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ABSTRACT 

The Developmental Origins of Health and Disease hypothesis is largely focused on 

elucidating the mechanisms by which gestational events affect offspring health. This area 

of research has recently begun examining the interplay between offspring health and the 

health of those who gestate those offspring. Relatedly, animal and human evidence shows 

that perinatal administration of certain probiotic strains or gestational diets can impact 

maternal and offspring health. As such, in a Long-Evans rat model, the studies presented 

in this dissertation investigated the impact of perinatal nutritional factors on maternal and 

offspring health-related outcomes. Specifically, maternal and offspring behavioural and 

physiological variables were examined following maternal administration of the 

Lacidofil® probiotic (or its placebo) and specific perinatal diet (i.e., Western or standard 

diet). The first data chapter reports that giving either Western diet or Lacidofil® to mother 

rats increased certain active maternal care behaviours compared to standard diet and 

placebo administration, respectively. In the second data chapter, I report marked 

differences in the maternal cecal content microbiota based on Western diet and Lacidofil® 

administration. Regarding offspring health, the first study in the third data chapter reports 

that compared to offspring from placebo-administered mothers, offspring from mothers 

treated with Lacidofil® weighed more at birth and had higher anogenital distances. Finally, 

the second study in the third data chapter reports that offspring from Western diet-fed 

mothers weighed less than offspring from standard diet-fed mothers. Further, offspring 

from mothers who were given both Lacidofil® and Western diet had higher levels of 

plasma corticosterone than offspring from mothers given both Lacidofil® and standard 

diet. Collectively, these studies demonstrate that both the Lacidofil® probiotic and Western 

diet impacted the measured maternal and offspring health outcomes. Future research 

should continue examining the potential interactive effects of perinatal nutritional factors 

on both maternal and offspring health.  
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CHAPTER 1 INTRODUCTION 

MATERNAL CARE 

When investigating how internal and external factors influence the mother’s health, 

her behaviour and her offspring’s development, laboratory rats are often used to answer 

these questions (Kristal, 2009). Rats are an altricial mammalian species, meaning that when 

their offspring are born, they require enormous parental care because they are blind, deaf, 

and hairless (Kristal, 2009). Rats’ maternal behaviour is studied as a representation of 

altricial species because of their complex but patterned nature (Kristal, 2009). Rat maternal 

care behaviours include the preparation behaviours of pregnant females, such as nest-

building (Denenberg et al., 1969)  and self-grooming (Kristal, 2009). Pregnant rats dig into 

their bedding to build high-sided nests, typically in the corner of their enclosure (Kristal, 

2009). To groom themselves, pregnant rats will shift their self-grooming behaviours from 

their usual routine, such that they spend more time grooming their nipples and urogenital 

region (Roth & Rosenblatt, 1966, 1967). Once young arrive, rat maternal care behaviours 

include the behaviours directly associated with caring for the offspring when they are born 

(Kristal, 2009). Rat dams perform a licking and grooming (LG) behaviour for their 

offspring to rid them of the afterbirth (Kristal, 2009). They continue to lick and groom the 

offspring throughout the postpartum period because the neonates cannot urinate or defecate 

without stimulation from the dam (Kristal, 2009). This licking and grooming behaviour is 

also essential in restoring the dam’s fluid balance (Friedman et al., 1981). Also, licking and 

grooming is necessary for many aspects of the early development of the offspring (Liu et 

al., 1997; Champagne et al., 2001). 
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Another maternal care behaviour important for offspring development is arched-

back nursing (ABN), whereby the dam stands over her nest in a kyphotic posture (Stern & 

Lonstein, 2001). to maximize the number of pups that can nurse simultaneously. Rat dams 

will nurse, lick, and groom their offspring in bouts (Kristal, 2009) and oftentimes perform 

these behaviours together. 

 What is the mechanism for the onset of maternal care? 

The onset of maternal care behaviour begins late in pregnancy due to rising estrogen 

levels and heightened mesolimbic dopamine activity (Rosenblatt, 1994).  

The rising estrogen and dopamine activity activate estrogen receptors in the brain, 

which are crucial for the onset of maternal care (Rosenblatt, 1994). Specifically, for 

maternal behaviours to occur, estrogen must bind to ER-α receptors in the medial preoptic 

area of the hypothalamus (mPOA; Champagne et al., 2003). Additionally, the estrogen 

elevation observed in late pregnancy increases the presence of oxytocin receptor binding 

(F. Champagne et al., 2001). Oxytocin is critical in modulating maternal licking and 

grooming (F. Champagne et al., 2001). 

Many studies have examined the ability of intracerebroventricular (ICV) 

administration of oxytocin to induce maternal care behaviours in rats (Pedersen et al., 

1994). Conversely, the administration of oxytocin antagonists can prevent the onset of 

maternal care behaviour in parturient rats (Pedersen et al., 1994). Similarly, if the 

paraventricular nucleus of the hypothalamus (PVN) or the mPOA is lesioned, initial 

maternal behaviours are prevented (A. Lee et al., 1999). These findings support the 

hypothesis that endogenous oxytocin is responsible for the emergence of postpartum 
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maternal care behaviours (A. Lee et al., 1999; Pedersen et al., 1994). Previous research 

also found that administering an oxytocin antagonist to the mPOA or the ventral tegmental 

area (VTA) resulted in increased latencies to retrieve pups (Pedersen et al., 1994). Another 

study found that when dams characterized as either “high LG-ABN” or “low LG-ABN” 

were provided with an oxytocin receptor antagonist on the third postpartum day, there were 

no longer any observable differences in the dams’ LG behaviour frequencies (F. 

Champagne et al., 2001). The results generated by this study provide evidence for increased 

oxytocin receptors being a mechanism for higher frequencies of LG behaviour that were 

observed in this group (F. Champagne et al., 2001). 

 Why is maternal care important to study? 

The health status of the mother relates to not only her well-being and how 

pregnancy will come to affect her, but also feeds into the developmental origins of disease 

hypothesis (also known as the DOHaD hypothesis or the Barker hypothesis; De Boo & 

Harding, 2006), meaning that a mother’s health status will impact her offspring’s future 

health or lack thereof. 

My interest in studying maternal care comes from the large and diverse number of 

studies that have highlighted the sensitivity of maternal care to both internal and external 

stimuli, allowing for examination of how these stimuli affect both the mother and her 

offspring. 

Although maternal care has been shown to vary naturally (Champagne et al., 2003), 

other variations in maternal care are thought to be brought out because of the dam’s 

environment (i.e., external stimuli that she is exposed to; Mashoodh et al., 2009). Through 
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her altered behaviour, it is hypothesized that this provides environmentally specific 

programming to her offspring during an early critical period of development Mashoodh et 

al., 2009), which has been described as the maternal mediation hypothesis (Macrì & 

Würbel, 2006). As an example of the maternal mediation hypothesis, Korgan and 

colleagues (2018) found that females mated to males exposed to a chronic high-fat diet 

(HFD) performed fewer combined LG-ABN behaviours than their control counterparts. 

This study found that nulliparous females had diminished interest in HFD-exposed males 

in a partner preference test, and the maternal behaviour exhibited indicated the continuation 

of that lowered preference towards the offspring (Korgan et al., 2018). Interestingly, if 

females were mated with HFD-exposed males but housed in an enriched environment 

during the postnatal period, the effect of male nutritional status on maternal care behaviour 

was not observed (Korgan et al., 2018). 

For internal cues that may affect a mother and how she interacts with her offspring, 

there are many studies on the effects of maternal nutrition on the postpartum period, 

including maternal behaviours (Abuaish et al., 2018; Connor et al., 2012; Kougias et al., 

2018; Purcell et al., 2011; Smart & Preece, 1973). 

Smart and Preece (1973) found that undernourished dams engaged in significantly 

less pup retrieval and licking/grooming than their control-fed counterparts. This finding 

could be due not only to the dam’s undernourished condition but also to the undernourished 

status of her offspring (Smart & Preece, 1973). Undernourished dams did not differ in their 

nest-building behaviours, which do not involve pup contact, suggesting that the offspring 

may not be as effective in garnering their mother’s care (Smart & Preece, 1973). One 

hypothesis is that their ultrasonic vocalizations may be impaired, thus affecting their ability 
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to communicate their needs with the dam (Smart & Preece, 1973). This hypothesis is 

supported by a study investigating undernourished rat dams’ care responses to well-

nourished versus undernourished offspring, which found that the dams engaged in more 

licking/grooming behaviours with the well-nourished pups (Smart, 1976). In a more recent 

but similar study on maternal nutrition effects on behaviour, Connor and colleagues (2012) 

found that dams fed an HFD engaged in significantly less LG behaviour than controls. 

WESTERN DIET 

With the introduction of increasingly advanced agricultural and food-processing 

techniques, humans consume foods altered in one or more of their nutritional 

characteristics (Cordain et al., 2005). These characteristics include glycemic load, fibre 

content, micronutrient composition, macronutrient composition, fatty acid composition, 

acid-base balance, and sodium-potassium ratio (Cordain et al., 2005). Prior to the rapid 

development of our food infrastructure, foods (including plants and animals) were wild 

variants and minimally processed (Cordain et al., 2005). As a result, there are several 

newcomers to modern diets, including dairy products, refined sugars, cereals, and refined 

vegetable oils (Cordain et al., 2005). Additionally, most salt humans consume comes from 

processed foods (Webster et al., 2010). Even foods with low glycemic indices, including 

milk, ice cream and white bread, can negatively affect our hormones (e.g., these foods are 

insulintropic; (Östman et al., 2001). Diets rich in processed, high-sugar, high-fat, low-fibre 

foods have been popularized by Western countries, leading such dietary patterns to be 

known as the “Western diet” (WD; Christ et al., 2019; Imamura et al., 2015; Monteiro et 

al., 2013). 
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 How does Western diet relate to maternal health and behaviour? 

Increasingly, research is investigating dietary patterns and their involvement in 

health outcomes. In terms of reproductive health, women who consume diets high in red 

meat, processed and/or sugary foods (i.e., a Western diet) are at risk of pregnancy 

complications, including the risk of gestational diabetes mellitus (GDM; He et al., 2015; 

Schoenaker et al., 2015; Zhang et al., 2006) and preeclampsia (Brantsæter et al., 2009; X. 

Chen et al., 2016).  

In addition to affecting maternal health, there is increasing evidence that maternal 

diet may also affect maternal behaviour. As discussed previously, maternal care behaviours 

are critical in mammalian early-life development, including for rats, non-human primates, 

and humans (Bailey & Coe, 1999; F. Champagne et al., 2001; Egeland & Hiester, 1995). 

Due to the physically demanding nature of the perinatal period, nutrient deficiencies may 

arise more easily, contributing to an increased risk of postpartum depression (PPD; 

Sparling et al., 2017). A recent study in women has demonstrated a link between maternal 

WD consumption and increased risk for PPD (Bolton et al., 2017). Similarly, a more recent 

study (C. Yang et al., 2021) and a systematic review (Opie et al., 2020) have found links 

between maternal diet and postpartum symptoms. In a study of Chinese women, 

researchers found that women experiencing depressive symptoms had lower vegetable 

intake and an overall decrease in food varieties consumed (C. Yang et al., 2021). The 

researchers hypothesized that this reduced variety in food consumption may result in lower 

intake of necessary nutrients such as essential amino acids, minerals and polyunsaturated 

fatty acids (C. Yang et al., 2021). A systematic review also demonstrated the importance 

of a good quality diet, demonstrating that women who followed healthy dietary patterns 
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(e.g., diets rich in vegetables, fruits, legumes, and seeds) had lower scores on PPD 

measures (Opie et al., 2020). 

Compared to healthy diet patterns, WDs are high in branched-chain amino acids 

(BCAA), which may compete with essential amino acids, such as the precursors to 

neurotransmitters like serotonin and dopamine, to cross the blood-brain barrier (BBB; 

Fernstrom, 2005). Serotonin and dopamine availability in the brain are implicated in mood 

disorders like PPD (Nutt, 2001; Senkowski et al., 2003; Werner & Coveñas, 2010). As 

previously described, dopamine is crucial in triggering the onset of maternal care 

behaviours in rodents. Therefore, its availability, or lack thereof, could seriously affect 

maternal care expression.  

There is conflicting evidence about how HFDs and WDs affect maternal care 

behaviours in rat models. One study found that a maternal HFD (45% fat by kcal; Cat. 

#D12451 from Research Diets®, Inc.), provided during pregnancy and lactation, 

negatively impacts maternal care (Connor et al., 2012). It was found that HFD-fed dams 

do not lick and groom their offspring as much as dams fed a standard chow diet (Connor 

et al., 2012). Another study employing the same HFD throughout gestation and lactation 

found that the HFD-fed dams engaged in more licking/grooming and nursing behaviour 

across seven days compared to dams fed a control chow (15.8% fat by kcal; Cat. #D10012G 

Research Diets®, Inc.; Kougias et al., 2018). Interestingly, these HFD-fed dams also spent 

less time away from their pups than the control diet-fed dams (Kougias et al., 2018). In 

another study, rat dams were given a high-fat diet (60% fat by kcal; Cat. #D12492 from 

Research Diets®, Inc.) starting on the second gestational day (Purcell et al., 2011). This 

study performed maternal care observations for the first two postnatal weeks and found no 
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differences observed during the animals’ light phase or the second postnatal week 

compared to dams fed a standard chow diet (Purcell et al., 2011). However, during the first 

postnatal week, in the dark phase, HFD-fed dams engaged in more total time spent nursing 

(i.e., including passive, blanket-posture and arched-back nursing) and more arched-back 

nursing specifically, compared to standard diet-fed dams. Like the 2018 study by Kougias 

and colleagues, this study found that HFD-fed dams rested less than their standard diet 

counterparts (Purcell et al., 2011). 

 How does Western diet relate to the gut-brain-microbiome axis 

and inflammation? 

The globalization of the WD has led to a rise in non-communicable diseases 

(NCDs) that are increasingly associated with said diet (Christ et al., 2019; Imamura et al., 

2015; Monteiro et al., 2013). A WD can shift the gut microbiota composition, reducing 

microbial diversity and increasing gut dysbiosis, which ultimately results in inflammation 

in both rodents and humans (Christ et al., 2019; Z. Hosseini et al., 2016; Lopez-Garcia et 

al., 2004; Tanoue & Honda, 2012). Persistent, low-grade inflammation is linked with the 

prevalence of NCDs such as cardiovascular disease, type 2 diabetes mellitus, non-alcoholic 

fatty liver disease, and some cancers (Canevari & Clark, 2007; Danaei et al., 2013; Z. 

Hosseini et al., 2016; Kerr et al., 2017; Mozaffarian, 2016). WD administration (Bortolin 

et al., 2018) and fructose (a common ingredient in Westernized diets; Wang et al., 2020) 

in rats have also shown to increase serum and plasma pro-inflammatory cytokines levels, 

respectively. 
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 How does a Western diet affect metabolic markers and stress 

hormones? 

There have been many possible factors associated with maternal diet regarding the 

effects of diet-induced obesity on the mother’s health and that of her offspring (Sullivan et 

al., 2014). These factors include higher inflammation levels, compromised placental 

function and hormone dysregulation, including the metabolic hormones leptin and insulin 

(Sullivan et al., 2014).  

The hormone leptin can indicate the metabolic dysfunction that arises due to WD 

because leptin is responsible for suppressing appetite and storing fat (Elmquist et al., 1998; 

Figlewicz et al., 2003; Sun et al., 2012). Adipocytes secrete leptin, so as adipose tissue 

increases due to WD consumption, leptin levels increase, and this can result in leptin 

resistance (Elmquist et al., 1998; Figlewicz et al., 2003; Sun et al., 2012). It has been shown 

that leptin is elevated in obese and diabetic mothers, compared to normal pregnancy 

controls (Hauguel-de Mouzon et al., 2006; Lepercq et al., 1998). Leptin and leptin 

receptors are involved in activating the stress response via the hypothalamic-pituitary-

adrenal (HPA) axis (Roubos et al., 2012), and they can increase inflammatory cytokine 

levels in the mother (Lappas et al., 2005).  

Related to elevated inflammation levels and the stress response, maternal WD is 

also known to increase the circulation of the stress-related hormone corticosterone (a 

glucocorticoid; Taves et al., 2011). WDs and HFDs are considered physiological stressors 

during pregnancy (Connor et al., 2012; Reynolds et al., 2013). These can affect the HPA 

axis such that basal glucocorticoid levels are heightened (Legendre & Harris, 2006). 

During pregnancy, to protect the fetus from the effects of glucocorticoids, the placental 



 

 10 

enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD) type 2 is responsible for 

deactivating corticosterone (Bellisario et al., 2015). However, previous work has 

demonstrated that maternal HFD lowers 11β-HSD type 2 activity and its expression in the 

placenta (Bellisario et al., 2015). 

 Are rodent models of a Western diet translatable to humans? 

When studying diet in a preclinical model, it is important to note that laboratory 

animal diets are a potential issue regarding research translatability (Hintze et al., 2018). 

Although open-source diets are available, there is still variability due to different mineral 

content (Finley, 2005) and secondary compounds such as phytoestrogens (Degen et al., 

2002; Thigpen et al., 1999). In the United States, the typical “Western” diet is comprised 

of ~49% carbohydrates, 35% fat and 16% protein, according to the National Health and 

Nutrition Examination Survey (NHANES; (USDA Agricultural Research Service, 

2019).This composition differs from the WD often used in rodent studies (Hintze et al., 

2018). The use of diet to induce a disease model in rodents has become popular because, 

although useful in their way, single gene mutation models such as the ob (leptin knockout) 

and db (leptin receptor knockout) models in mice and rats do not parallel the development 

of obesity in humans (Hintze et al., 2018). Early iterations of the diet-induced obesity 

model (DIO) in rodents began with HFDs consisting of 82% calories from fat (Lavau et 

al., 1979; Susini et al., 1979). Although the cafeteria diet has been designed to match 

Westernized diet patterns better, they are nearly impossible to replicate due to differences 

in micronutrients (B. J. Moore, 1987). In future studies, there should be a focused effort to 

increase the translatability of laboratory animal diets to human diets. Some elements that 



 

 11 

should be considered include the complex food matrix, food additives and diverse sources 

of fibre (Hintze et al., 2018).  

THE GUT-BRAIN-MICROBIOTA AXIS 

In the beginning of DOHaD research, it was demonstrated that low birth weight 

was a risk factor for adulthood disease (Barker, 1990; Barker, 2004; Barker et al., 1989; 

Codagnone et al., 2019). Prenatal and early postnatal environment plus the host’s genetics 

can program adulthood health or disease (Barker, 1990; Barker, 2004; Barker et al., 1989; 

Codagnone et al., 2019). Elements that alter these factors may push an organism toward a 

later disease state (Codagnone et al., 2019). If multiple factors are affected, this could 

amplify the extent of the disease state (Barker, 1990; Barker, 2004; Barker et al., 1989; 

Codagnone et al., 2019). Due to the increasing interest and subsequent research on the gut-

brain-microbiota axis, the gut and its microbes are a potential factor in adulthood disease, 

in addition to prenatal, early postnatal environment and genetics (Barker, 1990; Barker, 

2004; Barker et al., 1989; Codagnone et al., 2019). 

 What is the gut-brain-microbiota axis? 

In mammals, the brain, or central nervous system (CNS) is directly connected to 

the gastrointestinal (GI) tract, also referred to as the “gut,” via the vagus nerve (Bravo et 

al., 2011). Initial research referred to this connection as the “gut-brain axis.” However, as 

gut-brain axis research has increased substantially in recent years, it has become more 

popular to discuss the “gut-brain-microbiota axis” (see Figure 1.1). The gut-brain-

microbiota axis is, therefore, defined as the bidirectional connection between the gut and 

the brain, in addition to the microbiota inhabiting the gut (Mayer et al., 2022). These 
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microbes then interact with the brain and the gut via signalling molecules (Mayer et al., 

2022). This re-framing of the axis acknowledges that we would not function properly 

without the estimated trillions of bacteria that inhabit the mammalian gut (D’Argenio & 

Salvatore, 2015; Mayer et al., 2022). The mammalian gut microbiota comprises not only 

bacteria, but archaea, fungi, yeasts, viruses, helminth parasites and single-celled 

eukaryotes, making it an intensely complex environment (D’Argenio & Salvatore, 2015; 

Margolis et al., 2021). 

 

Figure 1.1 A visual summary of the gut-brain-microbiota axis, adapted from figures by 
Margolis and colleagues (2021) and Mayer and colleagues (2022). Created 
with Biorender.com. 

 The importance of microbes demonstrated by germ-free studies 

Evidence of the importance of microbiota in everyday functions is apparent in 

research studies on germ-free (GF) mice (Asano et al., 2012; Sudo et al., 2004). GF mice 
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show increased hypothalamic-pituitary-adrenal (HPA) axis activity (the primary stress 

response circuit in mammals) following a stressor and lower brain-derived neurotrophic 

factor (BDNF) levels in the hippocampus and cortex compared to specific pathogen-free 

(SPF) mice (Sudo et al., 2004). In a cow’s milk allergy model where sensitivity to β-

lactoglobulin (a component of cow’s milk) was measured, GF mice exhibited increased 

allergic sensitization to β-lactoglobulin compared to conventional mice (Rodriguez et al., 

2011). In another GF study, before the introduction of Lactobacillus and Bifidobacterium 

to the gut, GF rats showed slower intestinal transit, compared to after they received a 

transfer of gut microbes (Husebye et al., 2001).  

 The functions of the gut-brain-microbiota axis 

The gut-brain-microbiota axis aids homeostatic functions (Margolis et al., 2021) 

such as sleep, immune system regulation and development (Čoklo et al., 2020; Purchiaroni 

et al., 2013), food intake (Mayer et al., 2022; Osadchiy et al., 2019), enzyme secretion  

(Čoklo et al., 2020; Flint et al., 2012), and vitamin synthesis (Čoklo et al., 2020; Hill, 1997). 

Current evidence suggests that although the vagus nerve does not directly 

communicate with the microbiota, it is affected by bacterial metabolites and signalling 

molecules resulting from gut microbiota functions (Margolis et al., 2021). Much like the 

studies on GF rodents have demonstrated the importance of the microbiome, vagotomy 

studies illustrate the importance of the vagus nerve in gut-brain-microbiota axis 

communication (Bravo et al., 2011; Y. Liu et al., 2021; Malick et al., 2015). Gut microbes 

are crucial in forming signalling molecules, as some of these molecules, for example, short-

chain fatty acids (SCFAs), can only be made via fibre fermentation (Mills et al., 2019). In 
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turn, SCFAs are theorized to affect neurotransmitter production through their influence on 

enzyme production, which is required for neurotransmitter synthesis (Nankova et al., 

2014). 

Vagus nerve function can also be modulated by the enteroendocrine and 

enterochromaffin cells in the gut epithelial lining (Bonaz et al., 2018), as signalling 

molecules from the microbiome can affect the brain via host circulation or, via gut 

enteroendocrine cells, enterochromaffin cells, and the mucosal immune system (Walsh & 

Zemper, 2019). Once the brain receives these signals, its activity can be altered via the 

autonomic nervous system (ANS) and the HPA axis (C. R. Martin et al., 2018; Yano et al., 

2015). The enteric nervous system (ENS) can also directly affect the microbiome by 

altering the following gut functions: secretion, permeability, immunity, and motility 

(Margolis et al., 2021).  

Within the gut-brain-microbiota axis are the blood-brain and intestinal barriers 

(Mayer et al., 2022). The permeability of these barriers can fluctuate based on gut 

metabolites, inflammatory signalling and stress exposure (Mayer et al., 2022). Typically, 

these barriers prevent inflammatory signalling from reaching the brain (Mayer et al., 2022). 

The intestinal barrier comprises two main layers: epithelial cells bound by tight junctions 

(Yu & Yang, 2009) and the mucosal layer composed of mucin protein (Kelly et al., 2015). 

Furthermore, due to the importance of the gut-brain-microbiota axis, many (mostly) 

preclinical studies provide evidence of the microbiome's ability to affect brain function, 

structure, and development (C. R. Martin et al., 2018; Osadchiy et al., 2019). However, 

there remain large gaps in knowledge of the gut-brain-microbiota axis mechanisms 

(Margolis et al., 2021).  
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 Why study the maternal gut-brain-microbiota axis? 

In mammals, the gut microbiota is established both during and after birth (Čoklo et 

al., 2020). The colonization of the gut microbiome at birth is affected by the delivery type, 

genetics, maternal stress, maternal diet, antibiotic exposure, and many other factors 

(Margolis et al., 2021). 

The composition of the established microbiome is typically stable due to its 

functional redundancy (Moya & Ferrer, 2016). However, major life events such as 

pregnancy impact the gut’s microbial composition and, therefore, its function (Koren et al., 

2012). 

The human microbiome changes over the course of pregnancy with concurrent 

increases in the levels of low-grade inflammation that occur from the first to third trimester 

(Koren et al., 2012). The observed increase of Proteobacteria in the pregnant microbiome 

is hypothesized to be involved in the low-grade inflammation observed (Mukhopadhya et 

al., 2012). Although low-grade inflammation is normal during pregnancy, if there are 

factors that increase inflammation too much such as gestational diabetes or “leaky gut” this 

could have serious impacts on fetal growth and increase the risk of preeclampsia (Edwards 

et al., 2017; Kashtanova et al., 2016; C. J. Kim et al., 2015). Even without changing their 

diet, pregnant women show differences in metabolic health markers compared to their non-

pregnant counterparts, such as increased adiposity, increased leptin, insulin and 

cholesterol, and increased insulin resistance (Collado et al., 2008). Since diet can further 

impact these metabolic markers, studying the impact of diet on the pregnant microbiome 

is important. 
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 How does diet affect the gut microbiome? 

The gut microbiome is impacted by many factors, including the host (Bernbom et 

al., 2006),  age (Inoue & Ushida, 2003), environment (Benson et al., 2010; Gacesa et al., 

2022) and diet (Connor et al., 2023; David et al., 2014). 

Diet composition is a substantial determining factor of the gut microbiome 

composition and overall gut health (Margolis et al., 2021). In the case of unhealthy diets, 

these can affect the gut’s mucosal layer, resulting in pathogens and commensal bacteria 

having access to dendritic cells. This can increase gut permeability due to immune 

activation (Margolis et al., 2021). This diet-induced immune activation is known as 

metabolic endotoxemia. A review regarding the intake of Western diet-related foods (e.g., 

foods high in fat, sugar or heavily processed) demonstrated that plasma lipopolysaccharide 

(LPS) levels were elevated based on these Western foods (André et al., 2019). LPS levels 

contribute to an organism’s inflammation levels (Catorce & Gevorkian, 2016). Due to the 

inherent inflammation that occurs during a normal pregnancy, any additional factors that 

may increase inflammation, such as Western diet consumption, can increase the risk of 

adverse health outcomes for the mother and her offspring (Lana & Giovannini, 2023). 

 What other factors impact the gut-brain-microbiota axis? 

Probiotic research is another area of focus that has been studied in conjunction with 

the gut-brain-microbiota axis. There is considerable evidence that probiotics provide 

benefits, including mood-boosting effects (Talbott et al., 2020), reduction in anxiety-like 

behaviours, the maintenance of important brain metabolites (Lana & Giovannini, 2023), 

and a reduction in conditions such as antibiotic-associated diarrhea (Hempel et al., 2012) 
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and irritable bowel syndrome (McFarland & Dublin, 2008). Furthermore, probiotics have 

demonstrated the potential to mitigate inflammation (Al-muzafar & Amin, 2017) and other 

health risks associated with Western diet consumption, such as preeclampsia (Brantsæter 

et al., 2009). 

PROBIOTICS 

Lactobacilli belong to a large, general bacteria grouping called “lactic acid 

bacteria”, known for their ability to produce lactic acid as a by-product of carbohydrate 

metabolism (Mayer et al., 2022; Osadchiy et al., 2019). Lactobacilli bacteria are non-spore-

forming gram-positive, rod-shaped bacteria (Tannock, 2004). These bacteria prefer to live 

in areas with high carbohydrate content, including fermented food and drink and inside 

host organisms, such as mammals (Holzapfel & Wood, 2014). However, carbohydrates are 

but one of their many nutritional needs (Tannock, 2004). Others include amino acids, 

peptides, salts, vitamins, and nucleic acid derivatives (Holzapfel & Wood, 2014; Tannock, 

2004). Lactic acid bacteria produce short-chain fatty acids (SCFAs; Ljungh & Wadstrom, 

2006) as a by-product of their ability to break down otherwise indigestible carbohydrates. 

SCFAs are capable of many beneficial functions. For example, SCFAs (e.g., acetate, 

butyrate and propionate) help improve colonic integrity (Yue et al., 2022). They are 

involved in anti-inflammatory processes, affecting immune cell chemotaxis, cytokine 

release and reactive oxygen species release (Tan et al., 2014). SCFAs also display 

antimicrobial activity and improve gut integrity via lowering the pH in the gastrointestinal 

tract (Tan et al., 2014). 

There is a long-standing traditional use of lactobacilli in food products, and as such, 

the use of these bacteria in the food industry has been investigated thoroughly (Jay, 2000). 
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The interest in lactic acid bacteria as probiotics began over a century ago with Élie 

Metchnikoff, a Nobel prize-winning scientist (1845-1916) who proposed that the microbes 

inhabiting the human gut produced toxins that could affect the host’s nervous and vascular 

systems (Metchnikoff, 1907 as cited by Ljungh & Wadstrom, 2006; Tannock, 2004). 

Therefore, Metchnikoff deemed gut microbes to cause autointoxication (Tannock, 2004). 

The theory of autointoxication, that is, the idea of having too many “lower organisms” 

inhabiting the body that could be potentially poisonous to a person, originally came from 

the work of Charles Bouchard (Bouchard, 1887; Mathias, 2018). 

In opposition to Metchnikoff’s extreme idea to surgically remove the large 

intestine, lest it cause autotoxication, was the idea that any toxin-causing bacteria could be 

remedied by supplementing the gut microbiota with fermentative bacteria (Tannock, 2004). 

It was hypothesized that these fermentative bacteria would colonize the gut and provide 

some benefit to the host (Tannock, 2004). Lactic acid bacteria were proposed for this use 

because they could ferment milk, preventing it from spoiling (Tannock, 2004). It was 

thought that if these bacteria could prevent milk from spoiling (i.e., prevent the growth of 

other bacteria), they may prove beneficial for the gut (Tannock, 2004). Anecdotal proof of 

the benefits of fermented milk products was taken from the fact that Eastern Europeans 

had long consumed such products, and some of whom had long lifespans, compared to 

people from Western Europe (Mathias, 2018; Tamime, 2002; Tannock, 2004). 

The definition for probiotics provided by the World Health Organization, updated 

in 2014 is, “live microorganisms which, when administered in adequate amounts, confer a 

health benefit on the host” (Hill et al., 2014, p. 1). The most popular probiotic strains to 

date are typically from the Lactobacillus or Bifidobacterium genera (Vera-Santander et al., 



 

 19 

2023), of which the majority are classified as GRAS, or, “Generally Recognized as Safe”, 

since probiotics are low-risk in terms of their infection risk (Ljungh & Wadstrom, 2006). 

Importantly, in the fast-changing area of probiotic research, a probiotic yeast, 

Saccharomyces cerevisiae var. boulardii, has yielded impressive abilities to reduce the 

proliferation of antimicrobial resistance, in both clinical and therapeutic research (Abid et 

al., 2022). Therefore, it is no longer just bacteria, but now certain types of fungi (i.e., yeasts) 

that are being investigated for their probiotic potential too. When testing the viability of a 

probiotic, the foremost important quality it must possess is the ability to survive through 

the gastrointestinal tract (Ljungh & Wadstrom, 2006). However, data suggest that even 

dead bacteria travelling through the gastrointestinal tract can confer benefits (Mottet & 

Michetti, 2005). Many studies favour using multi-strain probiotics over single strains as it 

is thought that a higher number of strains increases the treatment’s efficacy (Ouwehand et 

al., 2018; Timmerman et al., 2004). However, a recent systematic review investigating the 

benefits of single- versus multi-strain probiotics found that in most studies, the multi-strain 

probiotics were no more effective than the single-strain products (McFarland, 2021).  

Whether they are used in single or multi-strain applications, lactobacilli are popular 

probiotic treatment options, as many of their genera are indigenous to the mammalian GI 

tract (Vera-Santander et al., 2023). As previously described, the lactic acid they produce is 

beneficial for the GI tract’s pH and antimicrobials to combat pathogens by stopping their 

proliferation and adhesion to the gut lining (Ljungh & Wadstrom, 2006). For example 

research has found that the probiotic treatment, Lacidofil® (Lacticaseibacillus rhamnosus 

R0011 and Lactobacillus helveticus R0052), was able to reduce pathogen adhesion 

(Sherman et al., 2005). Recent work has also demonstrated the potential for lactobacilli to 
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modulate gut hormones (e.g., glucagon-like peptide-1 [GLP-1], cholecystokinin [CCK] 

and peptide YY [PYY]; Panwar et al., 2016; Yadav et al., 2013), which may be beneficial 

for the management of chronic metabolic diseases (Caron et al., 2017). Notably, probiotics 

are only found in fecal samples while the participant continues to take the product 

(Tannock et al., 2000). Therefore, it can be implied that continual administration of the 

probiotic must be maintained to observe the effects. 

 Lacidofil® 

The probiotic treatment used in this collection of studies is Lacidofil®, a dual-strain 

product comprised of: Lacticaseibacillus rhamnosus R0011 (formerly known as 

Lactobacillus rhamnosus; also known as Rosell-11) and Lactobacillus helveticus R0052 

(also known as Rosell-52; Foster et al., 2011; Tompkins, Barreau, & Broadbent, 2012; 

Tompkins, Barreau, & De Carvalho, 2012). 

The R0011 strain was isolated from a dairy starter culture in 1976 at the Institut 

Rosell, Inc., in Montréal, Canada (Tompkins, Barreau, & De Carvalho, 2012). The dairy 

starter culture used for the isolation was made as a dietary supplement (Tompkins, Barreau, 

& De Carvalho, 2012). R0011 contains the same genes as the Lactobacillus rhamnosus GG 

strain that help promote intestinal epithelial homeostasis through lowering cytokine-

induced apoptosis and increasing proliferation (Tompkins, Barreau, & De Carvalho, 2012; 

Yan et al., 2007). 

The R0052 strain was first characterized as Lactobacillus acidophilus from its 

phenotype (Tompkins, Barreau, & Broadbent, 2012). However, DNA-DNA hybridization 

and sequence typing showed that it was, in fact, Lactobacillus helveticus (Tompkins, 
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Barreau, & Broadbent, 2012). It was first isolated in 1990 at the Institut Rosell, Inc. from 

a sweet acidophilus milk (Tompkins, Barreau, & Broadbent, 2012). Compared to other 

Lactobacillus helveticus strains, R0052 is unique because it only has one of four cell 

envelope-associated proteinases, prtH4, and a surface-layer protein (Johnson-Henry et al., 

2007). The strain shares 83 genes with some Lactobacillus acidophilus strains that are not 

found in any other sequenced L. helveticus strains. These 83 genes include three mucus-

binding protein precursors (Tompkins, Barreau, & Broadbent, 2012). Mucus-binding 

proteins are thought to promote adhesion to the intestinal mucus layer (Klaenhammer et 

al., 2008). 

 Probiotic effects on behavioural and molecular markers 

As this dissertation will explore further in the studies contained within, probiotic 

bacteria can alter molecular markers beyond what is contained within the gut. 

For example, lactobacilli strains L. gasseri ICVB392, L. reuteri ICVB395 and L. 

gasseri ICVB396 have been shown to help strengthen epithelial barriers in an in vitro study 

(Belguesmia et al., 2019). These strains were also shown to be capable of modulating GLP-

1 and CCK secretion (Belguesmia et al., 2019). Two of the three strains (L. reuteri 

ICVB395 and L. gasseri ICVB396) were also able to reduce lipid accumulation in 

adipocytes (Belguesmia et al., 2019). This lipid-lowering ability has also been 

demonstrated in vivo, in a study with C57BL/6 mice, where L. bulgaricus administration 

reduced adipocyte size in mice fed a high-fat diet (Takemura et al., 2010). 

Probiotics interact with the HPA axis, so acute (Ait-Belgnaoui et al., 2012) and 

chronic probiotic treatments (Foroozan et al., 2021) can alter stress hormone expression in 
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response to various stressors. A study using partial restraint stress in female Wistar rats in 

conjunction with a 2-week probiotic regimen (L. farciminis) found that the treatment 

reduced the plasma levels of adrenocorticotropic hormone (ACTH) and corticosterone 

post-stressor, compared to the levels of the stress-only group (i.e., stress without probiotic 

supplementation; Ait-Belgnaoui et al., 2012). A chronic high-fat diet model in mice 

demonstrated the ability of L. rhamnosus GG to reduce not only body weight, but serum 

corticosterone levels and anxiety-like behaviours (Foroozan et al., 2021). 

Lacidofil® has also been used to help counteract the negative effects of 

generational stress experienced by rat offspring due to maternal separation (Callaghan et 

al., 2016). The administration of Lacidofil® to either the F1 infant male rats or the F0 

stress-exposed fathers resulted in the extinction of conditioned aversive associations 

(Callaghan et al., 2016). The authors propose that, although there are many ways that stress 

can be transmitted through generations (e.g., maternal care behaviours, epigenetic markers) 

their results suggest that the effects of stress on the microbiota may also be a contributing 

factor, hence why probiotics ameliorate the effects of generationally inherited stress in this 

study (Callaghan et al., 2016). In a study investigating early-life stress using a maternal 

separation protocol in Sprague-Dawley rats, researchers found that maternal administration 

of Lacidofil® throughout the separation protocol prevented lasting fear memories due to a 

fear conditioning protocol (Cowan et al., 2016). Several studies demonstrate that postnatal 

stressors can accelerate puberty in both female rodents and adolescent girls (Davis et al., 

2020; Strzelewicz et al., 2019; Tremblay & Frigon, 2005). In male rodents, one study found 

delayed puberty onset (Davis et al., 2020), unlike the accelerated onset observed in females 

(Davis et al., 2020; Strzelewicz et al., 2019).  
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There are also preliminary linkages between probiotic consumption throughout 

pregnancy and a lowered risk of preterm birth, preeclampsia and gestational diabetes 

mellitus (GDM) - all of which are more likely to occur in overweight or obese patients 

(Brantsaeter et al., 2011). In turn, GDM increases the risk of offspring developing 

metabolic syndrome or diabetes in adulthood (Dabelea, 2007). In a study where mothers 

were given Lactobacillus rhamnosus GG and Bifidobacterium lactis Bb12 at a dosage of 

1010 colony-forming units (CFU) per day from the first trimester through the cessation of 

exclusive breastfeeding, the group that received the probiotic treatment in addition to 

dietary counselling had a significant decrease in GDM risk (Luoto et al., 2010). 

My previous research found that Lacidofil® increased maternal arched-back 

nursing and licking/grooming behaviours when dams were provided with an acute 

treatment for six weeks (O’Leary, 2019). Although I have not explored possible 

mechanisms for this effect, there are a few possibilities. In addition to synthesizing 

signalling molecules, the gut microbiome also affects host hormone levels (Baker et al., 

2017). 

Firstly, lactic acid bacteria have been studied for their indirect links to increased 

oxytocin production (Poutahidis et al., 2013). In a 2013 study by Poutahidis and colleagues, 

they demonstrated that probiotic administration (L. reuteri ATCC-PTA-6475) was capable 

of up-regulating oxytocin levels in the plasma of mice after they received a skin biopsy 

(Poutahidis et al., 2013). This effect was abolished by performing a vagotomy, illustrating 

the connection between the probiotic delivery to the gut and the vagal nerve connection to 

the CNS (Poutahidis et al., 2013).  
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Secondly, as discussed previously, the hormones oxytocin and estrogen are crucial 

for expressing maternal care behaviour (Pedersen et al., 1994; Rosenblatt, 1994). Studies 

have shown that the gut microbiome can modulate estrogen levels by producing the enzyme 

β-glucuronidase (Plottel & Blaser, 2011). In the bloodstream, estrogens can be bound to 

proteins or free (Kwa et al., 2016). The liver is responsible for conjugating estrogens (and 

estrogen metabolites) via glucuronidation or sulfonation so that these products can be 

excreted in bile, urine or feces (B. T. Zhu & Conney, 1998). β-glucuronidase in the gut 

(Cole et al., 1985) can deconjugate estrogens excreted in bile (Kwa et al., 2016). This 

deconjugation renders the estrogens capable of reabsorption into the bloodstream, where 

they can continue exerting their effects (Kwa et al., 2016). The production of the enzyme 

β-glucuronidase by lactic acid bacteria (Cole et al., 1985), such as the strains within 

Lacidofil®, could also be linked to maternal care onset since β-glucuronidase helps 

metabolize estrogen (Plottel & Blaser, 2011). Any influence on the estrobolome (i.e., the 

collective of estrogen-metabolizing producing bacterial genes), such as these enzymes, 

could, therefore, impact maternal care expression (Numan et al., 1977; Plottel & Blaser, 

2011). 

Probiotic treatments may also provide benefits when Western diets are involved. In 

one study, an acute multi-strain probiotic treatment improved liver function in rats fed a 

high-sucrose/high-fat diet (HSFD) and lowered their plasma leptin levels (Al-muzafar & 

Amin, 2017). The acute probiotic treatment helped slow weight gain and restore glucose-

insulin homeostasis (Al-muzafar & Amin, 2017). While HSFD-only rats showed increased 

serum levels of tumour necrosis factor (TNF)-α and interleukin (IL)-6, compared to the 

control diet rats, the HSFD-fed rats that were provided with an acute probiotic treatment 
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showed lowered levels of these same inflammatory factors, compared to the HSFD-only 

rats (Al-muzafar & Amin, 2017). 

There is great interest in probiotic treatment during pregnancy and postpartum for 

their benefits on maternal and offspring health. Current evidence suggests that probiotics 

are most effective when started during pregnancy, compared to the postnatal period (Berti 

et al., 2017). The benefits of probiotic use during pregnancy range from maintaining serum 

insulin levels (Asemi et al., 2012), to lowering the risk of severe preeclampsia (Brantsaeter 

et al., 2011).  

OFFSPRING STRESS AND METABOLIC PROGRAMMING  

Organisms change throughout their lifetime based on their genetics, epigenetics, 

and the environment (Murgatroyd & Spengler, 2011). However, there are critical periods 

of development, beginning with the prenatal and continuing into the postnatal period, 

where an organism is susceptible to its environment, which includes stressors that may be 

present (Murgatroyd & Spengler, 2011). During these critical periods, stress can affect the 

organism, making it more susceptible to stress-related disease in adulthood (Murgatroyd 

& Spengler, 2011). 

 The Hypothalamic-Pituitary-Adrenal Axis  

Stressors can be psychological, physiological, tangible, or perceived (De Kloet et 

al., 1998). The HPA axis is the primary stress response circuit in mammals, and it 

comprises structures and tissues within the central nervous system and periphery (S. M. 

Smith & Vale, 2006). Within the central nervous system, the paraventricular nucleus of the 

hypothalamus (PVN) synthesizes and releases corticotropin-releasing factor (CRF), which 
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signals the anterior pituitary gland to secrete ACTH into circulation (Rivier & Vale, 1983). 

Once ACTH is circulating, it signals the adrenal glands in the periphery (the adrenal cortex 

specifically) to synthesize and secrete glucocorticoids (S. M. Smith & Vale, 2006). When 

released into circulation, glucocorticoids can create physiological and behavioural 

changes, allowing the organism to respond to the stressor (Bamberger et al., 1996; Munck 

et al., 1984). 

The main glucocorticoid expressed in rodents is corticosterone; in humans, it is 

cortisol (S. M. Smith & Vale, 2006). At basal levels, corticosterone aids in maintaining 

circadian rhythms, energy homeostasis and attention (De Kloet et al., 1998). 

Glucocorticoids, such as corticosterone, bind to glucocorticoid receptors (GRs), which are 

prevalent in the brain and peripheral tissues (S. M. Smith & Vale, 2006). When 

glucocorticoids bind to GRs, they inhibit the HPA axis' response to stress, thus creating a 

negative feedback loop (S. M. Smith & Vale, 2006). Notably, glucocorticoids have a high 

affinity for and preferentially bind to mineralocorticoid receptors (MRs; (De Kloet et al., 

1975; S. M. Smith & Vale, 2006; Veldhuis et al., 1982). Due to glucocorticoids' low affinity 

for GRs, they only bind to GRs when their levels are high (e.g., when responding to a 

stressor or at a circadian peak; (De Kloet et al., 1998; Reul & De Kloet, 1985). Therefore, 

glucocorticoids in basal levels tend to bind to MRs mainly (S. M. Smith & Vale, 2006). 

Conversely, when an organism reacts to a stressor and has elevated glucocorticoid levels, 

the glucocorticoids bind to GRs to assist with stress recovery (De Kloet et al., 1998; Smith 

& Vale, 2006). Two crucial feedback sites for glucocorticoids in the brain have heightened 

expression of GRs: the paraventricular nucleus of the hypothalamus and the hippocampus 

(S. M. Smith & Vale, 2006). The hypothalamus is also vital for regulating energy 
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homeostasis (S. M. Smith & Vale, 2006). Specifically, neurons within the arcuate nucleus 

of the hypothalamus are sensitized to the circulation of metabolic hormones, insulin and 

leptin (Schwartz et al., 1992, 1996). Crucially, the expression of GRs in the hippocampus 

is programmed via maternal care behaviours early in the postnatal period, and these 

changes in expression have enduring effects on how the HPA axis responds to stressors 

(De Kloet et al., 1998; Weaver et al., 2004).  

 Maternal Care Programs the HPA Axis 

In rodents, maternal care behaviour modulates the offspring's stress response 

programming through gene expression alterations in the brain (Weaver et al., 2004). The 

offspring of rat dams that provide high amounts of LG-ABN behaviours have heightened 

GR expression in the hippocampus. Subsequently, these offspring are more sensitive to 

glucocorticoid feedback (Weaver et al., 2004). The effects of maternal LG-ABN 

behaviours have been studied both in vivo and in vitro. The results of these studies suggest 

that the observed increase in offspring GR gene expression is due to heightened serotonin 

activity (Laplante et al., 2002; Meaney et al., 2000; Weaver et al., 2001). With the increased 

serotonin activity at its receptors, there is also an increase in the expression of nerve growth 

factor-inducible protein A (NGFI-A) within the hippocampus (Weaver et al., 2004). Within 

the non-coding exon 1 of the GR gene, a promoter region, exon 17, has a binding site for 

NGFI-A (McCormick et al., 2000). In a Long-Evans rat maternal care model that grouped 

dams into "high LG-ABN" and "low LG-ABN" caregivers, researchers found that in the 

hippocampal tissue of offspring, the offspring of low LG-ABN mothers always had the 
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same specific methylation sites within the exon 17 GR gene promoter sequence (Weaver et 

al., 2004). 

Conversely, in offspring from high LG-ABN dams, this promoter sequence was 

rarely methylated, and there is increased expression of GR with the exon 17 sequence 

(Weaver et al., 2004). This evidence suggests that the exon 17 sequence increases GR gene 

expression due to active maternal care (Weaver et al., 2004). Interestingly, if pups were 

cross-fostered to a dam that had the opposite maternal care pattern (e.g., a pup from a low 

LG-ABN dam was fostered to a high LG-ABN dam), the offspring displayed the 

methylation pattern associated with their cross-fostered dam (Weaver et al., 2004). 

 Maternal Influences on Early-Life Metabolic Programming  

Like the stress response, an organism's metabolism is also programmed early in 

life. Metabolic programming occurs through inhibition of the anorexigenic pathway, 

activation of the orexigenic pathway, (Davidowa et al., 2003, 2006) and differential 

exposure to neuropeptides (e.g., neuropeptide Y) and metabolic hormones (e.g., insulin and 

leptin; Srinivasan & Patel, 2008).  

Leptin is a metabolic hormone and neurotrophic factor whose primary neural 

activity occurs in the arcuate nucleus of the hypothalamus (Bouret, 2010). Leptin is 

produced by the ob gene, secreted by adipocytes, and is thus involved in food intake and 

metabolic functions (Havel, 1998). Besides being synthesized in adipocytes, leptin can be 

found in the gut mucosa (Bado et al., 1998; Cinti et al., 2000), placenta (Masuzaki et al., 

1997), mammary glands and breast milk (Casabiell et al., 1997; Houseknecht et al., 1997). 
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Maternal nutrition not only has ramifications for the mother’s health status but also 

affects her milk composition, which has programming power over her offspring’s 

metabolism. Breast milk is the ideal infant nutrition form (Jeurink et al., 2013). For 

example, in humans, during the first six months of the infant’s life, it is best if they can be 

fully breastfed, as evidence suggests that full breastfeeding provides greater protection 

against gastrointestinal infection compared to partially breastfed infants (M. S. Kramer et 

al., 2003). 

Within the DOHaD framework, in utero and early-life events are considered key 

development periods when it is possible to program an organism’s future phenotype 

(Hanson & Gluckman, 2014). This inherent plasticity of early life is a natural target for 

interventions and increased understanding of programming mechanisms because there are 

serious implications for the organism’s fitness (Berti et al., 2017). As previously discussed, 

concerning the gut-brain-microbiota axis, one such target is the maternal microbiome. The 

maternal microbiome offers immense programming power in the early life of her offspring. 

In addition to the maternal gut microbiota, offspring are exposed to the maternal vaginal 

and (Dominguez-Bello et al., 2010) breast milk microbiota too (Pannaraj et al., 2017). 

Therefore, understanding the implications of the maternal microbiome and metabolite 

transfer via breast milk could provide insight into offspring metabolic programming (Berti 

et al., 2017). 

Sufficient nutrition during pregnancy is necessary for the energy and nutrient 

demands placed on the mother, which help support fetal growth, including gene expression, 

neural development, immune development, hormone secretion and gut microbiome 

modulation (Berti et al., 2016; Cetin et al., 2010; Collado, Cernada, et al., 2012). Maternal 
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diet is also important in breast milk composition (Innis, 2007; Krešić et al., 2013; Urwin et 

al., 2012). Importantly, the fatty acids within breast milk are sensitive to diet (Innis, 2007; 

Krešić et al., 2013; Urwin et al., 2012). Long-chain polyunsaturated fatty acids (LC-

PUFAs), such as docosahexaenoic and arachidonic acids (DHA and AA, respectively), are 

crucial for neonatal growth and development (Bernardi et al., 2012; Krešić et al., 2013). 

Linoleic and alpha-linoleic acids are precursors for LC-PUFAs, and the primary source of 

these acids in maternal milk is the maternal diet (Agostoni, 2010; Innis, 2007; Krešić et al., 

2013). With typical Western diets, it was observed that milk composition shifted starting 

in the 1990s, such that there was a decrease in DHA and an increase in linoleic acid (LA), 

lowering the total amount of n-3 fatty acids in milk, which can negatively affect infant 

health (Krešić et al., 2013). Therefore, it is important to consider the impact of diet on milk 

composition to ensure the increased presence of LC-PUFAs (Krešić et al., 2013). A study 

of Croatian women found that maternal dietary DHA intake strongly correlated with her 

milk's DHA content (Krešić et al., 2013). These results are consistent with other women 

who adhere to a Mediterranean diet, consisting of moderate carbohydrate intake and a 

higher intake of fats (Antonakou et al., 2013). Milk composition changes are also observed 

in diet studies in animals. Western diets delivered to rats throughout pregnancy and 

lactation increase milk lipid (Del Prado et al., 1997) and lactose concentrations (Y. Chen 

et al., 2017). 

Like diet, probiotics have also been shown to impact milk composition. In humans, 

it has been found that a multi-strain probiotic increases the abundance of the 

oligosaccharides found in human milk (Seppo et al., 2019). Another study in humans 

combining fatty acid supplements and a probiotic found that participants receiving both 
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fatty acids and probiotics had higher γ-linolenic acid concentrations (which may help treat 

inflammation; Hoppu et al., 2012; Sergeant et al., 2016). A study in rats demonstrated that 

probiotic-treated dams had higher transforming growth factor (TGF)-β1 levels in their milk 

compared to controls, which has implications for the milk’s ability to bolster the immune 

system (Messias et al., 2019). A study showed that administering a probiotic during 

pregnancy and lactation increased TGF-β2 levels in human milk (Rautava et al., 2002). 

Notably, it has been found that maternal obesity can impact immunoregulatory factors, 

including TGF-β2 in human milk (Collado, Laitinen, et al., 2012; Rautava et al., 2002). In 

dams fed a high-fat diet (HFD), there were a few differences in milk composition at 

postnatal day 21, such that the HFD-fed dams produced milk with a higher protein content 

(Purcell et al., 2011). Interestingly, there was no difference in milk sugar content between 

HFD and control-fed dams (Purcell et al., 2011). 

 Probiotic Treatments Affect Milk Composition 

Various probiotic treatments have demonstrated the ability to influence the 

composition of breast milk, including the modulation of γ-linoleic fatty acid (GLA) and 

TGF-β (Hoppu et al., 2012). Probiotic bacteria such as lactobacilli produce metabolites, 

including linolenic acid (Alonso et al., 2003; E. S. Hosseini et al., 2015), an essential 

omega-3 fatty acid crucial in neural development (Chang et al., 2009).  

Fortunately, many probiotic studies have been conducted in pregnant women, 

showing no significant side effects to the mother or child (Reid et al., 2013). Some probiotic 

strains have been approved for infant formula, as studies demonstrate an immune-boosting 

benefit of specific strains (Holscher et al., 2012). In a rodent study, probiotics increased 
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milk protein content (Messias et al., 2019). In a study by Ma and colleagues (2020), three 

probiotic strains (S. cerevisiae ACCC 20065, B. subtilis ACCC 11025 and E. faecalis CICC 

23658) were studied as single strains and as a combination probiotic in lactating goats. It 

was found that the combination probiotic significantly increased milk fat, whereas the S. 

cerevisiae and B. subtilis single strains, in addition to the combination probiotic, increased 

the protein content (Ma et al., 2020). Only the S. cerevisiae and B. subtilis treatment groups 

significantly increased milk lactose (Ma et al., 2020). Interestingly, the E. faecalis 

treatment group had the least milk fat fluctuation over eight weeks (Ma et al., 2020). 

Researchers hypothesize that the observed increase in milk fat could be due to improved 

fibre digestibility because of the combination probiotic (Ma et al., 2020).  

Probiotics may interact with the fatty acids found in breast milk, as they may recruit 

similar signalling pathways (Kankaanpää et al., 2004; Laitinen et al., 2006). In a study 

using Lactobacillus rhamnosus GG and Bifidobacterium lactic Bb12, participants took 

these probiotic strains daily throughout pregnancy, including one month postpartum 

(Hoppu et al., 2012). Participants also received dietary intervention via nutrition 

counselling (Hoppu et al., 2012). In the group that received both dietary counselling and 

probiotic treatment, it was found that these participants had greater levels of γ-linolenic 

acid in their breast milk compared to the diet intervention/placebo group (Hoppu et al., 

2012).  The modulation of dietary fats provided by nutrition counselling, with the addition 

of a daily probiotic, seems to promote the increase in γ-linolenic acid in the milk (Hoppu 

et al., 2012). 
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SUMMARY OF DISSERTATION GOALS 

 Due to the wide-ranging impact of the gut-brain-microbiome axis, my overarching 

goal for my dissertation was to investigate several outcomes that both probiotics and diet 

are known to affect in mothers and their offspring (see Figure 1.2). Therefore, I split my 

dissertation into three data chapters, each exploring a different area.  

 

 

Figure 1.2 An illustration of the A) possible risks of stressors, such as an unhealthy, 
“Western” diet affecting the mother and her offspring and B) the possible 
benefits that probiotic administration has that may counteract or mitigate 
the effects of an unhealthy “Western” diet (1 - Walker et al., 2012; 2 - 
Collado et al., 2008, 3 - Collado et al., 2010; 4 - Santacruz et al., 2010; 5 - 
Slykerman et al., 2017; 6 - Connor et al., 2012; 7 - Kougias et al., 2018; 8 - 
Purcell et al., 2011; 9 - Steegenga et al., 2017; 10 - Weaver et al., 2004; 11 
- Gawlińska et al., 2021; 12 - Al-muzafar & Amin, 2017; 13 - Asemi et al., 
2012; 14 - Foster et al., 2011; 15 - Krishna et al., 2015; 16 - Bravo et al., 
2011; 17 - Rackers et al., 2018; 18 - O’Leary, 2019; 19 - Ma et al., 2020; 
20 - Cowan et al., 2016). Created with Biorender.com. 
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For Chapter 2, I wanted to continue researching how rodent maternal care is 

impacted by probiotic administration. I wanted to explore how maternal diet (standard lab 

chow versus Western diet) and probiotic administration (Lacidofil®) may interact to 

impact maternal care behaviour and maternal outcomes, such as corticosterone and 

inflammation, which are known to be impacted by both diet and probiotics.  

For Chapter 3, I wanted to investigate maternal microbiome composition and how 

it is affected by probiotics alone and subsequently in conjunction with Western diet 

administration. To accomplish this, Chapter 3 contains two separate studies using two 

cohorts of female Long-Evans rats.  

Lastly, for Chapter 4, to determine if there were any offspring programming effects 

due to maternal probiotic administration or maternal diet administration in conjunction 

with maternal diet, offspring developmental outcomes, including corticosterone levels and 

glucocorticoid receptor expression, in addition to maternal milk leptin, were studied. 

Similarly to Chapter 3, Chapter 4 contains two separate studies. The first study was 

exploratory in nature to confirm that maternal probiotic administration does not impact 

offspring anogenital distance at birth and to determine if I could collect a sufficient quantity 

of breastmilk to detect the metabolic hormones leptin and insulin via enzyme 

immunoassay. The second study examines how maternal probiotic and diet administration 

impacts offspring stress and metabolic programming by measuring mRNA expression of 

GRs in offspring hippocampal tissue, plasma corticosterone and plasma leptin in offspring.  
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CHAPTER 2      THE EFFECTS OF DIET AND PROBIOTIC 

ADMINISTRATION THROUGHOUT THE PERINATAL PERIOD ON 

MATERNAL BEHAVIOUR, INFLAMMATION AND METABOLIC 

HORMONES 

INTRODUCTION  

There is growing evidence that the maternal microbiome and efforts to improve it 

have potentially important implications for maternal health (e.g., maternal metabolism; 

Asemi et al., 2012; Laitinen et al., 2008), as well as pregnancy outcomes (Brantsaeter et 

al., 2011; Lindsay et al., 2013; Luoto et al., 2010). Due to the numerous changes (e.g., 

hormonal, physical, emotional) that occur during the perinatal period (i.e., the beginning 

of the pregnancy up until one year postpartum), this is a particularly susceptible time for 

maternal health (Biaggi et al., 2016; Fisher et al., 2012; Silva et al., 2019). Therefore, 

probiotics are being studied as a nutritional supplement to maximize maternal health and 

well-being during the perinatal period.  

The oral supplementation of probiotics during pregnancy is generally considered 

safe, as the risks of bacteria and fungemia are low and unlikely to affect the fetus (Elias et 

al., 2011). The dangers of systemic absorption are low in healthy populations, and there is 

no current evidence to suggest that probiotics taken during pregnancy result in poor health 

outcomes for mothers or their children (Elias et al., 2011). Probiotic treatment during 

pregnancy may be preventative against multiple health conditions, including gestational 

diabetes mellitus (GDM; Chen et al., 2020) mastitis (Fernández et al., 2016), constipation 

(Mirghafourvand et al., 2016), postpartum depression (PPD; Slykerman et al., 2017) and 

the growth of harmful bacteria such as Group B Streptococcus (Ho et al., 2016; Reid et al., 
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2013; Sheyholislami & Connor, 2021). Despite the vast array of possibilities for probiotic 

use during pregnancy and lactation, their effectiveness in treating pregnancy-related issues 

is uncertain (Sheyholislami & Connor, 2021). A recent meta-analysis of probiotic use 

during pregnancy found that most reported adverse events are due to maternal 

gastrointestinal upset (Sheyholislami & Connor, 2021). Probiotic use in pregnancy also 

demonstrates the benefits of lower inflammation (Asemi et al., 2012; Sheyholislami & 

Connor, 2021), decreased infection risk (Othman et al., 2007; Sheyholislami & Connor, 

2021) and better glucose metabolism (Sheyholislami & Connor, 2021; J. Zheng et al., 

2018). Since it is often populations with underlying health conditions that suffer from 

increased risk of infection and higher inflammation, studies should include pregnant 

populations with obesity, allergic disease, and bacterial vaginosis, as probiotics may be 

especially beneficial to these populations (Sheyholislami & Connor, 2021). 

There is currently a dearth of clinical studies looking into the benefits of probiotic 

use during pregnancy; however, current research from preclinical models (e.g., in vitro and 

in vivo) supports the progression of this research into clinical trials (Reid et al., 2013). For 

example, the probiotic bacteria Lactobacillus rhamnosus has been studied for its anti-

inflammatory and corticosterone-reducing abilities in mice, in addition to reducing 

anxiety- and depression-like behaviours (Bravo et al., 2011; Rackers et al., 2018). These 

effects could greatly benefit the perinatal period due to the increased levels of perceived 

stress, which has been shown to increase as the period goes on (Long et al., 2023). It is also 

worth noting that improved maternal nutrition can reduce the risk of infants developing 

disease in adulthood (e.g., cardiovascular and metabolic disease; Reid et al., 2013). In 
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addition to their benefits on the host microbiome, probiotic bacteria can degrade toxins, 

thus reducing host uptake (Reid et al., 2013).  

 Maternal Mental Health and Probiotics 

Between 10-20% of all pregnant women experience anxiety and depressive 

symptoms (Heron et al., 2004; Marcus et al., 2003). These symptoms often go untreated, 

however, due to waitlists at medical centres, inaccessibility, and fears of using medication 

while pregnant (Einarson et al., 2010; Kopelman et al., 2008). There is preliminary 

evidence that probiotics could benefit people who are suffering from increased anxiety and 

depressive symptoms (Nadeem et al., 2019). More specifically, probiotic use for such 

symptoms has been studied in pregnant women, with results showing that perinatal 

probiotic administration reduced maternal depression and anxiety symptoms (Barthow et 

al., 2016; Slykerman et al., 2017).  

 Maternal Health and Western Diet 

Nutritional effects during pregnancy, such as probiotics, can be positive, but 

specific dietary patterns may harm maternal health. Notably, there is an association 

between maternal Western diet consumption and an increased risk for postpartum 

depression (Bolton et al., 2017) and GDM (Zadeh et al., 2020). 

PPD has many risk factors, including pregnancy complications (Biaggi et al., 2016), 

hormonal changes (Schiller et al., 2015), and possibly consuming highly processed, high-

fat and high-sugar foods (i.e., a Western diet; Baskin et al., 2015; Pina-Camacho et al., 

2015). However, there is currently little research on how much these disorders are affected 
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by diet and nutritional supplements (Silva et al., 2019). Due to the possibility that dietary 

patterns can change during pregnancy (Di Simone et al., 2020; Gardner et al., 2012), it is 

important to research how diet can impact maternal health. A systematic review of perinatal 

anxiety and depression (PAAD) and dietary patterns was inconclusive on the association 

between Western diet and PAAD (Silva et al., 2019). As there are significant implications 

for maternal and fetal health, further research should be conducted to determine the 

magnitude of health risk(s) posed by Western diet consumption (Silva et al., 2019). 

PPD affects both the mother and child, as it leads to an increased likelihood of 

subsequent depressive episodes (Cooper & Murray, 1995). If maternal depressive episodes 

occur, children are affected by the resulting compromised mother-child interactions 

(Murray et al., 1996). Pregnancy also brings hormonal changes that can impact maternal 

mental health (Skalkidou et al., 2012). For example, there is a link between oxytocin (a 

hormone essential for attachment and maternal behaviour) and depression, such that the 

mediation of postpartum oxytocin levels could be a potential factor in improving PPD (H.-

J. Lee et al., 2009; Moura et al., 2016).  

In addition to PAAD and PPD, GDM has many adverse outcomes for mothers as 

well as their infants (Barthow et al., 2016). When mothers consume a Western diet, their 

risk of developing GDM is increased (Sedaghat et al., 2017). For mothers, GDM can result 

in short-term adverse outcomes such as gestational hypertension, preeclampsia, cesarean 

delivery, and death (Poston et al., 2011). GDM also has long-term implications for maternal 

health, including the risk of developing type 2 diabetes and cardiovascular disease (Vohr 

& Boney, 2008). Therefore, metabolic markers must be investigated in studies involving 

maternal diet. Leptin is a key metabolic hormone in the central nervous system (Bouret, 
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2010), signalling food intake behaviour (Havel, 1998). If leptin signalling or leptin 

receptors become compromised, this can lead to metabolic dysregulation and obesity (Zhou 

& Rui, 2013). During pregnancy, leptin levels increase as the placenta produces leptin, 

contributing to the overall higher leptin levels observed during this time (Pérez-Pérez et 

al., 2020). This increase in circulating maternal leptin due to the placenta can potentially 

worsen insulin resistance and instances of GDM (Pérez-Pérez et al., 2020). 

 Maternal Microbiota 

In conjunction with hormonal changes, microbiota changes during pregnancy have 

also been reported (Di Simone et al., 2020; Koren et al., 2012). During pregnancy, the 

increased estrogen and progesterone levels impact the maternal gut microbiome (García-

Gómez et al., 2013) such that bacterial diversity (beta diversity) increases, but bacterial 

richness (alpha diversity) decreases (Koren et al., 2012). 

The gut microbiome helps regulate circulating estrogens (Baker et al., 2017; Flores 

et al., 2012); therefore, microbes that help balance naturally occurring estrogen changes 

may benefit the host (Rackers et al., 2018). For example, certain microbes secrete b-

glucuronidase (b-gluc), an enzyme that activates estrogen (Baker et al., 2017). As such, 

these microbes could be beneficial in the postpartum period, which is characterized, in part, 

by low estrogen levels (Baker et al., 2017). 

With growing gut-brain-microbiota axis research, there are more studies 

investigating how a dysregulated gut microbiome may be linked with numerous 

psychological illnesses, including anxiety and depression (Dinan & Cryan, 2017). As the 

microbiota is involved in both the regulation of the central nervous and immune systems, 
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pregnancy-induced microbiota shifts could affect depression or anxiety onset (Rackers et 

al., 2018; Sharon et al., 2016). Further, the gut microbiome controls serotonin synthesis 

and secretion (Desbonnet et al., 2015; Kelly et al., 2015), with low levels of serotonin being 

associated with depression and anxiety (Deakin, 1998). 

Many studies have shown that nutritional interventions have an impact on anxiety 

and depressive behaviours either in the offspring (Krishna et al., 2015) or in the mothers 

themselves (Slykerman et al., 2017). A study in Wistar rats exposed to a neonatal 

inflammatory stress response via lipopolysaccharide (LPS) showed altered maternal care 

behaviours as adults (Walker et al., 2012). This study clearly shows the importance of 

investigating diets capable of inducing similar inflammatory responses (e.g., a Western 

diet) or microbiota shifts that may increase the risk of maternal anxiety or depression. 

Furthermore, there is evidence that shifts in the maternal gut microbiome across pregnancy 

may be exacerbated if the mother is overweight (Collado et al., 2008, 2010; Santacruz et 

al., 2010).  

 Maternal Health and Probiotics 

Since pregnancy is a time of intense health demands on mothers and great 

programming power concerning offspring health outcomes, probiotics are regarded as an 

important therapeutic manipulation that may benefit both the mother and her infant 

(Lindsay et al., 2013). Investigation into the benefits of probiotics is warranted, as women 

are averse to taking medication during the perinatal period due to reservations regarding 

potential side effects and the possibility of transfer via breastmilk to their child (Boath et 

al., 2004; Chabrol et al., 2004; Whitton et al., 1996). Therefore, there is a need for more 
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research into probiotic administration for maternal metabolism and pregnancy outcomes to 

determine their viability and benefits as perinatal supplements (Lindsay et al., 2013). 

Probiotic supplementation during pregnancy may provide some protection against 

the development of GDM. In addition to dietary counselling for GDM, probiotic 

administration is associated with improved outcomes in mothers (Laitinen et al., 2008; 

Luoto et al., 2010). For example, there are promising results of probiotics lowering the 

instances of GDM in a study that utilized a probiotic supplement in conjunction with a diet 

counselling intervention (Luoto et al., 2010). The probiotic-treated counselling group had 

the lowest instances of GDM (Lindsay et al., 2013; Luoto et al., 2010). Interestingly, a 

meta-analysis found that GDM was a significant risk factor for PPD (Zhao & Zhang, 2020). 

However, the mechanism(s) that increase PPD risk due to GDM are unclear (Zhao & 

Zhang, 2020). The stress from having GDM itself may be a risk factor for PPD (O’Hara & 

McCabe, 2013), as there is a commonality between GDM, depression onset and insulin 

resistance (Hinkle et al., 2016; Kan et al., 2013). Other common factors could include 

increased inflammatory cytokines and hypothalamic-pituitary-adrenal (HPA) axis 

dysregulation (Pariante, 2017; Robakis et al., 2017). There is also a positive association 

between pre-pregnancy obesity and PPD (Steinig et al., 2017). Obesity may increase stress 

and inflammation, which coincides with the risk factors for depression (Ruyak et al., 2016). 

Accurately modelling the maternal behavioural profiles of PAAD, PPD or GDM in 

rodents is difficult; therefore, looking at measures of maternal care behaviour with diet 

manipulation in a rodent model is more feasible. Maternal behaviours in rodents are highly 

stereotyped behaviours triggered by estrogen and oxytocin changes at parturition 

(Rosenblatt, 1994). The first avenue of investigation is to determine if probiotics can shift 
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maternal care behaviour tendencies in a rodent model. I have previously found that acute 

treatment with the probiotic Lacidofil® (Lacticaseibacillus rhamnosus R0011 and 

Lactobacillus helveticus R0052) did increase active (i.e., licking/grooming and arched-

back nursing) maternal care behaviours in Long-Evans rats (O’Leary, 2019). There is 

conflicting evidence regarding whether a Western diet negatively impacts maternal care. 

Some studies have found decreased licking/grooming behaviours when dams are given a 

Western diet (45% kcal from fat, Research Diets D12451; Connor et al., 2012), whereas 

others have found increased licking/grooming levels in dams provided a Western diet (45% 

kcal from fat, Research Diets D12451; Kougias et al., 2018; 60% kcal from fat; Research 

Diets D12492; Purcell et al., 2011). The theories regarding why diet impacts maternal care 

include Western diets being more satiating, resulting in the dam engaging in a high 

frequency of maternal behaviour (Kougias et al., 2018), or dietary impacts on maternal 

hormones (Connor et al., 2012). 

 Probiotics, Stress, Metabolic Dysfunction and Inflammation 

Due to the comorbidities between GDM and PPD and the association with Western 

diet consumption, it is essential to investigate how probiotics may impact molecular 

markers of stress, metabolic dysfunction, and inflammation during the perinatal period.  

A diet’s composition is, as previously mentioned, linked to gut microbiome 

composition, with factors such as fat, sugar and fibre content all influencing its profile and, 

potentially, its function (Barrett et al., 2018; Gomez-Arango et al., 2018; Ley et al., 2006). 

There is evidence that both pregnancy and a Western diet can cause shifts in the gut 

microbiome’s composition, with the latter exacerbating the former (Pérez-Pérez et al., 
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2020). Therefore, probiotic supplementation during pregnancy should be investigated for 

its ability to counteract some of the microbiome shifts and the effects on hormones such as 

leptin (Pérez-Pérez et al., 2020). Presently, some research demonstrates probiotics’ ability 

to lower leptin and inflammation levels in a diet-induced obesity model (Al-muzafar & 

Amin, 2017).  

Chronic inflammation can occur when there is repeated or continuous oxidative 

stress or a disproportionate intake of certain nutrients (Bilal et al., 2022). Further, metabolic 

disorders can cause chronic inflammation, also known as metabolic inflammation (Bilal et 

al., 2022). A Western diet can also result in a chronic, low-grade inflammatory state in the 

gut (García-Montero et al., 2021). This state is due to nutrient excess or nutrient 

deficiencies that subsequently affect the composition of the gut microbiome, which in turn 

affects the immune response (Bilal et al., 2022). To combat this kind of inflammation, 

probiotics such as Lactobacillus and Bifidobacterium strains may be used for their abilities 

to up-regulate anti-inflammatory cytokines (Campeotto et al., 2011; Konieczna et al., 2012) 

or their abilities to down-regulate pro-inflammatory cytokine activity (Foster et al., 2011). 

Probiotic strains have different abilities regarding how they may help with chronic 

inflammation (Bilal et al., 2022). For example, L. rhamnosus R0011 bacteria assist with 

gut barrier maintenance and can down-regulate pro-inflammatory markers (Foster et al., 

2011). L. helveticus R0052 bacteria can down-regulate pro-inflammation pathways and 

inhibit the adhesion of harmful bacteria (e.g., Escherichia coli, Salmonella) within the gut 

(Foster et al., 2011). In addition to aiding with inflammation, probiotics may also help with 

the anxiety and depressive symptoms associated with PPD. For example, in a rat model of 

PPD, it was found that Lactobacillus casei treatment reduced behavioural anxiety- and 



 

 44 

depressive-like symptoms (obtained from the sucrose preference test, tail suspension test, 

elevated plus maze and forced swim tests) when compared to untreated control rats (Y. 

Yang et al., 2022). The administration of this probiotic also reduced malondialdehyde 

(MDA) levels, a marker of oxidative stress in the treated rats (Y. Yang et al., 2022). 

Furthermore, research demonstrates the positive correlations between maternal brain 

dopamine and levels of Bifidobacteria and Lactobacilli in the gut (Krishna et al., 2015). 

However, the full extent of the microbiota’s effects on stress reactivity and anxiety is not 

known, although it is clear from existing research that microbes are crucial in the HPA axis 

response (Sudo et al., 2004). Furthermore, probiotic treatment with Lactobacillus strains 

has shown promising abilities to reduce stress hormone levels. The strain Lactobacillus 

farciminis reduced stress-related increases in ACTH and corticosterone in a rat model of 

acute psychological stress (Ait-Belgnaoui et al., 2012). Lactobacillus rhamnosus JB-1 

treatment reduced corticosterone levels in mice exposed to the forced swim test, which 

evaluates coping strategies to acute inescapable stress (Bravo et al., 2011).  

Many studies investigating probiotic administration during human pregnancy begin 

the intervention later (around 32 to 35 weeks’ gestation). However, this late administration 

means that the probiotics may be given too late to influence the mother’s health status and 

specific developmental processes in the offspring that occur earlier. The maternal 

microbiome changes across trimesters, such that in the third trimester, there are greater 

abundances of the phyla Proteobacteria and Actinobacteria, as demonstrated in germ-free 

mice inoculated with either first or third trimester human gut microbes (Koren et al., 2012). 

Additionally, the third trimester has greater low-grade inflammation compared to the first-

trimester mice, as indicated by increases in cecal cytokine levels (Koren et al., 2012). 
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Furthermore, studies investigating probiotics and food allergies in children found that 

exposure of the mother to pollen during the first trimester of pregnancy was sufficient to 

increase allergy risk in the children (Pyrhönen et al., 2012). Therefore, for the present 

study, I investigated maternal diet and probiotic administration beginning six weeks before 

conception to maximize the likelihood of detecting an effect of the probiotic on maternal 

health outcomes.  

 Objectives and Hypotheses 

My first objective was to observe maternal care behaviours in Long-Evans rats 

during the first postnatal week and investigate the effects of chronic diet and probiotic 

administration on maternal care expression. I hypothesized that Western diet (WD)-fed, 

probiotic-treated dams would have increased active maternal care levels (i.e., increased 

frequencies of licking/grooming and arched-back nursing behaviours) compared to their 

WD-fed, placebo-treated counterparts. 

My second objective was to measure inflammation levels via protein markers (e.g., 

cytokines) in the dams’ plasma since a WD is known to increase global inflammation. In 

contrast, probiotics may help modulate the inflammation response to diet. Therefore, I 

hypothesized that WD-fed, probiotic-treated dams would have lower plasma inflammatory 

markers than their WD-fed, placebo-treated counterparts. 

 My third objective was to measure metabolic marker levels in the dams’ plasma to 

investigate if the WD disrupted metabolic function. I did not have a hypothesis about how 

probiotic administration may affect metabolic markers in the dams, as the probiotic 

Lacidofil® is not typically used in nutrition research. I did hypothesize that the WD-fed 
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dams would demonstrate disrupted metabolic marker patterns (e.g., increased leptin and 

decreased ghrelin levels). 

 Our fourth objective was to measure the dams’ total plasma corticosterone (bound 

and unbound) as an indicator of stress. I hypothesized that WD administration would 

increase dams’ plasma corticosterone but that probiotic administration would help to 

mitigate the effects of the Western diet on corticosterone levels, such that WD-fed, 

probiotic-treated dams would have lower plasma corticosterone than their WD-fed, placebo 

counterparts. I also hypothesized that corticosterone levels of WD-fed, placebo dams 

would positively correlate with their pro-inflammatory marker levels. In contrast, this 

correlation would not be present in the Western diet-fed, probiotic-treated dams.  

METHODS 

 Animals, Breeding and Probiotic Administration  

This experiment was conducted under the animal ethics protocol #20-136. The 

experimental procedures performed throughout this experiment were done per the 

guidelines of the Canadian Council on Animal Care (CCAC). They were approved by the 

Dalhousie University Committee on Laboratory Animals (UCLA).  

Sixty Long-Evans hooded rats (specific pathogen-free, viral antibody free), 20 

males (225-250 g), 20 females (200-225 g) and 20 females (175-200 g) were purchased 

(Charles River Laboratories, Raleigh, NC, USA). The female rats were split into two 

separate cohorts, such that the 20 females that weighed 175-200 g upon arrival were treated 

the same as the heavier females, but their timeline was two weeks later. The males 
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purchased were used in another experiment first to gain breeding experience but were not 

subject to any experimental treatments themselves (e.g., pharmacological, probiotic, diet). 

Upon arrival, the animals were quarantined for two weeks before the experiment 

commenced as per facility protocols. Post-quarantine, rats were randomly assigned to 

either the “placebo” or the “probiotic” colony rooms, which were identical in size and 

layout. This configuration resulted in 20 female and 10 male rats per room. The male rats 

received no placebo or probiotic treatment during this experiment. During quarantine, all 

rats received food (Laboratory Rodent Diet 5001, LabDiet®, St. Louis, MO, USA) and tap 

water ad libitum. 

Both colony rooms had a 12h:12h reversed light-dark cycle (lights off at 1000h). 

The temperature of the colony room was maintained at 20oC ± 2oC. All animals were 

housed in same-sex pairs in polypropylene cages (47 cm x 24 cm x 20.5 cm) with wire lids 

containing animal bedding (Fresh Bed, Shaw Resources, Shubenacadie, NS, Canada) and 

a black polyvinyl chloride (PVC) tube for enrichment (12 cm length, 9 cm diameter). After 

quarantine, the females were randomly assigned a diet and treatment condition. Both diet 

and placebo (or probiotic) administration began on the day immediately following the end 

of quarantine (this was considered “Gestational Day [GD] -42”). Beginning from GD -42, 

females were weighed weekly. The breakdown of the number of animals per experimental 

group is shown in Table 2.1, and the experimental timeline is illustrated in Figure 2.1.  
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Table 2.1 Experimental group sample sizes. 

Treatment Diet Starting n Final n 

Placebo Standard 10 8 

 Western 10 7 

Probiotic Standard 10 8 

 Western 10 8 

 

 
Figure 2.1  An experimental timeline illustrating the study. 
 

The Western diet (Cat. #D12079B, Research Diets, New Brunswick, New 

Brunswick, NJ, USA) and the standard diet (the same standard diet provided during 

quarantine) were both provided ad libitum (see Table 2.2 for the diet macronutrients, and 

Appendix A for the detailed diet information sheets). 

 
Table 2.2 Macronutrient formulations for the Standard and Western diets. 

Diet % Fat % Carbohydrates % Protein Kcal/g 

Standard 13 58 29 3.4 

Western 40 43 17 4.7 

 



 

 49 

Placebo or probiotic administration was done via oral syringe, using a modified 

version (Myles, O’Leary, Romkey, et al., 2020) of a published protocol (Tillmann & 

Wegener, 2018). To ensure that there was no cross-contamination between the “placebo” 

and “probiotic” rooms, according to a previously described protocol (Myles, O’Leary, 

Romkey, et al., 2020). The probiotic treatment used in this study was Lacidofil® 

(Lacticaseibacillus rhamnosus R0011 and Lactobacillus helveticus R0052; Foster et al., 

2011). Of note, Lacticaseibacillus rhamnosus R0011 was updated from its former 

designation of “Lactobacillus rhamnosus.” The placebo and probiotic solutions were 

prepared daily from lyophilized powder (see Table 2.3 for the placebo and probiotic vehicle 

formulation) and stored at 4oC (± 4 oC). The probiotic solution containing the 

Lacticaseibacillus rhamnosus R0011 and Lactobacillus helveticus R0052 strains was 

prepared at a dosage of 500 million (108) colony-forming units (CFU) per 0.5 mL of 

reverse-osmosis water daily. The administration time was consistent, occurring between 

1000 – 1100h. Animals were monitored daily by both animal care staff and experimenters 

for general wellbeing. Although it was not explicitly tracked, no sickness behaviour was 

noted for any of the animals receiving the placebo or the probiotic. 

Table 2.3  Placebo and probiotic (Lacidofil®) vehicle formulation. 
Ingredient % of Formulation Amount in Grams 

Maltodextrin 85 425 

Magnesium Stearate 3 15 

Milk Powder 11.6 58 

Ascorbic Acid 0.4 2 
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On GD -5, females were paired with experienced male breeders for five consecutive 

days. The females continued to be fed their respective diets and placebo or probiotics 

during this period. After separating females from the breeder males, they were pair-housed 

with the same female they had lived with before breeding. On approximately GD 12-16 

(this window is approximate because of the 5-day breeding protocol; I cannot truly pinpoint 

when gestation started for each female), I single-housed all female rats. They were given 

Enviro-dri® (Shepherd Speciality Papers©, Watertown, TN, USA) nesting material.  

Beginning on GD 15, I began checking for litters twice daily (once in the morning 

during the placebo/probiotic administration (1100h) and once in the afternoon (between 

1500h and 1700h). If a litter was found during these checks, this was considered Postnatal 

Day (PD) 0 and all pups were sexed and weighed. The dam was also weighed and she and 

her litter were given a fresh cage at this time. 

 Maternal Care Observations 

Starting on PD 1 (the day after birth), dams and their litters were observed for their 

maternal care behaviours for seven consecutive days (until PD 7). Cage changes were only 

done during the maternal care observation period if the cage was soiled to minimize 

disruption to the dam and her offspring. A trained observer scored the observations 

manually in real-time for 60 minutes at five time points throughout the day: 0830h, 1400h, 

1700h, 2000h, and 2300h (see Appendix B for the observation sheet used). For all 

observation periods, the frequency of maternal care behaviours was recorded every three 

minutes (Korgan et al., 2016). The maternal care behaviours scored included passive 

nursing, blanket posture nursing (also known as arched-back nursing level “1”), arched-
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back nursing levels “2” through “4”, licking and grooming pups, separated pups, pup 

retrieval, pup move, no contact pups, self-feeding, nest building, self-grooming, and pup 

contact (see Appendix C for a maternal care behaviour ethogram; adapted from 

Champagne et al., 2003). The dams and their offspring were sacrificed between PD 9 and 

12. Dams were separated from their litters for two hours before being sacrificed so that 

breast milk could be collected.  

 Sacrifice and Tissue Collection 

The offspring were sacrificed within one hour of being separated from the dam. All 

rats were sacrificed with Euthanyl (Pentobarbital Sodium; DIN 00141704, Bimeda MTC 

Animal Health Inc., Cambridge, ON, Canada), and surgical plane anesthetization was 

confirmed by checking that the toe pinch reflex was absent. Dams were decapitated via 

guillotine; offspring were decapitated via sharp surgical scissors.  

 Plasma Collection and Preparation  

Whole trunk blood was collected in a microtube containing 15 µL of sodium 

heparin (DIN 02303086, Sandoz Canada Inc., Boucherville, QC, Canada) and placed on 

ice immediately until plasma could be processed later that day. All plasma samples were 

prepared by first centrifuging the whole blood at 4°C for 15 minutes at 1,000 × g. The 

supernatant was collected and pipetted into a new microtube, followed by a second 

centrifugation at 4°C for 10 minutes at 10,000 × g. The plasma from the second 

centrifugation was pipetted into a new microtube for long-term storage at -80°C. 
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 Organ Collection and Preservation 

Fresh, whole brains were collected from offspring and dams and flash-frozen in 

chilled isopentane (approximately -70°C). Spleen and caecum were also dissected from the 

dams and flash-frozen on dry ice. All tissue samples were stored at -80°C to await 

processing. 

 Immunoassay Protocols 

2.2.6.1 Plasma Corticosterone Enzyme Immunoassay (ELISA) 

Assay-Specific Plasma Preparation. Before beginning the assay, the Dissociation 

Reagent included in the DetectX® Corticosterone Enzyme Immunoassay Kit (Cat. #K014-

H1, Arbor Assays, Ann Arbor, MI, USA) was brought to room temperature, and 5 µL was 

added to new microtubes. Then, 5 µL of each sample was added to a microtube containing 

the Dissociation Reagent and vortexed for approximately 10 seconds to mix. The samples 

were then incubated at room temperature for five minutes before diluting with 490 µL of 

Assay Buffer, resulting in a 1:100 dilution. 

Enzyme Immunoassay. First, all kit reagents and samples were brought to room 

temperature for 30 minutes before use. The assay was prepared according to the 

manufacturer’s instructions for the 50 µL assay format, which has a concentration range of 

39.063 pg/mL to 10,000 pg/mL. Briefly, 50 µL of the samples and standards were added 

to the plate in duplicate. Then, 75 µL of Assay Buffer was added to the non-specific binding 

(NSB) wells, and 50 µL of Assay Buffer was added to the maximum binding (B0) wells. 

A multichannel pipette was used to add 25 µL of Corticosterone Conjugate to all wells. 

This step was followed by adding 25 µL of the Corticosterone Antibody to all wells except 
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for the NSB wells. The plate was covered using a plate sealer and incubated for one hour 

at room temperature (21oC) on a plate shaker (moving in a horizontal circular motion) set 

to 500 RPM (Note. The protocol said to shake at 700-900 RPM; however, 500 RPM was 

the maximum speed for the plate shaker). After incubation, the plate was aspirated and 

washed four times using 300 µL of prepared Wash Buffer per well. After the washes, the 

plate was tapped dry on layered paper towels covered by a large KimWipe (Cat. # 

CA10805-905, VWR Canada) to prevent debris from the paper towel from going into the 

plate wells. Next, using a multichannel pipette, 100 µL of the TMB Substrate was added 

to all wells, followed by a 30-minute incubation at room temperature with no shaking. At 

this step, the plate was also incubated in the dark. After this last incubation, 50 µL of Stop 

Solution was added to all wells and the plate was subsequently read on a plate reader 

(Multiskan FC, ThermoFisher Scientific) at 450 nm. The results were obtained using the 

SkanItTM software (Research Edition, Version 6.0.2, ThermoFisher Scientific) and 

exported into Microsoft Excel (Microsoft Excel for Mac, Version 16.84). 

2.2.6.2 Multiplex Analysis of Inflammation Markers 

Assay-Specific Plasma Preparation. For this assay, I first diluted all plasma 

samples to a 1:4 dilution using the Sample Diluent from the Bio-Plex ProTM Rat Cytokine 

23-Plex Assay (Cat. #12005641, Bio-Rad). 

Multiplex Assay. The Luminex® bead-based assay, Bio-Plex ProTM Rat Cytokine 

23-Plex Assay (Cat. #12005641, Bio-Rad), was used to detect inflammation analytes in the 

dams’ plasma (see Appendix D for a list of inflammation markers and their functions; 

adapted from the Rat Genome Database; Shimoyama et al., 2015). The assay was prepared 

according to the manufacturer’s instructions. First, the BioPlex® 200 system (Cat. 
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#171000201, Bio-Rad) was calibrated per the manufacturer’s instructions using the 

calibration kit (Cat. #171203060, Bio-Rad). Briefly, plasma samples were thawed on ice 

and diluted in a 1:4 ratio using the provided sample diluent. The vial containing a 

lyophilized standard was reconstituted using 500 µL of sample diluent and incubated for 

30 minutes before preparing the standard curve in a dilution series. The antibody-coupled 

magnetic beads were vortexed, diluted using assay diluent, and vortexed again and 50 µL 

of the bead solution was added to each well on the provided 96-well plate. The plate was 

then attached to a handheld magnetic washer (Cat. #171020100, Bio-Rad), and the plate 

was washed twice with 100 µL of wash buffer added to each well. Afterwards, 50 µL of 

samples, standards and blanks were added to the appropriate wells. The plate was then 

covered with sealing tape and incubated on a plate shaker at 850 RPM at room temperature 

for 1 hour. The plate was washed three times, ensuring that the plate was back on the 

handheld magnet when decanting the wash buffer. Then, 25 µL detection antibodies were 

added to each well, and the plate was incubated on the plate shaker at 850 RPM at room 

temperature for 30 minutes. After the incubation, the plate was rewashed three times, and 

50 µL Streptavidin-Phycoerythrin was added to each well. The plate was again incubated 

at 850 RPM at room temperature for 10 minutes. The plate was washed three times; then, 

the magnetic beads were resuspended in assay diluent, put on the plate shaker at 850 RPM 

for 30 seconds, and read in the BioPlex® 200 System. The plate was read using the “High 

PMT, RP1” settings in the assay kit’s protocol.  

2.2.6.3 Multiplex Analysis of Diabetes Markers 

Assay-Specific Plasma Preparation. Before assaying the dams’ plasma samples 

with the Bio-Rad Rat Diabetes Assay, protease inhibitors had to be added. I dissolved 7.4 
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mg of DPP-IV inhibitor (Cat. #K4264, Sigma Aldrich) into 2 mL sodium chloride (NaCl, 

Cat. #S8776-100ML, Sigma Aldrich) and 26.67 mg of aprotinin (Cat. #A3428, Sigma 

Aldrich) into 2 mL NaCl. Plasma samples were aliquoted into 100 µL, 10 µL of the 10 mM 

DPP-IV inhibitor solution was added to each sample, followed by 10 µL of the 1.3% 

aprotinin solution.  

Multiplex Assay. Before beginning the assay, the BioPlex® System was calibrated 

and left to warm up before use. All assay reagents were removed from the fridge and left 

to come to room temperature (RT). Once reagents reached RT, the protease inhibitor-

treated samples were diluted at a 1 in 4 dilution, using sample diluent. 

For the assay preparation, I first reconstituted the standards. Once reconstituted, the 

standard was incubated on ice for 30 minutes. After incubating, the standard curve was 

created as instructed, using a fourfold dilution series. 

Next, the 20X coupled beads were vortexed and diluted to 1X in Bio-Plex Assay 

Buffer. For this, each molecular marker had its vial of 20X beads and 288 µL of beads from 

each marker was added to a conical centrifuge tube. The total bead volume (1,440 µL) was 

subtracted from the total volume needed for a 1X dilution, and 4,320 µL of Assay Buffer 

was added to achieve the correct dilution. The resulting 1X mixed beads were then vortexed 

again, and 50 µL was added to each well. Then, after attaching the handheld magnetic 

washer, the plate was washed twice with 100 µL of Bio-Plex Wash Buffer.  

The standards, samples and blanks were added (50 µL per well). The plate was then 

sealed with a foil plate seal and incubated at room temperature on a plate shaker (850 RPM) 

for 1 hour. Ten minutes before the incubation step finished, I diluted the 20X detection 
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antibodies to 1X as directed. In brief, 150 µL of each 20X antibody was added to 2,250 µL 

of Detection Antibody Diluent to achieve a final 1X antibody solution. 

Post-incubation, the plate was washed three times (attached to the plate magnet) 

with 100 µL Bio-Plex wash buffer. The 1X detection antibodies were vortexed, and 25 µL 

was added to each well. 

The plate was again incubated at RT for 30 minutes at 850 RPM. Before the end of 

the incubation period, the 100X streptavidin-phycoerythrin (SA-PE) was diluted to 1X as 

instructed. The plate was secured to the magnet and then washed three times with 100 µL 

wash buffer, and then 50 µL of 1X SA-PE was added to each well. The plate was again 

incubated at room temperature for 10 minutes on a plate shaker (850 RPM). 

After this last incubation, the plate was placed on the plate magnet and washed 

three times with 100 µL wash buffer. Then, the beads were resuspended in 125 µL of assay 

buffer and shaken at 850 RPM for 30 seconds. The plate was then read using the Bio-Plex 

200 System, with the “High PMT, RP1” setting listed in the assay kit’s protocol. 

The plate data was obtained using the Bio-Plex Manager software (Version 6.0) 

and exported to a Microsoft Excel sheet (Microsoft Excel for Mac, Version 16.84). 

 Statistical Analyses 

All statistical analyses were performed using Jamovi (Version 2.3.21.0; Love et al., 

2022). All measures were analyzed using two-way factorial ANOVAs, with maternal diet 

(Standard versus Western) and maternal treatment (placebo versus probiotic) as the factors. 

Specifics regarding the handling of outliers are detailed in the appropriate results section. 
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The correlations between maternal plasma corticosterone and inflammatory markers were 

completed using Pearson correlations. 

RESULTS 

 Weekly Dam Weights 

 The rats were weighed on the day they started their respective diet and treatment, 

at which time I observed no significant differences in their weights. Interestingly, at the 

end of the experiment, on the sacrifice day, I also observed no significant differences in 

the rats’ weights. The only significant weight difference I found was at six weeks into the 

diet and treatment administration, the WD-fed dams weighed significantly more (M = 

297.00; SD = 33.20, F(1, 27) = 14.14, p < .001, η2 = .342) compared to their SD-fed 

counterparts (M = 262.00; SD = 12.90). 

 Maternal Care 

 For the maternal care behaviour measures, I found statistically significant results 

for the following behaviours: licking/grooming (LG), arched-back nursing level “2” (ABN 

2), water intake (W), food intake (F), self-grooming (SG) and active care (LG and ABN 2-

4). I observed that WD-fed dams engaged in significantly more LG bouts (M = 105.00; SD 

= 33.40, F(1, 27) = 6.94, p = .014, η2 = .190) compared to SD dams (M = 79.30; SD = 19.10; 

see Figure 2.2.A). Conversely, I found that probiotic-treated dams engaged in more ABN 

2 (M = 237.00; SD = 37.90, F(1, 27) = 4.85, p = .036, η2 = .133) compared to their placebo-

treated counterparts (M =205.00; SD = 45.70; see Figure 2.2.B). SD-fed dams engaged in 

a greater frequency of W (M = 22.60; SD = 8.28; F(1, 27) = 48.57, p < .001, η2 = .620) 
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compared to WD-fed dams (M = 6.73; SD = 3.20). Similarly, SD-fed dams also engaged 

in more F bouts (M = 107.00; SD = 19.70; F(1, 27) = 117.24, p < .001, η2 = .811) compared 

to WD-fed dams (M = 39.80; SD = 12.90). WD-fed dams also performed more SG 

behaviours (M = 83.50; SD = 18.80, F(1, 27) = 121.06, p < .001, η2 = .403) compared to SD-

fed dams (M = 55.60; SD = 16.80). I found that WD-fed dams engaged in more LGABN 

2/3 behaviour, which represents when dams were concurrently performing LG and ABN 

level 2 or 3, (M = 91.7, SD = 32.3; F(1, 27) = 5.04, p = .033, η2 = .146) than SD-fed dams (M 

= 70.8; SD = 16.4; see Figure 2.2.C). Lastly, as an exploratory measure, I found that the 

probiotic-treated dams engaged in more “active care” behaviours, comprising LG and ABN 

2-4 (M = 402.00; SD = 76.90; F(1, 27) = 4.58, p = .041, η2 = .132), than their placebo-treated 

counterparts (M = 344.00; SD = 76.80; see Figure 2.2.D). 
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Figure 2.2 A) The total frequency of licking/grooming (LG) behaviours across 
postnatal days 1-7 (mean, SD), p < .05. B) The total frequency of arched-
back nursing “2” (ABN 2) behaviours across postnatal days 1-7 (mean, 
SD), p < .05. C) The total frequency of the co-occurrence of LG and ABN 
2/3 behaviours across postnatal days 1-7 (mean, SD), p <.05. D) The total 
frequency of all “active care” maternal behaviours, including LG and 
ABN 2-4 across postnatal days 1-7 (mean, SD), p <.05. 
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 Maternal Inflammation Markers 

There were 23 analytes in the Bio-Plex ProTM Rat Cytokine 23-Plex Assay, and 

only thirteen were measurable in the present experiment. As such, statistics were only 

performed on the analytes that were measured. Outliers were calculated as three times the 

standard deviation, and samples were excluded if they exceeded this value. Samples were 

excluded if the coefficient of variation was greater than 20% or if more than 50% of the 

samples for a given analyte did not read. The analytes that were not analyzed included: 

IFN-γ, IL-2, IL-4, IL-6, IL-12p70, IL-13, IL-17, M-CSF, TNF-α and VEGF. 

I found no significant effect of maternal diet or treatment or their interaction on 

plasma levels of G-CSF, IL-1α, IL-5, IL-10, IL-18, MIP-3α, or RANTES. However, I did 

find several significant main effects of diet on some of the analytes, where Western diet-

fed dams had significantly higher levels of the analyte than standard diet-fed dams, 

regardless of the analyte’s role (e.g., pro- or anti-inflammatory, regulatory).  

There was a significant effect of maternal diet on plasma GM-CSF levels, where 

Western diet-fed dams had higher GM-CSF levels (M = 767.00; SD = 1063.00, F(1, 24) = 

7.09, p = .014, η2 = .189), compared to standard diet-fed dams (M = 116.00; SD = 128.00; 

see Figure 2.3A).  

There was a significant effect of maternal diet on plasma IL-1β levels, where 

Western diet-fed dams had higher IL-1β levels (M = 791.00; SD = 1,111.00, F(1, 25) = 6.85, 

p = .015, η2 = .186), compared to standard diet-fed dams (M = 124.00; SD = 125.00; see 

Figure 2.3B). 
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There was a significant effect of maternal diet on plasma MIP-1α levels, where 

Western diet-fed dams had higher levels (M = 163.00; SD = 260.00, F(1, 25) = 5.20, p = .031, 

η2 = .140), compared to standard diet-fed dams (M = 33.00; SD = 36.50; see Figure 2.3C). 

There was a significant effect of maternal diet on plasma GRO/KC levels, where 

Western diet-fed dams had higher GRO/KC levels (M = 259.00; SD = 138.00, F(1, 25) = 

10.30, p = .004, η2 = .283), compared to standard diet-fed dams (M = 121.00; SD = 99.30; 

see Figure 2.3D). 

There was a significant effect of maternal diet on plasma IL-7 levels, where 

Western diet-fed dams had higher IL-7 levels (M = 1,042.00; SD = 1,667.00, F(1, 23) = 5.03, 

p = .035, η2 = .154), compared to standard diet-fed dams (M = 116.00; SD = 125.00; see 

Figure 2.3E). 

There was a significant effect of maternal diet on plasma MCP-1 levels, where 

Western diet-fed dams had higher MCP-1 levels (M = 2,508.00; SD = 2,888.00, F(1, 26) = 

6.67, p = .016, η2 = .177), compared to standard diet-fed dams (M = 845.00; SD = 542.00; 

see Figure 2.3F). 
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Figure 2.3 A) Maternal plasma granulocyte-macrophage colony-stimulating factor 
(GM-CSF; mean, SD) concentrations in pg/mL, p < .05. B) Maternal 
plasma interleukin (IL)-1 beta (IL-1β; mean, SD) concentrations in pg/mL, 
p < .05. C) Maternal plasma macrophage inflammatory protein-1 alpha 
(MIP-1α; mean, SD) concentrations in pg/mL, p < .05. D) Maternal 
plasma growth-regulated oncogenes/keratinocyte chemoattractant 
(GRO/KC; mean, SD) concentrations in pg/mL, p < .05. E) Maternal 
plasma interleukin (IL)-7 (mean, SD) concentrations in pg/mL, p < .05. F) 
Maternal plasma monocyte chemoattractant protein 1 (MCP-1; mean, SD) 
concentrations in pg/mL, p < .05. 

 Maternal Diabetes Markers 

The Diabetes 5-Plex assay measured glucagon, leptin, ghrelin, GLP-1 and PAI-1; 

however, only glucagon, leptin and ghrelin were quantifiable. As such, I only performed 

statistics on these successfully measured analytes. Outliers were calculated as three times 
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the standard deviation, and samples were excluded if they exceeded this value. Samples 

with a coefficient of variation exceeding 20% were also excluded. 

No significant effect of maternal diet or treatment was found for plasma glucagon 

levels. There was a significant effect of maternal diet on plasma leptin levels, where 

Western diet-fed dams had higher leptin levels (M = 2,075.00; SD =1,671.00, F(1, 26) = 

11.20, p = .002, η2 = .298), compared to standard diet-fed dams (M = 585.00; SD = 193.00; 

see Figure 2.4A. There was also a significant effect of maternal diet on plasma ghrelin 

levels, where Western diet-fed dams had lower plasma ghrelin levels (M = 740.00; SD = 

367.00, F(1, 26) = 21.41, p < .001, η2 = .435), compared to standard diet-fed dams (M = 

1,445.00; SD = 455.00; see Figure 2.4B. 

 

Figure 2.4  A) Maternal plasma leptin concentrations in pg/mL (mean, SD), p < .01. B) 
Maternal plasma ghrelin concentrations in pg/mL (mean, SD), p < .01. C) 
Maternal plasma glucagon concentrations are in pg/mL (mean, SD), with 
no significant differences.  

 Maternal Plasma Corticosterone 

 A significant main effect of maternal diet on plasma corticosterone levels was 

detected, where Western diet-fed dams had significantly higher plasma corticosterone (M 
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= 580,171.00; SD = 141,764.00, F(1, 26) = 18.52, p < .001, η2 = .414) than standard diet-fed 

dams (M = 303,521.00; SD = 191,223.00; see Figure 2.5). One WD animal was excluded 

from analyses because their sample had a correlation coefficient greater than 20%. 

 

Figure 2.5 Maternal plasma corticosterone (CORT; mean, SD) concentrations in 
pg/mL, p < .05. 

 Maternal Corticosterone and Inflammatory Marker 

Correlations 

 In this experiment, I found several significant correlations between plasma 

corticosterone and the measurable inflammatory marker levels across all dams (see Table 

2.4). More specifically, only a few significant correlations were found in placebo-treated, 

probiotic-treated or standard diet-fed dams. Interestingly, there were no significant 

correlations unique to the Western diet-fed dams. IL-1α levels were negatively correlated 

with corticosterone levels in the placebo-treated dams, whereas IL-1β levels were 
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positively correlated with corticosterone in the placebo-treated dams. GRO/KC levels were 

positively correlated with corticosterone levels in the probiotic-treated dams. Lastly, MIP-

3α levels were negatively correlated with corticosterone in the standard diet-fed dams. 

Table 2.4 Pearson correlations between maternal plasma corticosterone levels 
(pg/mL) and maternal plasma inflammatory marker levels (pg/mL). 

Inflammatory Marker Corticosteronea 
Placebo Probiotic Standard 

Diet 
Western 

Diet 
Total 

GM-CSF  0.624* - - - 0.423* 
IL-1α -0.605* - - - - 
IL-1β  0.563* - - - 0.386* 
MCP-1 0.602* - - - 0.398* 
MIP-1α 0.603* 0.615* - - 0.382* 
MIP-3α - - -0.653** - - 
GRO/KC - 0.588* - - 0.488** 

*p < .05 
**p < .01 
aOne dam from the probiotic-treated, Western diet grouping was not included in the 
correlations because the corticosterone measurement was not viable. 
 

DISCUSSION 

Six weeks into the diet and probiotic administration, I found that the WD-fed dams 

weighed significantly more than the SD-fed dams. This weight difference was no longer 

significant when the dams were sacrificed in the second week postpartum (eleven weeks 

into the diet and probiotic administration). When observing maternal care, I found the WD-

fed dams performed significantly more LG behaviour than their SD-fed counterparts and 

the probiotic-treated dams engaged in more ABN 2 than their placebo-treated counterparts. 

Overall, the maternal care observations showed no interaction between treatment and diet. 

In the inflammatory marker data, I saw a trend of the WD-fed dams having elevated levels 

of inflammatory markers, regardless of the inflammatory marker’s role (i.e., pro-
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inflammatory versus anti-inflammatory). The metabolic markers, leptin and ghrelin, were 

also affected by maternal diet status, such that WD-fed dams had increased leptin levels 

and decreased ghrelin levels. Lastly, maternal corticosterone levels were also impacted by 

diet, where WD-fed dams had increased corticosterone levels compared to their SD-fed 

counterparts. Interestingly, there were only a few significant correlations between maternal 

plasma corticosterone and inflammatory marker levels.  

 The Impact of Western Diet and Pregnancy on Weight Gain 

In the present study, I found that although WD female rats showed increased weight 

gain relative to their SD-fed counterparts at six weeks of diet administration (before 

breeding), this difference in weight disappeared in the postpartum period. My findings are 

like those of Frihauf and colleagues (2016), who found that in a rat model of diet-induced 

obesity (using a 32% kcal fat diet), the dams’ pre-pregnancy weights were increased. In 

this study, the WD-fed dams did not differ from the control dams’ weight gain across 

pregnancy (Frihauf et al., 2016).  

These results are also consistent with work showing that estrogen may be protective 

against some outcomes associated with WD consumption, including weight gain (Buscato 

et al., 2021). E2 and E4 are natural estrogens, where E4 can regulate gene transcription, 

like E2 (the primary estrogen in human adults). A study performed by Buscato and 

colleagues (2021) investigated the potential of E4 to prevent metabolic dysfunction in 

ovariectomized female wild-type C57Bl/6 mice provided a 9-week WD (42% kcal fat; 

Buscato et al., 2021). A subset of the mice had E4 pellets implanted, and their blood 

estrogen levels were monitored to ensure their clinical relevance (Buscato et al., 2021). 



 

 67 

Mice implanted with E4 demonstrated significantly more energy expenditure during the 

animals’ active phase, which may be one way in which estrogen administration proves 

protective against WD outcomes (Buscato et al., 2021). 

Previous research in chronic obesogenic diet studies focusing on female rats has 

found mixed results. In a 2019 study by Skinner and colleagues, female Sprague-Dawley 

rats were fed a WD (45% fat, 33% sucrose; 4.7 kcal/g) for eight weeks. Interestingly, 

although the WD-fed animals had increased gonadal adiposity compared to their control 

(standard purified rat diet) counterparts, they did not weigh significantly more (Skinner et 

al., 2019). I did not examine gonadal adiposity in the present study, but I did find weight 

differences between the female rats at the eight-week mark, where the WD-fed females 

weighed more than the SD-fed females. Another study using a 7-week diet administration 

protocol in both male and female Long-Evans rats found no differences in the weights of 

the female rats at the 7-week mark (Myles, O’Leary, Smith, et al., 2020). This study by 

Myles and colleagues utilized the same WD as the current study, but their control diet was 

a calorie-matched diet from Research Diets, Inc. rather than a standard rat chow (Myles, 

O’Leary, Smith, et al., 2020). Although both studies  (Myles, O’Leary, Smith, et al., 2020; 

Skinner et al., 2019) found that female rats did not gain significant weight following a 

chronic obesogenic diet, it must be noted that neither of these studies utilized pregnant rats. 

Since the rats utilized in the present study did experience pregnancy, this is a potential 

factor in my finding that obesogenic diet did not alter female weight at the 11-week mark. 

Conversely to my findings and those of Skinner and colleagues (2019), a study that 

provided female Wistar rats either a standard chow or a WD chow (#D12079B from 

Research Diets = 21% fat, 50% carbohydrates, 20% protein) for 17 weeks found that 
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female WD-fed rats weighed significantly more than their standard chow-fed counterparts 

(B. Kramer et al., 2018). However, these female rats were also not pregnant at any point in 

this study (B. Kramer et al., 2018). Hence, these findings differ from my results, even 

though it is a chronic administration using the same diet. In a study investigating E2 effects 

on female Wistar rats provided an HFD (60.7% energy from fat), researchers found that 

HFD-fed females implanted with E2 pellets did not gain significant amounts of weight, 

compared to their control counterparts (Yokota-Nakagi et al., 2020). These results, in 

combination with my own, suggest that the heightened estrogen levels experienced during 

and after pregnancy likely protect against significant weight gain.  

 Western Diet Increases Licking/Grooming Behaviour 

 My maternal care results show that dams fed the WD engaged in more LG 

behaviour, which is partly consistent with previous research. Like the findings of Kougias 

and colleagues (2018) and Purcell and colleagues (2011), I also found that WD-fed dams 

engaged in more LG behaviours than the control group. A study that split maternal care 

observation periods into their “light phase” versus “dark phase” found that WD-fed dams 

engaged in more LG behaviour, specifically during the “dark phase” of their cycle 

(Abuaish et al., 2018). These results (Abuaish et al., 2018; Kougias et al., 2018; Purcell et 

al., 2011) are inconsistent with work performed by Connor and colleagues (2012) that 

showed WD decreased LG behaviour.  

The differences observed between these studies does not appear to be due to the 

length of diet administration, as both Kougias and colleagues (2018) and Connor and 

colleagues (2012) began diet administration on GD 0 (as determined by the presence of 
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sperm in the vaginal canal). The longest diet administration began three weeks before 

breeding (Abuaish et al., 2018) with the shorter beginning on GD 2 (Purcell et al., 2011). 

However, the results of Abuaish and colleagues versus Purcell and colleagues are similar.  

Interestingly, the present study and two other studies on diet administration and 

maternal care utilized Long-Evans rats (Abuaish et al., 2018; Purcell et al., 2011). In 

contrast, Connor and colleagues (2012) utilized Wistar rats. Differences in maternal 

behaviour across different rat strains have been observed previously. In a study of maternal 

alcohol consumption, researchers found differences in how maternal care behaviours were 

impacted between Sprague-Dawley versus Long-Evans rats (Popoola et al., 2015). In this 

study, the Sprague-Dawley dams had more ABN occurrences overall than the Long-Evans 

dams (Popoola et al., 2015). Maternal alcohol consumption also differentially affected the 

two strains, such that ABN 1 was increased in Sprague-Dawley dams exposed to alcohol, 

whereas alcohol exposure decreased ABN 1 in Long-Evans dams (Popoola et al., 2015). 

Similarly, in a gestational unpredictable stress model, researchers found differences in the 

maternal care behaviours of Sabra rats, as compared to Sprague-Dawley rats (Poltyrev & 

Weinstock, 1999). In response to the repeating stress across gestation, Sabra rats had 

increased frequencies of LG and ABN behaviours compared to Sprague-Dawley dams 

(Poltyrev & Weinstock, 1999). These findings, in addition to the findings regarding diet 

administration in rat dams, demonstrate that the genetics of the rat strain interact with the 

experimental manipulation. 
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 Probiotics Affect Maternal Care Without Interacting with 

Diet Administration 

Previously, I found that acute Lacidofil® administration during pregnancy and 

lactation (a total of 42 days of probiotic treatment) increased ABN 2-4 during the first 

postpartum week (O’Leary, 2019). This previous work also showed a trend for probiotic 

administration increasing LG behaviour (O’Leary, 2019).  

The present study found that the probiotic-treated dams engaged in more ABN 2 

behaviour specifically than their placebo-treated counterparts, partially consistent with 

previous findings (O’Leary, 2019). Although my earlier work found that probiotics trended 

towards increasing LG frequencies (O’Leary, 2019), I did not observe this trend in the 

current work. Previously, I had hypothesized that this observed increase in ABN 2-4 and 

trending increase in LG behaviour in the probiotic-treated dams was potentially a result of 

increased oxytocin (O’Leary, 2019). This hypothesis was based on research showing that 

administering Lactobacillus reuteri ATCC-PTA-6475 to wild-type C57BL/6 mice 

increased plasma oxytocin levels (Poutahidis et al., 2013). This effect disappeared when 

these mice were vagotomized but still received probiotic treatment, illustrating that this 

increase in oxytocin was connected to the gut-brain axis communication (Poutahidis et al., 

2013). Since increased ABN 2 levels were still observed in the present study, it is possible 

that the administration of the probiotic Lacidofil® may be affecting oxytocin levels in the 

probiotic-treated rats. The observation of increased LG behaviour in WD-fed rats only 

could potentially be a function of increased satiety in these animals due to the caloric 

content of their diet, as hypothesized by Kougias and colleagues (2018), allowing them to 

be in the nest with their pups more. This hypothesis is supported by the reduced number of 
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feeding and water bouts (F and W, respectively) observed in the WD-fed animals compared 

to their SD-fed counterparts.  

 Probiotic Treatment Does Not Impact Inflammation, 

Metabolic or Stress Markers  

Diet-induced obesity’s effects on maternal health include higher inflammation 

levels, compromised placental function and hormone dysregulation (Sullivan et al., 2014). 

Several interventions have been studied to combat gut dysbiosis, including antibiotics, 

prebiotics, and probiotics (Cani et al., 2007; Carvalho et al., 2012; Kootte et al., 2012). In 

the present study, I did not observe any reduction in inflammation levels in the probiotic-

treated WD-fed animals, as I had first hypothesized. I did observe that WD-fed animals 

had increased inflammatory markers, regardless of the function of the analyte (e.g., pro-

inflammatory, anti-inflammatory, or regulatory). Lacidofil® has been demonstrated to 

reduce inflammatory markers in animal models of gastric H. pylori infection (Brzozowski 

et al., 2006; Johnson-Henry et al., 2004). However, there is evidence that Lactobacillus 

treatment is insufficient to reduce inflammation levels (TNF-α, IL-1β, and IL-6) brought 

on by partial restraint stress in female Wistar rats (Ait-Belgnaoui et al., 2012).  

It has been shown that leptin is elevated in obese and diabetic mothers (Hauguel-

de Mouzon et al., 2006; Lepercq et al., 1998). In a 16-week high-fat, high-sucrose diet 

experiment (HFSD; 20% fat, 55% carbohydrates; 20% protein; 5.1 kcal/g) an acute multi-

strain probiotic, AVI-5-BAC (Lactobacillus acidophilus: 10 × 108 CFU, Lactobacillus 

planetarium: 9.8 × 107 CFU, Bifidobacterium bifidum: 2 × 106 CFU, Bacillus subtilis 

fermentation extract: 50 g per kg of product and Aspergillus oryzae fermentation extract: 

50 g per kg of product) was able to lower leptin levels in male rats (Al-muzafar & Amin, 
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2017). These results provide evidence for probiotics’ ability to regulate the hormonal 

activity of adipose tissue and demonstrate that probiotic treatment slows weight gain (Al-

muzafar & Amin, 2017). While only the HFSD-fed rats showed increased serum levels of 

TNF-α and IL-6, compared to the control diet rats, the HFSD-fed rats provided an acute 

probiotic treatment showed lowered levels of these same inflammatory factors, compared 

to the HSFD-only rats (Al-muzafar & Amin, 2017). This previous work conducted with 

male rats contrasts with my findings, as I found that the WD-fed female rats had increased 

plasma leptin and several inflammatory factors with increased expression in plasma. The 

present study also found no evidence that the probiotic treatment reduced the expression 

of inflammatory markers or leptin in postpartum females, indicating that there may be sex 

differences in the effects of probiotic treatment. It is also possible that the dosage of 

Lacidofil® provided to the rat dams in this study (5 × 108 CFU) was not sufficient to combat 

the inflammatory effects of the WD. The findings obtained by Al-muzafar and Amin 

(2017) provided three probiotic strains, each with their own dosage, and two fermentation 

extracts. Due to these large dosages and varied types of microorganisms, the product 

provided in this study was perhaps better able to combat the effects of the high-fat, high-

sugar diet (Al-muzafar & Amin, 2017) 

As previously discussed, estrogen and related compounds may provide some 

protection regarding metabolic outcomes. Therefore, examining how obesogenic diets 

impact metabolic markers in female rats is essential. In a study by Nowacka-Chmielewska 

and colleagues (2021), female rats (unspecified strain) were given a cafeteria diet for six 

weeks, including candy bars, sausages, crackers, cheese, and potato chips. The obesogenic 

nature of this diet was furthered by providing the rats with a 10% fructose solution in 
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addition to their regular drinking water, resulting in a calorically dense diet (4.84 kcal/g, 

33.1% fat, 33.2% carbohydrates and 16.6% proteins; Nowacka-Chmielewska et al., 2021). 

This study found that female rats consuming the obesogenic diet gained significantly more 

weight than their standard chow-fed counterparts (Nowacka-Chmielewska et al., 2021). 

Additionally, the obesogenic diet-consuming animals had significantly higher serum leptin 

levels than the control animals (Nowacka-Chmielewska et al., 2021). A separate study 

found that WD administration (32% kcal fat diet) resulted in increased plasma leptin and 

triglycerides in both diet-induced obesity rats and an obesity-resistant rat strain at weaning 

(Frihauf et al., 2016). These findings are consistent with my study, as I also found that 

feeding females an obesogenic diet resulted in increased plasma leptin levels. 

Although ghrelin is considered an orexigenic hormone, plasma ghrelin levels are 

typically low in obese people (Tschöp et al., 2001). Indeed, I found similar results in my 

rat model, where WD-fed dams had lower total plasma ghrelin levels than their SD-fed 

counterparts.  

In addition to disrupting metabolic hormones, as demonstrated by the dysregulation 

of leptin and ghrelin in the present study, obesogenic diets such as the WD can also disrupt 

stress hormone levels (Bellisario et al., 2015). Chronic WD consumption in perinatal 

animal models increases plasma corticosterone, suggesting that WD is a significant 

physiological stressor during pregnancy (Bellisario et al., 2015). My results show that the 

WD-fed dams had increased basal plasma corticosterone levels compared to their SD-fed 

counterparts, consistent with previous findings (Bellisario et al., 2015). Previous research 

has found that acute Lacidofil® treatment reduced corticosterone levels in rats after they 

experienced an acute stressor (Ait-Belgnaoui et al., 2012). However, I did not find in my 
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study, where Lacidofil® was provided for an extended period, that it could mitigate the 

increase in corticosterone levels observed in the WD-fed animals. It is possible that 

Lacidofil® can reduce corticosterone levels in an acute stress paradigm but does not reduce 

basal corticosterone levels found in chronic physiological stressors, such as Western diet 

administration (Bellisario et al., 2015). 

Lastly, due to the relationship between corticosterone and inflammation, I 

correlated the measures of maternal plasma corticosterone with inflammatory markers. I 

found that interleukin-1 alpha (IL-1α) levels were negatively correlated with corticosterone 

levels in the placebo-treated dams. IL-1α enables cytokine activity, copper ion binding, and 

interleukin-1 receptor binding activity (J. R. Smith et al., 2019). Although IL-1 is involved 

in HPA axis activation and increases as corticosterone increases, this role is primarily 

fulfilled by IL-1β specifically (Goshen & Yirmiya, 2009), as demonstrated by comparing 

a double knockout IL-1α/IL-1β mouse model to single knockout IL-1α, IL-1β or IL-1 

receptor antagonist mice (Horai et al., 1998). It is unclear why IL-1α levels would 

negatively correlate with corticosterone levels in the present study. This relationship 

between IL-1β and the activation of the HPA axis is observed in the significant positive 

correlation between IL-1β and corticosterone levels in all animals included in this study. 

Growth Related Oncogene/Keratinocyte Chemoattractant (GRO/KC; human 

homolog CXCL1) facilitates chemokine activity and participates in neutrophil chemotaxis 

(J. R. Smith et al., 2019). GRO/KC is released in response to acute injury or stress, such as 

LPS injections (N. Li et al., 2009; Shibata et al., 1996). GRO/KC levels were positively 

correlated with corticosterone levels in the probiotic-treated dams. The amount released is 

typically proportional to the stressor’s intensity (Campbell et al., 2003). Due to the 
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association between acute stress and GRO/KC release, the positive correlation observed is 

understandable. However, it is unclear why this association would only be present in the 

probiotic-treated dams. Recent research on the effects of probiotics on human colonic cells 

demonstrated that probiotic administration induced a mild inflammatory response, 

including the upregulation of GRO/KC mRNA expression (Tarapatzi et al., 2022). Due to 

the low-grade inflammatory state induced by the probiotic administration, the authors 

postulated that the probiotics may play an immune system alerting role, as they do not 

appear to cause a prolonged inflammation response (Tarapatzi et al., 2022). Similarly, 

studies of human peripheral mononuclear blood cells treated with probiotics have shown 

that probiotic administration does up-regulate the expression of several cytokines, 

including the human homolog of GRO/KC, CXCL1, as well as TNF-α, IL-1β, and IL-6 (all 

pro-inflammatory cytokines; (Vale et al., 2023). 

Macrophage Inflammatory Protein 3 alpha (MIP-3α; human homolog CCL20) 

responds to molecules of bacterial origin and enables chemotaxis and chemokine activity 

(J. R. Smith et al., 2019). I found that MIP-3α levels were negatively correlated with 

corticosterone for the standard diet-fed dams only. This result is consistent with previous 

work demonstrating that corticosterone administration reduced MIP-3α (CCL20) mRNA 

expression in a rat cell line (Burke et al., 2017). 

 Limitations 

This study had several limitations. First, the researchers could not be blinded to the 

animals’ treatment and diet conditions due to reduced staffing because of the COVID-19 

pandemic. Second, fecal samples were not taken before diet/probiotic administration or 



 

 76 

collected throughout the experiment. Instead, the animals’ caeca were taken at sacrifice. I 

did not do an oral glucose tolerance test or take blood samples throughout the experiment; 

I only took them at sacrifice, as due to COVID-19 restrictions during this study, conducting 

tail blood draws from rat dams was not feasible. Food was provided ad libitum, and WD 

animals did show markers of obesity, such as increased weight gain after six weeks of diet 

administration and dysregulation of metabolic hormones. Although, for translational 

research purposes, this does not necessarily mimic human food consumption patterns. Due 

to the small number of animals per experimental treatment group, I could not conduct 

correlations at this level. As a result, the correlations between maternal plasma 

corticosterone and inflammation levels do not provide a complete picture of how probiotic 

treatment, combined with Western diet, may affect one another. 

 Implications and Future Directions 

This work adds to the literature on Lacidofil® concerning its effects on 

inflammatory and metabolic markers, the stress hormone corticosterone in a rodent 

maternal health model, and its impact on maternal care. Future work should investigate 

how other probiotic strains, such as inflammation, metabolic markers, and stress, may 

impact maternal care and health outcomes. Additionally, given the contradictory results 

regarding how different diet manipulations impact maternal care, future studies should 

investigate other diets’ effects on maternal behaviour. Future studies could take blood 

samples across the perinatal period, as this would be beneficial for characterizing any 

differences in hormones (e.g., estrogen, progesterone, corticosterone) that may occur due 

to diet or probiotic administration.  
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For this study, future avenues of investigation may include metabolomic analyses 

of stomach contents to assess how Lacidofil® and diet may interact to make distinct 

metabolite profiles in the gut. Further, to begin to probe the mechanisms by which both 

Lacidofil® and the Western diet impact maternal care behaviour expression, performing 

RNA sequencing on brain regions involved in maternal care expression would provide an 

excellent foundation for the underpinnings of these changes.  

Overall, there needs to be more information regarding how internal and external 

factors, such as diet and probiotic administration, impact maternal outcomes.
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CHAPTER 3 THE EFFECTS OF DIET AND PROBIOTIC 

ADMINISTRATION ON MATERNAL GUT MICROBIOTA 

COMPOSITION 

INTRODUCTION 

There is increasing interest in how the maternal gut microbiota (i.e., the 

microorganisms living within the intestinal tract) may affect maternal health (Dunlop et 

al., 2015). Of note, changes in maternal hormones, metabolism and inflammation can affect 

the composition of the gut microbiota during pregnancy (Koren et al., 2012; Mallott et al., 

2020; Nuriel-Ohayon et al., 2019). For instance, research suggests that increased estrogen 

and progesterone as a consequence of pregnancy can alter the microorganisms that are 

present in the gut microbiota (García-Gómez et al., 2013). Furthermore, pregnancy-

associated hormonal and microbial changes may increase nutrient intake to help maintain 

the pregnancy. Namely, these microbes can produce metabolites (e.g., short-chain fatty 

acids [SCFAs] like 5-amino valeric acid betaine and trimethylamine N-oxide) that help a 

pregnancy host convert nutrients into usable energy (Barrientos et al., 2024; Pessa-

Morikawa et al., 2022).  

 The Gut Microbiota During Pregnancy 

Significant changes to the gut microbiota composition occur between the first and 

third trimesters of a human pregnancy (Koren et al., 2012). Specifically, a decrease in 

species richness (alpha diversity: the richness of bacteria in the sample) and an increase in 

species diversity (beta diversity: the distance between samples as a measure of how similar 

or different they are) have been reported between the first and third trimesters (Koren et 
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al., 2012). An increase in beta diversity was also observed in a study where the gut 

microbiome was sampled at 32 weeks and again just before parturition (Y. Chen et al., 

2019).  

As the mother's inflammation profile changes as gestation progresses, the 

microbiome is not only affected by said inflammation but also assists in its regulation 

(Koren et al., 2012). Approximately 70% of pregnant women have a greater abundance of 

inflammation-associated bacteria (Santacruz et al., 2010). For example, women have an 

increased abundance of Proteobacteria during the third trimester, associated with a pro-

inflammatory state (Mukhopadhya et al., 2012; Rizzatti et al., 2017). This crosstalk 

between the maternal immune system and the microbiome is an important aspect of a 

healthy pregnancy (Barrientos et al., 2024; Koren et al., 2012), as the pro-inflammatory 

state during the third trimester is an important preparatory step for parturition (Mor et al., 

2017). 

 Probiotic Administration and the Gut Microbiota During 

Pregnancy  

Nutritional supplements, such as probiotics, are of particular interest in microbiome 

research (e.g., probiotic strains can produce these aforementioned SCFAs; Ljungh & 

Wadstrom, 2006).  A recent study on probiotic administration in a mouse pregnancy model 

shows promising results: probiotics may help regulate the maternal immune system (Tao 

et al., 2020).  Researchers found that probiotic administration of a beneficial Enterococcus 

faecalis strain, Symbioflor1, to pregnant mice affected by the opportunistic pathogenic 

strain Enterococcus faecalis OG1RF, reduced miscarriage rates and upregulated the anti-

inflammatory cytokine interleukin 10 (IL-10; Tao et al., 2020). 
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Largely, human research suggests that, similar to studies using non-pregnant 

participants, probiotic administration does not cause large shifts in microbiome 

composition during pregnancy (Bisanz et al., 2015; Y. Chen et al., 2019). For example, 

Tanzanian women (second trimester of pregnancy) who were given a daily serving of 

probiotic yogurt (Lactobacillus rhamnosus GR-1 at approximately 1 × 1010 CFU with 

added Moringa leaf) did not have significant changes in their gut microbiota compared to 

an untreated control group of pregnant women (Bisanz et al., 2015). Likewise, in a placebo-

controlled study of healthy pregnant women taking a multi-strain probiotic 

(Bifidobacterium longum [5 × 106], Lactobacillus debrueckii bulgaricus [5 × 105], and 

Streptococcus thermophilus [5 × 105]), researchers reported no compositional fecal gut 

microbiota differences (e.g., alpha or beta diversity metrics), nor any differences in the 

relative abundance of the specific microorganisms present in the fecal samples (Y. Chen et 

al., 2019).  

Despite studies reporting that specific probiotics do not impact the composition of 

the gut microbiota, there is still evidence that probiotics can provide some health-related 

benefits to the host during pregnancy. A systematic review on the impacts of probiotic 

yogurt on maternal health and pregnancy reported reduced occurrence of preterm birth and 

maintenance of serum insulin and calcium levels in those given the yogurt compared to 

study controls (A. He et al., 2020). In another study, pregnant women were provided with 

a combination prebiotic (inulin fibre) and probiotic supplement (i.e., 10 different probiotic 

strains that were predominantly Lactobacillus strains; 1 × 1010 CFU total) for 12 days (A. 

T. Liu et al., 2021). Although no changes in fecal microbiota were reported in this study 

(e.g., alpha diversity metrics, relative abundance of specific bacteria) following probiotic 
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treatment (compared to pre-probiotic treatment), probiotic administration did reduce pre-

treatment self-reported gastrointestinal symptoms (e.g., nausea, vomiting and constipation) 

compared to the participants’ pre-probiotic treatment symptoms (A. T. Liu et al., 2021). 

 Western Diet and the Gut Microbiota During Pregnancy 

An organism’s diet greatly affects gut microbiome composition (Connor et al., 

2023; David et al., 2014). In turn, the gut microbiota affects how organisms store and utilize 

energy from food (Tremaroli & Bäckhed, 2012). Broadly, alterations in the gut microbiota 

during pregnancy linked to diet are observed in mice (Connor et al., 2018), primates 

(Sugino et al., 2022), and humans (Gomez-Arango et al., 2016). Of note, Western diet 

(WD) administration in animal models during pregnancy results in gut microbiota and 

placental changes, along with changes in oxidative stress and inflammation (Gohir et al., 

2019; Y.-W. Wang et al., 2021).  For example, pregnant baboons fed a WD had a 

significantly lower species richness (alpha diversity metric) than the control diet-fed 

baboons (Sugino et al., 2022). Another study with pregnant C57BL/6 mice fed a high-fat 

diet (HFD) showed lower species richness in their gut microbiota than control diet-fed mice 

(Connor et al., 2018).  

In overweight and obese women, significant positive correlations have been 

reported between adipokine levels (e.g., leptin) and the abundance of the families 

Ruminococcaceae and Lachnospiraceae (Firmicutes phylum) (Gomez-Arango et al., 

2016). Greater abundance of the families Bacteroidaceae (Bacteroidetes phylum) may also 

be linked with maternal metabolism (G. Jiang et al., 2023), as increased Bacteroidaceae 

positively correlates with the metabolic hormone ghrelin (Gomez-Arango et al., 2016). In 



 

 82 

fecal samples from pregnant women, the Collinsella genus was reported to be positively 

correlated with insulin and triglyceride levels (Gomez-Arango et al., 2016). Additional 

evidence from other studies suggests that WD consumption during pregnancy may produce 

an altered gut microbiota composition (e.g., lower species richness; Nagpal et al., 2018; 

Röytiö et al., 2017).  

 Objectives and Hypotheses 

Microbial differences exist between human and rat gut microbiomes (Nagpal et al., 

2018). Nonetheless, rats offer some benefits as a model system because their digestive tract 

is similar to that of humans, with both having comparable stomach and intestinal structures 

(Vdoviaková et al., 2016). Furthermore, the gut microbiota of both rats and humans 

contains an abundance of bacteria from the phyla Bacteroidetes and Firmicutes (Nagpal et 

al., 2018).  

This chapter contains two studies of rat gut microbiota. Study 1 was part of a larger 

project examining probiotics as a supplement for healthy-weight dams during pregnancy 

and lactation (42 days of probiotic administration). Study 2 was also part of a larger project 

examining the effects of a WD and probiotic administration from six weeks before 

conception through pregnancy and ending in the second postpartum week (11 weeks of 

diet and probiotic administration). The rationale for both studies is that probiotic 

administration throughout gestation could minimize dramatic microbiota shifts during this 

time and perhaps bolster the microbial community.  

For Study 1, I was interested in the effects of probiotic administration with the 

probiotic Lacidofil® (Lacticaseibacillus rhamnosus R0011 and Lactobacillus helveticus 
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R0052) on the dams’ gut microbiota composition. It was hypothesized that Lacidofil® 

treatment would alter the dams’ microbiota such that it would differ from the placebo-

treated dams; however, there were no specific hypotheses about these alterations. For Study 

2, I was interested in how probiotic treatment with Lacidofil® would interact with WD 

administration across the perinatal period to impact the gut microbiota composition. It was 

hypothesized that WD administration would have a larger impact on the gut microbiota 

(i.e., affecting a larger number of measures) than Lacidofil® administration. However, 

based on previous studies, I hypothesized that Lacidofil® would likely impact a few gut 

composition measures. 

METHODS 

 Study 1: Animals, Breeding and Probiotic Administration 

This experiment was conducted using caecum samples obtained from 15 female 

Long-Evans rats (Charles River, St. Constant, QC, Canada) who were exposed to either 

placebo (n = 7) or Lacidofil® (n = 8) treatment throughout pregnancy and nursing (a total 

of 47 treatment days). The experimental procedures were approved by the Dalhousie 

University Committee on Laboratory Animals (UCLA) under animal ethics protocol #18-

022 and performed in accordance with the Canadian Council on Animal Care guidelines 

(CCAC). 

Rats were housed in same-sex pairs in polypropylene cages with wire lids. The 

cages had animal bedding (Fresh Bed, Shaw Resources, Shubenacadie, NS, Canada) and a 

black polyvinyl chloride tube. Food (Laboratory Rodent Diet 5001, LabDiet®, St. Louis, 

MO, United States of America) and tap water were provided ad libitum. Male and female 



 

 84 

rats were paired for breeding for 7 days. After the breeding period, dams were provided a 

probiotic or placebo solution from the first day of the gestation period until their offspring 

were weaned at 21 days old (see Figure 3.1A for experimental timeline). 

Dams were trained to receive probiotic or placebo solution orally via syringe as per 

Tillman & Wegner, 2018, with minor modifications as detailed by Myles and colleagues 

(2020). The probiotic solution was prepared at a dosage of 500 million (108) colony-

forming units (CFU) per 0.5 mL of reverse-osmosis water daily. Each rat was given 0.5 

mL of the appropriate solution (0.0192 grams of powder). 

 Study 1: Caecum Sample Collection  

Dams were sacrificed five days after their offspring were weaned and within 0-8 

hours of receiving treatment. They were first deeply anesthetized with Euthanyl® (sodium 

pentobarbital, 60 mg/kg, intraperitoneal). Caeca were quickly dissected and flash-frozen 

whole on dry ice. The caeca were stored at -80oC until the contents could be aliquoted into 

microtubes for later use. 
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Figure 3.1 A) An experimental timeline illustrating Study 1. B) An experimental 
timeline illustrating Study 2. 

 

 Study 2: Animals, Breeding and Probiotic Administration 

The experiment for Study 2 was conducted under animal ethics protocol #20-136, as 

approved by the Dalhousie University Committee on Laboratory Animals (UCLA) and the 

Canadian Council on Animal Care guidelines (CCAC). 

The animals utilized for this study are the same female rats described in Chapter 2 of 

this thesis. Forty female Long-Evans rats were purchased from Charles River Laboratories 

and split evenly between a placebo and a probiotic treatment colony room. This 

experiment's colony room and cage conditions are the same as those for Study 1. After a 

two-week quarantine, the females were randomly assigned a diet condition. The diet 

(Standard or Western) and treatment (placebo or probiotic) administration started the day 
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after the quarantine period ended (see Figure 3.1B for an experimental timeline). There 

were four experimental groups: Placebo-Standard Diet (n = 8), Placebo-Western Diet (n = 

7), Probiotic-Standard Diet (n = 8) and Probiotic-Western Diet (n = 8). 

The Western diet (cat. #D12079B, Research Diets, New Brunswick, NJ, USA) and the 

standard diet (Laboratory Rodent Diet 5001, LabDiet®, St. Louis, MO, United States of 

America) were both provided ad libitum (see Appendix A for the diet information sheets). 

The placebo and probiotic treatments were provided using an oral syringe, 

following Tillmann and Wegener’s (2018) protocol. To prevent cross-contamination 

between the placebo and probiotic-treated animals, I employed the protocols outlined by 

Myles and colleagues (2020). The probiotic used in this study was Lacidofil® 

(Lacticaseibacillus rhamnosus R0011 and Lactobacillus helveticus R0052; see Table 3.3; 

Foster et al., 2011). 

Table 3.1  Placebo and probiotic (Lacidofil®) vehicle formulation 

Ingredient % of Formulation Amount in Grams 

Maltodextrin 85 425 

Magnesium Stearate 3 15 

Milk Powder 11.6 58 

Ascorbic Acid 0.4 2 

 

 DNA Protocols 

All protocols for processing and handling the caecal content DNA were the same 

between Study 1 and Study 2. 
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3.2.4.1 DNA Extraction 

 Caecum DNA Extraction. DNA was isolated from dams’ caecum samples with 

the QIAamp® DNA Stool Mini Kit (Cat. #51504, QIAGEN, Germany). The samples 

underwent an initial pre-processing step and were then processed according to the 

manufacturer’s instructions. First, an average of 257.14 mg of each caecum sample was 

weighed and placed into individual bead-beating tubes containing four 3mm glass beads 

(Fisher Scientific, Cat. 11-312A). 500 µL of phosphate-buffered saline (PBS; 

ThermoFisher, Cat. #10010023) was added to each tube, and the samples were vortexed 

thoroughly. An additional 500 µL of PBS was added, and samples were vortexed again. 

Then, the samples were centrifuged for 1 minute at 11,500 × g. Afterwards, the supernatant 

was discarded, and the pellet was washed using 1 mL of PBS. An additional centrifugation 

was performed for 1 minute at 11,500 × g, and the supernatant was discarded. 1 mL of 

InhibitEX was then added to each sample, homogenized via vortexing, and incubated at 

70oC in a dry bath for 5 minutes.  

Post-incubation, approximately 300 mg of zirconia beads were added to each 

sample, followed by homogenization via a bead homogenization protocol (MP FastPrep-

24TM 5G, Cat. #116005500). The protocol consisted of three rounds of 60-second 

homogenization at 4 m/s, with a 60-second rest period in between each bead-beating step. 

After homogenization, the samples were centrifuged for 3 minutes at 11,500 × g. Then, 

600 µL of the supernatant was transferred into a new, labelled microtube and centrifuged 

for 3 minutes at 11,500 × g.  

The next step was to add 25 µL of Proteinase K to a new microtube and 400 µL of 

the supernatant. Once the sample was transferred, 400 µL of Buffer AL was added, 
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followed by vortexing for 15 seconds. The samples were then incubated in a dry bath at 

70oC for 10 minutes. Post-incubation, 400 µL of 100% ethanol was added to the lysate and 

vortexed. 600 µL of lysate was then transferred onto a spin column and centrifuged at 

14,100 × g for 1 minute. The flow-through was discarded after centrifugation, and 600 µL 

of lysate was added to the column again, transferring all the lysate, then centrifuging again 

at 14,800 × g. Next, 500 µL of Buffer AW1 was pipetted onto the spin column, and the 

samples were centrifuged at 14,100 × g for 1 minute. Then, 500 µL of Buffer AW2 was 

pipetted onto the column and centrifuged at 14,100 × g for 1 minute. The column was 

transferred onto a new 2 mL microtube, and 50 µL of Buffer ATE was pipetted directly 

onto the column membrane. All samples were incubated for 5 minutes at RT and 

centrifuged at 14,100 x g for 1 minute to elute the DNA. Once the extraction was complete, 

the DNA concentration (ng/µL) and purity (260/280 ratio) of each sample were obtained 

using spectrophotometry. All the DNA samples were stored at -20oC until further analysis. 

DNA Normalization. Using the DNA concentrations obtained from 

spectrophotometric readings, I calculated the volume of DNA (µL) and the volume of 

nuclease-free water needed to obtain a final concentration of 20 ng/uL. These values were 

computed using Microsoft Excel, transferred to a .csv file and uploaded to the epMotion® 

software to program a liquid handling robot (epMotion® 5075t, Eppendorf, Hamburg, 

Germany) to perform the dilutions. Once the dilutions were complete, they were stored at 

-20oC until further analysis. 

Sample Spiking. The following protocol is from the standard operating procedure 

(SOP) No. CLIN-0017 from Lallemand Health Solutions, Inc. This protocol aims to add a 

known number (1010) of bacterial cells to a control caecal content sample. The DNA is 
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extracted using the same process as the unknown samples. Then, it is serially diluted to 

make a standard curve to quantify the probiotic strains’ presence (LOG CFU per gram) in 

the samples. 

First, I began by weighing 3.84 grams of control caecal samples obtained from eight 

control male rats into a sterile 5 mL microtube to create a spiking matrix. The matrix was 

homogenized manually and then separated as equally as possible (the average amount of 

caecal contents per tube was 320 mg) into 12 sterile 2 mL bead beating tubes containing 

four sterile 3 mm glass beads.  

Then, for each probiotic strain (R0011, R0052 and R0175), one gram of the 

probiotic powder was placed into a Falcon tube containing 9 mL of PBS to create a 1:10 

dilution for each strain. This solution was vortexed thoroughly to mix. I calculated how 

many µL needed to spike in a 1010 CFU concentration for each strain and then pipetted that 

amount into the designated bead-beating tubes of caecal contents (each strain had a total of 

three spiked tubes and one unspiked; see Appendix E for sample spiking calculations). The 

spiked samples were mixed thoroughly once the calculated amount of spiking solution was 

added to the correct tubes. Then, the DNA extraction proceeded as outlined above for the 

caecal content samples. 

Spiked Sample Testing via Real-Time Quantitative PCR (qPCR). After the 

DNA was extracted and the concentrations (ng/µL) and purities (260/280 ratio) were 

checked using spectrophotometry, the next step was to validate the spiked samples to select 

which sample would be used to make the standard curve for each strain. The 1010 stock 

DNA for each spiked sample was serially diluted in molecular-grade water to obtain 

concentrations from 109 to 103. The serial dilution was done by adding 2 µL of the stock 
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to 18 µL of molecular grade water in a new microtube, vortexing thoroughly to make the 

109 dilution, and then taking 2 µL of that dilution and adding it to a new microtube with 18 

µL of water and so on. It is crucial to thoroughly mix each tube in a serial dilution, so to 

ensure this, I pipetted each dilution up and down 20 times, vortexed briefly three times, 

spun the tube down, vortexed again three times briefly and once again spun down to collect 

the tube’s entire contents.  

Next, to set up a qPCR assay, three separate Master Mixes were made using SYBR 

green chemistry (1x SYBR Select Master Mix, Cat. #4472980; Life Technologies, 

Carlsbad, USA), the Master Mix Calculation (see Appendix F for qPCR Master Mix 

calculations) and 300 nM strain-specific primers (Myles, O’Leary, Romkey, et al., 2020) 

to assay all spiked sample standard curves and the undiluted unspiked samples. A 96-well 

plate was prepared by adding 2.5 µL of template DNA to 22.5 µL of Master Mix. All 

samples for each probiotic strain were run in triplicate, including the unspiked samples and 

a no template control (containing only Master Mix and molecular-grade water). The plate 

was sealed with MicroSeal® optical adhesive film (Bio-Rad Laboratories, Hercules, USA), 

briefly vortexed and centrifuged at 2,000 RPM for 1 minute before putting the plate into 

the real-time PCR machine. The qPCR assay was run using the CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad) with the following cycling conditions: 50oC for 2 

minutes, 2-minute hold at 95oC followed by 40 cycles of denaturation for 15 seconds at 

95oC, annealing for 30 seconds at 60oC and an extension or 30 seconds at 72oC. Afterwards, 

the amplification curves for each spiked sample were checked using the CFX MaestroTM 

software (Version 4.1, Bio-Rad). I chose the spiked sample with all three amplification 

curves overlaying one another, ensuring an accurate standard curve. The sample with the 
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tightest replicates was selected to create the standard curve for the strain detection 

experiment. I also checked the unspiked samples to ensure that there was either no 

amplification or that any amplification was greater than 34 quantification cycles (Cq). 

Strain Detection via Real-Time Quantitative PCR (qPCR). This experiment was 

performed according to the protocol outlined in Myles et al., 2020. The DNA of all dams’ 

caeca content was first diluted to a 1:5 ratio in molecular-grade water using a liquid 

handling robot (epMotion® 5075t, Eppendorf, Hamburg, Germany).  

Next, the standard curve was created using the selected spiked sample from the 

previous spiked sample testing step. The standard curve was created using the liquid 

handling robot to serially dilute this 1010 sample 10-fold down to 103. All samples, 

standards, and controls (unspiked and no-template controls) were then loaded onto a 384-

well plate via the robot, using 9 µL of Master Mix and 1 µL of DNA or control. The samples 

were run in triplicate, and the standard curve was run in duplicate. The qPCR assay was 

run on the CFX384 Touch Real-Time PCR Detection System (Bio-Rad) with the following 

cycling conditions: 50oC for 2 minutes, 2-minute hold at 95oC followed by 40 cycles of 

denaturation for 15 seconds at 95oC, annealing for 30 seconds at 60oC and an extension or 

30 seconds at 72oC. After 40 cycles, a dissociation curve from 60 to 95oC was done to 

check the amplification specificity of the primers. All data analysis was performed using 

the CFX MaestroTM software (Version 4.1, Bio-Rad). 

3.2.4.2 Microbiota Profiling Using 16S rRNA Sequencing 

Using the caecal content DNA that was previously normalized to 20 ng/µL for the 

strain detection experiment, 16S rRNA sequencing was performed. The protocols for the 

microbiota profiling and subsequent data analysis are the same for Study 1 and Study 2.  
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Amplicon PCR. The first PCR reaction utilized the following reagents and reaction 

volumes to prepare a Master Mix (see Appendix G for amplicon PCR Master Mix 

calculations). The primers were first diluted to 1 µM with a 1:100 dilution in PCR-grade 

water (see Appendix G for 16S rRNA primer). Into a 96-well plate, 2.5 µL of template 

DNA was added to each well, followed by 22.5 µL of master mix, resulting in 25 µL per 

well. Once it was loaded, the plate was sealed and run at the following cycling conditions: 

95°C for 3 minutes, 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 

seconds, and 72°C for 5 minutes then hold at 4°C. 

Gel Electrophoresis. First, the mixture of 6x NEB loading dye (300 µL) and PCR 

water (700 µL) was prepared in a 1.5 mL microtube. A 96-well plate was then prepped by 

loading 5 uL of the dye mixture into each well using a multichannel pipette. Then, 5 µL of 

each amplicon from the amplicon PCR was loaded into the 96-well plate, as per the sample 

template. Using an E-gel pre-cast 2% agarose gel with SYBR® Safe DNA gel stain, the 10 

µL sample and dye mixture were first mixed using the multichannel pipette, and then all 

10 µL was transferred into the gel. At the end of the gel, a 2-log ladder was loaded. The 

gel was run for a minimum of ten minutes and then visualized using the Bio-Rad® Gel 

Imaging Doc, using the SYBR® Safe option. 

PCR Clean-Up #1. The PCR amplicon plate was centrifuged at 1,000 x g at room 

temperature for 1 minute to ensure all the contents were at the bottom of the wells. The 

samples (25 µL) were transferred to a MIDI (deep well) 96-well plate via a multichannel 

pipette for the clean-up step. Before adding the AMPure XP beads, the beads were vortexed 

for 30 seconds before 20 µL of beads per sample were added to the plate using a 

multichannel pipette. After adding the beads, the plate was sealed and shaken at 1,800 RPM 
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for 2 minutes. Following the shaking step, the plate was then incubated at room temperature 

for 5 minutes. After this RT incubation, the plate was put on a magnetic stand for 2 minutes. 

The plate was then kept on the magnetic stand and a multichannel pipette was used to 

remove the supernatant, changing tips between samples.  

 After removing the supernatant from all wells, the magnetic beads were then 

washed using freshly prepared 80% ethanol (200 μL per sample). The plate was incubated 

for 30 seconds (remaining on the stand) and then the supernatant removed. An identical 

ethanol wash and incubation was then performed. After this second wash, a P20 

multichannel was used to remove access ethanol. The beads were then air-dried for 10 

minutes. 

The PCR plate was removed from the magnetic stand, and 52.5 μL of 10 mM Tris 

(pH 8.5) was added to each well. To mix, the plate was sealed and shaken at 1,800 RPM 

for 2 minutes to resuspend the beads. Following the shaking step, the plate was incubated 

at room temperature for 2 minutes and placed back on the magnetic stand for 2 minutes. 

With a multichannel pipette, 50 μL of the supernatant from each well was transferred to a 

new 96-well plate. 

Index PCR. With a multichannel pipette, 5 μL from each well was transferred into 

a new 96-well plate. The remaining sample was stored at -20oC for potential future use. A 

Master Mix containing two indexing primers was added to each well (see Appendix G for 

Master Mix reagents and calculation table). Reagents were pipetted up and down ten times 

to mix and the plate was sealed and centrifuged at 1,000 x g at 20oC for 1 minute. The plate 

was then put into a thermal cycler with the following cycling conditions: 95°C for 3 
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minutes, 8 cycles of 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and 

72°C for 5 minutes, then hold at 4°C. 

PCR Clean-Up #2. In this PCR clean-up, AMPure XP beads were used to clean 

the final library before quantification. First, the Index PCR plate was centrifuged at 280 x 

g RT for 1 minute. The AMPure XP beads were vortexed for 30 seconds before adding the 

beads to a reservoir. For each well, 56 μL of the bead solution was added to the Index PCR 

plate, and wells were mixed by carefully pipetting up and down 10 times. The plate was 

then incubated at room temperature for 5 minutes. After the incubation, the plate was 

placed on a magnetic stand and left for 2 minutes to clear the supernatant. Once the 

supernatant appeared clear, the supernatant was discarded via a multichannel pipette. The 

Index PCR plate was left on the magnetic stand to wash the beads with 80% ethanol. 

Following the first wash, a second wash with 80% ethanol was performed, ensuring that 

all excess ethanol was removed using a pipette. After the second wash, the beads were air-

dried for 10 minutes. Then, the plate was removed from the stand, and 27.5 μL of 10 mM 

Tris pH 8.5 was added to each well and mixed by pipetting up and down to resuspend the 

beads. The plate was then incubated at room temperature for 2 minutes and then placed on 

the magnetic stand again for 2 minutes to clear the supernatant. Lastly, 25 μL of the 

supernatant from each well was transferred to a new 96-well PCR plate. 

Library Quantification, Pooling and Normalization. The DNA library 

quantification was done using a fluorescence assay (Quant-iT PicoGreen dsDNA Assay 

Kit, ThermoFisher Scientific, Cat. # P7589) according to the manufacturer’s instructions. 

Once measured, 200 ng of DNA from each sample was taken from the 96-well microplate 

and transferred into one 1.7 mL microtube via a liquid handling robot. Then, a fluorometer 
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(QubitTM 1X dsDNA Broad Range Assay Kit, Cat. #Q33265) was used to determine the 

concentration of the pooled sample. Once the concentration was calculated, the pooled 

sample was diluted to 1 ng/μL and measured via a fluorometer to ensure accurate loading 

calculations for the Tape Station and MiSeq applications. 

Tape Station. To ensure that the samples’ amplification was of good quality and 

specific, the Agilent D1000 ScreenTape Assay (Agilent, Cat. #5067-5583) was performed 

according to the manufacturer’s protocol. The estimated amplicon sizes from the assay 

were then used for MiSeq loading concentration calculations.  

Library Denaturation and PhiX Control. The pooled library and the PhiX 

internal sequencing control were denatured using NaOH. First, 5 μL of the pooled library 

was added to 5 μL of 0.2 N NaOH (diluted from 1 N NaOH) and allowed to denature for 5 

minutes at RT. Then, 990 μL of HT1 was added to the 10 μL of denatured DNA. Similarly, 

2 μL of 10 nM PhiX stock was added to 2 μL of 0.2 N NaOH and denatured for 5 minutes 

at RT. Then, the 4 μL of denatured PhiX was added to 996 μL of HT1. Next, a 5% PhiX 

solution was mixed using the denatured pooled library and denatured PhiX for use in the 

MiSeq run. 

MiSeq Run. Amplicon sequencing of the V3-V4 region for the 16S rRNA gene 

was performed using an Illumina Miseq, according to the manufacturer’s instructions. 

 Bioinformatic Analyses 

The Microbiome Helper repository was used as a guide to process the sequencing 

data (Comeau et al., 2017). First, the raw reads were imported to QIIME2 v2022.2 (Bolyen 

et al., 2019) and the primers were removed using the Cutadapt QIIME2 plug-in (M. Martin, 
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2011). The primer sequences used for the 16S rRNA gene V3-V4 region can be found in 

Appendix G. The trimmed reads were summarized and denoised using deblur (Amir et al., 

2017) and trimmed to 450 base pairs. Amplicon sequence variants (ASVs) were identified 

using the Scikit-learn (Pedregosa et al., 2011) naïve Bayes classifier, trained on the full-

length 16S rRNA gene reference database SILVA (Version 38; Quast et al., 2012). Rare 

(i.e., present in only one sample) and low-abundance taxa (i.e., ten or fewer reads per 

sample) were subsequently removed, as well as taxa that were not classified at the phylum 

or domain level or were classified as mitochondria or chloroplasts. The sampling depth 

was assessed through rarefaction curve visualization. Further bioinformatic analyses were 

conducted using R (Version 4.3.1.; (R Core Team, 2021) and RStudio (Version 

2023.06.1.52; RStudio: Integrated Development Environment for R., 2023) with the 

following packages: phyloseq (McMurdie & Holmes, 2013), vegan (Oksanen et al., 2013), 

MaAslin2 (Mallick et al., 2021) and ALDEx2 (Fernandes et al., 2013). 

RESULTS 

 qPCR Strain Detection for Study 1 

This work was previously summarized in (Myles, O’Leary, Romkey, et al., 2020). 

Briefly, no probiotic strains were detected in the placebo animals, and both probiotic 

strains, L. rhamnosus R0011 and L. helveticus R0052, were detected in the probiotic 

animals.  
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 Microbiota Analyses for Study 1 

3.3.2.1 Species Richness (Alpha Diversity) 

I looked at the following metrics for alpha diversity to ensure that the sample 

distribution looked approximately the same for each: Observed Features, Chao, Shannon, 

and Simpson. One sample in the probiotic-treated group was found to have low alpha 

diversity across all metrics, so that sample was removed before statistical analyses. I used 

the Observed Features, Shannon, and Simpson metrics for my statistical analyses. I found 

no differences in these metrics between placebo- and probiotic-treated animals. 

3.3.2.2 Species Diversity (Beta Diversity) 

When analyzing beta diversity, I looked at the following metrics using 

permutational multivariate ANOVAs (PERMANOVAs): Weighted Unique Fraction 

Metric (UniFrac), Unweighted UniFrac, Aitchison’s Distance and Phylogenetic Isometric 

Log-Ratio Transform (PhILR). I found no differences in species diversity (Weighted 

UniFrac) between the placebo- and probiotic-treated dams (F = 1.30, p = .206, r2 = .09). 

The Unweighted UniFrac distances significantly differ between the placebo- and probiotic-

treated dams (F = 1.39, p = .035, r2 = .10). I found a significant difference in species 

diversity based on Aitchison’s Distance (F = 7.61, p < .001, r2 = .37; see Figure 3.2). 
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Figure 3.2 This figure illustrates the species diversity metric, Aitchison’s Distance, 
showing the significant main effect of treatment. Aitchison’s Distance is 
calculated using Euclidean distance (i.e., the length of a line between two 
points), which is robust to sub-compositions of the data (Gloor & Reid, 
2016). 

I also found a significant difference between the species diversity in the microbiota 

of placebo- versus probiotic-treated animals when I analyzed PhILR values (F = 11.09, p 

< .001, r2 = .46; see Figure 3.3). 
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Figure 3.3 This figure illustrates the species diversity metric, PhILR, showing the 
significant main effect of treatment. The PhILR metric uses Euclidean 
distance (i.e., the line length between two points) and weights the data to 
account for zero or near-zero counts and phylogenetic branch lengths 
(Silverman et al., 2017).  

 
3.3.2.3 Relative Abundance 

I examined the relative abundance of features at the phylum (see Figure 3.4) and 

genus levels (see Figure 3.5).  

At the phylum level, I observed little variation across the placebo and probiotic-

treated groups. I also observed high variability between individual animals at the genus 

level, regardless of treatment.  
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Figure 3.4  This figure shows the top six most abundant phyla (L = 2) by treatment. 
 

 

Figure 3.5 This figure shows the top six most abundant genera (L = 6) by treatment. 

3.3.2.4 Differential Abundance 

Differential abundance analyses were conducted using two separate methods: 

Microbiome Multivariable Association with Linear Models 2 (MaAslin2) and ANOVA-
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Like Differential Expression tool 2 (ALDEx2). Due to differences amongst differential 

abundance analysis tools, Nearing and colleagues (2022) have recommended using 

multiple tools and employing a consensus approach. Using MaAslin2, 174 differentially 

abundant features were detected at a significance level of q < .05 (q-values indicate 

significance levels corrected using the Benjamini-Hochberg procedure). ALDEx2 detected 

15 differentially abundant features at a significance level of p < .05, adjusted using a Holm-

Bonferroni correction. Fifteen features were differentially abundant in both analyses and 

were considered positive results (see Table 3.2).



 

 102 

Table 3.2  Summary table of the fifteen differentially abundant features detected with 
MaAslin2 and ALDEx2 (Benjamini-Hochberg-corrected q < .05) with 
their respective effect sizes (MaAslin2 uses a regression coefficient and 
ALDEx2 uses standardized effect size) Study 1.  

Feature MaAslin2  
(Effect Size) 

ALDEx2  
(Effect Size) 

Muribaculaceae Muribaculaceae (ASV 615) Increased in 
placebo rats  

(-0.24) 

Increased in 
placebo rats  

(-4.77) 
Tannerellaceae Parabacteroides parabacteroides 
goldsteinii (ASV 1105) 

Increased in 
placebo rats  

(-0.08) 

Increased in 
placebo rats  

(-3.56) 
Lactobacillaceae Lactobacillus lactobacillus intestinalis 
(ASV 1331) 
 

Increased in 
placebo rats  

(-0.15) 

Increased in 
placebo rats  

(-3.26) 
Unclassified Erysipelatoclostridiaceae Erysipelotrichaceae 
UCG-003 (ASV 1071) 
 

Increased in 
placebo rats  

(-0.08) 

Increased in 
placebo rats  

(-3.40) 
Lachnospiraceae Tyzzerella (ASV 1063) 
 

Increased in 
placebo rats 

(-0.14) 

Increased in 
placebo rats  

(-2.66) 
Lachnospiraceae Blautia (ASV 1382) 
 

Increased in 
placebo rats  

(-0.11) 

Increased in 
placebo rats  

(-2.73) 
Bacillaceae Bacillus lactobacillus vaginalis (ASV 81) 
 

Increased in 
placebo rats  

(-0.12) 

Increased in 
placebo rats  

(-2.98) 
Erysipelatoclostridiaceae Erysipelatoclostridium (ASV 
438) 
 

Increased in 
placebo rats  

(-0.10) 

Increased in 
placebo rats  

(-3.58) 
Christensenellaceae Christensenellaceae R-7 group (ASV 
695) 
 

Increased in 
placebo rats  

(-0.19) 

Increased in 
placebo rats  

(-3.82) 
Unclassified Muribaculaceae Muribaculaceae (ASV 972) 
 

Increased in 
placebo rats  

(-0.11) 

Increased in 
placebo rats  

(-3.34) 
Unclassfied Lachnospiraceae (ASV 1235) 
 

Increased in 
placebo rats  

(-0.05) 

Increased in 
placebo rats  

(-3.22) 
Peptostreptococcaceae Romboutsia (ASV 1358) 
 

Increased in 
placebo rats  

(-0.10) 

Increased in 
placebo rats  

(-2.96) 
Oscillospiraceae NK4A214 group (ASV 1364) 
 

Increased in 
placebo rats  

(-0.06) 

Increased in 
placebo rats  

(-3.17) 
Deferribacteraceae Mucispirillum Mucispirillum schaedleri 
(ASV 584) 
 

Increased in 
placebo rats  

(-0.11) 

Increased in 
placebo rats  

(-2.53) 
Unclassfied Lachnospiraceae (ASV 1136) 
 

Increased in 
placebo rats  

(-0.06) 

Increased in 
placebo rats  

(-2.50) 
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 qPCR Strain Detection for Study 2 

The qPCR strain detection results indicated that the probiotic strains were not 

detected in the placebo-treated animals when caecal contents were collected on the day of 

sacrifice (see Figure 3.6.A). However, the two probiotic strains used, L. rhamnosus R0011 

and L. helveticus R0052, were detected in the probiotic-treated animals (see Figure 3.6.B). 

 

Figure 3.6  A) The strain presence of L. rhamnosus R0011, measured in LOG CFU per 
gram, in the animals’ caecal content DNA, as determined by qPCR 
detection. B) The strain presence of L. helveticus R0052, measured in LOG 
CFU per gram, in the animals’ caecal content DNA, as determined by qPCR 
detection. 

 

 Microbiota Analyses for Study 2 

3.3.4.1 Species Richness (Alpha Diversity) 

I tested for differences between Shannon, Simpson and Observed Features diversity 

indices using a factorial ANOVA (phyloseq package; McMurdie & Holmes, 2013). I found 
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no significant differences in the experimental groups' Shannon or Simpson indices. For 

Observed Features, a main effect of diet was revealed, such that the standard diet rats had 

a significantly higher number of Observed Features in their gut microbiota (M = 94.19, SD 

= 9.88) compared to their Western diet-fed counterparts (M = 70.71, SD = 9.30, F(1, 26) = 

42.47,  p < .001, η2 = .99; see Figure 3.7). 

 

Figure 3.7 This figure illustrates the main effect of diet on the alpha diversity metric, 
Observed Features, in rat gut microbiota. 

 
3.3.4.2 Species Diversity (Beta Diversity) 

I used Weighted UniFrac, Unweighted UniFrac, Aitchison’s Distance and PhILR 

metrics, analyzed with PERMANOVAs, to examine species diversity in the experimental 

groups. For Weighted UniFrac, a significant main effect of treatment (F(1, 26) = 6.12, p = 

.002, r2 = .12) and a significant main effect of diet were found (F(1, 26) = 17.53, p = .001, r2 

= .50; see Figure 3.8).  
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Figure 3.8 This figure illustrates the Weighted and Unweighted Unique Fraction 

(UniFrac) metrics of gut microbiota species diversity found in rats’ caecal 
content DNA with data point colour indicating the animal’s treatment 
group and data point shape representing diet group. To determine their 
differences, the Unique Fraction metric measures the fraction of 
phylogenetic tree branch lengths unique to each sample (Lozupone et al., 
2011; Lozupone & Knight, 2005) Weighted UniFrac weights these 
differences based on the relative abundance of a feature sample (Lozupone 
et al., 2011; Lozupone & Knight, 2005), whereas Unweighted does not. 

 
For Unweighted UniFrac, the main effects of treatment and diet were as follows: F(1, 26) = 

3.40, p = .017, r2 = .06 for treatment and F(1, 26) = 22.09, p < .001, r2 = .41 for diet. 

There was also a significant difference in Aitchson’s Distance values based on diet 

administration (F(1, 26) = 15.67,  p < .001, r2 = .35; see Figure 3.9). No interaction between 

diet and probiotic administration was found for Aitchison’s Distance (F(1, 26) = 1.61,  p = 

.091, r2 = .04). 
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Figure 3.9   This figure illustrates the species diversity metric, Aitchison’s Distance, 
showing the significant main effect of diet on this metric. 

 
The main effects of both treatment and diet on the PhILR values were as follows: 

The PhILR values were significantly different between SD-fed and WD-fed dams (F(1, 26) 

= 15.17,  p < .001, r2 = .34) as well as between the placebo- and probiotic-treated dams 

(F(1, 26) = 2.26,  p = .046, r2 = .05; see Figure 3.10).  
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Figure 3.10 This figure illustrates the species diversity metric, PhILR, showing the 
significant main effects of diet and treatment on this metric. 

3.3.4.3 Relative Abundance 

Relative abundance of the top seven phyla (see Figure 3.11) and the top 15 genera 

(see Figure 3.12) is shown for each animal, grouped by treatment and diet. At the phylum 

level, I observed a general trend of higher Firmicutes and lower Bacteroidota in the placebo 

SD-fed animals and lower Firmicutes and higher Bacteroidota in the remaining groups. For 
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genus, I observed that there was a high level of variability between individual animals.

 

Figure 3.11   This figure shows the top seven most abundant phyla (L = 2) by treatment 
and diet groups. 

 
Figure 3.12 This figure shows the top 15 most abundant genera (L =6) by treatment and 

diet groups. 
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3.3.4.4 Differential Abundance 

Study 2 investigated the differential abundance of features using two different 

analyses (MaAslin2 and ALDEx2) on relative abundance. MaAslin2 detected 38 

differentially abundant features for diet, 12 for treatment, and six interactions between 

treatment and diet, all at a significance level of q < .05. ALDEx2 detected 13 differentially 

abundant features, all for diet, at a significance level of p < .05, adjusted using a Holm-

Bonferroni correction. Thirteen features were common between the two analysis methods 

(see Table 3.3).
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Table 3.3  Summary table of the thirteen differentially abundant features detected with 
MaAslin2 and ALDEx2 (Benjamini-Hochberg-corrected q < .05) with their 
respective effect sizes (MaAslin2 uses a regression coefficient and ALDEx2 
uses standardized effect size) Study 2. WD = Western diet, SD = Standard 
diet. 

Feature MaAslin2 (Effect 
Size) 

ALDEx2 (Effect 
Size) 

Tannerellaceae Parabacteroides parabacteroides 
goldsteinii (ASV 51) 

Increased in WD rats 
(0.40) 

Increased in WD 
rats (2.93) 

Unclassified Muribaculaceae Muribaculaceae 
(ASV 118) 
 

Increased in SD rats  
(-0.18) 

 
Increased in probiotic 

SD rats (0.08) 

Increased in SD rats  
(-2.93) 

Unclassified Streptococcaceae Lactococcus  
(ASV 58) 
 

Increased in WD rats 
(0.09) 

Increased in WD 
rats (3.86) 

Unclassified Muribaculaceae (ASV 177) Increased in SD rats  
(-0.17) 

 
Increased in probiotic 

rats (0.07) 

Increased in SD rats  
(-3.23) 

Prevotellaceae Prevotellaceae NK3B81 group 
(ASV 221) 
 

Increased in SD rats 
(-0.23) 

 
Increased in probiotic 

rats (0.11) 

Increased in SD rats  
(-2.96) 

Marinifilaceae Odoribacter odoribacter laneus 
(ASV 143) 

Increased in WD rats 
(0.10) 

Increased in WD 
rats (2.20) 

Prevotellaceae Prevotellaceae UCG-001  
(ASV 148)  

Increased in probiotic 
SD rats (0.10) 

Increased in SD rats  
(-2.20) 

Unclassified Muribaculaceae (ASV 26) Increased in SD rats 
(-0.06) 

Increased in SD rats  
(-1.90) 

Unclassified Marinifilaceae Odoribacter (ASV 2) 
 

Increased in WD rats 
(0.10) 

Increased in WD 
rats (2.33) 

Unclassified Muribaculaceae (ASV 36) Increased in SD rats  
(-0.14) 

Increased in SD rats  
(-2.25) 

Lactobacillus intestinalis (ASV 247) 
 

Increased in placebo 
rats (-0.08) 

Increased in SD rats  
(-1.65) 

Unclassified Lactobacillus (ASV 43) 
 

Increased in SD rats  
(-0.20) 

Increased in SD rats 
(-1.79) 

Unclassified Clostridium innocuum (ASV 168) 
 

Increased in placebo 
WD rats (0.11) 

Increased in WD 
rats (1.28) 
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DISCUSSION 

Study 1 found that the probiotic strains used, L. rhamnosus R0011 and L. helveticus 

R0052 were detected only in the probiotic-treated animals. I found no differences based on 

probiotic treatment for alpha diversity. I found treatment differences in beta diversity for 

Unweighted UniFrac, Aitchison’s Distance, and PhILR metrics.  

At the phylum level, I saw no large differences in the relative abundance of bacteria 

between the treatment groups. I saw increased individual variability at the genus level but 

no large differences based on the treatment group. Lastly, 15 differentially abundant 

features were detected using MaAslin2 and ALDEx2.  

 Study 2 found that the probiotic strains (L. rhamnosus R0011 and L. helveticus 

R0052) were again detected only in the probiotic-treated animals. I found no significant 

differences in alpha diversity metrics based on treatment. I found that SD-fed dams had 

significantly higher observed features than WD-fed dams. For beta diversity metrics, a 

significant main effect of treatment was found for Weighted UniFrac, Unweighted 

UniFrac, and PhILR. I found main effects of diet on Weighted UniFrac, Unweighted 

UniFrac, Aitchison’s Distance, and PhILR. For relative abundance, I observed higher 

Firmicutes in the placebo-treated SD-fed dams compared to other groups, followed by high 

individual variability at the genus level. Thirteen differentially abundant features were 

detected using MaAslin2 and ALDEx2.  
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 Similarities between Study 1 and Study 2 

3.4.1.1 Probiotic Strain Detection 

 In both studies within this chapter, the probiotic strains administered to the rats 

were detectable via qPCR but not via 16S rRNA sequencing. It is possible that these strains 

could be identified if the reference database used for microbial taxonomic assignment in 

these studies (SILVA) contained the strains’ sequences. Evidence supports using custom 

databases specific to the organism and area of interest (e.g., bovine upper respiratory tract; 

(Myer et al., 2020). It has been found that there were fewer unassigned taxa when using a 

custom database containing longer sequence reads for bacteria within the bovine upper 

respiratory tract (Myer et al., 2020). 

3.4.1.2 Alpha and Beta Diversity Metrics 

Neither Study 1 nor 2 observed differences in alpha diversity metrics due to 

probiotic treatment; however, both studies had differences in two or more beta diversity 

metrics due to probiotic treatment.  

There are conflicting results in the literature regarding how probiotics impact alpha 

diversity. In one study, male Wistar rats were given either a combined probiotic comprised 

of three different Lactiplantibacillus plantarum strains or a single L. plantarum strain (Q. 

He et al., 2021). Alpha diversity was increased in the rats receiving the combination 

probiotic (Q. He et al., 2021). In this study by He and colleagues (2021), the dosage was 

higher, 3 × 109 CFU per day for 14 days, compared to the 1 × 108 CFU provided to my 

rats for 6 weeks (Study 1) and 11 weeks (Study 2). It is possible that the increased CFU 

could be impacting alpha diversity or that the three probiotic strains, compared to the two 

strains used in this study, could be creating this difference. Multi-strain probiotic 
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treatments are theorized to boost efficacy (Ouwehand et al., 2018; Timmerman et al., 

2004). It is also possible that these three strains of L. plantarum are metabolically 

complementary, based on recent research showing that one probiotic strain may 

complement another by providing it with the necessary nutrients for its proliferation (Khan 

et al., 2023). Conversely, in another rat study using male Wistar rats, researchers found no 

differences in alpha diversity in rats fed a multi-strain probiotic containing Lactobacillus 

species at a 1 × 108 CFU dose for 30 days (Sohail et al., 2017). This study by Sohail and 

colleagues (2017) is consistent with my findings in both Study 1 and Study 2, where 

probiotic administration, even with a multi-strain probiotic, does not significantly change 

alpha diversity. This is also consistent with findings from a study using healthy human 

participants where an unspecified multi-strain probiotic was provided, but alpha diversity 

was not significantly altered (Bagga et al., 2018). In Study 2, I observed that the number 

of features was indeed lower in the WD-fed dams, consistent with previous research 

showing that WD lowers alpha diversity (Y.-W. Wang et al., 2021) and even in studies 

where the animals are provided probiotics in addition to a WD, this does not result in 

improved alpha diversity (T. Wang et al., 2020; Q.-X. Zheng et al., 2021). Specifically, T. 

Wang and colleagues (2020) saw that in male C57BL/6J mice provided either standard or 

HFD (45% fat) and either L. rhamnosus LS-8 or L. crustorum MN047, that the HFD 

lowered alpha diversity, compared to SD animals, with no effect of either probiotic. Similar 

findings were observed in a study of pregnant female Sprague-Dawley rats examining WD 

administration combined with low and high doses of L. rhamnosus LGG and 

Bifidobacterium Bb12 (Q.-X. Zheng et al., 2021). In this study, compared to all of the WD-
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fed groups, the control pregnancy group had the highest alpha diversity indices (Q.-X. 

Zheng et al., 2021). 

My Study 1 and 2 results find that beta diversity is affected by probiotic treatment, as 

measured by a few different metrics. In Study 2, there are also differences in beta diversity 

based on diet. Although I did not find an interaction between probiotic administration and 

diet in Study 2, other researchers have found such differences. In a study where mice were 

given either an SD or a WD, L. helveticus R0052 (1 × 109 CFU) or a placebo, researchers 

found that the WD-fed mice without probiotic supplementation had the largest shift in 

microbiota composition (Ohland et al., 2013). In comparison, the mice fed WD along with 

L. helveticus R0052 supplementation closely resembled the placebo SD-fed group and the 

probiotic SD-fed group (Ohland et al., 2013). Another study examined female Sprague-

Dawley rats on a WD for six weeks (Xu et al., 2023). One of the WD groups was also given 

1 × 109 Bacteroides vulgatus Bv46 every other day (Xu et al., 2023). Researchers found 

that WD and probiotic administration affected beta diversity. WD animals clustered away 

from SD-fed animals, and the probiotic-treated WD animals significantly differed from the 

chow and WD-only groups (Xu et al., 2023). The findings from these studies are partially 

consistent with what I observed in both studies in this chapter. In Study 1, the dams were 

all on a standard chow diet, and the probiotic administration did not greatly shift the 

microbiota composition. In comparison, in Study 2, I observed that WD consumption did 

impact the gut microbiota, with fewer differences based on probiotic treatment. However, 

unlike Ohland and colleagues’ (2013) findings, the probiotic treatment in Study 2 did not 

make the WD-fed animals’ gut microbiome resemble that of the SD-fed controls. In the 

previously mentioned probiotic and WD study from T. Wang and colleagues (2020), they 
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also investigated beta diversity, finding that their mice clustered solely based on the type 

of diet they were fed (SD vs. HFD; T. Wang et al., 2020). These results are also consistent 

with the main effect of diet that I observed in my beta diversity analyses.  

3.4.1.3 Relative Abundance 

In Study 1, both the placebo- and probiotic-treated rats were fed the same SD given 

to rats in Study 2. In Study 1, I observed that both placebo- and probiotic-treated rats have 

a higher relative abundance of Firmicutes than the other detected phyla. Similarly, in Study 

2, the placebo SD-fed rats have greater relative Firmicutes abundance than the other 

experimental groups. The other experimental groups have lower Firmicutes and increased 

Bacteroidetes. Both studies show high individual variability at the genus level. However, 

in Study 2, I observed that the placebo SD-fed dams have an increased relative abundance 

of Lactobacillus bacteria, and the WD-fed animals, regardless of their probiotic or placebo 

treatment, show increased levels of Parabacteroides. Like my findings, a study in male 

C57BL/6J mice saw that Lactobacillus bacteria were more abundant in the low-fat chow 

group (70% carbohydrates, 20% protein, 10% fat, 3.8 kcal/g) compared to the HFD group 

(B. Wang et al., 2020). Similar to my findings, a study of female Sprague-Dawley rats 

found that the HFD-fed probiotic-treated animals had increased Bacteroidetes and lowered 

Firmicutes compared to the chow-fed animals (Xu et al., 2023). It is hypothesized that the 

increase in Bacteroidetes may be attributed to an anti-obesity effect of the probiotic (Xu et 

al., 2023). 

This study used male C57BL/6J mice and fed them an HFD (60% fat, 5.1 kcal/g) 

for 14 weeks (B. Wang et al., 2020). The gut microbiomes of both the control and HFD 

mice contained Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, and found no 
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difference in the Firmicutes: Bacteroidetes ratio between these groups (B. Wang et al., 

2020). Researchers found that HFD increased Firmicutes and decreased Bacteroidetes 

compared to the SD-fed animals, and HFD-fed animals demonstrated an increase in 

Proteobacteria compared to the SD-fed animals (T. Wang et al., 2020). Interestingly, this 

increase in Proteobacteria in the HFD-fed animals was reduced by probiotic administration 

of both L. rhamnosus LS-8 and L. crustorum MN047 (T. Wang et al., 2020) Firmicutes 

were more abundant in the GDM low- and high-dose probiotics groups than in normal 

pregnant dams (Q.-X. Zheng et al., 2021). However, similar to the present findings, a study 

of young and old (but otherwise healthy) male Sprague-Dawley rats found Firmicutes-

dominant relative abundance in their gut microbiota (Lew et al., 2020). These conflicting 

results indicate that the Firmicutes to Bacteroidetes ratio may not be a good indicator of a 

healthy microbiome  (Lew et al., 2020; Q.-X. Zheng et al., 2021). 

3.4.1.4 Differential Abundance 

The differential abundance analyses from Study 1 show that the probiotic treatment 

is not impacting the gut microbiome, as all 15 differentially abundant features detected by 

both MaAslin2 and ALDEx2 were increased in the placebo-treated animals. However, a 

few instances in Study 2 were found where probiotic treatment increased the abundance of 

a particular feature, as detected by MaAslin2. Notably, Study 2 had 15 animals each in the 

placebo and probiotic groups, so there were nearly double the animals in Study 1 when 

investigating treatment as a main effect. This increase in sample size may have facilitated 

detecting treatment effects. Despite the few differences in abundance based on probiotic 

treatment found in Study 2, the findings from both Studies 1 and 2 illustrate that probiotic 

treatment is only capable of subtle effects.  
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3.4.1.5 Specifics for Study 1 Differential Abundance Findings 

In the placebo-treated animals, the genera Muribaculaceae was increased in 

abundance compared to probiotic-treated rats. An unclassified strain of Muribaculaceae 

was also increased in placebo-treated rats. Muribaculaceae is part of the bacterial family 

Muribaculaceae (formerly known as S24-7), which is commonly found in murines 

(Bowerman et al., 2021), including the blind mole rat, which is closely related to mice and 

has an abundance of Muribaculaceae in its gut (Sibai et al., 2020). Muribaculaceae have 

been shown to aid in producing propionate, a short-chain fatty acid (SCFA; B. J. Smith et 

al., 2019). SCFAs are important for the intestinal immune system (Postler & Ghosh, 2017) 

and correlate with increased longevity in mouse models (B. J. Smith et al., 2019). 

Researchers hypothesize that the blind mole rat’s longevity may be due to an abundance of 

microbes, such as Muribaculaceae, that help produce SCFAs (Sibai et al., 2020).  

I also found an increased abundance of Parabacteroides goldsteinii in my placebo-

treated rats. However, there is conflicting evidence as to whether Parabacteroides bacteria 

are beneficial. Two studies using a specific Parabacteroides goldsteinii strain, MTS01, 

found positive results when providing it to their animals (Lai et al., 2022; Lin et al., 2022). 

The first study investigated MTS01 administration in a COPD mouse model, where 

researchers demonstrated that a specific P. goldsteinii MTS01 abundance was negatively 

correlated with the severity of chronic obstructive pulmonary disease (COPD) symptoms 

(Lai et al., 2022). P. goldsteinii MTS01 treatment also reduced proinflammatory cytokine 

levels in the colon (Lai et al., 2022). In a study using the same P. goldsteinii MTS01 strain 

in a mouse maternal immune activation model of autism, this probiotic treatment was 

provided to the offspring and reduced intestinal inflammation and autism-like behaviours 
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(Lin et al., 2022). In contrast, a study using a WD mouse model found that eight weeks of 

WD administration increased Parabacteroides and Bacteroides, with a decrease in known 

beneficial bacteria such as Lactobacillus and Prevotella (Everard et al., 2014). These 

results from Everard and colleagues (2014) are similar to mine. However, different 

Parabacteroides goldsteinii strains may lead to differing outcomes that depend on the 

experimental conditions. 

Lastly, two genera from the family Erysipelotrichaceae (Erysipelotrichaceae UCG-

003 and Erysipelatoclostridium) are increased features in the placebo-treated dams. Mice 

treated with antibiotics and colorectal cancer patients also show increased levels of 

Erysipelotrichaceae (Kaakoush, 2015). There is evidence of increased Erysipelotrichaceae 

in inflammatory bowel disease (IBD) patients and animal models, but this evidence is 

inconsistent (Kaakoush, 2015). However, there is evidence from human studies that 

increased Erysipelotrichaceae UCG-003 is associated with insulin resistance (Atzeni et al., 

2022). Since these bacteria are only found in the placebo-treated animals, it is possible that 

the probiotic administered does not allow any Erysipelotrichaceae to flourish, despite my 

finding that the placebo-treated animals do have an abundance two Lactobacillus strains 

that demonstrate beneficial effects, Lactobacillus intestinalis (Lim et al., 2021; Q. Wang 

et al., 2023) and Lactobacillus vaginalis (Pan et al., 2019). 

3.4.1.6 Specifics for Study 2 Differential Abundance Findings 

Thirteen differentially abundant features were detected using MaAslin2 and 

ALDEx2. MaAslin2 detected main effects of treatment and diet, where an unclassified 

Muribaculaceae and Prevotellaceae NKK3B81 group were more abundant in SD-fed rats 

and probiotic-treated rats, whereas ALDEx2 only detected the increase in SD-fed rats. 
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Similarly, MaAslin2 detected an increase in Prevotellaceae UCG-0001 in probiotic-treated 

SD-fed rats, where ALDEx2 found only a main effect of diet, such that this bacterium was 

increased in SD-fed rats. Both MaAslin2 and ALDEx2 found an increased abundance of 

Lactobacillus and two unclassified Muribaculaceae in SD-fed animals and an increased 

abundance of Parabacteroides goldsteinii, Lactococcus, Odoribacter laneus and 

unclassified Odoribacter in WD-fed animals.  

Interestingly, the SD animals have an increased abundance of two different 

Prevotellaceae genera compared to the WD animals. This outcome makes sense within the 

context of previous literature, given that Prevotellaceae seems to grow well when higher 

dietary fibre is present (David et al., 2014; De Filippo et al., 2010). The fibre content of the 

SD used in Studies 1 and 2 is higher than that found in the WD.  

I also found an increase of four different unclassified Muribaculaceae in the SD-

fed animals, which is also consistent with a previous study where SD-fed C57BL/6J mice 

showed an increased abundance of unclassified Muribaculaceae compared to WD-fed 

animals (T. Wang et al., 2020). Interestingly, MaAslin2 detected an increase in one 

unclassified Muribaculaceae in SD-fed rats, but also probiotic-treated rats. 

Contrary to my finding of increased Lactobacillus bacteria in SD-fed animals, T. 

Wang and colleagues found that in WD-fed mice supplemented with either L. rhamnosus 

LS-8 or L. crustorum MN047, the genus Lactobacillus was found to be differentially 

abundant compared to animals given WD only (T. Wang et al., 2020). I did not observe an 

increased differential abundance of Lactobacillus bacteria in either of the groups provided 

with L. rhamnosus R0011 and L. helveticus R0052. 
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I saw differences in the abundance of two Prevotellaceae strains. MaAslin2 

detected an increase in Prevotellaceae NK3B31 in SD-fed and probiotic-treated rats, 

separately. Only a difference in SD-fed rats was detected by ALDEx2. This finding is 

partially consistent with a study using male Sprague-Dawley rats on a WD; researchers 

found that supplementation of the WD with fermented soy paste increased certain bacteria 

compared to non-supplemented rats, including Prevotellaceae NK3B31 (Tung et al., 

2020). Previous research in a Wistar rat model of alcohol use also shows that both 

Prevotellaceae NK3B31 and Prevotellaceae UCG-001 are decreased in the alcohol-

dependent group (F. Yang et al., 2021), suggesting that Prevotellaceae bacteria only grow 

in beneficial environments.  

I also saw that Prevotellaceae UCG-001 were increased in probiotic-treated, SD-

fed rats (MaAslin2) and SD-fed rats (ALDEx2). In previous research in genetically obese 

(ob/ob) mice, the administration of inulin, a prebiotic fibre, resulted in an increased 

abundance of Prevotellaceae UCG-001 (X. Song et al., 2019). Prevotellaceae UCG-001 

was then positively associated with the AMPK signalling pathway, which helps regulate 

glycolipid metabolism (X. Song et al., 2019). The decreased relative abundance of 

Prevotellaceae UCG-001 was found in a constipated rat model compared to their healthy 

control counterparts (L. Yang et al., 2022). Therefore, it is understandable that 

Prevotellaceae UCG-001 would be increased in the SD-fed rats, as they receive more fibre 

from their diet than their WD-fed counterparts. 

Lastly, similar to the findings regarding Parabacteroides goldsteinii, there are 

mixed results on Odoribacter. In one study, Odoribacter lanes, when used as a probiotic, 

improved glucose tolerance in diet-induced obese mice (Huber-Ruano et al., 2022). 
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However, more broadly, the genus Odoribacter has also been shown to increase in 

abundance in WD-fed mice (Liang et al., 2021; Y. Liu et al., 2019). 

3.4.1.7 Overlap in Differential Abundance Findings 

There was some overlap in the differentially abundant bacteria amongst the 

experimental groups between Study 1 and 2. Both studies found increases in Lactobacillus 

intestinalis; Study 1 found these bacteria increased in placebo-treated rats, and Study 2 

found this increase in placebo-treated or standard diet rats, according to MaAslin2 and 

ALDEx2, respectively. These findings demonstrate that rats possess endogenous 

Lactobacillus spp. consistent with other studies (D. Li et al., 2017; Yajima et al., 2001). 

Both studies also showed an increased abundance of unclassified bacteria from the family 

Muribaculaceae. This increased abundance of Muribaculaceae was observed in placebo-

treated rats from Study 1 and standard diet-fed rats in Study 2. Interestingly, one of the 

Muribaculaceae sp. was detected as increased in both SD and WD-fed animals provided 

the probiotic in Study 2 (by MaAslin2). These findings of increased Muribaculaceae across 

all groups except for the placebo-treated WD-fed only animals are broadly lined up with 

the literature, suggesting that these bacteria are generally positively associated with 

longevity and a normal healthy diet in rodent models (Sibai et al., 2020). Lastly, differences 

were observed in both Study 1 and Study 2 concerning the abundance of Parabacteroides 

goldsteinii. Study 1 found these bacteria increased in placebo rats, whereas Study 2 

detected an increase in WD-fed rats. These contradictory findings also coincide well with 

the mixed research on Parabacteroides goldsteinii, as previously mentioned, with some 

studies reporting the genus Parabacteroides to be associated with a poorer microbiome 
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(Everard et al., 2014) and some studies demonstrating the probiotic potential of a specific 

Parabacteroides goldsteinii strain (Lai et al., 2022; Lin et al., 2022).  

Based on these findings, WD administration may shift the gut microbiota to not 

necessarily harmful microbes but towards a microbial profile beneficial only in some 

environments (e.g., Parabacteroides, Odoribacter). Meanwhile, the SD promotes more 

traditionally beneficial microbes such as Lactobacillus and Muribaculaceae. Again, there 

is a hint that the probiotic may help bolster this beneficial environment by increasing the 

abundance of unclassified Muribaculaceae and Prevotellaceae UCG-001. Still, the 

probiotic does not cause large shifts in microbiome composition. 

 Limitations and Future Directions 

There are several limitations in the present studies to consider. First, I have no non-

pregnant females who were given diet and treatment that I could compare to the pregnant 

females. In the future, this could be a good comparison group to parse out further 

differences specific to pregnancy. For example, many comparisons to prior research are 

being made against male rodents, which could significantly differ in some gut microbiota 

alterations. The use of only male rodents is a limitation commonly found in animal models 

across many disciplines, including neuroscience, general biology and pharmacology 

(Beery, 2018; Beery & Zucker, 2011). Furthermore, there are some suggestions in 

bioinformatics literature suggesting that in vivo studies should increase sample sizes  (R. J. 

Moore & Stanley, 2016). In both studies included in this chapter, sample sizes are only 

seven or eight rats per group. In studies of rat microbiota, there are usually 6-12 animals 

per group (Čoklo et al., 2020) which is typical for disease models  (R. J. Moore & Stanley, 
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2016) or investigating the effects of diet on behaviour (Korgan et al., 2018; Myles et al., 

2023). Additionally, the data could have been influenced by cage effects, such that cage 

mates’ gut microbiomes are more like one another than others in the same experimental 

designation (Alexander et al., 2006). Previous work also shows that different mouse strains 

have different gut microbiome compositions, illustrating that genetic differences between 

strains play a role in the microbiome (Alexander et al., 2006). 

In future studies, analyzing the metabolome in addition to the microbiome may 

provide a more in-depth insight into what the diet and probiotic administration are doing. 

Diet is a massive factor in gut microbial composition (R. J. Moore & Stanley, 2016). Still, 

most studies have not focused on how specific dietary components might influence the gut 

microbiome during pregnancy (Barrientos et al., 2024). Beyond probiotics, other 

nutritional supplements, such as polyphenols (Masumoto et al., 2016; Rodríguez-Daza et 

al., 2020) and tannins (W. Zhu et al., 2018), can impact gut microbiota composition, too. 

A diet that includes polysaccharides and polyphenols is important for the growth of 

beneficial bacteria such as Bifidobacterium, Lactobacillus and Prevotellaceae genera 

(Larsen et al., 2019; Mao et al., 2019). Adding polyphenols and polysaccharides to a high-

fat, high-sugar diet was sufficient to shift the gut microbiome composition of these mice to 

a Prevotellaceae and Akkermansiaceae enterotype (Rodríguez-Daza et al., 2020). This 

enterotype was like the standard chow diet animals (Rodríguez-Daza et al., 2020). Looking 

at the species diversity between the high-fat, high-sugar animals with and without adding 

polyphenols showed differences in the microbiota species diversity between these two 

groups (Rodríguez-Daza et al., 2020). Mice provided with apple procyanidins as a health 

supplement have shown an increase in the Muribaculaceae bacterial family (Masumoto et 



 

 124 

al., 2016). Another study, which provided a persimmon tannin supplement to male 

Sprague-Dawley rats, showed that this supplement increased Bifidobacterium and 

Lactobacillus genera and decreased Escherichia coli and Enterococcus (W. Zhu et al., 

2018). Future studies may want to investigate the similarities between probiotic and 

polyphenol supplementation and whether both interventions are recruiting similar 

mechanisms of action. 

Lastly, longitudinal studies with fecal samples may be beneficial in capturing temporal 

changes in the microbiome composition (Quince et al., 2017) that occur due to diet and 

probiotic administration. 
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CHAPTER 4 THE EFFECTS OF MATERNAL DIET AND 

PROBIOTIC ADMINISTRATION ON OFFSPRING STRESS AND 

METABOLIC MARKERS 

INTRODUCTION 

Research into the developmental origins of health and disease (DOHaD) began with 

investigating how the Dutch famine (November 1944 to May 1945) affected adult health 

outcomes of people exposed in utero to this early-life nutritional deprivation (D. J. P. 

Barker & Osmond, 1986). In the 1986 study by Barker and Osmond, it was found that 

early-life malnutrition and low birth weight were linked with an increased risk of adult 

death due to cardiac disease. Since this study, the importance of events during early 

development, especially during the first 1000 days of life (i.e., from conception to two 

years of age), has been increasingly researched (Enos et al., 2013; Roseboom et al., 2001) 

with both the depth and breadth of topics being expanded. Today, DOHaD research 

investigates all life stages and looks at factors ranging from chemical exposure to mental 

and physical stressors (as summarized by Suzuki, 2018).  

4.1.1  Maternal High-Fat/Western Diets as Developmental Stressors 

A diet high in fat (e.g., a high-fat diet [HFD] or a Western diet [WD]) consumed 

during gestation is a physiological stressor (Bellisario et al., 2014; Reynolds et al., 2013). 

Thus, it isn’t surprising that WD consumption in pregnant rats can impact the development 

of the primary stress response system, the hypothalamic-adrenal-pituitary (HPA) axis, in 

offspring exposed to this diet in utero (Legendre & Harris, 2006). There are similarities in 

offspring neuroendocrine profiles from mothers who were given WD (Bellisario et al., 
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2014) compared to those exposed to stress during gestation (Louvart et al., 2009). 

Specifically, Bellisario and colleagues (2014) found that adult offspring (including males 

and females) from wild-type mice (C57BL6/J background) fed a WD throughout gestation 

had increased corticosterone levels in response to an acute stressor compared to offspring 

from dams fed a control diet. Similarly, Louvart and colleagues (2009) found that adult 

female Sprague-Dawley rats from prenatally stressed dams had increased basal 

corticosterone levels post-foot shock stressor. This sensitization of the HPA axis (i.e., 

increased corticosterone levels) in offspring exposed to WD in utero can occur due to 

increased exposure to corticosterone. During pregnancy, corticosterone levels in pregnant 

rodents are five to ten times higher in maternal plasma compared to the fetus (Dalle et al., 

1978 as cited by Bellisario et al., 2015; Montano et al., 1991). Therefore, to protect 

developing rodent offspring from exposure to excess glucocorticoids, the placental enzyme 

11-beta-hydroxysteroid dehydrogenase type 2 (11β-HSD-2) converts active corticosterone 

into its inert form, 11-dehydrocorticosterone (Bellisario et al., 2015). Specifically, this 

lower comparative corticosterone in fetuses than in dams is likely the result of this placental 

11β-HSD-2 enzyme activity (R. W. Brown et al., 1996). However, importantly, studies 

demonstrate that maternal HFD lowers 11β-HSD-2 activity in the placental tissue, which 

can result in HPA axis sensitization in adult offspring (Bellisario et al., 2015). 

Both HFD and WD are similar in that they include nutritional elements that are 

processed, high-fat and low-fibre (Christ et al., 2019; Imamura et al., 2015; Monteiro et 

al., 2013). Therefore, these types of diets can increase the risk of offspring developing 

metabolic disorders (Samuelsson et al., 2008) For example, maternal obesity and type 2 

diabetes (T2D) are strong predictors of childhood obesity (Rooney et al., 2011; Werneck 
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et al., 2017). Further, children from mothers who had gestational hypertension often have 

higher body mass indices (BMIs), higher blood pressure and increased insulin levels (Cho 

et al., 2000). In overweight or obese mothers, there is also an increased risk of fetal 

macrosomia (i.e., a fetus weighing more than nine to ten pounds), which can increase the 

risk of metabolic syndrome in children (Dunlop et al., 2015). Metabolic syndrome is 

defined as a person with three out of five abnormal measurements from elevated 

triglycerides, elevated blood pressure, reduced high-density lipoprotein cholesterol, 

elevated fasting glucose, or elevated waist circumference (Nilsson et al., 2019). Similar 

changes in rat offspring birth weight following maternal WD or HFD administration have 

been observed, although findings can differ from study to study. For instance, a study of 

pregnant Sprague-Dawley rats provided either a standard diet (SD) or an HFD (60% kcal 

from fat; D12492, Research Diets, Inc. USA) throughout gestation (3 weeks) found no 

difference in offspring birth weights (Purcell et al., 2011). Conversely, another study in 

pregnant Sprague-Dawley rats given an HFD for a prolonged period (14 weeks; 45% kcal 

from fat; D12451, Research Diets, Inc. USA) or a control diet (10% kcal from fat, 

D12450B) saw that offspring birth weight was increased (Y. Song et al., 2015). In a meta-

analysis on women with gestational diabetes mellitus (GDM), there was a tendency for 

infant birth weight to be lower, as compared to study controls (C.-C. Wang et al., 2020). 

It is well-accepted that breast milk hormones, such as the adipokines leptin and 

insulin, are crucial for offspring metabolic development (Schuster et al., 2011). Adipokines 

such as leptin and insulin are secreted from adipose tissue and are involved in metabolic 

processes (Berg & Scherer, 2005; Ouchi et al., 2003). For instance, leptin can regulate food 

intake and energy use by binding to leptin receptors (Ob-r), particularly in the arcuate 
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nucleus of the hypothalamus (Zepf et al., 2016). It has also been repeatedly reported that a 

relationship exists between high plasma leptin and adiposity in both children and adults 

(Caprio et al., 1996; Considine et al., 1996; Garcia-Mayor et al., 1997; Havel, 1998; Nagy 

et al., 1997). Importantly, leptin is transferrable to breast milk from maternal blood 

(Casabiell et al., 1997), and maternal serum leptin and breast milk leptin levels have been 

positively correlated (Kratzsch et al., 2018). However, the amount of breast milk leptin 

derived from maternal plasma remains unknown compared to how much leptin is 

synthesized directly in the mammary glands (Palou et al., 2018). Higher leptin levels are 

associated with obesity, and obese rat dams have higher leptin content in breast milk 

(Castro et al., 2017). It is presently unknown if there is an “optimal” amount of leptin to 

provide to offspring, so their development and growth are normal (Bautista et al., 2008; 

Palou et al., 2018; Sánchez et al., 2005). Previous research has also found a positive 

correlation between maternal BMI and milk leptin; researchers postulate that offspring 

from overweight mothers are likely exposed to more significant amounts of leptin via milk 

consumption (Kratzsch et al., 2018). A systematic review investigating the correlation 

between maternal BMI and gut hormones found ten studies where breast milk leptin levels 

positively correlated with maternal BMI (Andreas et al., 2014). Further demonstrating the 

connection between maternal weight and offspring metabolic programming, breastfed 

infants’ serum leptin levels significantly and positively correlated with maternal BMI 

(Savino et al., 2006). In contrast, this correlation is not observed in formula-fed infants 

(Savino et al., 2006). 

Along with leptin, insulin can be investigated in breast milk. Insulin is a peptide 

hormone produced by pancreatic b-cells, released into the bloodstream in response to 
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nutrient intake to aid in glucose homeostasis (J. Lee & Pilch, 1994; Petersen & Shulman, 

2018). Many cell types have insulin receptors, although insulin’s direct effects on skeletal 

muscle, liver and adipose tissue are most important for its homeostatic role (J. Lee & Pilch, 

1994; Petersen & Shulman, 2018). Insulin is also present in the breast milk of both humans 

(Shehadeh et al., 2001) and rats (Buts et al., 1997). Similar to leptin, insulin is positively 

correlated with maternal BMI in humans (Andreas et al., 2014; Chan et al., 2018; Young 

et al., 2017). In the 2014 review by Andreas and colleagues, they reported on four studies 

investigating breast milk insulin levels. Two of these studies reported a positive correlation 

between maternal BMI and breast milk insulin; the others reported no correlation (Andreas 

et al., 2014). A study of Canadian women showed that pre-pregnancy BMI was positively 

correlated with maternal milk insulin (Chan et al., 2018). Another breastfeeding study in 

American women demonstrated that maternal plasma insulin was positively correlated with 

breast milk insulin, and both insulin measures were positively correlated with maternal 

BMI at 2 weeks and four months postpartum (Young et al., 2017). 

4.1.2 Maternal Diet and Breast Milk 

There is limited research on how diet composition affects the hormone profiles of breast 

milk. Two studies working with rat models of maternal HFD found no difference in milk 

leptin levels between their experimental and control groups (Gorski et al., 2006; Purcell et 

al., 2011). In humans, it has been reported that there is no correlation between maternal 

diet and the nutrient composition of breast milk (as reviewed by Łubiech & Twarużek, 

2020). Still, it appears that fatty acids (e.g., docosahexaenoic acid; DHA, eicosapentaenoic 

acid; EPA; a-linoleic acid; ALA) in breast milk are impacted by maternal diet. A 
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systematic review by Keikha and colleagues (2017) found a small inverse association 

between the sugar content of breast milk and maternal adiposity (as measured by body fat 

percentage). Additionally, similar to Łubiech and Twaruzek (2020), this systematic review 

included studies showing that diets with increased fatty acids (e.g., DHA, EPA) and 

micronutrients (e.g., vitamin B1, vitamin B12) are related to the mothers’ diet (Keikha et 

al., 2017). For example, one study found that lower protein intake was associated with 

increased DHA levels in breast milk (Tiangson et al., 2003). Another study found that 

maternal diets higher in vitamin B1 were positively correlated with B1 levels in breast milk 

(Ortega et al., 2004). Therefore, it is possible that hormones, like fatty acids, are influenced 

by diet composition. 

4.1.3 Does Maternal Diet or Probiotic Treatment Impact Milk 

Hormones? 

Due to the critical programming effects of maternal milk hormones such as leptin 

and insulin on offspring metabolism, the first objective of this work was to explore how 

maternal diet affects leptin and insulin levels in breast milk. A second objective was to 

examine whether probiotic treatment in dams affects milk hormone levels given that some 

indications are that probiotic treatment may modulate breast milk composition (Łubiech & 

Twarużek, 2020). However, there is also conflicting evidence on whether probiotic 

treatment affects leptin levels in breast milk. One study found that a multi-strain probiotic 

reduced plasma leptin levels in male rats fed a high-fat, high-sucrose diet for 16 weeks (Al-

muzafar & Amin, 2017). Another study found neither single-strain nor multi-strain 

probiotics could reduce elevated leptin levels in genetically obese male Zucker-Leprfa/fa 

rats (Plaza-Diaz et al., 2014).  
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4.1.4 Maternal Care Programs the Offspring HPA Axis 

As discussed in Chapter 1, rodent maternal care behaviour is crucial for 

programming the offspring’s stress response (Weaver et al., 2004). When dams engage in 

high quantities of licking/grooming (LG) and arched-back nursing (ABN) behaviours, this 

results in increased glucocorticoid receptor (GR) expression in the offspring’s hippocampi 

(Weaver et al., 2004). Specifically, in Long-Evans rats, offspring exposed to increased 

amounts of LG-ABN behaviour seldom had methylation at the exon 17 promoter sequence 

of the GR gene, resulting in increased expression of GR (Weaver et al., 2004). This increase 

in GR expression makes offspring more sensitive to negative feedback when 

glucocorticoids bind to these receptors (Weaver et al., 2004), helping to shut down HPA 

axis activity promptly (De Kloet et al., 1998). Thus, anything that affects maternal care, 

including diet or probiotic treatment, many also impact the programming of offspring stress 

responding. 

Maternal nutrition contributes to fetal growth and development and health and 

disease in postnatal life; therefore, the mitigation of future disease risk in offspring is an 

area requiring further research. Compared to maternal diet, there is less evidence of how 

probiotic treatment affects maternal care and subsequent offspring outcomes. However, 

there is preliminary evidence that maternal probiotic administration of Lacidofil® strains 

is beneficial for maternal care behaviours. Specifically, treatment with Lacidofil® has been 

reported to increase the frequency of active maternal care behaviours such as LG and ABN, 

compared to placebo administration (O’Leary, 2019). Thus, based on preliminary research, 

probiotic treatment is an area of interest for counteracting the effects of stressors, 

potentially via modulating maternal care in addition to other means. 
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4.1.5 Probiotic Treatment and Physiological Stressors 

As previously discussed, maternal WD or HFD and prenatal stress exposure can 

affect the offspring’s stress response development. Relatedly, probiotics have several 

different functions that are valuable to study for possible clinical relevance in perinatal 

health for mothers and their offspring (Anukam et al., 2006; Brantsaeter et al., 2011; 

Monachese et al., 2012; Yeganegi et al., 2009). To date, the probiotic Lacidofil® has been 

studied for its role in mitigating the effects of acute stressors in infant offspring, when the 

probiotic itself was provided to nursing dams (Callaghan & Tottenham, 2016; Cowan et 

al., 2016; Cowan & Richardson, 2019) and regulating HPA axis activity after stress 

exposure, when given directly to rats experiencing the stressor (Gareau et al., 2007; Natale 

et al., 2021). One study demonstrated Lacidofil®'s ability to improve rats' stress resilience 

in a chronic, unpredictable stress paradigm (Natale et al., 2021). In addition to Lacidofil® 

increasing stressed rats’ exploratory behaviours in an open-field test and decreasing their 

floating behaviour across trials in a swimming task, the probiotic-treated rats had higher 

dehydroepiandrosterone (DHEA) to corticosterone ratios, indicative of lessened stress 

responsivity (Natale et al., 2021). Lacidofil® has also been shown to normalize basal 

corticosterone levels in rat offspring exposed to maternal separation stress (Gareau et al., 

2007).  

Previous animal studies have shown that the gut microbiome is altered at puberty, 

but the microbiome's composition also affects sex hormone levels (Markle et al., 2013). 

For example, Lactobacillus strains (such as those found in Lacidofil®) are known to secrete 

β-glucuronidase, an enzyme that helps active estrogen via deconjugation (Plottel & Blaser, 

2011). Since probiotic administration mitigates some of the effects of early-life stress on 
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microbial composition, there may also be a place for probiotic treatment to mitigate other 

effects of early-life stress (Cowan & Richardson, 2019). In a study by Cowan & Richardson 

(2019), early life stress through maternal separation resulted in accelerated female puberty 

onset and delayed male puberty onset. One group of dams received Lacidofil® in their 

drinking water, and this group's offspring (both female and male) did not have pubertal 

timing disruptions (Cowan & Richardson, 2019). These results add to the literature 

surrounding the benefits of the probiotic Lacidofil® in situations of early life stress and 

allude to the possibility that the gut microbiome may influence sex hormone levels (Cowan 

& Richardson, 2019). Due to these findings, I also investigated whether maternal 

Lacidofil® administration altered anogenital distance at birth if provided throughout 

pregnancy. 

 Objectives and Hypotheses 

Overall, this chapter explores the impact of administering the probiotic Lacidofil® 

(Lacticaseibacillus rhamnosus R0011 and Lactobacillus helveticus R0052) to pregnant 

female rats and examines outcomes related to offspring health.  

Study 1 investigated the effects of maternal probiotic administration on offspring 

birth weight and anogenital distance. Further, the metabolic hormones insulin and leptin 

were analyzed in breast milk samples. Study 2 investigated whether prolonged WD and 

probiotic administration in rat dams impacts offspring outcomes, including stress 

responding (i.e., hippocampal glucocorticoid receptor expression, plasma corticosterone 

levels) and metabolic variables (i.e., plasma leptin levels). Additionally, leptin levels in 

breast milk were measured, and offspring birth weights were reported.  
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4.1.6.1 Study 1 

No hypotheses were made about how maternal probiotic treatment would affect 

offspring birth weights, anogenital distances or milk hormone levels, as previous work with 

maternal administration of the Lacidofil® probiotic did not report differences in offspring 

birth weights (Callaghan et al., 2016; Cowan et al., 2016) or newborn anogenital distances 

(Cowan & Richardson, 2019) based on treatment. To my knowledge, this is the first study 

investigating the effects of Lacidofil® on breast milk hormones in rats. 

4.1.6.2 Study 2 

Based on the findings regarding probiotics increasing active maternal care 

(O’Leary, 2019), it was first hypothesized for this study that offspring from WD-fed, 

probiotic-treated dams would have increased hippocampal glucocorticoid receptor 

expression compared to the offspring from WD-fed, placebo-treated dams. Second, it was 

hypothesized that offspring from WD-fed and placebo-treated dams would have higher 

basal levels of plasma corticosterone compared to offspring from SD-fed and probiotic 

counterparts, respectively. I hypothesized that offspring from probiotic-treated, WD-fed 

dams would have lower plasma corticosterone than those from placebo-treated, WD-fed 

dams. Third, it was hypothesized that the offspring of WD-fed dams would have higher 

plasma leptin levels than those of SD-fed dams. No specific hypotheses were made about 

whether maternal probiotic administration would impact offspring plasma leptin levels. 

Fourth, it was hypothesized that WD-fed dams would have higher leptin levels in their 

breast milk than their SD-fed counterparts. Again, there were no specific hypotheses about 

whether maternal probiotic administration would affect breast milk leptin levels.  
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It was hypothesized that maternal WD administration would increase offspring 

birth weights. No hypotheses were made about how maternal probiotic administration 

would affect offspring birth weight or how it would interact with the maternal diet. 

Offspring anogenital distances were not measured in Study 2.  

METHODS 

 Study 1: Animals and Breeding  

Male (225-250 grams; n = 10) and female (200-225 grams; n = 20) Long-Evans 

rats were obtained from Charles River Laboratories (St. Constant, QC, Canada) for this 

experiment. Animals were pair-housed in same-sex pairs and quarantined for 14 days 

before the experiment began in polypropylene cages (47 cm x 24 cm x 20.5 cm) with wire 

lids. The cages contained a softwood bedding blend (Fresh Bed, Shaw Resources, 

Shubenacadie, NS, Canada) and one black polyvinyl chloride (PVC) tube measuring 12 

cm long x 9 cm in diameter for enrichment. During quarantine and the experiment, colony 

rooms were maintained at 20oC + 2oC with a reverse light cycle, with lights off from 1000h 

to 2200h. All rats were provided Laboratory Rodent Diet 5001 (LabDiet®, St. Louis, MO, 

United States of America) and tap water ad libitum. All procedures performed during this 

experiment were done under the guidance of the Canadian Council on Animal Care 

(CCAC) and were approved by the Dalhousie University Committee on Laboratory 

Animals (UCLA) under ethics protocol approval #19-028. 

After the quarantine period, animals were randomly and equally separated into two 

separate colony rooms, one designated for the placebo group and one designated for the 

probiotic group, to minimize cross-contamination risk. Breeding for this experiment was 
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conducted in two identical phases. One male and one naïve female rat were paired for seven 

consecutive days. After this breeding period, males and females were separated, and 

females were housed alone for the experiment; this day was considered gestational day 

(GD) 0 (see Figure 4.1 for the experimental timeline). 

 

Figure 4.1 A) An experimental timeline illustrating Study 1. B) An experimental 
timeline illustrating Study 2. 

 Study 1: Probiotic Administration 

Probiotic and placebo solutions were made fresh daily for the experiment. The 

probiotic was prepared at a dosage of 500 million (5 × 108) colony-forming units in 

reverse-osmosis water. Each rat received 0.5 mL (0.0192 grams of lyophilized powder) of 

solution. The administration of the placebo or probiotic occurred at 1000h + 1 hour each 

day.  Female breeders were trained to receive their designated placebo or probiotic solution 

over four days at 1000h + 1 hour, according to a protocol outlined by Tillmann and Wegner 



 

 137 

(2018), which had previously been used in the laboratory (Myles, O’Leary, Romkey, et al., 

2020). Once a day for four consecutive days, females were trained to take 0.5 mL of their 

designated solution from a 1 mL oral syringe. Training was done before breeding so as not 

to disrupt the mating pairs. Starting on GD 0, daily probiotic (or placebo) administration 

began on this day. It continued through the postnatal period until the dam was sacrificed 

(between postpartum day [PD] 22-24 after litters were weaned).  

 Study 1: Birth Weight and Anogenital Distances 

Upon reaching GD 17, dams were monitored twice daily for litters, once at 1000h 

and once at 1500h. Once a litter was born (PD 0), the dam and her pups were transferred 

to a fresh cage (with a small amount of old bedding transferred to preserve smell), and the 

pups were sexed and weighed. Pups' anogenital distances were measured on PD 1 using 

stainless steel callipers. The callipers were disinfected between the placebo and probiotic 

rooms with 70% ethanol, followed by Prevail® laboratory disinfectant spray (Virox® 

Animal Health, Virox Technologies Inc., Ontario, Canada). 

 Study 1: Milk Collection Preparation 

Milk samples were collected once for each dam between PD 5-8. The dam was first 

separated from her offspring one hour before the milking procedure (Paul et al., 2015) and 

placed in a fresh cage with food and water available. The offspring were kept in the original 

home cage and placed on a heating pad set at low heat. Before beginning the milking 

procedure each day, the tabletop used for the procedure and all necessary surgical 

equipment was disinfected with Prevail®. A heating pad, set at medium heat, with an 
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absorbent bench pad overtop, was turned on before the procedure to maintain the dam's 

body temperature during anesthesia. All other materials needed (see Appendix H) were 

laid out within reach of the experimenter.  

 Study 1: Anesthetization, Oxytocin Injection and 

Preparation of Milking Sites 

The dam was placed in an anesthesia chamber, the oxygen tank was opened, and 

the oxygen flow was set to 1 L (1,000 cc) per minute. The isoflurane flow was set to 5% 

for initial anesthesia. Once the dam was fully anesthetized (checked using pedal reflex), 

she was placed on her back on the heating pad. The isoflurane flow was reduced to 3-4% 

to maintain anesthesia, and a protective eye lubricant was applied to the corners of the 

dam's eyes. 

Following disinfection of the vial 0.2 mL of oxytocin was injected intraperitoneally 

into the lower right quadrant of the abdomen, 0.5 cm deep, at an angle of 15-30 degrees. I 

waited approximately 10 minutes for the oxytocin to stimulate milk letdown. While 

waiting, the mammary glands were sterilized using a sterile alcohol pad. 

 Study 1: Milk Collection 

The milking procedure commenced approximately 10 minutes after the oxytocin 

injection or once the milk letdown became noticeable. The mammary glands were 

manually squeezed upward with the thumb and forefinger until a bead of milk formed. The 

milk was collected from the gland with a sterile 50 μL micro-dispenser capillary tube 

(Kimble-Chase, Cat. #43234-2002). Once enough milk (i.e., approximately 25 μL) had 
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been collected, the sample was expelled into a microtube using a syringe to displace it from 

the capillary tube. I repeated these steps until approximately 50 – 100 μL of milk was 

collected. Milk samples were stored at -80oC until further processing. After the procedure, 

the dam was put in a quiet room, in a fresh cage on a heating pad (set to low temperature) 

and kept for observation for approximately 1 hour before being returned to her pups. 

 Study 1: Sacrifice and Tissue Collection 

 Dams were sacrificed between P22-24. Dams were first anesthetized using 

Euthanyl® (sodium pentobarbital, 60 mg/kg, intraperitoneal). Once the dam was confirmed 

to be in surgical plane anesthesia by checking the toe-pinch reflex, the animal was quickly 

decapitated. All collected samples were then stored at -80oC until further analysis. 

 Study 2: Animals and Breeding 

Animal housing conditions were the same as those described above for Study 1. 

The information for the animals bred in this study and the resulting offspring are detailed 

in the methods section of Chapter 2. Briefly, dams were placed into one of four 

experimental groups: Placebo-Standard Diet, Placebo-Western Diet, Probiotic-Standard 

Diet and Probiotic-Western Diet. They were given their respective diets for 42 days before 

breeding and then through the breeding period (5 days), gestation (21 days) and 9-12 days 

postpartum. Therefore, there were approximately 11 weeks of combined WD (or standard 

diet, SD) and Lacidofil® probiotic (or placebo) treatment for the dams. When the offspring 

were born (PD 0), experimenters sexed and weighed them. The procedures performed for 

this study were conducted following the Canadian Council on Animal Care (CCAC) 
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guidelines. They were approved by the Dalhousie University Committee on Laboratory 

Animals (UCLA) under ethics protocol approval #20-136. 

 Study 2: Milk Collection  

The milk collection procedure for Study 2 was performed according to the protocol 

utilized in Study 1, with a few alterations. The first alteration was that approximately 100 

– 200 μL of milk was collected. The milk samples were aliquoted into two microtubes and 

stored at -80oC until further processing. The second alteration was that the dam was 

sacrificed immediately after the procedure. 

 Study 2: Sacrifice, Tissue Collection and Processing 

The offspring were sacrificed between PD 9 - 12 within one hour of being separated 

from the dam. All rats were sacrificed with Euthanyl®, and surgical plane anesthetization 

was confirmed by checking that the toe pinch reflex was absent. The offspring were 

decapitated via sharp surgical scissors. Fresh, whole brains were collected from offspring 

and dams and flash-frozen in chilled isopentane (approximately -70°C). Spleen and caecum 

were also dissected from the dams and flash-frozen on dry ice. All tissue samples were 

stored at -80°C to await further processing. 

Offspring brains were coronally dissected for later RNA extraction. Before each 

dissection, all dissection materials were cleaned first with 70% ethanol and then with 

RNase AWAYTM (Cat. #7000TS1, ThermoFisher Scientific). The brains were dissected by 

hand, using a Plexiglass® brain matrix with 1 mm slots. The brain and brain matrix were 

placed onto a stainless-steel dissection block and cooled using dry ice to keep the brains 
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frozen during this process. Using the Rat Brain Atlas as a guide, the brains were sectioned 

coronally using surgical stainless steel razor blades to obtain a slice of tissue with the 

hippocampus (Plates 30 [Bregma -2.56 mm] to 42 [Bregma -5.60 mm]; Paxinos & Watson, 

1998). Once the slice was cut, it was transferred to a clean microscope slide and placed 

onto the dissection block. Using a scalpel and tweezers, the hippocampus was cut out of 

the tissue slice and placed in a clean microtube. These samples were then stored at -80°C. 

 Study 2: Plasma Collection and Preparation 

At sacrifice, whole trunk blood was collected in a microtube containing 15 µL of 

sodium heparin (DIN 02303086, Sandoz Canada Inc, Boucherville, QC) and placed on ice 

immediately until plasma could be processed later that day. All plasma samples were 

prepared by centrifuging the whole blood at 4°C for 15 minutes at 1,000 ×	g. The 

supernatant was collected and pipetted into a new microtube, followed by a second 

centrifugation at 4°C for 10 minutes at 10,000 × g. The plasma from the second 

centrifugation was pipetted into a new microtube for long-term storage at -80°C until 

assayed. 

 Study 2: RNA Protocols 

4.2.12.1 Offspring Hippocampal RNA Extraction 

RNA was extracted from gross coronal dissections of offspring hippocampi using 

the RNeasy® Lipid Tissue Mini Kit (Cat. #74804, QIAGEN). First, the samples were 

homogenized in autoclaved bead-beating tubes that contained four 3 mm glass beads (Cat. 

#11.312A, Fisher Scientific®) and 1 mL of QIAzol Lysis Reagent. Using a vortex adaptor 
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(Cat. #SIH524, Scientific Industries, Inc.), the samples were vortexed at full speed for 1 

minute, with 30 seconds of rest, for five cycles. All samples were visually inspected to 

ensure the tissue was fully homogenized (i.e., no longer visible). I proceeded to follow the 

manufacturer's instructions for the RNeasy® Lipid Tissue Mini Kit, with the following 

exceptions: all centrifuge steps were run for 1 minute at 12,000 × g, and I performed the 

optional membrane-drying step before eluting the samples in RNase-free water. 

4.2.12.2 Offspring Hippocampal RNA Purity and Quality Measurements 

RNA was quantified via spectrophotometry (Cat. #ND8000LAPTOP, NanodropTM 

8000 Spectrophotometer, ThermoFisher Scientific) to determine its purity using the 

260/280 nm ratio. The RNA quality was ascertained by checking a few samples randomly, 

using the Agilent Bioanalyzer RNA 6000 Nano System chip, as per the manufacturer's 

instructions (Cat. #5067-1511, RNA 6000 Nano Kit, Agilent Technologies).  

4.2.12.3 Offspring Hippocampal DNase Treatment for RNA 

First, the volume of RNA (µL) and RNase-free water (µL) required for each sample 

to be normalized to the final RNA concentration to 4 µg was calculated. Next, the 

epMotion® 5075t liquid handling robot (Cat. #5075006022, Eppendorf) was programmed 

with these values to normalize each sample in a new microtube. After normalization, 2 µL 

of 10X TURBO DNase Buffer and 3 µL TURBO DNase were manually added to each 

sample (TURBO DNA-freeTM Kit, Cat. #AM1907, Invitrogen). The samples were vortexed 

and subsequently incubated at 37oC for 25 minutes. Then, 3 µL of resuspended DNase 

Inactivation Reagent (TURBO DNA-freeTM Kit, Cat. #AM1907, Invitrogen) was added to 

each tube, vortexed and incubated at 25oC for 5 minutes, with intermittent mixing by 

flicking each tube. Post-incubation, the samples were centrifuged at 12,000 × g for 2 
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minutes at RT. Lastly, 21 µL of the supernatant was transferred into a new microtube, and 

samples were stored at -20oC. 

4.2.12.4 Offspring Hippocampal qPCR of DNase-Treated RNA 

A subset of the DNase-treated RNA samples (i.e., 16 of 65 samples) were checked 

for gDNA contamination using quantitative PCR (qPCR) with the RPL13A primer 

(Langnaese et al., 2008). The master mix was made by multiplying the following amounts 

by the number of wells needed + 15% to account for pipetting error and dead volume: 12.5 

µL of SYBR Select Mix (2X), 0.075 µL of 100 µM forward primer stock, 0.075 µL of 100 

µM reverse primer stock and 11.35 µL of PCR-grade, RNAse-free water. 

Then, 24 µL of master mix was loaded with 1 µL of sample (per well) into a 96-

well plate (Cat. #HSP9601, Bio-Rad). The samples and negative controls (master mix with 

RNase-free water) were assayed in singlicate using the CFX96 Touch Real-Time PCR 

Detection System (Cat. #1845097, Bio-Rad) with the following cycling conditions: 1 

repetition of 50°C for 2 minutes; 1 repetition of 95°C for 2 minutes; 40 repetitions each of 

95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds; followed by 

dissociation at 95°C for 10 seconds, 65°C for 31 seconds, ten repetitions of 65°C for 5 

seconds + .5°C/cycle Ramp .5°C/second. Once the run was completed, all samples were 

checked for amplification (indicative of gDNA contamination) using the CFX Maestro 

Software (Cat. #12013758, Bio-Rad). No samples were found to be contaminated. 

4.2.12.5 Offspring Hippocampal cDNA Synthesis 

First, the DNase-treated RNA was normalized to 2 µg in a new microtube. 

Subsequently, 2 µL oligo dT (50 µM; Integrated DNA Technologies) and 2 µL 10mM 

dNTP mix (Cat. #10297018, Invitrogen, ThermoFisher Scientific) were added to each tube, 
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and the samples were incubated at 65oC for 5 minutes and then immediately transferred 

onto ice for 1 minute. 

After the ice incubation, 4 µL of 5X first strand buffer, 1 µL DTT (0.1 M) and 1 

µL Superscript IV enzyme (SuperscriptTM Reverse Transcriptase, Cat. #18090010, 

ThermoFisher Scientific) was added to each sample. Then, samples were incubated at 50oC 

for 50 minutes, following by heating samples to 85oC for 5 minutes to inactivate this 

reaction. The inactivation was followed by adding 1 µL of RNase mix (1 µL RNase A Cat. 

#12091021, Sigma, 10 µL RNase H, Cat. #10786357001, Millipore Sigma, and 389 µL 

RNase-free water) to the samples, which were then incubated at 37oC for 30 minutes. The 

cDNA samples were then stored at -20oC. 

4.2.12.6 Offspring Hippocampal Reverse-Transcription Quantitative PCR (RT-qPCR) 

The cDNA was diluted to 1:5 to assay the samples using the EpMotion® 5075t 

liquid handling robot. All reactions, regardless of the primer, were performed in a 10 µL 

reaction volume (9 µL Master Mix, 1 µL cDNA or 1 µL control) in a 384-well plate (Cat. 

# HSP3805, Bio-Rad) and were loaded into the plate by the liquid handling robot. The 

samples and the controls were run in triplicate for each primer (rGR as the gene of interest, 

GAPDH and RPL13A as reference genes; see Appendix I for primer sequences, product 

sizes and melt temperature). The samples were run on two 384-well plates, so each sample's 

gene of interest and both reference genes were run on the same plate. Each 384-well plate 

was counterbalanced for sex, maternal treatment, and maternal diet. The primers used are 

published and have been validated by my laboratory previously: rGR (Mashoodh et al., 

2009), GAPDH (Z. Li et al., 2009) and RPL13A (Langnaese et al., 2008; Myles, 2019). 

Plates were run in the CFX384 Touch Real-Time PCR System (Bio-Rad Laboratories, 
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Hercules, USA). The PCR efficiency, amplification curves and quantification cycle (Cq) 

values were obtained using the CFX Maestro Software (Cat. #12013758, Bio-Rad) and 

exported to Microsoft Excel (Microsoft Excel for Mac, Version 16.84) for further analysis. 

4.2.12.7 Immunoassay Protocols 

Plasma Corticosterone Enzyme Immunoassay (ELISA). The plasma samples 

for this assay were prepared identically to the assay performed in Chapter 2, using the same 

type of assay kit (DetectX® Corticosterone Enzyme Immunoassay Kit (Cat. #K014-H1, 

Arbor Assays, MI, USA). The protocol for this assay is detailed in Chapter 2. The same 

methods were used for this experiment. 

Leptin Enzyme-Linked Immunosorbent Assay (ELISA). Plasma samples used 

in this assay were first thawed on ice and then diluted to a 1:5 ratio using the standard 

diluent buffer from the Rat Leptin ELISA Kit (Cat. #KRC2281, Invitrogen). Milk samples 

were thawed on ice and thoroughly vortexed before diluting to a 1:10 ratio using the 

standard diluent buffer from the Rat Leptin ELISA Kit. The ELISA assay was performed 

according to the manufacturer’s instructions, and the plate was read using a microplate 

reader (Multiskan FC, ThermoFisher Scientific) at 450 nm using SkanItTM software 

(Research Edition, Version 6.0.2, ThermoFisher Scientific). 

 Statistical Analyses 

For both studies, statistical analyses were performed using Jamovi (Version 

2.3.21.0; Fox & Weisberg, 2020; Love et al., 2022; R Core Team, 2021). Any values 

obtained were considered outliers if they were three times the standard deviation above or 

below the mean. 
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4.2.13.1 Study 1 Statistical Analyses 

Student’s t-tests were performed to assess the leptin and insulin concentrations in 

dams' breast milk in placebo-treated (n = 5) versus probiotic-treated dams (n = 5), with 

significance set at p < .05. Offspring birth weights and anogenital distances were analyzed 

using two-way factorial ANOVAs, with maternal treatment (placebo [n = 106] versus 

probiotic [n = 86]) and offspring sex (male [n = 106] versus female [n = 86]) as factors, 

significance set at p < .05.   

4.2.13.2 Study 2 Statistical Analyses  

All offspring measures, except for the RT-qPCR data for GR expression, were 

analyzed using factorial ANOVAs, with maternal diet (SD versus WD), maternal treatment 

(placebo versus probiotic) and sex (female versus male) as the factors, with significance 

set at p < .05. For all factorial ANOVAs, Tukey’s post hoc comparisons were performed 

when needed. The results from the corticosterone and leptin ELISAs were exported to 

Microsoft Excel (Microsoft Excel for Mac, Version 16.84) for further analysis. It was 

decided a priori that samples with CVs greater than 20% would be excluded from statistical 

analysis. Outliers were removed if they exceeded 3 standard deviations above the mean. 

Several samples obtained a signal for the leptin ELISA but were below the detection range. 

For these samples, their values were extrapolated by solving for “x” in the following 

equation (utilizing an online equation solver from www.wolframalpha.com), obtained from 

the plate reader software:$ = & + (!"#$ + )1 + %
&+
'
). The sample sizes for each offspring 

measure are summarized in Table 4.1.  

The RT-qPCR results for statistical analyses were calculated using the 2-ΔΔCq 

method (Livak & Schmittgen, 2001) when comparing offspring in the following 
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experimental groups: Maternal Probiotic Treatment versus Placebo, Western Diet versus 

Standard Diet and Male versus Female. One-way ANOVAs compared the transformed 

ΔCq values for Treatment, Diet and Sex, with significance set at p < .05. 

Milk leptin concentrations were analyzed using factorial ANOVA, with maternal 

treatment (placebo versus probiotic) and maternal diet (SD versus WD) as factors (see 

Table 4.2 for sample sizes). The significance level was set at p < .05. 

Table 4.1 Sample sizes for Study 2 offspring measures, including offspring birth 
weight, GR expression, plasma corticosterone concentration and plasma 
leptin concentration. 

Sex Maternal 
Treatment 

Maternal 
Diet 

Offspring 
Birth Weight 

n 

GR 
Expression 

n 

Plasma 
Corticosterone 

na 

Plasma 
Leptin 

na 
Male Placebo SD 47 7 7 7 

WD 36 9 4 9 

Probiotic SD 52 7 7 9 

WD 34 9 7 8 

Female Placebo SD 40 6 8 7 

WD 37 9 8 9 

Probiotic SD 53 7 8 9 

WD 37 8 5 9 

aThe same probiotic WD male was removed as an outlier in both measures. 
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Table 4.2 Sample sizes for milk leptin concentration in Study 2. 

Treatment Diet n 

Placebo Standard 6 

 Western 6 

Probiotic Standard 8 

 Western 8 

RESULTS 

 Study 1: Offspring Birth Weight and Litter Sizes 

Two main effects on offspring birth weight were revealed: maternal treatment and 

offspring sex. For maternal treatment, offspring from probiotic-treated dams weighed more 

at birth (M = 7.02; SD = 0.72; F1,188 = 5.28, p < .023, η2 = 0.026) compared to offspring 

from placebo-treated dams (M = 6.82; SD = 0.58; see Figure 4.2A). For sex, male offspring 

(M = 7.02; SD = 0.61; F1,188 = 6.87, p < .010, η2 = 0.034) weighed more than female 

offspring (M = 6.77; SD = 0.69). No differences in litter size were observed based on 

maternal treatment. 

 Study 1: Offspring Anogenital Distance 

 Two main effects on offspring anogenital distance were revealed: maternal 

treatment and offspring sex. First, male offspring had greater anogenital distances (M = 

3.00; SD = 0.38; F1,188 = 855.87, p < .001, η2 = 0.812) compared to females (M = 1.44; SD 

= 0.37). Offspring from probiotic-treated dams also had greater anogenital distances (M = 
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2.38; SD = 0.88; F1,188 = 9.29, p = .003, η2 = 0.009) compared to offspring from placebo-

treated dams (M = 2.23; SD = 0.85; Figure 4.2B).  

 

Figure 4.2 A) Offspring birth weights, in grams, separated by sex (female versus 
male) and maternal treatment (placebo versus probiotic). B) Offspring 
anogenital distances, in millimetres (mm), separated by sex (female versus 
male) and maternal treatment (placebo versus probiotic). 

 Study 1: Leptin and Insulin ELISAs on Breast Milk 

No significant group differences were revealed for leptin or insulin levels in the 

breast milk samples from probiotic-treated (M = 832.00, SD = 762.00) versus placebo-

treated rats (M = 1310.00, SD = 928.00). 

 Study 2: Offspring Birth Weight and Litter Sizes 

There were two main effects on offspring birth weights. The first is that offspring 

sex impacted birth weight (F1,328 = 62.71, p < .001, η2 = 0.149), such that male offspring 

were heavier at birth (M = 6.63; SD = 0.55) compared to female offspring (M = 6.17, SD = 
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0.51; see Figure 4.3A). The second main effect was of maternal diet (F1,328 = 25.51, p < 

.001, η2 = 0.061), where offspring born to dams fed a WD weighed less at birth (M = 6.23; 

SD = 0.56), compared to their counterparts from SD-fed dams (M = 6.52; SD = 0.56; see 

Figure 4.3B). 

I also examined whether maternal diet and probiotic treatment affected litter sizes 

and sex ratios. Maternal WD litters were significantly smaller (M = 9.60; SD = 3.16; F1,27 

= 42.59, p = .035, η2 = 0.140) compared to litter sizes from dams provided SD (M = 12.0; 

SD = 2.85; see Figure 4.3C). There was no significant difference in the number of female 

or male offspring by maternal diet, treatment, or interaction. 

 

 

 

Figure 4.3 A) Main effect of sex on offspring birth weights (in grams), p < .001; B) 
Main effect of maternal diet on offspring birth weights (in grams), p < 
.001. C) Main effect of maternal diet on litter size (the number of 
offspring born on PD 0), p < .05. 
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 Study 2: Glucocorticoid Receptor Expression in Offspring 

Hippocampi 

First, using an average of the quantification cycles (Cq) for each sample, I 

calculated the expression fold change (ΔCq) for each independent variable of the offspring: 

Treatment (Placebo versus Probiotic), Diet (Standard versus Western) and Sex (Male 

versus Female). The fold change was calculated using the averaged Cq values from the two 

reference genes (RPL13A and GAPDH). As previously stated, to obtain the transformed 

ΔCq values to perform statistical analyses, I utilized the 2-ΔΔCq method (Livak & 

Schmittgen, 2001). There were no observed differences in hippocampal glucocorticoid 

receptor expression based on offspring sex, maternal treatment or maternal diet. The 

transformed ΔCq values for glucocorticoid receptors for each independent variable are 

shown in Figure 4.4. 

 

Figure 4.4 A) The transformed relative normalized expression of glucocorticoid 
receptors from mRNA extracted from gross coronal dissections of 
offspring hippocampus for A) offspring sex (female vs. male), B) diet 
condition (Standard vs. Western diet) of offspring's dams and C) treatment 
condition (placebo vs. probiotic) of offspring's dams. 
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 Study 2: Offspring Plasma Corticosterone Concentrations 

A 2 × 2 × 2 factorial ANOVA assessing maternal treatment, maternal diet, and 

offspring sex revealed a significant main effect of diet (F1, 46 = 8.04, p = .007, η2 = 0.111) 

and a significant interaction between treatment and diet (F1, 46 = 8.30, p = .006, η2 = 0.115; 

see Figure 4.5A) on offspring plasma corticosterone levels.  

Using Tukey's post hoc comparisons to probe the treatment by diet interaction, it 

was revealed that the offspring from probiotic-treated WD dams had significantly higher 

plasma corticosterone levels (pTukey = .015; M = 19,279.00; SD = 16,577.00) compared to 

offspring from placebo-treated, SD dams (M = 10,133.00; SD = 3,781.00) and offspring 

from placebo-treated, WD dams (pTukey = .026; M = 10,588.00; SD = 5,492.00). The 

offspring from the probiotic-treated WD dams also had significantly higher plasma 

corticosterone levels than their counterparts from probiotic-treated SD dams (pTukey < .001; 

M = 7,026.00; SD = 2,299.00). 
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Figure 4.5 A) Offspring plasma corticosterone (CORT; mean, SD) concentrations in 
pg/mL, p < .05. B) Offspring plasma leptin concentrations (pg/mL) show 
diet's main effect on leptin levels, p < .001. 

 

 Study 2: Offspring Plasma Leptin Concentrations 

When I measured the plasma leptin levels in the offspring, I found a main effect of 

diet (F(1,69) =56.39, p < .001, η2 = .433) where offspring from dams fed a WD had 

significantly higher plasma leptin (M = 3,258.00; SD = 2433.00) compared to their 

counterparts from SD-fed dams (M = 328.00; SD = 326.00; see Figure 4.5B). I did not 

observe any main effects of treatment or sex, nor were there any interactions. 
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 Study 2: Dam Breast Milk Leptin Concentrations 

For leptin concentrations in dams' breast milk, I found a main effect of treatment 

(F1,24 = 8.46, p = .008, η2 = 0.209) where dams provided probiotic treatment had 

significantly lower leptin levels in their milk (M = 643.00; SD = 193.00) compared to their 

placebo-treated counterparts (M = 844.00, SD = 216.00; see Figure 4.6A). I also observed 

a main effect of diet on milk leptin levels (F1,24 = 7.50, p = .011, η2 = 0.186), such that 

WD-fed dams had significantly more leptin in their milk (M = 828.00; SD = 222.00), 

compared to dams fed SD (M = 632.00; SD = 183.00; see Figure 4.6B). 

 

Figure 4.6 A) Dam breast milk leptin concentrations (pg/mL) show the main effect of 
treatment on leptin levels, p < .01; B) Dam breast milk leptin concentrations 
(pg/mL) show the main effect of diet on leptin levels p < .05. 
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DISCUSSION 

The results for both Study 1 and Study 2 are summarized in Table 4.3. 

Table 4.3  Summary of experimental results for Studies 1 and 2. 

 Summary of Experimental Results 
Study 
1 

• Increased offspring birthweight of probiotic-treated dams 
• Increased offspring anogenital distance of probiotic-treated dams 

Study 
2 

Offspring Outcomes 
• Decreased offspring birthweight from WD-fed dams 
• Decreased litter size in WD-fed dams 
• Increased corticosterone in offspring of probiotic-treated WD-fed 

dams 
• Increased leptin in offspring from WD-fed dams 

 
Dam Outcomes 

• Increased milk leptin from WD-fed dams 
• Decreased milk leptin from probiotic-treated dams 

 

Study 1 found that offspring exposed to maternal probiotic treatment weighed more 

at birth than offspring exposed to maternal placebo. It was found that offspring from 

probiotic-treated dams had increased anogenital distances on PD 1 compared to offspring 

from placebo-treated dams. No differences were found for leptin and insulin levels in breast 

milk samples from placebo- versus probiotic-treated dams.  

Study 2 found that offspring born to WD-fed dams weighed significantly less at 

birth than offspring from SD-fed dams. Maternal WD also decreased litter size but did not 

impact the sex ratio. When offspring plasma corticosterone concentrations were examined, 

a significant interaction between maternal treatment and diet was observed, such that 

offspring born to probiotic-treated, WD-fed dams had increased levels of corticosterone 

compared to their counterparts from probiotic-treated, SD-fed dams. No differences in 

glucocorticoid receptor gene expression levels in the hippocampi of offspring were found. 
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Offspring from WD-fed dams had significantly increased plasma leptin concentrations 

compared to offspring from SD-fed dams. Lastly, it was found that probiotic treatment 

significantly lowered leptin levels in breast milk, whereas maternal WD increased leptin. 

There was no interaction between treatment and diet for milk leptin levels. 

 Maternal Probiotic Treatment and Diet (Separately) Affect 

Birth Weights 

Study 1 found that maternal probiotic administration resulted in higher birth 

weights than offspring born to placebo-treated dams. My previous work with the probiotic 

Lacidofil® found that treatment did not impact birth weights but resulted in higher weaning 

weights than placebo-exposed offspring (O’Leary, 2019). In a study using female Sprague-

Dawley rats, maternal probiotic administration of L. rhamnosus GR-1 and L. fermentum 

RC-14, it was found that these probiotics increased birth weight compared to controls 

(Anukam et al., 2005). In a study involving pregnant women, those with higher levels of 

endogenous salivary L. casei bacteria were positively associated with birth weight and 

gestational age (Dasanayake et al., 2005). These results are consistent with the current 

study’s findings that the probiotic Lacidofil® increases birth weight. Furthermore, there is 

evidence for the use of probiotics as a treatment in cases of low-birth-weight infants. In a 

meta-analysis investigating the effects of probiotic therapy on mortality in low-birth-

weight infants, it was found that a combination of Lactobacillus and Bifidobacterium 

species had high certainty for reducing mortality and stage two necrotizing enterocolitis, 

compared to placebo treatment (Morgan et al., 2020).  

Study 2 found that offspring from WD-fed dams had low birth weights, which was 

inconsistent with the original hypothesis. This is consistent with a 2003-2006 pregnancy 
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study in the United Kingdom found that total dietary fat consumption was linked to lower 

birth weights (Sharma et al., 2018).  

  Low birth weight is a risk factor for later adulthood health issues, including chronic 

heart defects and chronic bronchitis (Barker 1998 as cited by Roseboom et al., 2001). As 

previously discussed, the concept of DOHaD demonstrates that gestation, birth, and 

adulthood health are linked via early-life programming (Roseboom et al., 2001; Suzuki, 

2018). Through the Dutch Famine Birth Cohort Study, it was found that famine exposure 

during early gestation resulted in the increased likelihood of several potential health issues, 

including higher BMI, higher risk of chronic heart defects and an atherogenic lipid profile 

(Roseboom et al., 2000). It is postulated that the mismatch between undernutrition during 

early gestation and adequate nutrition postnatally may have resulted in these metabolic 

programming issues in adulthood (Roseboom et al., 2001). Although the research on 

whether or not maternal Western diet results in lower birth weights is mixed (Gete et al., 

2020), there is evidence that maternal diet does affect fetal growth (Kjøllesdal & Holmboe-

Ottesen, 2014). 

A review of human maternal dietary patterns showed that diets with greater 

consumption of processed foods were positively associated with increased instances of 

low-birth-weight children (Kjøllesdal & Holmboe-Ottesen, 2014). This finding is 

consistent with previous research demonstrating that the micronutrient content of a 

mother’s diet is important for fetal growth (Lagiou et al., 2005; Rao et al., 2001). 

Conversely, dietary patterns associated with average infant birth weights were 

characterized by the consumption of more fruits, vegetables and dairy products (Kjøllesdal 

& Holmboe-Ottesen, 2014). Another study found that mothers who consumed higher 
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confections and condiments (i.e., high-sugar foods) had higher instances of low-birth-

weight infants (Loy et al., 2013). Similarly, other human studies have found that maternal 

hypertension, which is linked to Western diet consumption, was also associated with low 

infant birth weight (Boo, 2008; Rahman et al., 2008).  

Additionally, there is evidence from animal studies demonstrating a link between 

maternal Western diet consumption and low birth weight. In a study of Wistar rats fed 

either a standard chow or Western diet (45% kcal fat, Cat. # D12451, Research Diets) 

before and during pregnancy, researchers found that offspring born to WD-fed dams 

weighed less at birth (Howie et al., 2009). In another study of Sprague-Dawley rats 

provided with either a standard or Western diet (45% kcal fat, Research Diets) for 16 weeks 

before breeding, WD-fed dams showed reduced fetal growth, and their offspring had lower 

birth weights compared to controls (Hayes et al., 2012). Researchers then investigated the 

dams’ placental blood vessels (Hayes et al., 2012). They found that although WD-fed dams 

had more blood vessels than controls, the number of blood vessels was inversely related to 

the amount of smooth muscle cell actin present (i.e., an indicator of blood vessel maturity; 

Cîmpean et al., 2007). Therefore, researchers suggested that this reduction in mature blood 

vessels is involved in the increased instances of low-birth-weight offspring, as they are 

likely not receiving sufficient blood flow for proper development (Hayes et al., 2012). This 

is further evidenced by greater levels of carbonic anhydrase, an indicator of hypoxia, in the 

placental tissues of WD-fed dams (Hayes et al., 2012). 

However, there is also evidence to the contrary. In a study by Song and colleagues 

(2015), female Sprague-Dawley rats were fed a high-fat diet (45% kcal fat, Cat. # D12451, 

Research Diets, Inc. USA) or a control diet (10% kcal fat, Cat. # D12450B). The offspring 
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born to high-fat diet females had higher birth weights, higher adult weights and increased 

serum leptin levels than those from control-fed dams (Y. Song et al., 2015). In human 

participants, a scoping review of Malaysian women showed an increased likelihood of high 

birth weight if maternal BMI was also high (Mohamed et al., 2022).  

Therefore, there is evidence from both human and animal studies consistent with 

my results of higher maternal fat intake and lower birth weight. Although I did not find 

that maternal probiotic administration interacts with maternal diet to affect offspring birth 

weight, there is evidence that it can be beneficial in WD models where offspring are likely 

to be born large for their gestational age. In a maternal WD (30% fat) model using Wistar 

rats, it was found that the WD, in combination with a symbiotic solution (Lactobacillus 

rhamnosus, Bacillus coagulant and fructooligosaccharide), resulted in lowered offspring 

birth weights, compared to offspring from dams fed WD exclusively (Amirpour et al., 

2020).  

The summation of previous work and my current findings indicates the nuances of 

early-life programming and supports the idea that a U-shaped curve represents the 

programming of infant or offspring health outcomes, where the lightest and heaviest infants 

(as measured at birth) suffered the greatest risk for metabolic disease (McCance et al., 

1994). 

 Maternal Probiotic Treatment Increases Anogenital 

Distance as Measured at Birth 

To my knowledge, there are no reports of how maternal probiotic treatment may 

affect offspring anogenital distance at birth. Based on a previous study by Cowan and 

Richardson (2019) that found that probiotic treatment Lacidofil® was able to correct early-
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onset puberty due to maternal stress, I wanted to explore how probiotics may impact early-

life sexual differentiation.  

I found that probiotic-exposed offspring had greater anogenital distances at birth 

than their placebo-exposed counterparts. Measuring anogenital distance is one way to 

investigate fetal exposure to sex hormones, such as testosterone (Drickamer, 1996). In 

female rodent offspring, intrauterine positioning determines anogenital distance (Vom Saal 

et al., 1990). When a female fetus is between two male offspring, the anogenital distance 

at birth is larger than if the fetus is between two other females (Vom Saal et al., 1990). The 

masculinization of the reproductive tract in male rodent offspring is also a function of 

androgen exposure during a critical window of development in utero (Welsh et al., 2008).  

Interestingly, increasing evidence shows that microbes, including probiotics, may 

interact with sex hormones. As previously mentioned, microbes, including Lactobacillus 

strains, secrete β-glucuronidase, which aids in deconjugating estrogen, rendering it active 

(Plottel & Blaser, 2011). There is also evidence that the gut microbiota interacts with sex 

hormones (Kaliannan et al., 2018; Qi et al., 2021). For example, microbes have been found 

to affect 17β-estradiol, which, when provided to male C57BL/6 mice and ovariectomized 

female C57BL/6 mice, was preventative in situations of metabolic endotoxemia and low-

grade inflammation (Kaliannan et al., 2018). 

Probiotics are also being looked to as a treatment option for people suffering from 

polycystic ovarian syndrome (PCOS), a reproductive and metabolic disorder. In people 

with PCOS, insulin action increases, increasing androgen production (Teede et al., 2010). 

In a dihydrotestosterone (DHT)-induced PCOS model in female Wistar rats, it was shown 

that the administration of a multi-strain probiotic (Bifidobacterium, Lactobacillus 
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acidophilus and Enterococcus faecali) improved outcomes, including lowered serum 

cholesterol and increased serum progesterone (F. Zhang et al., 2019). Another rodent 

PCOS model found that Lactobacillus (strain not specified) treatment lowered gut levels 

of Prevotellaceae bacteria and decreased androgen levels (Guo et al., 2016). These results 

suggest that Lactobacillus bacteria interact with the endocrine system, providing 

stabilizing benefits. 

Regarding the current results, it is unclear why probiotic treatment with Lacidofil® 

would increase anogenital distances in offspring, as it implies that prenatal circulating 

androgen levels would have been elevated in probiotic-treated dams throughout their 

pregnancies. In a non-obese diabetic (NOD) mouse model, researchers found that germ-

free female NOD mice had increased testosterone levels compared to specific pathogen-

free female mice (Markle et al., 2013). Interestingly, the germ-free male NOD mice had 

lower testosterone levels than the specific pathogen-free males (Markle et al., 2013). These 

results indicate that microbes are at least partly responsible for sex hormone expression 

and that microbes impact sex hormones in a sex-dependent way. Therefore, I may be seeing 

the effects of their exposure to the probiotic bacteria in the probiotic-exposed offspring. 

However, these effects are not fully realized, as the offspring have yet to experience 

puberty. The expression of secondary sexual characteristics at puberty and testosterone 

measurements would provide a more comprehensive picture of how the probiotic 

Lacidofil® may influence sex hormones in the offspring.  
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 Offspring Plasma Corticosterone, Glucocorticoid Receptors 

and Leptin Concentrations 

 Previously, I found that using Lacidofil® as a probiotic treatment for rat dams 

throughout pregnancy and lactation resulted in higher frequencies of active maternal care 

behaviours, including arched-back nursing and licking/grooming (O’Leary, 2019). 

Previous research has shown that increased active maternal care is beneficial for 

developing the offspring's stress response, increasing GR levels in the hippocampus 

(Weaver et al., 2004). 

The present study explored the impact of maternal probiotic treatment (with 

Lacidofil®) in rat dams fed a WD and the subsequent outcomes of their offspring's stress 

and metabolic programming. Based on previous research showing that a WD can be 

detrimental to maternal care behaviour and, therefore, potentially harmful to offspring, it 

was hypothesized that offspring from WD-fed, probiotic-treated dams would have 

increased hippocampal GR expression compared to offspring from WD-fed, placebo-

treated dams. I also hypothesized that the offspring from SD-fed dams would have the 

highest hippocampal GR expression relative to the other experimental groups. I found no 

differences in the expression of hippocampal GR based on maternal diet, maternal probiotic 

treatment, or offspring sex.  

Interestingly, although I found no differences in GR expression, I did observe a 

difference in offspring corticosterone levels. I found that the offspring born to WD-fed, 

probiotic-treated dams had increased levels of corticosterone compared to their 

counterparts from SD-fed, probiotic-treated dams.  
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Little research exists on how maternal diet and probiotic treatment might influence 

GR expression. Like my results, a study using male Wistar rats fed either a standard chow, 

a high-fat diet (total fat content not specified), or a high-sucrose diet for four weeks found 

no diet-induced differences in GR gene expression in the hippocampus (Gergerlioglu et al., 

2016). Unlike my results, however, the researchers found no diet-induced differences in 

plasma corticosterone levels (Gergerlioglu et al., 2016). 

Due to the demonstrated effects of maternal high-fat diet increasing maternal 

plasma corticosterone levels, as well as potentially increasing fetal corticosterone exposure 

due to the disruption of enzyme activity (Bellisario et al., 2015), I had hypothesized that 

the offspring exposed to WD via their dams would have increased plasma corticosterone. 

I also hypothesized that maternal probiotic treatment may mitigate the effects of the WD 

on elevating corticosterone levels due to previous research findings. An acute probiotic 

treatment (L. helveticus R0052 and B. longum R0175) in chronically stressed male mice 

normalized their corticosterone levels post-stressor, compared to animals that only 

received the vehicle, which had significantly increased corticosterone plasma levels 

afterwards (Ait-Belgnaoui et al., 2018). The probiotic treatment prevented a decrease in 

GR gene expression in the hypothalamus and hippocampus observed in the control group 

(Ait-Belgnaoui et al., 2018). It is worth noting that these probiotic effects may be due to 

the direct administration to these animals. Conversely, in a 129/SvEv mouse model, wild-

type mice fed a WD (33% fat, 49% carbohydrates, 28% protein) and Lactobacillus 

helveticus R0052 had increased corticosterone concentrations in their forebrains, compared 

to wild-type mice provided the probiotic and regular chow (Ohland et al., 2013). These 

results from Ohland and colleagues (2013) are consistent with my finding that the offspring 
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from WD-fed, probiotic-treated dams had increased plasma corticosterone. However, it 

must be noted that in the current study, only the rat dams received probiotic treatment, 

meaning that the offspring were indirectly exposed. Additionally, although WD can be 

considered a physiological stressor (Bellisario et al., 2015), probiotic treatment may be 

more effective under specific stress conditions and not others. The differences in the 

programming of the stress response concerning the interplay between the gut-brain-

microbiota axis may be best observed in more extreme scenarios, as well. For example, in 

germ-free (GF) versus specific pathogen-free (SPF) male BALB/c mice, it was found that 

the GF mice had increased GR pathway gene expression in their hippocampi, compared to 

their SPF counterparts, indicating that the lack of microbes plays a role in gene regulation 

(Luo et al., 2018). Furthermore, GF mice had higher plasma ACTH and corticosterone 

levels post-acute stress than SPF mice (Luo et al., 2018). However, it is essential to note 

that there were no differences in basal levels of corticosterone between the two groups (Luo 

et al., 2018). In an experiment using male and female adolescent CD-1 mice, it was found 

that probiotic supplementation (L. lactis, L. cremoris, L. diacetylactis and L. acidophilus) 

aided in mitigating LPS-induced changes in GR gene expression in the hypothalamus (K. 

B. Smith et al., 2021). Specifically, LPS exposure decreased GR expression in the 

paraventricular nucleus of the hypothalamus in male mice, whereas probiotic-treated males 

did not have this LPS-induced decrease in GR expression (K. B. Smith et al., 2021).  

In summary, evidence suggests that gut microbes influence stress response 

programming. However, it may only be observable when comparing two disparate groups 

who have had their gut microbiota manipulated directly. In the present study, the 

differences in the offspring microbiota (and therefore possibly GR expression) may not 
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have been fully formed due to the age of the offspring (approximately ten days old) at the 

time of sacrifice and because they did not directly receive either the diet or the probiotic. 

 Probiotics, Diet and Breast Milk – Maternal Programming of 

Offspring Leptin 

 Study 2 found that the offspring of dams fed a WD had higher plasma leptin 

concentrations than their counterparts from SD-fed dams. Related to this finding, I also 

observed that WD-fed dams had significantly higher breast milk leptin concentrations than 

SD-fed dams. Although leptin levels in breast milk are typically lower than concentrations 

in plasma (Garcia-Mayor et al., 1997; Houseknecht et al., 1997), these results are consistent 

with previous research investigating breast milk leptin concentrations and offspring plasma 

leptin levels. For example, a study on infants and maternal breast milk composition found 

that the infant's plasma leptin levels were significantly correlated with the breast milk leptin 

levels that the infants had consumed on the same day (Chatmethakul et al., 2022). In young 

rats, it has also been found that leptin can be ingested orally and subsequently circulated 

throughout the body (Casabiell et al., 1997; Sánchez et al., 2005). 

Relatedly, research shows that the infant's food source also impacts their leptin 

levels. In a study of healthy infants who were either exclusively breastfed or exclusively 

formula-fed, the formula-fed infants had a significantly higher amount of plasma leptin at 

six months old than their breastfed counterparts (Lönnerdal & Havel, 2000). Interestingly, 

the insulin-glucose ratios of the infants were higher in the formula-fed cohort than in the 

breastfed cohort at four months of age (Lönnerdal & Havel, 2000). Unlike the present work, 

researchers also found a sex difference in leptin levels, where female infants had 

significantly higher leptin levels than males (Lönnerdal & Havel, 2000). 
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Due to its association with metabolic programming, leptin is an excellent marker to 

explore in breast milk samples (Schuster et al., 2011). Previous studies have demonstrated 

an association between breast milk leptin levels and weight gain during the neonatal period 

(Doneray et al., 2009; Miralles et al., 2006). Leptin levels also correlated with maternal 

BMI, which may mean infants from significantly overweight mothers may be exposed to 

greater leptin concentrations throughout nursing (Schuster et al., 2011). Leptin exposure 

throughout lactation via breast milk could have important implications for regulating body 

weight and food intake in adulthood. Conversely, a study of healthy, exclusively breastfed 

infants found that the breast milk leptin levels in mothers of obese infants were not 

significantly different than the milk leptin levels of mothers who had non-obese infants 

(Uysal et al., 2002). This result indicates maternal milk leptin may not impact infant 

adiposity (Uysal et al., 2002). 

However, it should be noted that increased leptin levels are associated with 

metabolic dysfunction and a higher risk of GDM (Heerwagen et al., 2010; Vähämiko et al., 

2010). Since there is the possibility that maternal leptin levels may program offspring 

metabolic health, it could be important to monitor maternal leptin levels in future research, 

including the levels found in breast milk, to understand better how leptin may influence 

offspring health and development (Vähämiko et al., 2013). A human study by Vahamiko 

and colleagues (2013) found that maternal serum leptin levels significantly increased 

throughout the pregnancy. The researchers found no diet or probiotic administration effect 

on maternal serum leptin levels (Vähämiko et al., 2013). These findings are contrary to my 

animal model, as I found that probiotic administration decreased leptin levels in maternal 

milk. In contrast, the WD increased maternal milk leptin. 
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 Limitations and Future Directions 

Both studies included in this chapter have limitations. In Study 1, the offspring were 

not examined for puberty onset once they reached adolescence but were used for a different 

study. This would have been insightful information regarding how maternal probiotic 

administration may or may not affect later sexual differentiation in offspring (Cowan & 

Richardson, 2019; Markle et al., 2013). Future work with probiotics in early-life 

development models could investigate how maternal probiotic administration affects sex 

hormones in infancy and later in adolescence.  

In Study 2, only basal corticosterone levels were characterized when investigating 

offspring plasma corticosterone concentrations. Utilizing a stress paradigm (e.g., predator 

odour exposure; Korgan et al., 2016) may have provided better insight into whether 

maternal probiotic administration affects HPA axis function when offspring are exposed to 

a stressor rather than only looking at basal levels. If a stress paradigm was used, blood 

samples could have been taken before and after the stressor to examine the trajectory of 

corticosterone release (Niu et al., 2019). 

There were limited milk samples in both Study 1 and 2. However, Study 1 was 

conducted as a pilot study to ensure that leptin and insulin were measurable in breast milk 

samples. Although detectable in breast milk, the insulin assay optimized in Study 1 was 

unreliable and, therefore, not investigated in Study 2. In Study 2, it is possible that there 

were not a sufficient number of milk samples to detect any interactions occurring between 

maternal diet and probiotic administration to affect leptin levels.  

Future work in early-life development models that investigate probiotics as a 

potential treatment to combat early-life stress should aim to characterize the effects of 
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maternal probiotic administration across various stressors. From the results of this chapter, 

it is clear that probiotics and various stressors interact quite differently. Furthermore, this 

research also highlights the importance of investigating the effects of probiotics on breast 

milk since it was demonstrated that the probiotic Lacidofil® impacts leptin levels in milk, 

which has implications for the metabolic programming of offspring. 
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CHAPTER 5 DISCUSSION 

SUMMARY OF FINDINGS 

Most research on maternal diet and other maternal factors solely focuses on 

offspring-related health outcomes. While offspring outcomes are important when 

investigating maternal factors, the primary goal of this dissertation was to explore how diet 

and probiotic treatment affect the mother. Maternal health is crucial for both offspring 

development and maternal well-being during the perinatal period and beyond.  

5.1.1 Chapter 2: Maternal Outcomes 

In this study, I found that maternal diet and probiotic treatment had separate effects 

on maternal care behaviour. The WD-fed dams engaged in significantly more LG 

behaviour than SD-fed dams, and probiotic-treated dams performed significantly more 

ABN 2 than placebo-treated dams. Diet administration also affected the metabolic, 

inflammatory, and stress markers measured in this study. WD-fed dams had increased 

inflammatory markers, leptin, and corticosterone concentrations compared to SD-fed 

dams. 

5.1.2 Chapter 3: Maternal Microbiome 

The first study in Chapter 3 did not detect many significant changes to the maternal 

gut microbiome based on the administration of the probiotic Lacidofil®. However, changes 

in beta diversity and some differentially abundant features were detected. The majority of 

these differentially abundant features were detected in the placebo-treated group. 
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 The second study of Chapter 3 incorporated maternal diet and probiotic 

administration together. In this study, many significant findings were due to maternal diet, 

including differences in alpha diversity, beta diversity, relative abundance, and 

differentially abundant features. A significant interaction between maternal diet and 

probiotic treatment was found for one of the beta diversity metrics, Unweighted UniFrac. 

It was found that the placebo-treated, SD-fed dams had increased Firmicutes and lower 

Bacteroidetes compared to the other experimental groups. Of the 13 differentially abundant 

features found in common between MaAslin2 and ALDEx2 analyses, MaAslin2 detected 

main effects of treatment and diet and two diet-by-treatment interactions. In comparison, 

ALDEx2 detected only main effects of diet.  

 Chapter 4: Offspring Outcomes 

The first study of this chapter found that offspring born to probiotic-treated dams 

were significantly heavier at birth compared to offspring from placebo-treated dams. The 

offspring from probiotic-treated dams also had significantly greater anogenital distances 

on postpartum day one than their placebo counterparts.  

The second study in this chapter found that offspring from WD-fed dams were 

significantly lighter at birth than those from standard diet-fed dams. I also found that WD-

fed dams had significantly smaller litters. I observed a significant interaction between 

maternal treatment and diet, such that offspring born to probiotic-treated WD-fed dams had 

increased basal plasma corticosterone levels compared to all other experimental groups. 

Despite this finding, there were no differences in glucocorticoid receptor mRNA levels in 

offspring hippocampi. WD-fed dams’ offspring had significantly higher plasma leptin 
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concentrations than those of SD-fed dams’ offspring. This effect of diet on leptin levels 

was mirrored in breast milk, such that maternal WD increased milk leptin, too. 

Interestingly, probiotic treatment significantly decreased milk leptin levels without 

interacting with the maternal diet.  

DISCUSSION OF RESULTS 

5.1.4 Maternal Care and Offspring Stress Response Programming 

The maternal care findings are partially consistent with my previous work, showing 

that Lacidofil® administration can increase the frequency of arched-back nursing 

behaviour (O’Leary, 2019). My present findings also show that Western diet administration 

causes a physiological stress response in the rat dams, as evidenced by their increased basal 

plasma corticosterone and inflammation markers (e.g., cytokines). Despite finding 

increased ABN 2 behaviour in the probiotic-treated dams, this did not result in any 

observed differences in offspring hippocampal glucocorticoid receptor mRNA levels, as 

was hypothesized. It is possible that because probiotics did not increase the LG behaviour 

specifically, the increase in ABN 2 behaviour alone was not sufficient to change the 

glucocorticoid receptor levels in the offspring. Future studies could first characterize rat 

dams into low versus high LG-ABN categories, as previous studies have (Caldji et al., 

1998; Francis et al., 1999; Weaver et al., 2004). Subsequently, the rat dams could be given 

probiotics before breeding a second time. This baseline characterization of a rat dam’s 

maternal care behaviour would provide new insight into how later probiotic administration 

affects this behaviour.  
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To my knowledge, this and my previous work (O’Leary, 2019) are the first studies 

investigating how maternal probiotic treatment affects maternal care behaviours across the 

first postpartum week. A previous study of maternal probiotic administration only utilized 

a pup retrieval test to measure maternal care behaviour (Cowan et al., 2016) rather than 

conducting a daily behavioural observation protocol during the early postpartum period 

(Francis et al., 1999; Francis et al., 2003; Weaver et al., 2004). A similar early postpartum 

observation protocol has been previously utilized in the laboratory (Korgan et al., 2016, 

2018). 

Previous research has shown that Lacidofil® can be provided to dams to mitigate 

the effects of early-life stress by preventing stress-induced emotional dysregulation 

(Cowan et al., 2016) and pubertal timing disruptions in offspring (Cowan & Richardson, 

2019). However, the studies included in this dissertation demonstrate that Lacidofil® does 

not have the same beneficial impact when the stressor is physiological, in the form of a 

Western diet. This suggests that probiotics must be tested not only for different applications 

but even within a specific type of application or use (i.e., for stress management) and that 

there may be sub-categories that require further research.  

5.1.5 Minimal Overlap Between Probiotic and Diet Effects on Gut 

Microbiome 

In my investigation of the gut microbiota of placebo-treated versus probiotic-

treated rat dams and the combination of probiotic treatment and diet administration, I did 

not find that the probiotic Lacidofil® had a significant impact on the gut microbiome 

composition of these animals. Considering that the placebo and probiotic-only treated 

animals were otherwise healthy, it makes sense that no sweeping microbiome composition 
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changes were observed, as there would already be a stable microbiome in place in these 

animals (Moya & Ferrer, 2016). Therefore, large shifts based on probiotic administration 

were potentially impossible with a stable and functionally redundant microbiome present 

(Moya & Ferrer, 2016). Furthermore, there were few interacting effects when the probiotic 

was provided to the animals in combination with the Western diet. It is possible that the 

Western diet utilized for this study did not compromise the animals’ health in a way that 

the probiotic could mitigate. Notably, this was not a study of any specific metabolic 

disease, such as non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis 

(NASH).  

In preclinical animal studies of NAFLD or NASH, probiotic administration does 

interact with the disease state to have a greater impact on gut microbiome composition 

measures. For example, probiotic treatment with L. rhamnosus GG increased total bacteria 

numbers in HFD-fed animals compared to placebo-controlled HFD-fed animals (Ritze et 

al., 2014). The probiotic treatment of L. plantarum LC27, B. longum LC67, or their mixture 

reduced Proteobacteria levels and LPS production in HFD-fed mice (H. I. Kim et al., 2019). 

Researchers investigating a multi-strain probiotic treatment (five Lactobacillus and five 

Enterococcus strains) in aged (> 78 weeks) HFD-fed mice found that the probiotic 

increased alpha diversity and resulted in a unique beta diversity profile compared to 

placebo-treated controls (Ahmadi et al., 2020). Lastly, a mouse study administering an 

HFD for 16 weeks, with or without a multi-strain probiotic treatment (B. subtilis and E. 

faecium), found that the beta diversity of the gut microbiome was significantly impacted 

by probiotic treatment in conjunction with HFD (J. Jiang et al., 2021). Probiotics may have 
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a window of opportunity to impact the gut microbiome due to the severity of these diseases 

and the likelihood of a compromised gut microbiome.  

5.1.6 Breast Milk Hormones Affected Separately by Treatment and Diet 

Lastly, it is interesting that probiotic treatment with Lacidolfil® decreases leptin 

levels in breast milk. Although it did not help to lower the increased leptin levels found in 

milk from Western diet-fed dams, this finding suggests that probiotics should continue to 

be researched for how they impact breast milk composition. The studies conducted for this 

dissertation only collected breast milk at a single time point on one postpartum day. Future 

studies exploring more time points throughout the day and across multiple postpartum days 

may demonstrate more effects of probiotic treatment and interactions with maternal diet. It 

has been documented that milk composition, including fat, protein, and vitamins, changes 

over time (Nicholas & Hartmann, 1991). 

OVERALL LIMITATIONS AND FUTURE DIRECTIONS 

5.1.7 Western Diet Composition 

Future research on the Western diet and its impacts on health outcomes must 

consider diet composition. For example, researchers must consider whether to investigate 

the presence or absence of specific ingredients (e.g., methionine and choline; (Larter et al., 

2008) or model a whole dietary pattern (e.g., Western diet; (Lieber et al., 2004). In the case 

of modelling diseases related to obesity and diabetes mellitus, such as NASH, this disease 

can be induced through Western diet administration (Lieber et al., 2004) or methionine and 

choline deficiency model (Larter et al., 2008). 
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Since there are conflicting results on how maternal diet affects maternal care 

(Connor et al., 2012; Kougias et al., 2018; Purcell et al., 2011), future researchers may 

want to consider conducting a comparative study examining how different diets 

compositions (e.g., Western diet, high-carbohydrate diet, cafeteria diet) may impact these 

behaviours. Studies demonstrate that nutrition differentially impacts behaviour (anxiety-

related behaviour:  Myles et al., 2023, anxiety-like and depressive-like behaviour: Bonfim 

et al., 2021). This trend is also observed by researchers investigating the effects of 

commercially available Western diets on rodent maternal care behaviour (Connor et al., 

2012; Kougias et al., 2018; Purcell et al., 2011). 

Furthermore, as discussed in this dissertation, there are many links between 

maternal diet and postpartum depression (PPD; Baskin et al., 2015; Biaggi et al., 2016; 

Pina-Camacho et al., 2015). However, the rat model utilized in these studies is not a PPD 

model, as this type of animal modelling requires the demonstration of specific disease traits 

(Mir et al., 2022). Despite the complex nature of PPD, future preclinical studies should 

investigate these connections and how maternal diet impacts the mother to try to model 

smaller components of PPD in animals.  

5.1.8 Facility Containment Levels and Specific Pathogen-Free Animals 

in Microbiome Studies 

It must be noted that the studies included in this dissertation were performed in a 

containment level 1 laboratory facility. While strict, tested protocols were in place to ensure 

that the probiotic's cross-contamination risk was low (Myles, O’Leary, Romkey, et al., 

2020), many materials (e.g., cages, bedding, water bottles) and the diets themselves could 

not be sterilized via autoclaving. Perhaps future studies will be able to determine how much 
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microbial “noise” is introduced to an animal model if these materials cannot be perfectly 

sterile. Also, the animals themselves, unless they are germ-free (i.e., without a 

microbiome), would have unique microbes when arriving at the facility. The studies within 

this dissertation all utilized specific pathogen-free (SPF) animals. Unlike germ-free 

animals, SPF rodents are not guaranteed to be free of all contamination but are bred to be 

devoid of select infectious pathogens (Dobson et al., 2019; Lane-Petter, 1962). 

Regarding a translational research approach, I think it is perfectly fine to use SPF 

animals in microbiome research, as it is more representative of how people live (i.e., 

researchers will never be able to control the sterility of a person’s environment or what 

their microbiome profile is like when they begin a study). However, it would be interesting 

if future work could help sort through which microbes are present in the environment 

versus which microbes are affected by the experimental manipulation. Furthermore, 

although there are common pathogens that the major animal supply companies avoid in 

their SPF animals (e.g., Salmonella spp., Citrobacter rodentium), this is not standard across 

companies  (Dobson et al., 2019). Therefore, while using SPF animals is meant to decrease 

unwanted disease and variability in experimental results due to disease (Lane-Petter, 1962), 

there are still likely to be differences in microbes between different SPF animals. 

5.1.9 Future Directions: Probiotics and Preventative Interventions for 

Maternal Health 

Despite the knowledge that pregnancy complications affect the long-term health of 

offspring, there has been much less focus on how these complications affect the mother's 

long-term health (Rich-Edwards et al., 2014). More research is needed, as emerging 

evidence suggests that maternal health complications during pregnancy may increase 
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disease risk later in life (Callaway et al., 2007). Pregnancy complications such as 

preeclampsia, gestational diabetes mellitus (GDM; Fraser et al., 2012) and preterm birth 

(P. Wu et al., 2018) have been increasingly linked to the incidence of future cardiovascular 

disease (CVD). A systematic review of women who had experienced preeclampsia, 

compared to women without, found that after controlling for confounding variables, 

women with a history of preeclampsia were approximately twice as likely to experience 

cardiac disease as those unaffected (McDonald et al., 2008). Preeclampsia occurs in 3-5% 

of the population, and GDM occurs in 5-10% (H. L. Brown & Smith, 2020). Like 

preeclampsia, GDM increases the risk of diabetes (Kjos et al., 1995) and CVD (Goueslard 

et al., 2016). 

Due to the future health implications of pregnancy complications, the study of 

maternal non-communicable diseases (NCDs), such as diabetes and CVD, has been 

recognized as an important research area by the International Federation of Gynecology 

and Obstetrics (Poon et al., 2018). The first trimester of pregnancy is ideally when 

preventative measures can be undertaken to reduce the risks of NCDs in the mother and 

her offspring (Poon et al., 2018). Lowering the risk of future NCDs in children can be 

helped by supporting healthy pregnancies (Poon et al., 2018). For example, screening for 

potential pregnancy complications to identify those at an increased risk of developing an 

NCD is an integral part of healthy pregnancy support.  

Some of the identifiable high-risk factors for preeclampsia include chronic 

hypertensive disease, autoimmune disease, and pre-existing diabetes (Poon et al., 2018). 

Moderate-risk factors include mothers 40 years or older, BMI greater than 35 kg/m2 at the 

first-trimester visit, first pregnancy or a family history of preeclampsia (Poon et al., 2018). 



 

 178 

Furthermore, high maternal blood glucose levels add to the risk of developing adverse 

outcomes, such as preeclampsia and macrosomia (Wendland et al., 2012).  

A meta-analysis from 30 different cohort studies found that GDM was a significant 

risk factor for the later development of type 2 diabetes (C. Song et al., 2018). Unfortunately, 

there is a significant lack of well-researched prevention strategies for this group (Gabbe et 

al., 2012). 

Similar to GDM, preeclampsia and other hypertensive disorders of pregnancy can 

lead to future cardiovascular health issues in women, such as diabetes mellitus (Callaway 

et al., 2007) and cardiac disease (McDonald et al., 2008). Whereas preeclampsia can be 

screened for in the first trimester (conception to 12 weeks), GDM is currently diagnosed 

via maternal glucose challenge in the second trimester (24-28 weeks; (Poon et al., 2018). 

Presently, there is no early screening for GDM. Studies on preventative measures like 

dietary and physical activity interventions (Thangaratinam et al., 2012), probiotic use, 

(Brantsaeter et al., 2011; Luoto et al., 2010) and drugs like metformin (Syngelaki et al., 

2016) are important.   

5.1.10 Treatment Strategies for Gestational Diabetes, 

Preeclampsia and Hypertension 

Due to the increased health risks associated with complications such as GDM and 

preeclampsia, the perinatal period is a good time to screen patients and provide 

interventions to improve long-term cardiovascular health (H. L. Brown & Smith, 2020).  

Preclinical animal studies on metabolic disorders have found that probiotics and 

prebiotics may help treat obesity (Ejtahed et al., 2019), diabetes (Y. Wang, Dilidaxi, et al., 

2020) and CVD (Cavallini et al., 2011). Similarly, studies have shown that synbiotics (i.e., 
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a mixed formulation containing both a prebiotic and a probiotic) can improve biomarkers 

in coronary heart disease patients, including under the umbrella of CVD (Farrokhian et al., 

2019; Tajabadi-Ebrahimi et al., 2017). Like other NCDs, CVD often induces a state of low-

grade inflammation (H. Wu & Chiou, 2021). Lactobacilli strains, like those found in 

Lacidofil®, may help treat such diseases, as they help reduce inflammation (Brzozowski 

et al., 2006; Johnson-Henry et al., 2004). Additionally, probiotics’ ability to modulate 

specific bacterial strains within the gut may be helpful (H. Wu & Chiou, 2021). For 

example, probiotics can increase beneficial bacteria such as Prevotella that produce anti-

inflammatory metabolites (J. Li et al., 2016). A few suggested mechanisms for how 

probiotics confer these health benefits include epithelial barrier function, competition 

against pathogens, immune system modulation, and neurotransmitter and short-chain fatty 

acid (SCFA) production (C. Hill et al., 2014). In a mouse model, prebiotic intake through 

a high-fibre diet increased the number of bacteria in the gut capable of producing the SCFA 

acetate (Marques et al., 2017). Furthermore, the same high-fibre diet decreased systolic 

blood pressure in a hypertensive mouse model (Marques et al., 2017). 

5.1.11 Gut Microbiota Profiling 

The study of probiotics is relatively new despite a long history of human 

consumption (Ozen & Dinleyici, 2015; Sicard & Legras, 2011). Although the technologies 

for studying the microbiome (e.g., 16S rRNA sequencing) are becoming more affordable 

for researchers, there is still an ongoing debate regarding the best analysis practices (e.g., 

differential abundance analyses; Nearing et al., 2022; e.g., rarefaction; Schloss, 2024). 

Furthermore, bacterial metabolites must be examined to get a complete picture of what 
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these bacteria provide to the host. Metabolite-focused research would be beneficial in 

researching how probiotics may influence host behaviour, as I have found with maternal 

care behaviour. Additionally, investigating maternal neural pathways may provide further 

insight (e.g., investigating if probiotics affect the gene expression in brain regions involved 

in maternal behaviour neural circuitry). 

Sequencing the gut microbiota profiles of different rodent strains (e.g., Long-Evans 

rats) is undoubtedly valuable information to share with other researchers, such that they 

can better characterize which microbes are typically found in their animal model compared 

to those they have found to be different in their studies. However, 16S rRNA gene sequence 

data is challenging to interpret without characterizing the potential functions or metabolites 

of the bacteria that are up or downregulated in response to experimental manipulation. 

Future research could investigate the metabolites or genetic pathways affected by 

Lacidofil® and the Western diet to understand better how these manipulations affect host 

physiology, utilizing tools compatible with 16S rRNA gene sequence data such as 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt2; Douglas et al., 2020).  PICRUSt2 utilizes 16S rRNA sequencing data to 

predict metagenomes and their function (Douglas et al., 2020). Lastly, statistical power in 

microbiome research is also an issue (R. J. Moore & Stanley, 2016). Many animal studies 

work with small numbers, and while these numbers are sufficient for many behavioural 

and molecular outcomes, this does not appear to be true of microbiota analyses (R. J. Moore 

& Stanley, 2016). 
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OVERALL INTERPRETATION 

The studies included in this dissertation demonstrate that the probiotic Lacidofil® 

does impact some maternal and offspring outcomes but that this probiotic treatment does 

not target specific things affected by Western diet administration. This is evidenced by the 

main effects of probiotic treatment and the main effects of the Western diet, with little 

interaction between these experimental manipulations. This may again be a case for next-

generation probiotics chosen for their ability to produce specific metabolites to confer 

benefits aimed towards mitigating specific health concerns. 

CONCLUDING STATEMENT 

When Barker and Osmond originally published their 1986 study, which would 

eventually give rise to the field of research known as the developmental origins of health 

and disease (DOHaD), it focused on how early insults in utero compromised the health of 

a generation. As such, the DOHaD hypothesis was initially called the fetal origins of health 

and disease hypothesis. Although the field of DOHaD research continues to grow and 

expand, there still seems to be a need for more research focusing on maternal health 

outcomes. If anything, I hope that the research in this thesis shows that maternal health 

should be further studied for its implications for the mother herself, in addition to offspring 

outcomes. My findings demonstrate that although probiotics have some effects on maternal 

behaviour, microbiota and offspring programming, maternal diet overwhelmingly 

influences health.  

The perinatal period is a vulnerable time, and many unique diseases and disorders 

affect maternal health. Therefore, maternal health and wellness should be a primary focus 
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of DOHaD research. Pregnancy, although a natural occurrence, does bring the potential for 

many complications and health consequences, as discussed throughout this work. These 

complications not only affect the mother and her future health but may have lasting 

ramifications for the health of another generation. Furthermore, if researchers want to 

promote gut-brain health, this and other studies (Everard et al., 2014; Liang et al., 2021; Y. 

Liu et al., 2019; T. Wang et al., 2020; Q.-X. Zheng et al., 2021) demonstrate that diet is a 

huge factor in shaping the microbiome. For their part, probiotics and their applications 

must continue to be researched to determine the extent and therapeutic value of their 

effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 183 

BIBLIOGRAPHY 

[1] Abid, R., Waseem, H., Ali, J., Ghazanfar, S., Muhammad Ali, G., Elasbali, A. M., & 
Alharethi, S. H. (2022). Probiotic Yeast Saccharomyces: Back to Nature to Improve 
Human Health. Journal of Fungi, 8(5), 444. https://doi.org/10.3390/jof8050444 

 
[2] Abuaish, S., Spinieli, R. L., & McGowan, P. O. (2018). Perinatal high fat diet 

induces early activation of endocrine stress responsivity and anxiety-like behavior in 
neonates. Psychoneuroendocrinology, 98, 11–21. 
https://doi.org/10.1016/j.psyneuen.2018.08.003 

 
[3] Agostoni, C. (2010). Docosahexaenoic acid (DHA): From the maternal–foetal dyad 

to the complementary feeding period. Early Human Development, 86(1), 3–6. 
https://doi.org/10.1016/j.earlhumdev.2010.01.003 

 
[4] Ahmadi, S., Wang, S., Nagpal, R., Wang, B., Jain, S., Razazan, A., Mishra, S. P., 

Zhu, X., Wang, Z., Kavanagh, K., & Yadav, H. (2020). A human-origin probiotic 
cocktail ameliorates aging-related leaky gut and inflammation via modulating the 
microbiota/taurine/tight junction axis. JCI Insight, 5(9), e132055. 
https://doi.org/10.1172/jci.insight.132055 

 
[5] Ait-Belgnaoui, A., Durand, H., Cartier, C., Chaumaz, G., Eutamene, H., Ferrier, L., 

Houdeau, E., Fioramonti, J., Bueno, L., & Theodorou, V. (2012). Prevention of gut 
leakiness by a probiotic treatment leads to attenuated HPA response to an acute 
psychological stress in rats. Psychoneuroendocrinology, 37(11), 1885–1895. 
https://doi.org/10.1016/j.psyneuen.2012.03.024 

 
[6] Ait-Belgnaoui, A., Payard, I., Rolland, C., Harkat, C., Braniste, V., Théodorou, V., 

& Tompkins, T. A. (2018). Bifidobacterium longum and Lactobacillus helveticus 
Synergistically Suppress Stress-related Visceral Hypersensitivity Through 
Hypothalamic-Pituitary-Adrenal Axis Modulation. Journal of 
Neurogastroenterology and Motility, 24(1), 138–146. 
https://doi.org/10.5056/jnm16167 

 
[7] Alexander, A. D., Orcutt, R. P., Henry, J. C., Baker, J., Bissahoyo, A. C., & 

Threadgill, D. W. (2006). Quantitative PCR assays for mouse enteric flora reveal 
strain-dependent differences in composition that are influenced by the 
microenvironment. Mammalian Genome, 17(11), 1093–1104. 
https://doi.org/10.1007/s00335-006-0063-1 

 
[8] Al-muzafar, H. M., & Amin, K. A. (2017). Probiotic mixture improves fatty liver 

disease by virtue of its action on lipid profiles, leptin, and inflammatory biomarkers. 
BMC Complementary and Alternative Medicine, 17(1), 43. 
https://doi.org/10.1186/s12906-016-1540-z 

 



 

 184 

[9] Alonso, L., Cuesta, E. P., & Gilliland, S. E. (2003). Production of Free Conjugated 
Linoleic Acid by Lactobacillus acidophilus and Lactobacillus casei of Human 
Intestinal Origin. Journal of Dairy Science, 86(6), 1941–1946. 
https://doi.org/10.3168/jds.S0022-0302(03)73781-3 

 
[10] Amir, A., McDonald, D., Navas-Molina, J. A., Kopylova, E., Morton, J. T., Zech 

Xu, Z., Kightley, E. P., Thompson, L. R., Hyde, E. R., Gonzalez, A., & Knight, R. 
(2017). Deblur Rapidly Resolves Single-Nucleotide Community Sequence Patterns. 
mSystems, 2(2), e00191-16. https://doi.org/10.1128/mSystems.00191-16 

 
[11] Amirpour, M., Fanaei, H., Karajibani, M., Montazerifar, F., & Dashipour, A. (2020). 

Beneficial effect of symbiotic supplementation during pregnancy in high fat diet-
induced metabolic disorder in rats: Role of Chemerin. Obesity Medicine, 19, 100247. 
https://doi.org/10.1016/j.obmed.2020.100247 

 
[12] André, P., Laugerette, F., & Féart, C. (2019). Metabolic Endotoxemia: A Potential 

Underlying Mechanism of the Relationship between Dietary Fat Intake and Risk for 
Cognitive Impairments in Humans? Nutrients, 11(8), 1887. 
https://doi.org/10.3390/nu11081887 

 
[13] Andreas, N. J., Hyde, M. J., Gale, C., Parkinson, J. R. C., Jeffries, S., Holmes, E., & 

Modi, N. (2014). Effect of Maternal Body Mass Index on Hormones in Breast Milk: 
A Systematic Review. PLoS ONE, 9(12), e115043. 
https://doi.org/10.1371/journal.pone.0115043 

 
[14] Antonakou, A., Skenderi, K. P., Chiou, A., Anastasiou, C. A., Bakoula, C., & 

Matalas, A.-L. (2013). Breast milk fat concentration and fatty acid pattern during the 
first six months in exclusively breastfeeding Greek women. European Journal of 
Nutrition, 52(3), 963–973. https://doi.org/10.1007/s00394-012-0403-8 

 
[15] Anukam, K. C., Osazuwa, E. O., & Reid, G. (2005). Improved appetite of pregnant 

rats and increased birth weight of newborns following feeding with probiotic 
Lactobacillus rhamnosus GR-1 and L. fermentum RC-14. 5(1). 
https://doi.org/10.1089/1096620041224166 

 
[16] Anukam, K. C., Osazuwa, E., Osemene, G. I., Ehigiagbe, F., Bruce, A. W., & Reid, 

G. (2006). Clinical study comparing probiotic Lactobacillus GR-1 and RC-14 with 
metronidazole vaginal gel to treat symptomatic bacterial vaginosis. Microbes and 
Infection, 8(12–13), 2772–2776. https://doi.org/10.1016/j.micinf.2006.08.008 

 
[17] Asano, Y., Hiramoto, T., Nishino, R., Aiba, Y., Kimura, T., Yoshihara, K., Koga, Y., 

& Sudo, N. (2012). Critical role of gut microbiota in the production of biologically 
active, free catecholamines in the gut lumen of mice. American Journal of 
Physiology-Gastrointestinal and Liver Physiology, 303(11), G1288–G1295. 
https://doi.org/10.1152/ajpgi.00341.2012 

 



 

 185 

[18] Asemi, Z., Jazayeri, S., Najafi, M., Samimi, M., Mofid, V., Shidfar, F., Shakeri, H., 
& Esmaillzadeh, A. (2012). Effect of Daily Consumption of Probiotic Yogurt on 
Oxidative Stress in Pregnant Women: A Randomized Controlled Clinical Trial. 
Annals of Nutrition and Metabolism, 60(1), 62–68. 
https://doi.org/10.1159/000335468 

 
[19] Atzeni, A., Bastiaanssen, T. F. S., Cryan, J. F., Tinahones, F. J., Vioque, J., Corella, 

D., Fitó, M., Vidal, J., Moreno-Indias, I., Gómez-Pérez, A. M., Torres-Collado, L., 
Coltell, O., Castañer, O., Bulló, M., & Salas-Salvadó, J. (2022). Taxonomic and 
Functional Fecal Microbiota Signatures Associated With Insulin Resistance in Non-
Diabetic Subjects With Overweight/Obesity Within the Frame of the PREDIMED-
Plus Study. Frontiers in Endocrinology, 13, 804455. 
https://doi.org/10.3389/fendo.2022.804455 

 
[20] Bado, A., Levasseur, S., Attoub, S., Kermorgant, S., Laigneau, J.-P., Bortoluzzi, M.-

N., Moizo, L., Lehy, T., Guerre-Millo, M., Le Marchand-Brustel, Y., & Lewin, 
Miguel. J. M. (1998). The stomach is a source of leptin. Nature, 394(6695), 790–
793. https://doi.org/10.1038/29547 

 
[21] Bagga, D., Reichert, J. L., Koschutnig, K., Aigner, C. S., Holzer, P., Koskinen, K., 

Moissl-Eichinger, C., & Schöpf, V. (2018). Probiotics drive gut microbiome 
triggering emotional brain signatures. Gut Microbes, 1–11. 
https://doi.org/10.1080/19490976.2018.1460015 

 
[22] Bailey, M. T., & Coe, C. L. (1999). Maternal separation disrupts the integrity of the 

intestinal microflora in infant rhesus monkeys. Developmental Psychobiology, 35(2), 
146–155. https://doi.org/10.1002/(SICI)1098-2302(199909)35:2<146::AID-
DEV7>3.0.CO;2-G 

 
[23] Baker, J. M., Al-Nakkash, L., & Herbst-Kralovetz, M. M. (2017). Estrogen–gut 

microbiome axis: Physiological and clinical implications. Maturitas, 103, 45–53. 
https://doi.org/10.1016/j.maturitas.2017.06.025 

 
[24] Bamberger, C. M., Schulte, H. M., & Chrousos, G. P. (1996). Molecular 

Determinants of Glucocorticoid Receptor Function and Tissue Sensitivity to 
Glucocorticoids. Endocrine Reviews, 17(3), 245–261. https://doi.org/10.1210/edrv-
17-3-245 

 
[25] Barker, D. J. (1990). The fetal and infant origins of adult disease. BMJ: British 

Medical Journal, 301(6761), 1111. https://doi.org/10.1136/bmj.301.6761.1111 
 
[26] Barker, D. J. P. (2004). The Developmental Origins of Adult Disease. Journal of the 

American College of Nutrition, 23(6), 588S-595S. 
https://doi.org/10.1080/07315724.2004.10719428 

 



 

 186 

[27] Barker, D. J. P., & Osmond, C. (1986). Infant mortality, childhood nutrition, and 
ischaemic heart disease in England and Wales. The Lancet, 327(8489), 1077–1081. 
https://doi.org/10.1016/S0140-6736(86)91340-1 

 
[28] Barker, D. J. P., Osmond, C., Winter, P. D., Margetts, B., & Simmonds, S. J. (1989). 

Weight in infancy and death from ischaemic heart disease. The Lancet, 334(8663), 
577–580. https://doi.org/10.1016/S0140-6736(89)90710-1 

 
[29] Barrett, H., Gomez-Arango, L., Wilkinson, S., McIntyre, H., Callaway, L., Morrison, 

M., & Dekker Nitert, M. (2018). A Vegetarian Diet Is a Major Determinant of Gut 
Microbiota Composition in Early Pregnancy. Nutrients, 10(7), 890. 
https://doi.org/10.3390/nu10070890 

 
[30] Barrientos, G., Ronchi, F., & Conrad, M. L. (2024). Nutrition during pregnancy: 

Influence on the gut microbiome and fetal development. American Journal of 
Reproductive Immunology, 91(1), e13802. https://doi.org/10.1111/aji.13802 

 
[31] Barthow, C., Wickens, K., Stanley, T., Mitchell, E. A., Maude, R., Abels, P., Purdie, 

G., Murphy, R., Stone, P., Kang, J., Hood, F., Rowden, J., Barnes, P., Fitzharris, P., 
Craig, J., Slykerman, R. F., & Crane, J. (2016). The Probiotics in Pregnancy Study 
(PiP Study): Rationale and design of a double-blind randomised controlled trial to 
improve maternal health during pregnancy and prevent infant eczema and allergy. 
BMC Pregnancy and Childbirth, 16(1), 133.  
https://doi.org/10.1186/s12884-016-0923-y 

 
[32] Baskin, R., Hill, B., Jacka, F. N., O’Neil, A., & Skouteris, H. (2015). The association 

between diet quality and mental health during the perinatal period. A systematic 
review. Appetite, 91, 41–47. https://doi.org/10.1016/j.appet.2015.03.017 

 
[33] Bautista, C. J., Boeck, L., Larrea, F., Nathanielsz, P. W., & Zambrano, E. (2008). 

Effects of a Maternal Low Protein Isocaloric Diet on Milk Leptin and Progeny 
Serum Leptin Concentration and Appetitive Behavior in the First 21 Days of 
Neonatal Life in the Rat. Pediatric Research, 63(4), 358–363. 
https://doi.org/10.1203/01.pdr.0000304938.78998.21 

 
[34] Beery, A. K. (2018). Inclusion of females does not increase variability in rodent 

research studies. Current Opinion in Behavioral Sciences, 23, 143–149. 
https://doi.org/10.1016/j.cobeha.2018.06.016 

 
[35] Beery, A. K., & Zucker, I. (2011). Sex bias in neuroscience and biomedical research. 

Neuroscience & Biobehavioral Reviews, 35(3), 565–572. 
https://doi.org/10.1016/j.neubiorev.2010.07.002 

 
 
 



 

 187 

[36] Belguesmia, Y., Alard, J., Mendil, R., Ravallec, R., Grangette, C., Drider, D., & 
Cudennec, B. (2019). In vitro probiotic properties of selected lactobacilli and multi-
strain consortium on immune function, gut barrier strengthening and gut hormone 
secretion. Journal of Functional Foods, 57, 382–391. 
https://doi.org/10.1016/j.jff.2019.04.028 

 
[37] Bellisario, V., Berry, A., Capoccia, S., Raggi, C., Panetta, P., Branchi, I., Piccaro, 

G., Giorgio, M., Pelicci, P. G., & Cirulli, F. (2014). Gender-dependent resiliency to 
stressful and metabolic challenges following prenatal exposure to high-fat diet in the 
p66Shc−/− mouse. Frontiers in Behavioral Neuroscience, 8, 285. 
https://doi.org/10.3389/fnbeh.2014.00285 

 
[38] Bellisario, V., Panetta, P., Balsevich, G., Baumann, V., Noble, J., Raggi, C., Nathan, 

O., Berry, A., Seckl, J., Schmidt, M., Holmes, M., & Cirulli, F. (2015). Maternal 
high-fat diet acts as a stressor increasing maternal glucocorticoids’ signaling to the 
fetus and disrupting maternal behavior and brain activation in C57BL/6J mice. 
Psychoneuroendocrinology, 60, 138–150. 
https://doi.org/10.1016/j.psyneuen.2015.06.012 

 
[39] Benson, A. K., Kelly, S. A., Legge, R., Ma, F., Low, S. J., Kim, J., Zhang, M., Oh, 

P. L., Nehrenberg, D., Hua, K., Kachman, S. D., Moriyama, E. N., Walter, J., 
Peterson, D. A., & Pomp, D. (2010). Individuality in gut microbiota composition is a 
complex polygenic trait shaped by multiple environmental and host genetic factors. 
Proceedings of the National Academy of Sciences, 107(44), 18933–18938. 
https://doi.org/10.1073/pnas.1007028107 

 
[40] Berg, A. H., & Scherer, P. E. (2005). Adipose Tissue, Inflammation, and 

Cardiovascular Disease. Circulation Research, 96(9), 939–949. 
https://doi.org/10.1161/01.RES.0000163635.62927.34 

 
[41] Bernardi, J. R., Escobar, R. D. S., Ferreira, C. F., & Silveira, P. P. (2012). Fetal and 

Neonatal Levels of Omega-3: Effects on Neurodevelopment, Nutrition, and Growth. 
The Scientific World Journal, 2012, 1–8. https://doi.org/10.1100/2012/202473 

 
[42] Bernbom, N., Nørrung, B., Saadbye, P., Mølbak, L., Vogensen, F. K., & Licht, T. R. 

(2006). Comparison of methods and animal models commonly used for investigation 
of fecal microbiota: Effects of time, host and gender. Journal of Microbiological 
Methods, 66(1), 87–95. https://doi.org/10.1016/j.mimet.2005.10.014 

 
[43] Berti, C., Agostoni, C., Davanzo, R., Hyppönen, E., Isolauri, E., Meltzer, H. M., 

Steegers-Theunissen, R. P. M., & Cetin, I. (2017). Early-life nutritional exposures 
and lifelong health: Immediate and long-lasting impacts of probiotics, vitamin D, 
and breastfeeding. Nutrition Reviews, 75(2), 83–97. 
https://doi.org/10.1093/nutrit/nuw056 

 



 

 188 

[44] Berti, C., Cetin, I., Agostoni, C., Desoye, G., Devlieger, R., Emmett, P. M., 
Ensenauer, R., Hauner, H., Herrera, E., Hoesli, I., Krauss-Etschmann, S., Olsen, S. 
F., Schaefer-Graf, U., Schiessl, B., Symonds, M. E., & Koletzko, B. (2016). 
Pregnancy and Infants’ Outcome: Nutritional and Metabolic Implications. Critical 
Reviews in Food Science and Nutrition, 56(1), 82–91. 
https://doi.org/10.1080/10408398.2012.745477 

 
[45] Biaggi, A., Conroy, S., Pawlby, S., & Pariante, C. M. (2016). Identifying the women 

at risk of antenatal anxiety and depression: A systematic review. Journal of Affective 
Disorders, 191, 62–77. https://doi.org/10.1016/j.jad.2015.11.014 

 
[46] Bilal, M., Ashraf, S., & Zhao, X. (2022). Dietary Component-Induced Inflammation 

and Its Amelioration by Prebiotics, Probiotics, and Synbiotics. Frontiers in 
Nutrition, 9, 931458. https://doi.org/10.3389/fnut.2022.931458 

 
[47] Bisanz, J. E., Enos, M. K., PrayGod, G., Seney, S., Macklaim, J. M., Chilton, S., 

Willner, D., Knight, R., Fusch, C., Fusch, G., Gloor, G. B., Burton, J. P., & Reid, G. 
(2015). Microbiota at Multiple Body Sites during Pregnancy in a Rural Tanzanian 
Population and Effects of Moringa-Supplemented Probiotic Yogurt. Applied and 
Environmental Microbiology, 81(15), 4965–4975. 
https://doi.org/10.1128/AEM.00780-15 

 
[48] Boath, E., Bradley, E., & Henshaw, C. (2004). Women’s views of antidepressants in 

the treatment of postnatal depression. Journal of Psychosomatic Obstetrics & 
Gynecology, 25(3–4), 221–233. https://doi.org/10.1080/01674820400017889 

 
[49] Bolton, J. L., Wiley, M. G., Ryan, B., Truong, S., Strait, M., Baker, D. C., Yang, N. 

Y., Ilkayeva, O., O’Connell, T. M., Wroth, S. W., Sánchez, C. L., Swamy, G., 
Newgard, C., Kuhn, C., Bilbo, S. D., & Simmons, L. A. (2017). Perinatal western‐
type diet and associated gestational weight gain alter postpartum maternal mood. 
Brain and Behavior, 7(10), e00828. https://doi.org/10.1002/brb3.828 

 
[50] Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, 

G. A., Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., 
Bittinger, K., Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-
Rodríguez, A. M., Chase, J., … Caporaso, J. G. (2019). Reproducible, interactive, 
scalable and extensible microbiome data science using QIIME 2. Nature 
Biotechnology, 37(8), 852–857. https://doi.org/10.1038/s41587-019-0209-9 

 
[51] Bonaz, B., Bazin, T., & Pellissier, S. (2018). The Vagus Nerve at the Interface of the 

Microbiota-Gut-Brain Axis. Frontiers in Neuroscience, 12, 49. 
https://doi.org/10.3389/fnins.2018.00049 

 
 
 



 

 189 

[52] Bonfim, T. H. F. D., Tavares, R. L., De Vasconcelos, M. H. A., Gouveia, M., Nunes, 
P. C., Soares, N. L., Alves, R. C., De Carvalho, J. L. P., Alves, A. F., Pereira, R. D. 
A., Cardoso, G. A., Silva, A. S., & Aquino, J. D. S. (2021). Potentially obesogenic 
diets alter metabolic and neurobehavioural parameters in Wistar rats: A comparison 
between two dietary models. Journal of Affective Disorders, 279, 451–461. 
https://doi.org/10.1016/j.jad.2020.10.034 

 
[53] Boo, N. Y. (2008). Risk factors associated with low birth weight infants in the 

Malaysian population. 63(4), 306–310. 
 
[54] Bortolin, R. C., Vargas, A. R., Gasparotto, J., Chaves, P. R., Schnorr, C. E., 

Martinello, K. B., Silveira, A. K., Rabelo, T. K., Gelain, D. P., & Moreira, J. C. F. 
(2018). A new animal diet based on human Western diet is a robust diet-induced 
obesity model: Comparison to high-fat and cafeteria diets in term of metabolic and 
gut microbiota disruption. International Journal of Obesity, 42(3), 525–534. 
https://doi.org/10.1038/ijo.2017.225 

 
[55] Bouchard, C. (1887). Leçons sur les auto-intoxications dans les maladies, professées 

a la faculté de médecine de Paris pendant l’année 1885. Librairie F. Savy. 
 
[56] Bouret, S. G. (2010). Neurodevelopmental actions of leptin. Brain Research, 1350, 

2–9. https://doi.org/10.1016/j.brainres.2010.04.011 
 
[57] Bowerman, K. L., Knowles, S. C. L., Bradley, J. E., Baltrūnaitė, L., Lynch, M. D. J., 

Jones, K. M., & Hugenholtz, P. (2021). Effects of laboratory domestication on the 
rodent gut microbiome. ISME Communications, 1(1), 49. 
https://doi.org/10.1038/s43705-021-00053-9 

 
[58] Brantsæter, A. L., Haugen, M., Samuelsen, S. O., Torjusen, H., Trogstad, L., 

Alexander, J., Magnus, P., & Meltzer, H. M. (2009). A Dietary Pattern Characterized 
by High Intake of Vegetables, Fruits, and Vegetable Oils Is Associated with 
Reduced Risk of Preeclampsia in Nulliparous Pregnant Norwegian Women. The 
Journal of Nutrition, 139(6), 1162–1168. https://doi.org/10.3945/jn.109.104968 

 
[59] Brantsaeter, A. L., Myhre, R., Haugen, M., Myking, S., Sengpiel, V., Magnus, P., 

Jacobsson, B., & Meltzer, H. M. (2011). Intake of Probiotic Food and Risk of 
Preeclampsia in Primiparous Women: The Norwegian Mother and Child Cohort 
Study. American Journal of Epidemiology, 174(7), 807–815. 
https://doi.org/10.1093/aje/kwr168 

 
[60] Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. 

G., Bienenstock, J., & Cryan, J. F. (2011). Ingestion of Lactobacillus strain regulates 
emotional behavior and central GABA receptor expression in a mouse via the vagus 
nerve. Proceedings of the National Academy of Sciences, 108(38), 16050–16055. 
https://doi.org/10.1073/pnas.1102999108 

 



 

 190 

[61] Brown, H. L., & Smith, G. N. (2020). Pregnancy Complications, Cardiovascular 
Risk Factors, and Future Heart Disease. Obstetrics and Gynecology Clinics of North 
America, 47(3), 487–495. https://doi.org/10.1016/j.ogc.2020.04.009 

 
[62] Brown, R. W., Diaz, R., Robson, A. C., Kotelevtsev, Y. V., Mullins, J. J., Kaufman, 

M. H., & Seckl, J. R. (1996). The ontogeny of 11 betahydroxysteroid dehydrogenase 
type 2 and mineralocorticoid receptor gene expression reveal intricate control of 
glucocorticoid action in development. Endocrinology, 137(2), 794–797. 
https://doi.org/10.1210/endo.137.2.8593833 

 
[63] Brzozowski, T., Konturek, P. C., Mierzwa, M., Drozdowicz, D., Bielanski, W., 

Kwiecien, S., Konturek, S. J., Stachura, J., Pawlik, W. W., & Hahn, E. G. (2006). 
Effect of Probiotics and Triple Eradication Therapy on the Cyclooxygenase (COX)‐2 
Expression, Apoptosis, and Functional Gastric Mucosal Impairment in Helicobacter 
pylori ‐Infected Mongolian Gerbils. Helicobacter, 11(1), 10–20. 
https://doi.org/10.1111/j.0083-8703.2006.00373.x 

 
[64] Burke, S. J., Batdorf, H. M., Eder, A. E., Karlstad, M. D., Burk, D. H., Noland, R. 

C., Floyd, Z. E., & Collier, J. J. (2017). Oral Corticosterone Administration Reduces 
Insulitis but Promotes Insulin Resistance and Hyperglycemia in Male Nonobese 
Diabetic Mice. The American Journal of Pathology, 187(3), 614–626. 
https://doi.org/10.1016/j.ajpath.2016.11.009 

 
[65] Buscato, M., Davezac, M., Zahreddine, R., Adlanmerini, M., Métivier, R., Fillet, M., 

Cobraiville, G., Moro, C., Foidart, J.-M., Lenfant, F., Gourdy, P., Arnal, J.-F., & 
Fontaine, C. (2021). Estetrol prevents Western diet–induced obesity and atheroma 
independently of hepatic estrogen receptor α. American Journal of Physiology-
Endocrinology and Metabolism, 320(1), E19–E29. 
https://doi.org/10.1152/ajpendo.00211.2020 

 
[66] Buts, J. P., De Keyser, N., Sokal, E. M., & Marandi, S. (1997). Oral insulin is 

biologically active on rat immature enterocytes. Journal of Pediatric 
Gastroenterology and Nutrition, 25(2), 230–232. https://doi.org/10.1097/00005176-
199708000-00020 

 
[67] Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., & Meaney, M. 

J. (1998). Maternal care during infancy regulates the development of neural systems 
mediating the expression of fearfulness in the rat. Proceedings of the National 
Academy of Sciences, 95(9), 5335–5340. https://doi.org/10.1073/pnas.95.9.5335 

 
[68] Callaghan, B. L., Cowan, C. S. M., & Richardson, R. (2016). Treating Generational 

Stress: Effect of Paternal Stress on Development of Memory and Extinction in 
Offspring Is Reversed by Probiotic Treatment. Psychological Science, 27(9), 1171–
1180. https://doi.org/10.1177/0956797616653103 

 



 

 191 

[69] Callaghan, B. L., & Tottenham, N. (2016). The Stress Acceleration Hypothesis: 
Effects of early-life adversity on emotion circuits and behavior. Current Opinion in 
Behavioral Sciences, 7, 76–81. https://doi.org/10.1016/j.cobeha.2015.11.018 

 
[70] Callaway, L. K., Lawlor, D. A., O’Callaghan, M., Williams, G. M., Najman, J. M., 

& McIntyre, H. D. (2007). Diabetes mellitus in the 21 years after a pregnancy that 
was complicated by hypertension: Findings from a prospective cohort study. 
American Journal of Obstetrics and Gynecology, 197(5), 492.e1-492.e7. 
https://doi.org/10.1016/j.ajog.2007.03.033 

 
[71] Campbell, S. J., Hughes, P. M., Iredale, J. P., Wilcockson, D. C., Waters, S., 

Docagne, F., Perry, V. H., & Anthony, D. C. (2003). CINC-1 is an acute-phase 
protein induced by focal brain injury causing leukocyte mobilization and liver injury. 
The FASEB Journal, 17(9), 1168–1170. https://doi.org/10.1096/fj.02-0757fje 

 
[72] Campeotto, F., Suau, A., Kapel, N., Magne, F., Viallon, V., Ferraris, L., Waligora-

Dupriet, A.-J., Soulaines, P., Leroux, B., Kalach, N., Dupont, C., & Butel, M.-J. 
(2011). A fermented formula in pre-term infants: Clinical tolerance, gut microbiota, 
down-regulation of faecal calprotectin and up-regulation of faecal secretory IgA. 
British Journal of Nutrition, 105(12), 1843–1851. 
https://doi.org/10.1017/S0007114510005702 

 
[73] Canevari, L., & Clark, J. B. (2007). Alzheimer’s Disease and Cholesterol: The Fat 

Connection. Neurochemical Research, 32(4–5), 739–750. 
https://doi.org/10.1007/s11064-006-9200-1 

 
[74] Cani, P. D., Neyrinck, A. M., Fava, F., Knauf, C., Burcelin, R. G., Tuohy, K. M., 

Gibson, G. R., & Delzenne, N. M. (2007). Selective increases of bifidobacteria in 
gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism 
associated with endotoxaemia. Diabetologia, 50(11), 2374–2383. 
https://doi.org/10.1007/s00125-007-0791-0 

 
[75] Caprio, S., Tamborlane, W. V., Silver, D., Robinson, C., Leibel, R., McCarthy, S., 

Grozman, A., Belous, A., Maggs, D., & Sherwin, R. S. (1996). Hyperleptinemia: An 
early sign of juvenile obesity. Relations to body fat depots and insulin 
concentrations. American Journal of Physiology-Endocrinology and Metabolism, 
271(3), E626–E630. https://doi.org/10.1152/ajpendo.1996.271.3.E626 

 
[76] Caron, J., Domenger, D., Dhulster, P., Ravallec, R., & Cudennec, B. (2017). Protein 

Digestion-Derived Peptides and the Peripheral Regulation of Food Intake. Frontiers 
in Endocrinology, 8, 85. https://doi.org/10.3389/fendo.2017.00085 

 
 
 
 



 

 192 

[77] Carvalho, B. M., Guadagnini, D., Tsukumo, D. M. L., Schenka, A. A., Latuf-Filho, 
P., Vassallo, J., Dias, J. C., Kubota, L. T., Carvalheira, J. B. C., & Saad, M. J. A. 
(2012). Modulation of gut microbiota by antibiotics improves insulin signalling in 
high-fat fed mice. Diabetologia, 55(10), 2823–2834.  
https://doi.org/10.1007/s00125-012-2648-4 

 
[78] Casabiell, X., Pineiro, V., Tome, M., Peino, R., Dieguez, C., & Casanueva, F. 

(1997). Presence of leptin in colostrum and/or breast milk from lactating mothers: A 
potential role in the regulation of neonatal food intake. The Journal of Clinical 
Endocrinology & Metabolism, 82(12), 4270–4273. 

 
[79] Castro, H., Pomar, C. A., Palou, A., Picó, C., & Sánchez, J. (2017). Offspring 

predisposition to obesity due to maternal‐diet‐induced obesity in rats is preventable 
by dietary normalization before mating. Molecular Nutrition & Food Research, 
61(3), 1600513. https://doi.org/10.1002/mnfr.201600513 

 
[80] Catorce, M. N., & Gevorkian, G. (2016). LPS-induced Murine Neuroinflammation 

Model: Main Features and Suitability for Pre-clinical Assessment of Nutraceuticals. 
Current Neuropharmacology, 14(2), 155–164. 
https://doi.org/10.2174/1570159X14666151204122017 

 
[81] Cavallini, D. C., Suzuki, J. Y., Abdalla, D. S., Vendramini, R. C., Pauly-Silveira, N. 

D., Roselino, M. N., Pinto, R. A., & Rossi, E. A. (2011). Influence of a probiotic soy 
product on fecal microbiota and its association with cardiovascular risk factors in an 
animal model. Lipids in Health and Disease, 10(1), 126. 
https://doi.org/10.1186/1476-511X-10-126 

 
[82] Cetin, I., Berti, C., & Calabrese, S. (2010). Role of micronutrients in the 

periconceptional period. Human Reproduction Update, 16(1), 80–95. 
https://doi.org/10.1093/humupd/dmp025 

 
[83] Chabrol, H., Teissedre, F., Armitage, J., Danel, M., & Walburg, V. (2004). 

Acceptability of psychotherapy and antidepressants for postnatal depression among 
newly delivered mothers. Journal of Reproductive and Infant Psychology, 22(1), 5–
12. https://doi.org/10.1080/02646830310001643094 

 
[84] Champagne, F. A., Francis, D. D., Mar, A., & Meaney, M. J. (2003). Variations in 

maternal care in the rat as a mediating influence for the effects of environment on 
development. Physiology & Behavior, 79(3), 359–371. 
https://doi.org/10.1016/S0031-9384(03)00149-5 

 
[85] Champagne, F. A., Weaver, I. C. G., Diorio, J., Sharma, S., & Meaney, M. J. (2003). 

Natural Variations in Maternal Care Are Associated with Estrogen Receptor α 
Expression and Estrogen Sensitivity in the Medial Preoptic Area. Endocrinology, 
144(11), 4720–4724. https://doi.org/10.1210/en.2003-0564 

 



 

 193 

[86] Champagne, F., Diorio, J., Sharma, S., & Meaney, M. J. (2001). Naturally occurring 
variations in maternal behavior in the rat are associated with differences in estrogen-
inducible central oxytocin receptors. Proceedings of the National Academy of 
Sciences, 98(22), 12736–12741. https://doi.org/10.1073/pnas.221224598 

 
[87] Chan, D., Goruk, S., Becker, A. B., Subbarao, P., Mandhane, P. J., Turvey, S. E., 

Lefebvre, D., Sears, M. R., the CHILD Study Investigators, Field, C. J., & Azad, M. 
B. (2018). Adiponectin, leptin and insulin in breast milk: Associations with maternal 
characteristics and infant body composition in the first year of life. International 
Journal of Obesity, 42(1), 36–43. https://doi.org/10.1038/ijo.2017.189 

 
[88] Chang, C.-Y., Ke, D.-S., & Chen, J.-Y. (2009). Essential fatty acids and human 

brain. Acta Neurol Taiwan, 18(4), 231–241. 
 
[89] Chatmethakul, T., Schmelzel, M. L., Johnson, K. J., Walker, J. R., Santillan, D. A., 

Colaizy, T. T., & Roghair, R. D. (2022). Postnatal Leptin Levels Correlate with 
Breast Milk Leptin Content in Infants Born before 32 Weeks Gestation. Nutrients, 
14(24), 5224. https://doi.org/10.3390/nu14245224 

 
[90] Chen, X., Jiang, X., Huang, X., He, H., & Zheng, J. (2020). Association between 

Probiotic Yogurt Intake and Gestational Diabetes Mellitus: A Case-Control Study. 
Iranian Journal of Public Health, 48(7), 1248. 
https://doi.org/10.18502/ijph.v48i7.2946 

 
[91] Chen, X., Zhao, D., Mao, X., Xia, Y., Baker, P., & Zhang, H. (2016). Maternal 

Dietary Patterns and Pregnancy Outcome. Nutrients, 8(6), 351. 
https://doi.org/10.3390/nu8060351 

 
[92] Chen, Y., Li, Z., Tye, K. D., Luo, H., Tang, X., Liao, Y., Wang, D., Zhou, J., Yang, 

P., Li, Y., Su, Y., & Xiao, X. (2019). Probiotic Supplementation During Human 
Pregnancy Affects the Gut Microbiota and Immune Status. Frontiers in Cellular and 
Infection Microbiology, 9, 254. https://doi.org/10.3389/fcimb.2019.00254 

 
[93] Chen, Y., Wang, J., Yang, S., Utturkar, S., Crodian, J., Cummings, S., 

Thimmapuram, J., San Miguel, P., Kuang, S., Gribskov, M., Plaut, K., & Casey, T. 
(2017). Effect of high-fat diet on secreted milk transcriptome in midlactation mice. 
Physiological Genomics, 49(12), 747–762. 
https://doi.org/10.1152/physiolgenomics.00080.2017 

 
[94] Cho, N. H., Silverman, B. L., Rizzo, T. A., & Metzger, B. E. (2000). Correlations 

between the intrauterine metabolic environment and blood pressure in adolescent 
offspring of diabetic mothers. The Journal of Pediatrics, 136(5), 587–592. 
https://doi.org/10.1067/mpd.2000.105129 

 



 

 194 

[95] Christ, A., Lauterbach, M., & Latz, E. (2019). Western Diet and the Immune 
System: An Inflammatory Connection. Immunity, 51(5), 794–811. 
https://doi.org/10.1016/j.immuni.2019.09.020 

 
[96] Cîmpean, A. M., Raica, M., & Suciu, C. (2007). CD105/Smooth muscle actin double 

immunostaining discriminate between immature and mature tumor blood vessels. 
Romanian Journal of Morphology and Embryology, 48(1), 41–45. 

 
[97] Cinti, S., De Matteis, R., Picó, C., Ceresi, E., Obrador, A., Maffeis, C., Oliver, J., & 

Palou, A. (2000). Secretory granules of endocrine and chief cells of human stomach 
mucosa contain leptin. International Journal of Obesity, 24(6), 789–793. 
https://doi.org/10.1038/sj.ijo.0801228 

 
[98] Codagnone, M. G., Spichak, S., O’Mahony, S. M., O’Leary, O. F., Clarke, G., 

Stanton, C., Dinan, T. G., & Cryan, J. F. (2019). Programming Bugs: Microbiota and 
the Developmental Origins of Brain Health and Disease. Biological Psychiatry, 
85(2), 150–163. https://doi.org/10.1016/j.biopsych.2018.06.014 

 
[99] Čoklo, M., Maslov, D. R., & Kraljević Pavelić, S. (2020). Modulation of gut 

microbiota in healthy rats after exposure to nutritional supplements. Gut Microbes, 
12(1), 1779002. https://doi.org/10.1080/19490976.2020.1779002 

 
[100] Cole, C. B., Fuller, R., Mallet, A. K., & Rowland, I. R. (1985). The influence of 

the host on expression of intestinal microbial enzyme activities involved in 
metabolism of foreign compounds. Journal of Applied Bacteriology, 59, 549–553. 
https://doi.org/10.1111/j.1365-2672.1985.tb03359.x 

 
[101] Collado, M. C., Cernada, M., Baüerl, C., Vento, M., & Pérez-Martínez, G. (2012). 

Microbial ecology and host-microbiota interactions during early life stages. Gut 
Microbes, 3(4), 352–365. https://doi.org/10.4161/gmic.21215 

 
[102] Collado, M. C., Isolauri, E., Laitinen, K., & Salminen, S. (2008). Distinct 

composition of gut microbiota during pregnancy in overweight and normal-weight 
women. The American Journal of Clinical Nutrition, 88(4), 894–899. 
https://doi.org/10.1093/ajcn/88.4.894 

 
[103] Collado, M. C., Isolauri, E., Laitinen, K., & Salminen, S. (2010). Effect of 

mother’s weight on infant’s microbiota acquisition, composition, and activity during 
early infancy: A prospective follow-up study initiated in early pregnancy. The 
American Journal of Clinical Nutrition, 92(5), 1023–1030. 
https://doi.org/10.3945/ajcn.2010.29877 

 
 
 
 



 

 195 

[104] Collado, M. C., Laitinen, K., Salminen, S., & Isolauri, E. (2012). Maternal weight 
and excessive weight gain during pregnancy modify the immunomodulatory 
potential of breast milk. Pediatric Research, 72(1), 77–85. 
https://doi.org/10.1038/pr.2012.42 

 
[105] Comeau, A. M., Douglas, G. M., & Langille, M. G. I. (2017). Microbiome 

Helper: A Custom and Streamlined Workflow for Microbiome Research. mSystems, 
2(1), e00127-16. https://doi.org/10.1128/mSystems.00127-16 

 
[106] Connor, K. L., Bloise, E., DeSantis, T. Z., & Lye, S. J. (2023). Adaptation of the 

gut holobiont to malnutrition during mouse pregnancy depends on the type of 
nutritional adversity. The Journal of Nutritional Biochemistry, 111, 109172. 
https://doi.org/10.1016/j.jnutbio.2022.109172 

 
[107] Connor, K. L., Chehoud, C., Altrichter, A., Chan, L., DeSantis, T. Z., & Lye, S. J. 

(2018). Maternal metabolic, immune, and microbial systems in late pregnancy vary 
with malnutrition in mice. Biology of Reproduction, 98(4), 579–592. 
https://doi.org/10.1093/biolre/ioy002 

 
[108] Connor, K. L., Vickers, M. H., Beltrand, J., Meaney, M. J., & Sloboda, D. M. 

(2012). Nature, nurture or nutrition? Impact of maternal nutrition on maternal care, 
offspring development and reproductive function: Nutritional compromise, maternal 
care and offspring development. The Journal of Physiology, 590(9), 2167–2180. 
https://doi.org/10.1113/jphysiol.2011.223305 

 
[109] Considine, R. V., Kriauciunas, A., Ohannesian, J. P., & Bauer, T. L. (1996). 

Serum Immunoreactive-Leptin Concentrations in Normal-Weight and Obese 
Humans. New England Journal of Medicine, 334(5), 292–295. 
https://doi.org/10.1056/NEJM199602013340503 

 
[110] Cooper, P. J., & Murray, L. (1995). Course and Recurrence of Postnatal 

Depression: Evidence for the Specificity of the Diagnostic Concept. British Journal 
of Psychiatry, 166(2), 191–195. https://doi.org/10.1192/bjp.166.2.191 

 
[111] Cordain, L., Eaton, S. B., Sebastian, A., Mann, N., Lindeberg, S., Watkins, B. A., 

O’Keefe, J. H., & Brand-Miller, J. (2005). Origins and evolution of the Western diet: 
Health implications for the 21st century. The American Journal of Clinical Nutrition, 
81(2), 341–354. https://doi.org/10.1093/ajcn.81.2.341 

 
[112] Cowan, C. S. M., Callaghan, B. L., & Richardson, R. (2016). The effects of a 

probiotic formulation (Lactobacillus rhamnosus and L. helveticus) on developmental 
trajectories of emotional learning in stressed infant rats. Translational Psychiatry, 
6(5), e823–e823. https://doi.org/10.1038/tp.2016.94 

 
 



 

 196 

[113] Cowan, C. S. M., & Richardson, R. (2019). Early‐life stress leads to sex‐
dependent changes in pubertal timing in rats that are reversed by a probiotic 
formulation. Developmental Psychobiology, 61(5), 679–687. 
https://doi.org/10.1002/dev.21765 

 
[114] Dabelea, D. (2007). The Predisposition to Obesity and Diabetes in Offspring of 

Diabetic Mothers. Diabetes Care, 30(Supplement 2), S169–S174. 
https://doi.org/10.2337/dc07-s211 

 
[115] Danaei, G., Singh, G. M., Paciorek, C. J., Lin, J. K., Cowan, M. J., Finucane, M. 

M., Farzadfar, F., Stevens, G. A., Riley, L. M., Lu, Y., Rao, M., & Ezzati, M. 
(2013). The Global Cardiovascular Risk Transition: Associations of Four Metabolic 
Risk Factors with National Income, Urbanization, and Western Diet in 1980 and 
2008. Circulation, 127(14), 1493–1502. 
https://doi.org/10.1161/CIRCULATIONAHA.113.001470 

 
[116] D’Argenio, V., & Salvatore, F. (2015). The role of the gut microbiome in the 

healthy adult status. Clinica Chimica Acta, 451, 97–102. 
https://doi.org/10.1016/j.cca.2015.01.003 

 
[117] Dasanayake, A. P., Li, Y., Wiener, H., Ruby, J. D., & Lee, M.-J. (2005). Salivary 

Actinomyces naeslundii Genospecies 2 and Lactobacillus casei Levels Predict 
Pregnancy Outcomes. Journal of Periodontology, 76(2), 171–177. 
https://doi.org/10.1902/jop.2005.76.2.171 

 
[118] David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., 

Wolfe, B. E., Ling, A. V., Devlin, A. S., Varma, Y., Fischbach, M. A., Biddinger, S. 
B., Dutton, R. J., & Turnbaugh, P. J. (2014). Diet rapidly and reproducibly alters the 
human gut microbiome. Nature, 505(7484), 559–563. 
https://doi.org/10.1038/nature12820 

 
[119] Davidowa, H., Li, Y., & Plagemann, A. (2003). Altered responses to orexigenic 

(AGRP, MCH) and anorexigenic (α‐MSH, CART) neuropeptides of paraventricular 
hypothalamic neurons in early postnatally overfed rats. European Journal of 
Neuroscience, 18(3), 613–621. https://doi.org/10.1046/j.1460-9568.2003.02789.x 

 
[120] Davidowa, H., Ziska, T., & Plagemann, A. (2006). GABA A receptor antagonists 

prevent abnormalities in leptin, insulin and amylin actions on paraventricular 
hypothalamic neurons of overweight rats. European Journal of Neuroscience, 23(5), 
1248–1254. https://doi.org/10.1111/j.1460-9568.2006.04636.x 

 
[121] Davis, L. K., Bolton, J. L., Hanson, H., & Guarraci, F. A. (2020). Modified 

limited bedding and nesting is a model of early-life stress that affects reproductive 
physiology and behavior in female and male Long-Evans rats. Physiology & 
Behavior, 224, 113037. https://doi.org/10.1016/j.physbeh.2020.113037 

 



 

 197 

[122] De Boo, H. A., & Harding, J. E. (2006). The developmental origins of adult 
disease (Barker) hypothesis. The Australian and New Zealand Journal of Obstetrics 
and Gynaecology, 46(1), 4–14. https://doi.org/10.1111/j.1479-828X.2006.00506.x 

 
[123] De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J. B., 

Massart, S., Collini, S., Pieraccini, G., & Lionetti, P. (2010). Impact of diet in 
shaping gut microbiota revealed by a comparative study in children from Europe and 
rural Africa. Proceedings of the National Academy of Sciences, 107(33), 14691–
14696. https://doi.org/10.1073/pnas.1005963107 

 
[124] De Kloet, E. R., Vreugdenhil, E., Oitzl, M. S., & Joëls, M. (1998). Brain 

Corticosteroid Receptor Balance in Health and Disease. Endocrine Reviews, 19(3), 
269–301. https://doi.org/10.1210/edrv.19.3.0331 

 
[125] De Kloet, E. R., Wallach, G., & McEwen, B. S. (1975). Differences in 

Corticosterone and Dexamethasone Binding to Rat Brain and Pituitary. 
Endocrinology, 96(3), 598–609. https://doi.org/10.1210/endo-96-3-598 

 
[126] Deakin, J. F. W. (1998). The role of serotonin in depression and anxiety. 

European Psychiatry, 13(S2), 57s–63s.  
https://doi.org/10.1016/S0924-9338(98)80015-1 

 
[127] Degen, G. H., Janning, P., Diel, P., & Bolt, H. M. (2002). Estrogenic isoflavones 

in rodent diets. Toxicology Letters, 128(1–3), 145–157. 
https://doi.org/10.1016/S0378-4274(02)00009-7 

 
[128] Del Prado, M., Delgado, G., & Villalpando, S. (1997). Maternal Lipid Intake 

During Pregnancy and Lactation Alters Milk Composition and Production and Litter 
Growth in Rats. The Journal of Nutrition, 127(3), 458–462. 
https://doi.org/10.1093/jn/127.3.458 

 
[129] Denenberg, V. H., Taylor, R. E., & Zarrow, M. X. (1969). Maternal Behavior in 

the Rat: An Investigation and Quantification of Nest Building. Behaviour, 34(1/2), 
1–16. 

 
[130] Desbonnet, L., Clarke, G., Traplin, A., O’Sullivan, O., Crispie, F., Moloney, R. 

D., Cotter, P. D., Dinan, T. G., & Cryan, J. F. (2015). Gut microbiota depletion from 
early adolescence in mice: Implications for brain and behaviour. Brain, Behavior, 
and Immunity, 48, 165–173. https://doi.org/10.1016/j.bbi.2015.04.004 

 
[131] Di Simone, N., Santamaria Ortiz, A., Specchia, M., Tersigni, C., Villa, P., 

Gasbarrini, A., Scambia, G., & D’Ippolito, S. (2020). Recent Insights on the 
Maternal Microbiota: Impact on Pregnancy Outcomes. Frontiers in Immunology, 11, 
528202. https://doi.org/10.3389/fimmu.2020.528202 

 



 

 198 

[132] Dinan, T. G., & Cryan, J. F. (2017). Microbes, Immunity, and Behavior: 
Psychoneuroimmunology Meets the Microbiome. Neuropsychopharmacology, 42(1), 
178–192. https://doi.org/10.1038/npp.2016.103 

 
[133] Dobson, G. P., Letson, H. L., Biros, E., & Morris, J. (2019). Specific pathogen-

free (SPF) animal status as a variable in biomedical research: Have we come full 
circle? EBioMedicine, 41, 42–43. https://doi.org/10.1016/j.ebiom.2019.02.038 

 
[134] Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., 

Fierer, N., & Knight, R. (2010). Delivery mode shapes the acquisition and structure 
of the initial microbiota across multiple body habitats in newborns. The Proceedings 
of the National Academy of Sciences, 107(26), 11971–11975. 
https://doi.org/10.1073/pnas.1002601107 

 
[135] Doneray, H., Orbak, Z., & Yildiz, L. (2009). The relationship between breast milk 

leptin and neonatal weight gain. Acta Paediatrica, 98(4), 643–647. 
https://doi.org/10.1111/j.1651-2227.2008.01192.x 

 
[136] Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., 

Taylor, C. M., Huttenhower, C., & Langille, M. G. I. (2020). PICRUSt2 for 
prediction of metagenome functions. Nature Biotechnology, 38(6), 685–688. 
https://doi.org/10.1038/s41587-020-0548-6 

 
[137] Drickamer, L. C. (1996). Intra-uterine position and anogenital distance in house 

mice: Consequences under field conditions. Animal Behaviour, 51(4), 925–934. 
https://doi.org/10.1006/anbe.1996.0096 

 
[138] Dunlop, A. L., Mulle, J. G., Ferranti, E. P., Edwards, S., Dunn, A. B., & Corwin, 

E. J. (2015). Maternal Microbiome and Pregnancy Outcomes That Impact Infant 
Health: A Review. Advances in Neonatal Care, 15(6), 377–385. 
https://doi.org/10.1097/ANC.0000000000000218 

 
[139] Edwards, S. M., Cunningham, S. A., Dunlop, A. L., & Corwin, E. J. (2017). The 

Maternal Gut Microbiome During Pregnancy. MCN: The American Journal of 
Maternal/Child Nursing, 42(6), 310–317. 
https://doi.org/10.1097/NMC.0000000000000372 

 
[140] Egeland, B., & Hiester, M. (1995). The Long-Term Consequences of Infant Day-

Care and Mother-Infant Attachment. Child Development, 66(2), 474–485. 
 
[141] Einarson, A., Choi, J., Einarson, T. R., & Koren, G. (2010). Adverse effects of 

antidepressant use in pregnancy: An evaluation of fetal growth and preterm birth. 
Depression and Anxiety, 27(1), 35–38. https://doi.org/10.1002/da.20598 

 
 



 

 199 

[142] Ejtahed, H.-S., Angoorani, P., Soroush, A.-R., Atlasi, R., Hasani-Ranjbar, S., 
Mortazavian, A. M., & Larijani, B. (2019). Probiotics supplementation for the 
obesity management; A systematic review of animal studies and clinical trials. 
Journal of Functional Foods, 52, 228–242. https://doi.org/10.1016/j.jff.2018.10.039 

 
[143] Elias, J., Bozzo, P., & Einarson, A. (2011). Are probiotics safe for use during 

pregnancy and lactation? 57(3), 299–301. 
 
[144] Elmquist, J. K., Ahima, R. S., Elias, C. F., Flier, J. S., & Saper, C. B. (1998). 

Leptin activates distinct projections from the dorsomedial and ventromedial 
hypothalamic nuclei. Proceedings of the National Academy of Sciences, 95(2), 741–
746. https://doi.org/10.1073/pnas.95.2.741 

 
[145] Enos, M. K., Burton, J. P., Dols, J., Buhulata, S., Changalucha, J., & Reid, G. 

(2013). Probiotics and nutrients for the first 1000 days of life in the developing 
world. Beneficial Microbes, 4(1), 3–16. https://doi.org/10.3920/BM2012.0020 

 
[146] Everard, A., Lazarevic, V., Gaïa, N., Johansson, M., Ståhlman, M., Backhed, F., 

Delzenne, N. M., Schrenzel, J., François, P., & Cani, P. D. (2014). Microbiome of 
prebiotic-treated mice reveals novel targets involved in host response during obesity. 
The ISME Journal, 8(10), 2116–2130. https://doi.org/10.1038/ismej.2014.45 

 
[147] Farrokhian, A., Raygan, F., Soltani, A., Tajabadi-Ebrahimi, M., Sharifi Esfahani, 

M., Karami, A. A., & Asemi, Z. (2019). The Effects of Synbiotic Supplementation 
on Carotid Intima-Media Thickness, Biomarkers of Inflammation, and Oxidative 
Stress in People with Overweight, Diabetes, and Coronary Heart Disease: A 
Randomized, Double-Blind, Placebo-Controlled Trial. Probiotics and Antimicrobial 
Proteins, 11(1), 133–142. https://doi.org/10.1007/s12602-017-9343-1 

 
[148] Fernandes, A. D., Macklaim, J. M., Linn, T. G., Reid, G., & Gloor, G. B. (2013). 

ANOVA-Like Differential Expression (ALDEx) Analysis for Mixed Population 
RNA-Seq. PLoS ONE, 8(7), e67019. https://doi.org/10.1371/journal.pone.0067019 

 
[149] Fernández, L., Cárdenas, N., Arroyo, R., Manzano, S., Jiménez, E., Martín, V., & 

Rodríguez, J. M. (2016). Prevention of Infectious Mastitis by Oral Administration of 
Lactobacillus salivarius PS2 During Late Pregnancy. Clinical Infectious Diseases, 
62(5), 568–573. https://doi.org/10.1093/cid/civ974 

 
[150] Fernstrom, J. D. (2005). Branched-Chain Amino Acids and Brain Function. The 

Journal of Nutrition, 135(6), 1539S-1546S. https://doi.org/10.1093/jn/135.6.1539S 
 
[151] Figlewicz, D. P., Evans, S. B., Murphy, J., Hoen, M., & Baskin, D. G. (2003). 

Expression of receptors for insulin and leptin in the ventral tegmental area/substantia 
nigra (VTA/SN) of the rat. Brain Research, 964(1), 107–115. 
https://doi.org/10.1016/S0006-8993(02)04087-8 

 



 

 200 

[152] Finley, J. W. (2005). Selenium Accumulation in Plant Foods. Nutrition Reviews, 
63(6), 196–202. https://doi.org/10.1111/j.1753-4887.2005.tb00137.x 

 
[153] Fisher, J., Cabral De Mello, M., Patel, V., Rahman, A., Tran, T., Holton, S., & 

Holmes, W. (2012). Prevalence and determinants of common perinatal mental 
disorders in women in low- and lower-middle-income countries: A systematic 
review. Bulletin of the World Health Organization, 90(2), 139-149H. 
https://doi.org/10.2471/BLT.11.091850 

 
[154] Flint, H. J., Scott, K. P., Duncan, S. H., Louis, P., & Forano, E. (2012). Microbial 

degradation of complex carbohydrates in the gut. Gut Microbes, 3(4), 289–306. 
https://doi.org/10.4161/gmic.19897 

 
[155] Flores, R., Shi, J., Fuhrman, B., Xu, X., Veenstra, T. D., Gail, M. H., Gajer, P., 

Ravel, J., & Goedert, J. J. (2012). Fecal microbial determinants of fecal and systemic 
estrogens and estrogen metabolites: A cross-sectional study. Journal of 
Translational Medicine, 10(1), 253. https://doi.org/10.1186/1479-5876-10-253 

 
[156] Foroozan, P., Koushkie Jahromi, M., Nemati, J., Sepehri, H., Safari, M. A., & 

Brand, S. (2021). Probiotic Supplementation and High-Intensity Interval Training 
Modify Anxiety-Like Behaviors and Corticosterone in High-Fat Diet-Induced 
Obesity Mice. Nutrients, 13(6), 1762. https://doi.org/10.3390/nu13061762 

 
[157] Foster, L., Tompkins, T., & Dahl, W. (2011). A comprehensive post-market 

review of studies on a probiotic product containing Lactobacillus helveticus R0052 
and Lactobacillus rhamnosus R0011. Beneficial Microbes, 2(4), 319–334. 
https://doi.org/10.3920/BM2011.0032 

 
[158] Fox, J., & Weisberg, S. (2020). car: Companion to Applied Regression 

[Computer software]. https://cran.r-project.org/package=car 
 
[159] Francis, D., Diorio, J., Liu, D., & Meaney, M. J. (1999). Nongenomic 

Transmission Across Generations of Maternal Behavior and Stress Responses in the 
Rat. Science, 286(5442), 1155–1158. https://doi.org/10.1126/science.286.5442.1155 

 
[160] Fraser, A., Nelson, S. M., Macdonald-Wallis, C., Cherry, L., Butler, E., Sattar, N., 

& Lawlor, D. A. (2012). Associations of Pregnancy Complications With Calculated 
Cardiovascular Disease Risk and Cardiovascular Risk Factors in Middle Age: The 
Avon Longitudinal Study of Parents and Children. Circulation, 125(11), 1367–1380. 
https://doi.org/10.1161/CIRCULATIONAHA.111.044784 

 
[161] Friedman, M. I., Bruno, J. P., & Alberts, J. R. (1981). Physiological and 

behavioral consequences in rats of water recycling during lactation. Journal of 
Comparative and Physiological Psychology, 95(1), 26–35. 
https://doi.org/10.1037/h0077753 

 



 

 201 

[162] Frihauf, J. B., Fekete, É. M., Nagy, T. R., Levin, B. E., & Zorrilla, E. P. (2016). 
Maternal Western diet increases adiposity even in male offspring of obesity-resistant 
rat dams: Early endocrine risk markers. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology, 311(6), R1045–R1059. 
https://doi.org/10.1152/ajpregu.00023.2016 

 
[163] Gabbe, S. G., Landon, M. B., Warren-Boulton, E., & Fradkin, J. (2012). 

Promoting Health After Gestational Diabetes: A National Diabetes Education 
Program Call to Action. Obstetrics & Gynecology, 119(1), 171–176. 
https://doi.org/10.1097/AOG.0b013e3182393208 

 
[164] Gacesa, R., Kurilshikov, A., Vich Vila, A., Sinha, T., Klaassen, M. A. Y., Bolte, 

L. A., Andreu-Sánchez, S., Chen, L., Collij, V., Hu, S., Dekens, J. A. M., Lenters, V. 
C., Björk, J. R., Swarte, J. C., Swertz, M. A., Jansen, B. H., Gelderloos-Arends, J., 
Jankipersadsing, S., Hofker, M., … Weersma, R. K. (2022). Environmental factors 
shaping the gut microbiome in a Dutch population. Nature, 604(7907), 732–739. 
https://doi.org/10.1038/s41586-022-04567-7 

 
[165] García-Gómez, E., González-Pedrajo, B., & Camacho-Arroyo, I. (2013). Role of 

Sex Steroid Hormones in Bacterial-Host Interactions. BioMed Research 
International, 2013, 1–10. https://doi.org/10.1155/2013/928290 

 
[166] Garcia-Mayor, R. V., Andrade, M. A., Rios, M., Lage, M., Dieguez, C., & 

Casanueva, F. F. (1997). Serum Leptin Levels in Normal Children: Relationship to 
Age, Gender, Body Mass Index, Pituitary-Gonadal Hormones, and Pubertal Stage. 
The Journal of Clinical Endocrinology & Metabolism, 82(9), 2849–2855. 

 
[167] García-Montero, C., Fraile-Martínez, O., Gómez-Lahoz, A. M., Pekarek, L., 

Castellanos, A. J., Noguerales-Fraguas, F., Coca, S., Guijarro, L. G., García-
Honduvilla, N., Asúnsolo, A., Sanchez-Trujillo, L., Lahera, G., Bujan, J., Monserrat, 
J., Álvarez-Mon, M., Álvarez-Mon, M. A., & Ortega, M. A. (2021). Nutritional 
Components in Western Diet Versus Mediterranean Diet at the Gut Microbiota–
Immune System Interplay. Implications for Health and Disease. Nutrients, 13(2), 
699. https://doi.org/10.3390/nu13020699 

 
[168] Gardner, B., Croker, H., Barr, S., Briley, A., Poston, L., Wardle, J., & on behalf 

of the UPBEAT Trial. (2012). Psychological predictors of dietary intentions in 
pregnancy: Psychological predictors of dietary intentions in pregnancy. Journal of 
Human Nutrition and Dietetics, 25(4), 345–353. https://doi.org/10.1111/j.1365-
277X.2012.01239.x 

 
[169] Gareau, M. G., Jury, J., MacQueen, G., Sherman, P. M., & Perdue, M. H. (2007). 

Probiotic treatment of rat pups normalises corticosterone release and ameliorates 
colonic dysfunction induced by maternal separation. Gut, 56(11), 1522–1528. 
https://doi.org/10.1136/gut.2006.117176 

 



 

 202 

[170] Gawlińska, K., Gawliński, D., Korostyński, M., Borczyk, M., Frankowska, M., 
Piechota, M., Filip, M., & Przegaliński, E. (2021). Maternal dietary patterns are 
associated with susceptibility to a depressive-like phenotype in rat offspring. 
Developmental Cognitive Neuroscience, 47, 100879. 
https://doi.org/10.1016/j.dcn.2020.100879 

 
[171] Gergerlioglu, H. S., Oz, M., Demir, E. A., Nurullahoglu-Atalik, K. E., & 

Yerlikaya, F. H. (2016). Environmental enrichment reverses cognitive impairments 
provoked by Western diet in rats: Role of corticosteroid receptors. Life Sciences, 
148, 279–285. https://doi.org/10.1016/j.lfs.2016.02.011 

 
[172] Gloor, G. B., & Reid, G. (2016). Compositional analysis: A valid approach to 

analyze microbiome high-throughput sequencing data. NRC Research Press, 62, 
692–703. https://doi.org/10.1139/cjm-2015-0821 

 
[173] Gohir, W., Kennedy, K. M., Wallace, J. G., Saoi, M., Bellissimo, C. J., Britz‐

McKibbin, P., Petrik, J. J., Surette, M. G., & Sloboda, D. M. (2019). High‐fat diet 
intake modulates maternal intestinal adaptations to pregnancy and results in 
placental hypoxia, as well as altered fetal gut barrier proteins and immune markers. 
The Journal of Physiology, 597(12), 3029–3051. https://doi.org/10.1113/JP277353 

 
[174] Gomez-Arango, L. F., Barrett, H. L., McIntyre, H. D., Callaway, L. K., Morrison, 

M., & Dekker Nitert, M. (2016). Connections Between the Gut Microbiome and 
Metabolic Hormones in Early Pregnancy in Overweight and Obese Women. 
Diabetes, 65(8), 2214–2223. https://doi.org/10.2337/db16-0278 

 
[175] Gomez-Arango, L. F., Barrett, H. L., Wilkinson, S. A., Callaway, L. K., 

McIntyre, H. D., Morrison, M., & Dekker Nitert, M. (2018). Low dietary fiber intake 
increases Collinsella abundance in the gut microbiota of overweight and obese 
pregnant women. Gut Microbes, 9(3), 189–201. 
https://doi.org/10.1080/19490976.2017.1406584 

 
[176] Gorski, J. N., Dunn-Meynell, A. A., Hartman, T. G., & Levin, B. E. (2006). 

Postnatal environment overrides genetic and prenatal factors influencing offspring 
obesity and insulin resistance. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology, 291(3), R768–R778. 
https://doi.org/10.1152/ajpregu.00138.2006 

 
[177] Goshen, I., & Yirmiya, R. (2009). Interleukin-1 (IL-1): A central regulator of 

stress responses. Frontiers in Neuroendocrinology, 30(1), 30–45. 
https://doi.org/10.1016/j.yfrne.2008.10.001 

 
 
 
 



 

 203 

[178] Goueslard, K., Cottenet, J., Mariet, A.-S., Giroud, M., Cottin, Y., Petit, J.-M., & 
Quantin, C. (2016). Early cardiovascular events in women with a history of 
gestational diabetes mellitus. Cardiovascular Diabetology, 15(1), 15. 
https://doi.org/10.1186/s12933-016-0338-0 

 
[179] Guo, Y., Qi, Y., Yang, X., Zhao, L., Wen, S., Liu, Y., & Tang, L. (2016). 

Association between Polycystic Ovary Syndrome and Gut Microbiota. PLoS ONE, 
11(4), e0153196. https://doi.org/10.1371/journal.pone.0153196 

 
[180] Hanson, M. A., & Gluckman, P. D. (2014). Early Developmental Conditioning of 

Later Health and Disease: Physiology or Pathophysiology? Physiological Reviews, 
94(4), 1027–1076. https://doi.org/10.1152/physrev.00029.2013 

 
[181] Hauguel-de Mouzon, S., Lepercq, J., & Catalano, P. (2006). The known and 

unknown of leptin in pregnancy. American Journal of Obstetrics and Gynecology, 
194(6), 1537–1545. https://doi.org/10.1016/j.ajog.2005.06.064 

 
[182] Havel, P. (1998). Leptin production and action: Relevance to energy balance in 

humans. The American Journal of Clinical Nutrition, 67(3), 355–356. 
https://doi.org/10.1093/ajcn/67.3.355 

 
[183] Hayes, E. K., Lechowicz, A., Petrik, J. J., Storozhuk, Y., Paez-Parent, S., Dai, Q., 

Samjoo, I. A., Mansell, M., Gruslin, A., Holloway, A. C., & Raha, S. (2012). 
Adverse Fetal and Neonatal Outcomes Associated with a Life-Long High Fat Diet: 
Role of Altered Development of the Placental Vasculature. PLoS ONE, 7(3), 
e33370. https://doi.org/10.1371/journal.pone.0033370 

 
[184] He, A., Chin, J., & Lomiguen, C. M. (2020). Benefits of Probiotic Yogurt 

Consumption on Maternal Health and Pregnancy Outcomes: A Systematic Review. 
Cureus, 2(7), e9408. https://doi.org/10.7759/cureus.9408 

 
[185] He, J.-R., Yuan, M.-Y., Chen, N.-N., Lu, J.-H., Hu, C.-Y., Mai, W.-B., Zhang, R.-

F., Pan, Y.-H., Qiu, L., Wu, Y.-F., Xiao, W.-Q., Liu, Y., Xia, H.-M., & Qiu, X. 
(2015). Maternal dietary patterns and gestational diabetes mellitus: A large 
prospective cohort study in China. British Journal of Nutrition, 113(8), 1292–1300. 
https://doi.org/10.1017/S0007114515000707 

 
[186] He, Q., Huang, J., Zheng, T., Lin, D., Zhang, H., Li, J., & Sun, Z. (2021). 

Treatment with mixed probiotics induced, enhanced and diversified modulation of 
the gut microbiome of healthy rats. FEMS Microbiology Ecology, 97(12), fiab151. 
https://doi.org/10.1093/femsec/fiab151 

 
 
 
 



 

 204 

[187] Heerwagen, M. J. R., Miller, M. R., Barbour, L. A., & Friedman, J. E. (2010). 
Maternal obesity and fetal metabolic programming: A fertile epigenetic soil. 
American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 299(3), R711–R722. https://doi.org/10.1152/ajpregu.00310.2010 

 
[188] Hempel, S., Newberry, S. J., Maher, A. R., Wang, Z., Miles, J. N. V., Shanman, 

R., Johnsen, B., & Shekelle, P. G. (2012). Probiotics for the Prevention and 
Treatment of Antibiotic-Associated Diarrhea: A Systematic Review and Meta-
analysis. The Journal of the American Medical Association, 307(18), 1959–1969. 
https://doi.org/10.1001/jama.2012.3507 

 
[189] Heron, J., O’Connor, T. G., Evans, J., Golding, J., & Glover, V. (2004). The 

course of anxiety and depression through pregnancy and the postpartum in a 
community sample. Journal of Affective Disorders, 80(1), 65–73. 
https://doi.org/10.1016/j.jad.2003.08.004 

 
[190] Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., Morelli, 

L., Canani, R. B., Flint, H. J., Salminen, S., Calder, P. C., & Sanders, M. E. (2014). 
The International Scientific Association for Probiotics and Prebiotics consensus 
statement on the scope and appropriate use of the term probiotic. Nature Reviews 
Gastroenterology & Hepatology, 11(8), 506–514. 
https://doi.org/10.1038/nrgastro.2014.66 

 
[191] Hill, M. J. (1997). Intestinal flora and endogenous vitamin synthesis. European 

Journal of Cancer Prevention, 6(2), S43–S45.  
https://doi.org/10.1097/00008469-199703001-00009 

 
[192] Hinkle, S. N., Buck Louis, G. M., Rawal, S., Zhu, Y., Albert, P. S., & Zhang, C. 

(2016). A longitudinal study of depression and gestational diabetes in pregnancy and 
the postpartum period. Diabetologia, 59(12), 2594–2602. 
https://doi.org/10.1007/s00125-016-4086-1 

 
[193] Hintze, K. J., Benninghoff, A. D., Cho, C. E., & Ward, R. E. (2018). Modeling 

the Western Diet for Preclinical Investigations. Advances in Nutrition, 9(3), 263–
271. https://doi.org/10.1093/advances/nmy002 

 
[194] Ho, M., Chang, Y.-Y., Chang, W.-C., Lin, H.-C., Wang, M.-H., Lin, W.-C., & 

Chiu, T.-H. (2016). Oral Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri 
RC-14 to reduce Group B Streptococcus colonization in pregnant women: A 
randomized controlled trial. Taiwanese Journal of Obstetrics and Gynecology, 55(4), 
515–518. https://doi.org/10.1016/j.tjog.2016.06.003 

 
 
 
 



 

 205 

[195] Holscher, H. D., Czerkies, L. A., Cekola, P., Litov, R., Benbow, M., Santema, S., 
Alexander, D. D., Perez, V., Sun, S., Saavedra, J. M., & Tappenden, K. A. (2012). 
Bifidobacterium lactis Bb12 Enhances Intestinal Antibody Response in Formula‐Fed 
Infants: A Randomized, Double‐Blind, Controlled Trial. Journal of Parenteral and 
Enteral Nutrition, 36(1S). https://doi.org/10.1177/0148607111430817 

 
[196] Holzapfel, W. H., & Wood, B. J. B. (Eds.). (2014). Lactic acid bacteria: 

Biodiversity and taxonomy. Wiley Blackwell. 
 
[197] Hoppu, U., Isolauri, E., Laakso, P., Matomäki, J., & Laitinen, K. (2012). 

Probiotics and dietary counselling targeting maternal dietary fat intake modifies 
breast milk fatty acids and cytokines. European Journal of Nutrition, 51(2), 211–
219. https://doi.org/10.1007/s00394-011-0209-0 

 
[198] Horai, R., Asano, M., Sudo, K., Kanuka, H., Suzuki, M., Nishihara, M., 

Takahashi, M., & Iwakura, Y. (1998). Production of Mice Deficient in Genes for 
Interleukin (IL)-1alpha, IL-1beta, IL-1 alpha/beta , and IL-1 Receptor Antagonist 
Shows that IL-1 Is Crucial in Turpentine-induced Fever Development and 
Glucocorticoid Secretion. Journal of Experimental Medicine, 187, 1463–1476. 
https://doi.org/10.1084/jem.187.9.1463 

 
[199] Hosseini, E. S., Kermanshahi, R. K., Hosseinkhani, S., Shojaosadati, S. A., & 

Nazari, M. (2015). Conjugated linoleic acid production from various substrates by 
probiotic Lactobacillus plantarum. Annals of Microbiology, 65(1), 27–32. 
https://doi.org/10.1007/s13213-014-0832-0 

 
[200] Hosseini, Z., Whiting, S. J., & Vatanparast, H. (2016). Current evidence on the 

association of the metabolic syndrome and dietary patterns in a global perspective. 
Nutrition Research Reviews, 29(2), 152–162. 
https://doi.org/10.1017/S095442241600007X 

 
[201] Houseknecht, K. L., McGuire, M. K., Portocarrero, C. P., McGuire, M. A., & 

Beerman, K. (1997). Leptin Is Present in Human Milk and Is Related to Maternal 
Plasma Leptin Concentration and Adiposity. Biochemical and Biophysical Research 
Communications, 240(3), 742–747. https://doi.org/10.1006/bbrc.1997.7736 

 
[202] Howie, G. J., Sloboda, D. M., Kamal, T., & Vickers, M. H. (2009). Maternal 

nutritional history predicts obesity in adult offspring independent of postnatal diet. 
The Journal of Physiology, 587(4), 905–915. 
https://doi.org/10.1113/jphysiol.2008.163477 

 
 
 
 
 



 

 206 

[203] Huber-Ruano, I., Calvo, E., Mayneris-Perxachs, J., Rodríguez-Peña, M.-M., 
Ceperuelo-Mallafré, V., Cedó, L., Núñez-Roa, C., Miro-Blanch, J., Arnoriaga-
Rodríguez, M., Balvay, A., Maudet, C., García-Roves, P., Yanes, O., Rabot, S., 
Grimaud, G. M., De Prisco, A., Amoruso, A., Fernández-Real, J. M., Vendrell, J., & 
Fernández-Veledo, S. (2022). Orally administered Odoribacter laneus improves 
glucose control and inflammatory profile in obese mice by depleting circulating 
succinate. Microbiome, 10(1), 135. https://doi.org/10.1186/s40168-022-01306-y 

 
[204] Husebye, E., Hellström, P. M., Sundler, F., Chen, J., & Midtvedt, T. (2001). 

Influence of microbial species on small intestinal myoelectric activity and transit in 
germ-free rats. American Journal of Physiology-Gastrointestinal and Liver 
Physiology, 280(3), G368–G380. https://doi.org/10.1152/ajpgi.2001.280.3.G368 

 
[205] Imamura, F., Micha, R., Khatibzadeh, S., Fahimi, S., Shi, P., Powles, J., & 

Mozaffarian, D. (2015). Dietary quality among men and women in 187 countries in 
1990 and 2010: A systematic assessment. The Lancet Global Health, 3(3), e132–
e142. https://doi.org/10.1016/S2214-109X(14)70381-X 

 
[206] Innis, S. M. (2007). Dietary (n-3) Fatty Acids and Brain Development1. The 

Journal of Nutrition, 137(4), 855–859. https://doi.org/10.1093/jn/137.4.855 
 
[207] Inoue, R., & Ushida, K. (2003). Development of the intestinal microbiota in rats 

and its possible interactions with the evolution of the luminal IgA in the intestine. 
FEMS Microbiology Ecology, 45(2), 147–153. https://doi.org/10.1016/S0168-
6496(03)00134-X 

 
[208] Jay, J. M. (2000). Modern Food Microbiology (6th ed). Aspen Publishers. 
 
[209] Jeurink, P. V., Van Bergenhenegouwen, J., Jiménez, E., Knippels, L. M. J., 

Fernández, L., Garssen, J., Knol, J., Rodríguez, J. M., & Martín, R. (2013). Human 
milk: A source of more life than we imagine. Beneficial Microbes, 4(1), 17–30. 
https://doi.org/10.3920/BM2012.0040 

 
[210] Jiang, G., Zhou, Z., Li, X., Qian, Y., & Wang, K. (2023). The Gut Microbiome 

During Pregnancy. Maternal-Fetal Medicine, 5(1), 36–43. 
https://doi.org/10.1097/FM9.0000000000000091 

 
[211] Jiang, J., Xiong, J., Ni, J., Chen, C., & Wang, K. (2021). Live Combined B. 

subtilis and E. faecium Alleviate Liver Inflammation, Improve Intestinal Barrier 
Function, and Modulate Gut Microbiota in Mice with Non-Alcoholic Fatty Liver 
Disease. Medical Science Monitor, 27, e931143. 
https://doi.org/10.12659/MSM.931143 

 
 
 



 

 207 

[212] Johnson-Henry, K. C., Hagen, K. E., Gordonpour, M., Tompkins, T. A., & 
Sherman, P. M. (2007). Surface-layer protein extracts from Lactobacillus helveticus 
inhibit enterohaemorrhagic Escherichia coli O157:H7 adhesion to epithelial cells. 
Cellular Microbiology, 9(2), 356–367. https://doi.org/10.1111/j.1462-
5822.2006.00791.x 

 
[213] Johnson-Henry, K. C., Mitchell, D. J., Avitzur, Y., Galindo-Mata, E., Jones, N. 

L., & Sherman, P. M. (2004). Probiotics Reduce Bacterial Colonization and Gastric 
Inflammation in H. pylori-Infected Mice. Digestive Diseases and Sciences, 49(7/8), 
1095–1102. https://doi.org/10.1023/B:DDAS.0000037794.02040.c2 

 
[214] Kaakoush, N. O. (2015). Insights into the Role of Erysipelotrichaceae in the 

Human Host. Frontiers in Cellular and Infection Microbiology, 5, 84. 
https://doi.org/10.3389/fcimb.2015.00084 

 
[215] Kaliannan, K., Robertson, R. C., Murphy, K., Stanton, C., Kang, C., Wang, B., 

Hao, L., Bhan, A. K., & Kang, J. X. (2018). Estrogen-mediated gut microbiome 
alterations influence sexual dimorphism in metabolic syndrome in mice. 
Microbiome, 6(1), 205. https://doi.org/10.1186/s40168-018-0587-0 

 
[216] Kan, C., Silva, N., Golden, S. H., Rajala, U., Timonen, M., Stahl, D., & Ismail, K. 

(2013). A Systematic Review and Meta-analysis of the Association Between 
Depression and Insulin Resistance. Diabetes Care, 36(2), 480–489. 
https://doi.org/10.2337/dc12-1442 

 
[217] Kankaanpää, P., Yang, B., Kallio, H., Isolauri, E., & Salminen, S. (2004). Effects 

of Polyunsaturated Fatty Acids in Growth Medium on Lipid Composition and on 
Physicochemical Surface Properties of Lactobacilli. Applied and Environmental 
Microbiology, 70(1), 129–136. https://doi.org/10.1128/AEM.70.1.129-136.2004 

 
[218] Kashtanova, D. A., Popenko, A. S., Tkacheva, O. N., Tyakht, A. B., Alexeev, D. 

G., & Boytsov, S. A. (2016). Association between the gut microbiota and diet: Fetal 
life, early childhood, and further life. Nutrition, 32(6), 620–627. 
https://doi.org/10.1016/j.nut.2015.12.037 

 
[219] Keikha, M., Bahreynian, M., Saleki, M., & Kelishadi, R. (2017). Macro- and 

Micronutrients of Human Milk Composition: Are They Related to Maternal Diet? A 
Comprehensive Systematic Review. Breastfeeding Medicine, 12(9), 517–527. 
https://doi.org/10.1089/bfm.2017.0048 

 
[220] Kelly, J. R., Kennedy, P. J., Cryan, J. F., Dinan, T. G., Clarke, G., & Hyland, N. 

P. (2015). Breaking down the barriers: The gut microbiome, intestinal permeability 
and stress-related psychiatric disorders. Frontiers in Cellular Neuroscience, 9, 
166028. https://doi.org/10.3389/fncel.2015.00392 

 



 

 208 

[221] Kerr, J., Anderson, C., & Lippman, S. M. (2017). Physical activity, sedentary 
behaviour, diet, and cancer: An update and emerging new evidence. The Lancet 
Oncology, 18(8), e457–e471. https://doi.org/10.1016/S1470-2045(17)30411-4 

 
[222] Khan, M. T., Dwibedi, C., Sundh, D., Pradhan, M., Kraft, J. D., Caesar, R., 

Tremaroli, V., Lorentzon, M., & Bäckhed, F. (2023). Synergy and oxygen adaptation 
for development of next-generation probiotics. Nature, 620(7973), 381–385. 
https://doi.org/10.1038/s41586-023-06378-w 

 
[223] Kim, C. J., Romero, R., Chaemsaithong, P., & Kim, J.-S. (2015). Chronic 

inflammation of the placenta: Definition, classification, pathogenesis, and clinical 
significance. American Journal of Obstetrics and Gynecology, 213(4), S53–S69. 
https://doi.org/10.1016/j.ajog.2015.08.041 

 
[224] Kim, H. I., Kim, J.-K., Kim, J.-Y., Jang, S.-E., Han, M. J., & Kim, D.-H. (2019). 

Lactobacillus plantarum LC27 and Bifidobacterium longum LC67 simultaneously 
alleviate high-fat diet-induced colitis, endotoxemia, liver steatosis, and obesity in 
mice. Nutrition Research, 67, 78–89. https://doi.org/10.1016/j.nutres.2019.03.008 

 
[225] Kjøllesdal, M. K. R., & Holmboe-Ottesen, G. (2014). Dietary Patterns and Birth 

Weight—A Review. AIMS Public Health, 1(4), 211–225. 
https://doi.org/10.3934/Publichealth.2014.4.211 

 
[226] Kjos, S. L., Peters, R. K., Xiang, A., Henry, O. A., Montoro, M., & Buchanan, T. 

A. (1995). Predicting future diabetes in Latino women with gestational diabetes. 
Utility of early postpartum glucose tolerance testing. Diabetes, 44(5), 586–591. 
https://doi.org/10.2337/diab.44.5.586 

 
[227] Klaenhammer, T. R., Altermann, E., Pfeiler, E., Buck, B. L., Goh, Y.-J., 

O’Flaherty, S., Barrangou, R., & Duong, T. (2008). Functional Genomics of 
Probiotic Lactobacilli. Journal of Clinical Gastroenterology, 42(Supplement 3), 
S160–S162. https://doi.org/10.1097/MCG.0b013e31817da140 

 
[228] Konieczna, P., Groeger, D., Ziegler, M., Frei, R., Ferstl, R., Shanahan, F., 

Quigley, E. M. M., Kiely, B., Akdis, C. A., & O’Mahony, L. (2012). 
Bifidobacterium infantis 35624 administration induces Foxp3 T regulatory cells in 
human peripheral blood: Potential role for myeloid and plasmacytoid dendritic cells. 
Gut, 61(3), 354–366. https://doi.org/10.1136/gutjnl-2011-300936 

 
[229] Kootte, R. S., Vrieze, A., Holleman, F., Dallinga-Thie, G. M., Zoetendal, E. G., 

De Vos, W. M., Groen, A. K., Hoekstra, J. B. L., Stroes, E. S., & Nieuwdorp, M. 
(2012). The therapeutic potential of manipulating gut microbiota in obesity and type 
2 diabetes mellitus. Diabetes, Obesity and Metabolism, 14(2), 112–120. 
https://doi.org/10.1111/j.1463-1326.2011.01483.x 

 



 

 209 

[230] Kopelman, R. C., Moel, J., Mertens, C., Stuart, S., Arndt, S., & O’Hara, M. W. 
(2008). Barriers to Care for Antenatal Depression. Psychiatric Services, 59(4), 429–
432. https://doi.org/10.1176/appi.ps.59.4.429 

 
[231] Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Kling 

Bäckhed, H., Gonzalez, A., Werner, J. J., Angenent, L. T., Knight, R., Bäckhed, F., 
Isolauri, E., Salminen, S., & Ley, R. E. (2012). Host Remodeling of the Gut 
Microbiome and Metabolic Changes during Pregnancy. Cell, 150(3), 470–480. 
https://doi.org/10.1016/j.cell.2012.07.008 

 
[232] Korgan, A. C., O’Leary, E., Bauer, J., Fortier, A., Weaver, I. C. G., & Perrot, T. 

S. (2016). Effects of Paternal Predation Risk and Rearing Environment on Maternal 
Investment and Development of Defensive Responses in the Offspring. Eneuro, 
3(6), ENEURO.0231-16.2016. https://doi.org/10.1523/ENEURO.0231-16.2016 

 
[233] Korgan, A. C., O’Leary, E., King, J. L., Weaver, I. C. G., & Perrot, T. S. (2018). 

Effects of paternal high-fat diet and rearing environment on maternal investment and 
development of defensive responses in the offspring. Psychoneuroendocrinology, 
91, 20–30. https://doi.org/10.1016/j.psyneuen.2018.02.010 

 
[234] Kougias, D. G., Cortes, L. R., Moody, L., Rhoads, S., Pan, Y.-X., & Juraska, J. 

M. (2018). Effects of Perinatal Exposure to Phthalates and a High-Fat Diet on 
Maternal Behavior and Pup Development and Social Play. Endocrinology, 159(2), 
1088–1105. https://doi.org/10.1210/en.2017-03047 

 
[235] Kramer, B., França, L. M., Zhang, Y., Paes, A. M. D. A., Gerdes, A. M., & 

Carrillo-Sepulveda, M. A. (2018). Western diet triggers Toll-like receptor 4 
signaling-induced endothelial dysfunction in female Wistar rats. American Journal 
of Physiology-Heart and Circulatory Physiology, 315(6), H1735–H1747. 
https://doi.org/10.1152/ajpheart.00218.2018 

 
[236] Kramer, M. S., Guo, T., Platt, R. W., Sevkovskaya, Z., Dzikovich, I., Collet, J.-P., 

Shapiro, S., Chalmers, B., Hodnett, E., Vanilovich, I., Mezen, I., Ducruet, T., 
Shishko, G., & Bogdanovich, N. (2003). Infant growth and health outcomes 
associated with 3 compared with 6 mo of exclusive breastfeeding. The American 
Journal of Clinical Nutrition, 78(2), 291–295. https://doi.org/10.1093/ajcn/78.2.291 

 
[237] Kratzsch, J., Bae, Y. J., & Kiess, W. (2018). Adipokines in human breast milk. 

Best Practice & Research Clinical Endocrinology & Metabolism, 32(1), 27–38. 
https://doi.org/10.1016/j.beem.2018.02.001 

 
[238] Krešić, G., Dujmović, M., Mandić, M. L., & Delaš, I. (2013). Relationship 

between Mediterranean diet and breast milk fatty acid profile: A study in 
breastfeeding women in Croatia. Dairy Science & Technology, 93(3), 287–301. 
https://doi.org/10.1007/s13594-013-0125-6 

 



 

 210 

[239] Krishna, G., Divyashri, G., Prapulla, S. G., & Muralidhara. (2015). A 
Combination Supplement of Fructo- and Xylo-Oligosaccharides Significantly 
Abrogates Oxidative Impairments and Neurotoxicity in Maternal/Fetal Milieu 
Following Gestational Exposure to Acrylamide in Rat. Neurochemical Research, 
40(9), 1904–1918. https://doi.org/10.1007/s11064-015-1687-x 

 
[240] Kristal, M. B. (2009). The Biopsychology of Maternal Behavior in Nonhuman 

Mammals. ILAR Journal, 50(1), 51–63. https://doi.org/10.1093/ilar.50.1.51 
 
[241] Kwa, M., Plottel, C. S., Blaser, M. J., & Adams, S. (2016). The Intestinal 

Microbiome and Estrogen Receptor–Positive Female Breast Cancer. Journal of the 
National Cancer Institute, 108(8), 1–10. https://doi.org/10.1093/jnci/djw029 

 
[242] Lagiou, P., Mucci, L., Tamimi, R., Kuper, H., Lagiou, A., Hsieh, C.-C., & 

Trichopoulos, D. (2005). Micronutrient intake during pregnancy in relation to birth 
size. European Journal of Nutrition, 44(1), 52–59.  
https://doi.org/10.1007/s00394-004-0491-1 

 
[243] Lai, H.-C., Lin, T.-L., Chen, T.-W., Kuo, Y.-L., Chang, C.-J., Wu, T.-R., Shu, C.-

C., Tsai, Y.-H., Swift, S., & Lu, C.-C. (2022). Gut microbiota modulates COPD 
pathogenesis: Role of anti-inflammatory Parabacteroides goldsteinii 
lipopolysaccharide. Gut, 71(2), 309–321.  
https://doi.org/10.1136/gutjnl-2020-322599 

 
[244] Laitinen, K., Hoppu, U., Hämäläinen, M., Linderborg, K., Moilanen, E., & 

Isolauri, E. (2006). Breast Milk Fatty Acids May Link Innate and Adaptive Immune 
Regulation: Analysis of Soluble CD14, Prostaglandin E2, and Fatty Acids. Pediatric 
Research, 59(5), 723–727. https://doi.org/10.1203/01.pdr.0000203158.31452.9e 

 
[245] Laitinen, K., Poussa, T., Isolauri, E., & the Nutrition, Allergy, Mucosal 

Immunology and Intestinal Microbiota Group. (2008). Probiotics and dietary 
counselling contribute to glucose regulation during and after pregnancy: A 
randomised controlled trial. British Journal of Nutrition, 101(11), 1679–1687. 
https://doi.org/10.1017/S0007114508111461 

 
[246] Lana, D., & Giovannini, M. G. (2023). The Microbiota–Gut–Brain Axis in 

Behaviour and Brain Disorders. International Journal of Molecular Sciences, 
24(10), 8460. https://doi.org/10.3390/ijms24108460 

 
[247] Lane-Petter, W. (1962). The Provision and Use of Pathogen-Free Laboratory 

Animals. Proceedings of the Royal Society of Medicine, 55(4), 253–263. 
https://doi.org/10.1177/003591576205500402 

 



 

 211 

[248] Langnaese, K., John, R., Schweizer, H., Ebmeyer, U., & Keilhoff, G. (2008). 
Selection of reference genes for quantitative real-time PCR in a rat asphyxial cardiac 
arrest model. BMC Molecular Biology, 9(1), 53.  
https://doi.org/10.1186/1471-2199-9-53 

 
[249] Laplante, P., Diorio, J., & Meaney, M. J. (2002). Serotonin regulates hippocampal 

glucocorticoid receptor expression via a 5-HT7 receptor. Developmental Brain 
Research, 139(2), 199–203. https://doi.org/10.1016/S0165-3806(02)00550-3 

 
[250] Lappas, M., Yee, K., Permezel, M., & Rice, G. E. (2005). Release and regulation 

of leptin, resistin and adiponectin from human placenta, fetal membranes, and 
maternal adipose tissue and skeletal muscle from normal and gestational diabetes 
mellitus-complicated pregnancies. Journal of Endocrinology, 186(3), 457–465. 
https://doi.org/10.1677/joe.1.06227 

 
[251] Larsen, N., Bussolo De Souza, C., Krych, L., Barbosa Cahú, T., Wiese, M., Kot, 

W., Hansen, K. M., Blennow, A., Venema, K., & Jespersen, L. (2019). Potential of 
Pectins to Beneficially Modulate the Gut Microbiota Depends on Their Structural 
Properties. Frontiers in Microbiology, 10, 223. 
https://doi.org/10.3389/fmicb.2019.00223 

 
[252] Larter, C. Z., Yeh, M. M., Williams, J., Bell-Anderson, K. S., & Farrell, G. C. 

(2008). MCD-induced steatohepatitis is associated with hepatic adiponectin 
resistance and adipogenic transformation of hepatocytes. Journal of Hepatology, 
49(3), 407–416. https://doi.org/10.1016/j.jhep.2008.03.026 

 
[253] Lavau, M., Fried, S. K., Susini, C., & Freychet, P. (1979). Mechanism of insulin 

resistance in adipocytes of rats fed a high-fat diet. Journal of Lipid Research, 20(1), 
8–16. https://doi.org/10.1016/S0022-2275(20)40645-5 

 
[254] Lee, A., Clancy, S., & Fleming, A. S. (1999). Mother rats bar-press for pups: 

Effects of lesions of the mpoa and limbic sites on maternal behavior and operant 
responding for pup-reinforcement. Behavioural Brain Research, 100(1–2), 15–31. 
https://doi.org/10.1016/S0166-4328(98)00109-0 

 
[255] Lee, H.-J., Macbeth, A. H., Pagani, J., & Young, W. S. (2009). Oxytocin: The 

Great Facilitator of Life. Progress in Neurobiology, 88(2), 127–151. 
https://doi.org/10.1016/j.pneurobio.2009.04.001 

 
[256] Lee, J., & Pilch, P. F. (1994). The insulin receptor: Structure, function, and 

signaling. American Journal of Physiology-Cell Physiology, 266(2), C319–C334. 
https://doi.org/10.1152/ajpcell.1994.266.2.C319 

 
 
 



 

 212 

[257] Legendre, A., & Harris, R. B. S. (2006). Exaggerated response to mild stress in 
rats fed high-fat diet. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 291(5), R1288-1294. 
https://doi.org/10.1152/ajpregu.00234.2006 

 
[258] Lepercq, J., Cauzac, M., Lahlou, N., Timsit, J., Girard, J., Auwerx, J., & Hauguel-

de Mouzon, S. (1998). Overexpression of placental leptin in diabetic pregnancy: A 
critical role for insulin. Diabetes, 47(5), 847–850. 
https://doi.org/10.2337/diabetes.47.5.847 

 
[259] Lew, L.-C., Hor, Y.-Y., Jaafar, M.-H., Lau, A.-S.-Y., Khoo, B.-Y., Sasidharan, S., 

Choi, S.-B., Ong, K.-L., Kato, T., Nakanishi, Y., Ohno, H., & Liong, M.-T. (2020). 
Effects of Potential Probiotic Strains on the Fecal Microbiota and Metabolites of d-
Galactose-Induced Aging Rats Fed with High-Fat Diet. Probiotics and Antimicrobial 
Proteins, 12(2), 545–562. https://doi.org/10.1007/s12602-019-09545-6 

 
[260] Ley, R. E., Turnbaugh, P. J., Klein, S., & Gordon, J. I. (2006). Human gut 

microbes associated with obesity. Nature, 444(21), 1022–1023. 
https://doi.org/10.1038/4441022a 

 
[261] Li, D., Chen, H., Mao, B., Yang, Q., Zhao, J., Gu, Z., Zhang, H., Chen, Y. Q., & 

Chen, W. (2017). Microbial Biogeography and Core Microbiota of the Rat Digestive 
Tract. Scientific Reports, 7(1), 45840. https://doi.org/10.1038/srep45840 

 
[262] Li, J., Sung, C. Y. J., Lee, N., Ni, Y., Pihlajamäki, J., Panagiotou, G., & El-

Nezami, H. (2016). Probiotics modulated gut microbiota suppresses hepatocellular 
carcinoma growth in mice. Proceedings of the National Academy of Sciences, 
113(9), E1306-15. https://doi.org/10.1073/pnas.1518189113 

 
[263] Li, N., Russell, W. M., Douglas-Escobar, M., Hauser, N., Lopez, M., & Neu, J. 

(2009). Live and Heat-Killed Lactobacillus rhamnosus GG: Effects on 
Proinflammatory and Anti-Inflammatory Cytokines/Chemokines in Gastrostomy-
Fed Infant Rats. Pediatric Research, 66(2), 203–207. 
https://doi.org/10.1203/PDR.0b013e3181aabd4f 

 
[264] Li, Z., Xia, X., Zhang, S., Zhang, A., Bo, W., & Zhou, R. (2009). Up-regulation 

of Toll-like receptor 4 was suppressed by emodin and baicalin in the setting of acute 
pancreatitis. Biomedicine & Pharmacotherapy, 63(2), 120–128. 
https://doi.org/10.1016/j.biopha.2008.01.003 

 
[265] Liang, H., Jiang, F., Cheng, R., Luo, Y., Wang, J., Luo, Z., Li, M., Shen, X., & 

He, F. (2021). A high-fat diet and high-fat and high-cholesterol diet may affect 
glucose and lipid metabolism differentially through gut microbiota in mice. 
Experimental Animals, 70(1), 73–83. https://doi.org/10.1538/expanim.20-0094 

 



 

 213 

[266] Lieber, C. S., Leo, M. A., Mak, K. M., Xu, Y., Cao, Q., Ren, C., Ponomarenko, 
A., & DeCarli, L. M. (2004). Model of nonalcoholic steatohepatitis. The American 
Journal of Clinical Nutrition, 79(3), 502–509. https://doi.org/10.1093/ajcn/79.3.502 

 
[267] Lim, E. Y., Song, E.-J., Kim, J. G., Jung, S. Y., Lee, S.-Y., Shin, H. S., Nam, Y.-

D., & Kim, Y. T. (2021). Lactobacillus intestinalis YT2 restores the gut microbiota 
and improves menopausal symptoms in ovariectomized rats. Beneficial Microbes, 
12(5), 503–516. https://doi.org/10.3920/BM2020.0217 

 
[268] Lin, T.-L., Lu, C.-C., Chen, T.-W., Huang, C.-W., Lu, J.-J., Lai, W.-F., Wu, T.-S., 

Lai, C.-H., Lai, H.-C., & Chen, Y.-L. (2022). Amelioration of Maternal Immune 
Activation-Induced Autism Relevant Behaviors by Gut Commensal Parabacteroides 
goldsteinii. International Journal of Molecular Sciences, 23(21), 13070. 
https://doi.org/10.3390/ijms232113070 

 
[269] Lindsay, K. L., Walsh, C. A., Brennan, L., & McAuliffe, F. M. (2013). Probiotics 

in pregnancy and maternal outcomes: A systematic review. The Journal of Maternal-
Fetal & Neonatal Medicine, 26(8), 772–778. 
https://doi.org/10.3109/14767058.2012.755166 

 
[270] Liu, A. T., Chen, S., Jena, P. K., Sheng, L., Hu, Y., & Wan, Y.-J. Y. (2021). 

Probiotics Improve Gastrointestinal Function and Life Quality in Pregnancy. 
Nutrients, 13(11), 3931. https://doi.org/10.3390/nu13113931 

 
[271] Liu, Y., Li, T., Alim, A., Ren, D., Zhao, Y., & Yang, X. (2019). Regulatory 

Effects of Stachyose on Colonic and Hepatic Inflammation, Gut Microbiota 
Dysbiosis, and Peripheral CD4 + T Cell Distribution Abnormality in High-Fat Diet-
Fed Mice. Journal of Agricultural and Food Chemistry, 67(42), 11665–11674. 
https://doi.org/10.1021/acs.jafc.9b04731 

 
[272] Liu, Y., Sanderson, D., Mian, M. F., McVey Neufeld, K.-A., & Forsythe, P. 

(2021). Loss of vagal integrity disrupts immune components of the microbiota-gut-
brain axis and inhibits the effect of Lactobacillus rhamnosus on behavior and the 
corticosterone stress response. Neuropharmacology, 195, 108682. 
https://doi.org/10.1016/j.neuropharm.2021.108682 

 
[273] Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression 

data using real-time quantitative PCR and the 2− ΔΔCT method. Methods, 25(4), 
402–408. 

 
[274] Ljungh, A., & Wadstrom, T. (2006). Lactic Acid Bacteria as Probiotics. Current 

Issues in Intestinal Microbiology, 7(2), 73–90. 
 
 
 



 

 214 

[275] Long, E. S., Penalver Bernabe, B., Xia, K., Azcarate-Peril, M. A., Carroll, I. M., 
Rackers, H. S., Grewen, K. M., Meltzer-Brody, S., & Kimmel, M. C. (2023). The 
microbiota-gut-brain axis and perceived stress in the perinatal period. Archives of 
Women’s Mental Health, 26(2), 227–234.  
https://doi.org/10.1007/s00737-023-01300-9 

 
[276] Lönnerdal, B., & Havel, P. J. (2000). Serum leptin concentrations in infants: 

Effects of diet, sex, and adiposity. The American Journal of Clinical Nutrition, 
72(2), 484–489. https://doi.org/10.1093/ajcn/72.2.484 

 
[277] Lopez-Garcia, E., Schulze, M. B., Fung, T. T., Meigs, J. B., Rifai, N., Manson, J. 

E., & Hu, F. B. (2004). Major dietary patterns are related to plasma concentrations of 
markers of inflammation and endothelial dysfunction. The American Journal of 
Clinical Nutrition, 80(4), 1029–1035. https://doi.org/10.1093/ajcn/80.4.1029 

 
[278] Louvart, H., Maccari, S., Vaiva, G., & Darnaudéry, M. (2009). Prenatal stress 

exacerbates the impact of an aversive procedure on the corticosterone response to 
stress in female rats. Psychoneuroendocrinology, 34(5), 786–790. 
https://doi.org/10.1016/j.psyneuen.2008.12.002 

 
[279] Love, J., Dropmann, D., Selker, R., Gallucci, M., Jentschke, S., Balci, S., Seol, 

H., & Agosti, M. (2022). The jamovi project (Version 2.3) [Computer software]. 
https://www.jamovi.org 

 
[280] Loy, S. L., Marhazlina, M., & Hamid Jan, J. M. (2013). Association between 

Maternal Food Group Intake and Birth Size. Sains Malaysiana, 42(11), 1633–1640. 
 
[281] Lozupone, C., & Knight, R. (2005). UniFrac: A New Phylogenetic Method for 

Comparing Microbial Communities. Applied and Environmental Microbiology, 
71(12), 8228–8235. https://doi.org/10.1128/AEM.71.12.8228-8235.2005 

 
[282] Lozupone, C., Llader, M. E., Knights, D., Stombaugh, J., & Knight, R. (2011). 

UniFrac: An effective distance metric for microbial community comparison. The 
ISME Journal, 5, 169–172. 

 
[283] Łubiech, K., & Twarużek, M. (2020). Lactobacillus Bacteria in Breast Milk. 

Nutrients, 12(12), 3783. https://doi.org/10.3390/nu12123783 
 
[284] Luo, Y., Zeng, B., Zeng, L., Du, X., Li, B., Huo, R., Liu, L., Wang, H., Dong, M., 

Pan, J., Zheng, P., Zhou, C., Wei, H., & Xie, P. (2018). Gut microbiota regulates 
mouse behaviors through glucocorticoid receptor pathway genes in the 
hippocampus. Translational Psychiatry, 8(1), 187.  
https://doi.org/10.1038/s41398-018-0240-5 

 
 



 

 215 

[285] Luoto, R., Laitinen, K., Nermes, M., & Isolauri, E. (2010). Impact of maternal 
probiotic-supplemented dietary counselling on pregnancy outcome and prenatal and 
postnatal growth: A double-blind, placebo-controlled study. British Journal of 
Nutrition, 103(12), 1792–1799. https://doi.org/10.1017/S0007114509993898 

 
[286] Ma, Z., Cheng, Y., Wang, S., Ge, J., Shi, H., & Kou, J. (2020). Positive effects of 

dietary supplementation of three probiotics on milk yield, milk composition and 
intestinal flora in Sannan dairy goats varied in kind of probiotics. Journal of Animal 
Physiology and Animal Nutrition, 104(1), 44–55. https://doi.org/10.1111/jpn.13226 

 
[287] Macrì, S., & Würbel, H. (2006). Developmental plasticity of HPA and fear 

responses in rats: A critical review of the maternal mediation hypothesis. Hormones 
and Behavior, 50(5), 667–680. https://doi.org/10.1016/j.yhbeh.2006.06.015 

 
[288] Malick, M., Gilbert, K., Daniel, J., Arseneault‐Breard, J., Tompkins, T. A., 

Godbout, R., & Rousseau, G. (2015). Vagotomy prevents the effect of probiotics on 
caspase activity in a model of postmyocardial infarction depression. 
Neurogastroenterology & Motility, 27(5), 663–671. 
https://doi.org/10.1111/nmo.12540 

 
[289] Mallick, H., Rahnavard, A., McIver, L. J., Ma, S., Zhang, Y., Nguyen, L. H., 

Tickle, T. L., Weingart, G., Ren, B., Schwager, E. H., Chatterjee, S., Thompson, K. 
N., Wilkinson, J. E., Subramanian, A., Lu, Y., Waldron, L., Paulson, J. N., Franzosa, 
E. A., Bravo, H. C., & Huttenhower, C. (2021). Multivariable association discovery 
in population-scale meta-omics studies. PLOS Computational Biology, 17(11), 
e1009442. https://doi.org/10.1371/journal.pcbi.1009442 

 
[290] Mallott, E. K., Borries, C., Koenig, A., Amato, K. R., & Lu, A. (2020). 

Reproductive hormones mediate changes in the gut microbiome during pregnancy 
and lactation in Phayre’s leaf monkeys. Scientific Reports, 10(1), 9961. 
https://doi.org/10.1038/s41598-020-66865-2 

 
[291] Mao, G., Li, S., Orfila, C., Shen, X., Zhou, S., Linhardt, R. J., Ye, X., & Chen, S. 

(2019). Depolymerized RG-I-enriched pectin from citrus segment membranes 
modulates gut microbiota, increases SCFA production, and promotes the growth of 
Bifidobacterium spp., Lactobacillus spp. And Faecalibaculum spp. Food & 
Function, 10(12), 7828–7843. https://doi.org/10.1039/C9FO01534E 

 
[292] Marcus, S. M., Flynn, H. A., Blow, F. C., & Barry, K. L. (2003). Depressive 

Symptoms among Pregnant Women Screened in Obstetrics Settings. Journal of 
Women’s Health, 12(4), 373–380. https://doi.org/10.1089/154099903765448880 

 
[293] Margolis, K. G., Cryan, J. F., & Mayer, E. A. (2021). The Microbiota-Gut-Brain 

Axis: From Motility to Mood. Gastroenterology, 160(5), 1486–1501. 
https://doi.org/10.1053/j.gastro.2020.10.066 

 



 

 216 

[294] Markle, J. G. M., Frank, D. N., Mortin-Toth, S., Robertson, C. E., Feazel, L. M., 
Rolle-Kampczyk, U., Von Bergen, M., McCoy, K. D., Macpherson, A. J., & Danska, 
J. S. (2013). Sex Differences in the Gut Microbiome Drive Hormone-Dependent 
Regulation of Autoimmunity. Science, 339(6123), 1084–1088. 
https://doi.org/10.1126/science.1233521 

 
[295] Marques, F. Z., Nelson, E., Chu, P.-Y., Horlock, D., Fiedler, A., Ziemann, M., 

Tan, J. K., Kuruppu, S., Rajapakse, N. W., El-Osta, A., Mackay, C. R., & Kaye, D. 
M. (2017). High-Fiber Diet and Acetate Supplementation Change the Gut 
Microbiota and Prevent the Development of Hypertension and Heart Failure in 
Hypertensive Mice. Circulation, 135(10), 964–977. 
https://doi.org/10.1161/CIRCULATIONAHA.116.024545 

 
[296] Martin, C. R., Osadchiy, V., Kalani, A., & Mayer, E. A. (2018). The Brain-Gut-

Microbiome Axis. Cellular and Molecular Gastroenterology and Hepatology, 6(2), 
133–148. https://doi.org/10.1016/j.jcmgh.2018.04.003 

 
[297] Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 

sequencing reads. EMBnet Journal, 17(1), 10–12. 
https://doi.org/10.14806/ej.17.1.200 

 
[298] Mashoodh, R., Sinal, C. J., & Perrot-Sinal, T. S. (2009). Predation threat exerts 

specific effects on rat maternal behaviour and anxiety-related behaviour of male and 
female offspring. Physiology & Behavior, 96(4–5), 693–702. 
https://doi.org/10.1016/j.physbeh.2009.01.001 

 
[299] Masumoto, S., Terao, A., Yamamoto, Y., Mukai, T., Miura, T., & Shoji, T. 

(2016). Non-absorbable apple procyanidins prevent obesity associated with gut 
microbial and metabolomic changes. Scientific Reports, 6(1), 31208. 
https://doi.org/10.1038/srep31208 

 
[300] Masuzaki, H., Ogawa, Y., Sagawa, N., Hosoda, K., Matsumoto, T., Mise, H., 

Nishimura, H., Yoshimasa, Y., Tanaka, I., Mori, T., & Nakao, K. (1997). 
Nonadipose tissue production of leptin: Leptin as a novel placenta-derived hormone 
in humans. Nature Medicine, 3(9), 1029–1033.  
https://doi.org/10.1038/nm0997-1029 

 
[301] Mathias, M. (2018). Autointoxication and historical precursors of the 

microbiome–gut–brain axis. Microbial Ecology in Health and Disease, 29(2), 
1548249. https://doi.org/10.1080/16512235.2018.1548249 

 
[302] Mayer, E. A., Nance, K., & Chen, S. (2022). The Gut–Brain Axis. Annual Review 

of Medicine, 73, 439–453. https://doi.org/10.1146/annurev-med-042320-014032 
 
 



 

 217 

[303] McCance, D. R., Pettitt, D. J., Hanson, R. L., Jacobsson, L. T. H., Knowler, W. 
C., & Bennett, P. H. (1994). Birth weight and non-insulin dependent diabetes: 
Thrifty genotype, thrifty phenotype, or surviving small baby genotype? BMJ, 
308(6934), 942–945. https://doi.org/10.1136/bmj.308.6934.942 

 
[304] McCormick, J. A., Lyons, V., Jacobson, M. D., Noble, J., Diorio, J., Nyirenda, 

M., Weaver, S., Ester, W., Yau, J. L. W., Meaney, M. J., Seckl, J. R., & Chapman, 
K. E. (2000). 5′-Heterogeneity of Glucocorticoid Receptor Messenger RNA Is 
Tissue Specific: Differential Regulation of Variant Transcripts by Early-Life Events. 
Molecular Endocrinology, 14(4), 506–517. https://doi.org/10.1210/mend.14.4.0438 

 
[305] McDonald, S. D., Malinowski, A., Zhou, Q., Yusuf, S., & Devereaux, P. J. 

(2008). Cardiovascular sequelae of preeclampsia/eclampsia: A systematic review 
and meta-analyses. American Heart Journal, 156(5), 918–930. 
https://doi.org/10.1016/j.ahj.2008.06.042 

 
[306] McFarland, L. V. (2021). Efficacy of Single-Strain Probiotics Versus Multi-Strain 

Mixtures: Systematic Review of Strain and Disease Specificity. Digestive Diseases 
and Sciences, 66(3), 694–704. https://doi.org/10.1007/s10620-020-06244-z 

 
[307] McFarland, L. V., & Dublin, S. (2008). Meta-analysis of probiotics for the 

treatment of irritable bowel syndrome. World Journal of Gastroenterology, 14(17), 
2650. https://doi.org/10.3748/wjg.14.2650 

 
[308] McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible 

Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE, 8(4), 
e61217. https://doi.org/10.1371/journal.pone.0061217 

 
[309] Meaney, M. J., Diorio, J., Francis, D., Weaver, S., Yau, J., Chapman, K., & Seckl, 

J. R. (2000). Postnatal Handling Increases the Expression of cAMP-Inducible 
Transcription Factors in the Rat Hippocampus: The Effects of Thyroid Hormones 
and Serotonin. The Journal of Neuroscience, 20(10), 3926–3935. 
https://doi.org/10.1523/JNEUROSCI.20-10-03926.2000 

 
[310] Messias, G. C., Rocha, A. M. N., Santos, B. M. S., Botelho, A. M., Silva, D. C. 

A., Porto, E. S., Dos Anjos, M. L., Sousa, R. A., Silva, M. V., Da Rocha, T. B., De 
Melo, A. V., Carneiro, M. R. T., Aguiar, N. S., Santos, P. P., De Souza, E. P., Cruz, 
M. P., Marques, L. M., Rezende, R. P., Romano, C. C., … Yatsuda, R. (2019). 
Administration of Lactobacillus plantarum Lp62 to dam rats at the end of delivery 
and during lactation affects TGF-β1 level and nutritional milk composition, and 
body weight of pups. European Journal of Nutrition, 58(3), 1137–1146. 
https://doi.org/10.1007/s00394-018-1628-y 

 



 

 218 

[311] Mills, S., Stanton, C., Lane, J., Smith, G., & Ross, R. (2019). Precision Nutrition 
and the Microbiome, Part I: Current State of the Science. Nutrients, 11(4), 923. 
https://doi.org/10.3390/nu11040923 

 
[312] Mir, F. R., Pollano, A., & Rivarola, M. A. (2022). Animal models of postpartum 

depression revisited. Psychoneuroendocrinology, 136, 105590. 
https://doi.org/10.1016/j.psyneuen.2021.105590 

 
[313] Miralles, O., Sánchez, J., Palou, A., & Picó, C. (2006). A Physiological Role of 

Breast Milk Leptin in Body Weight Control in Developing Infants. Obesity, 14(8), 
1371–1377. https://doi.org/10.1038/oby.2006.155 

 
[314] Mirghafourvand, M., Homayouni Rad, A., Mohammad Alizadeh Charandabi, S., 

Fardiazar, Z., & Shokri, K. (2016). The Effect of Probiotic Yogurt on Constipation 
in Pregnant Women: A Randomized Controlled Clinical Trial. Iranian Red Crescent 
Medical Journal, 18(11), e39870. https://doi.org/10.5812/ircmj.39870 

 
[315] Mohamed, H. J. J., Loy, S. L., Mitra, A. K., Kaur, S., Teoh, A. N., Rahman, S. H. 

A., & Amarra, M. S. (2022). Maternal diet, nutritional status and infant birth weight 
in Malaysia: A scoping review. BMC Pregnancy and Childbirth, 22(1), 294. 
https://doi.org/10.1186/s12884-022-04616-z 

 
[316] Monachese, M., Burton, J. P., & Reid, G. (2012). Bioremediation and Tolerance 

of Humans to Heavy Metals through Microbial Processes: A Potential Role for 
Probiotics? Applied and Environmental Microbiology, 78(18), 6397–6404. 
https://doi.org/10.1128/AEM.01665-12 

 
[317] Montano, M. M., Wang, M.-H., Even, M. D., & Vom Saal, F. S. (1991). Serum 

corticosterone in fetal mice: Sex differences, circadian changes, and effect of 
maternal stress. Physiology & Behavior, 50(2), 323–329. 
https://doi.org/10.1016/0031-9384(91)90073-W 

 
[318] Monteiro, C. A., Moubarac, J.-C., Cannon, G., Ng, S. W., & Popkin, B. (2013). 

Ultra-processed products are becoming dominant in the global food system: Ultra-
processed products: global dominance. Obesity Reviews, 14, 21–28. 
https://doi.org/10.1111/obr.12107 

 
[319] Moore, B. J. (1987). The Cafeteria Diet—An Inappropriate Tool for Studies of 

Thermogenesis. The Journal of Nutrition, 117(2), 227–231. 
 
[320] Moore, R. J., & Stanley, D. (2016). Experimental design considerations in 

microbiota/inflammation studies. Clinical & Translational Immunology, 5(7), e92. 
https://doi.org/10.1038/cti.2016.41 

 



 

 219 

[321] Mor, G., Aldo, P., & Alvero, A. B. (2017). The unique immunological and 
microbial aspects of pregnancy. Nature Reviews Immunology, 17(8), 469–482. 
https://doi.org/10.1038/nri.2017.64 

 
[322] Morgan, R. L., Preidis, G. A., Kashyap, P. C., Weizman, A. V., Sadeghirad, B., 

Chang, Y., Florez, I. D., Foroutan, F., Shahid, S., & Zeraatkar, D. (2020). Probiotics 
Reduce Mortality and Morbidity in Preterm, Low-Birth-Weight Infants: A 
Systematic Review and Network Meta-analysis of Randomized Trials. 
Gastroenterology, 159(2), 467–480. https://doi.org/10.1053/j.gastro.2020.05.096 

 
[323] Mottet, C., & Michetti, P. (2005). Probiotics: Wanted dead or alive. Digestive and 

Liver Disease, 37(1), 3–6. https://doi.org/10.1016/j.dld.2004.09.010 
 
[324] Moura, D., Canavarro, M. C., & Figueiredo-Braga, M. (2016). Oxytocin and 

depression in the perinatal period—A systematic review. Archives of Women’s 
Mental Health, 19(4), 561–570. https://doi.org/10.1007/s00737-016-0643-3 

 
[325] Moya, A., & Ferrer, M. (2016). Functional Redundancy-Induced Stability of Gut 

Microbiota Subjected to Disturbance. Trends in Microbiology, 24(5), 402–413. 
https://doi.org/10.1016/j.tim.2016.02.002 

 
[326] Mozaffarian, D. (2016). Dietary and Policy Priorities for Cardiovascular Disease, 

Diabetes, and Obesity: A Comprehensive Review. Circulation, 133(2), 187–225. 
https://doi.org/10.1161/CIRCULATIONAHA.115.018585 

 
[327] Mukhopadhya, I., Hansen, R., El-Omar, E. M., & Hold, G. L. (2012). IBD—what 

role do Proteobacteria play? Nature Reviews Gastroenterology & Hepatology, 9(4), 
219–230. https://doi.org/10.1038/nrgastro.2012.14 

 
[328] Munck, A., Guyre, P. M., & Holbrook, N. J. (1984). Physiological Functions of 

Glucocorticoids in Stress and Their Relation to Pharmacological Actions. Endocrine 
Reviews, 5(1), 25–44. https://doi.org/10.1210/edrv-5-1-25 

 
[329] Murgatroyd, C., & Spengler, D. (2011). Epigenetic programming of the HPA 

axis: Early life decides. Stress, 14(6), 581–589. 
https://doi.org/10.3109/10253890.2011.602146 

 
[330] Murray, L., Fiori-Cowley, A., Hooper, R., & Cooper, P. (1996). The Impact of 

Postnatal Depression and Associated Adversity on Early Mother-Infant Interactions 
and Later Infant Outcome. Child Development, 67(5), 2512–2526. 
https://doi.org/10.2307/1131637 

 
 
 
 



 

 220 

[331] Myer, P. R., McDaneld, T. G., Kuehn, L. A., Dedonder, K. D., Apley, M. D., 
Capik, S. F., Lubbers, B. V., Harhay, G. P., Harhay, D. M., Keele, J. W., Henniger, 
M. T., Clemmons, B. A., & Smith, T. P. L. (2020). Classification of 16S rRNA reads 
is improved using a niche-specific database constructed by near-full length 
sequencing. PLOS ONE, 15(7), e0235498. 
https://doi.org/10.1371/journal.pone.0235498 

 
[332] Myles, E. M. (2019). Probiotic Effects on Adult Anxiety and Systemic 

Inflammation After Exposure to Western Diet. Dalhousie University. 
 
[333] Myles, E. M., Hamm, S. I., Allden, S. N., Romkey, I. D., O’Leary, M. E., & 

Perrot, T. S. (2023). A comparative study of Western, high-carbohydrate, and 
standard lab diet consumption throughout adolescence on metabolic and anxiety-
related outcomes in young adult male and female Long-Evans rats. Behavioural 
Brain Research, 438, 114184. https://doi.org/10.1016/j.bbr.2022.114184 

 
[334] Myles, E. M., O’Leary, M. E., Romkey, I. D., Piano, A., De Carvalho, V., 

Tompkins, T. A., & Perrot, T. S. (2020). Guidelines for best practice in placebo-
controlled experimental studies on probiotics in rodent animal models. Beneficial 
Microbes, 11(3), 245–254. https://doi.org/10.3920/BM2019.0144 

 
[335] Myles, E. M., O’Leary, M. E., Smith, R., MacPherson, C. W., Oprea, A., 

Melanson, E. H., Tompkins, T. A., & Perrot, T. S. (2020). Supplementation with 
Combined Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 
Across Development Reveals Sex Differences in Physiological and Behavioural 
Effects of Western Diet in Long–Evans Rats. Microorganisms, 8(10), 1527. 
https://doi.org/10.3390/microorganisms8101527 

 
[336] Nadeem, I., Rahman, M. Z., Ad‐Dab’bagh, Y., & Akhtar, M. (2019). Effect of 

probiotic interventions on depressive symptoms: A narrative review evaluating 
systematic reviews. Psychiatry and Clinical Neurosciences, 73(4), 154–162. 
https://doi.org/10.1111/pcn.12804 

 
[337] Nagpal, R., Wang, S., Solberg Woods, L. C., Seshie, O., Chung, S. T., Shively, C. 

A., Register, T. C., Craft, S., McClain, D. A., & Yadav, H. (2018). Comparative 
Microbiome Signatures and Short-Chain Fatty Acids in Mouse, Rat, Non-human 
Primate, and Human Feces. Frontiers in Microbiology, 9, 2897. 
https://doi.org/10.3389/fmicb.2018.02897 

 
[338] Nagy, T. R., Gower, B. A., Trowbridge, C. A., Dezenberg, C., Shewchuk, R. M., 

& Goran, M. I. (1997). Effects of Gender, Ethnicity, Body Composition, and Fat 
Distribution on Serum Leptin Concentrations in Children. The Journal of Clinical 
Endocrinology & Metabolism, 82(7), 2148–2152. 
https://doi.org/10.1210/jcem.82.7.4077 

 



 

 221 

[339] Nankova, B. B., Agarwal, R., MacFabe, D. F., & La Gamma, E. F. (2014). 
Enteric Bacterial Metabolites Propionic and Butyric Acid Modulate Gene 
Expression, Including CREB-Dependent Catecholaminergic Neurotransmission, in 
PC12 Cells—Possible Relevance to Autism Spectrum Disorders. PLoS ONE, 9(8), 
e103740. https://doi.org/10.1371/journal.pone.0103740 

 
[340] Natale, N. R., Kent, M., Fox, N., Vavra, D., & Lambert, K. (2021). 

Neurobiological effects of a probiotic-supplemented diet in chronically stressed male 
Long-Evans rats: Evidence of enhanced resilience. IBRO Neuroscience Reports, 11, 
207–215. https://doi.org/10.1016/j.ibneur.2021.10.004 

 
[341] Nearing, J. T., Douglas, G. M., Hayes, M. G., MacDonald, J., Desai, D. K., 

Allward, N., Jones, C. M. A., Wright, R. J., Dhanani, A. S., Comeau, A. M., & 
Langille, M. G. I. (2022). Microbiome differential abundance methods produce 
different results across 38 datasets. Nature Communications, 13(1), 342. 
https://doi.org/10.1038/s41467-022-28034-z 

 
[342] Nicholas, K. R., & Hartmann, P. E. (1991). Milk secretion in the rat: Progressive 

changes in milk composition during lactation and weaning and the effect of diet. 
Comparative Biochemistry and Physiology Part A: Physiology, 98(3–4), 535–542. 
https://doi.org/10.1016/0300-9629(91)90443-G 

 
[343] Nilsson, P. M., Tuomilehto, J., & Rydén, L. (2019). The metabolic syndrome – 

What is it and how should it be managed? European Journal of Preventive 
Cardiology, 26(2S), 33–46. https://doi.org/10.1177/2047487319886404 

 
[344] Niu, X., Wu, X., Ying, A., Shao, B., Li, X., Zhang, W., Lin, C., & Lin, Y. (2019). 

Maternal high fat diet programs hypothalamic-pituitary-adrenal function in adult rat 
offspring. Psychoneuroendocrinology, 102, 128–138. 
https://doi.org/10.1016/j.psyneuen.2018.12.003 

 
[345] Nowacka-Chmielewska, M. M., Liśkiewicz, D., Grabowska, K., Liśkiewicz, A., 

Marczak, Ł., Wojakowska, A., Pondel, N., Grabowski, M., Barski, J. J., & Małecki, 
A. (2021). Effects of Simultaneous Exposure to a Western Diet and Wheel-Running 
Training on Brain Energy Metabolism in Female Rats. Nutrients, 13(12), 4242. 
https://doi.org/10.3390/nu13124242 

 
[346] Numan, M., Rosenblatt, J. S., & Komisaruk, B. R. (1977). Medial preoptic area 

and onset of maternal behavior in the rat. Journal of Comparative and Physiological 
Psychology, 91(1), 146–164. https://doi.org/10.1037/h0077304 

 
 
 
 
 



 

 222 

[347] Nuriel-Ohayon, M., Neuman, H., Ziv, O., Belogolovski, A., Barsheshet, Y., 
Bloch, N., Uzan, A., Lahav, R., Peretz, A., Frishman, S., Hod, M., Hadar, E., 
Louzoun, Y., Avni, O., & Koren, O. (2019). Progesterone Increases Bifidobacterium 
Relative Abundance during Late Pregnancy. Cell Reports, 27(3), 730–736. 
https://doi.org/10.1016/j.celrep.2019.03.075 

 
[348] Nutt, D. J. (2001). Neurobiological Mechanisms in Generalized Anxiety Disorder. 

J Clin Psychiatry. 
 
[349] O’Hara, M. W., & McCabe, J. E. (2013). Postpartum Depression: Current Status 

and Future Directions. Annual Review of Clinical Psychology, 9(1), 379–407. 
https://doi.org/10.1146/annurev-clinpsy-050212-185612 

 
[350] Ohland, C. L., Kish, L., Bell, H., Thiesen, A., Hotte, N., Pankiv, E., & Madsen, K. 

L. (2013). Effects of Lactobacillus helveticus on murine behavior are dependent on 
diet and genotype and correlate with alterations in the gut microbiome. 
Psychoneuroendocrinology, 38(9), 1738–1747. 
https://doi.org/10.1016/j.psyneuen.2013.02.008 

 
[351] Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R. 

B., Simpson, G. L., Solymos, P., Stevens, M. H. H., & Wagner, H. (2013). Package 
‘vegan.’ Community Ecology Package, Version, 2(9), 1–295. 

 
[352] O’Leary, M. E. (2019). Maternal Microbes: The Effects of Probiotic Treatment 

on Maternal Care Behaviour, Inflammation and Offspring Stress Outcomes. 
Dalhousie University. 

 
[353] Opie, R. S., Uldrich, A. C., & Ball, K. (2020). Maternal Postpartum Diet and 

Postpartum Depression: A Systematic Review. Maternal and Child Health Journal, 
24(8), 966–978. https://doi.org/10.1007/s10995-020-02949-9 

 
[354] Ortega, R. M., Martínez, R. M., Andrés, P., Marín-Arias, L., & López-Sobaler, A. 

M. (2004). Thiamin status during the third trimester of pregnancy and its influence 
on thiamin concentrations in transition and mature breast milk. British Journal of 
Nutrition, 92(1), 129–135. https://doi.org/10.1079/BJN20041153 

 
[355] Osadchiy, V., Martin, C. R., & Mayer, E. A. (2019). The Gut–Brain Axis and the 

Microbiome: Mechanisms and Clinical Implications. Clinical Gastroenterology and 
Hepatology, 17(2), 322–332. https://doi.org/10.1016/j.cgh.2018.10.002 

 
[356] Östman, E. M., Elmståhl, H. G. M. L., & Björck, I. M. E. (2001). Inconsistency 

between glycemic and insulinemic responses to regular and fermented milk 
products. The American Journal of Clinical Nutrition, 74, 96–100. 
https://doi.org/10.1093/ajcn/74.1.96 

 



 

 223 

[357] Othman, M., Alfirevic, Z., & Neilson, J. P. (2007). Probiotics for preventing 
preterm labour. Cochrane Database of Systematic Reviews, 2012(2), 1–19. 
https://doi.org/10.1002/14651858.CD005941.pub2 

 
[358] Ouchi, N., Kihara, S., Funahashi, T., Matsuzawa, Y., & Walsh, K. (2003). 

Obesity, adiponectin and vascular inflammatory disease: Current Opinion in 
Lipidology, 14(6), 561–566. https://doi.org/10.1097/00041433-200312000-00003 

 
[359] Ouwehand, A. C., Invernici, M. M., Furlaneto, F. A. C., & Messora, M. R. 

(2018). Effectiveness of Multi-strain Versus Single-strain Probiotics: Current Status 
and Recommendations for the Future. Journal of Clinical Gastroenterology, 52, 
S35–S40. https://doi.org/10.1097/MCG.0000000000001052 

 
[360] Ozen, M., & Dinleyici, E. C. (2015). The history of probiotics: The untold story. 

Beneficial Microbes, 6(2), 159–165. https://doi.org/10.3920/BM2014.0103 
 
[361] Palou, M., Picó, C., & Palou, A. (2018). Leptin as a breast milk component for the 

prevention of obesity. Nutrition Reviews, 76(12), 875–892. 
https://doi.org/10.1093/nutrit/nuy046 

 
[362] Pan, H., Guo, R., Ju, Y., Wang, Q., Zhu, J., Xie, Y., Zheng, Y., Li, T., Liu, Z., Lu, 

L., Li, F., Tong, B., Xiao, L., Xu, X., Leung, E. L.-H., Li, R., Yang, H., Wang, J., 
Zhou, H., … Liu, L. (2019). A single bacterium restores the microbiome dysbiosis to 
protect bones from destruction in a rat model of rheumatoid arthritis. Microbiome, 
7(1), 107. https://doi.org/10.1186/s40168-019-0719-1 

 
[363] Pannaraj, P. S., Li, F., Cerini, C., Bender, J. M., Yang, S., Rollie, A., Adisetiyo, 

H., Zabih, S., Lincez, P. J., Bittinger, K., Bailey, A., Bushman, F. D., Sleasman, J. 
W., & Aldrovandi, G. M. (2017). Association Between Breast Milk Bacterial 
Communities and Establishment and Development of the Infant Gut Microbiome. 
The Journal of the American Medical Association, 171(7), 647–654. 
https://doi.org/10.1001/jamapediatrics.2017.0378 

 
[364] Panwar, H., Calderwood, D., Gillespie, A. L., Wylie, A. R., Graham, S. F., Grant, 

I. R., Grover, S., & Green, B. D. (2016). Identification of lactic acid bacteria strains 
modulating incretin hormone secretion and gene expression in enteroendocrine cells. 
Journal of Functional Foods, 23, 348–358. https://doi.org/10.1016/j.jff.2016.02.040 

 
[365] Pariante, C. M. (2017). Why are depressed patients inflamed? A reflection on 20 

years of research on depression, glucocorticoid resistance and inflammation. 
European Neuropsychopharmacology, 27(6), 554–559. 
https://doi.org/10.1016/j.euroneuro.2017.04.001 

 



 

 224 

[366] Paul, H. A., Hallam, M. C., & Reimer, R. A. (2015). Milk Collection in the Rat 
Using Capillary Tubes and Estimation of Milk Fat Content by Creamatocrit. Journal 
of Visualized Experiments, 106, 53476. https://doi.org/10.3791/53476 

 
[367] Paxinos, G., & Watson, C. (1998). A stereotaxic atlas of the rat brain. New York: 

Academic. 
 
[368] Pedersen, C. A., Caldwell, J. D., Walker, C., Ayers, G., & Mason, G. A. (1994). 

Oxytocin Activates the Postpartum Onset of Rat Maternal Behavior in the Ventral 
Tegmental and Medial Preoptic Areas. Behavioral Neuroscience, 108(6), 1163. 
https://doi.org/10.1037/0735-7044.108.6.1163 

 
[369] Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., 

Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A., & 
Cournapeau, D. (2011). Scikit-learn: Machine Learning in Python. Journal of 
Machine Learning Research, 12, 2825–2830. 

 
[370] Pérez-Pérez, A., Vilariño-García, T., Guadix, P., Dueñas, J. L., & Sánchez-

Margalet, V. (2020). Leptin and Nutrition in Gestational Diabetes. Nutrients, 12(7), 
1970. https://doi.org/10.3390/nu12071970 

 
[371] Pessa-Morikawa, T., Husso, A., Kärkkäinen, O., Koistinen, V., Hanhineva, K., 

Iivanainen, A., & Niku, M. (2022). Maternal microbiota-derived metabolic profile in 
fetal murine intestine, brain and placenta. BMC Microbiology, 22(1), 46. 
https://doi.org/10.1186/s12866-022-02457-6 

 
[372] Petersen, M. C., & Shulman, G. I. (2018). Mechanisms of Insulin Action and 

Insulin Resistance. Physiological Reviews, 98(4), 2133–2223. 
https://doi.org/10.1152/physrev.00063.2017 

 
[373] Pina-Camacho, L., Jensen, S. K., Gaysina, D., & Barker, E. D. (2015). Maternal 

depression symptoms, unhealthy diet and child emotional–behavioural 
dysregulation. Psychological Medicine, 45(9), 1851–1860. 
https://doi.org/10.1017/S0033291714002955 

 
[374] Plaza-Diaz, J., Gomez-Llorente, C., Abadia-Molina, F., Saez-Lara, M. J., 

Campaña-Martin, L., Muñoz-Quezada, S., Romero, F., Gil, A., & Fontana, L. 
(2014). Effects of Lactobacillus paracasei CNCM I-4034, Bifidobacterium breve 
CNCM I-4035 and Lactobacillus rhamnosus CNCM I-4036 on Hepatic Steatosis in 
Zucker Rats. PLoS ONE, 9(5), e98401. https://doi.org/10.1371/journal.pone.0098401 

 
[375] Plottel, C. S., & Blaser, M. J. (2011). Microbiome and Malignancy. Cell Host & 

Microbe, 10(4), 324–335. https://doi.org/10.1016/j.chom.2011.10.003 
 



 

 225 

[376] Poltyrev, T., & Weinstock, M. (1999). Effect of Gestational Stress on Maternal 
Behavior in Response to Cage Transfer and Handling of Pups in Two Strains of Rat. 
Stress, 3(1), 85–95. https://doi.org/10.3109/10253899909001114 

 
[377] Poon, L. C., McIntyre, H. D., Hyett, J. A., Da Fonseca, E. B., & Hod, M. (2018). 

The first-trimester of pregnancy – A window of opportunity for prediction and 
prevention of pregnancy complications and future life. Diabetes Research and 
Clinical Practice, 145, 20–30. https://doi.org/10.1016/j.diabres.2018.05.002 

 
[378] Popoola, D. O., Borrow, A. P., Sanders, J. E., Nizhnikov, M. E., & Cameron, N. 

M. (2015). Can low-level ethanol exposure during pregnancy influence maternal 
care? An investigation using two strains of rat across two generations. Physiology & 
Behavior, 148, 111–121. https://doi.org/10.1016/j.physbeh.2015.01.001 

 
[379] Postler, T. S., & Ghosh, S. (2017). Understanding the Holobiont: How Microbial 

Metabolites Affect Human Health and Shape the Immune System. Cell Metabolism, 
26(1), 110–130. https://doi.org/10.1016/j.cmet.2017.05.008 

 
[380] Poston, L., Harthoorn, L. F., & Van Der Beek, E. M. (2011). Obesity in 

Pregnancy: Implications for the Mother and Lifelong Health of the Child. A 
Consensus Statement. Pediatric Research, 69(2), 175–180. 
https://doi.org/10.1203/PDR.0b013e3182055ede 

 
[381] Poutahidis, T., Kearney, S. M., Levkovich, T., Qi, P., Varian, B. J., Lakritz, J. R., 

Ibrahim, Y. M., Chatzigiagkos, A., Alm, E. J., & Erdman, S. E. (2013). Microbial 
Symbionts Accelerate Wound Healing via the Neuropeptide Hormone Oxytocin. 
PLoS ONE, 8(10), e78898. https://doi.org/10.1371/journal.pone.0078898 

 
[382] Purcell, R. H., Sun, B., Pass, L. L., Power, M. L., Moran, T. H., & Tamashiro, K. 

L. K. (2011). Maternal stress and high-fat diet effect on maternal behavior, milk 
composition, and pup ingestive behavior. Physiology & Behavior, 104(3), 474–479. 
https://doi.org/10.1016/j.physbeh.2011.05.012 

 
[383] Purchiaroni, F., Tortora, A., Gabrielli, M., Bertucci, F., Gigante, G., Ianiro, G., 

Ojetti, V., Scarpellini, E., & Gasbarrini, A. (2013). The role of intestinal microbiota 
and the immune system. European Review for Medical and Pharmacological 
Sciences, 17, 323–333. 

 
[384] Pyrhönen, K., Läärä, E., Hiltunen, L., Kaila, M., Hugg, T., & Näyhä, S. (2012). 

Season of the first trimester of pregnancy predicts sensitisation to food allergens in 
childhood: A population-based cohort study from Finland. Journal of Epidemiology 
and Community Health, 66(1), 49–56. https://doi.org/10.1136/jech.2009.105411 

 



 

 226 

[385] Qi, X., Yun, C., Pang, Y., & Qiao, J. (2021). The impact of the gut microbiota on 
the reproductive and metabolic endocrine system. Gut Microbes, 13(1), 1894070. 
https://doi.org/10.1080/19490976.2021.1894070 

 
[386] Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., 

& Glöckner, F. O. (2012). The SILVA ribosomal RNA gene database project: 
Improved data processing and web-based tools. Nucleic Acids Research, 41(D1), 
D590–D596. https://doi.org/10.1093/nar/gks1219 

 
[387] Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., & Segata, N. (2017). 

Shotgun metagenomics, from sampling to analysis. Nature Biotechnology, 35(9), 
833–844. https://doi.org/10.1038/nbt.3935 

 
[388] R Core Team. (2021). R: A Language and environment for statistical computing 

(Version 4.1) [Computer software]. https://cran.r-project.org 
 
[389] Rackers, H. S., Thomas, S., Williamson, K., Posey, R., & Kimmel, M. C. (2018). 

Emerging literature in the Microbiota-Brain Axis and Perinatal Mood and Anxiety 
Disorders. Psychoneuroendocrinology, 95, 86–96. 
https://doi.org/10.1016/j.psyneuen.2018.05.020 

 
[390] Rahman, L. A., Hairi, N. N., & Salleh, N. (2008). Association Between 

Pregnancy Induced Hypertension and Low Birth Weight; A Population Based Case-
Control Study. Asia Pacific Journal of Public Health, 20(2), 152–158. 
https://doi.org/10.1177/1010539507311553 

 
[391] Rao, S., Yajnik, C. S., Kanade, A., Fall, C. H. D., Margetts, B. M., Jackson, A. 

A., Shier, R., Joshi, S., Rege, S., Lubree, H., & Desai, B. (2001). Intake of 
Micronutrient-Rich Foods in Rural Indian Mothers Is Associated with the Size of 
Their Babies at Birth: Pune Maternal Nutrition Study. The Journal of Nutrition, 
131(4), 1217–1224. https://doi.org/10.1093/jn/131.4.1217 

 
[392] Rautava, S., Kalliomäki, M., & Isolauri, E. (2002). Probiotics during pregnancy 

and breast-feeding might confer immunomodulatory protection against atopic 
disease in the infant. Journal of Allergy and Clinical Immunology, 109(1), 119–121. 
https://doi.org/10.1067/mai.2002.120273 

 
[393] Reid, J. N. S., Bisanz, J. E., Monachese, M., Burton, J. P., & Reid, G. (2013). The 

Rationale for Probiotics Improving Reproductive Health and Pregnancy Outcome. 
American Journal of Reproductive Immunology, 69(6), 558–566. 
https://doi.org/10.1111/aji.12086 

 
[394] Reul, J. M. H. M., & De Kloet, E. R. (1985). Two Receptor Systems for 

Corticosterone in Rat Brain: Microdistribution and Differential Occupation. 
Endocrinology, 117(6), 2505–2511. https://doi.org/10.1210/endo-117-6-2505 

 



 

 227 

[395] Reynolds, R. M., Labad, J., Buss, C., Ghaemmaghami, P., & Räikkönen, K. 
(2013). Transmitting biological effects of stress in utero: Implications for mother and 
offspring. Psychoneuroendocrinology, 38(9), 1843–1849. 
https://doi.org/10.1016/j.psyneuen.2013.05.018 

 
[396] Rich-Edwards, J. W., Fraser, A., Lawlor, D. A., & Catov, J. M. (2014). Pregnancy 

Characteristics and Women’s Future Cardiovascular Health: An Underused 
Opportunity to Improve Women’s Health? Epidemiologic Reviews, 36(1), 57–70. 
https://doi.org/10.1093/epirev/mxt006 

 
[397] Ritze, Y., Bárdos, G., Claus, A., Ehrmann, V., Bergheim, I., Schwiertz, A., & 

Bischoff, S. C. (2014). Lactobacillus rhamnosus GG Protects against Non-Alcoholic 
Fatty Liver Disease in Mice. PLoS ONE, 9(1), e80169. 
https://doi.org/10.1371/journal.pone.0080169 

 
[398] Rivier, C., & Vale, W. (1983). Modulation of stress-induced ACTH release by 

corticotropin-releasing factor, catecholamines and vasopressin. Nature, 305(5932), 
325–327. https://doi.org/10.1038/305325a0 

 
[399] Rizzatti, G., Lopetuso, L. R., Gibiino, G., Binda, C., & Gasbarrini, A. (2017). 

Proteobacteria: A Common Factor in Human Diseases. BioMed Research 
International, 2017, 1–7. https://doi.org/10.1155/2017/9351507 

 
[400] Robakis, T. K., Aasly, L., Williams, K. E., Clark, C., & Rasgon, N. L. (2017). 

Roles of Inflammation and Depression in the Development of Gestational Diabetes. 
Current Behavioral Neuroscience Reports, 4(4), 369–383. 
https://doi.org/10.1007/s40473-017-0131-8 

 
[401] Rodriguez, B., Prioult, G., Bibiloni, R., Nicolis, I., Mercenier, A., Butel, M.-J., & 

Waligora-Dupriet, A.-J. (2011). Germ-free status and altered caecal subdominant 
microbiota are associated with a high susceptibility to cow’s milk allergy in mice: 
Microbiota and cow’s milk allergy in mice. FEMS Microbiology Ecology, 76(1), 
133–144. https://doi.org/10.1111/j.1574-6941.2010.01035.x 

 
[402] Rodríguez-Daza, M.-C., Roquim, M., Dudonné, S., Pilon, G., Levy, E., Marette, 

A., Roy, D., & Desjardins, Y. (2020). Berry Polyphenols and Fibers Modulate 
Distinct Microbial Metabolic Functions and Gut Microbiota Enterotype-Like 
Clustering in Obese Mice. Frontiers in Microbiology, 11, 2032. 
https://doi.org/10.3389/fmicb.2020.02032 

 
[403] Rooney, B. L., Mathiason, M. A., & Schauberger, C. W. (2011). Predictors of 

Obesity in Childhood, Adolescence, and Adulthood in a Birth Cohort. Maternal and 
Child Health Journal, 15(8), 1166–1175. https://doi.org/10.1007/s10995-010-0689-1 

 
 



 

 228 

[404] Roseboom, T. J., van der Meulen, J. H. P., Osmond, C., Barker, D. J. P., Ravelli, 
A. C. J., Schroder-Tanka, J. M., van Montfrans, G. A., Michels, R. P. J., & Bleker, 
O. P. (2000). Coronary heart disease after prenatal exposure to the Dutch famine, 
1944-45. Heart, 84(6), 595–598. https://doi.org/10.1136/heart.84.6.595 

 
[405] Roseboom, T. J., Van Der Meulen, J. H. P., Ravelli, A. C. J., Osmond, C., Barker, 

D. J. P., & Bleker, O. P. (2001). Effects of Prenatal Exposure to the Dutch Famine 
on Adult Disease in Later Life: An Overview. Twin Research, 4(5), 293–298. 
https://doi.org/10.1375/twin.4.5.293 

 
[406] Rosenblatt, J. (1994). Psychobiology of maternal behavior: Contribution to the 

clinical understanding of maternal behavior among humans. Acta Paediatrica, 
83(s397), 3–8. https://doi.org/10.1111/j.1651-2227.1994.tb13259.x 

 
[407] Roth, L. L., & Rosenblatt, J. S. (1966). Mammary Glands of Pregnant Rats: 

Development Stimulated by Licking. Science, 151(3716), 1403–1404. 
https://doi.org/10.1126/science.151.3716.1403 

 
[408] Roth, L. L., & Rosenblatt, J. S. (1967). Changes in self-licking during pregnancy 

in the rat. Journal of Comparative and Physiological Psychology, 63(3), 397–400. 
https://doi.org/10.1037/h0024635 

 
[409] Roubos, E. W., Dahmen, M., Kozicz, T., & Xu, L. (2012). Leptin and the 

hypothalamo-pituitary–adrenal stress axis. General and Comparative 
Endocrinology, 177(1), 28–36. https://doi.org/10.1016/j.ygcen.2012.01.009 

 
[410] Röytiö, H., Mokkala, K., Vahlberg, T., & Laitinen, K. (2017). Dietary intake of 

fat and fibre according to reference values relates to higher gut microbiota richness 
in overweight pregnant women. British Journal of Nutrition, 118(5), 343–352. 
https://doi.org/10.1017/S0007114517002100 

 
[411] RStudio: Integrated Development Environment for R. (Version 2023.06.1.52). 

(2023). [Computer software]. Posit Software, PBC. http://www.posit.co/. 
 
[412] Ruyak, S. L., Lowe, N. K., Corwin, E. J., Neu, M., & Boursaw, B. (2016). 

Prepregnancy Obesity and a Biobehavioral Predictive Model for Postpartum 
Depression. Journal of Obstetric, Gynecologic & Neonatal Nursing, 45(3), 326–338. 
https://doi.org/10.1016/j.jogn.2015.12.013 

 
[413] Samuelsson, A.-M., Matthews, P. A., Argenton, M., Christie, M. R., McConnell, 

J. M., Jansen, E. H. J. M., Piersma, A. H., Ozanne, S. E., Twinn, D. F., Remacle, C., 
Rowlerson, A., Poston, L., & Taylor, P. D. (2008). Diet-Induced Obesity in Female 
Mice Leads to Offspring Hyperphagia, Adiposity, Hypertension, and Insulin 
Resistance: A Novel Murine Model of Developmental Programming. Hypertension, 
51(2), 383–392. https://doi.org/10.1161/HYPERTENSIONAHA.107.101477 

 



 

 229 

[414] Sánchez, J., Oliver, P., Miralles, O., Ceresi, E., Picó, C., & Palou, A. (2005). 
Leptin Orally Supplied to Neonate Rats Is Directly Uptaken by the Immature 
Stomach and May Regulate Short-Term Feeding. Endocrinology, 146(6), 2575–
2582. https://doi.org/10.1210/en.2005-0112 

 
[415] Santacruz, A., Collado, M. C., García-Valdés, L., Segura, M. T., Martín-Lagos, J. 

A., Anjos, T., Martí-Romero, M., Lopez, R. M., Florido, J., Campoy, C., & Sanz, Y. 
(2010). Gut microbiota composition is associated with body weight, weight gain and 
biochemical parameters in pregnant women. British Journal of Nutrition, 104(1), 
83–92. https://doi.org/10.1017/S0007114510000176 

 
[416] Savino, F., Alfonsina Liguori, S., Oggero, R., Silvestro, L., & Miniero, R. (2006). 

Maternal BMI and serum leptin concentration of infants in the first year of life. Acta 
Paediatrica, 95(4), 414–418. https://doi.org/10.1111/j.1651-2227.2006.tb02254.x 

 
[417] Schiller, C. E., Meltzer-Brody, S., & Rubinow, D. R. (2015). The role of 

reproductive hormones in postpartum depression. CNS Spectrums, 20(1), 48–59. 
https://doi.org/10.1017/S1092852914000480 

 
[418] Schloss, P. D. (2024). Waste not, want not: Revisiting the analysis that called into 

question the practice of rarefaction. mSphere, 9(1), e00355-23. 
https://doi.org/10.1128/msphere.00355-23 

 
[419] Schoenaker, D. A. J. M., Soedamah-Muthu, S. S., Callaway, L. K., & Mishra, G. 

D. (2015). Pre-pregnancy dietary patterns and risk of gestational diabetes mellitus: 
Results from an Australian population-based prospective cohort study. Diabetologia, 
58(12), 2726–2735. https://doi.org/10.1007/s00125-015-3742-1 

 
[420] Schuster, S., Hechler, C., Gebauer, C., Kiess, W., & Kratzsch, J. (2011). Leptin in 

Maternal Serum and Breast Milk: Association With Infants’ Body Weight Gain in a 
Longitudinal Study Over 6 Months of Lactation. Pediatric Research, 70(6), 633–
637. https://doi.org/10.1203/PDR.0b013e31823214ea 

 
[421] Schwartz, M. W., Baskin, D. G., Bukowski, T. R., Kuijper, J. L., Foster, D., 

Lasser, G., Prunkard, D. E., Porte Jr, D., Woods, S. C., Seeley, R. J., & Weigle, D. S. 
(1996). Specificity of Leptin Action on Elevated Blood Glucose Levels and 
Hypothalamic Neuropeptide Y Gene Expression in ob/ob Mice. Diabetes, 45, 531–
535. https://doi.org/10.2337/diab.45.4.531 

 
[422] Schwartz, M. W., Sipolis, A. J., Marks, J. L., Sanacora, G., White, J. D., 

Scheurink, A., Kahn, S. E., Baskin, D. G., Woods, S. C., Figlewicz, D. P., & Porte 
Jr, D. (1992). Inhibition of Hypothalamic Neuropeptide Y Gene Expression by 
Insulin. Endocrinology, 130(6), 3608–3616. 
https://doi.org/10.1210/endo.130.6.1597158 

 



 

 230 

[423] Sedaghat, F., Akhoondan, M., Ehteshami, M., Aghamohammadi, V., Ghanei, N., 
Mirmiran, P., & Rashidkhani, B. (2017). Maternal Dietary Patterns and Gestational 
Diabetes Risk: A Case-Control Study. Journal of Diabetes Research, 2017, 1–8. 
https://doi.org/10.1155/2017/5173926 

 
[424] Senkowski, D., Linden, M., Zubrägel, D., Bär, T., & Gallinat, J. (2003). Evidence 

for disturbed cortical signal processing and altered serotonergic neurotransmission in 
generalized anxiety disorder. Biological Psychiatry, 53(4), 304–314. 
https://doi.org/10.1016/S0006-3223(02)01478-6 

 
[425] Seppo, A. E., Kukkonen, A. K., Kuitunen, M., Savilahti, E., Yonemitsu, C., Bode, 

L., & Järvinen, Kirsi. M. (2019). Association of Maternal Probiotic Supplementation 
With Human Milk Oligosaccharide Composition. JAMA Pediatrics, 173(3), 286. 
https://doi.org/10.1001/jamapediatrics.2018.4835 

 
[426] Sergeant, S., Rahbar, E., & Chilton, F. H. (2016). Gamma-linolenic acid, 

Dihommo-gamma linolenic, Eicosanoids and Inflammatory Processes. European 
Journal of Pharmacology, 785, 77–86. https://doi.org/10.1016/j.ejphar.2016.04.020 

 
[427] Sharma, S. S., Greenwood, D. C., Simpson, N. A. B., & Cade, J. E. (2018). Is 

dietary macronutrient composition during pregnancy associated with offspring birth 
weight? An observational study. British Journal of Nutrition, 119(3), 330–339. 
https://doi.org/10.1017/S0007114517003609 

 
[428] Sharon, G., Sampson, T. R., Geschwind, D. H., & Mazmanian, S. K. (2016). The 

Central Nervous System and the Gut Microbiome. Cell, 167(4), 915–932. 
https://doi.org/10.1016/j.cell.2016.10.027 

 
[429] Shehadeh, N., Shamir, R., Berant, M., & Etzioni, A. (2001). Insulin in human 

milk and the prevention of type 1 diabetes: Insulin in human milk and type 1 
diabetes. Pediatric Diabetes, 2(4), 175–177.  
https://doi.org/10.1034/j.1399-5448.2001.20406.x 

 
[430] Sherman, P. M., Johnson-Henry, K. C., Yeung, H. P., Ngo, P. S. C., Goulet, J., & 

Tompkins, T. A. (2005). Probiotics Reduce Enterohemorrhagic Escherichia coli 
O157:H7- and Enteropathogenic E. coli O127:H6-Induced Changes in Polarized T84 
Epithelial Cell Monolayers by Reducing Bacterial Adhesion and Cytoskeletal 
Rearrangements. Infection and Immunity, 73(8), 5183–5188. 
https://doi.org/10.1128/IAI.73.8.5183-5188.2005 

 
[431] Sheyholislami, H., & Connor, K. L. (2021). Are Probiotics and Prebiotics Safe for 

Use during Pregnancy and Lactation? A Systematic Review and Meta-Analysis. 
Nutrients, 13(7), 2382. https://doi.org/10.3390/nu13072382 

 
 



 

 231 

[432] Shibata, F., Kato, H., Konishi, K., Okumura, A., Ochiai, H., Nakajima, K., AL-
Mokdad, M., & Nakagawa, H. (1996). Differential changes in the concentrations of 
cytokine-induced neutrophil chemoattractant (CINC)-1 and CINC-2 in exudate 
during rat lipopolysaccharide-induced inflammation. Cytokine, 8(3), 222–226. 
https://doi.org/10.1006/cyto.1996.0031 

 
[433] Shimoyama, M., De Pons, J., Hayman, G. T., Laulederkind, S. J. F., Liu, W., 

Nigam, R., Petri, V., Smith, J. R., Tutaj, M., Wang, S.-J., Worthey, E., Dwinell, M., 
& Jacob, H. (2015). The Rat Genome Database 2015: Genomic, phenotypic and 
environmental variations and disease. Nucleic Acids Research, 43(D1), D743–D750. 
https://doi.org/10.1093/nar/gku1026 

 
[434] Sibai, M., Altuntaş, E., Yıldırım, B., Öztürk, G., Yıldırım, S., & Demircan, T. 

(2020). Microbiome and Longevity: High Abundance of Longevity-Linked 
Muribaculaceae in the Gut of the Long-Living Rodent Spalax leucodon. OMICS: A 
Journal of Integrative Biology, 24(10), 592–601. 
https://doi.org/10.1089/omi.2020.0116 

 
[435] Sicard, D., & Legras, J.-L. (2011). Bread, beer and wine: Yeast domestication in 

the Saccharomyces sensu stricto complex. Comptes Rendus Biologies, 334(3), 229–
236. https://doi.org/10.1016/j.crvi.2010.12.016 

 
[436] Silva, D. F. O., Cobucci, R. N., Gonçalves, A. K., & Lima, S. C. V. C. (2019). 

Systematic review of the association between dietary patterns and perinatal anxiety 
and depression. BMC Pregnancy and Childbirth, 19(1), 212. 
https://doi.org/10.1186/s12884-019-2367-7 

 
[437] Silverman, J. D., Washburne, A. D., Mukherjee, S., & David, L. A. (2017). A 

phylogenetic transform enhances analysis of compositional microbiota data. eLIFE, 
6(e21887), 1–20. https://doi.org/10.7554/eLife.21887 

 
[438] Skalkidou, A., Hellgren, C., Comasco, E., Sylvén, S., & Poromaa, I. S. (2012). 

Biological Aspects of Postpartum Depression. Women’s Health, 8(6), 659–672. 
https://doi.org/10.2217/WHE.12.55 

 
[439] Skinner, R. C., Warren, D. C., Naveed, M., Agarwal, G., Benedito, V. A., & Tou, 

J. C. (2019). Apple pomace improves liver and adipose inflammatory and 
antioxidant status in young female rats consuming a Western diet. Journal of 
Functional Foods, 61, 103471. https://doi.org/10.1016/j.jff.2019.103471 

 
 
 
 
 
 



 

 232 

[440] Slykerman, R. F., Hood, F., Wickens, K., Thompson, J. M. D., Barthow, C., 
Murphy, R., Kang, J., Rowden, J., Stone, P., Crane, J., Stanley, T., Abels, P., Purdie, 
G., Maude, R., & Mitchell, E. A. (2017). Effect of Lactobacillus rhamnosus HN001 
in Pregnancy on Postpartum Symptoms of Depression and Anxiety: A Randomised 
Double-blind Placebo-controlled Trial. EBioMedicine, 24, 159–165. 
https://doi.org/10.1016/j.ebiom.2017.09.013 

 
[441] Smart, J. L. (1976). Maternal Behaviour of Undernourished Mother Rats towards 

Well Fed and Underfed Young. Physiology & Behavior, 16(2), 147–149. 
https://doi.org/10.1016/0031-9384(76)90298-5 

 
[442] Smart, J. L., & Preece, J. (1973). Maternal behaviour of undernourished mother 

rats. Animal Behaviour, 21(3), 613–619. https://doi.org/10.1016/S0003-
3472(73)80024-7 

 
[443] Smith, B. J., Miller, R. A., Ericsson, A. C., Harrison, D. C., Strong, R., & 

Schmidt, T. M. (2019). Changes in the gut microbiome and fermentation products 
concurrent with enhanced longevity in acarbose-treated mice. BMC Microbiology, 
19(1), 130. https://doi.org/10.1186/s12866-019-1494-7 

 
[444] Smith, J. R., Hayman, G. T., Wang, S.-J., Laulederkind, S. J. F., Hoffman, M. J., 

Kaldunski, M. L., Tutaj, M., Thota, J., Nalabolu, H. S., Ellanki, S. L. R., Tutaj, M. 
A., De Pons, J. L., Kwitek, A. E., Dwinell, M. R., & Shimoyama, M. E. (2019). The 
Year of the Rat: The Rat Genome Database at 20: a multi-species knowledgebase 
and analysis platform. Nucleic Acids Research, 48(D1), D731–D742. 
https://doi.org/10.1093/nar/gkz1041 

 
[445] Smith, K. B., Murray, E., Gregory, J. G., Liang, J., & Ismail, N. (2021). Pubertal 

probiotics mitigate lipopolysaccharide-induced programming of the hypothalamic-
pituitary-adrenal axis in male mice only. Brain Research Bulletin, 177, 111–118. 
https://doi.org/10.1016/j.brainresbull.2021.09.017 

 
[446] Smith, S. M., & Vale, W. W. (2006). The role of the hypothalamic-pituitary-

adrenal axis in neuroendocrine responses to stress. Dialogues in Clinical 
Neuroscience, 8(4), 383–395. https://doi.org/10.31887/DCNS.2006.8.4/ssmith 

 
[447] Sohail, M. U., Shabbir, M. Z., Steiner, J. M., Ahmad, S., Kamran, Z., Anwar, H., 

Hussain, G., Shaukat, A., Ullah, M. I., & Suchodolski, J. S. (2017). Molecular 
analysis of the gut microbiome of diabetic rats supplemented with prebiotic, 
probiotic, and synbiotic foods. International Journal of Diabetes in Developing 
Countries, 37(4), 419–425. https://doi.org/10.1007/s13410-016-0502-9 

 
 
 
 



 

 233 

[448] Song, C., Lyu, Y., Li, C., Liu, P., Li, J., Ma, R. C., & Yang, X. (2018). Long‐term 
risk of diabetes in women at varying durations after gestational diabetes: A 
systematic review and meta‐analysis with more than 2 million women. Obesity 
Reviews, 19(3), 421–429. https://doi.org/10.1111/obr.12645 

 
[449] Song, X., Zhong, L., Lyu, N., Liu, F., Li, B., Hao, Y., Xue, Y., Li, J., Feng, Y., 

Ma, Y., Hu, Y., & Zhu, B. (2019). Inulin Can Alleviate Metabolism Disorders in 
ob/ob Mice by Partially Restoring Leptin-Related Pathways Mediated by Gut 
Microbiota. Genomics, Proteomics & Bioinformatics, 17(1), 64–75. 
https://doi.org/10.1016/j.gpb.2019.03.001 

 
[450] Song, Y., Yu, Y., Wang, D., Chai, S., Liu, D., Xiao, X., & Huang, Y. (2015). 

Maternal high-fat diet feeding during pregnancy and lactation augments lung 
inflammation and remodeling in the offspring. Respiratory Physiology & 
Neurobiology, 207, 1–6. https://doi.org/10.1016/j.resp.2014.12.003 

 
[451] Sparling, T. M., Nesbitt, R. C., Henschke, N., & Gabrysch, S. (2017). Nutrients 

and perinatal depression: A systematic review. Journal of Nutritional Science, 
6(e61), 1–13. https://doi.org/10.1017/jns.2017.58 

 
[452] Srinivasan, M., & Patel, M. S. (2008). Metabolic programming in the immediate 

postnatal period. Trends in Endocrinology & Metabolism, 19(4), 146–152. 
https://doi.org/10.1016/j.tem.2007.12.001 

 
[453] Steegenga, W. T., Mischke, M., Lute, C., Boekschoten, M. V., Lendvai, A., Pruis, 

M. G. M., Verkade, H. J., Van De Heijning, B. J. M., Boekhorst, J., Timmerman, H. 
M., Plösch, T., Müller, M., & Hooiveld, G. J. E. J. (2017). Maternal exposure to a 
Western‐style diet causes differences in intestinal microbiota composition and gene 
expression of suckling mouse pups. Molecular Nutrition & Food Research, 61(1), 
1600141. https://doi.org/10.1002/mnfr.201600141 

 
[454] Steinig, J., Nagl, M., Linde, K., Zietlow, G., & Kersting, A. (2017). Antenatal and 

postnatal depression in women with obesity: A systematic review. Archives of 
Women’s Mental Health, 20(4), 569–585.  
https://doi.org/10.1007/s00737-017-0739-4 

 
[455] Stern, J. M., & Lonstein, J. S. (2001). Neural mediation of nursing and related 

maternal behaviors. Progress in Brain Research, 133, 263–278. 
https://doi.org/10.1016/S0079-6123(01)33020-0 

 
[456] Strzelewicz, A. R., Ordoñes Sanchez, E., Rondón-Ortiz, A. N., Raneri, A., 

Famularo, S. T., Bangasser, D. A., & Kentner, A. C. (2019). Access to a high 
resource environment protects against accelerated maturation following early life 
stress: A translational animal model of high, medium and low security settings. 
Hormones and Behavior, 111, 46–59. https://doi.org/10.1016/j.yhbeh.2019.01.003 

 



 

 234 

[457] Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X., Kubo, C., & Koga, 
Y. (2004). Postnatal microbial colonization programs the hypothalamic–pituitary–
adrenal system for stress response in mice. The Journal of Physiology, 558(1), 263–
275. https://doi.org/10.1113/jphysiol.2004.063388 

 
[458] Sugino, K. Y., Mandala, A., Janssen, R. C., Gurung, S., Trammell, M., Day, M. 

W., Brush, R. S., Papin, J. F., Dyer, D. W., Agbaga, M.-P., Friedman, J. E., Castillo-
Castrejon, M., Jonscher, K. R., & Myers, D. A. (2022). Western diet-induced shifts 
in the maternal microbiome are associated with altered microRNA expression in 
baboon placenta and fetal liver. Frontiers in Clinical Diabetes and Healthcare, 3, 
945768. https://doi.org/10.3389/fcdhc.2022.945768 

 
[459] Sullivan, E. L., Nousen, E. K., & Chamlou, K. A. (2014). Maternal high fat diet 

consumption during the perinatal period programs offspring behavior. Physiology & 
Behavior, 123, 236–242. https://doi.org/10.1016/j.physbeh.2012.07.014 

 
[460] Sun, B., Purcell, R. H., Terrillion, C. E., Yan, J., Moran, T. H., & Tamashiro, K. 

L. K. (2012). Maternal High-Fat Diet During Gestation or Suckling Differentially 
Affects Offspring Leptin Sensitivity and Obesity. Diabetes, 61(11), 2833–2841. 
https://doi.org/10.2337/db11-0957 

 
[461] Susini, C., Lavau, M., & Herzog, J. (1979). Adrenaline responsiveness of glucose 

metabolism in insulin-resistant adipose tissue of rats fed a high-fat diet. Biochemical 
Journal, 180(2), 431–433. https://doi.org/10.1042/bj1800431 

 
[462] Suzuki, K. (2018). The developing world of DOHaD. Journal of Developmental 

Origins of Health and Disease, 9(3), 266–269. 
https://doi.org/10.1017/S2040174417000691 

 
[463] Syngelaki, A., Nicolaides, K. H., Balani, J., Hyer, S., Akolekar, R., Kotecha, R., 

Pastides, A., & Shehata, H. (2016). Metformin versus Placebo in Obese Pregnant 
Women without Diabetes Mellitus. New England Journal of Medicine, 374(5), 434–
443. https://doi.org/10.1056/NEJMoa1509819 

 
[464] Tajabadi-Ebrahimi, M., Sharifi, N., Farrokhian, A., Raygan, F., Karamali, F., 

Razzaghi, R., Taheri, S., & Asemi, Z. (2017). A Randomized Controlled Clinical 
Trial Investigating the Effect of Synbiotic Administration on Markers of Insulin 
Metabolism and Lipid Profiles in Overweight Type 2 Diabetic Patients with 
Coronary Heart Disease. Experimental and Clinical Endocrinology & Diabetes, 
125(01), 21–27. https://doi.org/10.1055/s-0042-105441 

 
[465] Takemura, N., Okubo, T., & Sonoyama, K. (2010). Lactobacillus plantarum 

strain No. 14 reduces adipocyte size in mice fed high-fat diet. Experimental Biology 
and Medicine, 235(7), 849–856. https://doi.org/10.1258/ebm.2010.009377 

 



 

 235 

[466] Talbott, S. M., Talbott, J. A., Stephens, B. J., & Oddou, M. P. (2020). Modulation 
of Gut-Brain Axis Improves Microbiome, Metabolism, and Mood. Functional Foods 
in Health and Disease, 10(1), 37. https://doi.org/10.31989/ffhd.v10i1.685 

 
[467] Tamime, A. (2002). Fermented milks: A historical food with modern 

applications–a review. European Journal of Clinical Nutrition, 56(S4), S2–S15. 
https://doi.org/10.1038/sj.ejcn.1601657 

 
[468] Tan, J., McKenzie, C., Potamitis, M., Thorburn, A. N., Mackay, C. R., & Macia, 

L. (2014). The Role of Short-Chain Fatty Acids in Health and Disease. Advances in 
Immunology, 121, 91–119. https://doi.org/10.1016/B978-0-12-800100-4.00003-9 

 
[469] Tannock, G. W. (2004). A Special Fondness for Lactobacilli. Applied and 

Environmental Microbiology, 70(6), 3189–3194. 
https://doi.org/10.1128/AEM.70.6.3189-3194.2004 

 
[470] Tannock, G. W., Munro, K., Harmsen, H. J. M., Welling, G. W., Smart, J., & 

Gopal, P. K. (2000). Analysis of the Fecal Microflora of Human Subjects 
Consuming a Probiotic Product Containing Lactobacillus rhamnosus DR20. Applied 
and Environmental Microbiology, 66(6), 2578–2588. 
https://doi.org/10.1128/AEM.66.6.2578-2588.2000 

 
[471] Tanoue, T., & Honda, K. (2012). Induction of Treg cells in the mouse colonic 

mucosa: A central mechanism to maintain host–microbiota homeostasis. Seminars in 
Immunology, 24(1), 50–57. https://doi.org/10.1016/j.smim.2011.11.009 

 
[472] Tao, Y., Huang, F., Zhang, Z., Tao, X., Wu, Q., Qiu, L., & Wei, H. (2020). 

Probiotic Enterococcus faecalis Symbioflor 1 ameliorates pathobiont-induced 
miscarriage through bacterial antagonism and Th1-Th2 modulation in pregnant mice. 
Applied Microbiology and Biotechnology, 104(12), 5493–5504. 
https://doi.org/10.1007/s00253-020-10609-9 

 
[473] Tarapatzi, G., Filidou, E., Kandilogiannakis, L., Spathakis, M., Gaitanidou, M., 

Arvanitidis, K., Drygiannakis, I., Valatas, V., Kotzampassi, K., Manolopoulos, V. 
G., Kolios, G., & Vradelis, S. (2022). The Probiotic Strains Bifidοbacterium lactis, 
Lactobacillus acidophilus, Lactiplantibacillus plantarum and Saccharomyces 
boulardii Regulate Wound Healing and Chemokine Responses in Human Intestinal 
Subepithelial Myofibroblasts. Pharmaceuticals, 15(10), 1293. 
https://doi.org/10.3390/ph15101293 

 
[474] Taves, M. D., Gomez-Sanchez, C. E., & Soma, K. K. (2011). Extra-adrenal 

glucocorticoids and mineralocorticoids: Evidence for local synthesis, regulation, and 
function. American Journal of Physiology-Endocrinology and Metabolism, 301(1), 
E11–E24. https://doi.org/10.1152/ajpendo.00100.2011 

 



 

 236 

[475] Teede, H., Deeks, A., & Moran, L. (2010). Polycystic ovary syndrome: A 
complex condition with psychological, reproductive and metabolic manifestations 
that impacts on health across the lifespan. BMC Medicine, 8, 1–10. 
https://doi.org/10.1186/1741-7015-8-41 

 
[476] Thangaratinam, S., Rogozinska, E., Jolly, K., Glinkowski, S., Roseboom, T., 

Tomlinson, J. W., Kunz, R., Mol, B. W., Coomarasamy, A., & Khan, K. S. (2012). 
Effects of interventions in pregnancy on maternal weight and obstetric outcomes: 
Meta-analysis of randomised evidence. BMJ, 344, 1–15. 
https://doi.org/10.1136/bmj.e2088 

 
[477] Thigpen, J. E., Setchell, K. D. R., Ahlmark, K. B., Locklear, J., Spahr, T., 

Caviness, G. F., Goelz, M. F., Haseman, J. K., Newbold, R. R., & Forsythe, D. B. 
(1999). Phytoestrogen Content of Purified, Open- and Closed-Formula Laboratory 
Animal Diets. Laboratory Animal Science, 49(5), 530–536. 

 
[478] Tiangson, C. L. P., Gavino, V. C., Gavino, G., & Panlasigui, L. N. (2003). 

Docosahexaenoic acid level of the breast milk of some Filipino women. 
International Journal of Food Sciences and Nutrition, 54(5), 379–386. 
https://doi.org/10.1080/0963748031000092152 

 
[479] Tillmann, S., & Wegener, G. (2018). Syringe-feeding as a novel delivery method 

for accurate individual dosing of probiotics in rats. Beneficial Microbes, 9(2), 311–
316. https://doi.org/10.3920/BM2017.0127 

 
[480] Timmerman, H. M., Koning, C. J. M., Mulder, L., Rombouts, F. M., & Beynen, 

A. C. (2004). Monostrain, multistrain and multispecies probiotics—A comparison of 
functionality and efficacy. International Journal of Food Microbiology, 96(3), 219–
233. https://doi.org/10.1016/j.ijfoodmicro.2004.05.012 

 
[481] Tompkins, T. A., Barreau, G., & Broadbent, J. R. (2012). Complete Genome 

Sequence of Lactobacillus helveticus R0052, a Commercial Probiotic Strain. Journal 
of Bacteriology, 194(22), 6349–6349. https://doi.org/10.1128/JB.01638-12 

 
[482] Tompkins, T. A., Barreau, G., & De Carvalho, V. G. (2012). Draft Genome 

Sequence of Probiotic Strain Lactobacillus rhamnosus R0011. Journal of 
Bacteriology, 194(4), 902–902. https://doi.org/10.1128/JB.06584-11 

 
[483] Tremaroli, V., & Bäckhed, F. (2012). Functional interactions between the gut 

microbiota and host metabolism. Nature, 489(7415), 242–249. 
https://doi.org/10.1038/nature11552 

 
[484] Tremblay, L., & Frigon, J.-Y. (2005). Precocious Puberty in Adolescent Girls: A 

Biomarker of Later Psychosocial Adjustment Problems. Child Psychiatry and 
Human Development, 36(1), 73–94. https://doi.org/10.1007/s10578-004-3489-2 

 



 

 237 

[485] Tschöp, M., Weyer, C., Tataranni, P. A., Devanarayan, V., Ravussin, E., & 
Heiman, M. L. (2001). Circulating Ghrelin Levels Are Decreased in Human Obesity. 
Diabetes, 50(4), 707–709. https://doi.org/10.2337/diabetes.50.4.707 

 
[486] Tung, Y.-C., Liang, Z.-R., Chou, S.-F., Ho, C.-T., Kuo, Y.-L., Cheng, K.-C., Lu, 

T.-J., Chang, Y.-C., & Pan, M.-H. (2020). Fermented Soy Paste Alleviates Lipid 
Accumulation in the Liver by Regulating the AMPK Pathway and Modulating Gut 
Microbiota in High-Fat-Diet-Fed Rats. Journal of Agricultural and Food Chemistry, 
68(35), 9345–9357. https://doi.org/10.1021/acs.jafc.0c02919 

 
[487] Urwin, H. J., Miles, E. A., Noakes, P. S., Kremmyda, L.-S., Vlachava, M., 

Diaper, N. D., Pérez-Cano, F. J., Godfrey, K. M., Calder, P. C., & Yaqoob, P. 
(2012). Salmon Consumption during Pregnancy Alters Fatty Acid Composition and 
Secretory IgA Concentration in Human Breast Milk. The Journal of Nutrition, 
142(8), 1603–1610. https://doi.org/10.3945/jn.112.160804 

 
[488] USDA Agricultural Research Service. (2019). Usual Nutrient Intake from Food 

and Beverages, by Gender and Age (National Health and Nutrition Examination 
Survey). USDA. http://www.ars.usda.gov/nea/bhnrc/fsrg 

 
[489] Uysal, F. K., Önal, E. E., Aral, Y. Z., Adam, B., Dilmen, U., & Ardiçolu, Y. 

(2002). Breast milk leptin: Its relationship to maternal and infant adiposity. Clinical 
Nutrition, 21(2), 157–160. https://doi.org/10.1054/clnu.2001.0525 

 
[490] Vähämiko, S., Isolauri, E., & Laitinen, K. (2013). Weight status and dietary 

intake determine serum leptin concentrations in pregnant and lactating women and 
their infants. British Journal of Nutrition, 110(6), 1098–1106. 
https://doi.org/10.1017/S0007114513000214 

 
[491] Vähämiko, S., Isolauri, E., Pesonen, U., Koskinen, P., Ekblad, U., & Laitinen, K. 

(2010). Dietary sucrose intake is related to serum leptin concentration in overweight 
pregnant women. European Journal of Nutrition, 49(2), 83–90. 
https://doi.org/10.1007/s00394-009-0052-8 

 
[492] Vale, G. C., Mota, B. I. S., Ando-Suguimoto, E. S., & Mayer, M. P. A. (2023). 

Effect of Probiotics Lactobacillus acidophilus and Lacticaseibacillus rhamnosus on 
Antibacterial Response Gene Transcription of Human Peripheral Monocytes. 
Probiotics and Antimicrobial Proteins, 15(2), 264–274. 
https://doi.org/10.1007/s12602-021-09832-1 

 
[493] Vdoviaková, K., Petrovová, E., Maloveská, M., Krešáková, L., Teleky, J., Elias, 

M. Z. J., & Petrášová, D. (2016). Surgical Anatomy of the Gastrointestinal Tract and 
Its Vasculature in the Laboratory Rat. Gastroenterology Research and Practice, 
2016, 1–11. https://doi.org/10.1155/2016/2632368 

 



 

 238 

[494] Veldhuis, H. D., Van Koppen, C., Van Ittersum, M., & De Kloet, E. R. (1982). 
Specificity of the Adrenal Steroid Receptor System in Rat Hippocampus. 
Endocrinology, 110(6), 2044–2051. https://doi.org/10.1210/endo-110-6-2044 

 
[495] Vera-Santander, V. E., Hernández-Figueroa, R. H., Jiménez-Munguía, M. T., 

Mani-López, E., & López-Malo, A. (2023). Health Benefits of Consuming Foods 
with Bacterial Probiotics, Postbiotics, and Their Metabolites: A Review. Molecules, 
28(3), 1230. https://doi.org/10.3390/molecules28031230 

 
[496] Vohr, B. R., & Boney, C. M. (2008). Gestational diabetes: The forerunner for the 

development of maternal and childhood obesity and metabolic syndrome? The 
Journal of Maternal-Fetal & Neonatal Medicine, 21(3), 149–157. 
https://doi.org/10.1080/14767050801929430 

 
[497] Vom Saal, F. S., Quadagno, D. M., Even, M. D., Keisler, L. W., Keisler, D. H., & 

Khan, S. (1990). Paradoxical Effects of Maternal Stress on Fetal Steroids and 
Postnatal Reproductive Traits in Female Mice from Different Intrauterine Positions. 
Biology of Reproduction, 43(5), 751–761. https://doi.org/10.1095/biolreprod43.5.751 

 
[498] Walker, A. K., Hawkins, G., Sominsky, L., & Hodgson, D. M. (2012). 

Transgenerational transmission of anxiety induced by neonatal exposure to 
lipopolysaccharide: Implications for male and female germ lines. 
Psychoneuroendocrinology, 37(8), 1320–1335. 
https://doi.org/10.1016/j.psyneuen.2012.01.005 

 
[499] Walsh, K. T., & Zemper, A. E. (2019). The Enteric Nervous System for Epithelial 

Researchers: Basic Anatomy, Techniques, and Interactions With the Epithelium. 
Cellular and Molecular Gastroenterology and Hepatology, 8(3), 369–378. 
https://doi.org/10.1016/j.jcmgh.2019.05.003 

 
[500] Wang, B., Kong, Q., Li, X., Zhao, J., Zhang, H., Chen, W., & Wang, G. (2020). A 

High-Fat Diet Increases Gut Microbiota Biodiversity and Energy Expenditure Due to 
Nutrient Difference. Nutrients, 12(10), 3197. https://doi.org/10.3390/nu12103197 

 
[501] Wang, C.-C., Tung, Y.-T., Chang, H.-C., Lin, C.-H., & Chen, Y.-C. (2020). Effect 

of Probiotic Supplementation on Newborn Birth Weight for Mother with Gestational 
Diabetes Mellitus or Overweight/Obesity: A Systematic Review and Meta-Analysis. 
Nutrients, 12(11), 3477. https://doi.org/10.3390/nu12113477 

 
[502] Wang, Q., Jia, D., He, J., Sun, Y., Qian, Y., Ge, Q., Qi, Y., Wang, Q., Hu, Y., 

Wang, L., Fang, Y., He, H., Luo, M., Feng, L., Si, J., Song, Z., Wang, L., & Chen, S. 
(2023). Lactobacillus Intestinalis Primes Epithelial Cells to Suppress Colitis‐Related 
Th17 Response by Host‐Microbe Retinoic Acid Biosynthesis. Advanced Science, 
10(36), 2303457. https://doi.org/10.1002/advs.202303457 

 



 

 239 

[503] Wang, T., Yan, H., Lu, Y., Li, X., Wang, X., Shan, Y., Yi, Y., Liu, B., Zhou, Y., 
& Lü, X. (2020). Anti-obesity effect of Lactobacillus rhamnosus LS-8 and 
Lactobacillus crustorum MN047 on high-fat and high-fructose diet mice base on 
inflammatory response alleviation and gut microbiota regulation. European Journal 
of Nutrition, 59(6), 2709–2728. https://doi.org/10.1007/s00394-019-02117-y 

 
[504] Wang, Y., Dilidaxi, D., Wu, Y., Sailike, J., Sun, X., & Nabi, X. (2020). 

Composite probiotics alleviate type 2 diabetes by regulating intestinal microbiota 
and inducing GLP-1 secretion in db/db mice. Biomedicine & Pharmacotherapy, 125, 
109914. https://doi.org/10.1016/j.biopha.2020.109914 

 
[505] Wang, Y., Qi, W., Song, G., Pang, S., Peng, Z., Li, Y., & Wang, P. (2020). High-

Fructose Diet Increases Inflammatory Cytokines and Alters Gut Microbiota 
Composition in Rats. Mediators of Inflammation, 2020, 1–10. 
https://doi.org/10.1155/2020/6672636 

 
[506] Wang, Y.-W., Yu, H.-R., Tiao, M.-M., Tain, Y.-L., Lin, I.-C., Sheen, J.-M., Lin, 

Y.-J., Chang, K.-A., Chen, C.-C., Tsai, C.-C., & Huang, L.-T. (2021). Maternal 
Obesity Related to High Fat Diet Induces Placenta Remodeling and Gut Microbiome 
Shaping That Are Responsible for Fetal Liver Lipid Dysmetabolism. Frontiers in 
Nutrition, 8, 736944. https://doi.org/10.3389/fnut.2021.736944 

 
[507] Weaver, I. C. G., Cervoni, N., Champagne, F. A., D’Alessio, A. C., Sharma, S., 

Seckl, J. R., Dymov, S., Szyf, M., & Meaney, M. J. (2004). Epigenetic programming 
by maternal behavior. Nature Neuroscience, 7(8), 847–854. 
https://doi.org/10.1038/nn1276 

 
[508] Weaver, I. C. G., Plante, P. L., Weaver, S., Parent, A., Sharma, S., Diorio, J., 

Chapman, K. E., Seckl, J. R., Szyf, M., & Meaney, M. J. (2001). Early 
environmental regulation of hippocampal glucocorticoid receptor gene expression: 
Characterization of intracellular mediators and potential genomic target sites. 
Molecular and Cellular Endocrinology, 185(1–2), 205–218. 
https://doi.org/10.1016/S0303-7207(01)00635-9 

 
[509] Webster, J. L., Dunford, E. K., & Neal, B. C. (2010). A systematic survey of the 

sodium contents of processed foods. The American Journal of Clinical Nutrition, 91, 
413–420. https://doi.org/10.3945/ajcn.2009.28688 

 
[510] Welsh, M., Saunders, P. T. K., Fisken, M., Scott, H. M., Hutchison, G. R., Smith, 

L. B., & Sharpe, R. M. (2008). Identification in rats of a programming window for 
reproductive tract masculinization, disruption of which leads to hypospadias and 
cryptorchidism. Journal of Clinical Investigation, 118(4), 1479–1490. 
https://doi.org/10.1172/JCI34241 

 
 



 

 240 

[511] Wendland, E. M., Torloni, M. R., Falavigna, M., Trujillo, J., Dode, M. A., 
Campos, M. A., Duncan, B. B., & Schmidt, M. I. (2012). Gestational diabetes and 
pregnancy outcomes—A systematic review of the World Health Organization 
(WHO) and the International Association of Diabetes in Pregnancy Study Groups 
(IADPSG) diagnostic criteria. BMC Pregnancy and Childbirth, 12(1), 23. 
https://doi.org/10.1186/1471-2393-12-23 

 
[512] Werneck, A. O., Silva, D. R. P., Collings, P. J., Fernandes, R. A., Ronque, E. R. 

V., Coelho-e-Silva, M. J., Sardinha, L. B., & Cyrino, E. S. (2017). Birth weight, 
biological maturation and obesity in adolescents: A mediation analysis. Journal of 
Developmental Origins of Health and Disease, 8(4), 502–507. 
https://doi.org/10.1017/S2040174417000241 

 
[513] Werner, F.-M., & Coveñas, R. (2010). Classical Neurotransmitters and 

Neuropeptides Involved in Major Depression: A Review. International Journal of 
Neuroscience, 120(7), 455–470. https://doi.org/10.3109/00207454.2010.483651 

 
[514] Whitton, A., Warner, R., & Appleby, L. (1996). The pathway to care in post-natal 

depression: Women’s attitudes to post-natal depression and its treatment. British 
Journal of General Practice, 46(408), 427–428. 

 
[515] Wu, H., & Chiou, J. (2021). Potential Benefits of Probiotics and Prebiotics for 

Coronary Heart Disease and Stroke. Nutrients, 13(8), 2878. 
https://doi.org/10.3390/nu13082878 

 
[516] Wu, P., Gulati, M., Kwok, C. S., Wong, C. W., Narain, A., O’Brien, S., Chew‐

Graham, C. A., Verma, G., Kadam, U. T., & Mamas, M. A. (2018). Preterm 
Delivery and Future Risk of Maternal Cardiovascular Disease: A Systematic Review 
and Meta‐Analysis. Journal of the American Heart Association, 7(2), e007809. 
https://doi.org/10.1161/JAHA.117.007809 

 
[517] Xu, M., Lan, R., Qiao, L., Lin, X., Hu, D., Zhang, S., Yang, J., Zhou, J., Ren, Z., 

Li, X., Liu, G., Liu, L., & Xu, J. (2023). Bacteroides vulgatus Ameliorates Lipid 
Metabolic Disorders and Modulates Gut Microbial Composition in Hyperlipidemic 
Rats. Microbiology Spectrum, 11(1), e02517-22. 
https://doi.org/10.1128/spectrum.02517-22 

 
[518] Yadav, H., Lee, J.-H., Lloyd, J., Walter, P., & Rane, S. G. (2013). Beneficial 

Metabolic Effects of a Probiotic via Butyrate-induced GLP-1 Hormone Secretion. 
Journal of Biological Chemistry, 288(35), 25088–25097. 
https://doi.org/10.1074/jbc.M113.452516 

 
 
 
 



 

 241 

[519] Yajima, M., Nakayama, M., Hatano, S., Yamazaki, K., Aoyama, Y., Yajima, T., 
& Kuwata, T. (2001). Bacterial Translocation in Neonatal Rats: The Relation 
Between Intestinal Flora, Translocated Bacteria, and Influence of Milk. Journal of 
Pediatric Gastroenterology and Nutrition, 33(5), 592–601. 
https://doi.org/10.1097/00005176-200111000-00015 

 
[520] Yan, F., Cao, H., Cover, T. L., Whitehead, R., Washington, M. K., & Polk, D. B. 

(2007). Soluble Proteins Produced by Probiotic Bacteria Regulate Intestinal 
Epithelial Cell Survival and Growth. Gastroenterology, 132(2), 562–575. 
https://doi.org/10.1053/j.gastro.2006.11.022 

 
[521] Yang, C., Zhao, A., Lan, H., Ren, Z., Zhang, J., Szeto, I. M.-Y., Wang, P., & 

Zhang, Y. (2021). Association Between Dietary Quality and Postpartum Depression 
in Lactating Women: A Cross-Sectional Survey in Urban China. Frontiers in 
Nutrition, 8(705353), 1–10. https://doi.org/10.3389/fnut.2021.705353 

 
[522] Yang, F., Wei, J., Shen, M., Ding, Y., Lu, Y., Ishaq, H. M., Li, D., Yan, D., 

Wang, Q., & Zhang, R. (2021). Integrated Analyses of the Gut Microbiota, Intestinal 
Permeability, and Serum Metabolome Phenotype in Rats with Alcohol Withdrawal 
Syndrome. Applied and Environmental Microbiology, 87(18), e00834-21. 
https://doi.org/10.1128/AEM.00834-21 

 
[523] Yang, L., Wan, Y., Li, W., Liu, C., Li, H., Dong, Z., Zhu, K., Jiang, S., Shang, E., 

Qian, D., & Duan, J. (2022). Targeting intestinal flora and its metabolism to explore 
the laxative effects of rhubarb. Applied Microbiology and Biotechnology, 106(4), 
1615–1631. https://doi.org/10.1007/s00253-022-11813-5 

 
[524] Yang, Y., Zhao, S., Yang, X., Li, W., Si, J., & Yang, X. (2022). The 

antidepressant potential of lactobacillus casei in the postpartum depression rat model 
mediated by the microbiota-gut-brain axis. Neuroscience Letters, 774, 136474. 
https://doi.org/10.1016/j.neulet.2022.136474 

 
[525] Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., Nagler, C. 

R., Ismagilov, R. F., Mazmanian, S. K., & Hsiao, E. Y. (2015). Indigenous Bacteria 
from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell, 161(2), 264–
276. https://doi.org/10.1016/j.cell.2015.02.047 

 
[526] Yeganegi, M., Watson, C. S., Martins, A., Kim, S. O., Reid, G., Challis, J. R. G., 

& Bocking, A. D. (2009). Effect of Lactobacillus rhamnosus GR-1 supernatant and 
fetal sex on lipopolysaccharide-induced cytokine and prostaglandin-regulating 
enzymes in human placental trophoblast cells: Implications for treatment of bacterial 
vaginosis and prevention of preterm labor. American Journal of Obstetrics and 
Gynecology, 200(5), 532.e1-532.e8. https://doi.org/10.1016/j.ajog.2008.12.032 

 
 



 

 242 

[527] Yokota-Nakagi, N., Takahashi, H., Kawakami, M., Takamata, A., Uchida, Y., & 
Morimoto, K. (2020). Estradiol Replacement Improves High-Fat Diet-Induced 
Obesity by Suppressing the Action of Ghrelin in Ovariectomized Rats. Nutrients, 
12(4), 907. https://doi.org/10.3390/nu12040907 

 
[528] Young, B. E., Patinkin, Z., Palmer, C., De La Houssaye, B., Barbour, L. A., 

Hernandez, T., Friedman, J. E., & Krebs, N. F. (2017). Human milk insulin is related 
to maternal plasma insulin and BMI: But other components of human milk do not 
differ by BMI. European Journal of Clinical Nutrition, 71(9), 1094–1100. 
https://doi.org/10.1038/ejcn.2017.75 

 
[529] Yu, Q., & Yang, Q. (2009). Diversity of tight junctions (TJs) between 

gastrointestinal epithelial cells and their function in maintaining the mucosal barrier. 
Cell Biology International, 33(1), 78–82. 
https://doi.org/10.1016/j.cellbi.2008.09.007 

 
[530] Yue, X., Wen, S., Long-kun, D., Man, Y., Chang, S., Min, Z., Shuang-yu, L., Xin, 

Q., Jie, M., & Liang, W. (2022). Three important short-chain fatty acids (SCFAs) 
attenuate the inflammatory response induced by 5-FU and maintain the integrity of 
intestinal mucosal tight junction. BMC Immunology, 23(19), 1–13. 
https://doi.org/10.1186/s12865-022-00495-3 

 
[531] Zadeh, S., Boffetta, P., & Hosseinzadeh, M. (2020). Dietary patterns and risk of 

gestational diabetes mellitus: A systematic review and meta-analysis of cohort 
studies. Clinical Nutrition ESPEN, 36, 1–9. 
https://doi.org/10.1016/j.clnesp.2020.02.009 

 
[532] Zepf, F. D., Rao, P., Moore, J., Stewart, R., Ladino, Y. M., & Hartmann, B. T. 

(2016). Human breast milk and adipokines – A potential role for the soluble leptin 
receptor (sOb-R) in the regulation of infant energy intake and development. Medical 
Hypotheses, 86, 53–55. https://doi.org/10.1016/j.mehy.2015.11.014 

 
[533] Zhang, C., Schulze, M. B., Solomon, C. G., & Hu, F. B. (2006). A prospective 

study of dietary patterns, meat intake and the risk of gestational diabetes mellitus. 
Diabetologia, 49(11), 2604–2613. https://doi.org/10.1007/s00125-006-0422-1 

 
[534] Zhang, F., Ma, T., Cui, P., Tamadon, A., He, S., Huo, C., Yierfulati, G., Xu, X., 

Hu, W., Li, X., Shao, L. R., Guo, H., Feng, Y., & Xu, C. (2019). Diversity of the Gut 
Microbiota in Dihydrotestosterone-Induced PCOS Rats and the Pharmacologic 
Effects of Diane-35, Probiotics, and Berberine. Frontiers in Microbiology, 10, 175. 
https://doi.org/10.3389/fmicb.2019.00175 

 
[535] Zhao, X., & Zhang, Z. (2020). Risk factors for postpartum depression: An 

evidence-based systematic review of systematic reviews and meta-analyses. Asian 
Journal of Psychiatry, 53, 102353. https://doi.org/10.1016/j.ajp.2020.102353 

 



 

 243 

[536] Zheng, J., Feng, Q., Zheng, S., & Xiao, X. (2018). The effects of probiotics 
supplementation on metabolic health in pregnant women: An evidence based meta-
analysis. PLOS ONE, 13(5), e0197771. 
https://doi.org/10.1371/journal.pone.0197771 

 
[537] Zheng, Q.-X., Jiang, X.-M., Wang, H.-W., Ge, L., Lai, Y.-T., Jiang, X.-Y., Chen, 

F., & Huang, P.-P. (2021). Probiotic supplements alleviate gestational diabetes 
mellitus by restoring the diversity of gut microbiota: A study based on 16S rRNA 
sequencing. Journal of Microbiology, 59(9), 827–839. 
https://doi.org/10.1007/s12275-021-1094-8 

 
[538] Zhou, Y., & Rui, L. (2013). Leptin signaling and leptin resistance. Frontiers of 

Medicine, 7(2), 207–222. https://doi.org/10.1007/s11684-013-0263-5 
 
[539] Zhu, B. T., & Conney, A. H. (1998). Functional role of estrogen metabolism in 

target cells: Review and perspectives. Carcinogenesis, 19(1), 1–27. 
https://doi.org/10.1093/carcin/19.1.1 

 
[540] Zhu, W., Lin, K., Li, K., Deng, X., & Li, C. (2018). Reshaped fecal gut 

microbiota composition by the intake of high molecular weight persimmon tannin in 
normal and high-cholesterol diet-fed rats. Food & Function, 9(1), 541–551. 
https://doi.org/10.1039/C7FO00995J 

 
 

 
 
  



 

 244 

APPENDIX A RODENT DIET INFORMATION SHEETS  

 

 



 

 245 

 
 
 
 



 

 246 

 
 
 

  



 

 247 
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APPENDIX D INFLAMMATORY ANALYTE FUNCTION, 

PATHWAY DESCRIPTIONS AND HUMAN ORTHOLOGS 

Table 1 A list of the inflammatory analytes that were measured via multiplex 
ELISA assay in rat dams’ plasma samples and found to have statistically 
significant differences between experimental groups, where Western 
diet-fed dams had higher levels of all inflammatory analytes. Each analyte 
has a description including their cellular pathway participation, their 
function in brief and their human gene ortholog. 

Analyte Cellular Pathway Participation 

(Smith et al., 2020) 
Brief Description of RGD 

Function (Smith et al., 2020) 
Human Gene Ortholog 

(Smith et al., 2020) 
Interleukin-1β  

(IL-1β) 
IL-1 and IL-12 signaling pathways; 

pro-inflammatory cytokine 
mediated pathway 

Facilitates cytokine activity, 
involved in intracellular 

signal transduction 

Human interleukin-1β  
(IL-1β) 

Interleukin-7 
(IL-7) 

Cytokine mediated signaling 
pathway;  

Jak-Stat signaling pathway 

Hypothesized to facilitate 
cytokine activity/participate 

in growth factor activity 

Human interleukin 7 
(IL7) 

Granulocyte-
Macrophage 

Colony-
Stimulating 
Factor (GM-

CSF) 

Fc epsilon receptor mediated 
signaling pathway;  

Granulocyte -macrophage 
colony-stimulating factor 

signaling pathway;  
Syndecan signaling pathway 

Facilitates cytokine activity, 
engages in cellular response 

to endotoxins 

Colony-stimulating 
factor 2 (Csf2) 

Growth Related 
Oncogene/Kera

tinocyte 
Chemoattracta

nt 
(GRO/KC) 

IL-23 signaling pathway;  
Chemokine mediated signaling 

pathway;  
NOD-like receptor signaling path 

Facilitates chemokine 
activity, participates in 
neutrophil chemotaxis 

 

C-X-C motif chemokine 
ligand 1 (CXCL1) 

Monocyte 
Chemoattracta

nt Protein  
(MCP-1) 

Angiotensin II signaling pathway;  
Vascular endothelial growth 

factor signaling pathway;  
GM-CSF signaling pathway 

Facilitates chemokine and 
heparin binding activity, 

involved with cellular 
responses to cytokines, 

lipids and leukocyte 
chemotaxis 

C-C motif chemokine 
ligand 2 (Ccl2) 

Macrophage 
Inflammatory 

Protein 1α  
(MIP-1α) 

IL-12 signaling pathway;  
Chagas disease pathway; 

Chemokine mediated signaling 
pathway 

Facilitates chemokine 
activity, participates in 
neutrophil chemotaxis 

C-C motif chemokine 
ligand 3 (Ccl3) 

aThe analytes included in the multiplex ELISA assay that were not measurable in the 
plasma samples included: IFN-γ, IL-2, IL-4, IL-6, IL-12p70, IL-13, IL-17, M-CSF, TNF-α and 
VEGF. 
bThe analytes included in the multiplex ELISA assay that were measured but did not 
show any statistically significant differences between experimental groups included: G-
CSF, IL-1α, IL-5, IL-10, IL-18, MIP-3α or RANTES. 
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APPENDIX E SAMPLE SPIKING CALCULATIONS 

These are calculations for how much of each probiotic strain is required to spike each 
control sample to determine which sample will be used to generate a standard curve for 
strain detection. 
 
L. rhamnosus R0011, Lot # 30VD0469: 

 
2.46	 × 	10!"	)*+/-

1	./ 	×	10
!"	)*+
0	./  

 
0	./ = 1	./	 ×	10!"	)*+

2.46	 × 	10!"	)*+ = 0.4065	./	34	50011	63789:3;	(407	>/) 
 
L. helveticus R0052, Lot # JF5002: 

 
3.36	 × 	10!"	)*+/-

1	./ 	×	10
!"	)*+
0	./  

 
0	./ = 1	./	 ×	10!"	)*+

3.36	 × 	10!"	)*+ = 0.2976	./	34	50052	63789:3;	(298	>/) 
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APPENDIX F MASTER MIX CALCULATIONS 

Table 1. Master Mix calculation table for qPCR strain detection. 

Reagent Volume (µL) per 
reaction 

Number of 
Reactionsa 

Pipetting 
Error (´ 1.1) 

Final Calculated 
Volume (µL) 

SYBR 12.5 20 1.1 275 
Forward primer 0.075 20 1.1 1.65 
Reverse primer 0.075 20 1.1 1.65 
PCR-grade 
water 

9.85 20 1.1 216.7 

aThis number can be adjusted, pending the number of reactions needed. 
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APPENDIX G 16S SEQUENCING-RELATED CALCULATIONS 

Table 1. Master mix calculation table for amplicon PCR step used in microbiota profile 

sequencing. 

Reagents Starting 
Volume 

(μL) 

Number of 
Samples 

Pipetting 
Error 

Final 
Volume 

(μL) 
Microbial DNA (5 ng/μL) 2.5 31 1.1x 85.25 
Amplicon PCR Forward Primer 1 μM 5 31 170.5 
Amplicon PCR Reverse Primer 1 μM 5 31 170.5 
2x KAPA HiFi HotStart ReadyMix 12.5 31 426.25 
Total 25 31 852.5 

 
Table 2. Master mix calculation table for indexing PCR step used in microbiota profile 

sequencing. 

Reagents Starting 
Volume 

(μL) 

Number of 
Samples 

Pipetting 
Error 

Final 
Volume 

(μL) 
Microbial DNA  5 31 1.1x 170.5 
Index Primer 1 2.5 31 85.25 
Index Primer 2 2.5 31 85.25 
2x KAPA HiFi HotStart ReadyMix 12.5 31 426.25 
PCR Water 5 31 170.5 
Total 27.5 31 937.75 

 
Table 3. Primer sequences for the 16S rRNA gene V3-V4 region. 

Variable 
Region 

Primer 
Name 

Targeted Sequence Amplicon Size 
(bp) 

Annealing 
Temp (oC) 

V3-V4 16S F CCTACGGGNGGCWGCAG 444 55 
16S R GACTACHVGGGTATCTAATCC 
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APPENDIX H SOP FOR MILK COLLECTION 

STANDARD OPERATING PROCEDURE No: Perrot-2-2019 
Authors: Elizabeth O’Leary, Libby Myles, Tara Perrot Version: 3 
 Revision Date: November 16, 2020 

Postpartum Milk Collection Method for Long-Evans Rats 
 

1) PURPOSE 
The purpose of this standard operating procedure (SOP) is to perform milk collection on postpartum female 
Long-Evans rats so that milk can be analyzed for bioactive compounds. 
 

2) DEFINITIONS 
a. Standard operating procedure – SOP 
b. Oxytocin – OXT 
c. i.p. – intraperitoneal 
d. millilitre – mL  
e. microlitre – μL 

 
3) REFERENCES 

 
DePeters, E. J., & Hovey, R. C. (2009). Methods for collecting milk from mice. Journal of 

mammary gland biology and neoplasia, 14(4), 397-400. 
Paul, H. A., Hallam, M. C., & Reimer, R. A. (2015). Milk Collection in the Rat Using Capillary 

Tubes and Estimation of Milk Fat Content by Creamatocrit. JoVE (Journal of Visualized 
Experiments), (106), e53476. 

Willingham, K., McNulty, E., Anderson, K., Hayes-Klug, J., Nalls, A., & Mathiason, C. (2014). 
Milk collection methods for mice and Reeves' muntjac deer. JoVE (Journal of Visualized 
Experiments), (89), e51007. 

 
4) RESPONSIBILTIES 

4.1 It is the responsibility of the person(s) performing this protocol to read and apply this 
protocol properly when: 

4.1.1 Preparing the materials and equipment and  
4.1.2 When handling the animals and performing the procedure. 

4.2 It is the responsibility of the person(s) performing this protocol to notify the lab manager 
immediately of any equipment malfunctions or issues. 

 
5) MATERIALS  

 
Table 1. All necessary materials for the milk collection procedure. 

Name Company Catalogue 
No. 

Notes Status 

1 mL syringes (sterile) BD-Canada 309602 Lab 1252 – Labelled 
drawer 

 

26-gauge needles BD-Canada 305122 Lab 1252 – Labelled 
drawer 

 

18-gauge needles BD-Canada 305196 Lab 1252 – Labelled 
drawer 

 

Oxytocin (20 USP units/mL) Vetoquinol 103644 Vet must order (from 
CDMV) 

 

Isoflurane Inhalation 
Anesthetic 

- - In Psych surgery suite  

Sterile alcohol prep pads WalMart - Lab 1252  
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Absorbent bench pad VWR - Lab 1252 – Under lab sink  
Heating pads - - Lab 1252 – Labelled 

drawer 
 

Anesthesia machine  - - In Psych surgery suite  
Animal masks - - In Psych surgery suite  
1.5 mL Microcentrifuge tubes  Axygen MCT-150-C At Dalhousie MedStores  
Professional trimmer - - Lab 1252  
Surgical scissors - - Lab 1252  
Eye lubricant - - Surgery tech must order  
Ice bucket + ice - - Lab 1252   
P200 pipette - - Lab 1252   
P200 sterile filtered tips VWR 89140-936 Lab 1252   
Prevail® Laboratory 
Disinfectant 

Virox 02436809 Animal Care  

 
6) PROCEDURE 
 

SEPARATE DAM FROM OFFSPRING 
6.1 Separate the dam(s) to be milked from her offspring, for a MINIMUM of 5 minutes prior to milking 

(Paul et al., 2015). The dam should be placed in a fresh cage, with food and water available. 
Note. Willingham et al., 2014 and DePeters & Hovey, 2009 suggest that separating the dam for a 
2-hour period prior to milking is ideal. Also, Paul and colleagues (2015) note that periods of 
separation of greater than 4 hours may alter milk composition.  

6.2 The offspring cage should be placed on a heating pad, set at a medium heat setting, while the dam is 
being milked. 

 
PREPARE MATERIALS FOR MILK COLLECTION  
6.3 Collect the required materials for the milking procedure, as outlined in Table 1 (see Section 5). 
6.4 Disinfect the area to be used for the procedure with Prevail® laboratory disinfectant spray or wipes. 
6.5 Use a heating pad, set at medium heat, with absorbent bench pad overtop, or a heated surgical table to 

maintain the dam’s body temperature during anesthesia. 
6.6 Set-up the anesthesia system within reach of the experimenter, including the anesthetic mask/cone for 

the animal. 
6.7 Using an aseptic technique, set-up a 26-gauge needle with a 1 millilitre (mL) syringe to be used for 

OXT injection. 
ANESTHETIZATION  
6.8 Open the oxygen tank and turn the flow to 1 L (1,000 cc) per minute.  
6.9 Turn on the flow of isoflurane and set it to 5%. 
6.10  Anesthetize the dam, and place her on her back, on the heating pad/surgical table. 
6.11  Confirm that the dam is sufficiently anesthetized by checking for a pedal reflex. 
6.12  Reduce the isoflurane flow to 2-3% to maintain anesthesia and monitor the dam throughout the 

procedure. 
6.13  An eye lubricant should be applied to the corners of the dam’s eyes to ensure the eyes are protected 

from drying out and/or scratches. 
 
OXYTOCIN INJECTION 
6.14  The vial of OXT should be disinfected with a sterile alcohol pad. 
6.15  Draw up 2 IU (0.1 mL) of OXT into the syringe. This dose can be repeated ONCE if needed to 

continue milk letdown. 
Note. Alternatively, a dose of 4 IU/kg body weight can be used. 

6.16  OXT should be injected intraperitoneally (i.p.), with the needle injected in the lower right quadrant of 
the abdomen, 0.5 cm deep, at an angle of 15-30o. 

6.17  Wait approximately 1-15 minutes for the OXT to stimulate milk letdown. 
 
PREPARATION OF MILK SITES 
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6.18  Gently use trimmers to remove hair around the mammary gland(s) to be milked. 
6.19  Sterilize mammary gland(s) using a sterile alcohol pad. 
 
MILK COLLECTION 
6.20  The milk letdown should become noticeable in the mammary gland. 
6.21  Using the thumb and forefinger to manually squeeze the gland in an upward direction until a bead of 

milk forms.  
Note. If the milk will be used for 16S bacteria microbiota profiling, the first few drops of milk 
should be discarded, as it is possible that they will be contaminated by the dam’s skin. 

6.22  With a 50 μL micro-dispenser capillary tube, touch the top of the bead of milk. 
6.23  Expel the milk sample into a microtube using a syringe to displace from the capillary tube, and place 

on ice. 
6.24  Repeat steps 6.20-6.23 on the next mammary gland.  
6.25  When the procedure is complete, the oxygen and isoflurane flow should be switched OFF. 
6.26  Place milk samples in a labelled box, in the appropriate drawer in the -80o freezer. 
  
ANESTHETIC REVERSAL  
6.27  For recovery, the dam should be placed in a cage lined with absorbent bench pad (cage bedding might 

scratch the eyes). 
6.28  Dam should be monitored until they have regained consciousness and are able to move around the 

cage without struggling. 
6.29  Once the dam has recovered, she can be returned to her pups.  
 

7) DOCUMENT HISTORY 
 
Table 2. List of SOP versions, description of changes, reviewers and dates of revision. 

VERSION DESCRIPTION OF CHANGES REVIEWER DATE 
1 SOP was created  April 10, 2019 
2 SOP was edited – including an 

updated list of materials and an 
added step for potential milk 

collection (multiple methods will be 
tried to determine the optimal sample 

collection method). 

Elizabeth O’Leary July 2, 2019 

3 SOP was edited – best milk 
collection method from last 

experiment (ethics approval #19-
028) was determined to be 

microcapillary tube – other methods 
were deleted. 

Elizabeth O’Leary November 16, 2020 
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APPENDIX I PRIMER INFORMATION FOR RT-QPCR 

EXPERIMENTS 

Table 1  Primer IDs, product sizes (in base pairs; bp), melt temperatures in degrees 
Celsius (oC) and the forward and reverse sequences for the RT-qPCR experiment 
analyzing offspring hippocampal gene expression. 

Primer Produc
t 

Size 
(bp) 

Melt 
Tem

p 
(oC) 

Forward Primer Reverse Primer 

RAT_NPY1 288 60 5ʹ–
GCTAGGTAACAAACGAATGGG

G–3ʹ 

5ʹ–
CACATGGAAGGGTCTTCAAG

C–3ʹ 
RAT_GAPDH
1 

184 60 5ʹ–
CAGTGCCAGCCTCGTCTCATA–

3’ 

5ʹ–
TGCCGTGGGTAGAGTCATA–

3’ 
RAT_RPL13
A2 

132 60 5ʹ–
GGATCCCTCCACCCTATGACA–

3’ 

5ʹ–
CTGGTACTTCCACCCGACCTC

–3’ 
RAT_rGR3 188 60 5’–

GCTTCAGGATGTCATTACGGG
G–3’ 

5’–
GCTTCAAGGTTCATTCCAGCC

–3’ 
Oligo DTs – – 5’–

TTTTTTTTTTTTTTTTTTTTTTTV

N–3’ 

– 

1Shi et al., 2009 
2Langnaese, John, Schweizer, Ebmeyer, & Keilhoff, 2008 
3Mashoodh, Sinal, & Perrot-Sinal, 2009 
 

 


