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Preface

Shaping development and (long-term) infant health by maternal factors 
– a human milk perspective.
Early-life is a critical developmental period, wherein maternal influences may exert 
enduring effects on an infant’s development and health, a process known as ‘program-
ming’ (1). Several maternal factors have been linked to infant developmental trajectories 
and their long-term health, including maternal stress, nutrition and immune status (2-
9). Existing research into the maternal elements present during the sensitive perinatal 
period has so far focused predominantly on the infant and its development, with limited 
attention to the underlying biological mechanisms that actually mediate the transmis-
sion of maternal influences to the child. Prenatally, the placenta has been proposed as 
a crucial player in this process, that can modulate the transmission of specific maternal 
changes to the infant (10-12). More recently, it has been postulated that maternal stress 
can induce changes in human milk (HM) composition, which will further contribute to 
the postnatal transmission of maternal influences and thereby influence infant develop-
ment (13).

HM is the gold standard for infant feeding, yielding the most optimal health outcomes 
for both mother and breastfed infant (14). The World Health Organization recommends 
exclusive breastfeeding up to six months of infant age, and as a part of the diet up until 
two years (15). Extensive research attests to the multiple benefits of HM, including a 
more optimal infant growth and development, higher IQ scores and reduced risks of 
infection, obesity, diabetes and cardiovascular disease in later life (16). Benefits for the 
breastfeeding mother include more weight loss postpartum, a reduced risk for diabetes, 
rheumatoid arthritis, cardiovascular disease and breast- and ovarian cancer (17).

The beneficial effects of HM on infant development have been attributed to its rich 
composition (14, 16). Indeed, HM consists of thousands of different molecules and com-
ponents (14, 18). Amongst others, all important macro- and micronutrients, crucial for 
growth, energy production and the functioning of biological pathways (14, 18, 19) are 
present. Additionally, human milk oligosaccharides (HMOs), the third largest compo-
nent of human milk, have been linked to the development of the infant immune system, 
gut microbiome and later learning and memory scores (20-24). The various immune 
components, including immunoglobulins and cytokines present in HM, contribute to 
the maturation of the infant immune system and provide protection against infections 
(25). The presence of a unique microbiome in HM (26-29) is thought to contribute to 
shaping the infant’s gut microbiome and subsequently influencing growth, develop-
ment and health throughout life (28).
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The dynamic nature of HM is reflected by a change in concentrations and compositions 
of all these different components over lactation, throughout the day and even within a 
single feeding (14, 30, 31). Milk stages are commonly classified into colostrum, transi-
tional milk and mature milk (14, 32) and the composition of HM during these different 
stages is significantly different (14, 19, 32-34), and thought to align with the evolving 
needs of the breastfed infant. In addition, numerous maternal influences, including 
maternal diet, age, ethnicity, BMI, weight gain during pregnancy, gestational age at 
delivery and delivery mode further impact the composition of HM (14, 35).

This thesis hypothesizes that HM plays a pivotal role in the transmission of factors 
like stress, nutrition and immune status, from mother to her infant, influencing its 
development and long-term health.

Exploring the interplay between maternal stress and HM composition.
Maternal stress during the postpartum period has been associated with adverse infant 
outcomes (2-5, 36). For example, an increased risk for impaired growth, compromised 
physical development, and adverse effects on neurodevelopment, encompassing the 
cognitive, socio-emotional and psychomotor domains (2-5, 36). Recent literature has 
also shown that maternal stress affects breastfeeding dynamics, where higher levels 
of maternal stress are associated with a delayed onset of milk production, a reduced 
milk volume, less exclusive breastfeeding and shortened breastfeeding duration (37). 
If maternal stress also affects critical components of HM, such as essential nutrients, 
immune factors and the milk microbiome has remained largely unexplored in the field, 
even though this may have possible consequences for the breastfed infant. Hence, the 
first aims of this thesis was to investigate whether maternal stress is associated 
with a different HM composition of essential nutrients, oligosaccharides and mi-
crobiome.

Exploring the interplay between maternal stress, dietary intake and HM 
composition.
It is well established that stress may negatively impact dietary energy intake and qual-
ity (38). Remarkably, only limited research exists on the association between maternal 
stress and dietary intake and HM quality during lactation, despite the fact that stress 
in the post-partum period is common and alterations in maternal dietary intake may 
significantly impact the composition of HM, thereby affecting the breastfed infant (39-
45). The relationship between maternal diet and HM composition is complex, exhibiting 
much variation depending on the specific nutrient involved (41, 46). Even though for 
some HM components the (lack of ) association with maternal dietary intake is widely 
accepted (40, 41, 47), for others this remains controversial. Furthermore, as global trends 
witness a rise in specific diets, such as veganism, concerns have been raised regarding 
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the nutritional adequacy of milk from lactating mothers adhering to such a specific diet 
(48). Therefore, as a second aim, this thesis will explore the association between 
stress during lactation and maternal dietary intake, as well as the association 
between maternal dietary intake and the composition of HM.

Exploring the interplay between stress, the immune system and human 
milk during the COVID-19 pandemic.
Within months, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
spread around the world, causing severe cases of coronavirus disease 2019 (COVID-19), 
profoundly affecting health, mortality, economy, and society as a whole (49-51). In March 
2020, just before the start of this thesis project, the virus also caused the Netherlands 
to go into a lockdown (52). Prioritization during the pandemic has been the care of the 
elderly, however, the pandemic also had a huge impact on breastfeeding women (53, 
54). Newborns have been separated from their mothers, and it was feared that HM could 
transmit the virus, or harmful parts of the SARS-CoV-2 vaccines, to the breastfed infant 
(53). Fortunately, replication-competent SARS-CoV-2 has not been isolated from HM, 
and transmission of the virus to the infant through HM has not been reported. Also, vac-
cination during lactation was proven safe for both mother and child (55, 56). Notably, 
breastfeeding in SARS-CoV-2 positive mothers was even shown to protect their infants 
from developing symptoms of COVID-19 (57), which led to the question whether HM 
of SARS-CoV-2 infected, or vaccinated, mothers would contain antibodies against the 
virus, and could potentially offer protection of the infant against COVID-19.

The interplay between stress and the immune system is reflected by the fact that HM 
antibody titers are negatively associated with maternal psychological stress (58-60). 
During the COVID-19 pandemic, the mental state of lactating mothers may have suf-
fered due to a limited access to support systems, changes in hospital policies, mother-
infant separation policies, and exposure to COVID-19 itself (61). Elevated maternal stress 
may thus have had possible consequences also for the maternal immune system and 
for antibody titers in HM. A third aim of this thesis was therefore to further explore 
the impact of the COVID-19 pandemic on maternal stress during lactation, and 
the association between stress, SARS-CoV-2 infection and vaccination and HM 
immunoglobulins.

Exploring clinical implications and future perspectives.
After exploring the influences of maternal stress on HM composition, this leads to the 
important question whether these stress-associated differences in HM play a role in the 
transmission of maternal stress to her infant, influencing its development and long-term 
health. When exploring these clinical consequences, the question also raises whether 
the interplay between stress and nutrition might open a window for opportunity. More 
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specifically, it can be suggested that nutrition may be instrumental in mediating and 
potentially combatting the (long-term) impact of stress exposure during sensitive 
developmental periods on the infant. In this context, nutritional interventions may 
hold much potential as they are relatively safe, can be cheap and easy to implement. 
Therefore, the fourth and last aim of this thesis is to investigate if stress-associated dif-
ferences in HM composition mediate the association between maternal stress and 
infant (neuro)development, and to review and summarize the available evidence 
for nutritional interventions to counteract the impact of early-life stress on (long-
term) mental health.

Thesis outline.
In Part I of this thesis; ‘The interplay between maternal stress and human milk composi-
tion’, we will address Aim 1.

In Chapter 1, we review and discuss the evidence for our hypothesis that nutrition, and 
in particular HM, may play an important role in the programming effects of early-life 
stress on infant development and (later-life) health. Next, we set out to explore if mater-
nal stress is associated with an altered HM composition. In Chapter 2 and Chapter 3, we 
aim to investigate if and how maternal psychological and biological stress is associated 
with respectively the fatty acid and amino acid composition of HM in the early post-
partum period. In Chapter 4, we explore the oligosaccharides in HM (HMOs) and their 
association with preterm delivery and maternal stress. Furthermore, in Chapter 5, we 
investigate how maternal psychological and biological stress is associated with the HM 
microbiome.

In Part II of this thesis; ‘The interplay between maternal stress, maternal dietary intake and 
human milk composition’, we will address Aim 2.

First, in Chapter 6, we aim to investigate the association between maternal psycho-
logical and biological stress and the maternal dietary energy intake and diet quality. 
Thereafter, we explore how maternal dietary intake may affect the composition of HM. 
More specifically, in Chapter 7, we investigate if and how maternal protein and specific 
amino acid intake is associated with the protein-bound and free amino acid composi-
tion. Next, in Chapter 8, we investigate if HM carnitine and vitamin B2 concentrations, 
two essential nutrients mostly present in animal products, are different between lactat-
ing women consuming a vegan diet or an omnivorous diet.

In Part III of this thesis; ‘The interplay between stress, the immune system and human milk 
during the COVID-19 pandemic’, we will address Aim 3.
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In Chapter 9, the detection and prevalence of SARS-CoV-2 specific antibodies in 
HM amongst lactating women in the Netherlands will be investigated. Thereafter, in 
Chapter 10, we explore and compare how the different SARS-CoV-2 vaccines used in 
the Netherlands induce a HM antibody response. Lastly, in Chapter 11, we compare 
the psychological stress levels of lactating women during the COVID-19 pandemic to a 
pre-pandemic cohort. In addition, we investigate how maternal stress is associated with 
SARS-CoV-2 specific antibodies in HM.

In Part IV of this thesis “Clinical implications and future perspectives”, we will address Aim 
4.

To test our hypothesis that stress-associated changes in HM composition may have 
adverse consequences for the breastfed infant, we perform in Chapter 12 a mediation 
analysis to investigate if our earlier demonstrated stress-associated alterations in HM 
mediate the association between maternal stress in the first month post-partum and 
infant temperament at three months of age. Furthermore, in Chapter 13, we discuss 
the promising future concept of nutritional interventions to counteract the detrimental 
consequences of early-life stress by reviewing the existing clinical and preclinical litera-
ture in this context.

Finally, in Chapter 14, the general discussion, the main findings of this thesis are high-
lighted and discussed in a broader perspective.
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