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Abstract of the Thesis

Adiponectin Protects Against Offspring Inflammation Induced by Maternal Obesity

by

Brianna Dzyuba

Master of Science in Biology
University of California San Diego, 2024

Professor Jianhua Shao, Chair
Professor James Kadonaga, Co-Chair

Maternal obesity adversely affects offspring health through prenatal and postnatal
metabolism, yet the mechanisms underlying these effects remain unknown. Adiponectin, an
adipocyte-secreted hormone suppressed during obesity, may play a key role in understanding
these outcomes. To investigate this, we studied the impact of maternal obesity on postnatal

growth and the role of maternal adiponectin in these processes at postnatal day (P) 10 using
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C57BL/6 wild-type (WT) and adiponectin gene knockout (Adipoq~/~) mice fed a high fat (HF)
diet. We found maternal HF feeding induced postnatal catch-up growth in offspring, signified by
a greater body weight. This was attributed to an increased villi/crypt ratio in the small intestine
(SI), which was associated with elevated intestinal proliferation and inflammation. Offspring
from HF-fed Adipoq~/~ dams exhibited similar rates of intestinal proliferation, more
pronounced inflammation, and no change in body weight or villi/crypt ratio, suggesting
adiponectin protects against maternal obesity-induced inflammation in offspring. Based on these
findings, we studied nutrient supply and mammary gland (MG) development in these dams.
Maternal HF feeding increased milk triglyceride (TG) levels in Adipoq~/~ dams, potentially
contributing to inflammation, while in WT dames, it increased milk extracellular vesicle (EV)
size. WT dams on a HF diet exhibited a decreased percentage of alveolar epithelial tissue,
suggesting impaired MG development, whereas Adipoq~/~ dams on a chow diet exhibited
reduced alveoli and increased adipose tissue, suggesting early involution. These findings indicate
that adiponectin protects against maternal obesity-induced inflammation in offspring, influencing

both nutrient supply and MG development.

iX



Introduction

Understanding the Impact of Maternal Factors on Infant Health

Obesity is a complex, chronic disease characterized by excessive body fat [1]. It has
become a growing epidemic in the United States with 42.4% of the population classified as obese
and 9.2% of the population classified as severely obese [2]. From 2005 to 2014, there has been
an increasing linear trend in the prevalence of obesity among women [3]. This trend is
particularly concerning among women of reproductive age, with 39.7% of women in the United
States diagnosed with obesity [2]. The impact of obesity extends beyond mere numbers,
significantly affecting various bodily conditions and exacerbating existing health conditions [4].
Obesity is associated with diabetes, cardiovascular disease, cancer, nonalcoholic fatty liver
disease, and acute pancreatitis [4]. Of particular concern with the rate of obesity in women of
reproductive age is the potential threat to maternal metabolic adaptation to pregnancy and infant
health. Human studies have shown that maternal obesity is linked to adverse long-term health
outcomes for the offspring, highlighting the importance of studying early-life health as a
predictor of life-long well-being [4, 5]. With obesity on the rise, more research must be dedicated
to understanding the connection between maternal obesity and infant health.

There are two main types of body fat: brown adipose tissue (BAT) and white adipose
tissue (WAT) [6, 7]. While both WAT and BAT store TGs to be utilized by the body when
needed, they differ in purpose [6]. Brown adipocytes have numerous mitochondria that consume
TGs to generate heat for maintaining body temperature [6]. In contrast, white adipocytes serve as
an energy storage depot, accepting fatty acids that are subsequently converted into TGs [8, 9].
These TGs are held in lipid droplets until broken down into their counterparts and utilized by the

body for energy [10]. Excessive expansion of WAT, characterized by the formation of new



adipocytes (hyperplasia) and/or through the expansion of existing adipocytes (hypertrophy),
leads to obesity [11]. In addition to WAT serving as a fat depot, it is a major regulator of whole-
body metabolism and homeostasis through the release of secretory molecules [8]. Some of these
secretory molecules include leptin, tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6),
and insulin-like growth factor 1(IGF-1) [12]. One molecule of interest is adiponectin, an
adipocyte-secreted hormone that plays a crucial role in modulating insulin sensitivity, glucose
levels, and lipid metabolism [9, 10]. Dysregulation of adiponectin function is implicated in
numerous metabolic disorders and has been identified as a marker for gestational diabetes
mellitus [10, 13]. Among these disorders, obesity stands out, as it is intricately linked with
adiponectin. Obesity tends to decrease ADIPOQ gene expression, resulting in low adiponectin
levels in the blood (hypoadiponectinemia), which is widely observed in pregnant women with
obesity [14, 15]. This opens a compelling area of research into the role of adiponectin in
underlying obesity-related outcomes.

One current area of research interest is the developmental origins of health and disease
[16]. This theory, also known as fetal programming, considers both prenatal and postnatal
environments in understanding infant health, not just at birth but throughout the entire lifespan
[16]. Studying fetal programming allows for identifying the source of chronic diseases and
enabling the implementation of preventative care for infants [17, 18]. Human and mouse studies
on cardiovascular, neural developmental, and psychiatric phenotypes in infants have associated
these pathophysiologies with fetal programming [16]. Rodent studies have also revealed that a
HF diet during pregnancy and lactation resulted in greater offspring body weight and adiposity
by the end of lactation [19]. Based on these findings, along with the prevalence of obesity in the

United States and the observation that many obese pregnant women also experience



hypoadiponectinemia, we have chosen to investigate the role of maternal adiponectin in maternal
obesity-impaired offspring development [2, 15]. Both human and mouse studies have shown a
correlation between obesity and adiponectin levels concerning infant development [20, 21].
However, the examination of adiponectin’s role in maternal obesity and its influence on infant
health remains to be established. Furthermore, while the consequences of maternal obesity on
offspring is widely recognized, its impact on maternal practices such as breastfeeding remains
unknown [20, 21]. This underscores the need for further investigation into the breast milk
composition of obese mothers, with a particular focus on lipid and exosome content, as their
dysregulation during obesity has been demonstrated [22]. Additionally, a significant proportion
of the MG is composed of WAT, the primary secretor of adiponectin [9, 10, 23]. Therefore, in
addition to investigating offspring nutrient supply, the development of the MG may provide

insight into the impact of the intrauterine environment on infant health.

Maternal Obesity and Maternal Hypoadiponectinemia Impact on Offspring

Exploring the adverse health outcomes of offspring born to obese mothers, human and
mouse studies have found that these infants have an increased risk of cardiometabolic diseases,
neurological problems, and early immune diseases within their lifespan [17, 18, 20]. Maternal
obesity has been linked to greater adiposity in the offspring during childhood, adolescence, and
adulthood [18, 24, 25]. This increased BMI during childhood is associated with adverse
cardiometabolic profiles, such as insulin resistance [26]. Interestingly, a mouse study
investigated the link between an adverse cardiometabolic profile in infants and parental obesity
[26]. The findings revealed a strong association between offspring health and maternal BMI,
rather than paternal BMI, suggesting that the intrauterine environment was responsible for these

outcomes [26]. Additionally, birth cohort studies have found an association between maternal



obesity and childhood intelligence quotient and executive function [18]. These studies reported
that children born to obese mothers have a lower average intelligence quotient and take longer to
complete executive functions when compared to children born to normal-weight mothers [18].
These neurological deficits have also been linked to offspring behavior, with preliminary studies
showing an increased risk of autism spectrum disorder seen in children of obese mothers [27].
Furthermore, maternal obesity in humans has been correlated with early immune diseases, such
as asthma [28]. These findings illustrate that the intrauterine environment can exert a
multisystemic influence on the health of the offspring. However, while the effects of maternal
obesity on offspring health in children and adults are well-documented, its impact on neonates
and infants remains widely unknown.

Currently, several avenues are being explored to elucidate the mechanisms underlying
these outcomes. One avenue is looking at epigenetic modifications. The largest human study in
this field of research found that maternal obesity influences the epigenome in offspring; sites that
have increased methylation associated with maternal obesity were positively correlated with
increased fat deposition in the offspring, while the inverse was observed for sites that have
decreased methylation associated with obesity [29]. Additionally, ongoing research is looking at
the role of inflammation in obesity-impaired offspring health [30]. Studies have reported
elevated levels of pro-inflammatory cytokines in mothers with pre-pregnancy obesity, suggesting
the association between maternal obesity and offspring disorders may be attributed to early
changes in maternal inflammatory markers [30, 31].

Additionally, the impact of maternal adiponectin levels on infant health warrants further
exploration. While research on the link between maternal hypoadiponectinemia and infant health

isn’t as extensive as that on maternal obesity, studies have found that levels of maternal



adiponectin correlate with infant body weight and early immune diseases [32—34]. Human
studies have shown an inverse relationship between maternal blood adiponectin levels and infant
birth weight [32]. Moreover, pups born to Adipoq~/~ dams exhibited alopecia around P20-P25
[34]. This finding is interesting because, similar to asthma seen in the offspring of obese
mothers, alopecia is also an inflammatory condition. Despite the observed links between
maternal adiponectin levels and infant health, the underlying mechanism remains largely
unknown and understudied.

Furthermore, offspring nutrient supply may provide insights into the link between
maternal obesity and adverse offspring health. Breastfeeding is the standard practice for infant
feeding due to the observed correlation between breastfeeding and improved infant health [35].
Human studies have shown that breastfed infants have been found to have lower rates of
respiratory tract infections, gastrointestinal infections, obesity, and type 2 diabetes [36-39].
However, women with obesity frequently encounter challenges with lactation, and research has
shown that the composition of breast milk in obese mothers is altered compared to normal-
weight mothers [40, 41]. While the adverse health outcomes seen in infants born to obese
mothers are well documented, none of these studies consider the mediating role that breast milk
may have. Additionally, previous research has shown that breastfeeding by obese mothers
resulted in increased body weight and higher levels of insulin and leptin in the offspring of lean
dams [42]. This underscores the potential negative impact that breastfeeding may have when the

mother is obese.

Mammary Gland Development

The human breast develops in three distinct phases: embryonic, pubertal, and

reproductive. There is currently little information on human breast development, resulting in the



rodent MG being utilized as a model [43]. Both the rodent and human MG develop isometrically
until just before puberty [44, 45]. Murine MG development begins at embryonic day (E) 10.5
with the formation of bilateral milk lines in the ectoderm [46]. This results in five pairs of
placodes, columnar-like cells that arise from the migration and aggregation of ectodermal cells
toward surface clusters at the milk line [46]. Mammary epithelial cell differentiation is directed
by the mesenchyme underlying the milk line through reciprocal epithelial-mesenchymal
interactions [46]. The epithelium influences mesenchymal maturation, with the mesenchyme
condensing to form layers of fibroblast-rich cells surrounding the rudimentary epithelial
mammary ductal structure [47]. The placodes expand by E14 forming a ball of cells that lower
into the underlying mesenchyme forming a stalk connecting the resulting mammary bud to the
epidermis [48-50]. By E16, a line of epithelial cells extends from the newly formed mammary
bud into a collection of preadipocytes, known as the fat pad, where it begins branching off to
yield a system of 10-15 branches [50]. Concurrent with this phase, two additional morphological
changes occur. Intercellular spaces form within the epithelial cells extending from the milk line
to form the ductal lumen [51]. Additionally, the skin overlying the primary mesenchyme
remodels to form the nipple, marked by a thickening of the epidermis, suppression of hair
follicles, and invagination of keratinocytes [52].

The gland at this point is a rudimentary ductal system, growing proportional to body
development. Allometric growth begins at the onset of puberty due to ductal elongation and
secondary branching, with an increase in breast size due to a deposit of adipose tissue in the
breast [53, 54]. Terminal end buds (TEBs) begin to penetrate the fat pad, driven by the
proliferation of a single layer of cap cells at the tips of the TEBs [55]. The primary ductal

structure begins to form through TEB divergence, regulated by the surrounding stroma



consisting of a collection of fibroblasts, pre-adipocytes, adipocytes, blood cells, inflammatory
cells, and the extracellular matrix [55, 56]. These cap cells differentiate into myoepithelial cells
encircling inner luminal cells [55]. During embryogenesis, ductal morphogenesis is constructed
without hormonal influences, however, during puberty this process is heavily directed by
hormones [57]. Globally, the main hormones stimulating TEB formation and ductal branching
are growth hormone and insulin-like growth factor 1, while estrogen plays a local role in this
process [57, 58]. Additionally, positive and negative growth factors play a crucial role in
establishing the ductal structure, with positive factors promoting growth and negative factors
ensuring sufficient space between branches for pregnancy-induced alveolar filling [59—-61].

The gland undergoes a significant transformation to prepare for lactation during
pregnancy. This begins with a progesterone-induced increase in secondary and tertiary
branching, providing ductal arbors for alveolar buds that cleave and differentiate into distinct
alveoli, which synthesize and secrete milk during lactation [62, 63]. This process is mainly
mitigated by progesterone tasked with creating a lactation-competent gland in tandem with
prolactin charged with the differentiation of alveoli [63, 64]. By late pregnancy, the fat pad is
mostly composed of alveoli surrounded by a network of capillaries [65]. The machinery for
breast milk production begins during the early stages of pregnancy [66]. Some milk-producing
genes and enzymes are activated, causing mammary epithelial cells to differentiate and produce
some breast milk components [67]. However, these components are reabsorbed back into the
blood as suckling is not occurring [68]. The second stage of lactogenesis is initiated by the
expulsion of the placenta which triggers a steep reduction in progesterone and estrogen [69]. As
their levels diminish, milk production is initiated, aided by prolactin, which regulates milk

synthesis [69]. Upon weaning, the lack of suckling results in milk stagnation in the mammary



epithelium, initiating involution of the milk-producing epithelial cells and reverting them to a
simple ductal structure [70, 71]. This involution phase is reversible as suckling will reestablish
the milk supply [71, 72]. After 48 hours of weaning, the second irreversible phase begins [71].
This consists of a breakdown of the extracellular matrix and a second round of apoptosis,
resulting in the removal of a majority of the secretory epithelium, and its subsequent replacement
with adipocytes [71, 73, 74].

A key player, yet one vastly understudied, in the maturation and development of the
breast structure, is adipose tissue. The majority of tissue in the breast is WAT, marked by large
adipocytes that contain single lipid droplets, tasked with controlling energy homeostasis through
the storage and release of lipids [23, 75]. As the MG prepares for lactation, there is a drastic
reduction of adipose tissue and a simultaneous increase in alveoli [76]. The mechanism
underlying this reduction is largely unknown in humans, but a recent study on swine MG
development may provide insight into this process [76]. Throughout pregnancy, adipocytes
dedifferentiate into preadipocytes and fibroblast-preadipocytes leading to the decrease in
adipocyte area seen during the early stages of lactation [76]. This transformation may be
influenced by hormones inhibiting adipocyte differentiation, keeping adipocytes in a poorly
differentiated state with high proliferative capacity in preparation for remodeling after lactation
[76]. Additionally, adiponectin may play a role in this stage of MG development [77, 78].
Previous bovine cell culture studies have shown that adiponectin induces mammary alveolar cell
proliferation in a dose-dependent manner, with optimal proliferation occurring at 20 ng/mL [78].
However, concentrations higher than this decreased proliferation rates [78]. During bovine
lactation, adiponectin mRNA levels are significantly reduced compared to levels during non-

pregnancy and post-weaning [77]. These studies suggest that adiponectin reduction may promote



epithelial proliferation during lactation, while adiponectin increase induces epithelial apoptosis
in involution. Mouse studies have shown that after weaning, involution begins resulting in the
cessation of MG epithelial cell proliferation and the start of programmed cell death driven by
macrophages [79]. Simultaneously, adipocyte expansion is occurring primarily through
hypertrophy [80]. The function of these adipocytes during pregnancy is still largely unknown,
but the current theory is that these cells release lipids to alveoli during lactation, aiding in milk
production [80]. The release of lipids is accompanied by a decrease in adipocyte size and
dedifferentiation into preadipocytes [80]. Any surplus of lipids gets trafficked back to the

adipocytes [80].

Synthesis and Secretion in the MG

Given the important role of adipocytes in MG development and function, it is important
to look at TG metabolism within the MG. TG droplets in the MG mature into cytoplasmic lipid
droplets (CLDs) consisting of a hydrophobic core of neutral lipids (triacylglycerols, and
cholesteryl and retinyl esters) surrounded by a phospholipid monolayer, and surface-associated
proteins [81-83]. These CLDs are accumulated and secreted into milk as plasma membrane
bilayer-coated structures in four distinct phases. This process begins mid-pregnancy with the
formation of small CLDs in a few immature alveoli [9]. The second and third phases are marked
by an increase in size and number isometrically to alveoli maturation near the end of pregnancy,
to the extent that milk-secreting cells are filled with CLDs [9]. The last phase occurs during
parturition where the CLDs shrink in size and move toward the apical border as they are secreted
[9].

Outside of lipids, there are other major nutrients and bioactive components synthesized

and secreted by the MG. Breast milk contains a diverse set of human milk oligosaccharides



(HMOs) and glycans utilized by the infant to nurture the intestinal microbiome [84]. HMOs vary
drastically due to the activity of two enzymes encoded by the Secretor and Lewis genes
contributing to their poorly understood synthesis and secretion [85]. Additionally, mice lack the
complexity of HMOs secreted in human breast milk, making them difficult to study through
mouse models [86]. Mouse breast milk only contains 3’ and 6’-sialyllactose, whereas human
breast milk consists of elongated, branched, and fucosylated oligosaccharides [86]. In addition to
establishing gut health, breast milk is vital in establishing overall infant health through its
concentration of immunoglobulins and immunological proteins [87]. Breast milk provides the
only source of secretory immunoglobulin A (SIgA) for infants until their intestinal plasma cells
can produce it on their own [87]. SIgAs play an important role in both humans and mice by
preventing infection and inflammation, providing benefits to the intestinal immune system that
persists well into adulthood [87]. These SIgAs are produced by plasma cells in the MG which are
then transported to alveolar epithelial cells for secretion into breast milk [87]. Additionally, a
variety of proteins present in breast milk provide nutritional, antimicrobial, and absorption
benefits to the growing offspring [88]. Human milk is whey protein dominant, while mouse milk
is casein protein dominant [89, 90]. Throughout human lactation, the whey/casein ratio declines,
whereas the protein concentration in mouse milk remains consistent [89, 90]. The majority of
proteins are synthesized via lactocytes in the alveoli of the MG, while the rest are taken up from
blood plasma [91]. The diverse nutrients, bioactive factors, and beneficial bacteria in breast milk

are crucial in supporting infant health.

Effect of Obesity and Hypoadiponectinemia on MG Development and Breast Milk Composition

The first sign of abnormal development of the murine MG begins at E14, signified by a

decrease in side-branching and impaired alveolar development [92]. This trend continues into

10



late pregnancy whereby E18.5, obese dams present an increase in alveolar size, accompanied by
an increase in luminal area and reduced epithelial thickness [93]. Additionally, an analysis of the
location of lipid accumulation during late pregnancy revealed greater accumulation on the
epithelial luminal surface in dams fed a HF diet, leading researchers to conclude advanced milk
production and secretion [93]. However, an additional study found that at day 1 of lactation,
there was increased lipid accumulation in the alveolar epithelium compared to the alveolar lumen
in obese dams, indicating reduced milk secretion [92]. Thus, although there may be an increase
in the movement of lipid droplets towards the lumen during late pregnancy, these lipid droplets
can’t be secreted fully during lactation. These alterations in MG structure and function suggest
obesity disrupts MG development, potentially by remodeling the mammary microenvironment.
Additionally, previous human studies have reported difficulty initiating lactation, delayed
onset of lactogenesis II, and premature cessation of breastfeeding in obesity [94, 95]. However,
the mechanism underlying these complications is largely unknown. Currently, studies are
looking into leptin, progesterone, and prolactin as potential factors contributing to the delayed
onset of lactation and early involution seen in maternal obesity; yet, due to conflicting results, no
definitive conclusions have been reached [96]. Research in mice has indicated that
hypoadiponectinemia also impacts MG development, specifically during lactation [34]. A
previous study found Adipoq~/~ dams experienced early involution of the MG, characterized by
increased apoptosis and a reduction in ductal/alveolar structure [34]. There was also an increase
in leukocyte infiltration, indicating potential inflammation during lactogenesis [34]. Therefore,
the existing research suggests that obesity may impact the initial stages of breast milk production

and secretion, while adiponectin may influence the later stages during involution. This is

11



noteworthy as many women who experience obesity during pregnancy also experience
hypoadiponectinemia, a factor that was not assessed in the obesity studies.

This effect can extend further throughout infant development due to obesity and
adiponectin’s impact on breast milk composition. Studies looking into the milk metabolome of
obese dams found significant differences in micronutrient concentration compared to controls
[97]. HF-fed dams at P21 had significantly less carbohydrates, eicosatetraenoic acid (EPA), and
docosahexaenoic acid (DHA), along with increased total fat, arachidonic acid (AA), and leptin
content [97]. There were no significant changes in protein content between the two groups [97].
Human milk from obese mothers exhibited lower levels of n-3 polyunsaturated fatty acids
(PUFAs), and higher ratios of AA to both EPA and DHA, along with higher ratios of n-6 PUFA
to n-3 PUFA [41]. Considering the alterations in lipid content and lipid-associated hormones, in
conjunction with decreased lipid secretion, further investigation into lipid processing in obese
dams is warranted. Obesity has been shown to impair milk lipid production, potentially due to
decreased de novo fatty acid synthesis in the lactating MG [22]. This was attributed to the
increased availability of already-formed fats due to a HF diet, rendering de novo synthesis
unnecessary [22]. However, a previous mouse study investigated the difference between a HF
diet and obesity utilizing HF-lean and HF-obese mice [22]. HF-obese mice exhibited a
significant increase in body weight and fat mass in response to the HF diet, whereas HF-lean
mice showed no change [22]. Notably, obesity was found to reduce total lipid milk content
without altering the fatty acid composition, but a HF diet had the opposite effect, altering fatty
acid composition without affecting total lipid content [22]. The HF-fed dams exhibited elevated
levels of long-chain fatty acids, alongside a reduction in the proportion of 16:0 and 16:1 fatty

acids [22]. Interestingly, Adipoq~/~ dam breast milk exhibited increased expression of
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proinflammatory cytokines such as TNF-a and IL-6, as well as enzymes that produce
proinflammatory lipids such as cycloxygenase-2 and microsomal epoxide hydrolase [34].
However, there was no significant change in milk lipid content from these dams [34]. Given that
the MG is among the largest producers of lipids in the body, the study of milk lipid production
and composition emerges as a crucial field for investigation.

Additionally, breast milk contains various bioactive lipid molecules, including
extracellular vesicles (EVs), which play a crucial role in maternal-fetal communication [98]. EVs
originating from cells, are particles secreted to serve as carriers facilitating communication
between cells [98]. The three main subclasses of EVs are exosomes, microvesicles, and apoptotic
bodies [99]. Exosomes make up an abundant proportion of breast milk, responsible for
transporting lipids, proteins, and nucleic acids, playing a vital role in maternal-fetal
biocommunication [100]. Previous mouse studies have shown that exosomes can alter cell
development, changing cell fate from normal to pathological in tumor progression, suggesting
their negative impact on disease states [101]. Due to exosomes being cell-derived lipid bilayer
particles, they can survive the infant intestinal environment and be taken up into the intestinal
epithelial cells [100]. Studies have found that milk-derived exosomes play a vital role in
maintaining and protecting epithelial cell integrity in the SI, providing further evidence of their
impact on infant health [102]. Additionally, these exosomes contain microRNAs (miRNAs)
which are short, non-coding RNAs that regulate gene expression by binding to complementary
sequences of messenger RNA (mRNA) and repressing their translation [103]. These miRNAs
pose an interesting topic of exploration as these exosome-derived miRNAs may regulate
offspring gene transcription and tissue development. Studies have shown that obesity increases

exosome-derived miRNAs associated with prediabetes and insulin resistance [104]. Furthermore,

13



plasma exosomes transfected with artificial miRNA overexpressed during obesity induced
glucose intolerance, insulin resistance, and central obesity when injected into lean mice [104].

Thus, milk EVs might play an important role in regulating whole-body metabolism in offspring.

Hypothesis/Aim

Obesity is becoming increasingly prevalent in the United States, posing a significant
concern for women of reproductive age due to its impact on infant health. While early
development is known to predict long-term health outcomes, the consequences of maternal
obesity on infants remain poorly understood. Therefore, we aimed to investigate the effects of
maternal obesity on infant growth. Additionally, adiponectin is suppressed during obesity,
underscoring its potential role in maternal obesity-induced impairments in infant health. Thus,
we sought to explore adiponectin’s role in the adverse health outcomes seen in infants of obese
mothers. Considering breast milk is the sole nutrient source for infants, understanding the role of
nutrient supply in these outcomes may provide further insight into the maternal-fetal connection.
Moreover, since the MG produces breast milk and contains many adipocytes, understanding
adiponectin’s function in MG development may shed light on the impact of the intrauterine
environment on infant health. Thus, our study explores the implications of maternal obesity and
adiponectin on breast milk composition and MG development. By examining the
interconnections between maternal obesity, adiponectin, breast milk composition, and MG
development, we aim to explore the mechanisms underlying the adverse health outcomes seen in
infants born to obese mothers. We hypothesize that adiponectin reduction in dams mediates the
adverse effects of maternal obesity on offspring development through milk production and MG
development. To test this hypothesis, we first determined the effect of a maternal HF diet on WT

and adiponectin gene knockout (Adipoq~/~) offspring body weight and intestinal development
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at P10. We then analyzed dam nutrient supply and MG development at P10 to determine their

contribution to these outcomes.
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Methods

Experimental Animals

C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Adipoq~/~ mice were created by Dr. Philipp Scherer’s laboratory (UT Southwestern Medical
Center, Dallas, TX) and were backcrossed into C57BL/6 background for at least 10 generations
in Dr. Shao’s lab [105]. Mice were housed under standard conditions and fed either a chow
(Charles River; #D12450B, 10 kcal% Fat) or a HF diet (Research Diets Inc.; #D12492, 60 kcal%
Fat). The HF diet was provided to female mice at least three months prior to mating and
continued throughout pregnancy and lactation. Adipoq~/~ females mated with
Adipoq~/~ males, and C57BL/6 females were mated with C57BL/6 males to generate
Adipoq~/~ and WT offspring, respectively. Pregnancy was confirmed by the presence of a
vaginal plug and was marked as embryonic day (E) 0.5. Dams were sacrificed and MG tissue
was collected at pre-pregnancy, embryonic days 5.5, 9, 13, and 18, as well as postnatal days 1,
10, 18, and 24. Dams that were sacrificed at postnatal day 24 had pups weaned at postnatal day
21. Pups were sacrificed, and SI tissue was collected on postnatal day 10. All experimental
procedures involving mice were conducted under the guidelines of the Institutional Animal Care

and Use Committee (IACUC) at the University of California, San Diego.

Milk Collection

Milk samples were collected at postnatal day 10. To stimulate milk secretion, dams
received an injection of Oxytocin (40 mg/kg, i.p., Sigma-Aldrich; Cat #04375) in PBS (137 mM
sodium chloride, 2.7 mM potassium chloride, 10 mM disodium phosphate, 1.8 mM

monopotassium phosphate). 10 minutes post-injection, general anesthesia was induced with a
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combined injection of Zetamine (100 mg/kg, i.p., VetOne; Cat #B1C2) and Xylazine (10 mg/kg,
i.p., AKORN Animal Health; Cat#XYAAC). After 5 minutes, manual pressure was applied to
the nipples to facilitate milk expression. Milk was collected using a pipette and deposited into

collection tubes (QIAGEN; Cat #154046981) (Figure 1).

Figure 1: Visual representation of the breast milk extraction process.

TG Concentration

TG concentration was determined using a Triglycerides Reagent Set (HORIBA
Instruments Inc.; Cat #321301-015). In an assay plate, breast milk (20 ul) was added to each well
of a 96-well plate, followed by the addition of the triglyceride reagent (200 ul) and PBS (100 ul).
The solutions were mixed in the plate using a shaker (Lab Line Instruments, Inc.; Model #4826),
followed by incubation at 37 °C for 5 minutes in a dry bath incubator (Labnet International Inc.;
Model #D1200). The plate was then loaded into a plate reader (EPOCH BioTek Instruments,
Inc.; Serial #13030610), and the TG concentration in each milk sample was determined with a

calibrator.
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Protein Concentration

Protein concentration was determined using a Protein Assay Dye Reagent Concentrate
(BIORAD; Log #50000006). In an assay plate, breast milk (100 ul) was loaded into each well,
followed by the protein assay mix (200 ul). The plate was briefly shaken on a shaker and
incubated at 100 °C for 10 minutes. The plate was loaded into the plate reader, and the protein

concentration in each milk sample was determined with a standard curve.

EV Extraction

EVs were extracted from mouse milk samples via ultracentrifugation using a modified
human milk EV extraction protocol [106]. Briefly, freshly collected breast milk (50-100 ul) was
diluted with 5-fold PBS in a collection tube. The samples were centrifuged at 3,000g for 30
minutes at 4 °C to remove fat globules and cream. The fat globule/cream fraction was extracted
and centrifuged at 10,000g for 30 minutes to remove cellular debris and somatic cells. The
supernatant was transferred to a tube and EDTA (500 mM, Thermo Fisher Scientific; Cat
#040150) was added (0.33 ml of EDTA per ml of supernatant). The samples were
ultracentrifuged (Beckman Coulter; Sys. ID #3032645) at 100,000g for 70 minutes, and the
pellet was resuspended in Hepes (200 mM, Thermo Fisher Scientific; Cat# 018375). After 10
minutes at 3,000g the supernatant was collected. The EV-enriched solution was filtered and
ultracentrifuged at 100,000g overnight and the EV pellet was resuspended in Hepes. The EV
samples were imaged and analyzed at the Electron Microscopy Core at the University of

California, San Diego.
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Pup Body Weight Measurements

Pups at P10 were weighed using a scale (Ohause; CS Series).

H&E Staining

The majority of the MG and all of the SI tissue utilized for H&E staining were fixed in
10% formalin (3.7% formaldehyde, 10 mM phosphate buffer, pH 7.4), processed, and paraffin-
embedded (Leica Biosystems; Cat# 2003159). Dam MG tissue collected at P18 was fixed in 4%
Paraformaldehyde (PFA) (2.7 M) and embedded in Optimal Cutting Temperature compound
(OCT) (Thermo Fisher Scientific; Cat# 4584). Fixed tissues were sectioned at 5 um at room
temperature for paraffin-embedded tissue or in a cryostat (Leica Biosystems; Model #CM1520)
at -20 °C for OCT-embedded tissue. Fixed samples were either deparaffinized or thawed for 5
minutes. Nuclei were stained with Mayer’s Hematoxylin (5% aluminum sulfate, 0.1%
Hematoxylin, 0.02% Sodium lodate, 2% Glacial Acetic Acid) for 1 minute, followed by
decolorization using 0.5% Acid Alcohol (70% EtOH, 0.5% HCL) for 1 minute. Tissue sections
were dipped in Bluing solution (0.1% sodium bicarbonate in DI water) for 1 minute, rinsed in
95% EtOH for 1 minute, and counterstained with Eosin Y (0.25% Eosin Y, 65% EtOH, 3.8%L
Isopropanol, 1% Acetic Acid in DI water) for 30 seconds. Tissue sections were dehydrated and
analyzed under light microscopy at x4, x10, and x20 (BZ-X800; Keyence, Laguna Hills, CA).
Alveolar epithelial tissue area and villi/crypt ratio (VCLR) measurements were conducted with
H&E images and analyzed with ImageJ (64-bit Java 1.8.0-172) software. The percentage of
alveolar epithelial tissue was calculated by dividing the area of alveolar epithelial tissue by the
total tissue area. VCLR was determined by measuring each villus and the corresponding crypt

length.
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IHC Staining

MG and SI tissue was fixed in 10% formalin, processed, and paraffin-embedded.
Following deparaffinization, tissue sections were blocked with 2% Hydrogen Peroxide (Thermo
Fisher Scientific; Cat #162854) in double-distilled water, and then heated in 0.1 mol/L pH 6.0
citrate buffer (65.3 mM in Tween 20) for 20 minutes at 98 °C for antigen retrieval. Tissue
sections were blocked for a second time with bovine serum albumin (BSA) (1% BSA, 0.02%
Sodium Azide, 0.2% Triton-x100 in PBS, pH 7.4) for 2 hours in a humid chamber (Sigma-
Aldrich; #267013) at room temperature. After blocking, sections were incubated with anti-Ki67
or anti-F4/80 primary antibodies or BSA (for a negative control) overnight at 4 °C in a humid
chamber. Following the primary antibody, anti-rabbit or anti-rat, respectively, secondary
antibodies were pipetted onto the tissue sections for 2 hours at room temperature in a humid
chamber. Visualization was achieved with 3,3’-diaminobenzidine (DAB) (Vector Laboratories;
Cat #ZK1018) at room temperature for 20 minutes for chow diet sections and 10 minutes for HF
diet sections, followed by counterstaining with Mayer’s Hematoxylin for 1 second. Tissue
sections were dehydrated and analyzed under light microscopy at x20. The percentage of Ki67
and F4/80-positive cells was calculated using IHC-stained images and ImageJ software. Ki67
and F4/80-positive cells were divided by the total number of cells to determine the respective

percentages.

Statistical Analysis

The data are expressed as the mean + the standard error of the mean. All statistical

analyses were performed using a Student’s t-test or Analysis of Variance (ANOVA), and both
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statistical analyses and plotting were conducted using GraphPad Prism (GraphPad Software,

LLC; v 8.4.3).
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Results

Maternal HF Feeding Increased Offspring’s Neonatal Body Weights

Studies have reported the adverse effect of maternal obesity on offspring metabolism and
body weight [107]. However, nearly no studies have analyzed its effects on neonatal fat
development, which is essential for the development of obesity in later life [108]. To investigate
the impact of maternal obesity on offspring development and the role of adiponectin in these
outcomes, we analyzed the body weights of offspring born to either WT or Adipoq~/~ dams
subjected to a HF diet. After prolonged HF feeding, there was a significant increase in maternal
body fat, confirming the successful establishment of maternal obesity (data not shown). All pups
were breastfed by their biological mothers and shared the same genotype as their respective
dams. At P10, we assessed pup body weight to gauge the influence of maternal HF feeding on
body composition and metabolic profile. Results showed that the body weights of both male and
female WT pups from HF-fed WT dams were significantly higher than that of pups from chow-
fed control dams (Figure 2 A-C). These results indicate that maternal HF feeding increased
offspring body weight at an early age. Unlike WT mice, there was no significant difference in
body weights between the pups from HF-fed Adipoq~/~ dams and chow-fed Adipoq~/~ dams
(Figure 2A-C). These results indicate that maternal HF feeding in Adipoq~/~ dams did not

affect offspring postnatal body weight.
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Figure 2: Maternal HF Feeding Increased Offspring Body Weight in WT Mice. Offspring
body weight measured at P10. A: Both female and male pups, B: female pups only, and C: male
pups only. Data plotted as the mean =+ the standard error of the mean. ANOVA used to determine
statistical significance between groups. Notations: *P<(.05, ****P<(.0001 vs. basal, +P<0.05
vs. WT.

Maternal HF Feeding Increased Absorptive Capacity, Inflammation, and Proliferation in the SI

of Offspring

The SI is essential in nutrient absorption and still develops during early life [109]. Thus,
we measured the villi/crypt ratio using H&E-stained SI tissue sections from pups at P10. Villus
atrophy is a nonspecific reaction that can be attributed to a multitude of intestinal injuries such as
during periods of starvation or lack of perinatal nutrition [110]. Crypt elongation is a
consequence of regeneration or repair, observed before villus atrophy [110]. A greater villi/crypt
ratio signifies a greater degree of intestinal development, digestion, and absorptive function
[111]. These measurements revealed that WT pups from HF-fed WT dams showed a significant
increase in the villi/crypt ratio compared to pups from chow-fed control dams (Figure 3A). This
suggests that maternal HF feeding increased intestinal structural integrity and absorptive capacity
in offspring. However, there was no significant difference in the villi/crypt ratio between pups
from HF-fed Adipoq~/~ dams and chow-fed Adipoq~/~ dams, indicating that maternal HF
feeding did not impact intestinal structural integrity or absorptive capacity in offspring from

Adipoq~/~ dams (Figure 3A). Additionally, it is well-documented that obesity induces chronic
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inflammation in adult tissue [111]. To assess this, we measured the expression of F4/80, a
marker for macrophage infiltration, using IHC in pup SI tissue sections at P10 [112]. Our results
showed that WT pups from HF-fed WT dams exhibited a significant increase in the expression
of F4/80 compared to pups from chow-fed control dams (Figure 3B). This suggests that
maternal HF feeding increased macrophage infiltration and inflammation in the SI of these
offspring. Furthermore, since obesity stimulates the proliferation of intestinal epithelial cells in
adults, we measured the expression of Ki67, a marker for actively dividing epithelial cells, using
IHC in pup SI tissue sections at P10 [113]. Results showed that WT pups from HF-fed WT dams
exhibited a significant increase in the expression of Ki67 compared to pups from chow-fed
control dams, implying that maternal HF feeding increased epithelial cell proliferation in the SI
of these offspring (Figure 3C). Similar to WT pups, pups from HF-fed Adipoq~/~ dams
exhibited a significant increase in Ki67 and F4/80 expression compared to pups from chow-fed
Adipoq~/~ dams (Figure 3B and 3C). This suggests that maternal HF feeding also increased SI
proliferation and inflammation in Adipoq~/~ offspring. Given the significant difference in the
basal rates of F4/80 and Ki67 expression in the SI between pups born to chow-fed WT and
Adipoq~/~ dams, we calculated the percent increase for both markers to understand
adiponectin’s role in maternal HF feeding-impaired offspring growth. Pups from HF-fed
Adipoq~/~ dams had a significantly greater increase in F4/80 expression compared to pups from
HF-fed WT dams (Figure 3B). However, there was no significant difference in the HF diet-
induced increase in Ki67 expression between both groups (Figure 3C). This indicates that
maternal HF feeding induced more severe inflammation in the SI of offspring from

Adipoq~/~ dams than in offspring from WT dams but induced a similar increase in SI

proliferation in both groups.
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Figure 3: Maternal HF Feeding Increased Absorptive Capacity, Inflammation, and
Proliferation in the SI of WT and Adipoq~/~ Mice. SI tissue samples were collected at P10,

fixed in formalin, and paraffin-embedded. A: Villus and crypt length measured by ImageJ
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software with H&E-stained images, then VCLR was calculated; scale bar of 50 um. ANOVA
used to determine statistical significance between groups. B and C: F4/80 and Ki67 protein
expression were measured by IHC with anti-F4/80 or anti-Ki67 antibody. The percentage of
F4/80 and Ki67 positive cells were calculated using ImageJ by dividing the number of positive

cells by the total number of cells; scale bar of 50 um. Student’s t-test and ANOVA used to

determine statistical significance between groups. Data plotted as the mean + the standard error
of the mean. Notations: **P<0.01, ***P<(0.001, ****P<(0.0001 vs. basal, #P<0.01, -P<0.001,

a<P0.0001 vs. WT.
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Figure 3 Continued: Maternal HF Feeding Increased Absorptive Capacity, Inflammation
and Proliferation in the SI of WT and Adipoq~/~ Mice. SI tissue samples were collected at
P10, fixed in formalin, and paraffin-embedded. A: Villus and crypt length measured by Imagel
software with H&E-stained images, then VCLR was calculated; scale bar of 50 um. ANOVA
used to determine statistical significance between groups. B and C: F4/80 and Ki67 protein
expression were measured by IHC with anti-F4/80 or anti-Ki67 antibody. The percentage of
F4/80 and Ki67 positive cells were calculated using ImageJ by dividing the number of positive
cells by the total number of cells; scale bar of 50 um. Student’s t-test and ANOVA used to
determine statistical significance between groups. Data plotted as the mean + the standard error
of the mean. Notations: **P<(0.01, ***P<0.001, ****P<(0.0001 vs. basal, #P<0.01, -P<0.001,
a<P0.0001 vs. WT.

HF Diet Increased EV Diameter in Breast Milk

Breast milk is vital in infant health, providing nutrients and immune support to the
developing infant tissues [84, 86, 87, 89, 90]. However, it is unknown if these beneficial
properties are retained during maternal obesity or if they contribute to the adverse effects seen in
the offspring of obese mothers. To determine if nutrient supply played a role in maternal HF
feeding-impaired offspring growth, we measured TG and protein concentration in breast milk
samples using spectrophotometry at P10. Results showed no significant difference in the TG and

protein concentration between HF-fed WT dams and chow-fed WT dams (Figure 4A and 4B).
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Following these results, we explored the bioactive components in dam breast milk by isolating
EVs from milk samples using ultracentrifugation techniques at P10. HF-fed WT dams exhibited
a significantly greater EV diameter than chow-fed control dams (Figure 4C and 4D). This
indicates that a maternal HF diet may alter the biological function or content of milk-derived
EVs, potentially impacting offspring health. Interestingly, a HF diet in Adipoq~/~ dams
significantly increased TG concentration in breast milk compared to chow-fed Adipoq~/~ dams
(Figure 4A). Similarly, there was no significant difference in protein concentration (Figure 4B).
These results highlight the role that TGs in breast milk may play in mitigating the inflammation
seen in pups from HF-fed Adipoq~/~ dams. Due to the shortage of milk samples from

Adipoq~/~ dams, the milk EVs from these mice were not analyzed.
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Figure 4: Maternal HF Feeding Increased EV Diameter in Breast Milk of WT Dams. Breast
milk composition from dam breast milk at P10. A and B: TG and protein concentration
determined using spectrophotometry with standard curve. ANOVA used to determine statistical
significance between groups. C and D: Average diameter measurements of milk-derived EVs,
isolated through ultracentrifugation, and analyzed by the Electron Microscopy Core at the
University of California, San Diego; scale bar of 200 nm. Student’s t-test used to determine
statistical significance between groups. Data plotted as the mean =+ the standard error of the
mean. Notations: *P<0.05, **P<(.01 vs. basal.

HF Diet-Induced a Decrease in the Percentage of Alveolar Epithelial Tissue

Given the significant changes that occur within the MG throughout pregnancy and
lactation, we sought to characterize MG morphology during different time points, spanning from
pre-pregnancy to post-weaning [114]. To examine MG development, we collected MG tissue
from WT dams on a chow diet at distinct time points, including pre-pregnancy, E5.5, E9, E13,
E18, P1, P10, P18, and P24, and stained them with H&E. Before pregnancy, the MG consists of

a rudimentary ductal structure with limited branching, mostly composed of adipose tissue
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(Figure S5A and 5B). By E5.5, the MG has undergone significant maturation as secondary and
tertiary branching is well underway, with the beginning stages of alveoli differentiation visible.
Distinct alveoli are visible by E9. By E13, most of the adipose tissue is replaced by alveoli,
which continue to expand through E18 and P1, the onset of lactation. At P10, the peak of
lactation, the MG is filled with alveoli, while adipose tissue is significantly reduced. As lactation
continues through P18, the lumen of the alveoli increases, signifying increased milk secretion. At
P24, 3 days post-weaning, most of the MG is composed of adipose tissue, while alveoli are
significantly reduced (Figure SA and 5B). The early images depict the progressive replacement
of adipose tissue with alveoli throughout pregnancy, a process crucial for lactation preparation.
Conversely, the later images depict the reversal of this process, leading to the restoration of the

MG's original structure post-weaning.
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Figure 5: MG Development. MG tissue from WT dams at indicated ages visualized with H&E
staining. A: Magnification at 4x with 500 um scale bar and B: at 20x with 50 um scale bar.
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Figure 5 Continued: MG Development. MG tissue from WT dams at indicated ages visualized
with H&E staining. A: Magnification at 4x with 500 um scale bar and B: at 20x with 50 um scale
bar.

Maternal metabolism plays a key role in shaping offspring health, with the intrauterine
environment shaping their development in adolescence and beyond [16]. The MG provides an
interesting area of exploration given its dual role: breast milk secretion, facilitating maternal-
infant biocommunication, and acting as a significant storage depot of WAT, thereby serving as a
major source of local adiponectin [9, 23]. To examine how dam health impacts offspring health
and the role of adiponectin on MG development, we investigated MG development in WT and
Adipoq™/~ dams on a HF diet. Given the deficits obese mothers experience with lactation, we
utilized H&E-stained tissue to analyze the percentage of alveolar epithelial tissue in the MG at

P10 [94, 95]. WT dams on a HF diet displayed a significantly lower percentage of alveolar
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epithelial tissue than chow-fed control dams, indicating potential impairments in MG
development and lactation (Figure 6A). In light of these results, we measured the expression of
Ki67, a marker for actively dividing epithelial cells, using IHC in the MG at P10 to determine if
reduced epithelial cell proliferation could explain these results [113]. Surprisingly, there was no
significant difference in Ki67 expression between HF-fed WT dams and chow-fed control dams
(Figure 6B). This suggests that the source of the decreased percentage of alveolar epithelial
tissue in HF-fed dams is not due to decreased proliferation in MG epithelial cells. However,
more studies are required to determine if any proliferation at earlier time points contributed to
the HF-feeding-enlarged MG. It is important to note that obesity induces inflammation in
adipose tissue of both humans and mice [114]. While we anticipate an increase in inflammation
in dams on a HF diet, it’s crucial to evaluate inflammation in the MG as it could impact offspring
health. Thus, we measured the expression of F4/80, a marker for macrophage infiltration, using
IHC in the MG at P10 [112]. Results showed that WT dams on a HF diet exhibited a significant
decrease in F4/80 expression compared to chow-fed control dams (Figure 6C). These findings
imply that a HF diet decreased the rate of inflammation in the MG, contrary to existing literature
reporting an increase in inflammation in the human MG [115]. Conversely, a HF diet in
Adipoq~/~ dams had no significant effect on the percentage of alveolar epithelial tissue in the
MG but resulted in a significant increase in Ki67 expression compared to chow-fed

Adipoq~/~ dams (Figure 6A and 6B). Similarly, a HF diet in Adipoq~/~ dams resulted in a
significant decrease in F4/80 expression compared to chow-fed Adipoq~/~ dams (Figure 6C).
These findings indicate that a HF diet in Adipoq~/~ dams did not alter the percentage of alveolar
epithelial tissue but increased epithelial cell proliferation in the MG, contrasting the effect

observed in WT dams. Additionally, a HF diet in Adipoq~/~ dams significantly reduced

32



inflammation in the MG (Figure 6C). Given the significant difference in the basal rates of F4/80
between WT and Adipoq~/~ dams, we calculated the percent decrease of this marker to
understand the role of adiponectin in macrophage infiltration of the dam MG. Results showed
that a HF diet in Adipoq~/~ dams induced a significantly greater percent decrease in F4/80
expression than in WT dams (Figure 6C). This indicates that a HF diet induced a more severe

decrease in MG inflammation in Adipoq~/~ dams than in WT dams.
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Figure 6: Maternal HF Feeding Decreased the Percentage of Alveolar Epithelial Tissue in
WT Mice. MG tissue from dams at P10, fixed in formalin, and paraffin-embedded. A: Area of
alveolar epithelial tissue measured by ImageJ software with H&E-stained images, alveolar area
divided by whole tissue area to determine percentage; scale bar of 500 um. Two images were
analyzed per tissue section. ANOVA used to determine statistical significance between groups. B
and C: F4/80 and Ki67 protein expression were measured by IHC with anti-F4/80 or anti-Ki67
antibody. The percentage of F4/80 and Ki67 positive cells was calculated using ImageJ by
dividing the number of positive cells by the total number of cells; scale bar of 50 um. Student’s t-
test and ANOVA used to determine statistical significance between groups. Data plotted as the
mean =+ the standard error of the mean. Notations: *P<0.05, ****P<(.0001 vs. basal, +P<0.05, -
P<0.001, a<P0.0001 vs. WT.
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Figure 6 Continued: Maternal HF Feeding Decreased the Percentage of Alveolar Epithelial
Tissue in WT Mice. MG tissue from dams at P10, fixed in formalin, and paraffin-embedded. A:
Area of alveolar epithelial tissue measured by ImageJ software with H&E stained images,
alveolar area divided by whole tissue area to determine percentage; scale bar of 500 um. Two
images were analyzed per tissue section. ANOVA used to determine statistical significance
between groups. B and C: F4/80 and Ki67 protein expression were measured by [HC with anti-
F4/80 or anti-Ki67 antibody. The percentage of F4/80 and Ki67 positive cells was calculated
using ImageJ by dividing the number of positive cells by the total number of cells; scale bar of
50 um. Student’s t-test and ANOVA used to determine statistical significance between groups.
Data plotted as the mean + the standard error of the mean. Notations: *P<0.05, ****P<(.0001
vs. basal, +P<0.05, -P<0.001, a<P0.0001 vs. WT.
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Adiponectin Gene Knockout Induced Early Involution of the MG

A study had reported early involution of the MG in Adipoq~/~ dams during lactation,
thus we sought to confirm these findings in our mouse models by examining MG morphology in
chow-fed WT and Adipoq~/~ dams during lactation [34]. MG tissue was harvested at P18 and
visualized with H&E staining. In MG tissue from Adipoq~/~ dams, there was a pronounced
reduction in alveoli and an increase in adipose tissue compared to MG tissue from WT dams

(Figure 7). These results confirm early involution of the MG in Adipoq~/~ dams.

Adipog-/-

Figure 7: Adiponectin Gene Knockout Induced Early MG Involution. MG tissue from dams
at P18, fixed in paraformaldehyde, and OCT embedded. Scale bar of 500 um for left panels; 100
um for right panels.
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Discussion

In this study, we aimed to characterize the effect of maternal obesity on postnatal growth
and the role of maternal adiponectin in maternal obesity-impaired offspring development.
Although previous studies have documented health issues in children born to mothers with
obesity, no studies are looking at the role of adiponectin as a mediator in these outcomes, despite
well-documented evidence that shows a significant proportion of obese pregnant women also
experience hypoadiponectinemia [15, 17, 18, 20, 32, 33]. Additionally, existing studies only
focus on childhood and adulthood, leaving the effects of maternal obesity on infants unknown.
To address this gap, we utilized Adipoq~/~ and WT mice on a HF diet to study the role of
maternal adiponectin in maternal obesity-impaired infant development and growth at P10. Our
study found that pups from HF-fed WT dams exhibited increased body weight. This increase was
attributed to increased villi/crypt ratio in the SI, which was associated with elevated intestinal
proliferation and inflammation, indicating postnatal catch-up growth in offspring. We observed
that pups from HF-fed Adipoq~/~ dams showed more severe inflammation than pups from HF-
fed WT dams, suggesting adiponectin may protect against maternal obesity-induced
inflammation in offspring tissue. Additionally, we found that maternal HF feeding increased
milk TG levels in Adipoq~/~ dams, suggesting adiponectin’s protective role against offspring
inflammation may be mediated through breast milk. While TG levels in WT breast milk were
unaffected by a HF diet, the size of milk EVs was increased in HF-fed WT dams, suggesting a
HF diet may alter the bioactive components in breast milk. Furthermore, WT dams on a HF diet
exhibited a decreased percentage of alveolar epithelial tissue during lactation, indicating
impaired MG development, while Adipoq~/~ dams on a chow diet exhibited a decrease in

alveoli and an increase in adipose tissue, indicating early involution of the MG. This study first
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demonstrated that maternal obesity impacts infant growth and SI physiology in early infancy. We
then found that adiponectin protects against maternal obesity-induced inflammation observed in
offspring from obese mothers, potentially mediated through breast milk. Furthermore, we
observed that maternal obesity altered the bioactive components of breast milk and MG structure
in dams. Lastly, we exhibited that adiponectin is essential for MG development.

The correlation between infant health and later development is well-established, thus
understanding the impact of maternal obesity on offspring in early development may provide
insights into the origins and development of metabolic disorders in adulthood [16]. First, we
demonstrated that maternal obesity impacts offspring growth in early infancy. Both male and
female WT pups from HF-fed WT dams exhibited a significant increase in body weight at P10
(Figure 2A-C). Our previous study and others have reported that maternal obesity induces
intrauterine growth restriction (IUGR) in rodents [117-119]. Thus, the increased offspring body
weight at P10 indicates postnatal catch-up growth. Importantly, similar to the effects on adult
offspring, our results indicate that maternal obesity promotes offspring growth in early life [107].
One of our previous studies also reported that adiponectin inhibits fetal growth [120]. Therefore,
we expected to detect higher body weight in HF-fed Adipoq~/~ offspring. However, in contrast
to the HF-induced increase in body weight of WT pups, there was no significant difference in
body weight between pups from HF-fed Adipoq~/~ dams and chow-fed Adipoq~/~ dams at P10
(Figure 2A-C). Although this study does not explain why maternal obesity-enhanced postnatal
growth was absent in Adipoq~/~ offspring, these results suggest that adiponectin is required in
maternal obesity-enhanced postnatal growth.

The development and growth of the SI drives postnatal growth in the infant, serving as

the main site for digestion and nutrient absorption [109]. Investigating the physiology of the SI in
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offspring, we found that maternal obesity increased the SI’s absorptive capacity in offspring. WT
pups from HF-fed WT dams exhibited a significant increase in the villi/crypt ratio at P10
compared to chow-fed controls (Figure 3A). Previous research utilized villi/crypt ratio to
determine the structural integrity and absorptive capacity of the SI [111]. Importantly, studies
have reported a correlation between increased villi/crypt ratio and increased body weight [121,
122]. Therefore, these changes in SI structure may underlie the significant increase in body
weight of WT pups from HF-fed WT dams (Figure 2A-C). Our findings suggest that maternal
obesity enhances nutrient uptake in the SI of offspring through alterations in SI structure. Given
our body weight results in pups from HF-fed Adipoq~/~ dams and the correlation between
villi/crypt ratio and body weight, we expected no significant change in the villi/crypt ratio in
pups from HF-fed Adipoq~/~ dams (Figure 2A-C). As expected, we observed no significant
difference in the villi/crypt ratio between offspring from HF-fed Adipoq~/~ dams and chow-fed
Adipoq~/~ dams at P10 (Figure 3A). These findings indicate that adiponectin is required for the
increased absorptive capacity of the SI, contributing to the postnatal growth observed in
offspring of obese dams.

Significantly, postnatal catch-up growth correlates with the development of obesity and
metabolic disorders in later life [123]. We found that maternal obesity increased SI villi/crypt
ratio in pups in early life (Figure 3A). Similar to a previous report, WT pups from HF-fed dams
exhibited significantly increased intestinal proliferation and inflammation at P10, which may be
attributed to the increase in the villi/crypt ratio underlying postnatal catch-up growth (Figure 3B
and C) [124]. Given the anti-inflammatory actions of adiponectin and that obesity induces
inflammation in adult tissue, we anticipated severe intestinal inflammation in offspring from HF-

fed Adipoq~/~ dams [124, 125]. As expected, our results showed significantly more severe
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macrophage infiltration in pups from HF-fed Adipoq~/~ dams at P10 compared to pups from
HF-fed WT dams and controls (Figure 3B). However, maternal obesity had a similar effect on
intestinal epithelial proliferation in pups from both WT and HF-fed Adipoq~/~ dams at P10,
thus, adiponectin reduction alone cannot fully account for the adverse effects of maternal obesity
on offspring development (Figure 3B and 3C). Nevertheless, these results suggest that
adiponectin protects against maternal obesity-induced inflammation in offspring.

Recognizing the critical role of nutrient absorption in infant development, we examined
dam breast milk for its role in infant nutrient supply. Breastfeeding supports infant health
through the supply of nutrients and bioactive components [84, 86, 87, 89, 90]. Among these
bioactive components are EVs, which are hypothesized to transmit biological information from
mother to infant [126]. Previous studies have found a negative association between maternal
obesity and breast milk EV-derived miRNAs involved in insulin signaling and adipogenesis
[127]. Given this, we expected a decrease in EV size but found that HF-fed WT dams exhibited a
significant increase in the average diameter of breast milk-derived EVs at P10 (Figure 4C and
D). However, due to the extensive number of miRNAs found in EVs, a more comprehensive
evaluation of the miRNA profile of these breast milk-derived EVs is needed. Regardless, our
results show that maternal obesity alters the size of breast milk-derived EVs. Additionally,
previous studies have shown that adiponectin reduces plasma TG levels [128]. Given the
proximity of adipocytes and alveoli in the MG, we anticipated adiponectin to similarly modulate
TG levels in breast milk. We found that breast milk from HF-fed Adipoq~/~ dams contained a
significantly increased concentration of TGs compared to chow-fed Adipoq~/~ dams at P10
(Figure 4A). Elevated plasma TG levels are associated with chronic inflammation and infection,

thus suggesting that adiponectin protection against maternal obesity-induced inflammation may
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be mediated through breast milk [129]. Our results indicate that adiponectin promotes an anti-
inflammatory state in offspring born to obese dams through breast milk. While we examined TG
and protein levels in breast milk, other macronutrients may also impact infant health. However,
more studies are warranted to further assess these macronutrients.

MG development controls milk production [130]. We characterized MG morphology
spanning from pre-pregnancy to post-lactation. We demonstrated the transformation the MG
undergoes to prepare for lactation, marked by the progressive replacement of adipose tissue with
alveoli. Post-weaning, the MG rapidly returns to its pre-pregnancy structure as adipose tissue
replaces the alveoli (Figure SA and 5B). This dynamic process underscores the MG’s
adaptability to meet lactation demands and its capacity for structural reorganization. Our
histological assessment of epithelial and adipose tissue in the MG aligns with others, showing
consistent and clear changes at specific time points during pregnancy and lactation [114]. These
findings provide further insight into MG morphology throughout these stages and serve as
reference points for identifying deviations that may indicate certain diseases or conditions.
Further research into adiponectin’s role in driving these morphological changes is needed to fully
understand its role in offspring health.

Given the large proportion of adipose tissue in the MG, along with the MG’s role in milk
production, we sought to analyze MG development during maternal obesity [23]. We observed
that obesity during pregnancy and lactation impacts the structure of the MG. WT dams on a HF
diet exhibited a significant decrease in the percentage of alveolar epithelial tissue with no
significant difference in the proliferation of MG epithelial cells at P10 (Figure 6A and 6B).
Previous studies have linked adipose hypertrophy and hyperplasia to the pathological expansion

of WAT seen in obese individuals [11]. Importantly, increased adipocyte expansion of the MG
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has been linked to dysfunctional secretion of proinflammatory factors, free fatty acids, and
hormones, compounds associated with MG development and breast milk synthesis and secretion
[131, 132]. Therefore, the decreased percentage of alveolar epithelial tissue may indicate altered
MG development and milk secretion. Despite previous studies indicating a HF diet induces
inflammation in mouse and human tissue, we found that HF-fed WT dams exhibited a significant
decrease in macrophage infiltration in the MG at P10 [115, 116] (Figure 6C). Many factors can
contribute to this discrepancy, including species, diet, and experimental model design.
Additionally, there are several other markers for inflammation other than F4/80 that were not
explored in this study. Further research into different inflammatory markers and adipocyte
expansion is needed to confirm these findings. Regardless, our results show that maternal obesity
promotes adipocyte expansion in the MG. Previous bovine studies have shown that adiponectin
reduction induces mammary alveolar cell proliferation [78]. Based on these findings and our
previous observations in HF-fed WT dams, we anticipated an increase in epithelial cell
proliferation and, consequently, an increased percentage of alveolar epithelial tissue. However,
contrary to our expectations, HF-fed Adipoq~/~ dams exhibited significantly increased epithelial
cell proliferation in the MG without a corresponding change in the percentage of alveolar
epithelial tissue at P10 (Figure 6A and 6B). This suggests that concurrent processes such as cell
death or remodeling may counterbalance the proliferation, thereby preventing structural changes.
Additionally, considering adiponectin’s known anti-inflammatory effects and the pro-
inflammatory impact of obesity on adult tissues, we expected to observe pronounced MG
inflammation in HF-fed Adipoq~/~ dams [124, 125]. Surprisingly, these dams showed a severe
decrease in MG inflammation at P10 (Figure 6C). Similar to HF-fed WT dams, there are several

other markers for inflammation other than F4/80 that were not explored in this study.
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Furthermore, we did not assess a comprehensive list of adipocyte-secreted hormones and
proteins which may provide insight into these unexpected results. However, our findings show
that adiponectin is required for MG development during pregnancy and lactation.

Adiponectin has been shown to play an important role in regulating MG involution,
warranting further research [34]. We found that adiponectin reduction resulted in early
involution of the MG. Using MG tissue from chow-fed Adipoq~/~ dams, we observed a
reduction of alveoli and an increase in adipose tissue at P18 (Figure 7). Previous studies have
signified early involution of the mammary gland at P10 and P15 as a decrease in ductal/alveolar
structure [34]. Thus, this reduction in alveoli and increase in adipose tissue at P18 indicates early
involution of the MG in chow-fed Adipoq~/~ dams. Despite these results, other studies have
indicated that increased adiponectin, as observed through mRNA levels, promotes epithelial
apoptosis during involution [77]. However, this difference suggests that there may be other
mechanisms influencing adiponectin levels that were not explored in this study. Nevertheless,
our results suggest that adiponectin is required for maintaining normal lactation progression and
preventing premature involution.

Taken together, our study reveals that maternal obesity induces postnatal growth which
may contribute to later obesity. Additionally, we demonstrated that adiponectin protects against
maternal obesity-induced inflammation in offspring, highlighting adiponectin as an area of study
to improve offspring health. Furthermore, we found that breast milk may contribute to the
adverse infant health seen in the offspring of obese mothers. This suggests that understanding
and potentially modifying breast milk composition could optimize infant care in mothers affected
by maternal obesity. However, further research is needed to determine whether these effects are

attributed to the intrauterine environment, the composition of dam breast milk, or a combination
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of both factors. We also demonstrated that maternal obesity adversely affects MG development
and the important role of adiponectin in maintaining MG structure and physiology. These
findings emphasize the influence of maternal metabolism on infant health. Additionally, they

highlight the role of adiponectin in both maternal and offspring well-being.

43



10.

11.

References

Engin A (2017) The Definition and Prevalence of Obesity and Metabolic Syndrome. In:
Engin AB, Engin A (eds) Obesity and Lipotoxicity. Springer International Publishing,
Cham, pp 1-17

Hales CM, Carroll MD, Fryar CD, Ogden CL (2020) Prevalence of Obesity and Severe
Obesity Among Adults: United States, 2017-2018. NCHS Data Brief 1-8

Paredes C, Hsu RC, Tong A, Johnson JR (2021) Obesity and Pregnancy. NeoReviews
22:e78—e87. https://doi.org/10.1542/ne0.22-2-e78

Conway B, Rene A (2004) Obesity as a disease: no lightweight matter. Obes Rev 5:145—
151. https://doi.org/10.1111/j.1467-789X.2004.00144.x

Nguyen QN, Himes JE, Martinez DR, Permar SR (2016) The Impact of the Gut
Microbiota on Humoral Immunity to Pathogens and Vaccination in Early Infancy. PLoS
Pathog 12:¢1005997. https://doi.org/10.1371/journal.ppat.1005997

Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, Kaul MG,
Tromsdorf UI, Weller H, Waurisch C, Eychmiiller A, Gordts PLSM, Rinninger F,
Bruegelmann K, Freund B, Nielsen P, Merkel M, Heeren J (2011) Brown adipose tissue

activity controls triglyceride clearance. Nat Med 17:200-205.
https://doi.org/10.1038/nm.2297

Saely CH, Geiger K, Drexel H (2012) Brown versus White Adipose Tissue: A Mini-
Review. Gerontology 58:15-23. https://doi.org/10.1159/000321319

Trayhurn P, Beattie JH (2001) Physiological role of adipose tissue: white adipose tissue
as an endocrine and secretory organ. Proc Nutr Soc 60:329-339.
https://doi.org/10.1079/PNS200194

Russell TD, Palmer CA, Orlicky DJ, Fischer A, Rudolph MC, Neville MC, McManaman
JL (2007) Cytoplasmic lipid droplet accumulation in developing mammary epithelial

cells: roles of adipophilin and lipid metabolism. Journal of Lipid Research 48:1463—
1475. https://doi.org/10.1194/j1r.M600474-JLR200

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S, Noda M,
Kita S, Ueki K, Eto K, Akanuma Y, Froguel P, Foufelle F, Ferre P, Carling D, Kimura S,
Nagai R, Kahn BB, Kadowaki T (2002) Adiponectin stimulates glucose utilization and
fatty-acid oxidation by activating AMP-activated protein kinase. Nat Med 8:1288-1295.
https://doi.org/10.1038/nm788

Wang QA, Tao C, Gupta RK, Scherer PE (2013) Tracking adipogenesis during white

adipose tissue development, expansion and regeneration. Nat Med 19:1338-1344.
https://doi.org/10.1038/nm.3324

44



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Coelho M, Oliveira T, Fernandes R (2013) State of the art paper Biochemistry of adipose
tissue: an endocrine organ. aoms 2:191-200. https://doi.org/10.5114/a0oms.2013.33181

Qiao L, Saget S, Lu C, Hay WW, Karsenty G, Shao J (2021) Adiponectin Promotes
Maternal B-Cell Expansion Through Placental Lactogen Expression. Diabetes 70:132—
142. https://doi.org/10.2337/db20-0471

Meyer LK, Ciaraldi TP, Henry RR, Wittgrove AC, Phillips SA (2013) Adipose tissue
depot and cell size dependency of adiponectin synthesis and secretion in human obesity.
Adipocyte 2:217-226. https://doi.org/10.4161/adip.24953

Jara A, Dreher M, Porter K, Christian LM (2020) The association of maternal obesity and
race with serum adipokines in pregnancy and postpartum: Implications for gestational
weight gain and infant birth weight. Brain, Behavior, & Immunity - Health 3:100053.
https://doi.org/10.1016/j.bbih.2020.100053

Glover V, O’Connor TG, O’Donnell KJ (2023) Fetal Programming and Public Policy.
Journal of the American Academy of Child & Adolescent Psychiatry 62:618—620.
https://doi.org/10.1016/j.jaac.2022.11.010

Dearden L, Buller S, Furigo IC, Fernandez-Twinn DS, Ozanne SE (2020) Maternal
obesity causes fetal hypothalamic insulin resistance and disrupts development of

hypothalamic feeding pathways. Molecular Metabolism 42:101079.
https://doi.org/10.1016/j.molmet.2020.101079

Pugh SJ, Richardson GA, Hutcheon JA, Himes KP, Brooks MM, Day NL, Bodnar LM
(2015) Maternal Obesity and Excessive Gestational Weight Gain Are Associated with
Components of Child Cognition1-3. The Journal of Nutrition 145:2562-2569.
https://doi.org/10.3945/jn.115.215525

Desai M, Jellyman JK, Han G, Beall M, Lane RH, Ross MG (2014) Maternal obesity and
high-fat diet program offspring metabolic syndrome. American Journal of Obstetrics and
Gynecology 211:237.e1-237.e13. https://doi.org/10.1016/j.aj0g.2014.03.025

Eriksson JG, Sandboge S, Salonen MK, Kajantie E, Osmond C (2014) Long-term
consequences of maternal overweight in pregnancy on offspring later health: Findings
from the Helsinki Birth Cohort Study. Annals of Medicine 46:434-438.
https://doi.org/10.3109/07853890.2014.919728

Paulsen ME, Rosario FJ, Wesolowski SR, Powell TL, Jansson T (2019) Normalizing
adiponectin levels in obese pregnant mice prevents adverse metabolic outcomes in

offspring. FASEB j 33:2899-2909. https://doi.org/10.1096/1.201801015R

Saben JL, Bales ES, Jackman MR, Orlicky D, MacLean PS, McManaman JL (2014)
Maternal Obesity Reduces Milk Lipid Production in Lactating Mice by Inhibiting Acetyl-

45



23.

24.

25.

26.

27.

28.

29.

30.

31.

CoA Carboxylase and Impairing Fatty Acid Synthesis. PLoS ONE 9:e98066.
https://doi.org/10.1371/journal.pone.0098066

Couldrey C, Moitra J, Vinson C, Anver M, Nagashima K, Green J (2002) Adipose tissue:
A vital in vivo role in mammary gland development but not differentiation.
Developmental Dynamics 223:459-468. https://doi.org/10.1002/dvdy.10065

Laitinen J, Jadskeldinen A, Hartikainen A, Sovio U, Vaiarasmaki M, Pouta A, Kaakinen
M, Jarvelin M (2012) Maternal weight gain during the first half of pregnancy and
offspring obesity at 16 years: a prospective cohort study. BIOG 119:716-723.
https://doi.org/10.1111/5.1471-0528.2012.03319.x

Mamun AA, O’Callaghan M, Callaway L, Williams G, Najman J, Lawlor DA (2009)
Associations of Gestational Weight Gain With Offspring Body Mass Index and Blood
Pressure at 21 Years of Age: Evidence From a Birth Cohort Study. Circulation 119:1720—
1727. https://doi.org/10.1161/CIRCULATIONAHA.108.813436

Gaillard R, Steegers EAP, Duijts L, Felix JF, Hofman A, Franco OH, Jaddoe VWV
(2014) Childhood Cardiometabolic Outcomes of Maternal Obesity During Pregnancy:
The Generation R Study. Hypertension 63:683—691.
https://doi.org/10.1161/HYPERTENSIONAHA.113.02671

Li Y-M, Ou J-J, Liu L, Zhang D, Zhao J-P, Tang S-Y (2016) Association Between
Maternal Obesity and Autism Spectrum Disorder in Offspring: A Meta-analysis. J
Autism Dev Disord 46:95-102. https://doi.org/10.1007/s10803-015-2549-8

Forno E, Young OM, Kumar R, Simhan H, Celedon JC (2014) Maternal Obesity in
Pregnancy, Gestational Weight Gain, and Risk of Childhood Asthma. Pediatrics
134:e535—-e546. https://doi.org/10.1542/peds.2014-0439

Sharp GC, Lawlor DA, Richmond RC, Fraser A, Simpkin A, Suderman M, Shihab HA,
Lyttleton O, McArdle W, Ring SM, Gaunt TR, Davey Smith G, Relton CL (2015)
Maternal pre-pregnancy BMI and gestational weight gain, offspring DNA methylation
and later offspring adiposity: findings from the Avon Longitudinal Study of Parents and
Children. Int J Epidemiol 44:1288—1304. https://doi.org/10.1093/ije/dyv042

Madan JC, Davis JM, Craig WY, Collins M, Allan W, Quinn R, Dammann O (2009)
Maternal obesity and markers of inflammation in pregnancy. Cytokine 47:61-64.
https://doi.org/10.1016/j.cyt0.2009.05.004

Gohir W, Ratcliffe EM, Sloboda DM (2015) Of the bugs that shape us: maternal obesity,

the gut microbiome, and long-term disease risk. Pediatr Res 77:196-204.
https://doi.org/10.1038/pr.2014.169

46



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Budi¢ P, Paro-Panjan D, Duh K, Soltirovska-Salamon A (2022) The influence of
maternal levels of vitamin D and adiponectin on offspring’s health. Pediatrics &
Neonatology 63:394-401. https://doi.org/10.1016/j.pedneo.2021.07.013

Woo JG, Guerrero ML, Altaye M, Ruiz-Palacios GM, Martin LJ, Dubert-Ferrandon A,
Newburg DS, Morrow AL (2009) Human Milk Adiponectin Is Associated with Infant
Growth in Two Independent Cohorts. Breastfeeding Medicine 4:101-109.
https://doi.org/10.1089/bfm.2008.0137

Jin Z, Du'Y, Schwaid AG, Asterholm IW, Scherer PE, Saghatelian A, Wan Y (2015)
Maternal Adiponectin Controls Milk Composition to Prevent Neonatal Inflammation.
Endocrinology 156:1504—1513. https://doi.org/10.1210/en.2014-1738

(2004) Infant Formula: Evaluating the Safety of New Ingredients. National Academies
Press, Washington, D.C.

Blaymore Bier J-A, Oliver T, Ferguson A, Vohr BR (2002) Human Milk Reduces
Outpatient Upper Respiratory Symptoms in Premature Infants During Their First Year of
Life. J Perinatol 22:354-359. https://doi.org/10.1038/sj.jp.7210742

Khadivzadeh T, Parsai S (2004) Effect of exclusive breastfeeding and complementary
feeding on infant growth and morbidity. East Mediterr Health J 10:289-294

Matias SL, Anderson CE, Koleilat M (2023) Breastfeeding moderates childhood obesity
risk associated with prenatal exposure to excessive gestational weight gain. Maternal &
Child Nutrition 19:e13545. https://doi.org/10.1111/mcn.13545

Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG (2006) Does breastfeeding
influence risk of type 2 diabetes in later life? A quantitative analysis of published
evidence. The American Journal of Clinical Nutrition 84:1043—-1054.
https://doi.org/10.1093/ajcn/84.5.1043

Hilson JA, Rasmussen KM, Kjolhede CL (2004) High Prepregnant Body Mass Index is
Associated With Poor Lactation Outcomes Among White, Rural Women Independent of

Psychosocial and Demographic Correlates. J Hum Lact 20:18-29.
https://doi.org/10.1177/0890334403261345

Hua M-C, Su H-M, Yao T-C, Liao S-L, Tsai M-H, Su K-W, Chen L-C, Lai S-H, Chiu C-
Y, Yeh K-W, Huang J-L (2024) The association between human milk fatty acid
composition in mothers with an elevated body mass index and infant growth changes.
Clinical Nutrition 43:203-210. https://doi.org/10.1016/j.clnu.2023.11.028

Oben JA, Mouralidarane A, Samuelsson A-M, Matthews PJ, Morgan ML, Mckee C,

Soeda J, Fernandez-Twinn DS, Martin-Gronert MS, Ozanne SE, Sigala B, Novelli M,
Poston L, Taylor PD (2010) Maternal obesity during pregnancy and lactation programs

47



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

the development of offspring non-alcoholic fatty liver disease in mice. Journal of
Hepatology 52:913-920. https://doi.org/10.1016/j.jhep.2009.12.042

Smith BA, Welm AL, Welm BE (2012) On the shoulders of giants: A historical
perspective of unique experimental methods in mammary gland research. Seminars in
Cell & Developmental Biology 23:583-590.
https://doi.org/10.1016/j.semcdb.2012.03.005

Flux DS (1954) GROWTH OF THE MAMMARY DUCT SYSTEM IN INTACT AND
OVARIECTOMIZED MICE OF THE CHI STRAIN. Journal of Endocrinology 11:223—
237. https://doi.org/10.1677/joe.0.0110223

Berryhill GE, Trott JF, Derpinghaus AL, Hovey RC (2017) TRIENNIAL LACTATION
SYMPOSIUM/BOLFA: Dietary regulation of allometric ductal growth in the mammary
glands1,2. Journal of Animal Science 95:5664—-5674.
https://doi.org/10.2527/jas2017.1901

Veltmaat JM, Van Veelen W, Thiery JP, Bellusci S (2004) Identification of the mammary
line in mouse by Wnt10b expression. Developmental Dynamics 229:349-356.
https://doi.org/10.1002/dvdy.10441

Cunha GR, Young P, Christov K, Guzman R, Nandi S, Talamantes F, Thordarson G
(1995) Mammary Phenotypic Expression Induced in Epidermal Cells by Embryonic
Mammary Mesenchyme. Cells Tissues Organs 152:195-204.
https://doi.org/10.1159/000147698

Trela E, Lan Q, Myllyméki S-M, Villeneuve C, Lindstrém R, Kumar V, Wickstrom SA,
Mikkola ML (2021) Cell influx and contractile actomyosin force drive mammary bud
growth and invagination. Journal of Cell Biology 220:¢202008062.
https://doi.org/10.1083/jcb.202008062

Chu EY, Hens J, Andl T, Kairo A, Yamaguchi TP, Brisken C, Glick A, Wysolmerski JJ,
Millar SE (2004) Canonical WNT signaling promotes mammary placode development

and is essential for initiation of mammary gland morphogenesis. Development 131:4819—
4829. https://doi.org/10.1242/dev.01347

Sakakura T, Sakagami Y, Nishizuka Y (1982) Dual origin of mesenchymal tissues
participating in mouse mammary gland embryogenesis. Developmental Biology 91:202—

207. https://doi.org/10.1016/0012-1606(82)90024-0

Hogg NAS, Harrison CJ, Tickle C (1983) Lumen formation in the developing mouse
mammary gland. Development 73:39-57. https://doi.org/10.1242/dev.73.1.39

Foley J, Dann P, Hong J, Cosgrove J, Dreyer B, Rimm D, Dunbar ME, Philbrick W,
Wysolmerski JJ (2001) Parathyroid hormone-related protein maintains mammary

48



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

epithelial fate and triggers nipple skin differentiation during embryonic breast
development. Development 128:513—525. https://doi.org/10.1242/dev.128.4.513

Scheele CLGJ, Hannezo E, Muraro MJ, Zomer A, Langedijk NSM, Van Oudenaarden A,
Simons BD, Van Rheenen J (2017) Identity and dynamics of mammary stem cells during
branching morphogenesis. Nature 542:313-317. https://doi.org/10.1038/nature21046

Orsso CE, Colin-Ramirez E, Field CJ, Madsen KL, Prado CM, Haqq AM (2020) Adipose
Tissue Development and Expansion from the Womb to Adolescence: An Overview.
Nutrients 12:2735. https://doi.org/10.3390/nul12092735

Williams JM, Daniel CW (1983) Mammary ductal elongation: Differentiation of
myoepithelium and basal lamina during branching morphogenesis. Developmental
Biology 97:274-290. https://doi.org/10.1016/0012-1606(83)90086-6

Eiro N, Gonzalez L, Fraile M, Cid S, Schneider J, Vizoso F (2019) Breast Cancer Tumor
Stroma: Cellular Components, Phenotypic Heterogeneity, Intercellular Communication,
Prognostic Implications and Therapeutic Opportunities. Cancers 11:664.
https://doi.org/10.3390/cancers11050664

Silberstein GB, Van Horn K, Shyamala G, Daniel CW (1994) Essential role of
endogenous estrogen in directly stimulating mammary growth demonstrated by implants

containing pure antiestrogens. Endocrinology 134:84-90.
https://doi.org/10.1210/endo.134.1.8275973

Ruan W, Kleinberg DL (1999) Insulin-Like Growth Factor I Is Essential for Terminal
End Bud Formation and Ductal Morphogenesis during Mammary Development].
Endocrinology 140:5075-5081. https://doi.org/10.1210/endo.140.11.7095

Luetteke NC, Qiu TH, Fssssenton SE, Troyer KL, Riedel RF, Chang A, Lee DC (1999)
Targeted inactivation of the EGF and amphiregulin genes reveals distinct roles for EGF
receptor ligands in mouse mammary gland development. Development 126:2739-2750.
https://doi.org/10.1242/dev.126.12.2739

Ciarloni L, Mallepell S, Brisken C (2007) Amphiregulin is an essential mediator of
estrogen receptor a function in mammary gland development. Proc Natl Acad Sci USA
104:5455-5460. https://doi.org/10.1073/pnas.0611647104

Ewan KB, Shyamala G, Ravani SA, Tang Y, Akhurst R, Wakefield L, Barcellos-Hoff
MH (2002) Latent Transforming Growth Factor-f Activation in Mammary Gland. The
American Journal of Pathology 160:2081-2093. https://doi.org/10.1016/S0002-
9440(10)61158-3

Kordon EC, Smith GH (1998) An entire functional mammary gland may comprise the

progeny from a single cell. Development 125:1921-1930.
https://doi.org/10.1242/dev.125.10.1921

49



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA, Shyamala G,
Conneely OM, O’Malley BW (1995) Mice lacking progesterone receptor exhibit
pleiotropic reproductive abnormalities. Genes Dev 9:2266-2278.
https://doi.org/10.1101/gad.9.18.2266

Naylor MJ, Lockefeer JA, Horseman ND, Ormandy CJ (2003) Prolactin Regulates
Mammary Epithelial Cell Proliferation Via Autocrine/Paracrine Mechanism. ENDO
20:111-114. https://doi.org/10.1385/ENDO:20:1-2:111

Matsumoto M, Nishinakagawa H, Kurohmaru M, Hayashi Y, Otsuka J (1992) Pregnancy
and Lactation Affect the Microvasculature of the Mammary Gland in Mice. J Vet Med
Sci 54:937-943. https://doi.org/10.1292/jvms.54.937

Henkel A, Lerma K, Reyes G, Gutow H, Shaw JG, Shaw KA (2023) Lactogenesis and
breastfeeding after immediate vs delayed birth-hospitalization insertion of etonogestrel

contraceptive implant: a noninferiority trial. American Journal of Obstetrics and
Gynecology 228:55.e1-55.€9. https://doi.org/10.1016/j.aj0og.2022.08.012

Rudolph MC, McManaman JL, Hunter L, Phang T, Neville MC (2003) Functional
Development of the Mammary Gland: Use of Expression Profiling and Trajectory
Clustering to Reveal Changes in Gene Expression During Pregnancy, Lactation, and
Involution. ] Mammary Gland Biol Neoplasia 8:287-307.
https://doi.org/10.1023/B:JOMG.0000010030.73983.57

Truchet S, Honvo-Houéto E (2017) Physiology of milk secretion. Best Practice &
Research Clinical Endocrinology & Metabolism 31:367-384.
https://doi.org/10.1016/j.beem.2017.10.008

Ingram J, Woolridge M, Greenwood R, McGrath L (1999) Maternal predictors of early
breast milk output. Acta Paediatrica 88:493-499. https://doi.org/10.1111/j.1651-
2227.1999.tb00164.x

Schmitt-Ney M, Happ B, Ball RK, Groner B (1992) Developmental and environmental
regulation of a mammary gland-specific nuclear factor essential for transcription of the
gene encoding beta-casein. Proc Natl Acad Sci USA 89:3130-3134.
https://doi.org/10.1073/pnas.89.7.3130

Jaggi R, Marti A, Guo K, Feng Z, Friis RR (1996) Regulation of a Physiological
Apoptosis: Mouse Mammary Involution. Journal of Dairy Science 79:1074—1084.
https://doi.org/10.3168/jds.S0022-0302(96)76461-5

Monks J, Smith-Steinhart C, Kruk ER, Fadok VA, Henson PM (2008) Epithelial Cells
Remove Apoptotic Epithelial Cells During Post-Lactation Involution of the Mouse
Mammary Gland1. Biology of Reproduction 78:586—594.
https://doi.org/10.1095/biolreprod.107.065045

50



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Talhouk RS, Bissell MJ, Werb Z (1992) Coordinated expression of extracellular matrix-
degrading proteinases and their inhibitors regulates mammary epithelial function during
involution. The Journal of cell biology 118:1271-1282.
https://doi.org/10.1083/jcb.118.5.1271

Elias JJ, Pitelka DR, Armstrong RC (1973) Changes in fat cell morphology during
lactation in the mouse. Anat Rec 177:533-547. https://doi.org/10.1002/ar.1091770407

Barneda D, Frontini A, Cinti S, Christian M (2013) Dynamic changes in lipid droplet-
associated proteins in the “browning” of white adipose tissues. Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids 1831:924-933.
https://doi.org/10.1016/j.bbalip.2013.01.015

Fan Y, Jin L, He Z, Wei T, Luo T, Zhang J, Liu C, Dai C, A C, Liang Y, Tao X, Lv X,
Gu Y, Li M (2023) A cell transcriptomic profile provides insights into adipocytes of
porcine mammary gland across development. J Animal Sci Biotechnol 14:126.
https://doi.org/10.1186/s40104-023-00926-0

Ohtani Y, Yonezawa T, Song S, Takahashi T, Ardiyanti A, Sato K, Hagino A, Roh S,
Katoh K (2011) Gene expression and hormonal regulation of adiponectin and its

receptors in bovine mammary gland and mammary epithelial cells. Animal Science
Journal 82:99-106. https://doi.org/10.1111/1.1740-0929.2010.00805.x

Jeong W, Bae H, Lim W, Bazer FW, Song G (2017) Adiponectin: A prosurvival and
proproliferation signal that increases bovine mammary epithelial cell numbers and

protects them from endoplasmic reticulum stress responses1. Journal of Animal Science
95:5278-5289. https://doi.org/10.2527/jas2017.1885

O’Brien J, Martinson H, Durand-Rougely C, Schedin P (2012) Macrophages are crucial
for epithelial cell death and adipocyte repopulation during mammary gland involution.
Development 139:269-275. https://doi.org/10.1242/dev.071696

Zwick RK, Rudolph MC, Shook BA, Holtrup B, Roth E, Lei V, Van Keymeulen A,
Seewaldt V, Kwei S, Wysolmerski J, Rodeheffer MS, Horsley V (2018) Adipocyte
hypertrophy and lipid dynamics underlie mammary gland remodeling after lactation. Nat
Commun 9:3592. https://doi.org/10.1038/s41467-018-05911-0

Bartz R, Li W-H, Venables B, Zechmer JK, Roth MR, Welti R, Anderson RGW, Liu P,
Chapman KD (2007) Lipidomics reveals that adiposomes store ether lipids and mediate
phospholipid traffic,. Journal of Lipid Research 48:837-847.
https://doi.org/10.1194/jlr.M600413-JLR200

Tauchi-Sato K, Ozeki S, Houjou T, Taguchi R, Fujimoto T (2002) The Surface of Lipid

Droplets Is a Phospholipid Monolayer with a Unique Fatty Acid Composition. Journal of
Biological Chemistry 277:44507—44512. https://doi.org/10.1074/jbc.M207712200

51



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Londos C, Brasaemle DL, Schultz CJ, Segrest JP, Kimmel AR (1999) Perilipins, ADRP,
and other proteins that associate with intracellular neutral lipid droplets in animal cells.

Seminars in Cell & Developmental Biology 10:51-58.
https://doi.org/10.1006/scdb.1998.0275

Bode L (2009) Human milk oligosaccharides: prebiotics and beyond. Nutrition Reviews
67:S183-S191. https://doi.org/10.1111/1.1753-4887.2009.00239.x

M. Tonon K, B. De Morais M, F. V. Abrdo AC, Miranda A, B. Morais T (2019) Maternal
and Infant Factors Associated with Human Milk Oligosaccharides Concentrations

According to Secretor and Lewis Phenotypes. Nutrients 11:1358.
https://doi.org/10.3390/nu11061358

Fuhrer A, Sprenger N, Kurakevich E, Borsig L, Chassard C, Hennet T (2010) Milk
sialyllactose influences colitis in mice through selective intestinal bacterial colonization.
Journal of Experimental Medicine 207:2843—-2854. https://doi.org/10.1084/jem.20101098

Rogier EW, Frantz AL, Bruno MEC, Wedlund L, Cohen DA, Stromberg AJ, Kaetzel CS
(2014) Secretory antibodies in breast milk promote long-term intestinal homeostasis by
regulating the gut microbiota and host gene expression. Proc Natl Acad Sci USA
111:3074-3079. https://doi.org/10.1073/pnas.1315792111

Lonnerdal B (2004) Human Milk Proteins. In: Pickering LK, Morrow AL, Ruiz-Palacios
GM, Schanler RJ (eds) Protecting Infants through Human Milk. Springer US, Boston,
MA, pp 11-25

Donovan SM (2019) Human Milk Proteins: Composition and Physiological Significance.
In: Donovan SM, German JB, Lonnerdal B, Lucas A (eds) Nestlé Nutrition Institute
Workshop Series. S. Karger AG, pp 93-101

Boumahrou N, Bevilacqua C, Beauvallet C, Miranda G, Andrei S, Rebours E, Panthier J-
J, Bellier S, Martin P (2011) Evolution of major milk proteins in Mus musculus and Mus

spretus mouse species: a genoproteomic analysis. BMC Genomics 12:80.
https://doi.org/10.1186/1471-2164-12-80

Witkowska-Zimny M, Kaminska-El-Hassan E (2017) Cells of human breast milk. Cell
Mol Biol Lett 22:11. https://doi.org/10.1186/s11658-017-0042-4

Flint DJ, Travers MT, Barber MC, Binart N, Kelly PA (2005) Diet-induced obesity
impairs mammary development and lactogenesis in murine mammary gland. American
Journal of Physiology-Endocrinology and Metabolism 288:E1179-E1187.
https://doi.org/10.1152/ajpendo.00433.2004

Lean SC, Candia AA, Gulacsi E, Lee GCL, Sferruzzi-Perri AN (2022) Obesogenic diet in
mice compromises maternal metabolic physiology and lactation ability leading to

52



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

reductions in neonatal viability. Acta Physiologica 236:e13861.
https://doi.org/10.1111/apha.13861

Donath SM, Amir LH (2008) Maternal obesity and initiation and duration of
breastfeeding: data from the longitudinal study of Australian children. Maternal & Child
Nutrition 4:163—170. https://doi.org/10.1111/j.1740-8709.2008.00134.x

Preusting I, Brumley J, Odibo L, Spatz DL, Louis JM (2017) Obesity as a Predictor of
Delayed Lactogenesis II. J Hum Lact 33:684—691.
https://doi.org/10.1177/0890334417727716

Rasmussen KM, Kjolhede CL (2004) Prepregnant Overweight and Obesity Diminish the
Prolactin Response to Suckling in the First Week Postpartum. Pediatrics 113:e465—e471.
https://doi.org/10.1542/peds.113.5.e465

Bautista CJ, Montano S, Ramirez V, Morales A, Nathaniclsz PW, Bobadilla NA,
Zambrano E (2016) Changes in milk composition in obese rats consuming a high-fat diet.
Br J Nutr 115:538-546. https://doi.org/10.1017/S0007114515004547

Zhou Q, Li M, Wang X, Li Q, Wang T, Zhu Q, Zhou X, Wang X, Gao X, Li X (2012)
Immune-related MicroRNAs are Abundant in Breast Milk Exosomes. Int J Biol Sci
8:118-123. https://doi.org/10.7150/ijbs.8.118

Doyle L, Wang M (2019) Overview of Extracellular Vesicles, Their Origin,
Composition, Purpose, and Methods for Exosome Isolation and Analysis. Cells 8:727.
https://doi.org/10.3390/cells8070727

Chen W, Chen X, Qian Y, Wang X, Zhou Y, Yan X, Yu B, Yao S, YuZ, Zhu J, Han S
(2021) Lipidomic Profiling of Human Milk Derived Exosomes and Their Emerging
Roles in the Prevention of Necrotizing Enterocolitis. Molecular Nutrition Food Res
65:2000845. https://doi.org/10.1002/mnfr.202000845

Xiang X, Poliakov A, Liu C, Liu Y, Deng Z, Wang J, Cheng Z, Shah SV, Wang G,
Zhang L, Grizzle WE, Mobley J, Zhang H (2009) Induction of myeloid-derived
suppressor cells by tumor exosomes. Intl Journal of Cancer 124:2621-2633.
https://doi.org/10.1002/ijc.24249

He S, Liu G, Zhu X (2021) Human breast milk-derived exosomes may help maintain
intestinal epithelial barrier integrity. Pediatr Res 90:366-372.
https://doi.org/10.1038/s41390-021-01449-y

Mohr A, Mott J (2015) Overview of MicroRNA Biology. Semin Liver Dis 35:003—011.
https://doi.org/10.1055/5-0034-1397344

53



104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

Castafio C, Kalko S, Novials A, Parrizas M (2018) Obesity-associated exosomal miRNAs
modulate glucose and lipid metabolism in mice. Proc Natl Acad Sci USA 115:12158—
12163. https://doi.org/10.1073/pnas.1808855115

Nawrocki AR, Rajala MW, Tomas E, Pajvani UB, Saha AK, Trumbauer ME, Pang Z,
Chen AS, Ruderman NB, Chen H, Rossetti L, Scherer PE (2006) Mice Lacking
Adiponectin Show Decreased Hepatic Insulin Sensitivity and Reduced Responsiveness to
Peroxisome Proliferator-activated Receptor y Agonists. Journal of Biological Chemistry
281:2654-2660. https://doi.org/10.1074/jbc.M505311200

Weiskirchen R, Schréder SK, Weiskirchen S, Buhl EM, Melnik B (2023) Isolation of
Bovine and Human Milk Extracellular Vesicles. Biomedicines 11:2715.
https://doi.org/10.3390/biomedicines11102715

Tie H-T, Xia Y-Y, Zeng Y-S, Zhang Y, Dai C-L, Guo JJ, Zhao Y (2014) Risk of
childhood overweight or obesity associated with excessive weight gain during pregnancy:
a meta-analysis. Arch Gynecol Obstet 289:247-257. https://doi.org/10.1007/s00404-013-
3053-z

Moschonis G, Halilagic A, Karaglani E, Mavrogianni C, Mourouti N, Collins CE,
Manios Y (2023) Likelihood of obesity in early and late childhood based on growth
trajectory during infancy. Int J Obes 47:651-658. https://doi.org/10.1038/s41366-023-
01310-8

Meyer AM, Caton JS (2016) Role of the Small Intestine in Developmental Programming:
Impact of Maternal Nutrition on the Dam and Offspring. Advances in Nutrition 7:169—
178. https://doi.org/10.3945/an.115.010405

Mino-Kenudson M, Brown I, Lauwers GY (2005) Histopathological diagnosis of gluten-
sensitive enteropathy. Current Diagnostic Pathology 11:274-283.
https://doi.org/10.1016/j.cdip.2005.05.002

Wilson FD, Cummings TS, Barbosa TM, Williams CJ, Gerard PD, Peebles ED (2018)
Comparison of two methods for determination of intestinal villus to crypt ratios and

documentation of early age-associated ratio changes in broiler chickens , ,. Poultry
Science 97:1757—-1761. https://doi.org/10.3382/ps/pex349

Chen B, Li R, Kubota A, Alex L, Frangogiannis NG (2022) Identification of
macrophages in normal and injured mouse tissues using reporter lines and antibodies. Sci
Rep 12:4542. https://doi.org/10.1038/s41598-022-08278-x

Uxa S, Castillo-Binder P, Kohler R, Stangner K, Miiller GA, Engeland K (2021) Ki-67

gene expression. Cell Death Differ 28:3357-3370. https://doi.org/10.1038/s41418-021-
00823-x

54



114.

115.

116.

117.

118.

119.

120.

121.

122.

Tsutsui S, Wakasa H, Tsugami Y, Suzuki T, Nishimura T, Kobayashi K (2020) Distinct
Expression Patterns of Fibrillar Collagen Types I, III, and V in Association with

Mammary Gland Remodeling during Pregnancy, Lactation and Weaning. J] Mammary
Gland Biol Neoplasia 25:219-232. https://doi.org/10.1007/s10911-020-09457-0

Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, Wang S, Fortier M,
Greenberg AS, Obin MS (2005) Adipocyte death defines macrophage localization and
function in adipose tissue of obese mice and humans. Journal of Lipid Research 46:2347—
2355. https://doi.org/10.1194/j1r.M500294-JLR200

Iyengar NM, Brown KA, Zhou XK, Gucalp A, Subbaramaiah K, Giri DD, Zahid H,
Bhardwaj P, Wendel NK, Falcone DJ, Wang H, Williams S, Pollak M, Morrow M, Hudis
CA, Dannenberg AJ (2017) Metabolic Obesity, Adipose Inflammation and Elevated
Breast Aromatase in Women with Normal Body Mass Index. Cancer Prevention
Research 10:235-243. https://doi.org/10.1158/1940-6207.CAPR-16-0314

Radulescu L, Munteanu O, Popa F, Cirstoiu M (2013) The implications and
consequences of maternal obesity on fetal intrauterine growth restriction. J] Med Life
6:292-298

De Barros Mucci D, Kusinski LC, Wilsmore P, Loche E, Pantaledo LC, Ashmore TJ,
Blackmore HL, Fernandez-Twinn DS, Carmo MDGTD, Ozanne SE (2020) Impact of
maternal obesity on placental transcriptome and morphology associated with fetal growth
restriction in mice. Int J Obes 44:1087—1096. https://doi.org/10.1038/s41366-020-0561-3

Qiao L, Wattez J-S, Lim L, Rozance PJ, Hay WW, Shao J (2019) Prolonged Prepregnant
Maternal High-Fat Feeding Reduces Fetal and Neonatal Blood Glucose Concentrations
by Enhancing Fetal B-Cell Development in C57BL/6 Mice. Diabetes 68:1604—1613.
https://doi.org/10.2337/db18-1308

Qiao L, Wattez J-S, Lee S, Guo Z, Schaack J, Hay WW, Zita MM, Parast M, Shao J
(2016) Knockout maternal adiponectin increases fetal growth in mice: potential role for
trophoblast IGFBP-1. Diabetologia 59:2417-2425. https://doi.org/10.1007/s00125-016-
4061-x

Mandir N, FitzGerald AJ, Goodlad RA (2005) Differences in the effects of age on
intestinal proliferation, crypt fission and apoptosis on the small intestine and the colon of
the rat. Int J Experimental Path 86:125-130. https://doi.org/10.1111/;.0959-
9673.2005.00422.x

Goodlad RA, Wright NA (1990) Changes in intestinal cell proliferation, absorptive
capacity and structure in young, adult and old rats. J Anat 173:109-118

55



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Ibafiez L, Ong K, Dunger DB, De Zegher F (2006) Early Development of Adiposity and
Insulin Resistance after Catch-Up Weight Gain in Small-for-Gestational-Age Children.
The Journal of Clinical Endocrinology & Metabolism 91:2153-2158.
https://doi.org/10.1210/jc.2005-2778

Wang G, LiS,Li Y, Zhang M, Xu T, Li T, Cao L, Lu J (2023) Corticosterone induces
obesity partly via promoting intestinal cell proliferation and survival. Front Endocrinol
13:1052487. https://doi.org/10.3389/fendo.2022.1052487

Waulster-Radcliffe MC, Ajuwon KM, Wang J, Christian JA, Spurlock ME (2004)
Adiponectin differentially regulates cytokines in porcine macrophages. Biochemical and
Biophysical Research Communications 316:924-929.
https://doi.org/10.1016/j.bbrc.2004.02.130

Jiang X, You L, Zhang Z, Cui X, Zhong H, Sun X, Ji C, Chi X (2021) Biological
Properties of Milk-Derived Extracellular Vesicles and Their Physiological Functions in
Infant. Front Cell Dev Biol 9:693534. https://doi.org/10.3389/fcell.2021.693534

Shah KB, Chernausek SD, Garman LD, Pezant NP, Plows JF, Kharoud HK, Demerath
EW, Fields DA (2021) Human Milk Exosomal MicroRNA: Associations with Maternal
Overweight/Obesity and Infant Body Composition at 1 Month of Life. Nutrients 13:1091.
https://doi.org/10.3390/nu13041091

Qiao L, Zou C, Van Der Westhuyzen DR, Shao J (2008) Adiponectin Reduces Plasma
Triglyceride by Increasing VLDL Triglyceride Catabolism. Diabetes 57:1824—1833.
https://doi.org/10.2337/db07-0435

Khovidhunkit, W, Memon RA, Feingold KR, Grunfeld C (2000) Infection and
Inflammation-Induced Proatherogenic Changes of Lipoproteins. J INFECT DIS
181:S462—S472. https://doi.org/10.1086/315611

Hurley WL (2019) Review: Mammary gland development in swine: embryo to early
lactation. Animal 13:s11-s19. https://doi.org/10.1017/S1751731119000521

Zhang F, Liu S (2020) Mechanistic insights of adipocyte metabolism in regulating breast
cancer progression. Pharmacological Research 155:104741.
https://doi.org/10.1016/j.phrs.2020.104741

Vaysse C, Lomo J, Garred O, Fjeldheim F, Lofteroed T, Schlichting E, McTiernan A,
Frydenberg H, Husoy A, Lundgren S, Fagerland MW, Richardsen E, Wist EA, Muller C,
Thune I (2017) Inflammation of mammary adipose tissue occurs in overweight and obese
patients exhibiting early-stage breast cancer. npj Breast Cancer 3:19.
https://doi.org/10.1038/s41523-017-0015-9

56





