic potential of amino acid 
supplementation, in particular amino acids from the arginine family, may therefore be to 
improve e.g., oxidative stress or other deranged pathways rather than providing an additional 
nutrient source.  

Perhaps even more promising is the potential of ω3 supplementation by adjustment of the 
dietary ω3/ω6 ratio. We observed a relative reduction in hepatic DHA content at PN15 in GDM 
offspring, which correlated with DHA content in the breastmilk (Chapter 4). DHA is essential 
for brain development and reduced DHA incorporation in the brain may result in impaired 
neurological development (153). Although no differences in brain DHA were observed in our 
studies at GD18 and PN15, its concentration at PN15 correlated to DHA levels in maternal milk 
(Chapter 4) and larger sample sizes may be needed to detect relatively smaller differences in 
brain DHA accumulation. The reduced DHA content in liver, but not in the brain also suggests 
a buffering role of the liver in case of insufficient dietary DHA (154).  
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Clinical studies have reported both mental and psychomotor scores at 6 months to be lower 
in children from GDM mothers and these correlated with cord DHA levels (155). Dietary 
supplementation of the mother during lactation can improve breastmilk DHA content (156). 
Gestational supplementation of DHA has also shown to improve fetal DHA levels and 
psychomotor skills in infancy (157). Whether DHA supplementation results in increased 
transport to the fetus is however controversial (158). Gestational DHA supplementation has 
been shown to reduce placental inflammation (159), suggesting that DHA supplementation 
during gestation may improve health outcomes through improving placental health rather 
than as an additional nutrient source. Interestingly, adjustment of the ω3/ω6 ratio by 
reduction of the ω6 content can also result in increased DHA in breastmilk and offspring brain 
(156).  

General limitations  

The studies presented in this thesis have some critical limitations. First, the power calculation 
was performed using the primary maternal outcome, which was the peak glucose value during 
the oral glucose tolerance test (OGTT), resulting in a samples size of 9 dams per group (Chapter 

2). As the samples collected for placenta and offspring analyses were derived from the same 
studies, no separate power calculations were made for the primary outcomes of these studies 
(Chapter 3, 4). However, effect sizes for the placenta and offspring may be smaller compared 
to the effects on the maternal OGTT, as maternal glucose was directly impacted by HFSTZ 
treatment, while placental and offspring effects were rather secondary in nature. Additionally, 
within the pregnancy cohort, our initial breeding strategy resulted in a mixture of GD17/GD18 
fetuses and placentas and a relatively low pregnancy rate, resulting in sample sizes below 9 
(Chapter 2, 4). Hence, for some of the outcomes, this study may be underpowered to detect 
statistical differences between groups, particularly for outcomes that show relatively high 
variability (e.g., breastmilk composition). Yet, these outcomes are still useful for exploratory 
research and hypothesis generation. For further combined studies, it would be recommended 
to perform the power calculation using the primary outcome parameter with the highest 
required sample size.   

In addition to the relatively low power, an important limitation in the assessment of sex-
specific effects in the placental and fetal studies was the frequent lack of ability to compare 
sex-specific outcomes using within-litter comparisons (Chapter 3). Part of the complexity is 
related to the fact that sex could not be determined at the time of fetus collection. While only 
a limited number of fetuses were collected following a systematic approach, male and female 
pups are usually not equally distributed within litters. Thus, for several of the litters we were 
missing either of the sexes, challenging the statistical power to evaluate sex-specificity of the 
outcomes.  

Besides that, the cross-sectional nature of most of the outcomes limits the ability to establish 
cause-effects relationships. Changes in placenta, but also fetal growth may be related to the 
maternal phenotype a few days earlier, rather than to the dam’s condition at the same 
moment (92,108). In the current study, GD18 outcomes correlated best with GD18 maternal 
blood glucose outcomes (Chapter 2, 3), rather than with earlier timepoints, including GD15. 
However, longitudinal data was not available for e.g. placental parameters and milk fatty acid 
composition. Obviously, the aberrations observed likely have been subject to changes over 
time due to various feedback loops (92,108).  
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Collection of longitudinal data in mouse models is however challenging, as their small size 
does not allow for frequent blood draws and the availability of in-vivo monitoring methods 
such as imaging techniques is limited.  

Clinical implications 

Despite the challenges of translating preclinical GDM studies into clinical practice, the studies 
from this thesis provide several insights that could be considered in the context of care for 
pregnant women with (risk for) HIP and their children.  

Several outcomes of maternal and placental health were found to be related to the severity 
of maternal hyperglycemia (Chapter 2, 3), independent of maternal obesity and/or insulin 
resistance. This stresses the importance of glycemic monitoring and tight glycemic control in 
human GDM. One emerging method for improved glycemic control is continuous glucose 
monitoring (CGM). CGM results in better detection of dysglycemia and glycemic variability 
(160), and can improve glycemic control (74,160–162). In line with our results and other work 
describing the association between maternal glycemia and pregnancy outcomes, some studies 
have also shown CGM to reduce maternal complications and improve pregnancy outcomes 
(74,162–165). However, although used more commonly, CGM is not a standard part of 
glycemic monitoring for HIP/GDM pregnancies in The Netherlands (166).  

Furthermore, we described short-term dam NAFLD development postpartum, which was 
linked to maternal glycemia (Chapter 2). Although associations between GDM and long term 
NAFLD development have been described before (167,168), the increased risk of short-term 
postpartum development of NAFLD remains relatively unexplored. Only one study has 
evaluated the short term (<2 years postpartum) risks for NAFLD development in former GDM 
women (169). Similar to our findings, increased steatosis grades were found in former GDM 
women (169). These findings signal the need for early and more rigorous NAFLD screening in 
postpartum GDM women. Earlier diagnosis of NAFLD would allow for better treatment and 
improved long-term outcomes, such as lower progression rates towards nonalcoholic 
steatohepatitis and subsequent cirrhosis and liver cancer can be prevented (170,171).   

Next, our findings stress the importance of a healthy maternal diet before and throughout 
pregnancy and during lactation. In this thesis, we described how HF-feeding altered the lipid 
composition of maternal milk (Chapter 4), but also that the increase in maternal NAFLD 
markers (Chapter 2) and offspring hepatic TG content (Chapter 4) at PN15 were dependent 
on HF-feeding during lactation (Chapter 2, 4). Indeed, maternal dietary quality can affect 
glycemic control (172) and prevent or reduce her insulin requirement (173), which are both 
determinants of long term maternal and offspring health (Chapter 1, 2). Moreover, maternal 
diet affects offspring health and development through its effects on breastmilk composition 
(123,174,175). Yet, although dietary recommendations are provided to women diagnosed 
with GDM in standard care (176), and prove to be effective (172,177,178), many women 
experience difficulties to adhere to the prescribed diet and to meet glycemic targets (179–
181). Consequently, they may need to start using insulin or other glucose-lowering agents 
(180). Development of interventions aimed at improving maternal diet, even late in gestation, 
still have a great potential to improve both maternal and offspring outcomes. 
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In Chapter 5, we showed the potential of gestational amino acid supplementation to improve 
fetal growth in the context of fetal growth restriction. Particularly the supplementation of 
arginine and/or arginine family members may be a promising strategy to improve placental 
function and fetal growth. Another promising dietary intervention may be the increasing the 
dietary ω3/ω6 ratio during gestation and/or lactation, which has been shown to increase ω3, 
and particularly DHA levels, in breastmilk and offspring brain (156). Similarly, increased fish 
consumption has been shown to increase breast milk DHA (175).   

Overall conclusions 

The results of the studies conducted in the present thesis provide insights into the 
pathophysiology of lean GDM/HIP and its effects on placenta and offspring development. Our 
investigation of the adverse effects of gestational hyperglycemia in absence of adiposity 
and/or insulin resistance on maternal, placental and offspring health uncovered signs of 
postnatal NAFLD development in dams, sex-specific effects on placental structure, 
inflammation and nutrient transport, and transient growth restriction and altered hepatic lipid 
metabolism in young offspring (Fig 2). Moreover, maternal NAFLD development and placental 
glucose and lipid accumulation were directly related to the severity of the hyperglycemia. 
These phenotypes mostly aligned with previous clinical research, but also provided new 
insights and starting points for further studies, both preclinical and clinical.   

 

Fig 2. Graphical abstract summarizing the main results of this thesis, comparing the results in the GDM 
with those in the LF control group.  

Future perspectives 

Throughout this thesis, we evaluated the short-term outcomes of GDM/HIP in a lean, insulin 
sensitive mouse model. While this has given us insights into the maternal and placental 
pathophysiology and into the alterations in early offspring development, many subsequent 
research questions remain to be answered. In this section, we will provide several suggestions 
for further research, both with the current mouse model as well as in other models and/or 
clinical studies.  

Our characterization of the HFSTZ-based lean GDM model provided us with valuable insights 
into the mechanisms underlying its hyperglycemia and its consequences for maternal health. 
However, a longer-term follow-up of maternal health would be valuable. In our current 
studies, several maternal parameters were affected by the ongoing lactation (e.g., ALT, 
Chapter 2), limiting our understanding of the postnatal adverse effects of GDM for the dam. 
Hence, follow up until after weaning would enable assessment whether the effects of GDM 
on maternal glucose/insulin metabolism and liver health persist post-weaning.  
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Several shortcomings of the model were observed, such as the relatively high number of mice 
that develop pre-gestational diabetes and the absence of insulin resistance despite prolonged 
exposure to a HF diet (Chapter 2). Hence, there is potential for further optimization of the 
model. Possible adjustments to consider are the type of diet and the dosing of STZ. The use of 
a HFHS rather than a HF diet may be a promising avenue. HFHS is considered more 
representative of a human western diet (15). Female mice may be more sensitive to high sugar 
rather than high fat (182,183), and a similar duration of HFHS feeding successfully induced 
alterations in glucose metabolism in pregnant mice (36,42). The dosing of STZ could also be 
adjusted, with lower doses possibly resulting in fewer mice developing pre-gestational 
hyperglycemia but sustained gestational hyperglycemia and glucose intolerance. Additionally, 
direct comparisons with models based on insulin resistance and/or a mix of insulin resistance 
and insulin secretion defects may be valuable.  

A main goal of future studies using this model is its potential for long-term studies of offspring 
health. The transient reduction in fetal body weight and elevated hepatic lipids during suckling 
described in Chapter 4 are predictors of metabolic disease development later in life (9,184). 
Long term studies could focus on body weight development, glucose/insulin metabolism, 
NAFLD development, and should include both male and female offspring. Longitudinal 
collection of body weight and blood parameters could be valuable to track disease 
development. The effects of maternal GDM on long term offspring metabolic health could be 
performed using several time frames/end points into adulthood and could include both 
‘normal’ and ‘challenged’ conditions. Challenges to consider are obesogenic diets during early 
life and/or adulthood or pregnancy of the female offspring. At the adult endpoint, some main 
tissues of interest would be the offspring liver, pancreas, adipose tissue, brain, and in case of 
pregnancy the F2 placenta and fetus.  

In parallel to studies exploring longer term outcomes in offspring, the link between maternal 
and offspring outcomes could be investigated in more detail. In the current thesis, we mostly 
focused on hyperglycemia as a driver of adverse outcomes. While related to pregnancy 
outcomes and placental nutrient accumulation (Chapter 2, 3), the outcomes in offspring did 
not correlate with the degree of maternal hyperglycemia (Chapter 4). Other parameters that 
could be explored as drivers for adverse offspring effects are maternal dyslipidemia, hormonal 
changes, adiposity and/or insulin resistance, although the effects of the latter two are likely 
to be limited in the current lean model.  

Regarding the placenta, our study provided an in-depth overview of placental changes induced 
by hyperglycemia (Chapter 3). Yet, interpretation of the data was limited by the fact that we 
only collected placentas in late gestation. Further studies could assess the placenta at earlier 
time points, particularly at mid-gestation, which is the time point GDM develops (185–187), 
but also the most understudied time frame in placental research (7). Moreover, although we 
observed changes in nutrient transporter expression, nutrient transporter activity and 
localization were not assessed. Future studies could employ stably labeled metabolites to 
allow more detailed investigation of actual transport (158). Nutrient transporter expression 
and/or activity could also be linked to fetal weight and/or other parameters of fetal growth, 
to study the link between placental function and fetal growth. Besides, localization of the 
effects in the different placental areas, either by separate collection of labyrinth and junctional 
areas at collection, or by histological assessment, will provide more in-depth information 
about the effects of the observed changes on placental function.  



General discussion                                                                                                                                         

227 
 

 

 

 

 

 

 

 

 

 

Similarly, proper understanding of the health effects of maternal milk requires longitudinal 
measurements as well, as milk composition changes throughout gestation (188). The observed 
effects on offspring growth and development are likely a reflection of the cumulative changes 
in milk over time, rather than a direct effect of the milk composition on a single day. Hence, 
milk collection and analysis at multiple time points would be required for a better 
understanding of the consequences of maternal milk alterations for offspring health.   

Better understanding of the (maternal) drivers of offspring outcomes will contribute to 
choosing windows of opportunity for specific (nutritional) interventions. Supplementation 
during gestation has the potential to improve maternal glycemic control and/or fetal growth 
(Chapter 5). However, interventions during lactation can improve milk quality subsequently 
improving offspring health (156).  

Lastly, it is important to note that GDM is a growing problem that requires more attention and 
better treatment. Further research in both preclinical and clinical settings will improve the 
understanding of the underlying pathophysiology and subsequently pave the way for 
improved treatment options and preventive measures to improve long term health outcomes 
of mother and child.  
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